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Copyright Notice

= The current lecture notes are provided as handouts for the Digital
Systems Design course presented at Shiraz University for
educational purposes.

= Some images and source codes (cited within the text) have been
adopted from books, papers, datasheets, and the World Wide
Web; but may be subject to copyright.

= Please use the following for citing these notes:

R. Sameni, “Digital Systems Design Lecture Notes”, School of
Electrical & Computer Engineering, Shiraz University, Shiraz,
Iran, version 2018.




Preface

- History: The present lecture notes have been prepared for
an undergraduate course in Digital Systems Design,
presented in the School of Electrical and Computer
Engineering of Shiraz University between 2009 to 2018.

- Prerequisites: Logical Circuits, Computer Architecture,
Signals & Systems. It is highly recommended that the
students take this course simultaneously with the Digital
System Design Lab, which is designed based on the
course content.

- Evaluation: The grading is based on exercises (15%),
midterm (35%) and final (50%) examinations.
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The von Neumann Architecture

The von Neumann Architecture (Bobda 2007)
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The von Neumann Architecture

The VN Architecture consists of:

1. Amemory for storing program and data (Harvard
architectures contain two parallel accessible memories for
storing program and data separately)

2. A control unit (also called control path) featuring a program
counter that holds the address of the next instruction to be
executed.

3. An arithmetic and logic unit (also called data path) in which
Instructions are executed.



The von Neumann Architecture

The execution of an instruction on a VN computer can be done in five

cycles:

1. Instruction Fetch (IF): An instruction is fetched from the memory

2. Decoding (D): The meaning of the instruction is determined and the
operands are localized

Read Operands (R): The operands are read from the memory
Execute (EX): The instruction is executed with the read operands
Write Result (W): The result of the execution is stored back to the

memory
IF || D || R ||EX IF|| D || R ||[EX D || R ||[EX
Instruction 1 Instruction 2 Instruction 3




Pipelining in von Neumann Architectures

* Pipelining or instruction level parallelism (ILP) can be used to
optimize the hardware utilization as well as the performance of
programs.

* ILP does not reduce the execution latency of a single execution,
but increases the throughput of a set of instructions.

« The maximum throughput is dictated by the impact of hazards in
the computation. Hazards can be reduced, e.g., by the use of a
Harvard architecture.

=

Instruction1 |IF || D EX|| W

Instruction 2 || IF R ||EX| W
Instructidn 3 || IF || D || R ||[EX|| W

.

An ideal VN Pipeline time



Pipelining in von Neumann Architectures

ldeal pipelining iIs commonly unachievable. For example, the
Harvard architecture pipeline is as follows:

Instruction 1 | IF
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| R

EX

time

Harvard Architecture Pipelining



Application Specific Hardware versus von
Neumann Architectures
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VN versus ASIP: Considering 5 cycles per instruction, the VN should be 15 times
faster than the ASIP to outperform its speed (Bobda 2007)

v’ Application specific hardware have higher performance, at a cost of lower flexibility



Flexibility vs. Performance

Flexibility
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bility vs. performance of different architectures (Bobda 2007)



Applications of Reconfigurable Architectures

« Rapid prototyping
- reduced time-to-market
* In-system customization
- hardware updates and patches
* Remote reconfiguration
- via RF links for telecommunication BTS, spacecrafts, satellites,...
« Multi-modal computation
- Environment aware hardware
« Adaptive computing systems
- Machine learning applications
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DEVICES &
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PLD Technologies

Programmable Logic Devices (PLD) have a long history
(longer than conventional VN architecture CPUSs):

- PROM

- Logic Chips

- SPLD: PLA & PAL
- CPLD

- FPGA

- ASIC



Programmable ROM (PROM)
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Programmable ROM (PROM)

Example 2: PROM-based state machine

Kb outputl
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Benefit: Any logic circuit may be implemented

Drawback: Low speed



Standard Logic Chips

- TTL (Transistor-Transistor Logic) Technology:

- The 74xxx-series 14 T¥5Y
(1 CT O3 161 18
Q
S L_J& ﬁJ ’“_‘& )oJ
- CMOS Technology: ) 2 2 =
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: 7400 ale




74000 Sub-series

- 74L.S74: Low-power Schottky

- T4HCT74: High-speed CMOS

- TAHCT: 74LS TTL-compatible inputs
- SN74F00: Fast logic




Design Example Using the 74000 Series
f(a,b,c)=ab+bc
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Design Example Usmg the 74000 Series

An Implementation of a 4-bit two register computer, including 6 CPU assembly instructions:
READ (read input), INCB (increment register B), MOVAB (move contents of register A to B),
MOVBA (move contents of register B to A), RETI (return from interrupt), JMP (jump).

Reference: http://en.wikipedia.org/wiki/7400 series



Programmable Logic Technologies

- Basic ldea: Logic functions can be realized in sum-of-
product form.

f(X,Y,2) =Xy + Xyz

Technologies:
- Simple PLD (SPLD)
- Complex PLD (CPLD)



PLA (Programmable Logic Array) Technology

The basic concept: An arbitrary sum of product generator
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PLA (Programmable Logic Array) Technology

Example

L
%




PAL (Programmable Array Logic) Technology

- PLA has both AND and OR programmable gates; but PAL
has only programmable AND gates and the OR gates are
fixed
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PAL Extra Circuitry

Enable
== f]
Flip-flop

Select

D Q
Clock >
- -®
To AND plane
- 04
Macrocell

*Input — Output selection



CPLD (Complex Programmable Logic Device)

CPLDs can be considered as a set of PAL-like blocks with a
set of reconfigurable interconnection network
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CPLD (Complex Programmable Logic Device)

l PAL-like block (details not shown)




Equivalent Number of Gates

- We need a measure to compare the computation power of
different PLDs:

- Equivalent gates: total number of two input NAND gates

- Example: If 1 Macrocell = 20 NAND gates, a 1000

Macrocell CPLD is roughly equivalent to 20,000 NAND
gates



CPLD (Complex Programmable Logic Device)




FPGA (Field-Programmable Gate Array)

- FPGAs are extensions of the idea of PROMSs for logic

circuit realization
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FPGA Configurable Logic Blocks (CLB)

Two-input Look Up Table (LUT)



FPGA Configurable Logic Blocks (CLB)

Example:




FPGA Configurable Logic Blocks (CLB)

Three-input Look Up Table (LUT)



Programmed FPGA Scheme




Programmable Switches

Logic Cell

e —]

Logic Cell

Logic Cell

- Other switching technologies: Flash-based, Anti-fuse, etc.

Logic Cell




FPGA Logic Block Extra Circuitry

FPGA logic blocks require extra circuitry for sequential logic,

routing, I/O Iinterface, etc.
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CPLD vs. FPGA

- CPLD keeps its contents without power, also known as
non-volatile

- FPGA storage cells are volatile (lose their contents when
power is switched off)



PLD Programming

To computer

Printed
circuit board

(a) Off-board programming (b) On-board programming using
JTAG*

* JTAG: Joint Test Action Group



JTAG

JTAG is a serial interface technology. The connector pins are:

*TDI: Test Data In

*TDO: Test Data Out

*TCK: Test Clock

*TMS: Test Mode Select
*TRST: Test Reset (optional)

TMS

D * .
TCK
>
| L TMS L TMS ™S

"““ DEVICE 1 "““ DEVICE 2 "““ DEVICE 3
TDI
C————1DI TDO TDI TDO TDI TDO
TDO
1

JTAG Daisy Chain



https://en.wikipedia.org/wiki/File:Jtag_chain.svg
https://en.wikipedia.org/wiki/File:Jtag_chain.svg

Other JTAG Applications

Examples:
*Boundary Scan: the ability to set and read the values on pins without direct physical access
*Xilinx ChipScope Technology: for in-system run-time debugging

Boundary Boundary Scan Reqister Boundary Scan Calls
T T —— Scan Cells \
| | = T T
m : |/
| | — —1
o Pace | |
' ' - 3
External | I
Connections
| . . L Boundary '_ —A
7D —— | Instruction Register | r"f- Sean Path 1
— BYPASS Register  — Data In (TDI) Debug / Emulation Register bl Data Out (TDO)
ID Register Programming Register
Other Register _ ;.-1 lm:u:tio; Register I——
TCK ——— |
T™MS — TﬁEMfE'EI'IE Fort Control (TMS) i Test Access Port _+
TRST | | ontroller | Glock (TCK) ‘ (TAP) Controlier
TOO -
TRST" (optional)

Ref: https://www.xjtag.com/about-jtag/jtag-a-technical-overview


https://www.xjtag.com/wp-content/uploads/schematic_diagram_jtag_enab.gif
https://www.xjtag.com/wp-content/uploads/schematic_diagram_jtag_enab.gif

ASIC (Application Specific Integrated Circuit)

- In CPLD and FPGA programmable switches consume
much space and reduce speed

- Alternatively, the chip layout can be totally customized,;
but Is very expensive

- Compromise: The design may be simplified by using
standard-cell or gate-array technologies



ASIC Standard-Cell Technology
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ASIC Gate-Array Technology
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Only some parts of the chip are prefabricated



PLD Packages

- Plastic Leaded Chip Carrier (PLCC)




PLD Packages

- Small Outline Integrated Circuit (SOIC)
- Plastic Small Outline Package (PSOP)




PLD Packages

- Thin Small Outline Package




PLD Packages

- Pin Grid Array (PGA)

From Computer Desktop Encyclopedia
@ 2001 The Computer Language Co. Inc.




PLD Packages

- Ball Grid Array (BGA)
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PLD Leading Companies

- Xilinx

- Altera

- Actel

- Lattice

- QuickLogic
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The FPGA Market (2013)

FPGA Market
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The Programmable Market Share (2009)

- - h
Xilinx Altera St

Xilinx revenues are greater than all other pure-play PLD companies combined.

Source: Company reports
Latest information available; computed on a 4-quarter rolling basis

BDan £ XILINX.

Reference: www.xilinx.com



Xilinx Revenue Breakdown (2009)

Xilinx Revenue Breakdown
Q4 Calendar Year 2009

North America Communications

e £ XILINX.

Reference: www.xilinx.com



Asia Pacific FPGA Market Size by
Application, 2012-2022 (USD Million)
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FPGA INTERNAL
ARCHITECTURE




FPGA Internal Architecture

Current FPGA devices consist of:

- Configurable logic

- Interconnect network

- Device-dependent peripherals and IP cores



Typical FPGA Architectures

(an academic classification)

- Fine Grained (homogeneous)
- Medium Grained

- Coarse Grained (heterogeneous)

v From top to bottom the logic blocks become more complex and

advanced.
v Node-Based Reconfigurable Architectures: Imagine a network

of computers and programmable devices, which can be

reconfigured on-demand
v'Current FPGA architectures are considered medium grain in this

classification
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Actual FPGA Architectures
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Actual FPGA Architectures

Figure 2.35. Hierarchical arrangement on the Altera Stratix II FPGA



Multipurpose Logic Blocks

Logic blocks are commonly multi-purpose:
- Shift Registers

- Memory (RAM)

- Look-up-tables (LUT)



Configurable Logic Blocks

16-bit SR
16x1 RAM

e —

clock —¢

clock enable —¢

set/reset —¢




Hierarchical FPGA Architecture

SLICEM SLICEL SLICEM SLICEL
| |
| .
|| Basic block || Basic block
Slice 3
T Basic block I 1| Basic block
I 3|i+ 1
| | Basic block
I Basic block |
Slicg 1 Basic block
OT Basic block :
I I
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ce
Basic black : Basic block :
| ! Silee 0
Basic block I Basle black |
silce 0 I
Basic block | Basic block |
I |
CLE in the Spartan, Virtex |, Il Pro and Virtex 4 CLE in the Virtex 5

The left part slices of a CLB (SLICEM) can be configured either as combinatorial logic, or can be use as 16-bit SRAM or as
shift register while right-hand slices. The SLICEL can only be configured as combinatorial logic.



Slicing
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Hierarchical FPGA Architecture

- Current FPGA Internal architectures have a sort of
hierarchical design, both, in their CLB and interconnection
networks:

- Xilinx Terminology: Logic Cells, Slices, Configurable Logic Blocks
- Altera Terminology: Logic Element, Logic Array Block

Why?



Xilinx Logic Blocks
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Xilinx vs. Altera Logic Cells

\ —
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Arithmetic! = . -
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Figure 2.260.  Logic Element in the Cyclone T1 Figure 2.24.  Basic block of the Xilinx FPGAs



Altera Logic Blocks

4-Input
LUT
D SET Q‘ :_
3-Input Adder i
LUT /J >
a a-Input sx Q
g_ =
a LUT
g >
—
o 4-Input
N LUT ~
Adder ~\l j—,_.. -
Fnput >.
LUT | s
3-Input
LuT

N |
Figure 2.27. Stratix Il Adaptive Logic Module

- Question: How do companies decide about their FPGA internal
architecture? Is it a only matter of technology or taste?



Interconnect Networks

Ultra fast line

Figure 2.34. Actel ProASIC local routing resources



Interconnect Networks

B Direct
(J 1 Hop
[ 2 Hops
B 3 Hops

(a) Virtex-4: Traditional (b) Virtex-5: Diagonally symmetric
interconnect pattermn interconnect pattern



Other Peripherals within Contemporary FPGA

- Block Memories

- Digital Clock Managers

- Dedicated Adders & Multipliers
- Variety of 1/O Interfaces

- Embedded Processors



Embedded Block Memories

Columns of embedded
RAM blocks

Arrays of




Embedded Multiplier, Adder, MAC
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Clock Trees

Clock :
Flip-flops
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Clock Management

Usage:

1. Jitter removal

2. Freguency synthesis
3. Phase shifting

4. Clock de-skewing

Clock signal from
outside world

JT1LILL

/

Special clock
pin and pad

Clock
Manager

Daughter clocks
used to drive
internal clock trees
or output pins



1. Jitter Removal

1
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| +— Real clock signal with jitter
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Cycle 1
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Cycle 4

Superimposed cycles

Clock signal from
outside world
with jitter

TLIirn
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Special clock
pin and pad

Clock
Manager

“Clean” daughter
clocks used to drive
internal clock trees
or output pins



Jitter Specifications

Cycle-to-cycle jitter is the
difference in clock
from one cycle to the next.

Desired cllr::cl-c period

edge location

Number of samples

__Llock edge

i

Measured clock period

I

Figure 46

Peak-to-peak Period Jitter
(14G)

. Peak-to-Peak Period Jitter Example

T

w62 _46_0E1D03



Clock Jitter Issues

Impacts of clock jitter on signal quality and data processing:

- Analog domain:
- Critical; causes phase modulation (distortion) and directly translates
Into phase noise

- Digital domain:
- Critical; when working with multiple clocks and different clock domains
- Irrelevant; in single-clock systems and if the clock jitter is far smaller
than the clock period.
Note: Clock jitter is a random variable with a probabillity distribution
function.



Practical Jitter Measurement

Signal-to-noise ratio at

Amount of distortion ) :
the sampling point
b &

(set by signal-to-noise ratio)

N\ ——__ Slope indicates
sensitivity to timing
arror; the smaller,
the better

Measure of jiter ~ Best time to sample (decision point)
Most open part of eye = best signal-to-noise ratio

A
7,
Further Reading: Agilent® and Tektronix® clock
analysis tools




Jitter Calculation

Peak-to-Peak

JITTER 0, = | (JITTER ypyp)” + (JITTERgp ()’ Eq. 10

Peak-to-Peak Deviation

where
JITTER|NpUT = The input period jitter, measured at the clock input pin of the FPGA
JITTERgpEG = The DLL clock output period jitter, as specified in the Spartan-3 Data

Sheet for the appropriate output port

JITTERTOTAL = The expected total output period jitter



Jitter Calculation

Example

Assume that an input clock has 150 ps peak-to-peak period jitter, optionally expressed as
+/5 ps. The incoming clock is duty-cycle corrected, using the same frequency, on the CLKO

DCM output.

In this case, JITTERypyT = 150 ps. The value for JITTERgpgc is the Spartan-3 Data Sheet
specification called CLKOUT _JITT_PER_O, which is estimated here as 100 ps, or 200 ps

peak-to-peak.

JITTERp; = (150 ps)” + (200 ps)> = 250 ps

Consequently, the total jitter on the DCM output is 250 ps peak-to-peak or 125 ps.



Jitter Calculation

Example 2 (Cascaded DCMs)

Assume that the input clock has 150 ps (£75 ps) of period jitter. Assume that DCM (A) uses
the CLK2X output. Use the Spartan-3 Data Sheet specification called CLKOUT PER JITT 2X
for the DCM output jitter, estimated here as 400 ps (x200 ps). Assume that DCM (B) uses the
CLKDV output with an integer divider value. Use the Spartan-3 Data Sheet specification called
CLKOUT PER JITT DV1 for the DCM output jitter, estimated here as 300 ps (150 ps).
Finally, assume that DCM (C) phase shifts the output from DCM (B) by 90°. Use the Spartan-3
Data Sheet specification called CLKOUT PER JITT 90 for the DCM output jitter, estimated
here as 300 ps (£150 ps).

DCM (A DCM DCM (’ =

) (B) )
L M -
E—I>— CLKIN  CLKx —D— CLKIN  CLKx —|>—{:LK|N CLKx —D—

—|RST LOCKED |[-{~>0———|RST LOCKED |{~>0———|RST LOCKED [—

¥AG2_48 061003

JITTER o p1n) = ~(150ps) + (400ps)* = 427ps = 214ps

JITTER o pp . = A(150ps)? + (400ps)* + (300ps)® = 522ps = 261ps

JITTER o paLcy = A(150ps)’ + (400ps)” + (300ps)’ + (300ps)” = 602ps = 301 ps



Recommendations for Clock Jitter Minimization

* Properly Design the Power Distribution System

* Properly Design the Printed Circuit Board

* Obey Simultaneous Switching Output (SSO) Recommendations

« Place Virtual Ground Pins Around DCM Input and Output
Connections



2. Frequency Synthesis

FPGA
DCM DCM
Fl li Fl l Fom
n
High ed ial dat H D
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slower parallel data : wide wide ﬁ speed serial data
OO0 —— O — - O-0O;
Overclocked,
time-shared logic
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F F-x
R
DCM
|
F 462 38 070003

Figure 38: Common Applications of Frequency Synthesis



3. Phase Shifting

B B e B e B
iy

<t 0° Phase shifted

__ «——90° Phase shifted

| — 180° Phase shifted

| < 270° Phase shifted




4. Clock De-skewing

Daughter clock (monitored
downstream of the clock manager)
fed back to special input

Clock signal from

outside world

T1TLTL — T1TLTL De-skewed daughter
] > . » clocks used to drive
f internal clock trees

or output pins
Special clock PUtp

pin and pad
111 121 131 141
— <+— Main (mother) clock
N ENENRE
__I_I_I_LI_ |_I[T 11T <— Untreated daughter clock
1 2 3

<+— De-skewed daughter clock




Clock Generator Architectures

- Delay-Locked Loop (DLL)

- Phase-Locked Loop (PLL)



Delay-Locked Loop (DLL)

Clock
CLKIN ———p| Variable CLKOUT Distribution
Delay Line Network

CLKFB




Phase-Locked Loop (PLL)

Clock
Distribution
Network

Voltage CLKOUT
Controlled

Oscillator

CLKIN

CLKFB

Further Reading: http://pages.hmc.edu/harris/cmosvisi/4e/lect/lect22.pdf



PLL vs. DLL Architecture

Ve Vctfl
Phase ——]| LoopFilter |— 5 VCO
Detector
lProgrammable | <
Divider |
Phase Low Pass i
Detostor - Filter ———= Delay line

Further Reading:
» Basics of DLLs: https://opendtech.com/phase-and-delay-locked-loops-basics
= Control Models of PLLs and DLLs: http://pages.nmc.edu/harris/cmosvisi/4e/lect/lect22.pdf
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Xilinx Digital Clock Manager (DCM)

Input Stage
QOutput Stage
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CLK2X
CLK2X180
CLKDV

CLKFX
CLKFX180

I
—|E- LOCKED
—:7‘5- STATUS [7:0]

D3069-2_07_040102

Figure 3: DCM Functional Block Diagram

Reference: http://www.xilinx.com/support/documentation/application_notes/xapp462.pdf



Xilinx DCM Clock Synthesis Options

Clock |

Clock Feedback Loop

A clock feedback loop to CLKFE
is required when using the
CLKO0, CLK2X, CLK2X180, or
CLKDV outputs. Use only CLKD
or CLK2X as the feedback
source. Feedback is not
required when using only the
CLKFX or CLKFX180 outputs.

Output clocks are phase aligned

CLKIN

CLKFB

when using clock back via
the CLKFB input.
|
' Deskewed Clock
CLKD F=Fciam
T 50% duty cycle when
DCM | DUTY_CYCLE CORRECTION=TRUE
CLK2X —l |— |_| Clock Doubler
- 50% duty cycle
CLK2X180 | | | | Output available only when
| DLL_FREQUENCY_MODE=LOW
I Clock Divider
FCLKIN
CcLKbv _ ___ F=Cixov pivipe
Usually 50% duty cycle,
' depending on conditions
CLKEX Frequency Synthesizer
— CLKFX_MULTIPLY
= F=Foum CLKFX_DIVIDE
CLKFX180 -
50% duty cycle

KAB2_3T_123106



Xilinx DCM Functional Overview

Global Buffer Input Global Clock Buffer
IlEl.IFG . IEiUF\'.‘;. . E?;’bgkgﬁck
GCLK Networtk
W4E2_02a_082403

a. Global Buffer Inputs and Clock Buffers Drive a Low-Skew Global Network in the
FPGA

Global . Global

Buffer Input Dﬁgﬂ f‘f’f“ Clock Buffer
IBUFG g9 BUFG

GCLK CLKIN Output — Gilobal Clock

MNetwork
DCM
|7 CLKFB
*AE2 02b 0EI40D

b. A Digital Clock Manager (DCM) Inserts Directly into the Global Clock Path




Internal Clock De-skewing

(or BUFGMUX,
or BUFGCE)
IBUFG BUFG
| 0 | o) Clock to
CLKIN CLKO internal
(or CLK2X) FPGA logic
(alternate clock inputs DCM
Eﬁﬁﬂﬁjﬂi’éﬂf thily __lcikeB  LOCKED ~ “Clock Good”

(Internal Feedback)

x4E2 19 061803




External Clock De-skewing

OBUF

BUF

Circuit-board trace
delay, additional
clock buffers, etc.

Other
Device(s)
on Board

| CLK

e

Y

»| CLKIN CLKO
(or CLK2X)
DCM
- =| CLKFB LOCKED
SRL16
S D Q RESET
DWCLK
= Al3:0] | «—— Recommended
INIT=000F
(External Feedback Trace)

Feedback path delay
must match the
forward path delay to
guarantee skew

elimination \

ENABLE

X482_20_123105

Reference: http://www.xilinx.com/support/documentation/application_notes/xapp462.pdf



DCM Cascading
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General Purpose I/O

- The concept of I/O Banks

OO000O0O0000000OO0oo00o0ooao

ooo0ooob0ooooOooooOoa

N\
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2

3

v

4

O00000000000O0D0O0a0

General-purpose /O
banks 0 through 7



Xilinx Series 7 1/0 Banks

The 7 series Xilinx FPGAs offer:

= High-performance (HP) I/O Banks: designed to meet the
nerformance requirements of high-speed memory and other
chip-to-chip interfaces with voltages up to 1.8V

= High-range (HR) I/O Banks: designed to support a wider
range of I/O standards with voltages up to 3.3V

" Different I/O voltage standards: 3.3V, 2.5V, 1.8V, 1.5V,
1.35V, 1.2V, which includes LVTTL, LVCMOS, etc. standards

" Digitally-controlled impedance (DCI) and DCI cascading: In
the HP mode




Xilinx FPGA I/O Planning and I/O Banks
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Digitally Controlled Impedance

Example:

External Termination
. Vyt=0.75V for HSTL_|
OB | 0.6V for HSTL_I 12 | IOB

HSTL_I 0.9V for HSTL__18 |

|
HSTL |12 | : Hgit: .
HSTL |18 | B
| FIP = ZO = 50C) | HSTL_I_18
Z . g +
| | Vage = 075V for HSTLI —|-
| | 0.6V for HSTL_|_12
| | 0.9V for HSTL_|_18
| |
DCI
______ OB | |r|_cr§________________________
' |
: Ve = 1.5V for HSTL_I_DCI
| 1.8V for HSTL_|_DCI_18
|
HSTL | DCI | Ryry = 22Zg= 10002
HSTL | DCI 18 | HSTL_|_DCI

HSTL I DCI 18
+

c
% Vpgr = 0.75V for HSTL_LDCI |-

0.9V for HSTL_1_DCI_18

RyRre = 2Zy= 10002
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Xilinx Series 7 1/0O Buffers

- Various I/O buffers are supported on standard FPGA devices:
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Cdzar iz
I (Input] O {Quiput) | o T Do o
From device pad into FRPGA | ) B [ B
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| Zedak Inpt
4 o . | O
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5] I Culp o =] ) OB o )
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Giga-Bit Transceliver Bus
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IP Cores

- Hard IP

- In the form of pre-implemented blocks such as microprocessor
cores, gigabit interfaces, multipliers, adders, MAC functions, etc.

Example: Xilinx PowerPC

- Soft IP
- Source-level library of high-level functions that can be integrated in
a custom design.

- FIrm IP

- Libraries which have already been optimally mapped, placed, and
routed into a group of programmable logic blocks (and possibly
combined with some hard IP blocks like multipliers, etc.) and may

be integrated into a custom design.
Example: Xilinx MicroBlaze



Hard Embedded Processors
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Soft Embedded Processors: Microblaze
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Xilinx Microblaze Core Block Diagram

MicroBlaze™ is Xilinx 32-bit RISC Harvard architecture soft processor core with a
rich instruction set optimized for embedded applications.

Key Features & Benefits:

Over 70 user configurable options
3-stage pipeline for optimal footprint, 5-stage pipeline for maximum performance
Supports either PLB or AXI interface

Big-endian or Little-endian support o s | Do
Optional Memory Management Unit (MMU) v e
. . . . M_AXI_IC {’“ {}m nd M_AXI_DC
Optional Floating Point Unit (FPU) . g il § = oxcum
. . Program ALU
Instruction and Data-side Cache "L =) e e (1 oxeLs
iC RF.:;“_; ore | »] | Barrel shi /@
Branch | Multiplier —
@5 Eﬂéh'e; {} Divider
PiE . $ FPU - <:E:>
- L] instruction IF MO_AXIS..
Coe > LA e B, | A s s
Decode i S15_AXIS
L~ | Register File ] MFSL 0..15 or
1 32X 3zb DWFSL 0..15
. [ SFSL0.15 o
Optional MicroBlaze feature DRFSL 0..15




FPGA with Embedded Microprocessors

Crowth of FPCA-based processing.

rts
X
o

Number of FPGA/PLD d-l!lgl'l_..i'l'ﬂ
8 8 &8 8 8
g 8 8 8 8

0 —--...lIIII

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Year

Without MPU I With MPU Scurcn: Garin Detsrct Uorm 2000]

- Question: Why?

Reference: http://www.gartner.com



Xilinx Intellectual Property (IP) Cores

- Dozens of soft IP cores are provided by Xilinx and other
vendors, which can be integrated into a custom design
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How to Choose an FPGA?

1. Study the problem of interest.

2. Start by a preliminary system design to find a rough
estimate of the resources and system clock that you might
need. This might need some simulations, writing some
parts of the HDL code or putting together predesigned
libraries or IP cores.

3. Choose/design an appropriate (overestimated) FPGA
board for your application.

4. Proceed with the detailed design and implementation



Xilinx 7 Series FPGAs Overview

Max. Capability Spartan-7 Artix-7 Kintex-7 Virtex-7
Logic Cells 102K 215K 478K 1,955K
Block RAM(1) 4.2 Mb 13 Mb 34 Mb 68 Mb
DSP Slices 160 740 1,920 3,600
DSP Performance(2) 176 GMAC/s 929 GMAC/s 2,845 GMAC/s 5,335 GMAC/s
Transceivers - 16 32 96
Transceiver Speed - 6.6 Gh/s 12.5 Gb/s 28.05 Gb/s
Serial Bandwidth - 211 Gb/s 800 Gb/s 2,784 Gb/s
PCle Interface - x4 GenZ2 x8 GenZ x8 Gen3
Memory Interface 800 Mb/s 1,066 Mb/s 1,866 Mb/s 1,866 Mb/s
I/O Pins 400 500 500 1,200
IO Voltage 1.2V-3.3V 1.2V-3.3V 1.2V-3.3V 1.2v-3.3V
Package Options Low-Cost, Wire-Bond Low-Cost, gﬁgﬁiﬁ%ﬁd’ Lidless LidFl’i-?fsc Ir:r:’:;;n%t;w'): ﬁg{é} Iq:gh HighesFt“En_egﬁiLmance
Notes:

1. Additional memory available in the form of distributed RAM.
2.  Peak DSP performance numbers are based on symmetrical filter implementation.




Xilinx Virtex-7 Feature Summary

Bl cLey Block RAM Blocks(4) .
. Logic DSP CMTs | PCle XADC | Total /O ax g
Device | celis Max | Slices(® Max | @ | ® |GTX|GTH)GTZ| gioos | Banks® | User | SLRS®
Slices(?) | Distributed 18 Kb | 36 Kb (Kb)
RAM (Kb)

ACTVEasT 582,720 | 91,050 5,938 1,260 1,590 795 28,620 18 3 36 1] a 1 17 850 N/A
XCT7Vao00T 1,954,560 | 305,400 21,550 2160 2,584 1,292 45,512 24 4 36 0 0 1 24 1,200 4
XCTVX330T 326,400 51,000 4,388 1,120 1,500 750 27,000 14 2 0 28 0 1 14 700 N/A
XCTVHA5T 412,160 64,400 6,525 2180 1,760 8a0 31,680 12 2 0 43 0 1 12 G600 N/A
KCTVX485T 485,760 75,800 8175 2,800 2,080 1,030 37,080 14 4 56 0 0 1 14 700 MN/A
KCTVX550T 554,240 86,600 8,725 2,880 2,360 1,180 42 480 20 2 0 80 0 1 16 G600 MN/A
XCTVXaoaoT 693,120 | 108,300 10,888 3,600 2,940 1470 52,920 20 3 0 80 0 1 20 1,000 N/A
XCTVxasoT 979,200 | 153,000 13,838 3,600 3,000 1,500 54,000 18 3 0 72 0 1 18 900 N/A
XC7VX1140T | 1,139,200 | 178,000 17,700 3360 | 3760 | 1,880 | 67,680 | 24 4 0 96 0 1 22 1,100 4
ACTVHEE0T 580,480 | 90,700 8,850 1,680 1,880 940 33,840 12 2 0 48 8 1 12 600 2
XCTVHETOT 876,160 | 136,900 13,275 2,520 2,820 1,410 50,760 18 3 0 72 16 1 6 300 3
Notes:
1.  EasyPath™-7 FPGAs are also available to provide a fast, simple, and risk-free solution for cost reducing Virtex-7 T and Virtex-7 XT FPGA designs
2.  Each 7 series FPGA slice contains four LUTs and eight flip-flops; only some slices can use their LUTs as distributed RAM or SHLs.
3. Each DSP slice contains a pre-adder, a 25 x 18 multiplier, an adder, and an accumulator.
4. Block RAMs are fundamentally 36 Kb in size; each block can also be used as two independent 18 Kb blocks.
5. Each CMT contains one MMCM and one PLL.
6.  Virtex-7 T FPGA Interface Blocks for PCl Express support up to x8 Gen 2. Virtex-7 XT and Virtex-7 HT Interface Blocks for PCl Express support up to x8 Gen 3, with the

exception of the XC7VX485T device, which supports x8 Gen 2.

7. Does not include configuration Bank 0.
8.  This number does not include GTX, GTH, or GTZ transceivers.
9.  Super logic regions (SLRs) are the constituent parts of FPGAs that use 551 technology. Virtex-7 HT devices use 551 technology to connect SLRs with 28.05 Gb/s

transceivers.



FPGA Package Numbers

FPGA ordering information (visibly marked on the IC package)

Example: XC7K325T-2FBG900C

Device Type L Temperature Range
C: Commercial (T] = 0°C to +85°C)
Speed Grade E: Extended (Tj = 0°C to +100°C)
(L1, -2, -G2@, -1, -2, -3) I: Industrial (Tj = —40°C to +100°C)

Number of Pins®

— Pb-Free
V: RoHS 6/6
G (CPG, CSG, FTG, FGG): RoHS 6/6
G (FFG, FBG, SBG, FLG, FHG): RoHS 6/6 with Exemption 15

Package Type

1) -L1 is the ordering code for the lower power, -1L speed grade.
2) -L2 is the ordering code for the lower power, -2L speed grade.
3) -G2 is the ordering code for the -2 speed grade devices with higher performance transceivers.

4) Some package names do not exactly match the number of pins present on that package.
See UGA75: 7 Serles FPGAS Packaging and Pinout User Gulde tor package detalls.




FPGA DESIGN FLOWS




PLD-Based Design Flows

Design Idea

Architectural Design

Design Entry

Behavioral Simulation (Top-Down and/or Bottom-Up)
Register Transfer Level (RTL) Simulation/Implementation
Synthesis

Technology Mapping

Placement & Routing

FPGA/CPLD Configuration using Bitstreams

Final In-System Testing

. Fully customized IC or ASIC Fabrication

. Gate Level & Timing Simulation/Implementation
Switch Level & Device Simulation/Implementation
Final Circuit Testing

© 0N Oh DR

el ol e
> W NP O

For ASIC
Design Only



FPGA vs. Microprocessor Implementation Flow

Microprocessor FPGA
Architectural design Architectural design

Choice of language (C, JAVA, etc.) Choice of language (Verilog, VHDL. etc.)

Editing programs Editing programs
Compiling programs (.DLL, .OBJ) Compiling programs

Synthesizing programs (.EDIF)

Linking programs (.EXE) Placing and routing programs (.VO, .SDF, .TTF)
Loading programs to ROM FPGA configuration with bit files

Debugging programs Debugging FPGA programs

Documenting programs/design Documenting programs/design

Delivering programs Delivering programs



1. Design Entry

Utilities for design entries:

- Schematic Editors
- e.g., Altium’s FPGA-ready Design Components and FPGA Generic

- Hardware Description Languages (HDL)
- e.g., Verilog, VHDL, etc.

- Finite State Machine (FSM) Editors
- e.g., ActiveHDL® FSM editor

- System Level Tools, known as HLS
- e.g., Matlab Simulink and Xilinx System Generator



2. Functional Simulation

- Behavioral Simulation; not necessarily implementable on hardware

- Structural Simulation; can simulate bitwise accurate models of the
final hardware

falu_vhd_th/carmy_out|0

falu_vhdl_th/flag

falu_vhd_th/ribblel |0 0 R E RO R OENENEN RO  AEREICY
falu_vhd_th/ribblez |0 (A 2 £ (ol (N 2 T (o (N (I (0 A S =2 ( S 18 £ (o3 I
/alu_vhd_th/aperation| D (AN I T (T 2 (< (0 (0 (< (0 A I N
2

(1]

(0

falu_vhdl_th/resut [0 0 e EORAEOENENENENREN  FAEDREY
[3)

(1]




3. Logic Synthesis

HDL - Boolean Equations = Technology Mapping

- The output of the synthesis stage is a Netlist including all
the hardware modules and their interconnections

- Various Netlist Standards exist
- Electronic Design Interchange Format (EDIF)
- Xilinx Netlist Format (XNF)

Necessity of standard tools: Consider ‘N’ vendors with
distinct standards; N2 translators are required to
Interchange formats in between



Summary of Xilinx FPGA Design Flow

1. Synthesis: converts HDL (VHDL/Verilog) code into a gate-
level netlist, represented in the terms of the UNISIM
component library (a Xilinx library containing basic
primitives).

2. Translate: merges the incoming netlists and constraints
Into a Xilinx® design file.

3. Map: fits the design into the available resources on the
target device, and optionally, places the design.

4. Place and Route: places and routes the design to the
timing constraints.

5. Generate Programming File: creates a bitstream file that
can be downloaded to the device.



PART I

Electronic Design Automation



HARDWARE DESCRIPTION
LANGUAGES




Hardware Description

How can we describe a hardware?

1.

Schematic design tools: Visual schematic editors. e.g.,
Altium®, Protel®, OrCAD®, Xilinx PlanAhead®, etc.

Hardware description languages: Verilog, VHDL, etc.
Set of libraries and classes in software languages

Any other?



Hardware Description Examples
- Schematic editors: Altium® general FPGA design library

Example project for Xilinx Spartan-3 Starter Kit fitted with XC3S200-4FT256C device

Divided clocks
i —

50MHz clock
ﬁ ==

(=5 fo= Ot i ]

L

ADC

-] w [
58 S o Y B X o, DO Y
OO L= L=} CON DN 1§

4 muliplexed digits
T-Segments Display

=

B E] W o] —1
e

1

| =

1 S T
TASEE
18 Lz mi
o "-[' m-:'n-c—u-tu: B VR | —

e o cmo SR
- C ™ ?-'!.h_l—ﬂ:!l--\: TC [t
Turn the first switch on 2 - - i

il —

r‘li
ng H

[

i

i

il
b

:

fo reset the counters o _— - m,{
— (e
= = 50
= [ .
WEL w B e ) ‘_
VED e = aomE
T ™ i
1 B R P pran
c = p ¥
(=t T
EHEE Thin cvampls bl s Wiinn Ypoeand Bewmer K0 B Cincle Yo Lok amdl "Beprenn Denplyy
Tor § 30w s o et s 2 e Ay e ey i Gn T
T rEn o oypee] e " epewen Dy yeep p g w o depesnny ol iy
a T Carumse valians mmn fea vl s | e & mte Dirnel 0 o s o 4w
® e S— -

3 ik r4
e Example for Ximx Sportos-3 Siorer Rof ﬂ""“. e
e B Youns: | [ f_;":"’""'"
[ TTIERL T TAIETD [ el ol 1 dauwals SARF
[P S ——) sep—— i 2T p——T) PTJSIT=— e g p— [ B P — — P—




Hardware Description Examples

- Schematic editors: Xilinx Schematic Tools

IHITH
I:III‘II




Hardware Description Examples

- A C++ library to simulate hardware functionality

E G:\Samenilrojects\BNCP rograms\C+ + CodesWMonitor] 1WFFT.H - Hote pad--

[= 5]

Bl Gk Zrach few Epocdrg Larcusge Sefings BEeoo 3un Eugns mndow T =
e E G e s (e ey |k EE TR EAzs AEARE ¥E e &

|'E|FFI'H|

113 &l for{int stage=C;stage<osatagoss) i
114 DLCNG k=l<<{l0-C%=tage) ;

115 for(int n=0;n<{ << (i-"*otage) ) rntt)

116 i for(in- =lri<| << *stage)) it++){

117 for{_at m=u;m<s jmbt) {

11% nRl.Equals (FElEam[n+i+*X])

1159 Inlm.Equals (ImRam[n+i*k]);

120 SWl=3Ww[m* ] [0] ;5Wi=aWm* ] [ ] ;oWa=swm* ][] 5

127 Adder=»>Clockd () ;

123 InRl.Equals (RlERam[ne+i*k+k/1]) ;

124 Inlm.Equals (ImRam[n+li*k+k/1]) ;

125k SWl=SW[mr 41 ] [0] ;5= [m* I+ ) [1] sSW2=SW[m*4+1]["]; -
126 Adder=»>Clackd () ;

128 InRl.Equals (RlEam[ne+i*k+-*c/1])

129 Inlm.Equals (ImRam[n+l*k+o®f4]) ;

130 SWl=SW [mk i+ 2] [0] ;5= [med+2) [ 1] sSW2=SW[mhd+2][ 2] ;

137 Aodder=>T1ackd () ;

1532

133 InRl.Equals (RlEam[ne+i*k+ - *c/1])

134 Inlm.Equals (ImRam[n+l*k+- %L/ 1)) ;

135k SWl=SW [mk 45 [0] ;5= [me I+ ) [ 1] sSW2=SW[mhd+=5] [ 2] ;

13 Adder=»Z1lockd () ;

15

138 Adder=>Clacki) ! =
<+ sawrce file lenigtn: 6,797 fines : 258 Ln:i126 Col:30 SH:0(d Ueindows (R LF) LTF-B ms




Hardware Description Examples

- Hardware Description Languages

module example (/+AUTOARGHS
A4 Outputs
lower_out, o,
A4 Inputs
%Dwer_inb, lower_ina, 1
1
input i
output o;
SeAUTOINPUT ./
44 Beginning of automatic inputs
input  lower_ina; 77 To inst of 1nst.w
input  lower_inb; /7 To inst of inst.w
A4 End of automatics
SAUTOOUTRUT ./
44 Beginning of automatic output
output lower_cut; /7 From 1nst of inst.w
A4 End of automatics

A*AUTOREG /"
A4 Beginning of automatic regs
=13 o5

A4 End of automatics

inst inst (VRAUTOINSTw ¢
A4 Outputs
Jdower_out ([ lower_out),
A4 Inputs
dower_inb (lower_inbl,
dower_ina (lower_inall;

always B ( #AUTOSENSE*A1) hegin

o= 1;
end
endmodule

Verilog

1 library ieee;
2 yse ieee.std_logic_1164.all;
3 use ieee.numeric_std.all;

4
5 entity signed_adder is

6 port

T

a8 aclr : in std_logic,

9 clk : in std_logic;

pllc] a : in std_legic_vector;

11 1] . in std_logic_wvector,;

12 q © out std_logic_vector

13 B

14 end signed_adder;

15

16 architecture signed_adder_arch of signed_adder is

17 signal g_s @ signed(a'high+1 downto 8); -- extra bit wide
18

19 begin -- architecture

20 assert(a'length == b'length)

21 report "Port A must be the longer vector if different sizes!"
22 severity FAILURE;

23 g <= std_logic_vector(g_s);

24

25 adding_proc:
26 process (aclr, clk)

27 begin

28 if (aclr = '1') then

29 gq_s == (others == '8");

30 elsif rising_edge(clk) then

31 g_s == ('0'&signed(a)) + ('0'&signed(b));
32 end if; -- clk'd

33 end process;

34

35 end signed_adder_arch;

VHDL

// definition of a model using LSF primitive modules
SC_MODULE( my_lsf model )
{
sca lsf::sca in in;
sca_lsf::sca out out;

// LSF input port
// LSF output port
sca_lsf::sca_signal sig; // LSF signal

// constructor with parameter
my lsf model( sc_module name, double fc=1.0e3 )
{

// instantiate pre-defined primitives here
subl = new sca_lsf::sca sub( “subl” );
subl->x1( in );
subl->x2( siqg );
subl->y( out );

dotl = new
PI*fc) );

dotl->x( out );

dotl->y( sig );

sca_lsf::sca dot( “dotl”, 1.0/(2.0*M_

SystemC



From Schematic Editors to Hardware
Description Languages

- Hardware description languages are textual means of describing a
hardware

- Text is better than pictures and Karnaugh maps; as it's more
simple to handle and analyze for language parsers and synthesis

tools // HalfAdder
Half-Adder module HalfAdder(A, B, S, C);
A B input &, B;

> output S, C;

L)
_S v L]
JD m xor sum(S, A, B);

e and Carry(C, A, B);
oy endmodule

J/ FullAdder

Full-Adder module FullAdder(A, B, Cin, S, Cout):;
input A, B, Cin;
output 5, Cout;
A A s C D'_‘Cout wire s1, cl, c2;
B g ADDER g C / — HalfAdder HAl(A, B, S1, Cl1);

HALF HalfAdder HAZ2(51, Cin, S, Cout);
Cin B "°°*R S S or Carry(Cout, Cl, C2);
endmodule
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Hardware Description Languages (HDL)

Examples of HDL languages
- VHDL

- Verilog

- SystemC

- SystemVerilog

- JHDL

- Handel-C

- Impulse C



Hardware Description

What should a HDL look like and what features should it have?

1.

w0

Cover different levels of abstraction: transistor level, gate level,
register transfer level (RTL), system level

Applicable for different architectures: CPLD, FPGA, ASIC, etc.
Provide a unigue description for all synthesizable hardware

Ability of accurate simulation before implementation. The language
should be able to simulate other functionalities required for
hardware description and simulation: generating synthetic
waveforms, reading/writing test vectors from/to files, setting time
bases, etc.

Convertible into conventional data structures such as trees and
graphs for algorithmic simplifications and optimizations

Existence of tools (tool chains) for translating the “*hardware
description” into “hardware”



Current HDL Languages

- Common HDL languages support different levels of abstraction
plus additional features used for simulation, modeling, and
documentation of hardware (not necessarily synthesizable on
hardware)

- The languages can be used for hardware: design, simulation,
modeling, test, documentation

- Note: HDL languages do not generate executable codes; they
describe hardware, which are later translated into hardware by
electronic design automation (EDA) tools



Verilog HDL

We use Verilog HDL in this course, because

- It has all the required features of a complete HDL
- It has a rather simple syntax

- It Is not as verbose as VHDL

- It Is highly popular in industry (for RTL design)

Our major references:

S. Palnitkar, Verilog HDL: A Guide to Digital Design and Synthesis, 2nd Ed.,
2003

WF Lee, Verilog Coding for Logic Synthesis, John-Wiley, 2003
Xilinx XST user’s manual, 2009



Verilog HDL History

- Verilog was created by Prabhu Goel, Phil Moorby, Chi-Lai Huang and
Douglas Warmke in 1983-1984, as a hardware modeling language.

- Verilog was originally owned by Automated Integrated Design
Systems (later renamed as Gateway Design Automation).

- Gateway Design Automation was purchased by Cadence Design
Systems in 19809.

- In 1990, Cadence put the language into the public domain, with the
Intention that it should become a standard, non-proprietary language.

- Versions: Verilog-95, Verilog 2001, Verilog 2005, SystemVerilog (a
superset of Verilog 2005).

- Latest versions of Xilinx ISE® support Verilog 2005.
- Xilinx Vivado® supports Verilog 2005 and SystemVerilog.



Verilog HDL Syntax

Let’s start with a list of the most common digital hardware elements that we

know:

- Gates: AND, OR, NOT, XOR,...

- Electronic features/elements: Wires, buffers, tristate buffers, impedance levels,...
- Multiplexers, encoders and decoders

- Finite state machines (FSM)

- Memories: RAM, ROM, dual-port vs. single port memories

- Shift registers, Barrel shifters, etc.

- Initialization and resetting mechanisms

- Combinational logic: a combination of logical components

- Sequential logic: registers (flip-flops)

- Arithmetic units: half and full adders, multipliers, counters, timers, etc.

- Logic chips: ICs with predefined timing and digital function

- Logic circuit peripherals: I/O interface, clock management

- User-defined constraints and port mapping

These elements are from different levels of abstraction; but any HDL should
be able to “describe” them.



Verilog HDL Syntax

= Verilog is a free-form language (the positioning of characters on the programming
page is insignificant)

= Combinations of numbers (0,1, 2,..), letters(a, b,..,z, A, B, C, .., 72),
underscore (_) and Dollar-sign ($) can be used in variables.

= Variable names are case-sensitive

= Variable names may not start with $ (Verilog system commands start with $)

= Underscores can be used between numbers as separators for better readability

u Single-line comments: // all text is considered as comment hereafter

= Single- or multi-line comment blocks: /* bia bla bla */

= Synthesis tools occasionally use comment blocks to define synthesis attributes
(user-defined properties of a block of code) in specific formats:

reg my reg /* synthesis maxfan = 16 preserve */;

LUuT4 Ul (.0(O0), .IO(IO), .I1(I1), .I2(I2), .I3(I3));
// synthesis attribute INIT of Ul is "8000"



Nets and Registers

- The wire keyword is used to define nets (wires) and results of combinational logic
(using an assign command).

- The reg keyword is used to define registers and results of sequential logic (in an
always block). The exception is a combinational logic defined by an always block.

- Wires and registers can be defined and assigned in vector form.

wire a;
wire b, c;
wire [|l-:0]address;

reqg x;

reg [7:0] bus; // little-endian form
reg [(:5] data; // big-endian form
reg [-:0] portl, porti;



Logic Values

- Verilog supports four logic values

Logic Value | Description/Usage

0 zero, low or false

1 one, high or true

zorZ high-impedance, tristates, floating (dangling)
X or X unknown, uninitialized, collision

- Sized vs. unsized values

wire [2:0] u = 4'b1010; // s1lzed binary

wire [/:0] x = £'o2l30; // sized octal

wire [11:0] z = 12"'d35; // sized decimal

wire [19:0] y = 20'hl2fa7; // sized hexadecimal

wire [S1:0] w = "d35; // unsized; NOT RECOMMENDED

wire [21:0] v = 75; // unsized decimal (by default); NOT RECOMMENDED
wire [/:0] a = £'0l0110010;

wire [5:0] b = €'bll 01 00; // with digit separator

wire [4:0] c = S'bl=zulzy // % and z wvalues



Assignments

- The assign keyword is used to connect wires and to define
single-line combinational logic.

wire LA, B;
reg C;

wire Y = A | B; // 1mplicit assignment

wire X;
assign X = A * (B & C); // explicit assignment

wire [Z2:0] Z;
assign Z = {A, B, C}; // Concatenation



Module Definition

1 |// sample module definition
2 module gate(input A, input B, input C, output 0);
3 wire T; : t
4 assign T = C & B; NPULS
5 assign 0O = A | T;
g endmodule module name
8 // Alternat] orm:
9 module gate(input A, input B, input C, output 0);
10 assign 0 = A | (C & B);
11 endmodule
12
13 // Module instantiation
14 module gates(input AZ, input BZ, input CZ, output Z)
15 wire temp;
1e
17 gate gl(.A(A2Z), .B(BZ2), .C(CZ), .O(temp)):
18 gate {.h{temp) , -B(BZ), .C(RAZ), .O(Z));
19
20 endmodule \

Instance name

Note: A module may not be defined inside another
module; but it can be instantiated.

module output
A
C— . 0
B— J
wire
instances

/




Module Port Types

Three types of ports are available in

Verilog:

1. input: for giving input to a module

2. output: for getting outputs from a
module

3. inout: bidirectional ports which can

send/receive data depending on a
control line. Inouts ports should be

realized using tristate buffers with
appropriate control.

input

'regornet :"' /

/’.‘ >

\ R

|
net
|

- -

output

W

\

~

- : req or net :




Input, Output, and Inout Port Usage In Verilog

clk;

[7
[V
[7

[7
[7

0]
0]
:0]

0] a
0]

module bidirec (oe, clk, inp, outp, bidir):;
S/ Fort Declaration
[n[=184

inp;
outp;
bidir;

realizes a tri-state buffer

o

assign bidir

o2 P oa 3 8'hIT

1
2
3 input
4 input
5 input
6 output
T inout
8
9 reg

10 reg

11

12

13

14

15

16

17

18

19 end

20 endmodule

assign outp

// Always Construct

always (@ (posedge clk) begin
h «= bidir;
a <= inp;

= by

bidirec:1

bidirec

Inout mechanism




Module Instance Port Mapping

- Two types of instance port mapping are supported in Verilog:

O =] Oy 0 o= W M B

LD

10
11
12
13
14

module logical (input A, input B, input C, output 0);
assign 0 = A * (C & B);
endmodule

module gates (input I1, input IZ, input I3, output Out)
wire temp;

// Instance port mapping by order: _
logical L1 (Il, I2, I3, temp); unconnected (dangling) port

// Instance port mapping by name:
logical L2 (.A(temp), .C(Il), .B( ), .0o(Out));

endmodule

Note: Port order is not important when using “by name” mapping

Note: All module ports (input, output, inout) are wires



Module Port Declaration

- Two forms of port declaration are possible:

// Port 1list and types declared separately:
module adder(x, y,c_in, sum, c_out);

input [5:0] =%, vy’

input c in;

output [5:0] sum;

output c out;

[/ T~

reg c out; _ _ _ =~ < :

/7. T T T T e e = = = ., Note the difference
10 endmodule /

(s T w RN T Y S W ) A T o

// Port list and types declared at pﬁce (like in ANSTI C):
module adder ( /

input [2:0] x, 7
input [3:0] vy, //
input c in, y
output [3:0] sum,/’
output reg c out >

Comments

21 module body
22 */
23 endmodule



Built-in and Device-Dependent Primitive Elements

- Verilog has several built-in primitive elements (switches, gates, etc.), which can

be instantiated as modules: and, nand, not, nor, or, xor, xnor, buf,
bufif0, bufifl, rtranifl, nmos, pmos, rpmos, tran, rtran, pullup,
pulldown, cmos, rnmos, tranifl, tranifO, notif0O, notifl,

rtranif0, rcmos

Example:

strength levels

N

delay parameters

k/////

and (strongl, weakO)#(l,>) gatel(out, inl, in2); // with parameters

and (out, inl, inZ2, in3); // with default parameters

- There are also device- and technology-dependent primitives:

LDCE LDCE inst (

-Q (Q),
.CLR (CLR)
.D (D),
.G (G),
.GE (GE)

//
1/
//
//
Yi [/

Data output
Asynchronous clear/reset input
Data 1nput
Gate input

Gate enable input

Further Reading: http://electrosofts.com/verilog/primitives.html



Always Blocks

- An always block is used to define, both, combinational and sequential
logic blocks.

- Registers may only be assigned inside an always block (although they
may represent combinational logic).

- Variables assigned in an always block should all be defined as reg

1 // Sequential logic
2, reg %;
/B'always @ (posedge clock) begin
X =a & b;

end

Flip-flop inferred

sensitivity list

4
5
6
7 // Combinational logic
8
9

reg y- equivalent - .
: : 11— S ) ) q wire y;
No flip-flops inferred! always @(a or b) begin ) assign y = a & b;
10 v = a & by
11T end reg v
equivalent always @(*) v = a & b;




D-Type Flip-Flops A Rreview)

D-type flip-flops are the basic elements used for sequential logic design.

i D-Type Flip-Flop

+1 +2 43 Q | D |QT+1)
0 0 0
0 1 1
1 0 0
| 1 |1 |1
Caonstrained Pin
Data Must

X

Hemain Stable

module D FF (@, D, CLOCE); —D )

output o;

input D, CLOCK; —>>clk
req Q; rst
always [ (posedge CLOCK) |
Q=D
endmodule
library icee;
use iecec. =2td logic 1144.all:; clk
use icec. =2td logic arith.all: —
use icec. =td logic unsigned.all;
D
entity D FF is
PORT ( D,CLOCKE: in =td logic; Q
D: out =td logic):

end [ FF;
architecture bechavicral of D FF is begin

process (CLOCE) begin IN_

1if{CLoCK="1" and CLOCK'EVENT) then
o <= D;

end process;
end behavicral;

-

Setup : Hold

/

<>_

DCLK

D QF—



Xilinx D-Type Flip-Flops

- According to Xilinx 7 Series Manual:

Slice Flip-Flop Capabilities

» All flip-flops are D type
» All flip-flops have a single clock input (CLK)

= Clock can be inverted at the slice boundary
» All flip-flops have an active high chip enable (CE)
» All flip-flops have an active high SR input

= SR can be synchronous or asynchronous, as determined by
the configuration bit stream

= Sets the flip-flop value to a pre-determined state, as
determined by the configuration bit stream

» All flip-flops are initialized during configuration

£ XILINX > ALL PROGRAMMABLE.




Always Blocks

= The following two pieces of code are identical (five flip-flops are inferred in total):

reqg data;

reg data log

reg [-:0] bus;

reg [2:0] bus log;

s

always (@ (posedge clock) data log <= data;

always @ (posedge clock) bus log[U] <= bus[U];
always (@ (posedge clock) bus log[l] <= bus[l];
always (@ (posedge clock) bus log[-] <= bus['];
always @ (posedge clock) bus log[-] <= bus[3];

always @ (posedge clock) begin
data log <= data;

bus log <= bus;

end

L T R e N Y =y A T
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= We see that the always block has abbreviated the explicit declaration of five flip-
flops

= Note: All always procedures with the same sensitivity list are concurrent. They
describe parallel flip-flops, which share a common clock.

= Note: The sequence of writing wire assignments, always blocks and their internal
assignments are irrelevant; timing is manages by data-flow and state controllers,
not by code line execution orders

= Question: What issues can raise when code line sequences become irrelevant?



Always Block Issues (1)

Question 1: What happens if a single variable is simultaneously assigned in
multiple always blocks?

always @ (posedge cll#l)
aata = A;

always _(/(posedge clk2)
data = B;

Answer: The Verilog syntax does not allow this (a register may only be assigned
in a single always block). Problem solved!...

Question: What if we really need to change a register value by two different
clock?

Answer: We need to find another way for this later (using indirect assignments).



Always Block Issues (2)

Question 2: What happens if data dependency exists between two register

assignments?

always @ (posedge clock)begin
temp = datain;
dataout = temp;

end

VS.

always @ (posedge clock)begin
dataout = temp;
temp = datain;

end

Answer: Race condition: we need to find a solution.

Solution: Verilog has two different assignment operators: Blocking and Non-

blocking

temp = datain;
dataout = temp;
end

temp <= datain;
dataout <= temp;
end

always @ (posedge clock)begin // Blocking assignments

always (@ (posedge clock)begin // Non-blocking assignments




Blocking vs. Non-Blocking Assignments

Syntactic difference:
Blocking assignment: Evaluation and assignment are somehow immediate (blocks all other
assignments and evaluations that use the same variable)

i cutput oub;
4 reg gl, g2,

5 gl = in
7 s = gl
G and
L0 endmodule

1 meodule blocking(in, clk, out):

input in, olk;

out

=] always [ (posedge Clk) begin

]

[

-

auL = s

hlocking: 1

fd

ot

blocking

Non-blocking assignment: All assignments that use the variable are deferred until all right-hand
sides have been evaluated (end of simulation time-step)

2 input in, cl
3 sutput out;
4 reg ogl, g2,

always 3 (po

£ gl <= in

qe «= ol

a end
10 andmoduls

I medule nonblockingiin, clk, out);

kg

out;
sedge clk) begin

-

ouT o= =y

nonblocking: 1
fd fd fd
‘ il q2 out
nonblacking

k

Guideline: Blocking assignments are only used for combinational logic description. Use non-
blocking assignments for sequential register assignment.

Further Reading: http://courses.csail.mit.edu/6.111/f2007/handouts/L06.pdf



Always Block Issues (3)

Question: What happens if two always blocks (with different sensitivity
lists) have data dependency between their register assignments?

module race |

input clkl, _

race:1
input clkZz, 4 )
input datain,

datsn 1] ] 1] a datsout

output reg dataout

};' cikl c h S

reg buffer; e "
always (@ (posedge clkl) ! et

buffer <= datain; -
10 always (@ (posedge clkZ) race
11 dataout <= buftfer;

12 endmodule

Answer: Race condition; no syntactic solutions exist for this issue. Should
be avoided/resolved by proper design.

Example: Passing data between different clock domains.
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Signal Drive Strength

- In logic circuit design, nets can have different strength levels
ranging from supply/ground (strongest) to high-impedance
(weakest).

- Verilog supports various strength levels to model the driving
strength phenomenon:

Strength level Description Keywords Degree
Supply drive Power supply connections supply0, supplyl | 7 (strongest)
Strong drive Default gate and assign output strength strong0, strongl |6

Pull drive Gate and assign output strength pullO, pulll 5

Large capacitor Size of trireg net capacitor large 4

Weak Gate and assign output strength weak0, weakl 3

Medium capacitor Size of trireg net capacitor medium 2

Small capacitor Size of trireg net capacitor small0, smalll 1

High impedance High Impedance highz0, highzl 0 (weakest)




Signal Strength Collisions

supplyl | strongl pulll weakl highzl
supply0 X 0 0 0 0
strong0 1 X 0 0 0
pullO 1 1 X 0 0
weak0 1 1 1 X 0
highz0 1 1 1 1 v4

Further Reading: http://verilog.renerta.com/source/vrg00047.htm




Signal Drive Strength Examples

Logic strength levels

1
2
3
B
5
6
i
g

&
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

// Example 1: Instance of and gate with strongl strength and weak0 strength specified.
and (strongl, weak0) b(o, 11, 1i2);

// Example 2: The charge
trireg (medium) t;

// Example 3: buffers
buf (strongl, weakO)
buf (pulll, supply0)

/¥ If a=0and b =
If a =0 and b =
If a =1 and b =
If a =1 and b =

// Example 4:
buf (strongl, weakO)
buf (strongl, weakO)
/¥ If a =0 and b =
If a =1 zand b =

strength declaration for trireqg net.

gl (y,
gz (y,
0 then
1 then
0 then
1 then

gl (y,

gl (y,
0 then
1 then

// Example 5: If a = 1 and b =

buf (strongl, weakO)

gl (y,

a);
b);
y will be
y will be
y will be
y will be

a);
b);
y will be

= o = O

0

with
with
with
with

with

y will be 1 with

supply strength
pull strength
supply strength
strong strength */

weak strength.
strong strength. */

0 then y will be x with strong strength.

a);

buf (weakl, strong0) gl (y, b):;

//ExXample &:

bufif0 (strongl, weak0) gl (y, il, ctrl);
bufif0 (strongl, weak0) g2 (y, i2, ctrl);

// Example 7:

and (strongl, weak0) ul (Q, A, B);

trireg (small) CI1;

assign (weakl, strong0) Q = A + B;



Parameterized Module Design

- Verilog supports parametric module definitions
- Example 1: A parametric-length multiplexer

1 // 2-to-1 multiplexer, W-bit data
2 module mux2 ¥ (parameter W=1)// data width, default 1 bit
3 (input [W-1:0] a,b, input s5el, output [W-1:0] z);
4 assign z = sel 2 b : a;
5 assign zbar = ~z;
& endmodule
7
8 // 4-to-1 multiplexer, W-bit data
9 module mux4 ¥ (parameter W=1) // data width, default 1 bit
10 (input [w-1:0] d0,dl,d2,d3, input [1:0] sel, output [W-1:0] z);
11 wire [W-1:0] =z1,z2;
12 muix2 #(.W(W)) ml(.sel(s=1[0]), .a(d0), .b(dl), .z(zl)):;
13 mux2 #(.W(W)) m2(.sel(sel[0]), .a(d2), .b(d3), .z(z2)):
14 mux2 #(.W(W)) m3(.sel(sel[11), .a(zl), .b(z2), .z(z2)):
15 endmodule
16
17 // The top-module looks like this:
1% module topmodule (d0, dl, d2, d3, sel, z);
19 parameter WIDTH = 5; // here's where all sub-module bit-widths are specified
20 input [WIDTH-1 : 0] 40, dl1, 42, d3;
21 input [l : U] sel;
22 output [WIDTH-1 : 0] z;
23 muxd #(.W(WIDTH)) muxdinstance (.d0(d0), .dl(dl), .d2(d2), .d3(d3), .sel(sel), .z(z)):
24  endmodule




Example 2: A parametric full-adder

Parameterized Module Design

[ RS

LD OO =d %y LN B L

10
11

-

12
13
14
15
16
17

Full Adder Module with Parameter
Written by referencedesigner.com

module fulladder (inl, in2, cin, sum, cout);

parameter N = {;

input wire ([N=-1:01 inl , in2 ;
input wire cin;

output wire [N-1:0] sum;

output wire cout

wire [N:0] tempsum ;
assign tempsum = {.'!

assign sum = LTempsum[N-1:0] ;
assign cout= tempsum[N] ;

endmodule

7, inly + {1'b0, inZ)} + cin :

=l T N = W D =

Ww o

10
11
12
13
14
15

16

17
18
19
20

J,"'-'l.'

Full Adder Module parameter instantiation
*/
“timescale 1ns Jf 100p

module fulladdertb:

reg [:0)] inputl;
reg [:0] input2;
reg carryin;

wire [2:0] out;
wire carryout;

fulladder #(4) uut (
.inl (inputl),
.in2 {input2),
.cin(carryin),
.sumf{out) ,
.cout (carryout)

Ref: http://referencedesigner.com/tutorials/verilog/verilog_23.php




For-Loops in Verilog

- For-loops in their software-like
usage are not synthesizable in
Verilog.

- Question: Why?

- In synthesizable Verilog codes,
for-loops are merely used for

writing shorter scripts that
generate codes.

- We will learn alternative code
generation methods in later
sections.

CO =] @y N s b D
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module for loop synthesis (1 Clock):;
input i Clock;
integer 11=0;
reg [2:0] r Shift With For = 4'hl;
reg [2:0] r shift Regular = 4'hly;
// Performs a shift left using a for loop
always @ (posedge 1 Clock)
begin
for(ii=0; 1i<3; 1i=1i+l)
r Shift With For[ii+l] <= r Shift With For[ii];
end
// Performs a shift left using regular statements
always @ (posedge 1 Clock)
begin
r Shift Regular[l] <= r sShift Regular[(0];
r Shift Regular[?] <= r Shift Reqular[l];
r Shift Regular[3] <= r sShift Regular[2];
end
endmodule
module for_loop_synthesis_tb () ; // Test-bench

reg r Clock = 1'b0;
// Instantiate the Unit Under Test (UUT)
for loop synthesis UUT (.1 Clock(r Clock));
always
#10 r Clock = !r Clock;
endmodule




For- Loops iIn VHDL
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library ieee;
use ieee.std logic 1le4.all;
use ieee.numeric std.all;

entity Example For Loop 1is
port (i Clock : std logic);
end Example For Loop;

architecture behave of Example For Loop is
signal r Shift With For : std logic wvector (3 downto 0)
signal r Shift Regular : std logic vector (3 downto 0)
begin
-— Creates a Left Shift using a For Loop
p Shift With For : process (1 Clock)
begin
if rising edge(i_Clock) then
for ii in 0 to 2 loop
r Shift With For(ii+l) <= r shift With For(ii);
end loop; -—- 1ii
end if;
end process;

-— Performs a shift left using regular assignments
p_Shift Without For : process (i Clock)
begin
if rising edge(i_Clock) then
r Shift Regular(l) <= r Shift Regular(();
r Shift Regular(2) <= r Shift Regular(l);
r Shift Regular(3) <= r Shift Regular(Z);
end if;
end process;
end behave;

X”l”;
X”l”;




Hardware Description Language
(HDL) Standard Coding Technigues

- In the sequel we study standard design entries and coding styles, which
guarantee synthesizable codes for low-level implementation using EDA tools.

- Major Reference: Xilinx XST User Guide, UG627 (v 11.3) September 16, 2009.
URL: https://www.xilinx.com/support/documentation/sw_manuals/xilinx11/xst.pdf
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Flip-Flop with Positive-Edge Clock = ™ (=

Verilog

i/
// Flip-Flop with Positive-Edge Clock

/7
module v registers 1 (C, D, Q);

input C, D;
output Q;
reg Q;
always @ (posedge C)
begin
Q <= D;
end
endmodule

if (rising edge(C))

—
o w0

11
12
13
14
15
16

173

then
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-— Flip-Flop with Positive-Edge Clock

library iecee;
use ieee.std logic 1lle4.all;
entity registers 1 is
port(C, D : in std logic;
Q : out std logic);
end registers 1;
architecture archi of registers 1 is

begin
process (C)
begin
if (C'event znd C="_') then
Q <= D;
end if;

end process;
end archi;



Flip-Flop with Positive Edge Clock [ |
with INITSTATE of the Flop Set <p

Verilog

1 module test(d, C, q);
2 input d;

3 input C;

- output q;

5 reg gtemp = "bl ;
6 always @ (posedge C)
7 begin

8 gqtemp = d;

S end
10 assign q = gtemp;
11 endmodule

Drawback: Only provides power-on
initialization, does not have run-time
resetting property.
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VHDL

Library ieee;
use leee.std logic 1le4.all;
entity registers 1 is
pert(C, D : in std logic;
@ : out std logic);
end registers 1;
architecture archi of registers 1 is
signal gtemp : std logic := "17;

begin
process (C)
begin
if (C'event and C='1") then
qtemp <= D;
end if;
Q <= Qtemp;

end process;
end archi;



O =] & N = Lo B

w

10
11
12

Flip-Flop with Negative-Edge Clock
and Asynchronous Reset

Verilog

module v registers 2 (C, D, CLR, Q)
input C, D, CLR;
output Q;
reg Q;
always (@ (negedge C or posedge CLR)
begin
if (CLR)
Q <= 1'b0;
else
Q <= D;
end
endmodule

CO =] &y 0 o= L [ =
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VHDL
library ieee;
use leee.std logic 1le4.all;
entity registers 2 is
port(C, D, CLR : in std logic;
Q@ : out std logic);
end registers 2;
architecture archi of registers 2 is
begin
process (C, CLR)
begin
if (CLR = "1")then
Q<= "'0";
elsif (C'event and C="0")then
Q <= D;
end if;

end process;
end archi;



Flip-Flop with Positive-Edge Clock
and Synchronous Set

Verilog
1 module v _registers 3 (C, D, S, Q);
2 input C, D, S;
3 output Q;
4 reqg Q;
5 always @ (posedge C)
6 begin
7 if (S)
8 Q0 <= 1"bl;
9 else
10 Q <= D;
11 end

127 endmodule

Note: Verilog and VHDL have if and
else in their syntax (as in software
languages); but with totally different
Interpretations: “if-elses are not
executed; they are means of hardware
description.”
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library leee;
use leee,.std logic 1le4.all;
entity registers 3 is
port(C, D, S : in std logic;
@ : out std logic);
end registers 3;
architecture archi of registers 3 is
begin
process (C)
begin
if (C'event zand C='1") then
if (s="1") then
Q <= "1";
else
Q <= D;
end if;
end if;
end process;
end archi;



1

Flip-Flop with Positive-Edge Clock

and Clock Enable

Verilog

1 module v registers 4 (C, D, CE, Q);
2 input C, D, CE;

3 output Q;

4 reg Q;

5 always @ (posedge C)

6 begin

7 if (CE)

8 Q <= D;

S end

' endmodule
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VHDL

library leee;
use ieee.std logic 1164.all;
entity registers 4 is
port(C, D, CE in std logic;
Q@ : out std logic);
end registers 4;
architecture archi of registers 4 is
begin
process (C)
begin
if (C'event and C="1') then
if (CE="1") then
Q <= D;
end if;
end if;
end process;
end archi;



4-Bit Reqister with Positive-Edge Clock,
Asynchronous Set, and Clock Enable

Verilog
1 Imodule v_registers 5 (C, D, CE, PRE, Q);
2 input C, CE, PRE;
3 input [-:0] D;
4 output [5:0] Q7
5 reg [:0] Q7
6 always?@{posedge C or posedge PERE)
7 begin
8 if (PRE)
9 Q<= 4'pbl1111;
10 else
11 if (CE)
12 Q <= Dy
13 end
14 endmodule

Note: Notice the way that Verilog and VHDL
define and assign “vectors of registers” in an
abbreviated way. That’s why circuit schematics
don’t resemble the HDL code.

Question: How many flip-flops are inferred by
this piece of code?
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VHDL

library ieee;
use ieee,std logic 1le4.all;
entity registers 5 is
port(C, CE, PRE : in std logic;
D : in std logic vector (2 downto 0);
Q@ : out std logic vector (7 downto 0));
end registers 5;
architecture archi of registers 5 is

begin
process (C, PRE)
begin
if (PRE="1") then
Q<= "1111";

elsif (C’'event and C='1")then
if (CE="1") then
Q <= D;
end if;
end if;
end process;
end archi;



Latch with Positive Gate

Verilog

1 module v latches 1 (G, D, Q);
2 input G, D;

3 output Q;

4 reg Q;

5 always @ (G or D)

6 begin

T if (G)

8 Q@ = D;

9 end

0

1 endmodule

Note: No flip-flops inferred.

CO =] &y N = Lo B

O S S S
N s Wb = oW

LD

‘ (0]

VHDL

library ieee;
use leee.std logic 1le4.all;
entity latches 1 1is
port(G, D : in std logic;
@ : out std logic);
end latches 1;
architecture archi of latches 1 is

begin
process (G, D)
begin
if (G="1") then
Q <= D;
end if;

end process;
end archi;

KIT40



Latch with Positive Gate and =

Asynchronous Reset

Verilog

1 fmodule v_latches 2 (G, D, CLR, Q);
2 input G, D, CLR;

3 output Q;

4 reg Q;

5 always €@(G or D or CLR)
6 begin

7 if (CLR)

8 Q = 1"b0;

S else if (G)
10 Q0 =D;
11 end

12 endmodule

Important Note: The coding style
defines the inferred hardware, not
the variable names!
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library ieee;
use leee.std logic 1le4.all;
entity latches 2 1is
port(G, D, CLR : in std logic;
Q : out std logic);
end latches 2;
architecture archi of latches 2 is
begin
process (CLR, D, G)
begin
if (CLR="1") then
Q<= "0';
elsif (G='1") then
Q <= D;
end if;
end process;
end archi;



4-Bit Latch with Inverted Gate and

Asynchronous Set

Verilog
1 module v latches 3 (G, D, PRE, Q);
2 input G, PRE;
3 input [5:0] D;
! output [-:0] Q7
5 reg [-:0] Q;
6 always @ (G or D or PRE)
I begin
8 if (PRE)
9 Q = 4'bl111;
10 else if (~G)
11 O =D;
12 end

13 endmodule

always @ (*)
alternative form
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library ieee;
use ieee.std logic_ll64.all;
entity latches 3 is
port(D : in std logic vector (3 downto 0);
G, PRE : in std logic;
Q : out std logic vector(3 downto 0));
end latches 3;
architecture archi of latches 3 is
begin
process (PRE, G, D)
begin
if (PRE='1") then
Q <= "1111™;
elsif (G="0') then
Q <=D;
end if;
end process;
end archi;



Tristate Description Using Combinatorial -

Process and Always

Verilog

1 // Always Form
2 module v three st 1 (T, I, 0):
3 input T, I;
4 output 0;
5 reqg O;
6 always B(T or I)
T begin
8 if (~T)
g o=1;
10 else
11 0= 1'bZ;
12 end
13 endmodule
14
15 // Assign Form
L& module v three st 2 (T, I, 0):
17 input T, I;
18 output 0;
19 assign 0 = (~T) ? I: 1'bEZ;
20  endmodule

alternative form: explicit definition of a tristate buffer

bufif0 Ul (data bus, in, data enable low);
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library ieee;

use ieee.std logic 1164.all;
entity three st 1 is
port(T : in std logic;
I : in std logic;
0 : out std logic);
end three st 1;
—— Process Form
architecture archi of three st 1 is

begin
process (I, T)
begin
if (T="C") then
0 <=1I;
else
D<= "ar;
end if;
end process;
end archi;

== Concurrent Form
architecture archi of three st 1 is
begin

0 «= I when (T="0") else "2';
end archi;



Common Buffers

- Buffers may also be used as built-in primitives.

Gate

not
buf
bufif0
bufifl
notif0
notifl

Example:

Description

Output inverter

Output buffer.

Tri-state buffer, Active low enable.
Tri-state buffer, Active high enable.

Tristate inverter, Low enable.
Tristate inverter, High enable.

bufif0 (weakl, pullO) #(4,5,3) (data out, data in, ctrl);
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Unsigned Up-Counter with
Asynchronous Reset

Verilog

module v _counters 1 (C, CLR, Q);
input C, CLE;
output [-:0] Q7
reg [-:0] tmp;
always @ (posedge C or posedge CLR)

begin
if (CLR)
tmp <= 4'b0O00O0;
else
tmp <= tmp + 1'bl;
end
assign Q = tmp;
endmodule
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VHDL

Llibrary ieee;
use leee.std logic 1le4.all;
use leee.std logic unsigned.all;
entity counters 1 is
port(C, CLR : in std logic;
Q@ : out std logic vector(3 downto 0));
end counters 1;
architecture archi of counters 1 is
signal tmp: Std_logic_vector{B downto () ;

begin
process (C, CLR)
begin
if (CLR='"1") then
tmp <= "0000™;
elsif (C'event znd C="1") then
tmp <= tmp + 1;
end if;
end process;
Q <= tmp;

end archi;



Unsigned Down-Counter with ——

Synchronous Set

Verilog
1 module v counters 2 (C, S5, Q);
2 input C, S;
3 output [2:0] Q;
4 reg [-:0] tmp;
5 always @ (posedge C)
& begin
7 if (9)
8 tmp <= 4'b1111;
9 else
10 tmp <= tmp - L'bl;
11 end
12 assign Q = tmp;
13 endmodule
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library ieee;
use leee.std logic 1164.all;
use leee,.std logic unsigned.all;
entity counters Z is
port(C, S : in std logic;
Q : out std logic vector(S downto 0));
end counters 2;
architecture archi of counters 2 is
signal tmp: std logic vector(3 downto 0);
begin
process (C)
begin
if (C'event and C='1") then
if (5="1") then
tmp <= "1111";
else
tnp <= tmp - 1;
end if;
end if;
end process;
Q <= tmp;
end archi;
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Unsigned Up-Counter with
Asynchronous Load from Primary Input

Verilog

module v _counters 3 (C, ALOAD, D, Q);
input C, ALOAD;
input [3:0] D;
output [:0] Q;
reg [3:0] tmp;
always @ (posedge C or posedge ALOAD)
begin
if (ALOAD)
tmp <= D;
else
tmp <= tmp + 1’bl;
end
assign Q = tmp;
endmodule
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VHDL

library ieee;
use ieee.std logic 1164.all;
use ieee.std logic unsigned.all;
entity counters 3 is
port(C, ALOAD : in std logic;
D : in std logic wvector(: downto 0);
Q : out std logic vector(: downto 0));
end counters 3;
architecture archi of counters 3 is
signal tmp: std logic vector (S downto U);

begin
process (C, ALOAD, D)
begin
if (ALOAD="1") then
tmp <= D;
elsif (C'event and C="1") then
tmp <= tmp + 1;
end if;
end process;
Q <= tmp;

end archi;



Unsigned Up-Counter with Synchronous

Load with Constant
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Verilog

module v counters 4 (C, SLOAD, Q);
input C, SLOAD;
output [-:0]1 Q;
reqg [-:0] tmp;
always @ (posedge C)

begin
if (SLOAD)
tmp <= 4'b1010;
else
tmp <= tmp + 1'bl;
end
assign Q = tmp;
endmodule
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VHDL

library i=sese;
use ieee.std logic 1le4.all;
use ieee,.std logic unsigned.all;
entity counters 4 is

port(C, SLOAD : in std logic;

Q @ out std logic vector(: downto

end counters_4;
architecture archi of counters 4 is

signal tmp: std logic vector(Z downto 0);
begin
process (C)
begin
if (C'event and C='"1") then
if (SLOAD="1"}) then
tmp <= "1010";
else
tmp <= tmp + 1;
end if;
aend if;
end process;
Q <= tmp;
end archi;
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Unsigned Up-Counter with

Asynchronous Reset

Verilog

module v counters 5 (C, CLR, CE, Q);
input C, CLR, CE;
output [5:0] Q7
reg [-:0] tmp;
always @ (posedge C or posedge CLR)
begin
if (CLR)
tmp <= 4'b0000;
else if (CE)
tmp <= tmp + 1'bl;
end
assign Q = tmp;
endmodule
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VHDL

library ieee;
use leee.std logic 1le4.all;
use leee.std logic unsigned.all;
entity counters 5 is
port(C, CLR, CE in std logic;
Q : out std logic vector(> downto 0));
end counters 5;
architecture archi of counters 5 is
signal tmp: std logic vector (S downto 0);

begin
process (C, CLR)
begin
if (CLR='"1") then
tmp <= "0000";
elsif (C'event and C=717") then
if (CE="1") then
tmp <= tmp + 1;
end if;
end if;
end process;
Q <= tmp;

end archi;



Unsigned Up/Down-Counter with

Asynchronous Reset

Verilog

I module v _counters & (C, CLR, UP_DOWN, Q);
2 input C, CLR, UP_ DOWN;

3 output [:0] Q;

4 reg [:0] tmp;

5 always @ (posedge C or posedge CLR)
6 begin

7 if (CLE)

8 tmp <= 4'b0000;

9 else if (UP_DOWN)
10 tmp <= tmp + 1’bl;
11 else

12 tmp <= tmp - 1"bl;
13 end
14 assign Q = tmp;

15 endmodule

Sample applications:
* FIFO valid data counter
* Chirp signal generator
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VHDL

library ieee;
use ieee.std logic_ll64.all;
use ieee.std logic unsigned.all;
entity counters 6 is
port(C, CLR, UP_DOWN : in std logic;
Q : out std logic vector(3 downto 0));
end counters 6;
architecture archi of counters 6 is
signal tmp: std logic_vector (3 downto 0);
begin
process (C, CLR)
begin
if (CLR='1") then
tmp <= "0000";
elsif (C’'event and C="1’) then
if (UP _DOWN='1') then
tmp <= tmp + 1;
else
tmp <= tmp - 1;
end if;
end if;
end process;
Q <= tmp;
end archi;
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Signed Up-Counter with Asynchronous

Reset

Verilog

module v counters 7 (C, CLR, Q);
input C, CLR;
output signed [-:0] Q;
reqg signed [-:0] tmp;
always @ (posedge C or posedge CLR)

begin
if (CLR)
tmp <= 4'b0000;
else
tmp <= tmp + ["bl;
end
assign Q = tmp;
endmodule
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library ieee;
use leee.std logic 1le4.all;
use leee.std logic signed.all;
entity counters 7 is

port(C, CLR : in std logic;

Q@ : out std loglic vector (> downte 0));

end counters 7;
architecture archi of counters 7 is

signal tmp: std logic vector (3 downte 0);

begin
process (C, CLR)
begin
if (CLE="1") then
tmp <= "0000"™;
elsif (C'event and C='"1") then
tnp <= tmp + 1;
end if;
end process;
Q <= tmp;

end archi;
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Signed Up-Counter with Asynchronous o |14
Reset and Modulo Maximum b

CLR

Verilog

module v counters & (C, CLR,

Q) ;

parameter
MAX SQRT = 4,

MAX = (MAX SQRT*MAX SQRT) ; T

input C, CLR;
output [MAX SQRT-1:0]1 Q;
reg [MAX SQRT-1:0] cnt;

always @ (posedge C or posedge CLR)

begin
if (CLR)
cnt <= 0
else
cnt €= (cnt + 1)
end
assign Q = cnt;
endmodule

FMAX ;

Note: Not very practical, since
MAX should be a power of two

X10533

VHDL

1 library ileee;

2 use leee.std logic 1le4.all;
3 use leee.std logic arith.all;
4
5

entity counters £ is
\\\\\\\\*igeneric (MAX : integer := 1¢);

& port(C, CLR : in std logic;
7 Q@ : out integer range 0 to MAX-1);
¢ end counters 8&;
9 architecture archi of counters 8 is
10 signal cnt : integer range 0 to MAX-1;
11 begin

12 process (C, CLR)

13 begin

14 if (CLR="1") then

15 cnt <= 0;

16 elsif {rising_gdge{C]] then

17 cnt <= (cnt + 1) mod MAX ;
18 end if;

19 end process;

20 Q <= cnt;

21 end archi;
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Unsigned Up Accumulator with I .
Asynchronous Reset

Verilog

module v accumulators 1 (C, CLR, D, Q);
input C, CLR;
input [5:0] D;
output [5:0] Q;
reg [-:0] tmp;
always @ (posedge C or posedge CLR)

begin
if (CLR)
tmp = 47b0O000;
else
tmp = tmp + D;
end
assign Q = tmp;
endmodule
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VHDL

library leee;
use leee,std logic 1led.all;
use leee.std logic unsigned.all;
entity accumulators 1 1is
port(C, CLR : in std logic;
D : in std logic vector(: downto ();
Q : out Std_logic;vector{S downto (1))
end accumulators 1;
architecture archi of accumulators 1 is
signal tmp: std logic vector(: downto 0);

begin
process (C, CLR)
begin
if (CLR="1") then
tmp <= "0000™;
elsif (C'event and C='1") then
tmp <= tmp + D;
end if;
end process;
Q <= tmp;

end archi;



Shift-Left Register with Positive-Edge o R
Clock, Serial In and Serial Out o

Verilog

1 module v _shift registers 1 (C, SI, S0);
2 input C,S5I;

3 output 50;

4 reg [/:0] tmp;

5 always @ (posedge C)

6 begin

7 tmp = {tmp[c:0], SI};
8 end

9 assign SO = tmpl[/];
10  endmodule

Note: If the shift register has a
synchronous parallel load, or multiple
set or reset signals, no SRL16 is
Implemented.

Guideline: For better area efficiency
using built-in SRL, avoid using
sets/resets, whenever not needed.
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VHDL

library ieee;
use ieee.std logic_1l6€4.all;
entity shift registers 1 is
port(C, SI : in std logic;
SO : out std _logic);
end shift registers 1;
architecture archi of shift registers 1 is
signal tmp: std logic vector(’/ downto 0);
begin
process (C)
begin
if (C'event and C='1’) then
for i in [ to ¢ loop
tmp (i+!) <= tmp(i)
end loop;
tmp(0) <= SI;
end if;
end process;
SO <= tmp(/);
end archi;
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Shift-Left Register with Negative-Edge Clock, o 0

Clock Enable, Serial In and Serial Out e
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Verilog

module v shift registers 2 (C, CE, SI, S0);
input C,SI, CE;
output SO;
reg [/:0] tmp;
always @ (negedge C)
begin
if (CE)
begin
tmp = {tmp[c:0], SI};
end
end
assign SO = tmp[/];
endmodule
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VHDL

library lieee;
use lieee.std logic 1le4.all;
entity shift registers 2 is

port(C, SI, CE : in std logic;

SO : out std logic);

end shift registers 2;
architecture archi of shift registers 2 is
signal tmp: Std_logic_vector{? downto ) ;

begin
process (C)
begin
if (C'event and C='0") then
if (CE="1") then
for 1 in 0 to © loop
tmp (1+1) <= tmp(1i);
end loop;
tmp () <= SI;
end if;
end if;
end process;
SO <= tmp (/)

end archi;



SHIFT

Shift-Left Register With Positive-Edge Clock, R

c—
Asynchronous Reset, Serial In and Serial Out >
CLR K106
Verilog VHDL

I module v _shift registers 3 (C, CLR, SI, S0); 1  library ieee;

2 input C,SI,CLR; 2 use leee.std logic 1le4.all;

3 output SO; 3 entity shift registers 3 is

4 reg [/:0] tmp; 4 port(C, SI, CLR : in std logic;

? alw?ys @ (posedge C or posedge CLRE) 5 30 : out Eta ngi{:];

? bﬂql?f (CLR) & end shift registers 3;

g tmp <= 5'b00000000; 7 architecture archi qf shift registers 3 is

9 else ¢ signal tmp: std logic vector(/ downto U);

10 tmp <= {tmp[c:0], SI}; ° begin

11 end 10 process (C, CLR)

12 assign SO = tmp[7]; 11 begin

13 endmodule 12 if (CLR='1") then
13 tmp <= (others => "07);
14 elsif (C'event and C='1") then
15 tmp <= tmp (- downto ) & SI;
le end if;
17 end process;
13 SO <= tmp (/)
19 end archi;
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Shift-Left Register with Positive-Edge Clock,
Synchronous Set, Serial In and Serial Out

Verilog

module v shift registers 4 (C, S, SI, SO);
input C,SI,S;
output S0O;
reg [/:0] tmp;
always @ (posedge C)
begin
if (S)
tmp <= ©'b11111111;
else
tmp <= {tmp[c:0]1, SI};
end
assign S0 = tmp[/];
endmodule
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VHDL

library ieee;
use ieee.std logic 1l64.all;
entity shift registers 4 is

port(C, SI, S : in std logic;

S0 : out std logic);

end shift registers 4;
architecture archi of shift registers 4 is
signal tmp: std logic vector(’/ downto 0);

begin
process (C, 5)
begin
if (C'event and C='"1") then
if (5="1") then
tmp <= (others => "1");
else
tmp <= tmp(c downte ) & S5I;
end if;
end if;
end process;
SO <= tmp (/)

end archi;



Shift-Left Register with Positive-Edge Clock, Serial *-| # -

In and Parallel Out
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Verilog

module v shift registers 5 (C, SI, PO);
input C,SI;
output [/:U] PO;
reg [/:0] tmp;
always @ (posedge C)
tmp <= {tmp[c:0]1, SI};
assign PO = tmp;
endmodule
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VHDL

library leee;
use leee,.std logic 1le4d.all;
entity shift registers 5 is
port(C, SI : in std logic;
PO : out std logilc vector(/ downto 0));
end shift registers 5;
architecture archi of shift registers 5 is
signal tmp: std logic vector (7 downto 0);
begin
process (C)
begin
if (C'event and C="1") then
tmp <= tmp (- downto )& SI;
end if;
end process;
PO <= tmp;
end archi;
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Asynchronous Parallel Load, Serial In and Serial Out aoo—
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Verilog

module v shift registers & (C, ALOAD, SI, D, SO);

input C,SI,ALOCAD;
input [7:0] D;
output SOC;
reg [/:0] tmp;
always @ (posedge C or posedge ALOAD)
begin
if (ALOCAD)
tmp <= D;
else
tmp <= {tmp[c:01, SI};
end
assign S0 = tmpl7];
endmodule
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VHDL

library ieee;

use ieee.std logic 1l64.all;

entity shift registers € is

port(C, SI, ALOAD : in std logic;

D : in Std_logic_vector(T downto ) ;
SO : out std logic);

end shift registers &;

architecture archi of shift registers & is

signal tmp: std logic vector(’/ downto 0);

begin
process (C, ALOAD, D)
begin
if (ALOAD="1") then
tmp <= Dy

elsif (C'event and C='1') then
tmp <= tmp (¢ downteo U) & SI;
end if;
end process;
S0 <= tmp(7);
end archi;



SHIFT

Shift-Left Register With Positive-Edge Clock, o B

Synchronous Parallel Load, Serial In and Serial Out 2=},

Verilog

1 module v shift registers 7 (C, SLOARD, SI, D, 50);
2 input C,S5I,SLOAD;

3 input [/:0]1 D;

4 output s0;

5 reqg [7:0] tmp;

€ always @ (posedge C)

7 begin

3 if (SLOAD)

9 tmp <= D;

10 else

11 tmp <= {tmp[c:01, SI};
12 end

13 assign SO = tmpl[/1;

14  endmodule
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VHDL

library iecee;
use leee.std logic 1led.all;
entity shift registers 7 is
port(C, SI, SLOAD : in std logic;
D : in Std_logic_vector(T downto 0);
S0 : out std logic);
end shift registers 7;
architecture archi of shift registers 7 is
signal tmp: std logic vector(/ downto 0U);
begin
process (C)
begin
if (C'event and C='1") then
if (SLOAD='"1') then
tmp <= D;
else
tmp <= tmp(¢ downto ) & SI;
end if;
end if;
end process;
S50 <= tmp(7/)
end archi;
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Shift-Left/Shift-Right Register With Positive-
Edge Clock, Serial In and Parallel Out

Verilog

module v shift registers 8 (C, SI, LEFT RIGHT, PO);
input C,SI,LEFT RIGHT;
output [/:0] PO;
reg [/:0] tmp;
always @ (posedge C)
begin
if (LEFT RIGHT==1'Db0)
tmp <= {tmp[c:0],
else
tmp <= {SI, tmpl[/:11};

SI};

end
assign PO = tmp;
endmodule
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library ieee;
use ieee.std logic 1le4.all;
entity shift registers 8 is
port(C, SI, LEFT RIGHT : in std logic;

PO : out std logic vector(/ downto 0));
end shift registers 8;
architecture archi of shift registers & is
signal tmp: std logic vector(7 downte 0);
begin
process (C)
begin
if (C'event and C="'1") then
if (LEEFT RIGHT='0") then
tmp <= tmp(c downteo ) & SI;
else
tmp <= SI & tmp(/ downto 1) ;
end if;
end if;
end process;
PO <= tmp;
end archi;
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Dynamic Shift Register With Positive-Edge

Clock, Serial In and Serial Out

Verilog

module v _dynamic shift registers 1 (Q,CE,CLK,D,R);
input CLK, D, CE;
input [5:01 A;
output Q;
reg [15:0] data;
assign Q = datalal;
always @ (posedge CLK)
begin
if (CE == 1'bl)
10 data <= {datal[l4:0]1, D};
11 end
12 endmodule
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Further reading on Shift-Register applications:
https://www.xilinx.com/support/documentation/white_papers/wp271.pdf

O =] &y N o= Lo M

WhNNNMNMMOMNMNNNNEERPRERPRERRERREREREREREBEBE
O W0 0= m s WO W0 MW O WD

31

DYNAMIC
DATA—H  SRL
A—H

CE —

X10542

VHDL

use IEEE.std logic 1164.all;
use IEEE.std logic unsigned.all;
entity dynamic shift registers 1 is
port(CLK : in std logic;
DATA : in std logic;
CE : in std logic;
A : in std logic vector(3 downto 0);
Q : out std logic);
end dynamic shift registers 1;
architecture rtl of dynamic shift registers 1 is
constant DEPTH WIDTH : integer := 1¢;
type SRL ARRAY is array (0 to DEPTH WIDTH-1) of std_logic;
-- The type SRL ARRAY can be array
-— (0 to DEPTH WIDTH-1) of
-- std legic vector (BUS WIDTH downke 0)
—-— Oor array (DEPTH WIDTH-1 downio 0) of
-- std legic vector (BUS WIDTH downke 0)
—— (the subtype is forward (see below))

signal SRL SIG : SRL ARRAY;
begin
PROC_SRL1& : process (CLK)

begin
if (CLE'event znd CLK = "1") then
if (CE = '1") then
SRL_S5IG <= DATA & SRL_SIG(CI to DEPTH_WID-TH—2);
end if;
end if;
end process;
Q <= SRL SIG(conv_integer(a));
end rtl;
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Shift Registers vs. Flip-Flops

module SEvSEFE(
input cloclk,
input reset,

input ce,
input in,
) ;

reg FF[0:1];

FFIO]
FFI[1]
end

FF[1]
FFLO]

end

end

reg SR[0O:1];

always @ (posedge clock)begin

OUL3R <=
SRE[1] <=
: SRIO] <=
end
endmodul e

output reg outsE,
output reg outfrF

always @ (posedge clock)begin
if (rezet)begin
OutFF <= 0;

<= 0
<= 0;

else if (ce)begin
oUutFF <= FF[1]:;

<= FF[O] ;
<= in:

SRI11;
SRIO0] ;
in:

Technology Schematic on Xilinx Spartan 3

SRvsFF



Shift Register Applications

Shift Registers have various applications including:
- Pipeline Compensation

- Pseudo Random Number (Noise) Generation

- Serial Frame Synchronization (in telecommunications)
- Running Average using an Adder Tree

- Running Average Using an Accumulator

- Pulse Generation and Clock Division

- Multi-stage Dividers

- Forcing the Hot State

- Pattern Generation

- FIR Filter

- FIFO

- A Complete RS-232 Receiver

Further reading : https://www.xilinx.com/support/documentation/white_papers/wp271.pdf



Multiplexers in Verilog

- If-Then-Else or Case can be used for multiplexers (MUXs) description.

- If one describes a MUX using a Case statement, and does not specify
all values of the selector, the result may be latches instead of a
multiplexer. When writing MUXs, one can use don’t care to describe

selector values.

- XST decides whether to infer the MUXs during the Macro Inference
step. If the MUX has several inputs that are the same, XST can decide
not to infer it. One can use the MUX EXTRACT constraint to force XST

to infer the MUX.

- Verilog Case statements can be: full or not full; parallel or not parallel
- A Verilog Case statement is:

- Full: if all possible branches are specified

- Parallel: if it does not contain branches that can be executed
simultaneously



Multiplexers in Verilog

Multiplexers Full and Parallel Multiplexers Not Full But Parallel
1 module full (sel, il, 12, i3, 14, ol); 1 module notfull (sel, i1, 12, 13, ol);
2 input [1:0] sel; 2 input [1:0] sel;
3 input [l:0] 11, 12, 13, 1i4; 3 input [1:0] 11, 12, 13;
4 output [1:0] ol; 4 output [1:0] ol;
5 reg [1:0] ol; 5 reg [1:0] ol;
6 always @(sel or 11 or 12 or 13 or 14) 6 always @(sel or 11 or 12 or 13)
7 begin 7 begin
8 case (sel) 8 case (sel)
9 2'p00: ol = 11; 9 2'p00: ol = 11;
10 2'p01: o0l = 12; 10 2'p01: 0l = 12;
11 2'pbl0: ol = 13; 11 2'bl0: ol = 13;
12 2'bll: ol = 14; 12 endcase
13 endcase 13 end
14 end 14 endmedule
15 endmodule




Multiplexers in Verilog

Multiplexers Neither Full Nor Parallel

module notfull notparallel (sell, sel2, il, i2, ol);
input [1:0] 3ell, selZ;
input [1:0] 11, 12;
output [1:0] ol;
reg [1:0]1 ol;
always @(sell or sel2)
begin

case (2"b00)
sell: ol = il;
sel2: ol = 12;
endcase
end
endmodule

Note: XST automatically
determines the characteristics
of the Case statements and
generates logic using
multiplexers, priority encoders,
or latches that best implement
the exact behavior of the Case
statement.
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MUX using IF Statements

Verilog

module v multiplexers 1 (a, b, ¢, d, s, 0);
input a,b,c,d;
input [1:0] s7;
output o;
reg o;
always @(a or b or ¢ or d or s3)
begin
if (s == 2'pb00) o0 = 3;
else if (s 2'ph01) o =
else if (s 2'h1l0) o = c;
else o = d;
end
endmodule

|
o
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VHDL

library ieee;
use ieee.std logic 1l64.all;
entity multiplexers 1 is
pert (a, b, ¢, d : in std logic;
5 : in std logic wvector (1 downto 0);
o : out std logic);
end multiplexers 1;
architecture archi of multiplexers 1 is
begin
process (a, b, c, d, s)

begin

if (s = "00") then o <= a;
elsif (z = "01") then o <= b;
elsif (5 = "10") then o <= C;
else 0 <= d;

end if;

end process;
end archi;



CO =] &y 0 = L D

= e e
s Wk = oW

MUX using Case Statements

Verilog

module v multiplexers 2 (a, b, c, d, 35, 0);
input a,b,c,d;
input [1:0] s
output o;

reg oO;
always €(a or b or c or d or 3)
begin

case (3)
2fp00 2 o = ay
2'p01 o = by
2Phl10 @ o = ¢
default : o = d;

endcase

end
endmodule
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VHDL

library ieee;
use ieee.std logic 1le4.all;
entity multiplexers 2 is
port (a, b, ¢, d : in std logic;
5 : in std logic vector (! downto 0);
o : out std logic);
end multiplexers 2;
architecture archi of multiplexers 2 is
begin
process (a, b, c, 4, s)
begin
case 5 is
when "00" => o <= a;
when "01" => o <= b;
when "10" => o <= C;
when others => o <= d;
end case;
end process;
end archi;



MUX using Tristate Buffers

Verilog

1 module v multiplexers 3 (a, b, ¢, d, 3, 0);
2 input a,b,c,d;

3 input [5:0] s

- output o;

5 assign o = 5[] ? a :1"bz;

[ assign o = s[2] ? b :1'bz;

7 assign o = s[l] ? ¢ :1"bz;

3 assign o = s[0] 2 d :1"bz;

9 endmodule
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VHDL

K0S

library leee;
use ieee.std logic 1le4d.all;
entity multiplexers 3 is
port (a, b, ¢, d : in std logic;
s : in std logic vector (- downto 0);
o : out std logic);
end multiplexers 3;
architecture archi of multiplexers 3 is

begin
0 <= a3 when (s(U)="0") else "Z';
0 <= b when (s(l)="0") else "Z';
0 <= c when (s(2)="0") else "Z';
0 <= d when (s(2)='0") else "Z';

end archi;



Missing Else Statement Leading to a Latch Inference

Verilog

I module v multiplexers 4 (a, b, c, 5, 0);

2 input a,b,c;

3 input [1:0] 57

4 output o;

5 reg o;

3 always €(a or b or c or 3)

7 begin

g if (5 == 2'b0O0) o = a;

9 else if (5 == 2'b0l) o = b;
10 else if (s == 2'bl0) o = C;
11 end

12 endmodule

Caution! Unless you actually intended to
describe such a latch, add the missing
else statement. Leaving out an else
statement may also result in errors
during simulation.

O =] &y N = W M

VHDL
library ieee;
use leee.std logic 1lle4d.all;
entity multiplexers 4 is
port (a, b, c: in std logic;
5 : in Std_logic_vector (! downto () ;
o : out std logic);
end multiplexers 4;
architecture archli of multiplexers 4 is
begin
process (a, b, c, 3)
begin
if (s = "00") then o <= a;
elsif (s = "01l") then o <= b;
elsif (s = "10") then o <= c;
end if;

end process;
end archi;



One-Hot Decoders
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Verilog

module v decoders 1 (sel, res);

input [2:0] sel;
output [/:0U] res;

reg [/:0] res;

always @ (32l or res)

begin
case (sel)
2'p000
2'b001
2'b010
2'p011
2'b100
2'bl101
2'b110

default :

endcase
end
endmodule

res
res
res
res
res
res
res

res = -'pbl10000000;

Sfpo0000001;
c'p0O0000010;
cfp00000100;
Sfp00001000;
Sfp00010000;
c'p0O0l00000;
cfp01000000;

O =] & 0 s Lo D
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port (sel: in Std_logic_vector (: downto U);

VHDL

S[2]
S[1]

5[0]

——RES[7]
L RES[E]
—— RES[5]
L RES[4]

——RES[3]
——RES[2]
L RES[1]
L RES[0]

res: out std logic wvector (7 downto 0));

architecture archi of decoders 1 is

sel
sel
sel
sel
sel
sel

"001"
"010"
"011"
"100"
"101"
"110"

library leee;

use leee.std logic 1l€4.all;

entity decoders 1 1is

end decoders 1;

begin
res <= "00000001™
"00000010" when
"00000100"™ when
"00001000" when
"00010000"™ when
"00100000"™ when
"01000000" when
"10000000";

end archi;

when sel = "000"

else
else
else
else
else
else

else
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One-Cold Decoders

Verilog

module v decoders 2 (sel, res);
input [2:0] sel;
output [/:0U] res;
reg [/:0] res;
always @ (sel)
begin
case (sel)
2000 @ res
3"hb001 : res
2010 @ res S'p11111011;
3"p011 : res 'p11110111;
3'p100 @ res = o'b11101111;
3"p101 @ res = ©'b11011111;
2'p110 ¢ res = o'p10111111;
default : res = “'b01111111;
endcase
end
endmodule

Cfpl1111110;
c'pl11111101;
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S[2]
S[1]

5[0]

——RES[7]
L RES[E]
—— RES[5]
L RES[4]
——RES[3]
——RES[2]
L RES[1]
L RES[0]

port (sel: in std logic vector (2 downto 0U);
res: out std logic wvector (/ downto 0U));

architecture archi of decoders 2 is

sel
sel
sel
sel
sel
sel

when

sel = "ooo"
"O01l" else
"010" else
"O11" else
"100" else
"101" else
"110" else

library leee;

use leee.std logic 11€4.all;

entity decoders 2 is

end decoders 2;

begin
res <= "11111110"
"11111101" when
"11111011" when
"11110111" when
"11101111" when
"11011111" when
"10111111" when
"01111111";

end archi;

else
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No Decoder Inference (Unused Decoder Output)

Verilog

= o'pb0000000L;

// unused decoder output

= [ "DEXXXXEXX;
= o'pb00000100;
= 'p00001000;
= £'pb00010000;
= o'pb00100000;
= o'b01000000;

= o'b1l0000000;

module v decoders 3 (sel, res);
input [2:0] sel;
output [/:0] res;
reg [/:0] res;
always @ (sel)
begin
case (sel)
2000 res
2001 res
2'h010 res
2011 res
2Tpb100 res
2'b101 res
3"ph110 : res
default : res
endcase
end
endmodule

CO =] &y 0 = L B B
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library leee;

VHDL

use leee.std logic 1le4.all;

entity decoders 3 is
port (sel: in std loglc vector (2 downto 0);
res: out std logic vector (7 downto 0U));
end decoders 3;

architecture archi of decoders 3 is

begin

res <= "o0ooooooLr™

-— unused decoder output

P:9.0.9.0.04. 4
"goooolo0"
"oooolooo"™
"0o001o0000"™
"golo0000"
"0lo00000"

"10000000";

end archi;

when
when
when
when
when
when

sel
sel
sel
sel
sel
sel

when sel = "000"
001" else
010" else
"011l" else
100" else
101" else
110" else
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No Decoder Inference (Some Selector Values Unused)

Verilog

module v decoders 4 (sel, res);
input [2:0] sel;
output [/:0] res;
reg [/:0] res;
always @ (sel or res)
begin
case (sel)

2'p000 : res = £'b0O000O000OL;
2'p001 @ res = £'b0O0000010O;
2'h010 : res = £'h0O0O0O0O0D100;
3'b011 : res = £'b0O000O10O0O;
2'p100 : res = £'b00010000O;
3'p101 @ res = £'b00100000O;

J/ 110 and 111 selector values are unused
default : res = ['bEXXXXXXXX;
endcase
end
endmodule

Lot I I T 4 Y O W A B
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library leee;

use leee.std logic 1le4.all;

entity decoders 4 is
port (sel: in std_logic_vector (2 downteo U);
res: out std logic vector (/ downto 0));

end decoders 4;

architecture archi of decoders 4 is

begin
res <= "00000001L"™ when sel = "000" else
"00000010"™ when sel = "001" else
"00000100" when sel = "010" else
"00001000"™ when sel = "011" else
"000L0000™ when sel = "100" else
"00100000™ when sel = "101" else
—— 110 and 111 selector values are unused
) 9.0.9.0.0.0.0. 4

end archi;



Priority Encoders
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Verilog

(* priority extract="force" ¥)
module v priority encoder 1 (sel, code);
input [7:0] sel;
output [Z:0] code;
reg [2:0] code;
always @ (sel)
begin
if (s=1[0]) code = 37000,
else if (sel[l]) code = 2'b001;
else if (sel[2]) code = 2'b0O10;

else if (sel[Z]) code = 2'h011;
else if (sel[4]) code = 2'b100;
else if (sel[2]) code = 2'b101;
else if (sel[c]) code = 2'b110;
else if (sel[V]) code = 2'b111;

else code = S'bxExx;
end
endmodule

Sample application: Prioritized
Interrupt mechanism design

CO =1 o U1 W= Ld D
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VHDL

library ieece;
use ieee.std logic 1164.all;
entity priority encoder 1 is
port ( sel : in std logic vector (7 downto 0);
code :out std_logic_vector (2 downto 0));
attribute priority extract: string;
attribute priority extract of priority encoder 1: entity is "force";
end priority encoder 1;
architecture archi of priority encoder 1 is

begin
code <= "000" when sel()) = "1" else
"001" when sel(l) = '1" else
"010" when sel(2) = '1'" else
"011l" when sel(3) = "1'" else
100" when sel(4) = 1" else
"101" when sel(c) = 1" else
"110" when sel(c) = '1' else
"111" when sel(7) = "'1' else

" "

]

end archi;
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Logical Shifter One

Verilog

module v _logical shifters 1 (DI, SEL, SO);

input [/:0] DI;
input [1:0] SEL;
output [/:0] SO;
reg [/:0] SO;

always € (DI or SEL)

S0
S0
50

begin
case (SEL)
2'p00
2'p01
2'pl10
default :
endcase
end
endmodule

50

DI;

DI << 1
DI << 27
= DI << 37

CO =] &y N = Lo B

R = = ey
(o T I S DU N R S o R

library leee;

SHIFTER | 8

DF;- -— SO

2
SEL —1

10545

VHDL

use leee.std logic 1le4.all;
use leee.numeric std.all;
entity logical shifters 1 is
in unsigned(7 downto 0);
in unsigned(! downto 0);
SO0 : out unsigned(7 downto 0));
end logical shifters 1;
architecture archi of logical shifters 1 is

port (DI
SEL

begin

with SEL

50 <= DI

DI 511
DI 511
DI 511
end archi;

1
2
3

select

when
when
when
when

"oo",
"o1l",
"10",
others;



Logical Shifter Two (no logic shifters inferred)

Verilog
1 /*
2 X¥ST does not infer a logical shifter for
3 this example, as not all of the selector
4 values are presented.
5 */
¢ module v logical shifters 2 (DI, SEL, SO);
7 input [/:0] DI;
8 input [1:0] SEL;
9 output [/:0] S0;
10 reg [/:0] SO;
11 always @ (DI or SEL)
12 begin
13 case (SEL)
14 2Tbh00 S0 = DI;
15 2'pb01 @ SO = DI << 17
lée default : SO = DI << 7
17 endcase
18 end

1% endmodule
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library ieee;
use leee.std logic 1le4.all;
use leee.numeric std.all;
entity logical shifters 2 is
port (DI in unsigned(7 downto 0);
SEL : in unsigned(! downto 0);
SO : out unsigned(/ downto 0));
end logical shifters 2;
architecture archi of logical shifters 2 is
begin
with SEL select
S0 <= DI when "0O0",
DI 511 | when "0O1",
DI 511 2 when others;
end archi;
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Logical Shifter Three (no logic shifters inferred)

Verilog

,.-"r*
¥ST does not infer a logical shifter for
this example, as the value is not
incremented by 1 for each consequent
binary value of the selector.
*/
module v logical shifters 3 (DI, SEL, SO);
input [/:0] DI;
input [1:0] SEL;
output [/:U] SO;
reg[/:0] SO;
always @ (DI or SEL)

begin
case (SEL)
2rpo0 @ S0 = DI;
2'pb0l1 @ S50 = DI << 1;
2'h10 3+ 50 = DI << 3;
default : SO = DI << 2;
endcase
end
endmodule
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library ieee;
use leee.std logic 1le4.all;
use leee.numeric std.all;
entity logical shifters 3 is
port (DI in unsigned(7 downto
SEL in unsigned (! downto
SO : out unsigned(/ downto 0));
end logical shifters 3;
architecture archi of logical shifters 3 is

0y :
|:|J :

begin
with SEL select
S50 <= DI when "0O0O",
DI 511 | when "O1",
DI 511 ° when "10",
DI s11 - when others:;

end archi;



Unsigned Adder

Verilog

module v adders 1(A, B, SUM);
input [/:0] A;
input [/:0] B;
output [/:0] SUM;
assign SUM = A + B;
endmodule
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VHDL

library ieee;
use ieee.std logic 1le4.all;
use ieee.std logic unsigned.all;
entity adders 1 is
port(A,B : in std logic vector(7 downto 0U);
SUM : out Etd_logic_vector{T downto 0));
end adders 1;
architecture archi of adders 1 is
begin
SUM <= A + B;
end archi;



Unsigned Adder with Carry

Verilog

module v adders 2(A, B, CI, SUM);
input [/:0] A;
input [/:0] B;
input CI;
output [/:0] SUM;
assign SUM = A + B + CI;
endmodule
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library ieee;
use leee.std logic 1le4.all;
use ieee.std logic unsigned.all;
entity adders 2 1is
port(A,B in std logic vector(/ downto ();
CI : in std logicy
SUM : out std logic vector (7 downto 0));
end adders Z;
architecture archi of adders 2 is
begin
SUM <= A + B + CI;
end archi;



1

Unsigned Adder with Carry Out N

Verilog

1 module v adders 3(A, B, SUM, CO);
2 input [/:0] A;

3 input [/:0] B;

= output [/:0] SUM;

5 output CO;

[ wire [C:0] tmp;

7 assign tmp = A + B;

3 assign SUM = tmp [/:0];

9 assign CO = tmp [Z];

[ endmodule
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VHDL .

library icecr
use iece.std logic 1164.all;
use lese.atd logic_arith.all:
use iese.std logic unsigned.all;
entity adders 3 is
port(A.B ! in std logic wector(’ dowmto 0):
SUM : out std_logic_woctor(! downto U):
Co @ out std_logic):
and adders 3;
architecture archi of adders 3 is
signal tmp: std logic vector(? downto 0):
begin
tmp <= conv_std_logic_wector ({conv_integer{A) + conv_integer(B)),%);
SM <= Lmp (/7 downto U}
Co <= tmp{f);
end archi;



Unsigned Adder with Carry in and Carry Out

Verilog

module v _adders 4(A, B, CI, SUM, CO);
input CI;
input [/:0] A;
input [/:0] B;
output [/:0] SUM;
output CO;
wire [Z:0]
assign tmp = A + B + CI;
assign SUM = tmp [/:0];
10 assign CO = tmp [Z];
11 endmodule
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library lece;
usa iese.std logle 1164.811;
usa lese.std logic arith.all;
use lese.ztd logle unsigned.all:
entity adders 4 is
port(h, B @ im std logic wector (D downke O)
CI ¢ Am atd logles
S eut std logic wectos (7
CO i oeub =tdé loglic)
end adders_4;
architecturs archi of adderz 4 is
signal tmp: std logic vector (i dewnte O0);
begin

dawnka )

tmp <= conv_std logic wector({eonv_integer (i) + conv_integer (B) + conv_integer (CI)),

S <m tmp (7 dewnko O
CO gm Tmpfe)
and archi;



Signed Adder

Verilog
I module v _adders 5 (A,B,SUM);
2 input signed [/:0U] A;
3 input signed [/:0U] B;
4 output signed [/:0] SUM;
5 wire signed [/:0] SUM;
6 assign SUM = A + B;
/ endmodule

|l RN o B = B B LT p I = Y I A I

=

VHDL

library ieee;

use leee.std logic 1le4.all;
use leee.std logic signed.all;

entity adders 5 1is

8
—— SUM

X10540

port(A,B : in std logic vector(/ downte U);
SUM : out std logic vector(/ downto 0));

end adders 5;

architecture archi of adders 5 is

begin
SUM <= A + B;
end archi;



Unsigned Subtractor

Verilog

module v _adders 6(A, B, RES);
input [/:0] A;
input [/:0] B;
output [/:0U] RES;
assign RES = A - B;
endmodule

[ T [T - T L Y
= oW o e W

=

VHDL

library ieee;
use ieee.std logic 1l€4.all;
use leee.std logic unsigned.all;
entity adders 6 is
port(A,B : in std logic vector(7 downto 0);
RES : out std logic wvector(/ downto 0));
end adders 6;
architecture archi of adders 6 is
begin
EES <= A - B;
end archi;



Unsigned Subtractor with Borrow

Verilog

module v adders 8(A, B, BI, RES);
input [/:0] A;
input [/:0] B;
input BI;
output [/:0] RES;
assign RES = A - B - BI;
endmodule
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library IEEE;
use IEEE.STD LOGIC 1164.ALL;
use IEEE.STD LOGIC UNSIGNED.ALL;
entity adders 8 is
port(A,B : in std logic vector(/ downto 0);
BI : in std logic;
RES : out std logic vector(/ downto 0));
end adders 8;
architecture archi of adders 8 is
begin
EEs <= A - B - BIL;
end archi;



Unsigned Adder/Subtractor

Verilog

module v adders 7(A, B, OPER, RES);
input OPER;
input [/:0]1 A;
input [/:0] B;
output [/:U] RES;
reg [/:0] RES;
always @ (A or B or OPER)
begin
if (OPEE==1'b0) RES = A + B;
10 else RES = A - B;
11 end
12 endmodule
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library leee;
use lieee.std logic 1le4.all;
use leee.std logic unsigned.all;
entity adders 7 is
port (A,B in std logic vector(7/ downto 0U);
OPER: in std logic;
RES : out std logic vector (7 downteo 0));
end adders 7;
architecture archi of adders 7 is

begin
FES <= A + B when OPEE='0'
else A - B;

end archi;
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Unsigned Greater or Equal Comparator

Verilog

module v _comparator 1 (A, B, CMP);
input [/:0] A;
input [/:0] B;
output CMP;
assign CMP = (A >= B) 7 1'bl
endmodule
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VHDL

library ieee;
use leee.std logic 1164.all;
use ieee.std logic unsigned.all;
entity comparator 1 is
port(A,B : in Std_logic_vector{T downto () ;
CMP : out std logic);
end comparator 1;
architecture archi of comparator 1 is
begin
CMP <= ']’ when A >= B else '0';
end archi;



Unsigned Multiplier
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Verilog

module v multipliers 1(A, B, RES);
input [/:0] A;
input [2:0] B;
output [L1:0] RES;
assign RES = A * B;
endmodule
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library ieee;
use leee.std logic 1le4d.all;
use leee.std logic unsigned.all;
entity multipliers 1 is
port(A : in std logic vector(’/ downteo 0);
B : in std logic vector(: downto 0);
RES : out std logic vector(ll downto 0));
end multipliers 1;
architecture beh of multipliers 1 is
begin
RES <= A * B;
end beh;



1 module v multipliers 8(CLK,A,B,Oper Load,Oper AddsSub, RES);
2 parameter A WIDTH = 1¢;

22 parameter B WIDTH = 1¢;

- parameter RES WIDTH = 4Z;

5 parameter P WIDTH = A WIDTH+B WIDTH;
& input CLK;

7 input signed [A WIDTH-1:01 A, B;

8 input Oper Load, Oper AddsSub;

9 // Oper Load Oper Addsub Operation
10 // 0 0 R= +A*B

11 // 0 1 R= -A*B

12 // 1 0 R=RE+A*B

13 // 1 1 R=R-A*B

14 output [RES WIDTH-1:0] RES;

15 reg oper load0 = 0;

le reqg oper addsub0 = 0;

17 reg signed [P WIDTH-1:0] pl = 0;

18 reg oper loadl = 0;

15 reg oper addsubl = 0;

20 reg signed [RES WIDTH-1:0] res0 = 0;
21 reqg signed [RES WIDTH-1:0]1 acc;
Note:

Considering that (a, + ja)(b, + jb;) = (a,b, - ab;) + j(ab; + ab,):
» The first two first cycles compute:

Res real =A real *B real - A_imag * B_imag
« The second two cycles compute:

Seqguential Complex Multipliers in Verilog
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Res imag =A real *B imag + A imag * B_real

always @ (posedge CLK)
begin

oper load0 <= Oper Load;
oper addsub0 <= Oper Addsub;
pl <= A*B;
oper loadl <= oper load0;
oper addsubl <= oper addsub0;
if (oper loadl==1'Dbl)

acc = resl;
else

acc = [}
if (oper addsubl==1'bl)

resd <= acc-pl;
else

reszl <= acc+pl;

assign RES = res(;
endmodule



CO =] & N = LD [ =

[ S i e T
P Ve B R I M Y S Y (T o I V'

Sequential Complex Multipliers in VHDL

library ieee;
use leee.std logic 1le4.all;
use ieee.numeric std.all;
entity multipliers 8 is
generic (A WIDTH: positive:=10;
B WIDTH: positive:=1g;
RES WIDTH: positive:=48);
port( CLK: in std logic;
A: in signed(A WIDTH-1 downto 0);
B: in signed(B WIDTH-1 downto ();
Oper Load: in std logic;
Oper AddSub: in std logic;
—-- Oper Load Oper AddsSub Operation
—— 0 0 R= +A*B
-— 0 1 R= -A*B
-— 1 0 R=R+A*B
-— 1 1 E=R-A*B
RES: out signed(RES WIDTH-! downto 0)
)
end multipliers 8;
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architecture beh of multipliers 8 is
constant P WIDTH: integer:=A WIDTH+B WIDTH;
signal oper load0O: std logic:='0';
signal oper addsub0O: std logic:='0';
signal pl: signed(P_WIDTH-! downto 0):=(others=>'0');
signal oper loadl: std logic:='0';
signal oper addsubl: std logic:='0';
signal res0: signed(RES WIDTH-1 downto 0);
begin
process (clk)
variable acc: signed{RES_WIDTH—l downto () ;
begin
if rising edge(clk) then
oper load0 <= Oper Load;
oper addsub0 <= Oper Addsub;
pl <= A*B;
oper loadl <= oper loadO0;
oper addsubl <= oper addsubl;
if (oper loadl=’'1") then
acc := res(;
else
acc := (others=>'0"7);
end if;
if (oper addsubl="1") then
res0 <= acc-pl;
else
resl <= acc+pl;
end if;
end if;
end process;
RES <= res0;
end architecture;



Pipelining

- Pipelining is a general technique for improving design timing and hardware
utilization efficiency by using parallel units that simultaneously process the

output of preceding stages of the pipeline.

- Implementing combinational logic using pipelines can significantly reduce the

critical path delay.
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https://commons.wikimedia.org/wiki/File:MAD-Pipeline-Design-Detail.png
https://commons.wikimedia.org/wiki/File:MAD-Pipeline-Design-Detail.png

A Few Definitions

- (Input-Output) Latency: the
amount of time it takes to Example:

travel through the pipe. @
ays
- Critical Path: Longest / \
combinational path between e
the output of one flip-flop to
o
2 days R 4 days Critical path = 9days

the input of another flip-flop \
Throughput = one task every three days

(sharing a common clock)
- Throughput: The maximum
rate of data flowing in or our of Latency = is input-output path dependent
a data-path (the inverse of the
critical path)




Pipelining Critical Paths

- Pipelining can shorten the critical path and improve the throughput
(possibly) at a cost of an increased latency between the input-output

Critical path = 8ns, Max Throughput = 125MHz, 1/O Latency = 3 clocks (24ns @ f,=125MHz)

— —
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clock AN
/ \\\
/ S
'I o
4 ‘\‘
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clock

New critical path = 5ns, Max Throughput = 200MHz, 1/0O Latency = 4 clocks (20ns @ f,.x<=200MHZz)

(we will discuss much more about pipelining in digital systems design up to end of the course)



Pipelined Multiplier (Outside, Single) - SRR

Verilog

1 (*mult style="pipe luL"¥)

2 module v multipliers 2(clk, A, B, MULT);
3 input clk;

4 input [17:0] A;

5 input [17:0]1 B;

6 output [35:0] MULT;

7 reg [55:0] MULT;

8 reg [17:0] a in, b in;

9 wire [35:0] mult res;

10 reg [35:0] pipe 1, pipe 2, pipe 3;
11 assign mult res = a in * b in;

12 always @ (posedge clk)

13 begin

14 a in <= A; b _in <= B;

15 pipe 1 <= mult res;

le pipe 2 <= pipe 1;

17 pipe 3 <= pipe 2;

18 MULT <= pipe 3;

19 end

20 endmodule

Note: This code is automatically replaced by a
four-stage pipeline multiplier, only if the
intermediate pipeline registers (pipe 1,
pipe 2 and pipe 3) are not used elsewhere
in the code. Question: Why?
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VHDL

use ieee.std logic 116€4.all;
use ieee.numeric std.all;
entity multipliers 2 is
generic (A port size : integer := 1&;
B port size : integer := 18);
port(clk : in std logic;
A : in unsigned (A port size-1 downto 0);
B : in unsigned (B _port size-1 downto 0);
MULT : out unsigned ( (A port size+B port size-1) downto 0));
attribute mult style: string;
attribute mult style of multipliers 2: entity is "pipe Iut";
end multipliers 2;
architecture beh of multipliers 2 is
signal a in, b in : unsigned (A port size-l downto 0);
signal mult res : unsigned ( (A port size+B port size-1) downto 0);
signal pipe 1,
pipe_2,
pipe 3 : unsigned ((A port size+B port size-1) downto 0);
begin
mult res <= a_in * b _in;
process (clk)
begin
if (clk'event and clk="1") then
a in <= A; b_in <= B;
pipe 1 <= mult res;
pipe 2 <= pipe 1;
pipe 3 <= pipe 2;
MULT <= pipe 3;
end if;
end process;
end beh;



Pipelined Multiplier (Inside, Single)

Verilog

I (*mult style="pips 1ut"¥)

2 module v multipliers 3(clk, A, B, MULT);
3 input clk;

4 input [17:0] A;

5 input [17:0] B;

(3 output [35:0] MULT;

7 reg [Z5:0] MULT;

8 reg [1/:0]1 a in, b 1in;

9 reg [5:0] mult res;

10 reg [35:0]1 pipe 2, pipe 3;
11 always @ (posedge clk)

12 begin

13 a in <= A; b in <= B;

14 mult res <= a in * b in;
15 pipe 2 <= mult res;

16 plpe 3 <= plipe 2;

17 MULT <= pipe 3;

18 end

1% endmodule
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VHDL

library ieee;
use ieee.std logic_lle4.all;
use ieee.numeric_ std.all;
entity multipliers 3 is
generic (A port size: integer := 1&;
B port size: integer := 18);
port(clk : in std logic;
A : in unsigned (A port size-1 downto 0);
B : in unsigned (B _port size-1 downto 0);
MULT : out unsigned ((A port size+B port size-1) downto 0));
attribute mult style: string;
attribute mult style of multipliers 3: entity is "pipe lut";
end multipliers 3;
architecture beh of multipliers 3 is
signal a _in, b in : unsigned (A port size-l downto 0);
signal mult res : unsigned ((A port size+B port size-1) downto 0);
signal pipe 2,
pipe_ 3 : unsigned ((A port size+B port size-1) downto 0);
begin
process (clk)
begin
if (clk'event znd clk="1") then
a_ in <= A; b_in <= B;
mult res <= a_in * b in;
pipe 2 <= mult res;
pipe 3 <= pipe 2;
MULT <= pipe 3;
end if;
end process;
end beh;



Pipelined Multiplier (Outside, Shift) in Verilog

L (*mult style="pipe lut"¥)
2 module v multipliers 4(clk, A, B, MULT);
3 input clk;
4 input [1/:0] A;
5 input [1/:0] B;
6 output [-5:0] MULT;
7 reg [-5:0] MULT;
8 reg [17:0] a in, b in;
9 wire [25:0] mult res;
10 reg [55:0] pipe regs [2:0];
11 integer 1i;
12 assign mult res = a in * b 1in;
13 always @ (posedge clk)
14 begin
15 a in <= A; b in <= B;
le pilpe regs[2] <= mult res;
17 for (i=0; i<=l; 1i=1+l) pipe regs[i] <= pipe regs[i+l];
18 MULT <= pipe regs[U];
19 end

20 endmodule



Pipelined Multiplier (Outside, Shift) in VHDL

1 library ieee;

2 use lieee.std logic 1lle4.all;

3 use ieee.numeric std.all;

4 entity multipliers 4 is

5 generic(A port size: integer := 12;

6 B port size: integer := 18);

7 port(clk : in std logic;

8 A : in unsigned (A port size-1 downto 0);

9 B : in unsigned (B port size-1 downto 0);

10 MULT : out unsigned ( (A port size+B port size-1) downto 0));
11 attribute mult style: string;

12 attribute mult style of multipliers 4: entity is "pipe lut"”;
13 end multipliers 4;

14 architecture beh of multipliers 4 is

15 signal a in, b _in : unsigned (A port size-1 downteo 0);

16 signal mult res : unsigned ((A port size+B port size-1) downto 0);
17 type pipe reqg type is array (2 downto 0) of unsigned ((R port size+B port size-1) downto 0);
18 signal pipe regs : pipe reqg type;

19 begin

20 mult res <= a in * b in;

21 process (clk)

22 begin

23 if (clk'event znd clk="1") then

24 a in <= A; b _in <= B;

25 pipe regs <= mult res & pipe regs(Z downteo 1);

26 MULT <= pipe regs(0);

27 end if;

28 end process;

[
o

end beh;



Multiplier Adder With 2 Register Levels " | |

on Multiplier Inputs

Verilog

I module v multipliers 5 (clk, A, B, C, RES);
2 input clk;

3 input [/:0] A;

= input [/:0] B;

5 input [/:0] C;

& output [15:0] RES;

7 reg [/:0] A regl, A regZ, B reqgl, B regZ;
B wire [15:0] multaddsub;

9 always @ (posedge clk)
10 begin
11 A regl <= A; A regZ <= A regl;
12 B regl <= B; B regZ <= B regl;
13 end
14 assign multaddsub = A regZ * B reg2 + C;
15 assign RES = multaddsub;

1& endmodule
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ADD_SUB 10850

library IEEE;

use IEEE.STD LOGIC 1164.ALL;

use IEEE.S5TD LOGIC UNSIGNED.ALL;
entity multipliers 5 is

generic (p width: integer:=f);

port (clk : in std logic;

A, B, C : in std logic wvector(p width-1 downto 0);

RES : out std logic vector(p width*2-1 downto ());
end multipliers 5;
architecture beh of multipliers 5 is

signal A regl, A reg2,

B regl, B reg2 : std logic vector(p width-1 downto 0);
signal multaddsub : std logic vector(p width*2-1 downto [);
begin

multaddsub <= A reg2 * B regZ + C;

process (clk)

begin
if (clk'event and clk="1') then
A regl <= A; A reg2 <= A regl;
B regl <= B; B reg2 <= B_reqgl;
end if;

end process;

RES <= multaddsub;
end beh;
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Multiplier Adder/Subtractor With 2 -
nputs a

Register Levels on Multiplier

Verilog

module v multipliers € (clk, add sub, A, B, C, RES);
input clk,add sub;
input [7:0] A;
input [/:0]1 B;
input [/:0]1 C;
output [15:0] RES;
reg [/:0] A regl, A regZ2, B regl, B reg2;
wire [15:0] mult, multaddsub;
always @ (posedge clk)
begin
A regl <= A; A reg2 <= A reqgl;
B regl <= B; B reg2 <= B reqgl;
end
assign mult = A reg2 *¥ B reg2;

assign multaddsub = add sub ? C + mult : C - mult;
assign RES = multaddsub;
endmodule
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VHDL

library IEEE;

use IEEE.STD LOGIC 1164.ALL;

use IEEE.STD LOGIC UNSIGNED.ALL;
entity multipliers 6 is

generic (p width: integer:=g);

port (clk,add sub: in std_logic;

A, B, C: in std legic vector(p width-1 downte 0);

RES: out std logic vector(p width*Z-1 downto 0));
end multipliers 6;
architecture beh of multipliers € is

signal A regl, A regZz,

B regl, B reg2 : std logic vector(p_width-1 downto 0);
signal mult, multaddsub : std logic vector(p width#*2-1 downteo 0);
begin

mult <= A reg2 * B reg2;

multaddsub <= C + mult when add sub = "1’ else C - mult;

process (clk)

begin
if (clk'event and clk='1") then
A regl <= A; A regZ2 <= A reqgl;
B regl <= B; B regZ <= B reqgl;
end if;

end process;

RES <= multaddsub;
end beh;
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Multiplier Up Accumulate with Register
after Multiplication

Verilog

module v multipliers 7a (clk, reset, A, B, RES);
input clk, reset;
input [7:0] A;
input [7:0] B;
output [15:0] RES;
reg [15:0] mult, accum;
always @ (posedge clk)
begin
if (reset)
mult <= 1&7pb0000000000000000;
else
mult <= A * B;
end
always @ (posedge clk)
begin
if (reset)
accum <= 1¢"b0000000000000000;
else
accum <= accum + mult;
end
assign RES = accum;
endmodule
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VHDL

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD LOGIC UNSIGNED.ALL;
entity multipliers 7a is
generic (p width: integer:=gf);
port (clk, reset: in std_logic;
A, B: in std leogic vector(p width-1 downte 0);
RES: out std logic vector(p width*2-1 downto 0));
end multipliers 7a;
architecture beh of multipliers 7a is

%10560

signal mult, accum: std logic vector(p width*2-1 downto 0);

begin
process (clk)
begin
if (clk'event zand clk='"1") then
if (reset = '1") then
accum <= (others => "0");
milt <= (others => "07);
else
accum <= accum + mult;
mult <= A * B;
end if;
end if;
end process;
RES <= accum;
end beh;



Multiplier Up/Down Accumulate | 15

% /— RES

with Register after Multiplication . T
T

RESET l X10881
Verilog VHDL

1 module v multipliers 7b (clk, reset, add sub, A, B, RES); 1 library IEEE;
2 input clk, reset, add sub; 2 use IEEE.STD LOGIC 1164.ALL;
3 input [/:0] A; 3 use IEEE.STD LOGIC UNSIGNED.ALL;
4 input [7:01 B; 4 entity multipliers 7b is
5 output [15:0] RES; 5 generic (p width: integer:=f);
6 reg [15:0] mult, accum; 6 port (clk, reset, add sub: in std logic;
7 always @ (posedge clk) 7 A, B: in std logic vector(p width-1 downto 0);
8 begin 8 RES: out std logic vector(p width*2-1 downto 0));
9 if (reset) 9 end multipliers 7b;
10 mult <= 1c"b0000000000000000; 10 architecture beh of multipliers 7b is
11 else 11 signal mult, accum: std logic vector(p width*2-1 downto 0);
12 mult <= A * B; 12 begin
13 end 13 process (clk)
14 always @ (posedge clk) 14 begin
15 begin 15 if (clk'event and clk='1") then
le if (reset) 16 if (reset = ’'1') then
17 accum <= 1c"b0000000000000000; 17 accum <= (others => "0');
18 else 18 mult <= (others => '0');
19 if (add sub) 19 else
20 accum <= accum + mult; 20 if (add sub = '1’) then
21 else 21 accum <= accum + mult;
22 accum <= accum - mult; 22 else
23 end 23 accum <= accum - mult;
24 assign RES = accum; 24 end if;
25 endmodule 25 mult <= A * B;

26 end if;

27 end if;

28 end process;

29 RES <= accum;

30 end beh;
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Division by Constant Powers of 2 Dividers
Verilog VHDL
1 module v divider 1 (DI, DO); 1 library ieee;
2 input [7:0] DI; 2 use leee.s5td logic 1le4.all;
3 output [7:0] DO; 3 use leee.numeric std.all;
4 assign DO = DI / 2; 4 entity divider 1 is
5 endmodule 5 port(DI : in unsigned(’/ downto 0);
6 DO : out unsigned(/ downto 0));
7 end divider 1;
Notes: ¢ architecture archi of divider 1 is
= Dividers are supported only when the ° begin |
o : 10 DO <= DI / 2;
divisor is a constant and is a power of 2. 11 end archi:

In that case, the operator is
implemented as a shifter. Otherwise,
XST issues an error message.

» |P cores or custom code can be used
for other divisors.

Question: Why aren’t dividers built-in
primitives like adders and multipliers?




Resource Sharing (Hardware Reuse)

- The goal of resource sharing (also known as hardware
reuse or folding) is to minimize the number of operators
and the subsequent logic in the synthesized design. This
optimization is based on the principle that two similar
arithmetic resources may be implemented as one single
arithmetic operator if they are never used at the same time.

- Resource sharing is commonly handled by synthesis tools

automatically, unless if prevented by user constraints and
synthesis attributes.

- If the optimization goal is speed, disabling resource
sharing may give better results.

(we will discuss much more about resource sharing in digital systems design up to end of the course)



Resource Sharing Example

Verilog

1 module v resource sharing 1 (&, B, C, OPER, RES);
2 input [7:0] &, B, C;

3 input CPER;

4 output [/:0] RES;

5 wire [/:0] RES;

& assign RES = 'OPER ? A + B : A - C;

7 endmodule
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VHDL

library ieee;
use ieee.std logic 1le4.all;
use lieee.std logic unsigned.all;
entity resource sharing 1 is
port(A,B,C in Std_logic_vector{T downto () ;
OPER : in std logic;
RES out std logic vector(7 downto 0));
end resource sharing 1;
architecture archi of resource sharing 1 is
begin
RES <= A + B when OPER='0'
end archi;

else A - C;
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Single-Port RAM in Read-First

Mode

Verilog

module v _rams 01 (clk, en, we, addr, di, dout);
input clk;
input we;
input en;
input [5:0]1 addr;
input [15:01 di;
output [15:0] dout;
reg [15:0] RAM [c3:0];
reg [15:0] dout;
always (@ (posedge clk)
begin
if (en)
begin
if (we)
RAM[addr]l<=di;
dout <= RAM[addr];
end
end
endmodule
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VHDL

library iese;
use i=zes.s5td logic 1184.all;
use ieee.std Jogic_unsigned.all;
entity rams_01 is
port (clk : imn std_logicy
we @ oin std loglic;
en : in std legic;
addr : in std logic vector(® downte 0):
di : in std logic wector(lS downte 0);
do @ out std_logic_wector{l: downte U));
and rams 01;
architecture syn of rams 0Ol is
type ram type is array (o5 downte () of s5td logic wector (10 downto 0)
signal RAM: ram tType:
begin
process (clk)
begin
if clk'ewvent and clk = '1° then
if en = *.* then
if wea = "1' then
RAM (conv_integer (addr)) <= di;
end if:
do <= FAM(conv_integer (addr))
end if;
end if;
end process;
end syn;
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Single-Port RAM In Write-First

Mode in Verilog

Template 1
module v_rams 02a (clk, we, en, addr, di, dout);
input clk;
input we;
input en;

input [5:0] addr;
input [15:0] di;
output [15:0] dout;
reg [15:0] RAM [c£3:0]1;
reg [15:0] dout;
always @ (posedge clk)
begin
if (en)
begin
if (we)
begin
RAM[addr] <= di;
dout <= di;
end
else
dout <= RAM[addr];
end
end
endmodule
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Template 2
module v rams 02b (clk, we, en, addr, di, dout);
input clk;
input we;
input en;

input [5:0] addr;
input [15:0] di;
output [15:0] dout;
reg [15:0] RAM [c5:0];
reg [5:0] read addr;
always @ (posedge clk)

begin
if (en)
begin
if (we)
RAM[addr] <= di;
read addr <= addr;
end
end
assign dout = RAM[read addr];
endmodule



Single-Port RAM In Write-First =
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1 library ieee; 1 library isee;
2 use ieee.std logic_1164.all; 2 use iese.std logic 11&4.all;
3 use leee.std logic unsigned.all; 4 use lsce.std loglc unsigned.all;
4 entity rams 02a is ¢ entity rams 0Zb is _
5 port (clk : in std logic; : port (clk : in std logic;
6 we : in std logic; ? e in f:fd' 1“']‘_"‘-:
7 en : in std logic; Bn i in Sid_loglcy
. - . _ B addr : in std logic vector({® dowmto 0);
8 addr : in std logic vector (S downto U); = ., _ - . i
9 di : in std_logic vector(l5 downto 0); . di : dn std_loglc wector(ls downto J);
. CT —091C_ I O 10 do @ out std logic vector(l: downto 0));
10 do : out.std_loglc_vector(l.J downto 0)); 11 end rams 02b;
L1 end rams 02a; ) 12 architecture syn of rams 02b is
B 2rchitecture Syn of rams 02a is 13 type ram_type is array (°° downto [} of std logic wector (17 downte 0);
13 type ram_type is array (c- downto 0) 14 signal RAM : ram type:
14 of std logic_vector (15 downto 0); 15 signal read addr: std logic vector (T downte 0);
15 signal RAM : ram type; 16 begin
1€ begin 17 process (clk)
17 process (clk) 14 begin
18 begin 15 if clk'ewant and clk = 17 then
19 if clk’event and clk = "1’ then 20 if en = "' then
20 if en = '1" then 21 if w2 = "1" then
21 if we = '1' then 22 ram{conv_integer{addr)) <= di;
22 RAM (conv integer(addr)) <= di; — end if;
23 do <= di; - 2 read addr <= addr;
24 else — =:ﬂ if;
25 do <= RAM( conv_integer(addr)); f:’ . ,
26 end if: - 27 end process:
X ’ Z8 do <= ram{conv_integer{read addr));
27 end if; . . - -
_ % end syn;
28 end if;
29 end process;
30 end syn;



Single-Port RAM in No-Change
Mode
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Verilog

module v _rams 03 (clk, we, en, addr, di, dout);

input clk;
input we;
input en;
input [0:0] addr;
input [15:01 di;
output [15:0] dout;
reg [15:0] RAM [c=:01;
reg [15:0] dout;
always @ (posedge clk)
begin
if (en)
begin
if (we)
RAM[addr] <= di;
else
<= RAM[addr];
end
end
endmodule
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likbrapy icce:
use icee.std logic 1164.all:
use icee.std logic unsigned.all:
entity rams 03 is
port (clk : in s5td logic;
we @ An std logic:
en : im std logic:
addr : in std_logic_vector{® downto 0);:
di : im std logic wvector {15 downte 0);
do : out std logic vector(l’ dewnte 0)};
end rams_03;
architecture zyn of I‘EIII:I.E-_U'J is
type ram lype is array (-7 downte () of sid logic weclor (15 downte O);

signal RAM :
begin

ram type;

process (clk)
begin

if clk'evant and clk = ' 1" then

if en = ' ' then

if we = '1' then
FEM{conv_integer {addr)) <= di;
alse
do <= BAM{ conv integer (addr));
end if;

end if;

end 1f;
and process;

and syn;
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Single-Port RAM with Asynchronous Read = 2| osuue

Verilog

1 module v _rams 04 (clk, we, a, di, dout);
2 input clk;

3 input we;

4 input [5:0]1 a;

5 input [15:0] di;

6 output [15:0] dout;

7 reg [15:0] ram [c5:0];

8 always @ (posedge clk) begin
9 if (we)
10 ram[a] <= di;
11 end
12 assign dout = raml[al;

13 endmodule
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VHDL

library less=;
use ieee.std logic lléd4.all;
use ieces,.std logic unsigned.ally
entity rams_04 is
port (clik : im atd logic;
we i in std loglc:
a ¢ in std_logic_wvector(s downts U):
di 1 im std logic wector(l? dewmte 0);
do : out std logic wvector{lS dewnto ()):
end rams 04;

architecture syn of rams (4 1is
type ram Lype is array (¢ downto 1) of sbtd 1(:!_;i'.: verlor
signal FAM @ ram_type:
bagin
process (Clk)
begin
if {clk'ewent and clk = "1} then
if (we = "1") then
BaM{conv_integer({a)) <= di:
end if;
end if;
end process:
do <= RAM(conv inbeger(a));
end zyn;

XEETE

{15 downto 0);



Single-Port RAM with Synchronous we—

Read (Read Through)

Verilog

I module v rams 07 (clk, we, a, di, do);
2 input clk;
3 input we;
4 input [5:0]1 a;
5 input [15:0] di;
& output [15:0] do;
K reg [15:0] ram [c=:0];
8 reg [5:0] read a;
9 always @ (posedge clk) begin
10 if (we)
11 ram[a] <= di;
12 read a <= a;
13 end
14 assign do = ram[read a];

15 endmodule
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VHDL

library icce;
use ices.std logic 1164.all;
use is=e=.s5td logic unsigned.all;
entity rams 07 is
port (clk : in std logic;
we @ in std_logice
a : in std logic vector( downto () ;
di : in std logic_wvector(l5 dowate U);
do : out std_logic_weoctor(l> dewnte 0));
end rams 07;
architecture syn of rams 07 is
type ram type 1s array (f° downte () of std logic wector (10 deownto 0);
signal FBM : ram Cype;
signal read a : sbd logic veclor{S downto 1) ;
begin
process (clk)
begin
if (clkfewvent =nd clk = " ') than
if (we = "'} then
EEM (conv_integer{a)) <= di:

and if;
read a <= a;
end if;

end process:
do <= REAM({cony Integer{read a));
end syn;



Single-Port RAM with Enable
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Verilog

module v rams 08 (clk, en, we, a, di, dout);
input clk;
input en;
input we;
input [5:0]1 a;
input [15:0] di;
output [15:0] dout;
reg [15:0] ram [£3:0];
reg [2:0] read a;
always @ (posedge clk) begin

if (en)
begin
if (we)

ram[a] <= di;
read a <= a;
end
end
assign dout = ram[read al;
endmodule

LA ool Ly B0 =
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library lese;
use ises.s5td logic 1164.all;
use ieee.std logic unsigned.all:
entity rams 09 is
port (clk : im =std logic;
en : im std_logic:
we : An std logicy
a 1 in std logle vecLor(S downto U0);
di : in std logic vector{'5 downte 0} ;
do : out std_logic_wector(lS downte 0)):
end rams_08;
architecture syn of rams 085 is
type ram type is array (o7 downto 0} of std logic wector (10 downte 0);
signal F2M : ram_type:
signal read a : std logic veclor(S downto 0);
begin
process (clk)
begin
if (clkfewvent and clk = F ') then
if (en = ") then
if (we = *1") then
BAM (conv_ inbeger(a)) <= di;

end if;
read a <= a;
end if;

end if;
end process:
do <= RAM(conv_Iinteger({read a)):
end syn;



Dual-Port RAM with Asynchronous Read ',

Verilog

I module v rams 09 (clk, we, a, dpra, di, spo, dpo);
2 input clk;

3 input we;

4 input [5:0]1 a;

5 input [5:0]1 dpra;

(3] input [15:0] di;

7 output [12:0] spo;

8 output [15:0] dpo;

2l reg [15:0] ram [c5:0];

10 always @ (posedge clk) begin
11 if (we)

12 ram[a] <= di;

13 end

14 assign spo = ramlal;

15 assign dpo = ramldpral;

1& endmodule
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VHDL .
library ices;
use ieee.std logic 1164.all;
use icee.std logic_unsigned.all;
entity rams 0% is
port (clk : im std loglc;
we 1 oin std logics
a @ im skd_logic wveclor{® downto U}
dpra : in sbd Jogic weclor (S downto O);
di : in sbd logic veclor (1S downte ()7
spo @ out sbd logic veclor{l® downto ()7
dpo : out std logic wector (1S downto 0)3);
and rams_09;
architecture syn of rams_05% is
type ram type is array (o3 downto 0) of s5td logic wector (15 downto ()
signal KAM : ram_type;
begin
procesa (clk)
begin

if {clk'ewent and clk = 717) then
if (we = " ') then
RAM{cony integeria)) <= di;
end if;
end if:
end procesg;
spo <= EEM{conv integerd{a)):
dpo <= EEM{conv integer{dpra)):
end syn;
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Dual-Port RAM with Synchronous

Read (Read Through)

Verilog

module v rams 11 (clk, we, a, dpra, di, spo, dpo);
input clk;
input we;
input [5:0]1 a;
input [5:0] dpra;
input [15:0] di;
output [15:0] spo;
output [15:0] dpo;
reg [15:0] ram [¢3:0];
reg [D:0] read a;
reg [D:0] read dpra;
always @ (posedge clk) begin
if (we)
ram[a] <= di;
read a <= a;
read dpra <= dpra;
end
assign spo ram[read a];
assign dpo = ram[read dpral;
endmodule
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VHDL "
library ieee;

use ieee.std logic 11€4.all;
use ieee.std logic unsigned.all;
entity rams 11 is
pert (clk : in std logic;
we : in std logic;
a : in std logic vector(5 downto 0);
dpra : in 5td_logic_vector(5 downto () ;
di : in std logic vector(l5 downte ();
spo @ out std_logic_vector(15 downto () ;
dpo : out std_logic_vector(15 downto 0)) ;
end rams 11;
architecture syn of rams 11 is
type ram type is array (c- downto 0)
of std_logic_vector (L5 downto 0);
signal RAM : ram type;
signal read a : std_logic_vector(5 downto () ;
signal read dpra : std_logic_vector(5 downto () ;
begin
process (clk)
begin
if (clk'event znd clk = "1') then
if (we = "1") then
RAM(conv_integer(a)) <= di;
end if;
read a <= a;
read dpra <= dpra;
end if;
end process;
spo <= BAM(conv_ integer(read a));
dpo <= RAM(conv_integer(read_dpra));
end syn;
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Dual-Port RAM with Synchronous
hrough) and Two Clocks

Read (Read

Verilog

module v rams 12 (clkl, clk2, we, addl, add2, di, dol, do2);:

input clkl;

input clkZ;

input we;

input [5:0] addl;
input [5:0] add2;
input [15:01 di;

output [15:0] dol;

output [15:0] doZ;

reg [15:0] ram [c3:01;

reg [D:0] read addl;

reg [D:0] read addZ;

always @ (posedge clkl) begin
if (we)

ram[addl] <= di;

read addl <= addl;

end

assign dol = raml[read addl];

always @ (posedge clk2) begin
read add2 <= addz;

end

assign do2Z = raml[read add2];

endmodule
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VHDL

library ieee;
use ieee.std logic 1164.all;
use ieee.std logic unsigned.all;
entity rams 12 is
port (clkl : in std logic;
clk2 : in std logic;
we : in std logic;

addl : in std logic vector (S downto 0);
add2 : in std logic vector (S downto 0);
di : in std logic wector(l5 downto 0);
dol : out std logic wvector (.5 downto 0);
do2 : out std logic vector (1S5 downto 0));

end rams_12;
architecture syn of rams_1Z is
type ram type is array (c3 downto () of std logic vector
signal RAM : ram type;
signal read_addl : std_logic_vector(5 downto ) ;
signal read_addZ std_logic_vector(5 downto ) ;
begin
process (clkl)
begin
if (clkl'ewvent zand clkl = ".'") then
if (we = ".") then
REM (conv_integer (addl)) <= di;

(15 downto 0);

end if;
read addl <= addl;
end if;

end process;
dol <= RAM(conv_integer(read_addl));
process (clkZ2)
begin
if (clkZ'event and clkZ2 = "1") then
read_addZ <= addz;
end if;
end process;
doZ <= RAM(conv_integer(read_ add2));
end syn;



Lo TS B S (T = P T 6 B

o

10
11
12
13
14
15
le
17
18
19
20
21
22
23
24

Dual-Port RAM with One Enable
Controlling Both Ports

Verilog

module v _rams 13 (clk, en, we, addra, addrb, di, doa, dob);
input clk;
input en;

input we;

input [5:0] addra;
input [5:0] addrb;
input [15:0] di;
coutput [15:0] doa;
5:0] dob;
0] ram [£32:0];

/1] read addra;
:0] read addrb;
always @ (posedge clk) begin
if (en)
begin
if (we)
ram[addra] <= di;
read addra <= addra;
read addrb <= addrb;
end

end

assign doa ram[read addra];

assign dob = ram[read addrb]:;
endmodule
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library icee;
use ieee.std logic 1l64.all;
use ieee.std logic unsigned.all;
entity rams 13 is
pert (clk : in std logic;
en : in std logic;
we : in std logic;
addra : in std logic vector (S dewnto
addrb : in std_logic_vector{i downto
di : in std logic vector(l5 dewnte 0);
doa : out Std_logic_vector{Li downto 0);
dob : out std_logic_vector{L5 downto U)) ;
end rams 13;
architecture syn of rams 13 is

r

r

0}
0y

type ram type is array (o3 downte 0) of std logic vector (15 downte [

signal RAM : ram type;
signal read_addra : Std_logic_vectorii downto 0);
signal read addrb : std logic vector (S dewnte 0);
begin
process (clk)
begin
if (clk"event and clk = "_") then
if (en = "_1") then
if (we = "1") then
RAM(conv_integer(addra)) <= di;
end if;
read_addra <= addra;
read addrb <= addrb;
end if;
end if;
end process;
doa <= RAM{conv_integer{read_addra});
dob <= RAM{conv_integer{read_addrb});
end syn;




Dual Port RAM with Enable on Each Port
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Verilog

module v _rams 14 (clk,ena,enb,wea,addra,addrb,dia,doa,dob);
input clk;
input ena;
input enb;
input wea;
input [5:0] addra;
input [5:0] addrb;
input [ 5:0] dia;
output [15:0] doa;
output [15:0] dob;
reg [15:0] ram [c3:0];
:0]1 read addra;
reg [5:0] read addrb;
always @ (posedge clk) begin
if (ena)
begin
if (wea)
ram[addral <= dia;
read addra <= addra;

end
if (enb)
read_addrb <= addrb;
end
assign doa
assign dob
endmodule

ram[read addral;
ram[read addrb];
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VHDL

library ieee;

use ieese.std logic_1164.all;

use ieee.std logic unsigned.all;
entity rams_14 is

port (clk in std_logic;
ena : in std logic;
enb : in std logic;
wea : in std logic;
addra in std_logic_vector(E downto ) ;
addrb in std logic_vector (S downto 0);
dia : in std logic vector (1S5 downto 0);
doa : out std logic wvector(lS downto U);

dob : out std logic vector(lS downto 0));
end rams_14;
architecture syn of rams 14 is

type ram type is array (c3 downto ) of std logic vector (L5 downto [

signal RAM ram_type;
signal read_addra std logic wector(: downto U);
signal read_ addrb std logic wvector (S downto 0);

begin
process (clk)
begin
if (clk'event and clk = "_") then
if (ena = "_") then
if (wea = "_.") then
RAM (conv_integer (addra)) <= dia;
end if;
read addra <= addra;
end if;

if (enb = "_") then
read addrb <= addrb;
end if;
end if;
end process;
doa <= RAM(conv_integer{read_addra)};
dob <= RAM(conv_integer (read_addrb)) ;
end syn;




Dual-Port Block RAM with Two Write Ports
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Verilog

module v rams 1€ (clka,clkb,ena,enb,wea,web,
addra,addrb,dia,dib,doa,dob) ;
input clka,clkb,ena,enb,wea,web;
input [5:0] addra,addrb;
input [15:0] dia,dib;
output [15:0] doa,dob;
reg [15:0] ram [c£3:0];
reg [15:0] doa,dcb;
always @ (posedge clka) begin

if (ena)
begin
if (wea)

ram[addral] <= dia;
doa <= raml[addral:

end
end
always @ (posedge clkb) begin
if (enb)
begin
if (web)
ram[addrb] <= dib;
dob <= ram[addrb];
end
end
endmodule
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WEA ——
WEB ——
ENA —— —— DOA,
ENB —— —— DOB
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DIB —— RAM
ADDRA ——
ADDRBE —
CLKA —>
CLKB —
X10E58
library IEEE;
use IEEE.std logic lle4.all;
use IEEE.std logic unsigned.all;
entity rams_ 16 is
port(clka : in std logic;
clkb : in =std_logics
ena : in std logicy
enb : in std logics
wea : in std logic;
web : in std logicy
addra : in =std_logic wvector (S downto 0);
addrb : in std logic wvector (S downto 0):
dia : in std logic vector(l> downte 0);
dik : in std_logic wvector(ls downte 0);
doa : out std logic wvector (1S downto 0);
dob : out std logic vector(lS downto 0)):
end rams_16;
architecture syn of rams_l6 is
type ram type is array (€3 downto 0) of std logic vector(lS downto 0);
shared wvariable RAM : ram type;
begin
process (CLER)
begin

if CLEA"event and CLEA = "' then
if ENA = *.* then
if WEA = "' then

RLM (conv_integer (ADDRA)) := DIA;
end if;
DOR <= RAM{conv_integer (RDDRA)) 7
end if;
end if;

end process:
process (CLEEB)
begin
if CLEB"event and CLEB = "1’ then
if ENB = *1* then
if WEE = "' then

RAM(conv_integer (ADDRB)) := DIE;
end if;
DOB <= RAM{conv_integer (RDDRE)) ;
end if;
end if;

end process;
end svn:
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Verilog

reg [Z*DI_WIDTH-1:0] RAM [SIZE-1:0];
always @ (posedge clk)

begin
if (welll)
RAM[addr] [Z2*WIDTH-1:WIDTH] <= di[Z2*WIDTH-1:WIDTH];
end if;
if (wel01)
RAM[addr] [WIDTH-1:0] <= di[WIDTH-1:0;
end if;
dout <= RAM[addr];
end

5

[ R -

VHDL

type ram Type l@ array (SIZE-. downte )
of .-:I'.rl_lrhqi:_'.'v.'ntnr (C¥KTNTY-  downto 1)
signal AaM @ ram Lype;

[

proocess (k)

EAM (conv integer (addr) ) (Z*WIDTO-1 dewnbe WIDTE) <= Gl (Z*WIDTO-1 dewmto WIDTH) ;

bagin

Af posedge{clk) than
if wufl) = '1" then
end i1f;

if waf(’) = '1" then

BAM (comv_integer {addr)) (WIDTI-. dewntoe U} <= i (WIDTH-1

mnd 1f£;
do <= ERM{cony integer (adds)) @
and Lf:
end proocess;

downta

e



Read-First Mode: Single-Port BRAM with Byte-wide
Write Enable (2 Bytes)

1 module v _rams 24 (clk, we, addr, di, dout); I library ises;
— - _ Z use lees,.std logic_llé4.all;
2 parmeter SIZE = 5127 1 use ises.std logic unsigned.all;
3 parameter ADDR WIDTH = 9; S -n ity rana 24 ia
— - 5 ganaria [(STEE : intagar := :
4 parameter DI_WIDTH = ©; 8 ADDR_WIDTH : integer i= 5;
5 input cllk; 7 DI_WIDTH : integer = 01};
. 1. . B port (clk @ in :l:c'l_lcg:i.c.'
& :I.nput [1:0] we; £l we ! in atd logic_vector(l dewnto 0] ;
7 input [ADDR WIDTH-1:0] addr; 10 adde ¢ in std_logle wecbor (ADDR_WIDTH-1 dewnbo 0) ;
8 input [2*DI_WIDTH-1:0] di; o aa rout sed tagic veceoe (s miBmm . dewmes 01:
9 output [2*DI WIDTH-1:0] dout; 12 end rams_24;
* -1 = -1 = . 14  architacture syn of rams_ 24 ia
10 reg [2 DI—WIDTH _J"O] RAM [SIZE J"O] ! 15 Lypa :.am_t,:"'pu is array [3IEE-] downto 1) of =td_logis_wvector (E%DI_WIDTH-1 downbo 0) ;
11 reg [2*DI_WIDTH—J_ : 0] dout; 16 signal HAM ; ram type;
12 reg [DI WIDTH—J_:O] dlD, dll; 17 signal 4did, dil : std logic wecteor [:I:II_I'?::I:ITH-. downto 0}
— . 18 begin
13 always @ (we or di) 15 prooess (wa, di)
3 20 begin
14 beqll_l . 21 if weq{.) = "7 then
15 if (welll) 22 dil <= di{24pT WIDTE-1 downto 14DI_WIDTH) ;
le dil = di[2*DI WIDTH-1:1*DI WIDTH]:; <= elae )
l? else - - 24 d4i1 <= BAM [conv_integer (adde) ) (C%DI_WIDTH-1 downbo 1*DI_WIDTH) ¢
25 end if;
18 dil = RAM[addr] [2*DI WIDTH-1:1*DI WIDTH]; 26 if wedl) = 717 then
. - - 27 dil <= di (DI WIDTHE-. downto O}
19 if (welO1) 5a oloe -
20 di0 = di[DI WIDTH-1:01; 25 dil <= BAM({oonv_integer (addr)) (DI_WIDTH-1 downta 0} ;
30 mnd if;
21 ej'se 31 end process;
22 dio = RAM[addr] [DI_WIDTH_J_ H 0] H 32 proceas(clk)
33 bagin
23 end 34 if (clkevent and clk = "1"] then
24 always @ (posedge Clk) a5 RRM{conv integer{addr)) <= dil & did;
25 begin ae do €= R:.Ht:c-nw_int=geriuddri] ]
. . a7 el A ¢
26 RAM[addr]<={dil,di0}; B ——
27 dout <= RAM[addr]; S nod oyn;
28 end

29 endmodule
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Write-First Mode: Single-Port BRAM with Byte-Wide

Write Enable (2 Bytes
Verilog

moduole v_rams 25 (clk, we, addr, di, dout):

parameter SIZE = S12;
parameter ADDR WIDTH = 5;
parameter DI WIDTH =

input clk;
input [1L:0] we;
input [ADDR WIDTH-1:0] addr;
input [Z#DI_WIDTH-1:0] di:
output [2+*DI WIDTH-1:0] dout;
reg [2+#DI_WIDTH-1:0] RAM [SIZE-1:0];
reg [2*DI WIDTH-1:0] dout;
reg [DI_WIDTH-1:0] di0, dil;
reg [DI_WIDTH-':0] doO, dol;
always @ (we or di)
begin
if (wel[l])
begin
dil = di[2+DI_WIDTH-1:1+DI WIDTH]:
dol = di[2+DI_WIDTH-1:1+DI WIDTH] ;
end
else
begin
dil = RAM[addr] [2*DI_WIDTH-1:.*DI WIDTH]:
dol = RAM[addr] [2*DI_WIDTH-1:1+DI WIDTH]:
end
if (wel[l])
begin
difd <= di[DI_WIDTH-1:0];
dol <= di[DI_WIDTH-1:0];
end
else
begin
di0 <= RAM[addr] [DI WIDTH-1:0]:
dol <= RAM[addr] [DI WIDTH-1:0];
end
end
always @ (posedge clk)
begin

RaM[addr] <= {dil,did}:
dout <= {dol,dol}:
end
endmodnle
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entity rams_2
generic (

VHDL

SIZE : integer := S512;
e

5 is

ADDR_WIDTH : integer :=

DI_WIDTH
port (clk

we

addr

di :

do : out

end rams_25;
architecture
type ram

: integer := £);

: in std logic;
in std_logic_vector(l downto ) ;

: in std_lmgic_vector(ADDR_WIDTH—l downto ) ;
in std_lmgic_vector(2*DI_WIDTH—1 downto ) ;
std logic_vector (2*DI_WIDTH-1 downteo 0));

syn of rams_ 25 is
type is array (SIZE-| downto ) of std_logic_vector (2*DI_WIDTH-1 downte U);

signal RAEM : ram type;

signal di
signal do0, d
begin

process (w

begin
if we
d

0, dil : std logic_wector (DI_WIDTH-1 downto 0);
ol : std_logic_vectmr (DI_WIDTH-1 downto U);

=, di)
(1) = "1 then
il <= di (2*DI_WIDTH-! downto 1*DI_WIDTH) ;

dol <= di(2*DI_WIDTH-1 downto 1*DI_WIDTH) ;

else
d
d

end i

if we
d

il <= REM(conv_integer (addr)) (2*DI_WIDTH-! downto 1*DI_WIDTH) ;
ol <= RAM(conv_integer(addr]](2*DI_WIDTH—1 downto 1*DI_WIDTH) ;
£;

(0) = "1" then

i0 <= di(DI_WIDTH-1 downto 0} ;

do0 <= di(DI_WIDTH-! downto 0);

else
d
d
end i
end proce
process (c
begin
if (e

i0 <= R&M(conv_integer (addr)) (DI_WIDTH-1 downte 0);
ol <= RAM(conv_integer(addr]](DI_WIDTH—l downto ) ;
£;

ss;

1k)

lk'event and clk = "1’) then

RAEM (conv_integer (addr)) <= dil & di0;

d

end i

end proce
end syn;

o <= dol & dol;
£;

ss;



No-Change Mode: Single-Port BRAM with Byte-

Wide Write Enable (2 Bytes)
Verilog

module v_rams_26 (clk, we, addr, di, dout);
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parameter SIZE = 512 ;
parameter ADDR_WIDTH = &;
parameter DI WIDTH = &;
input clk;
input [1:0] we;
input [ADDR WIDTH-1:0] addr;
input [2#*DI_WIDTH-1:0] di;
output [Z*DI_WIDTH-1:0] dout;
reg [Z*DI WIDTH-1:0] RAM [SIZE-1:0];
reg [Z*DI WIDTH-1:0] dout;
reg [DI_WIDTH-1:0] di0, dil;
reg [DI WIDTH-1:0] dol, dol;
always @ (we or di)
begin
if (wel[l]1)
dil = di[z *DI_WIDTH.—L H L*DI_WIDTH.] ;
else
begin
dil = ERaM[addr] [E*DI_WIDTH—" : L*DI_WIDTH] ;
dol = RAM[addr][= *DI_WIDTH—L : L*DI_WIDTH] ;
end
if (we[U]1)
did <= di [DI_WIDTH—L 01
else
begin
di0 <= RAM[addr][DI_WIDTH-1:0];
dol <= RAM[addr] [DI_WIDTH-1:0];
end
end
always @ (posedge clk)
begin

EAM[addr]<={dil,di0};
dout <= {dol,do0};
end

endmodule
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VHDL

library iesee;
use ieee.std _logic llé4.all;
use ieee.std_logic unsigned.all;
entity rams_ 26 is
generiec (5IZE : integer := S1Z2;
ADDE._WIDTH : integer := 5;
DI _WIDTH : integer := 2);
port (clk : in =std_logic:
we @ in std_logic_vector(l downto O);
addr : in =std logic_wector (ADDR_WIDTH-I downto 0) !
di : in std logic vector (2+DI_WIDTH-1 downto O);
do : omt std logic vector (24#DI_WIDTH-1 downto CO)):
end rams_2&;
architecture syn of rams 26 is
type ram type is array (SIZE-1 downto 0) of std logic vector (2*DI_WIDTH-! downto
signal RARM @ ram type;
signal di0, dil : std_logic_vector (DI_WIDTH-L downte O} ;
signal doQ, dol : std logic vector (DI_WIDTH-1 downto 0O);
begin
process (we, di)
begin
if we(l) = "7 then
dil <= di(2#DI_WIDTH-! downto _*DI_ WIDTH) :
else
dil <= RRM(conv_integer(addr)) (2+DI_WIDTH-. downto 1*DI WIDTEH) :
dol <= RAM(conv_integer (addr)) (2*DI_WIDTH-! downto 1%DI WIDTH) ;
end if;
if we(l) ="' then
di0 <= di(DI_WIDTH-! downto O):
else
di0 <= RRM(conv_integer(addr)) (DI_WIDTH-1 downto O);
do0 <= RRM(conv_integer (addr)) (DI_WIDTH-1 downto O);
end if;
end process;
process (clk)
begin
if (clkfevent znd clk = *.'}) then
REM({conv_integer (addr)) <= dil & di0;
do <= dol & dod;
end if;
end process;

end syn;

oy



]| RAM 1 Dl— RAM 2
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Multiple-Port RAM Descriptions sPol— ol —
WA A WA—A
DPO——D0OA DPO——DO0O2
RAA1 DPRA RA2——DPRA
CLK—1> CLK—>
XE083
1 module v rams 17 (clk, we, wa, ral, raz2, di, dol, do2); L library leee;
: - . 2 use isees.std logic 1164.all;
- J_.nput Cl]f' i wuse isee.std logic unsigned.all;
3 input we; £ entity rams_17 1is
4 input [5:0]1 wa; 5 port (clk : im std logic:
5 input [5:0] ral; E we 1 oim sbd loglco;
= input [5:01 ra2;: 7 wa @ imn s5td legic veckor (S downte U);
. P o i fi ral : im 5td_logic_wector (D downte 0);
7 input [15:0] di; g ra2 : in std_logic_wvector (S dewnte U);
5] output [15:0] dol; 10 di i in std loglc vector{l> dewnte U);
g output [15:0] doZ; 11 dol @ out :.'»L'J_lugic_'.rer_'Lur{Z" downto ) ;
. e . 12 do? @ out std logic wvector(!? downto 1)) :
10 reg [15:0] ram [c£3:0]; 13 end rams 17:
11 always @ (posedge clk) 14 architecture syn of rams 17 is
12 begin 15 type ram type is array (-3 downto U) of std loglc wector (15 downto ()
13 if (we) |5 =signal RAM : ram type;
14 <= di; || begin
ramfwal <= di; 1n process (clk)
15 end 1% begin
1e assign dol = raml[rall;: 20 if (clk'event =nd clk = "17) than
. = . 21 if (we = "1") then
= assign do2 ram[raz]; 22 FEM{conv_integer(wa)) <= di;
1% endmedule 29 end if;
24 end if;
25 end process;
2B dnl <= R&M{conv integer{ral));
27 doZ <= RaM{conv_integer{ra));
20 end syn:




Block RAM with Reset Pin
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Verilog

module v_rams 18 (clk, en, we, rst, addr, di, dout);

input clk;

input en;

input we;

input rst;

input [5:0] addr;
input [15:0] di;
output [15:0] dout;
reg [15:0] ram [£3:01;
reg [15:0] dout;
always @ (posedge clk)

begin
if (en) // optional enable
begin
if (we) // write enable
ram[addr] <= di;
if (rst) // optional reset
dout <= 1&"h0000;
else
dout <= ram[addr];
end
end

23 endmodule

O =1 & N = W M=

VHDL

library iecee;
use leee.std logic 1led.all;
use ieee.std logic unsigned.all;
entity rams 16 is
port (clk : in std logic;
en : in std logic;
we : in std logic;
rst : in std logic;
addr : in std_logic_vector(5 downto ) ;
di : in std logic vector(l5 downto 0);
do : out std logic wvector(lS downto 0));
end rams_18;
architecture syn of rams 18 is
type ram type is array (-3 downto U) of std_logic_vector (15 downto 0);
signal ram : ram type;

begin
process (clk)
begin
if clk'event znd clk = "1’ then
if en = '1" then -- optional =snable
if we = '1' then -- write enable
ram(conv_integer (addr)) <= di;
end if;
if rst = '1" then —- optional reset
do <= (others => "0");
else
do <= ram(conv_integer (addr))
end if;
end if;
end if;

end process;
end syn;
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Wlt O ptIOnaI WE — Block
. RAM
n utput Regist -
=
Ver. Dl — o b
1 mod Ilog ADDR1 ——
ule v r
f=hul —
2 addrl 5 19 (clkl, clk2, we e RES:
; —1— RES2
3 : , addr2, di, resl ]’: , enl, en2, VH D L CLK1
= nput clkl; ! es2); 1 libra I G i r> F>
i B ry IEEE; LKz ——
- :!.nP'ut clk2; 2 library IEEE; -
in 32 use I "
~ | put we, enl, enz2; 4 e IEEE.STD LOGIC_1l€4 .
g :I.nput C o ! N, - use IEEE.STD LOG - -ALL; e
7 . [5:0] addrl; S entity rams_1s S1C_UNSIGNED.ALL:
8 input [°:0] addr2; ; pore (elkl, cli2 - 4
9 1nput 15> --I] d_‘i_ . s we, enl, enZ . ii 5::_10gic;
=l . . : std logic:
10 GutP'lIt [_5 - "|] réSl £ :Esii * in std logic ;ezzzii' d
. 10 : in std . T 5 downto 0);
o - Adz 1 i : 0 ;
11 utput [15:0] r : 11 di : in sud_lo logic_vector{S downte 0);
- es2 re i | logic_wector(ls I
12 reg [—-' H :-I] resl ! — res2 sl : out std logic_vect 5 downto 0} ;
g . : — _vec 5
] reg [15:0] i L end rams lg?ut std_logic_vector ugr‘;la downto 0} ;
13 ~o:U] resz; 14 architecture ewnte 11}
N reg [15:0] RAM [03:C 15 typ: ure beh of rams 19 is
. ~ ca:tlU]; = ram t ; —
. reg [.5:0]1 dol; 1 e ciomal rom . zem oype: {2 downto ¢
15 - . ; 17 ; Tam : ram type; o 0} of std_logi
; eg [15:0]1 d _ signal dol : TR _logic_wvector (1S
16 - 02: 1e signal < std_logic_wect - 5 downto 0}
_ always @( i R - e o2 © st lomis gie_vEeTor(l” downto 1) '
17 begi posedge clkl) - _vector(is downto 0);
; n _ process ”
L2 if (we o bEQiziﬂk”
1 — ;F :u if wi=i
9 bl} az !‘.‘!.Elng_&dge[clkl) then
20 dol AM[addrl] <= di; 24 if we = "1’ then
. [e] <= I 25 ram({col i
21 end REM[addrl]; . end it. nv_integer{addrl)) <= di;
22 e dol <= "
alwa.ys @ { ol end i ram{conv_inte
os 2z if; - ger{addcl)};
23 begin posedge clk2) 29 end process;
24 d a0 process (elk2)
2 dor < maNfacdr2); - e
- 2 sing_ed
26 a _edge {clk2) then
al 33 02 <= ram i
ways @ (posed 3 end if; {conv_integer{addr2));
7 : ge clkl 4 i
28 begin ) 35 end process;
. - process (clk
20 if {el’ll — _rbl} 3; bagin Y
resl <= ] s if rising edgel
L end dol; 23 Jorna sdanisiEl) then
31 1 a0 resl < Ehen
always € ( : ey
posed 41 end 1f7 '
32 begin ge clk2) 5 end if;
33 if a3 end process;
34 (en2 == 1"bl) a4 process (clkd)
_ egin
35 res? <= d . 45 ) T
- end 02’ E if r+s;ng_edge(c1k2) then
o endmodule 4u if en2 = 717 then
4z ond res2 <= dol;
45 if;
- . end if;
= Process;
=1 end beh: i



Initializing RAM Directly in HDL Code

1 // Binary 1
2 reg [15:0] ram [c3:0]; 2 type ram type is array (0 to ¢3) of std logic vector(l9 downto 0);
3 initial begin 3 signal RAM : ram type :=
4 ram[c3] = 1¢'b0111100100000101; a |
2 ram[co] = 16'b00000LIOLI0L1I1101; 5 X"0200A", X"00300", X"08101", X"04000", X"08601", X"0233A",
6 Iam[El] = J.E'blloooollololoooo; 6 XFTOO300‘T' XFTOS602‘T' X‘702310‘T' X‘70203B"' X‘T08300"' X‘TO4002"'
; //"E'] —  'P0000100101110011 - 7 X"ggzol", X"0o0s500", X"04001™, X"02500", X"00340", X"00241",
9 end ram[i] = 1¢ ! 8 X"04002™, X"0g300", X"0gz01", X"00500", X"08101", X"00e02",
10 el X"04003", X"0241g", X"00301", X"001l02", X"02122", X"0z2021",
11 // Hexadecimal 10 X"0o301", X"00lo2™, X"02222", X"04001", X"00342", X"0232B",
12 reg [19:01 ram [¢3:01; 11 X"0osoo", X"00302", X"0O0lo2", X"04002", X"00900", X"08BZ01",
13 in:i.tia.i. begin ' 12 X"0z2023", X"00303", X"02433", X"00301", X"04004", X"0O0301",
14 ram[£3] = 20'h0200A; ram[62] = 20'h00300; ram[c1] = 20'h08101; — X"ooloz2®, xt02137, X"0203e", X"00301", X"0Dlo2%, X"02237,
15 ram[¢0] = 20'h04000; ram[59] = 20’h08601; ram[58] = 20'h0233A; 14 X"04004", Xx"00304%, x"04040", X"02500", X"02500%, X"02500%,
16 Y 15 X"0030D"™, X"02341™, X"08201™, X"0400D"™);
17 ram[2] = 207h02341; ram[l] = 20'h08201; ram[0] = 20'h0400D; le ...
18 end 17 process (clk)
19 //... 18 begin
20 always @ (posedge clk) 1E if rising edge(clk) then
21 begin 20 if we = "1’ then
22 if (we) 21 RAM (conv_integer(a)) <= di;
23 ram[addr] <= di; 22 end if;
24 dout <= ram[addr]; 23 ra <= a;
23 end 24 end if;

25 end process;

26 ...

27 do <= RAM(conv_integer(ra));




Initializing RAM Directly in HDL Code

Dual Port Block RAM Initialization in Verilog

I module v rams 20b (clkl, clk2, we, addrl, addr2, di, dol, do2);
2 input clkl, clk2;
3 input we;
4 input [/:0] addrl, addr2;
5 input [15:0] di;
6 output [15:0] dol, do2;
7 reg [15:0] ram [255:01;
8 reg [15:0] dol, doZ;
9 integer index;
10 initial begin
11 for (index = 0 ; index <= °9 ; 1index = 1index + |) begin
12 ram[index] = 1&'h8282;
13 end
14 for (index= 100 ; index <= 255 ; index = index + |) begin
15 ram[index] = 1c'hBE8RE;
16 end
17 end
18 always @ (posedge clkl)
159 begin
20 if (we)
21 ram[addrl] <= di;
22 dol <= ram[addrl];
23 end
24 always @ (posedge clk2)
25 begin
26 doZ <= ram[addrZ];
27 end

25  endmodule



Initializing RAM from an External File in Verilog

Verilog

Hexadecimal/Binary in text format

EE{ C\Users\Reza\Desktop\FPGA\Versiond (2018)\rams_20c.data - Notepad++ — O *

File Edit 5earch View Encoding Language Settings Tools Macro Run  TextFX
Plugins  Window I X

sOHER LA BB de(he @ BE|S1

. module v _rams 20c (clk, we, addr, din, dout):
2 input clk;
3 input we;
q input [5:0] addr;
5 input [51:0] din;
6 output [51:0] dout;
7 reg [Z1:0] ram [D:62];
8 reg [Z1:0] dout;
g initial
10 begin
11 sreadmemb ("rams Z20c.data",ram, 0, ©63);
12 end
13 always @ (posedge clk)
14 begin
15 if (we)
16 ram[addr] <= din;
17 dout <= ram[addr]:;
18 end

19 endmodule

= rams_20c data E3 |

1

CO =] oy N = L B

2l
10
11
12
13
14
15
16
17
18

114G

8ec2adet
df759d£f7
9d0099do
4labfdla
b7€51b76
afdicafd
2dd972dd
9%ad399%a
d72d7d72
6l0alelo
aaf87aaf
al4deald
06704067
24114241
bedcdbed
91lecT9le
cab85cab
3dcle3dc

AN-SBEoANS

[ C:\Users\Reza\Desktop\FPGA\Versiond (2.  — a =

File Edit 3Search View Encoding Language Settings Tools
Macre  Run  TextFX Plugins  Window 2 X

cEHE R smb|oc|aiplx >

[ rams_8x32 data E3 |

lengt Ln:1 Col:1 Sel: 0]

1l 00001111000011110000111100001111
01001010001000001100000010000100
0oo000000001111100000000001000001
11111101010000011100010000100100
00001111000011110000111100001111
01001010001000001100000010000100
0o000000001111100000000001000001
11111101010000011100010000100100

00 =] &y LA = Lo [

Ln:8 Col:32 Sel: Windows (CRLF)  UTF-& NS




Initializing RAM from an External File in VHDL
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library iecee;
use ieee.std logic 1164.all;
use ieee.std logic unsigned.all;
use std.textioc.all;
entity rams 20c is
port(clk : in std logic;
we : in std logic;
addr : in std logic vector(S downto 0);
din : in std logic wector(3l downto 0);
dout : out std_logic_vector{SL downto 1))
end rams 20c;
architecture syn of rams 20c is
type RamType is array(0 to ©2) of bit vector(3. downto 0);
impure function InitRamFromFile (RamFileName : in string) return RamType is
FILE RamFile : text is in RamFileName;
variable RamFilelLine : line;
variable REM : RamType;
begin
for I in RamType’range loop
readline (RamFile, RamFilelLine) ;
read (RamFileLine, RAEM(I)):
end loop;
return RAM;
end function;

signal RAM : RamType := InitRamFromFile("rams 20c.data");
begin
process (clk)
begin
if clk"event and clk = " then
if we = "' then
REM{conv_integer(addr)) <= to_bitvector(din);
end if;
dout <= to_stdlogicvector (RAM(conv_integer(addr)));
end if;

end process;
end syn;
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ROM with Registered Output, Example 1

Verilog

module v_rams_2la (clk, en, addr, data):
input clk;
input en;
input [5:0] addr;
ontpunt reqg [15:0] data;
always @ (posedge clk) begin
if (en)
case (addr)
cfB000000: data
¢'b000001: data
c'p000010: data
c'k000011: data

o'pb000100: data hOo8601;
c'p000101: data <= Z20"h02334;
o'ph000110: data <= h00300;
c'B000111: data <= hOoge02;
¢'p001000: data <= h02310;
£'p001001: data <= hOZ03B;
c'k001010: data <= Z20"h08300;
o'b001011: data <= h04002;
c'k001100: data <= 20"h08201;
o'ph001101: data <= h00500;
c'p001110: data <= h04001;
6'R001111l: data <= h02500;
£'p010000: data <= ho0340;
c'R010001l: data <= 207h00241;
o'b010010: data <= h04002;
c'p010011: data <= Z20"h08300;
o'pb010100: data <= h0o8201;
£fp010101: data <= hOo0s00;
6'ph010110: data <= h05101;
£'k010111: data <= ho0e0z;
c'p011000: data <= 207h04003;
£'ph011001: data <= hOZ41E;
£'k011010: data <= Z20"h00301;
©'ph011011: data <= ho0102;
£'k011100: data <= 20"h02122;
©'pk011101: data <= ho2021;
£'k011110: data <= hOo0301;
c'R011111: data <= h00l02;
endcase
end
endmodule

data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data

0fn0z2222;
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VHDL

library ieee;
use ieee.std_logic 1164.all;
use ieee.std logic unsigned.all;
entity rams 2la is
port (clk in std logic;
en : in std_logic;
addr : in std_logic_vector{E downto ) ;
data out Std_logic_vector{;i downto ()} ;
end rams 2la;
architecture syn of rams 2la is

K050

type rom type is array (¢3 downto 0) of std logic vector (.° downto

signal RCOM rom type:= (

xX"0200&"™, X"00300™, X"08101"™, X™04000"™, X"08e601"™,

X"I 3' 0 ' X'II X'Ill::zg' X"I':
¥"ogzolr, X" X"04f , X"
X"o4ooz", X" x"ogz201", X"oglo1",
} X" X"I 3[:1"! X" X"l::2122"’
102", x"02222", X"04001",
302", x"00102", X"o4002",
X"ozozar, 303", X"02433", )
x"001o02™, X"02137™, X"02036",

X"04004", X"00304™, X"04040", X"02500",
X"0030D™, X"02341™, X™"0B201", X"0400D");
begin
process (clk)
begin
if (clk’'event and clk = ") then
if (en="_") then
data <= ROM{conv_integer{addr));
end if;
end if;
end process;
end syn;

x"0233n",
X"R4CC2",

X"oz2021",
X"0232B",
x"ogz2o01",
Xx"oo3o01",
X"o2237",
x"o2s500",

-
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Verilog

module v_rams_ 21k {(clk, en, addr, datal;

input clk;
input en;
input [5:0] addr:
cutput reg [l
reg [12:0]1 rdata;

01 data;

always B (addr) begin

case (addr)

k000000 :
7000001 :
£ 000010:
&'b000011:
S B000100:
k000101 :
© 0O00Ll10:
©'p0O00111:
©'b001000:
k001001 :
E'b001010:
001011 :
©'001100:
©'b001101:
£'b001110:
£'b001111:
T 0l0000:
©'b010001
S B0l0010:
e'k0l0011:
©fbOl0Ol00:
7010101 :
©'b010110:
©'B0l0111:
E'b011000:
©fh0OLl100L:
©'0OLl1010:
©'b011011:
' B011100:
£'b011101:
©fb0Ol1110:
©'k0O11111:

endcase
end

rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata

<= I0"h0Z00&;

always B (posedge clk) begin

if {en)

data <= rdata;

end
endmaodule

£'B100000:
Tkl00001:
Tk100010:
b100011:
b100100:

"B10O1110:
k101111 :
Tkl110000:
TB110001:
"B110010:
"B110011:
TR110100:
Tk110101:
"k110110:
"B110111:
Tk111000:
Tk111001:
Tk111010:
"B111011:
"B111100:
fk111101:
Tk111110:
©'k111111:

rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata
rdata

d Output, Example 2

<=

<=

0rh0z222;
Tho400L;
Tho0242;
*h0232B;
ThO0S00;
Thoo302;

Ofho4004;
OfhO030L;
20'h00l02;
0"h02137;
0'hO2036;
OfhnO030L;
Ofho010z;

OfRO030D;

Thiz341;
ThoB20L1;

0" h0400D;
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VHDL

library icee;
use ieee.std logic 1164.all;
use ieee.std logic unsigned.all;
entity rams 21b is
port (clk in std logic;
en : in std logic;
addr in Std_logic_vector{E downto ) ;
data out Std_logic_vectortli downto 0));
end rams 21b;
architecture syn of rams 21b is
type rom type is array (o2
signal ROM rom type:=
X"0200 ) x"og1i01",
X"oz31o0™,
X"C4CC1“,
X"og201™,
X"oo301™,
x"o2222",

, X"02433",
, X"0203e",
X"00304", X"04040", X"0 o,
X"02341", X"08201", X"0400D");
std_logic_vector{;& downto ) ;

nm

X"0o30D"™,

signal rdata
begin
rdata <= ROMtconv_integer{addr));
process (clk)
begin
if (clk’event and clk = ".") then
if (en ="_") then
data <= rdata;
end if;
end if;
end process;
end syn;

downto 0) of std logic vector (L©

X"08601",
X"083
)

X"00340 '
X"osio1",
x"gz21zz",

X10570

-~ downto
X"0233m",
X"C4CC2",
X"ooz41",
X"CCDCQ",
x"ozoz1m,
X"0z23zB",
X"oszo01",
X"oo3o1",
x"o2237",
Xx"o2500",

o)



EN — —— DATA

ROM with Registered Address AooR— RO

CLKk —>»

Verilog VHuL e

1 module v_rams_2lc {clk, en, addr, data): 1 library ieee;

; iﬁg:: :Illk 2 use ieee.std logic 11é4.all;

g input [5:0] addr; 3 use leee.std logic unsigned.all;

5 ocutput reg [15:0] data:; 4 entity ra_ms_21c is

€ reg [5:0] raddr; 5 peort (clk : in std logic;

7 always E(posedge clk) begin o en : in std ]_ogj_c;

b if {en) 7 addr : in std logic vector (5 downto 0);

13 and radds <= addss 8 data : out std logic vector(l® downto 0});

11 always B (raddr) begin 9 end ra.ms_2lc;

12 case (raddr) 10  architecture syn of rams 2lc is

13 £'b000000: data ] £'b100000: data <= 20"h022223; 11 type rom type is array (c3 deownto 0) of Std_logic_vector (1% downto U);
14 STBODODOL: data STplO000L: data <= RO4001; 12 rom type:= (

15 £'b0000L0: data £'bl00010: data <= hO0342; . TR e FE . . FE . e -
16 £'b0000LL: data £'bl000LL: data <= hO232E; _13 XHIZ:LEIZ:I‘"’ X1,|Z:°£"%_"’ X1,|I:4IZ:|;|""' Xuliszli%n’ XHI:E?_?;‘,,’
17 £'b000L00: data £'b1l00100: data <= 20" h00S00; 14 x"0se02", ¥"02310", X"0203B", X"08300", X"04002",
18 £'b000101: data £'bl00101: data <= h00302; 15 X"l , X"04001", X"02500", x"ooz41",
13 £'b000L110: data £'bl0011l0: data <= ROOLOZ; 16 X"08300", X"08201",

20 ©'b000111: data k100111 data <= ho4002; 17 X"0241E™, X"00301", X"02021",
21 £'BO0LlO00: data E'plOLl000: data <= ROOS00; : WA A e " . "
2z £'B00l00L: data rB101001: data <= hO2201; ig ;_:;ﬁ::i::;"’ in::iif_;"’ iu::fgf_?"’
23 STBODLOLD: data TplOl010: data <= ROZOZ23; See ULy SHedL
22 £'bB00L0LL: data £ B101011: data <= hO0303; 20 X"00303™, X"02433", x"po3o1n",
25 £'b0O01100: data £'b101100: data <= h02433; 21 x"02137", x"02036", X"pz2237",
26 £'b001101: data £'bl01101: data <= hO0301; 22 X"00304"™, ¥"04040", X"02500",

27 E'bO0L110: data E'blO1110: data <= RO4004; " . T Weaan WA Ay .

28 £'b001111: data £'b1l01111: data <= hO0301; - . B X I"2?4l , XTO52017, X I"A_ll"l"D Y

2 SrROl0000: data SrB110000: data €= hOOL0Z; 24  signal raddr : std logic vector(5 downto U);

30 S BOL1000L: data £'bl1000L: data <= 20°h02137; 25 begin

31 £'b010010: data £'b110010: data <= hO203€; 26 process (clk)

22 £'bOl00LL: data E'bll001lLl: data <= ROO20L; 27 begin

23 £'B0L0LO0: data £'Bl10100: data <= hOO102; 28 if (clk’event and clk = ") then

34 S'BOl010Ll: data E'bll010Ll: data <= ROZZ37; - .oy

a5 £'B010110: data £ b110110: data <= 20°h04004; 29 if (en = "7} then

36 £'b010111l: data E'bll01ll: data <= nO0204; 30 raddr <= addr;

37 £'b011000: data £'b111000: data <= ho4040; 31 end if;

38 STBOl1l00Ll: data STpBlllO0l: data <= ROZ500; 32 end if:

35 £'b011010: data £'bl11010: data <= h02500; 32 end process:

a0 E'BOl1lO01l: data 'blll0ll: data <= nOZ500; .

a1 £rBO11100: data £'b111100: data <= 207 h0030D; 34 data <= ROM(conv_integer(raddr));

4z c'BO011101: data c'p111101: data <= hoz341; 35 end syn;

a3 £'b011110: data £'bl11110: data <= ROZZ0L;

44 £'b011111: data £'bl11111: data <= 20°h0400D;

45 endcase

48 end

47 endmodule



Pipelined Distributed RAM

Verilog

! module v rams 22 (clk, we, addr, di, dout);
2 input clk;

3 input we;

4 input [2:0] addr;

5 input [2:0] di;

6 output [::0] dout;

7 (*ram style="pipe distributed"¥)
8 reg [2:0] RAM [511:07;

2] reg [2:0] dout;

10 reg [2:0] pipe reg;

11 always @ (posedge clk) begin

12 if (we)

13 RAM[addr] <= di;

14 else

15 pipe reg <= RAM[addr];
16 dout <= pipe reg;

17 end

15 endmodule

00 =] T P o L [
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VHDL o

library less=;
uge iees.std logic 1164.all;
use iees.std loglic unsigned.all;
entity rams_Z22 is
port (clk : im std logic;
we 1 in std logic:
addr : in std logic_wector (. downte U):
di 1 in std logic vector(® downto 0);
do : out std_logic_wector (i dewnte 0)):
end rams 227
architecture syn of rams 22 is
type ram Lype is array (511 downto 0) eof std loglc wector (0 downte O) ;7
signal EAM : ram_type;
signal pipe reg: std logic wector (! downte 0):
attribute ram style: string;
attribute ram style of RAM: signal is "pipe distributed®;

begin
process (clk)

begin

if clkfevent and clk = '1° then
if we = "1" then
REM (conv_integer(addr)) <= di;
alsae

pipe _reg <= BRAM( conv_integer(addr));

end if;
do <= pipe_req;

end if;

end process;
end svn:



Finite State Machines (FSM)

- Finite state machines
(automata) are used as the
backbone controllers and timing
managers of digital systems.

- FSMs can be graphically
llustrated by bubble diagrams.

- Flawless design of FSMs is
critical for a proper system
function.

- FSMs with dead-ends or
erroneous state-transitions can
result in hardware hanging or
malfunctions.

01

RESET —( S

00




Finite State Machines Components

An FSM consists of:

* Inputs

- Outputs

- States and state sequences
- State transition rules

- Initial conditions (states)

- Resetting mechanism

FSM Implementation issues:

- State encoding technique
- Robust FSM design and state recovery mechanism



Finite State Machine (FSM) Representation
Incorporating Mealy and Moore Machines

Mealy Machine

. S — S, X INPILLs e—
Mealy Machme:{ o1 = [ (S Xpc)

Moore Machine: {

Vi = 9(Sk, Xx)

ety

pr—

Next State
Combinational
Logic

State

Register

—_—

Quiput
Combinational
Logic

Vi = 9(Sk)

Sk41 = f(Skl xk) INPUIS et

Moore Machine

Next State
Combinational
Logic

State

Quiput

Register

Combinational
Logic

Ouiputs

> (Mealy-tvpe)

Quipuis
(Moore-type)

Research Topic: According to the above representation, Mealy and Moore machines
can be studied from a state-space perspective. The rich literature of state-space
analysis from Control Theory can be used to study the properties of logic circuits.



FSM Encoding Techniques

HDL synthesis tools support various FSM encoding techniques

Including:

= One-Hot

= Gray

= Compact

= Johnson

= Sequential

= Speedl

= User Defined
= Auto Encoding

# Binary Gray | Johnson One-hot
0 000 000 0000 00000001
1 001 001 0001 00000010
2 010 011 0011 00000100
3 011 010 0111 00001000
4 100 110 1111 00010000
5 101 111 1110 00100000
6 110 101 1100 01000000
7 111 100 1000 10000000

Same number of bits as bina/r/y

X Two adjacent codes only differ by one bit




Sample FSM Encoding Logic

Inputs Outputs
The One-Hot Encoder
A — - (g
B —w 2tod4 |
Binary
Decoder —» (1
A B ‘i‘ B AND Gate —» U3
Inverter e
- (g = AB
Nl g
| - | E 5 )7[11=AB
i{lr;ir;; D;S;;jftd Truth Table
13— »r— Q=AB A B Qs Qi Q Qs
B | L‘";: i 0 0 1 0 0 0
+ _ 0 1 o 1 0 0
1 ) Qs = AB 1 0/0 0 1 0
. T 1 0 0 0 1
Data Lines

Ref: https://www.electronics-tutorials.ws/combination/comb_5.html




Sample FSM Encoding Logic

Inputs Cutputs
The One-Cold Encoder A —»l > Qc
B —» Z2tod | —» O
Binary
Decoder |—m (-
= (s
A B ? B NAND Gate
Inverter Eﬂzﬁﬁ
T
t |1 :)0_51:}53
Binary
Inputs | A B |Q Qi Q Qs
i 11— »— Q=48 uth | 0 00 1 1 1
Table 0 1 1 0 1 1
. > 1 ! Q. = AB 1001 1 0 1
]» )2 B 1 1 1 1 1 0

Data Lines

Ref: https://www.electronics-tutorials.ws/combination/comb_5.html



FSM Implementation Issues

- State encoding methods defer in speed, area and
robustness to state transition errors.

- On FPGA, FSMs are commonly implemented using
BRAM or LUT

- Synthesis tools such as XST can add logic to an FSM
Implementation that will let the state machine recover
from an invalid state. During run-time, if an FSM enters
an invalid state, this extra logic will take it back to a
known state, called a recovery state (the reset state’ by
default). This is called a Safe FSM Implementation



Finite State Machine Coding Example: A Single Process
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Verilog

module v fsm 1 (clk, reset, x1, outp);
input clk, reset, xl;
ocutput outp;
reg outp;
reg [1:0] state;

parameter sl = 2"b00; parameter s2 = 27b01;
parameter 53 = 2'bl0; parameter 54 = 2'bll;
initial state = 2'b00;

always@ (posedge clk or posedge reset)

begin

if (reset) begin
state <= sl1; outp <= 1"bl;
end
else begin
case (state)
51: begin
if (xl==1"bl) begin

state <= s2; outp <= 1'bl;

end
else begin

state <= s3; outp <= 1'b0;

end
end
52: begin

state <= s4; outp <= 1"bl;
end
53: begin

state <= s4; outp <= _"b0;
end

54: begin
state <= sl1; outp <= 1"b0;
end
endcase
end
end
endmodule
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VHDL

library IEEE;
use IEEE.std logic 1164.all;
entity fsm 1 is
port ( clk, reset, xl1 : IN std_logic;
outp : OUT std logic);
end entity;
architecture behl of fsm 1 is
type state type is (s51,52,53,54);
signal state: state type ;

begin
process (clk,reset)
begin
if (reset ="1") then
state <=s51;
outp<="1";
elsif (clk="1l'" and clk'event) then
case state is
when 51 => if x1='"1" then
state <= 3527
outp <= 17,
else
state <= 353;
outp <= 0’ ;
end if;
when s2 => state <= s54; outp <= '0';
when 53 => state <= s54; outp <= '0';
when 54 => state <= s51; outp <= "1';
end case;
end if;
end process;
end behl;



Finite State Machine Coding e i P B

State Qutputs
Register Function
Inputs —8———=1 Function 9

CLOCK—

Example: Two Processes

Only for Mealy Machine

PROCESS 1 PROCESS 2
REISE
Verilog VHDL

1 module v _fsm 2 (clk, reset, xl, outp):; 1 1library IEEE;

2 input clk, reset, xl1; 2 use IEEE.std_logic 1164.all;

3 output outp; 3 entity fsm 2 is

4 reg outp; 4 port ( clk, reset, xl : IN std logic;
5 reg [1:0] state; 5 outp : OUT std logic);

(3 parameter s1 = 2'b00; parameter s2 = 2'b01; 6 end entity;

7 parameter s3 = 2'bl0; parameter s4 = 2'bll; 7 architecture behl of fsm 2 is

8 initial state = 2'b00; B type state type is (sl,s2,s53,s54);

] always @ (posedge clk or posedge reset) S signal state: state type ;

10 begin 10 begin

11 if (reset) 11 processl: process (clk,reset)

12 state <= sl; 12 begin

13 else 13 if (reset ="1") then state <=s51;
14 begin 14 elsif (clk="'' and clk’'Ewvent) then
15 case (state) 15 case state is

1le sl: if (xl==1"h1) 16 when 51 =»> if xl='"1' then
17 state <= s2; 17 state <= s2;

18 else 18 else

19 state <= 53; 1LE state <= s53;
20 52: state <= s4; 20 end if;
21 53: state <= s4; 21 when s2 => state <= s4;
7 sd: state <= s1; 22 when s3 => state <= s4;
23 endcase 25 when s54 => state <= sl;
24 end 24 end case;
25 end 2? end if;
26 always @ (state) 26 end process processl;
77 begin 27 process% : process (state)
23 case (state) 28 begin
29 sl: outp = .'bl; 29 case state is .

20 s2: outp = .'bl; 30 when s1 => outp <= ,T’;

31 53: outp = 'bi; Sl when 52 => outp <= "1’ ;

] ; 32 when 53 => outp <= "0';

32 s4: outp = 1"b0; o

23 endcase 33 when s4 => outp <= "0’ ;

34 end 34 end case;

35 end process process2;

25  endmodule 36 end behl;



Finite State Machine Coding
Example: Three Processes
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Verilog

module v fsm 3 (clk, reset, xl, outp):;
input clk, reset, xl1;
output outp;

reg outp;

reg [ :0] state;

reg [1:0] next_state;

parameter sl = 2'b00; parameter s2 = 2'b01;
parameter 53 = 2'bl0; parameter s4 = 2'bll;
initial state = 2'b00;

always @ (posedge clk or posedge reset)
begin

if (reset) state <= s51;
else state <= next_state;
end
always @(state or xl1)
begin
case (state)
51: if (xl=="hl)
next state = s52;
else
next state = s3;
s2: next state = s4;
53: next state = s4;
54: next state 51;
endcase
end
always € (state)
begin
case (state)
51l: outp = 1'bl;
s52: outp = 1"bl;
53: outp = 1'b0;
sd4: outp = _'b0;
endcase
end
endmodule

Next RESETH
State Sta_ate Outp_ut Outputs
i Register Function
Inputs Function CLOCK ]
Only for Mealy Machine
PROCESS 1 PROCESS 2 PROCESS 3 o

(=T I I | Y ¥ T 6 I e

4]

VHDL

library IEEE;
use IEEE.std logic 1164.all;
entity fsm 3 is
port ( clk, reset, xl1 : IN std logic;
outp : OUT std logic);
end entity;
architecture behl of fsm 3 is
type state_type is (sl,s2,s3,s81);
signal state, next state: state type ;

begin
processl: process (clk,reset)
begin
if (reset ='1) then

state <==l1;
elsif (clk='1" and clk’Ewvent) then
state €= next state;
end if;
end process processl;
process2 : process (states, xl)
begin
case state is
when sl1 => if x1="1" then
next_ state <= s52;
else
next state <= =3;
end if;
when s2 => next_state <= s54;
when =3 => next state €= s54;
when =4 => next state €= =sl;
end case;
end process processd;
processd : process (state)
begin
case state is
when sl => outp <= "1’
when s2 => outp <= "1’
when =3 => outp <= '

e me o ws

when s4 => outp <= "0’
end case;
end process process3;
end behl;



Black Boxes

- A design may contain Electronic Data Interchange Format
(EDIF) or NGC files generated by synthesis tools, schematic
text editors, or any other design entry mechanism, which can be
treated as black-boxes during synthesis

- These modules must be instantiated in the code in order to be
connected to the rest of the design; but the netlist is propagated
to the final top-level netlist without being processed by the
synthesis tool.

- Synthesis tools such as XST enables one to attach specific
constraints to these Black Box instances.

- One may also have a design block for which an RTL model
exists; but the designer’s own implementation of this block is In
the form of an EDIF netlist and the RTL model is valid for
simulation purposes only.



Black-Box Coding Techniques

Verilog

1 module v my block (inl, in2, dout);
2 input inl, in2;

3 output dout;

4 endmodule

5

& module v black box 1 (DI 1, DI 2, DOUT);
7 input DI 1, DI Z;

8 output DOUT;

9 v_my block inst (

10 .inl (DI 1),

11 .in2 (DI_2),

12 .dout (DOUT)

13 ) ;

14 endmodule

Note: The concept of black-boxes is
similar to the notion of precompiled
static libraries in software languages,
which are bypassed by the compiler
and are linked to the rest of the code by
the linker.

VHDL

1 library ieee;

2 use leee.std logic 1lé4.all;

3 entity black box 1 is

= port(DI 1, DI 2 : in std logic;
5 DOUT : out std logic);

¢ end black box 1;

7 architecture archi of black box 1 is
8 component my block

g port (Il : in std logic;

10 I2 : in std logic;

11 O : out std logic);

12 end component;

13 begin

14 inst: my block port map (Il=>DI 1,I2=>DI 2,0=>DOUT);
15 end archi;

Question: Name a hardware analog for
dynamic libraries in software languages



Summary

- Synthesizable HDL coding styles were reviewed In this
section.

- These guidelines are for practice and not memorization. In
practice, as far as a designer is aware of describing a
hardware and thinks logically and concurrently, one does
not need to think of the realized hardware



ADVANCED FPGA CODING
TECHNIQUES




Toggling a Flag with Multiple Clocks

Standard D-type Flip-Flops do not support more than a single clonk. But in practice,
there are cases where we need to change a flag using two independent clocks.

Example: handshaking mechanisms

W d 3 s Wk

NN NN NNN e e e
U WNEFOWLO-6Ud Wl -~ oW

27

module handshake (
input flip,
input flop,
input reset, flag_flop_i

output flag s=100 10
) S=defau 11
ZTRTL_MUX
// initialize by flag = 0

reg flag flip = 1'b0; =
reg flag flop = 1'b0; aTgﬁmUE
_ fl op D , -
assign flag = flag flip ~ flag flop:; mﬂﬂjﬁﬁu ? Q 1o flag_i
RTL INV I1 0 —{_>flag
always @(posedge flip or posedge reset) begin 6 .. - RTL_REG_ASYNC _XOR
if (reset)
flag flip <= O; .
else if(~flaqg) aTgﬂme
flag flip <= ~flag flip:; flip[> C
end N N flag_flip0_i CE Q
10 0 5
always @ (posedge flop or posedge reset) begin RTL_INV RTL_REG_ASYNC

if (reset)
flag flop <= 0O;
else if(flag)
flag flop <= ~flag flop:
end
endmodule




Clock Speed Reduction

Apart from DCMs, various methods exist for clock speed reduction, including:

=] o U0 = WM B

reg clockhalf = ['b0;
always (@ (posedge clock)

clockhalf <= ~clockhalf;

always @ (posedge clockhalf)begin

[/

end

Gated-Clock; not recommended nor supported
on most FPGA devices

=] o U0 = WM B

8

reg flag = 1'b0;
always (@ (posedge clock)
flag <= ~flag;

always (@ (posedge clock)
if(flag) begin
[/

end

Standard method for clock halving using
FF clock enable

o 00 =] gy 0 e L) D

e
B W N O

15
16
17
15

parameter DIVIDE = 3'do;

parameter DIVIDE MINUS ONE = MAX - 1'dl;
reg ce = 1'b0;

reg [Z2:0] counter = 3'd0O;

always @ (posedge clock)

if (counter == DIVIDE MINUS ONE)begin
counter <= 3'd0;
ce <= 1'k1;

end

else begin
counter <= counter + 37'dl;
ce <= 1'k0O;

end

always @ (posedge clock)
if(ce) begin
LA

end

Standard method for clock division using FF clock enable




Mixed Clock-Edge Design

- It Is possible to use both positive and negative clock edges in a
single design; but it should be avoided as much as possible

- Using mixed clock-edges does not double the clock rate; but it
rather reduces the time for combination logic result settlements

- Utilization of mixed clock-edges should be confined to phase
compensation between two signals when setup or hold-times are
not fulfilled using a single edge (commonly at FPGA 1/O)

- Example:

setup time not fulfilled on posedge setup time fulfilled on negedge

N N N N N N
clock
\V2 \ \V2 \\"4 \\"4

data

—
—
et



Standard Resetting Mechanisms

- Although both synchronous and asynchronous reset mechanisms are supported in FPGA
designs, it is highly recommended to use a unified resetting mechanism throughout the
entire design.

- Synchronous resets with sufficient flip-flop synchronizer stages are preferred over
asynchronous resets (due to lower probability of metastability)

- Even if the original reset command is asynchronous (e.g. using a push-button or software
command), it is good practice to make an internal synchronous reset flag

1 always @ (posedge clock or posedge reset) 1 always @ (posedge clock)begin // synchronizer Flip-Flops
Z if (reset)begin // Asynchronous Reset - temp <= asynchreset;
3 i - - L
A and q | synchreset <= temp;
else begin b
3 Id e 3
end - always @ (posedge clock)
Supported asynchronous reset mechanism 7 if (synchreset)begin // Synchronous Reset
g P
.  always @ (posedge clock) g and
2 i i - Nronous set . .
’ 1fir??et}beg1n // Synchronous Rese 10 else begin
il end _} .."rl.")I - o om
5 else begin ~& end
G ErE Generating synchronous from asynchronous reset flag
7 end

Preferred synchronous reset mechanism



Increasing Fan-out by HW Replication

1

- The maximum fan-out of a
logic circuit output is the
maximum number of gate

Inputs it can drive without synthesis attributes to

: : . avoid register
loading effects disturb its optimization and

function (switching speed merging of cel and
and voltage level) el

- In contemporary FPGASs, Flip-Flop fan-outs
are very high (several hundreds) and only
the most frequently used signals (such as
CLOCK, RESET, CE, ...) may face fan-out
ISsues

- The fan-out of a logic circuit may be
Increased by user constraints or hardware
replication in HDL

7
-
i

fi=%

-
]

7

5
IO
11
12
13
14

parameter DIVIDE = 3'd&;
parameter DIVIDE MINUS ONE = MAX - 1'dl;
(* dont touch = "true” #*) reg cel = 1'h0;
(* dont touch = "true” *) reg cez = 1'h0;
reg [Z2:0] counter = 3'd0y;
always ((posedge clock)
if(counter == DIVIDE MINUS ONE)begin
counter <= 3'dD;
cel <= 1'bl;
ce?2 <= 1"kl ;
end
else begin
counter <= counter + 3'dl;
cel <= 1"k0;
ced <= 1"hi);
end

always ( (posedge clock) if(cel) begin
// First instance of usage

end

always (@ (posedge clock) if(ceZ) begin
/¢ Second i1nstance ol usage
end



Debouncing

- In digital designs, bouncing
(between O and 1) occurs during
manual switch transitions

- The objective of debouncing is to
avoid the mis-detection or multiple
counting of events during switch
transitions

- Debouncing can be implemented
both in hardware (analog) and
software (digital)

Reference: Arora, M. (2011). The art of hardware
architecture: Design methods and techniques

VCC (LOGIC 1)

R1

+—— OQUTPUT

—+4—GND (LOGIC 0)

| |

[~ ol

BOUNCE PERIOD BOUNCE PERICD

LOGIC 1
for digital circuits. Springer Science & Business oaico | | | | |||| | | | |

Media, Chapter 8

f f

SWITCH SWITCH
ACTIVATED DE-ACTIVATED



Hardware Debouncing Techniques

- Various hardware debouncing mechanisms:

Weo
Vee Voo Vee
R1
Ri R1
RH2 R
Output \——ag—] >— Output i Cutput
] ==C ] ==cC l —C
RC debouncer RC debouncer with digital logic Robust RC debouncer SR debouncer
with digital logic
Voo
MAXG816 Voo S B {>‘° o
MECHANICAL FPGA Ve i Q
SWITCH l—“*‘}f Ve s [, COUNTER
-
L — Rey
IN ouT RESET —
DEBOUNCED i I
GND OUTPUT can i MAXES
— BB PROTECTION ’ MAxGe1s

IC debouncer MAX6816’s internal mechanism



Software Debouncing Technigues

- Software debouncing mechanisms:
1 ; Intrupt Service Routine FPseudo-Code 1 // Variable used to count:
2 DR: PUSH PSW ; SAVE PROGRAM STATUS WORD < unsigned char counter;
5 LOOP: CALL DELAY ; WAIT & FIXED TIME FERIOD 3 S ‘.’ﬁ"iﬁ-h'lF‘e nged az the minimum duration of a valid pulae:
4 un=zigned char T walid;
4 IN SWITCH r READ SWITCH 5 ch_:l-rua.inl{}l{ -
5 CMP ACTIVE ; IZ IT 2TILL ACTIVATED?Y g Pl = 255; // Initialize port 1 as input port
& JT LOOP : IF TRUE, JUMF BACK i T wvalid = 100; /* Arbitrary mmber from O to 255 where
7 CALL DELAY ; g the pulse if validated */
5 POP PSW ; RESTORE PROGRAM STATUS g while('}{ // infinite loop
9 EI ; RE-ENABLE INTERRUPTS 10 if {n:ln:junter < 250){ /S prevent the counter to roll
10 RETI ; RETUBN BACK TO MAIN PROGRAM fﬁ muﬁ;};:” :
ISR assembly language debouncer pseudo-code | |, e 10—
15 counter = 1y S/ re=et the counter back to O
16 }
17 if (counter > T wvalid){
15 A4 Code to E;- cxecuted when a valid
19 A5 pulse iz detected.
20 1
21 Jf Rest of you program goes here.
22 ¥
23}

C language debouncer pseudo-code
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HDL Debouncing Techniques

module DeBounce(input clk, n_resst, huttnn_in, output reg DE_out) ;

/7 internal constant

parameter N = 11:

[H-1 01 gq_reg; // timing regs
req [N-1 01 q_ne=t;

regq DFFl, DFFEZ;
wire g_add; // control flags

raq
S/ input flip-flops

wire g_reset;
assign q reset = (DFFL
assign o _add =
{/ combo eounter to manage g next
g_add, g_reg)
casel( {g_reset , o add})
Z2'h00
2'h01
defaul b
endcase

alwaye @ ( g_re=et,

q_next <= g_req;
q_next <= g_reg + 1;
q next <= { W {17k0} }

S/ Flip €lop inputs snd g reg updats
always @ ( posedge clk }
if({n reset == 17c0) hegin
LFF1 <= 1'h0;
DFFZ <= 1°"hi0;
q reg <= { W (1L"bO0} }:

end

elze begin
DFF1l <= button in;
DFFZ <= DFF1;

q_reg <= q_next;
ernd
// counter control
always @ { poscdge clk )
if{yg_reg[W-1] == 17hl}
DE_oukt <= TFFZ:
else
DE_out <= DB _out;
endmodule

“ DFFE): /7 =or inyuL FFa to look for lewvel chage to reset counter
~{q_reg[w-11); // add to counter when q_reg msh is equsal to O

]

) 1
[ [~ ‘D ' [: :jD 1
[ un_n_reset A
S LEODFF M oFF1 oFF2 Qe g Uni,_q resat Oy 1
=8 1 M.
T - 1 b
i ] e . =
' | [oonr : : 10
w00 O Qreg(100] ' DE_out
I unl_q_reg 1
' et 100
1 1
1 1
:;D"—‘ m-unq_ngmu--n:
.

qned 2 sqmvaa Resetwhen FF1 © FF2 =~ 1 5

Connter

Ref: https://eewiki.net/pages/viewpage.action?pageld=13599139



OVERVIEW OF LOGIC
SYNTHESIS METHODS*

(Optional)



Synthesis CAD Tools

- Electronic Design Automation (EDA) Vendors:
- Xilinx
+ Synopsys
- Synplicity
- Cadence
- Altera
- Mentor Graphics



Xilinx XST Overview

Xiliree Synthasis Tachnalogy (XST)
Spadfic Optimization

L L L

| &= &=

RTL Viawar Technology Viewer & Synthasis Raport
Implemeaentation Toolks Hias




XST Detalled Design Flow

=

HOL Parsing
dantiicaton of languagea smiax arars

l

HDL Synthesis
macro racognition, FSM axtraction, resounca shanng

l

Loww Lewve | O ptimization
madara implamarntation, timing optimization
tachnalogy mapping, registar raplication

= &3 &

Note 1: XST performs a resource sharing check. This usually leads to a reduction
of the area as well as an increase in the clock frequency.

Note 2: Xilinx-Specific Netlist (NGC) = EDIF + Netlist Constraints File (NCF)



Logic Synthesis Approaches

1. Technology Dependent
Uses device-dependent properties during synthesis

2. Technology Independent

The most common approach; but requires a second round of
technology dependent synthesis



Logic Synthesis Detailed View

Logical hardware units: outputs
- Combinational Logic InRuts ‘E—L
(Nodes) o
- Sequential Logic —~(Node 5, -
(Registers) (Node 4

Registers

Note: This is where the term Register Transfer Level (RTL) comes from



Node Synthesis

- Two-level Logic Synthesis

- Deals with the synthesis of designs represented in two-level logic. The longest path from
input to output, in term of number of gates crossed on the path, is two.

- Two-level logic is the natural and straightforward approach to implement a Boolean
function, because each Boolean function can be represented as a sum of product terms.

- In the first level, the products are built using the AND primitives. The sums of the
resulting products are built in the second level with the OR-primitives.

- Used for CPLD

- Multi-Level Logic Synthesis

- In the multi-level synthesis, functions are represented using a multi-level logic. Those are
circuits in which the longest path from input to output goes through more than two gates.

- Used for FPGA



Node Representation

1. Sum of Products (SOP) Form
f=xyz +Tyz + way

2. Factored Form

- a product is either a single literal or the product of two factored forms and a sum
IS either a single literal or the sum of two factored forms.

- Factored forms are representative of the logic complexity.

. . . cla+ bld—+e
3. Binary Decision Diagram (BDD) [ ( )]
- Is a rooted directed acyclic graph used to represent a Boolean function. Two
kinds of nodes exist in BDDs: variable and constant nodes.



Binary Decision Diagram (BDD)

Example:

BDD-representation of the function f = abe + bd + bed



Node Manipulation Operators

- Decomposition

- Extraction

- Factoring

- Substitution

- Collapsing (elimination): reverse of substitution



LUT-based Technology Mapping (Second-
Level Synthesis)

Depending on their optimization goals, these algorithms
can be classified in three categories:

1. Area Minimization: Chortle-crf, MIS-fpga, Xmap, etc.

2. Delay Minimization: FlowMap, Chortle-d, DAG-map,
MIS-pga-delay, etc.

3. Routability Maximization



PART I

Advanced Topics in Digital Design and Implementation



NUMBER
REPRESENTATION




Number Representation in PLD Systems

- While number representation is fully standardized and
rather automatically handled in multipurpose CPUs and
GPUs (and is rarely a concern for the designer), it is an

essential and time-taking part of most FPGA-based
designs.

- In this section, we study:
- The most common number representation standards
- Fixed-point representation issues

- Statistical analysis of truncation and rounding errors during data
acquisition (using analog-to-digital converters) and calculations



An Overview of Binary Number Representation

- For many reasons radix-2 has remained the
dominant number representation in digital
hardware design:

= In early technologies: the difficulty of generating high-speed
switching logic circuits with more than two distinct and
distinguishable levels of voltages.

= In current technologies: besides the simplicity of radix-2, the
huge body of literature, algorithms, codes, hardware
(transistors, gates, etc.), and engineering experience and
conventions, which already exist for radix-2 calculations makes
It too expensive to migrate to higher radixes.



Binary Number Representation

Number representation can be studied from various aspects,
Including:
- Numbers of Interest:

- Integers
- Reals

- Sign Representation:
- Unsighed
- Signed

- Fractional Number Representation:
- Fixed-point
- Floating-point



Accuracy of Finite Length Binary Number
Representations

Question: How accurate is It to represent numbers (integer or
fractional) in radix-2 using finite number of bits?

Basis Representation Theorem: For a given base b, any integer x € Z
can be uniquely represented as follows:

X =abk+a b+ ... +abl+ a,
where a, € {0, 1, ..., b-1} and a, # 0.

Dyadic Rationals Theorem: The dyadic rational set I’ (numbers which
can be represented as an integer divided by a power of 2), is dense iIn
the set of real numbers R. This means that for any x € R, there exists
ay € P thatis “as close as you like” to x.

Conclusion: Real numbers can be approximated in radix-2 with finite
number of bits, up to a desired level of precision.



Signed Binary Number Representation
Standards

The most popular signed binary number representation
standards are:

- Sign-Magnitude

- One’s-Complement

- Two's-Complement

- Straight Offset Binary (SOB)

- Binary Coded Decimal (BCD)
- Canonical Signed Digit (CSD)



Sign-Magnitude Representation

The MSB is reserved for sign representation (O for + and 1 for -). The
remaining bits are used to represent the absolute magnitude. With N bits, it

can code from —(2N-1 -1) to (2Nt -1).

Decimal equivalent: X;q = (-1)PN-1[by ,2N2 + by 32N3+ ... + b2 + b]

sign bit sign bit
\ VB b, \bN-l b,
O(0f{1(0|1|21]|0]|1]|=+45 11012|0(1(1({0|1|=-45

\ magnitude bits \ magnitude bits

Advantage: Simple to generate and convert
Disadvantage: There are two zeros (+0 and -0); difficult to handle during

arithmetic operations




One's Complement

The MSB denotes the sign (0 for + and 1 for —). With N bits, it can code from
—(2N1 —1) to (2N — 1). Each bit corresponds to a coefficient of a power of

two in its decimal equivalent.
~ all bits one

sign bit sign bit

\bN-l b0 \bN-l bO
1{1]{0[1]|0|0|1|0|=-45

O(0(1({0|1|21|0|1]|=+45

Advantage: Simple to generate and convert
Disadvantage: There are two zeros (+0 and —0); difficult to handle during

arithmetic operations



Two’'s Complement

The MSB denotes the sign (0 for + and 1 for —). With N bits, it can code from
—2N-1to (2N-1 — 1). Each bit corresponds to a coefficient of a power of two in

its decimal equivalent.
/ doesn'’t fit into N bits
Decimal equivalent: X, = —bN_lﬁl + by ,2N2 + by 2N+ ... + b2 + b,
sign bit sign bit

\bN-1 by \bN-l ToT: bf e

O(0(1({0|1|21|0|1]|=+45 111101

Advantage: No repeated zeros; can code —2N-1: no sign control needed during
arithmetic operations, and several other advantages (is the most popular
signed number representation format)

Disadvantage: Slightly more difficult to read the decimal equivalent from the
binary form (for human).



One’s Complement vs. Two's Complement

2’'s complement is the most

0_
common binary representation j:
used in computation z B
machines. g3

A major property of 2's o
complement is that the binary 3 J BN
values are increased by one- vy
by-one from the most negative "7~
to the most positive without a e
break (by discarding any carry £ _
values beyond the word g3
length). 28

The default implementation of = J “;;
arithmetic operations in Verilog e

(since Verilog 2001) is in this
format.

Binary values increase by 1

1's Complement Representation

Values represented increase by 1 (from -128 to +127)

+127
+126
+125

-126 —

-127
-128 —

2’s Complement Representation



Finding One and Two’'s Complements

1’s Complement: Flip all the bits (0 to 1, and 1 to 0)

2’s Complement:
- Method 1: Calculate the 1's complement, plus one

- Method 2: Subtract the number from 2N (this is where the name
2’'s complement comes from)

- Method 3: Starting from the LSB, preserve all the bits as they are,
up to (and including) the right most 1. Flip all the remaining bits up
to the MSB

Note: The 2's complement of —2N-1 can not be represented in N bits. Therefore,
during calculations, it's 2's complement overflows and becomes equal to itself
(just like the 2's complement of zero)! This phenomenon can be mathematically
explained by the orbit-stabilizer theorem.



https://en.wikipedia.org/wiki/Orbit-stabilizer_theorem

Properties of Two's Complement

When fitting an N bit 2’'s complement number into M bits (M>N),
the number should be sign extended, i.e., the left most M-N bits
should be filled with the MSB (sign bit) of the original number:

wire signed [/:0] w;
wire signed [[|1:0] =x;
assign x = {{4{w[71}, w};

In arithmetic right-shifts, the number should be filled by the sign
bit from the left:

wire signed [/:0] w;
wire signed [7:0] xr = w >>> 2; // arithmetic shift-right (filled by signs from MSB)
wire signed [7:0] yr = w >> 2; // logic shift-right (filled by zeros from MSE)

w <<< 3; // arithmetic shift-left (filled by =zeros from LSB)
<< 3; // logic shift-left (filled by zeros from LSB)

wire signed [/:0] =1
wire signed [/:0] vyl

o
)



Properties of Two's Complement (continued)

3. No additional circuits are required for handling the signs during
addition or subtraction (except for overflow checking). In fact, 2’s
complement numbers can be treated as unsigned numbers
during such arithmetic operations.

4. QOverflow check: If two numbers with the same sign are added,
overflow occurs if and only if the result has an opposite sign.

Example:
0111 (carry)
0111 (7)
+ 0011 (3)

1010 (-¢) invalid!



Properties of Two's Complement (continued)

5. Two’s Complement Intermediate Overflow Property: “In
successive calculation using 2's complement arithmetic
(allowing overflows instead of saturation), if it is guaranteed that
the final result will fit in the assigned registers, then intermediate
overflows are harmless and will not affect the final answer.

Example (lIR Filter): y,=a.y,; + X,

Refs:

- Khan, S. A. (2011). Digital design of signal processing systems: a practical
approach. John Wiley & Sons., Section 3.5.7

- Smith, J. O. (2007). Introduction to digital filters: with audio applications (Vol. 2).
Julius Smith., P. 201

Note: Very interesting property; but | haven’t seen a rigorous statement or proof for it, yet.
Please let me know, if you find a good reference.



Straight Offset Binary (SOB)

. . . . . . 2's

- Offset Binary is a binary code in which the SOB | Decimal | ;mplement
code represents analog values between 1111 7 0111
positive and negative Full-Scale e 0110
_ _ ] 1101 5 0101
o Usmg N bits, starts assigns all-zeros to —2N1 |4, 4 0100
and increments one-by-one up to 2N-1— 1. 1011 3 0011
- Conversion to 2’s complement: Flip the MSB ig;g i 88(1)(1)
to convert from SOB to 2's complementand = 0000
ViCe Versa. 0111 -1 1111
- Application: SOB is most common in Flash 0110 | -2 1110
Analog-to-Digital Converters (ADC) and e o
Digital-to-Analog Converters (DAC) thatuse ;= o1t
ladder comparators. 0010 | -6 1010
0001 -7 1001
0000 -8 1000




Binary Coded Decimal (BCD)

- A class of binary encodings of Decimal BCD Code
decimal numbers where each e s a
decimal digit is represented by a 1 0001 000 3 D D i
fixed number of bits (usually four 5 S0 g U 1% ¥ §id
or eigh). | Eas | 25 |20

- Special bit patterns are used for ¥ | dai% | Aaeq | Aumae
a sign or for other indications : t180s | 1431 | 1404
(e.q., error or overflow) . oo Ao

Hw 7 % 2200 Display =y

o ; e T e
. Appl|cayon§. whenever human o] uvsar T; }*’:ﬂ“ﬁf—z fl Ib
Interaction is needed; such as po—- BCDo [ —AAM—— 1 g |
BCD B e—— 7-Sement _”V\-ﬂv_
LCDs, 7—segments, etc. inputs ¢ 2| Decoder [15 a1 ,
D o—2] 14— 1 g
s =

Ref: https://en.wikipedia.org/wiki/Binary-coded decimal



Canonical Signed Digit (CSD)

- CCD is a three-symbol coding system in terms of powers of two.

- It uses a sequence of (+,0,—) to code numbers. For example, the
Integer 23 can be expanded as follows:

23 =+2°>-23-20
In CCD, 23 is coded as (+0-00-), I.e.,

o Positive powers of two are denoted by +
o Negative powers of two are denoted by —
o Missing powers of two are denoted by 0

- CCD is popular in some digital signal processors (DSP)

Note: CCD is a non-unique number representation
Note: Statistically, the probability of a digit being zero in CCD can be shown to be close

to 66% (vs. 50% in 2's complement encoding). This property leads to more efficient
hardware implementations of add/subtract networks and multiplication by constants.

Further Reading: Khan, S. A. (2011). Digital design of signal processing systems: a practical approach. John
Wiley & Sons., Chapter 6



Fractional Number Representation

he most common binary representations of
fractional numbers are:

- Floating-Point: Uses an exponential representation of a
number; it is used in most CPUs and some DSP. In FPGA,
floating point units (FPUs) are provided by some vendors as
hard or soft IP

- Fixed-Point: Uses positive and negative powers of two
expansion of a number with a fixed radix point; it is commonly
used in fixed-point DSP and microcontrollers

- Mixed-Precision: Uses positive and negative powers of two
expansion of a number with a different radix point (at each point
of the computing system); it is commonly used in FPGA design



Floating-Point Number Representation

- The basic idea of floating point (FP) representation is to approximate
a real number in terms of a fixed number of significant digits
(significands or mantissa) scaled by an exponent of a fixed base
(e.g., 2, 10, 16, etc.).

- For example:

1.2345 = 12345 x 10 ~4 "~ exponent

significand base

- Apparently, not all real numbers can be represented in this format
(using finite number of digits). However, FP provides an
approximation with a fixed relative error throughout the real line (i.e.,
small errors for small numbers and larger errors for large numbers).



IEEE 754 Single-Precision Binary
Floating-Point Format

- According to IEEE 754 floating-point standard:

sign exponent (8 bits) mantissa (23 bits)

0/0/1{0|1|1|1/0|/0|0|1|0|2|2|0|2|0|O|O|2|0O|OfOfOf2(2|[0f0Of0O|0O|0Of1
b31 b30 b23 b22 b0

The exponent is selected such that the
left-most bit of the mantissa is always 1

(which isn’t stored in the binary form),
r making the representation unique.

M
X0 = (—1)S% 267 x (1 + z by_27)
i=1

- The decimal equivalent is:

where:
- Total number of bits is 32 in single precision (binary32) and 64 in double precision (binary64)
- S is the sign bit (b, in single precision and by, in double precision)
- e Is the exponent (8 bits in single precision and 11 bits in double precision)
- B is a constant bias (equal to 127 in single precision and 1023 in double precision)
- M is the fractional length (23 bits in single precision and 52 bits in double precision)



Single-Precision Binary Floating-Point
Examples

Example 1: binary floating point to decimal
Ox3E200000 = (0011 1110 0010 0000 0000 0000 0000 0000),

o/o[1{2{2]2|2|ofo|o|1|[o0f0|0][0][0|0|0{0|0|0|0|0|0|0[0[0[0[0[0[O0]|O
bs; by bys by by
The decimal equivalent is (—1)°x 21247127 x (1 + 0.25) = 0.15625

the most accurate 32-bit single-
precision approximation for 1

Example 2: decimal to hex/binary floating point

Scale the number in the form of £22m, where 1<|m|<2 and aeZ, to find the exponent
and mantissa

1T (3.1415926535897932384626433832795...) = 3.1415927410125732421875

0/1,0{0/{0/{0/{0/0|0|1|0|0O|1|0O|O|2|0O|O(O(O|2f2f(2f{2f{2f{2|{Of2f21|0Of1f1
b;l [)30 b;S l;22 E)0
which is 0x40490FDB = (0100 0000 0100 1001 0000 1111 1101 1011),

A nice tool: http://www.binaryconvert.com



Floating-Point Arithmetic

Addition/Subtraction:

1. Make the smallest exponent equal to the biggest (by right-shifting the mantissa)

2. Add/subtract the mantissas (note that the smaller ones may vanish to O during
the right-shifts)

Multiplication/Division:

1. Add/subtract the exponents

2. Multiply/Divide the mantissas

3. Scale and round the results

Special Values:

Floating-point representation has reserved codes for special values including: 0%, 0-,
+eo, -0 and Not-a-Number (NaN) such as 0/0, +/-e0, 0Xxe0

Note: Due to the (implicit) leading 1 in front of the mantissa, zero needs to be defined
as a special value (when all the bits of the exponent and mantissa are zero), which is
different from epsilon (£27127)



Fixed-Point Number Representation

- Fixed-point is basically the 2’s complement representation with a fixed power-of-two
scaling factor for changing the radix point to enable fractional number

representations:
sign bit ) signed integer - fractional part
N o - -

0/0({1/0({2)1{21{0|0(0|1({0|1({2|j0|1|/0|0(0O|1(0O|0f0O]|0|1
b1

- The decimal equivalent is: radix point

signed two's
N-2 complement
_ 9—M _ N-1 i /
Xi0=2"" X (—by_12 + b;2")
=0

where:

- N is the total number of bits
- M is the fractional point

Note: In fixed-point systems the radix point location is assumed to be fixed throughout
the entire system. That's where the name comes from.



Floating-Point vs. Fixed-Point

For the same number of bits, they can (almost) code the same number of real numbers.

Fixed-point uses all possible codes for number representation, while floating point reserves
a few codes for special values. Floating-point has a larger dynamic range (the ratio of the
largest to smallest number that are represented)

In fixed-point, the range of its MIN and MAX over the real line is quantized to equally
spaced numbers (therefore the approximation error is uniform from MIN to MAX); in floating-
point, the spacing of numbers is non-uniform (groups of numbers with a fixed intra-gaps but
different inter-gaps)

Fixed-point hardware architectures are simpler than floating-point architectures; floating-
point architectures have additional circuitry for handing special values.

fixed-point numbers

e g =

0

the.real line

v

Inspired from: lzquierdo, Luis R. and

’ ¢ £ Polhill, J. Gary (2006). 'Is Your Model

T = gyl Susceptible t(.).F.Ioatlng.-Pplnt Errors?'..
~ AR EERHEE i ? vV Journal of Artificial Societies and Social

' Simulation 9(4)4

' ' ! S U ! ' <http://jasss.soc.surrey.ac.uk/9/4/4.html>

23 sl
—

floating-point numbers




The Q,, , Fixed-Point Convention

- In order to denote the total number of bits and the bits assigned to
the integer and fractional parts of a fixed-point number, various
conventions exist. For example,

= Texas Instruments’ Q,, format (or Q, ) assumes 1 bit (the sign bit)
as the integer part and N bits for the fractional part.

= Matlab’s fixed-point toolbox takes the total number of bits and the
fractional length to form an fi-object.

Throughout this course, we use the Q,, , convention, where:
" m IS the number of bits assigned to the integer part
* n Is the number of bits assigned to the fractional part
= N =m + n is the total number of bits (including the sign)
*The numbers are signed, therefore the MSB represents the sign



Fixed-Point Arithmetic

Addition/Subtraction:

1. Align the radix points

2. Zero pad the LSB of numbers with shorter fractional lengths
3. Sign extend the MSB of numbers with shorter integer lengths
4. Apply addition/subtraction

Multiplication/Division:

1. Apply multiplication/division as if they were integer valued (regardless of
the radix point)

2. Find the appropriate radix point by adding/subtracting the radix points

Note: Bit-growth occurs during fixed-points arithmetic, which is handled by
either:

1. Increasing the number of bits,

2. truncation/rounding from the LSB or MSB (is discussed in detalls later), or
3. acombination of both 1 and 2



Bit-Growth In Fixed-Point Arithmetic

In order to guarantee that no overflow occurs during arithmetic
operations, the number of output bits should be longer than the
arithmetic operands:

1. le.nl s sz.nz = Qm.n

where m = max(m,,m,)+1 and n = max(n,n,)

2. le.nl X sz.nz = Qm.n

where m = m;+m, and n = n,+n,

Note: During multiplication, N = N, + N, — 1is generally enough. The only exception

(requiring N = N,+N,) is for signed numbers when the two most negative numbers

(-2N-1 and -2N="1) are multiplied together, resulting in +2MN1+N22) which overflows in

N = N; + N, — 1 bits and requires N = N, + N,. This single bit can be saved by

either:

1. Making sure that the two operands are never equal to the most negative
numbers (this is possible when one of the operands is a known constant)

2. Approximating 2(N1+N2-2) with 2(N1+N2-2) _11 Yes, this approximation is OK in many
systems.



Controlling Bit-Growth Iin Fixed-Point Systems

It is iImpractical (and unnecessary) to increase the number of bits after
successive arithmetic operations. Bit growth can be controlled by
discarding either from the LSB or MSB of the arithmetic result.

- When to discard from the MSB?

- Only possible when the full-length is not utilized or the arithmetic operation
(mathematically) guarantees that no bit growths occur — results in no errors

- If the full-length is utilized — causes large sign/amplitude errors

- When to discard from the LSB?
- The right most LSB zeros can be discarded without any errors

- Truncating/rounding non-zero LSB results in relatively small errors, depending on
the number’s magnitude
- A stochastic framework is required to analyze the average truncation/rounding error
effect.
sign changing error
no errors l larger errors smaller errors no errors

P
A 4 v

1({1(1}1211/0(12|{0(0|0f(2|0f{2|12]0|12|0(0|0Of2|]0f(0O|0O|Of1]1|(0|0f(O|0OfO0O]O0
b1 b

>
L 4
L 2




Truncation/Rounding Error Analysis

- The truncation procedure can be modeled by an operator Q(¢):
Vo= QX)) =X, + €,
X: Input sample (signal) y: truncated/rounded result
e: truncation/rounding error n: sample index

- The impact of truncation error depends on both the original sample (signal)
and the truncated values’ amplitudes.

- In continuous data streams, the most common approach for studying the
truncation error impact is to measure the ratio of the average data power to
the average noise power, known as the signal-to-noise ratio (SNR):

SNR 101 (E{x’%}>
dB = 0810\ =7 21
E{e?}

where E{-} denotes averaging (or stochastic expectation) over all ensembles.

Note: The calculation of the SNR requires prior assumptions regarding the input
stream and the truncation error distribution.



Truncation/Rounding Error SNR Calculation

Suppose that we have an m bit signed integer sequence x,, for which
we want to round the p LSB bits (to zero) and obtain y,,. Assuming a

uniform distribution for x,,, the probability density functions (pdf) of x,

and the error sequence e, are:

rounding instead Pr(e,=e) Pr(x,=x)
of truncation (+ om
2-p
and — error
ValueS) {{ { { B { B { { { {{ { { - { B { { {
o—>» X
H_zp-l 0 2p-1_:|_._> © H—Zm'l 0 2m-1-1
slightly biases
Error mean: 2P—1_q gnty

towards negative
numbers

_ 1 1
e=Flea)= ) irm=-=

. P — -1
Error variance: 1=—2P

truncation point

preserved bits (y,,) ldiscarded bits (e,)

1(110|0

2P—1_4

0

1

0

0

0

0

1

1

0

0

1

1

0

0

i 1.1 2% —1
02 =E{(en—8N= ) (+5)lm="0

i=—2P"1

total bits (x,,)




Truncation/Rounding Error SNR Calculation

(continued)

Similar results hold for the mean and variance of x,,. Therefore the

SNR is:
o2 22m — 1
SNR4g = 10logy, 07) = 10logo | 525 —7

which for large p can be approximated as:

2Zm

SNRdB ~ 1O]og10 (2719) = 20(m — p)10g102 ~ 6.02(m — p)

Note: This is the 6dB per-bit rule of thumb: truncating each bit reduces the SNR for
about 6dB. We will find a similar rule later for ADC performance with different signal
and noise distributions.

Exercise: Derive the above equations (mean and variance of error) analytically. Do
the results change if the number is in the Q,, ,, format?



Truncation vs. Rounding

- While truncation simply discards the unnecessary bits, rounding approximates with
the closest number.

- Rounding is commonly preferred over truncation, as it is less-biased (the very
small bias is due to the representation of -2°P-1 in 2’s complement).

truncation error probability rounding error probability

111 11511

0 2r-1 -2p-1 0 2r-1-1

Example: round(3.7) = 4; truncate(3.7) = 3;

- Truncation versus rounding in Verilog: Radix-10 equivalent trick:

[3.7 + 0.5] = 4;
1 reg [L1:0] a; - | / [3.2 + 0.5] = 3;
2 wire [Y:0] a round = al[ll:2] + alll>;
2 wire [° ] a trunc = al[ll:2];



Mixed-Precision Multiplication Examples

Example 1: Multiplication by constant powers of two: no multiplication is required; only the
radix point convention changes; no error increase

< integer - fraction ; .| i integer fraction
X:
0]0]1]0|1]1[1]0]0|0]|1]0[1]1]0|1 y:|ofof1|o|1|1|{1|0|0|0|1]|0|2|1|0|1
XN-1 XN-p-1 Xo YN-1 YN-P Yo
2.0

Example 2: Multiplication by constant non powers of two: multiplication is required; the
radix point and register length may change; error might be added due to output truncation

integer fraction
< >< P > X [
X:1010(1|{0|1|1(2({0|0|0O|21({O|1|1|0(1 y:10/10(1{0|0(1(0f1}1|0|0(0|0|1|0(0(1|0|0|12
XN-1 XN-P-1 Xo YN Yo

3.25|0(|1|1|0(1




Mixed-Precision Multiplication Examples

Example 3: Multiplication by fractional non powers of two that can not be
represented by sum of powers of two: Unavoidable representation error, even

before multiplication

integer fraction
X:10(0|1(0|1(1}{1(0|0|0O|1|0(1|1 1
XN-1 XN-P-1 Xo
3.3125 |(0|1|1|0

/-

The closest approximation
of the constant in 7 bits

A4

e >
A
-10]1 0
YN-1 Yo
a3




Mixed-Precision Multiplication Examples

Rounding/truncating the coefficients in data/signal processing systems can change
the nominal performance of the system. For example, in filter design:

Magnitude Response (dB)
T T T
0 = o o m— = | awpass Equiripple: Quantized | |
ok m— |_owpass Equiripple: Reference | |
=201
o 30
=2
% 40
=
= N
=50
oh
=
-60
o
-B0 [
80 ,
(] 5 10 15 20

Frequency (kHz)

Sample lowpass filter designed in Matlab FDATool in double precision
floating-point (blue) and after quantization with 12-bit fixed-point (red)



Mixed-Precision in Digital Filters

Example 4. Discrete-time convolution y,, = x,, * h,, = Y A Xpn—m: The maximum bit
growth in the output is equal to the length of the filter coefficients L1-Norm:

x[n]—»Db—b@—b(E)i—}’[ﬂ] — 1082 <z |hm |>}
m

Z 7'
50 &< %) oh
;2' | | ;1-:1 B bits | (impulse response) | (B + G) bits

o z Oﬁqq_

) Ly TR

IR Filter FIR Filter

Note: From Signals & Systems Theory we know that for a stable causal filter }.,,|h,,,| = B < oo.
Therefore “the output of a stable filter with a bounded input can always be stored in a register
of finite length without overflow”



Further Notes on Fixed-Point and Mixed-Precision

- Note 1: The radix point does not necessarily need to be within the range of
the register length. Example: An 8-bit register can be used to represent
fixed-point numbers with a decimal point below the LSB or above the MSB.
For example, the following are legitimate fixed-point numbers, even though
the register length is only 8 bits:

implied but not stored with

the number

o|1({1(of1|0|1]|0| x =2 %15 (21 + 23 + 25 + 29)

1lof1fof1fof1f1| x=2"12 (20 + 21 + 23 + 25+ 26— 27)

- Note 2: In practice, fixed or floating-point numbers can have an arbitrary and
Implicit scaling factor, which is known to the designer; but is not coded or
stored with the number. These scaling factors are only incorporated when
numbers are mapped to their corresponding physical values (voltage,
temperature, current, etc.) for user visualization or analysis. Example:
Uniform analog-to- dlgltal convertors map their input voltage to the output
code with a constant scaling factor, which is known by the designer; but
does not affect internal FPGA calculations.



Coefficient Scaling and Rounding

- In order to store real numbers In finite-length reqisters (fixed or
floating-point), the numbers should be multiplied by appropriate
scaling factors and rounded/truncated to fit in the registers.

Examples: scaling factors

Yiea = Found( 2®  xvy. )
Yixeqg = Found( 3.14 xy.)

- When scaling a set of coefficients (time-series, filter coefficients,
etc.) to fit in N bits, the optimal performance (with minimum
guantization error) is obtained when the maximum/minimum scaled
values are equal to the maximum/minimum possible numbers (-2 N1
and 2 N-1-1).

- Therefore, the optimal scaling factor is not necessarily a power of
two (e.g., see Matlab FDAtool’'s quantization and scaling options)



Bit-Growth In Digital Filter Implementation*

(optional)
In digital filter implementation, the L1-Norm bit growth G = [log, (X m|hy,|)] is the worst-
case (most pessimistic), which does not make any assumptions on the input signal. This

formula can be relaxed (approximated) in some cases.
Instantaneously narrow-band signals: For signals having a dominant frequency peak

1.
at each time instant:
Xn = Acos(won+0) —» y, = |H(ej“’0)| A cos(a)on + gowo)
. — jw
Bit Growth G, [logz (_gg}inw(e )|)]
2. Random input signals: Using Parseval’s theorem, the output variance of a filter with

a random input is related to its input variance as follows:

7 =% ) Ihml’
m
Therefore, with the following bit-growth, the probability of overflow at a filter’s output

Is (almost) equal to the probability of input overflow:
Bit Growth G, = [logz(\/zmlhmlz)]




Bit-Growth In Digital Filter Implementation*
(optional)
Example: A first-order lowpass IIR filter: y,, = ay,,_1 + x, (0 < a < 1)
The impulse response is h,, = o u[n]

Therefore Y., |h,,| = ﬁ and Y, |hy|? = !

1-a?

Xn Y

T HE e
Bit-growth analysis for a = 0.9: 1—-ae
L1-Norm: G = [log; (Sl )1 = [log, ()| = [3.3219] = 4

|1ia|ﬂ — [3.3219] = 4

Narrow-band assumption: G, = [logz (

Parseval’s theorem for stochastic inputs: G; = [logz( ﬂ = [1.198] = 2

1
V1—a?

Result: In this example the L1-norm and narrow-band assumption, both demand 4
additional bits at the output y,; but according to the output variance criterion if we are
fine with occasional overflows, adding only 2 bits is statistically OK.



ANALOG TO DIGITAL
CONVERTORS AND DIGITAL
TO ANALOG CONVERTORS




Analog to Digital Convertor (ADC) vs. Digital to
Analog Convertor (DAC)

ADC and DAC are integral parts of most FPGA-based signal processing systems

sampling frequency (f.) resolution bits (B)

' v digital signal
s ) uantization and X[n] <
X() —— anti-aliasing filter *» sample and hold o _ J O

sample encoding @f, &
/ \
time-domain ADC
discretization .
amplitude

discretization

-------- 110 — ]
""""""" 107 digital signal analog signal
“““ - 100 L ’ y[n]g y()
_____ 011 o) » DAC * anti-imaging filter ——
____________ 7E. 010 >
_ 001




The Nyquist Rate

- The Nyquist sampling theorem defines the minimum number of samples acquired from a band-limited
analog signal per unit time, in order to guarantee the reconstruction of the original signal from these

samples. It requires: fs = 2B

fﬂvﬁ Wﬂ\fﬂ\fﬂwﬁ\ﬁ e L f

time-domain signal and its samples

([

=
y

-8 a f

band-limited signal in the frequency domain

XAl

£y £y

4 ! A L.
~ o\ ~ A

J -\

o ] J f-# 8 I I

After impulse train sampling with
fs < 2B; Nyquist rate violated

#if) = rectf 1 )
.L_\;Fﬂ fJ g

N S
,-""‘u.._)' "\_.f""\ I,.-"“ﬂ.._,."r '-._.f'"'\.l
l_.-'l I". / I'I,I
N, / \
Z " \ Z : N

Ref: https://en.wikipedia.org/wiki/Nyquist-Shannon sampling theorem

Further Reading: Alan V. Oppenheim, Alan S. Willsky, and S. Hamid
Nawab. Signals & Systems (2nd Ed.). Prentice-Hall, Inc., 1996

fB 4 £+ -B B |8 . T

After impulse train sampling with
fs > 2B; Nyquist rate fulfilled

R

] 1 i ' ki

reconstructed signal


https://en.wikipedia.org/wiki/Nyquist-Shannon_sampling_theorem

ADC Encoding Curve

- The mapping between the input voltage of an ADC and the output code can be
described by an encoding curve.

- In a binary encoding ADC with B bits, the input voltage range [V ., V4 IS divided
into 28 segments and any input voltage within this range is approximated with one of
the nearest voltages and represented by a code.

- The ADC encoding curve may be uniform or non-uniform.

- For example, the following are two uniform encoding curves, based on rounding (left)
and truncation (right)

Output level Output level
|_ Al
a4
l_r_ 24 .
y i g
4 2 | | Input
4 -3 ] } Input t i o5 ™ tove)
v ' 0 2 4 level
-4 --2 " 2
4 44

Question: How to quantify the performance of an ADC?



ADC Quantization Error Analysis

- The effect of ADC quantization error can be analyzed with a method similar to SNR
calculation due to rounding/truncation. The quantization procedure can be modeled by
a quantization operator Q(e):

— Q(Xn) = Xn + en

X,: ADC input sample (after zero-order hold), y,: quantized result, e,: quantization error

- We again use the signal-to-noise ratio (SNR) as the performance measure:

E{xz ﬂﬂgind arnd QHantlzed Signal
SNRgz = 10log;, (E ) . . .

i il_/ ﬂk
- This analysis requires some assumptions 31 }:"

regarding the input signal and the quantization
error probability density functions

a &

{}L:I-Elll"lﬂtﬂtlﬂ'l"l Error
0.5

ANV

05

0 0.5 1.5 i



1.
2.

ADC Quantization Error Analysis (ontinued)

Quantization model: y, = Q(Xx,) = X, + €,
Assumptions:

The signal x, is a signed real value in [- X, X))

The quantizer is B bit and it divides [-X,,, X.,) into 2B equal
segments of length A= 2X,,, /2%

The signal x,, and the quantization error e, are statistically
iIndependent (we will study the counter assumption later)

The quantization error samples e, are independent
identically distributed (iid) with a uniform distribution
between —A/2 and A/2

Therefore: &= E{e}= ["_ ef,(e)de =0

02 = E{(e — &)%) = [*7(e — &)*f, (e)de =2

12

We have calculated the denominator of the SNR equation. In
the sequel we consider three cases for the input signal:
Sinusoidal (deterministic) signal, Gaussian distributed
stochastic signal, Uniformly distributed stochastic signal

2B-1 1 +X,,- A
output input
code voltage
0+0
-2B+1 + -X, + A
28 + -X,
fe(e)
: 1/A
l
|
: R
—A/2 +A/2 e

Quantization error probability
density function



ADC Quantization SNR with Sinusoidal
Input

- Sinusoidal input signals are the standard measurement method for calculating

ADC SNR.
- Assuming x,=X.,cos(wn), we have E{x,}=0 and E{x?} = X 2/2.

Therefore:
X2 X2
SNR4g = 10log % = 10log Zm = 10log Tm
dB 10 E{e,%} 10 A_Z 10 4X7%1
12 12 x 22B
or

SNR4g ~ 6.02B + 1.76dB

Note: This is the well-known 6dB per-bit rule, which should be memorized as a
rule of thumb by any hardware engineer!



ADC Quantization SNR with Uniformly
Distributed Input

- We next assume that the input signal is a stochastic random variable, uniformly
distributed between —X and X : X ~U(=X,, X,)

- Therefore we have E{x}=0 and E{x,*} = X /3.

Therefore:
X2 X2
SNR4g = 10log % = 10log zm = 10log Tm
dB 10 E{e,%} 10 A_z 10 4-X7%1
12 12 x 228
or
SNR4g = 6.02B

Note: The 1.76dB is no longer there, but we still see the 6dB per-bit property.



ADC Quantization SNR with Gaussian
Distributed Input

- We finally assume that the input signal is a stochastic random variable, with a
Gaussian distribution x,~N(0,0,2).
- The Gaussian distribution has infinite tails and overflow at the ADC input is

unavoidable. However, the probability of overflow is reduced by controlling the input
variance o, relative to the ADC reference voltages —X,, and X,..

- Let's assume X, =kao,. According to the Gaussian curve, for k =1, 2, 3, and 4, the
probability of ADC input overflow is 31.73%, 4.55%, 0.26%, and 0.01%,
respectively.

- Assuming k = 4, we have E{x,}=0 and E{x,*} = X ?/16. Therefore:

) Xin Xin
SNRy4g = 10logy, Eten)) _ 10log, | L& | = 1010g,, | —L8
Efe} A2 4X

12 12 x 22B o)

or

SNRy4g = 6.02B — 7.27dB |

Note: We still see the 6dB per-bit property.

Note: ADC ICs commonly have an out-of-range (OTR) pin for reporting input overflow
per-sample



Non-ideal ADC

- Practical ADC circuitry are never ideal and do not reach
their nominal performance (SNR=6.02B + 1.76dB).

- The standard approach to measure the true performance
of an ADC is by giving it a sinusoidal input signal with an
amplitude of 1dB below full-scale (to avoid overflow) and
measuring the real SNR and the effective number of bits
(ENOB):

True SNR measured by giving a
full dynamic-range sinusoidal to

the ADC and measuring the SNR
of an acquired block of data
SNR4g — 1.76dB
ENOB =
The effective number of bits; a / 6.02

real-value, always smaller
than the nominal number of
ADC bits (ENOB < B)




ENOB Examples

- AD9246 14-Bit, 80 MSPS/105 MSPS/125 MSPS, 1.8 V Analog-to-

Digital Converter:

AD9246BCPZ-80

AD9246BCPZ-105

AD9246BCPZ-125

Parameter’ Temp | Min Typ Max | Min  Typ Max | Min Typ Max | Unit
SIGNAL-TO-NOISE-RATIO (SNR)
fin=2.4 MHz 25°C 719 719 719 dBc
fin=70 MHz 25°C 719 719 7.7 dBc
Full 70.8 69.5 69.5 dBc
fin=100 MHz 25°C 716 716 716 dBc
fiv=170 MHz 25°C 709 70.9 70.8 dBc
SIGNAL-TO-NOISE AND DISTORTION
(SINAD)
fin= 2.4 MHz 25°C 71.1 71.1 71.1 dBc
fin=70 MHz 25°C 71.5 70.8 70.6 dBc
Full 70.4 68.5 68.5 dBc
fin =100 MHz 25°C 70.6 70.6 70.6 dBc
fin=170 MHz 25°C 69.9 69.9 69.8 dBc
EFFECTIVE NUMBER OF BITS (ENOB)
fin=2.4 MHz 25°C 1.7 11.7 11.7 Bits
fiv=70 MHz 25°C 11.6 11.6 116 Bits
fin =100 MHz 25°C 11.6 11.6 116 Bits
fiv= 170 MHz 25°C 1.5 11.5 11.5 Bits




Non-uniform ADC Encoding Curves

- Intuitively, in ADC with non-uniformly distributed inputs, many bits are “wasted” for low-

1.

probability samples (there are profound theoretical proofs behind this intuition). One could
use the bits more efficiently by:

Using non-uniform ADC encoding curves: Divide —X_, and X, into unequal segments
(assign smaller segments to higher probabilities and larger segments to lower
probability values). Example: A-law and p-law companding algorithms used in old 8-bit
PCM digital communication systems for better use of the dynamic range

Making the input sequence distribution uniform: A useful theorem from random
variables:

If a random variable (RV) x with a probability density function (pdf) f,(x) and
cumulative distribution function (CDF) F,(x) passes a nonlinear memoryless
system with a characteristics u = F,(x), the output u is uniformly distributed. Also, if
a uniformly distributed RV u is given to y = F,*(u), the output has a distribution

fx(®)-
Note: This property can be used to make arbitrary RVs from uniform distributions
and vice versa in FPGA.



ADC SNR Improvement by Over-Sampling

- Looking back at the quantization model y, = Q(x,) = x,, + e,,, the quantization
error samples e, were assumed to be independent identically distributed (iid).
Therefore, the quantization noise has a white spectrum and its total power
E{e,?} is equally distributed over the entire Nyquist-band [0,f].

- If the signal is over-sampled beyond the Nyquist rate, the ADC SNR can be
improved by lowpass filtering the ADC outputs (in the digital domain).

- In this case, we have: SNRyg = 6.02B + 1.76dB + 10log,,(OSR), where OSR is

X(f) 4

the over-sampling ration (f,/2B)
FPGA

/\ X(t) x| | Lowpass
| Filter
A A A A

Xs(fh

»
»

Processing

Xs(

E'(f)

/

v

+B +B fo- f +|3 f fs-B -, -f+B

s Ts
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ADC SNR Improvement by Over-Sampling

(continued)

- Over-sampling rule of thumb: “Each factor of two above the Nyquist rate, is equivalent to
3dB of SNR improvement (after low-pass filtering)”. Therefore, SNR improvement by
OSR is expensive!

- Question: OSR =4 improves the SNR for 6dB, equivalent to 1 bit of higher resolution.
Does this mean that we can have a mono-bit ADC that is equivalent to a 12-bit ADC?!

Answer: Yes (to some extent)!

7 % Signal simulation

8 — N = 1000;

== n=20: N-1; —Original = Quantized —O0SR =8 —0OSR =16 OSR =32

1= fs = 100; % analog signal simulation 0.8 ' ' ' '

I [= t = n/ffsa;

12 - fl1 = 0.05; £f2 = 0.865; ,

13 — X = JS%gin(2%pi*fl*t) + 0.3%z3in(2*pi*f2*t) + le—-4*randn(size(t)): 061 q E q N 1 N

14 £ (The Nygquist rate is twice the maximum freguency) ; ? r ‘ f :

e © 04t , ‘ y ‘

16 % Amplitude guantization E | ' ' | ; |

17 — B = 3; % number of guantization bits ﬁ_ ‘ l U U ‘ \

18 — v = double(fi(x, 1, B)): E 0.2 [ \‘ ' ‘ '/ l

139 1 ]

20 % Signal recovery using over—-sampling ratio (OSR) ‘ - 1+ l

21 - OSEL = 8; 0] ’

22 — O5RZ2 = l&;

23 - OSR3 = 32;

24 — vyl smoothed = filtfilt (ones(l, OSR1), OSR1, y); 0.2 )

29 — vZ smoothed = filtfilt (ones(l, GSR2), OSEZ2, v): 0 2 4 6 8 10
- time(s)

26 — ¥3_smoothed = filtcfilt(ones(l, O5R3), O5R3, ¥);



Spurious-Free Dynamic Range (SFDR)

- Looking back at the quantization model y, = Q(x,,) = x, + e,, the quantization
error e, was assumed to be independent from x,. However, this assumption is
violated in low number of bits.

Spurs are notable components and main component
spikes of noise within a signal’s \

spectrum and above the noise floor, [\ T _ T T T 7 T omme oow
which do not correspond to the 60 ‘ noise floor sbur

original signal; but are somehow s} SFDR /\

correlated with it (they move in the
spectrum as the sampling
frequency changes or as the signal
components move).

M
o

'

SFDR is the gap (in dB) between WWIWMWMMMMWWWM]TMMmnmwmw

the original frequency component 60
and the strongest spur %0

Magnitude (dB)
o

| | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
frequency (Hz)



Spurious-Free Dynamic Range Improvement

Spurs are very important in practice, as they are
commonly mistaken with the original signal
components. 80

Note: Spurs can also occur during FPGA arithmetic
truncation/rounding

previous example after dithering

T T T T
|—Guantized & Dithered —Original|

60

How to improve the SFDR? a0l
1. Increase the number of ADC (quantization) .
bits I

2. Break the correlation between the signal and
guantization (rounding/truncation) errors by
adding dithers prior to quantization
(rounding/truncation), e.g., by using high-
thermal noise resistors in ADC inputs

Dither is a noise (at the level of the signal's LSB)
intentionally added to the signal before

quantization to de-correlate the signal and 10 20 s 40 s 60 70 8 0 100
guantization noise frequency (Hz)

Magnitude (dB)
)
o o

A
o

&
o
T

Note: Dithering improves the SFDR at a cost of decreasing the SNR (increasing the noise floor)
Note: Dithers can be generated in FPGA using linear-feedback shift registers (LFSR)



Further Reading on ADC and DAC* (optional)

- ADC internal technologies: ladder, flash, delta-sigma
modulation

- Integral nonlinearity (INL)

- Clock jitter

- DAC technologies

- Contemporary FPGAs with built-in ADCs

- Quadrature ADC sampling techniques (for high speed)
- Mono-bit technologies

- ADC/DAC tradeoffs

Further reading: refer to the references on ADC/DAC in the course’s
references folder



WORD LENGTH SELECTION IN
FPGA-BASED ARITHMETIC




Background

- Real-world applications require the representation of real-valued
data in floating-point or fixed-point formats

- Real numbers can be approximated in these formats using the
necessary number of bits and by proper scaling

Question 1: How many bits should be used for internal calculations?

Answer: Considering that coefficient quantization and
rounding/truncation introduce additional errors to the input data, the
Internal register lengths are selected to meet the minimum required
SNR (selected by the designer)

Question 2: How to choose the minimum required SNR?
Answer: It is application-dependent



Word-Length Selection in FPGA Designs

- The most common sources of noise in analog
and digital electronics systems are
1. Thermal noise of electronic devices and elements

2. Quantization errors in digital systems, due to number
representation in finite-length registers and
rounding/truncation

- In mixed analog digital designs (containing
analog elements, ADC, DAC, FPGA,
processors, etc.) the conventional standard is
to keep the fixed-point computational errors at
the same level or below the input analog noise
level

{ A] Resistor at
temperature T

— M\ o

(B) Moiseless Noise voltage
resistor  Vems® [ Of= 4k, TR

—MW—"C0—

(C) Moiseless resistor
()

Ny

Moise current
e’ / Af= 4k T/ R

O —

Thermal noise model
of a resistor



Input Word-Length Selection Procedure

How to determine the input noise level and internal register lengths?

1. Thermal noise (noise figure) calculation of all analog elements, up to the digital units
(beyond the scope of this course)

Calculating the ENOB of the ADC

3. Selecting the processing register lengths such that the internal FPGA quantization
errors are below (or at the same level as) the above items

Note: For pure digital processing or when the input noise level is unknown for the digital
designer, the noise level can be assumed to be half the input register LSB

ldeal System: FPGA
XO(t) Analog X(t) Xs[n] Jop . ys[n]
| Eront-End » Processing [——*
Real System:
FPGA
g Xs f\ . : s
input noise front-end noise ADC quantlzatlon noise round-off error noise



Input Word-Length Selection Procedure

(continued)

- Note: As far as the FPGA designer is concerned, the input noise and
the analog front-end noise can usually be lumped in the ADC
guantization noise (as factors that reduce the input ENOB)

- For example, with a 16-bit ADC, the 3 LSB may fluctuate due to the
different noise factors (input noise, device thermal noise, ADC
guantization error)

A typical analog front-end with various sources of noise 0 FPGA

DEMODULATOR
RSSI AND |
CONTROL : I
H i
I
: I

1
VCO:S Dlgltal

DLUPLEXER 0
Processing

POWER DETECT
AND CONTROL

Image adapted from: http://www.azcom.it/index.php/services/rf-design/analog-front-end-afe/



Intermediate Word-Length Selection In
FPGA Designs

Intermediate calculation word-length selection follows similar rules: “try to preserve the
signal-to-noise ratio during calculations, as much as possible”

Q3.12 rounded/truncated;

Example: Q1.15 50-tap FIR lowpass filter with ~ SNR possibly improved
Q1.17 scaled rounded/truncated Q3.21 scaled coefficients by the filtering stage

Q1.15 with cosine/sine
ENOB=13.5 bits

hi[n] | >
c,=cos(wn)
Ix(D)|<1
DDS Processing
/ \4 S,=sin(wn)
hy[n] 9 g

16-bit ADC with £1V
reference voltage and CPGA /
possible over-sampling

Q1.15 rounded/truncated

Note 1: The internal register lengths are selected according to the input noise level and ENOB, not the ADC number of bits
Note 2: The SNR can be increased due to the processing gain. For example, remember the SNR improvement due to over-

sampling noted in the previous section



ARBITRARY WAVEFORM
GENERATION




Waveform Generation

The calculation/generation of arbitrary functions/waveforms of the

form y = f(x) is required in many computational and signal processing
applications. We study several methods for this purpose:

- Arbitrary functions:
- Direct Implementations (functional calculation)
- Lookup-Tables & Interpolated Lookup-Tables
- Special functions:
- CORDIC machines
- Periodic functions:
- NCO and Periodic Waveform Generators
- Recursive Oscillators
- Random signal:
- LFSR



Direct Function Implementation

Depending on the function form, y = f(u) can be implemented using its
direct mathematical form or truncated Taylor expansion:
Example 1:y=f(u)=a-u?+b-u+c=u-(@u+b) +c

Requires two multipliers and two adders

~

u ! N X l

X =f
2 ] [ g W
C
+

b >

\4

Example 2: y =f(u) = f(a) + f'(a)-(u — a)
Requires a multiplier and two adders for a first-order approximation
Note 1: The implementation of the direct form of a function on FPGA is simplified

when the expansion coefficients are constants or powers of 2,
Note 2: The approximated Taylor expansion is only accurate for smooth functions



Functional Implementation by Lookup

Tables (LUT)

- In order to implement y = f(x) over a
finite domain, one may pre-calculate
and store the values of y over the
entire domain of x in a memory. The
values of x can next be used as the
address bus of the memory during
runtime.

- LUT-based implementation of
functions is applicable for arbitrary
functions (not necessarily smooth);
but requires a lot of memory when x
has many bits.

- The accuracy of this method depends
on the function form, and the number
of bits assigned to x (N) and y (M)

N bits

d2N-1

y=f(x)
M bits
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Functional Implementation by Interpolated
LUT

- For smooth functions, LUT- linear i ¥
approximation
based methods can be made eﬁ‘;r

more memory-efficient, if they
are combined with interpolation
(linear, quadratic, spline, etc.)

- For example, In linear
iInterpolation, we interpolate
between successive values of
the LUT with appropriate
weights:

N (x —x1)y, + (X2 —x)yq - (x —x1)
(X2 —xq) . (X2 — x1)

(V2—y1)



Interpolated LUT Implementation

- Linear interpolated LUTs can be implemented very efficiently using a single or dual-port
LUT and minor computations.

- |ldea: Suppose that x has N bits, which means that an LUT of length 2V is required for its
complete implementation. However, if one uses the P MBS bits of x (P < N) for
addressing a 2F points LUT, the N-P LSB bits of x could be used for linear interpolating
between two successive samples of the P-point LUT.

used for LUT addressing used for interpolation

XMsB X sB

& »
< »

X:(0(0|1{0|1({1(1|{0|0|0O|1({0O|1|1|0|1

XN-1 XN-p-1 Xo

- Therefore, we can write y; = f(xmsg), V2 = f(xmsg + 1) and calculate the first-order
interpolation as follows:

_ (X —x1) _ xLsB X (¥2—Y1)
y=y1+ ) = x1) (V2=y1) =y1 + NP

This division requires only a shift (rounding)



Interpolated LUT Implementation Diagram

The overall block-diagram of an interpolated LUT of length N using seen as an N-bit LUT
a two-port LUT of length P for pipelined FPGA-based from outside
implementation is as follows: /

Registers (M bits dual-port )

do
y1=f(xy)
(N bits) (M-bits) Interpolator y =109
+1 [ O
y =
Xen X2 r y,=f(X,) y1 + round[xise(2 =y ). N =P | o
(N-P bits) 2

Note: Similar ideas can be implemented using quadratic and spline interpolations. See the following
reference for further ideas and general LUT-based methods: Behrooz, P. (2000). Computer arithmetic:
Algorithms and hardware designs. Oxford University Press, Chapter 24



Periodic Signal Generators

An efficient method for generating periodic signals is to combine an LUT with a

numerically controlled oscillator (NCO)

NCO

Clock (Fs)
P

i

Accumulator

Example: In order to generate a sinusoidal signal with frequency f, in a sampling rate
fs, using an LUT of length N, the NCO increment can be found as follows:

Note: As a sinusoidal signal, inc should be smaller than N/2 to fulfill the Nyquist

Increment

LUT Address

N

sampling rate.

LUT

Address 2

Increment
———F | NCO

Nf,

inc = —

fs

Mixer value

aABM 3UIS



Notes on Periodic Signal Generators

1. Sine and Cosines can be produced using a single two-port LUT with
Y4 of initial address offset between the two ports.

1

b T N SN N

2. Sine/cosine generation is precise (with no phase errors), if the
desired frequency (f,), sampling frequency (fs), LUT length (N) and
LUT address increment (inc) satisfy:

fop Inc

f. N




Sine Wave Generator Examples

- Example 1: We want to generate a sine wave with frequency
f=10.7MHz at a sampling rate of f.=38.4MHz. Noting that

10 7MHz/38.4MHz = 107/384, we can have a 384- point LUT with
Inc=107.

- Example 2: We want to generate a sine wave with frequency
f;=10.7MHz at a sampling rate of f.=42.8MHz. Noting that

10 7MHz/42.8MHz = 1/4, we can have a 4- point LUT, which is basically
a 4-state selector that circulates between 0,+1,0, and -1 (no LUT
needed).

- Example 3: We want to make a direct digital synthesizer (DDS) for
generating sine waves at a sampling frequency of f,=100MHz. The DDS
should be able to synthesize frequency from DC to 50MHz (Nyquist
rate), W(Ij'[h frequency steps of Af=100kHz. A LUT of length N=1000 is
required.



CORDIC Machines

- The direct implementation of arbitrary functions requires
considerable logic resources and LUT-based methods
require considerable memory.

- Classes of mathematical functions can be generated with a
combination of small-size LUTs and set of shifts and
adds/subtracts.

- The Coordinate Rotation Digital Computer (CORDIC) is
one such method

- The CORDIC machine was invented in 1956 by Jack E.
Volder to be used in B58 bomber's navigation system for
accurate real-time digital calculations



Volder's CORDIC Algorithm

Volder’s original algorithm is a set of recursive multiplier-free equations:

(xn+1 = Xn — dnynz_n

{Vn+1 = Yn + dpx 27"
| Zn+1 = Zn — d, arctan2™"

where

- arctan 27" are pre-calculated and stored in a LUT
- d, =sign(z,) (+1ifz, = 0and -1 if z, < 0)

If |z,,| < Omax = Xim=parctan2™" = 1.7432866 ..., it can be shown that:

Xn Xo COS Zy — Yo Sin z
lim | Yn | = K X | x4 sinzy + y, cos z
n—>00

ZTl

0

where K = [[%-,V1 + 2727 = 1.6467603 ...



CORDIC Machine Principles

- The non-restoring decomposition of an arbitrary angle:

6 = z dek,dk = i]., Wi = tan_l(Z_k)
k=0

The nonrestoring algorithm:
The following algorithm converges to 6:
to =0
ther =ty +dpwy
P { 1ift, <6
" |—1 otherwise
Or in the reverse direction:
to =0
the1 =ty — dpWy

o[ 1ifta=0
" —1 otherwise

desired angle




The CORDIC Algorithm in Circular Rotation
Mode

- According to the restoring algorithm, for an arbitrary angle @, successive
rotations can be used to rotate from zero to 8 (or from 6 to 0):

(xn+1) _ (COS(ann) = Sin(ann)) (xn)
Yn+1 sin(d,w,) cos(d,w;,,) / \Vn
or

Gty = cosomm (5 2 )G)

- The term cos(w,,) = 1/V1 + 2727 is the only required multiplication, which can
be omitted, as it does not alter the rotation angles and only changes the
vector magnitudes.

- Alternatively, depending on the number of iterations P, A = 1/[]5_, V1 + 272"
can be compensated as a constant multiplier.




Alternative Forms of the CORDIC Algorithm

- Alternative modes of the CORDIC algorithm include:

¢ _
Tnal = Tn — MdpYn2 o(n)
\ Yn+t1 = Yn + dnan_U(n)
\an,+1 — Zn - dnwa(n),
Circular (m = 1) o(n)=n
Linear (m = 0) o(n)=n
on)=n—k

where £ is the largest
integer such that
B L2k —1 < 2n

Hyperbolic (m = —1)

dp = signzy, dn = —signyn

Type m W

(Rotation Mode) (Vectoring Mode)

xn — K (xqcos 2g — ygsin zp) Tn — Ky/oé + y
circular 1| arctan2~F yn — K (yo cos zg + g sin zg) Ta—

Pa— zn — 2o + arctan ¥

Iy — Tp Iy — I
linear 0 2~k Yn — Yo + To2o Yo — 0

zn =0 Zn — 20 + 12

xp — K' (21 cosh z; + y; sinh z;) rn — K'y/23 — y?
hyperbolic | —1 | tanh™" 2% | o ', K7 (g coshz; + 2y sinhz;) | yn — 0

Zn =+ 0 2Zn — 21 + tanh™! £

Note: The implementation of
CORDIC on FPGA requires
attention in word length
selection and number
representation

Reference and further reading: Muller, Jean-Michel. Elementary functions. Birkhauser Boston, 2006. Chapter 7



CORDIC Implementation on FPGA

1.
2.
3.

Before implementation, the CORDIC parameters need to
be set:

Choose the CORDIC mode
Set the input and output lengths and Q,, ,, data format

Find the required number of CORDIC iterations by
simulation, such that the calculation error is smaller than
the LSB of the selected word lengths

Implement the CORDIC machine using pipelining or
resource sharing (or a combination of both)



CORDIC Implementation on FPGA (continued)

. : : . Stage #0 Stage #1 Stage #N-1
Plpel ined: lPARAMS lPARAMS lPARAI\/IS
Xo 1 X2 XN-1 N
Yo Single Vi Single v, Yo Single Vi
»| Stage | Stage |[—— o — Stage >
z, |CORDIC| z [CORDIC| 2, 2., | CORDIC |z

Common Clock

New Data Stat
— ate
- Resource Shared:  —*—{ conroller
0
Z—O’ Data Ready R
Stage : ._t
PARAMS [ ! g
XN-1 . _ XN
Vs Single ™
S Stage .
*=-> CORDIC | "




Periodic Sequence Generation using
Feedback Shift Registers

- Consider a chain of N registers with a common clock and arbitrary initial
values (known as the seed) connected in feedback:

»011(0|12/0(0|2(0|2|1 [T

- The generated sequence is apparently periodic with (maximum) period N
samples (N/f seconds)

- In FPGA, this feedback mechanism can be used to generate special
periodic sequences at a very low cost (using shift registers)

- Next, suppose that the feedback bit is a Boolean function of the
Intermediate bits:

[ xoln] = fao[n — 1], 2x1[n = 1], ..., xy—y [n = 1])

x1[n] = xo[n —1]

\XN—1[71] = xy—z[n —1]



Periodic Sequence Generation using
Feedback Shift Registers (continued)

Examples:

1 11 1314 16
Yy ' i ) i i-‘. [:_,.- |

r Of 110 0|0 o][e
O
Q(:Q(thl

A 16-bit Fibonacci LFSR

16 14 13 11 1

rl UjD jDU jD olle : O|1010|0 |*‘

A 16-bit Galois LFSR




Pseudo Random Number Generation
using LFSR

- Linear-feedback shift register (LFSR) Is a shift register whose
iInput bit is a linear function (e.g. XOR, XNOR, etc.) of its
previous state

- The initial value of the LFSR is called the seed

- LFSRs are deterministic FSM, as the output stream Is
completely determined by its initial state and the linear function

- Since the register has a finite number of states, LFSR has a
periodic cycle. However, an LFSR with a well-chosen feedback
function can produce a sequence of bits that are pseudo-
random (have a very long period).

- An N-bit LFSR is called maximum-length, if it cycles over all 2N
possible states except O (from which it would not exit from)

Ref: https://en.wikipedia.org/wiki/Linear-feedback_shift_register



Pseudo Random Number Generation

using LFSR (continued)

- In a maximum-length LFSR The length of LFSR can be selected such
that even at the highest available flip-flop clocking speeds, the
periodicity in not observed in centuries!

- Example: A maximum-length LFSR of length 64 clocked at 1GHz, takes
(2%4-1)/1GHz = 585 years to repeat itself!

- Moreover, with an appropriate choice of the LFSR length and the
feedback function (also known as the LFSR polynomial), the generated
sequence resembles a fully stochastic sequence, which passes all the
statistical tests of stochastic white noise.

- In this case, the periodic sequence may only be repeated by having the
Initial seed.

- LFSR have profound mathematical bases with numerous applications in
coding, security, numeric computation, etc.

Ref: See the following for a nice introduction on the mathematics behind LFSR (Galois Fields):
http://inst.eecs.berkeley.edu/~cs150/sp03/handouts/15/LectureAllec27-6up




Other Applications of LFSR

1. Counters: LFSR can be used as extremely efficient counters (only
requiring shift-registers and a few XOR), when the counting order is
not important. For example for FSM encoding and micro-codes

2. Cyclic Redundancy Check (CRC): LFSR can be used to generate
CRC for error detection and correction

3. Data Encryption/Decryption: LFSRs can be used for encryption of
data transmitted over public channels

Binary sequence generator

LFSR
Generator

Common Seed
(Private)

LFSR
Generator

XOR

source

public channel

»( XOR Recovered data

destination



Other Applications of LFSR (continued)

4. Scramblers: Scramblers are used in many communication and
storage protocols to randomize the transmitted data in order to
remove long sequences of logic zeros and ones.

Next state

Scrambled
data

LFSR init
Generator

Data input

Ref: Stavinov, Evgeni. 100 power tips for FPGA designers. Evgeni Stavinov, 2011



Pseudo Random Numbers with Arbitrary
Distributions

As noted before:

If a random variable (RV) x with a probability density function (pdf) f,(x) and
cumulative distribution function (CDF) F,(x) passes a nonlinear memoryless system
with a characteristics u = Fy(x), the output u is uniformly distributed. Also, if a
uniformly distributed RV u is given to y = F,'(u), the output has a distribution f,(°).

u~U(,1) y ~ fx(X)

Fyt(u) "

Random or pseudo-random
uniformly distributed variable



Pseudo Random Signals with Arbitrary
Spectral Color*(optional)

Alternative methods for generating signal/noise with arbitrary

spectra include:

- Frequency modulation using fast frequency sweeps (e.qg.
using a Chirp signal)

- Bandpass filtering pseudo-random white noise

- Superposition of synthetic signals and noise



PIPELINING & DESIGN TIMING
IMPROVEMENT TECHNIQUES




Background

- The notion of pipelining was introduced before, as a means of improving
the design timing, to achieve the design constraints (clock speed)

- Different techniques for pipelining and timing improvement in FPGA
systems are presented in this section, including:

- Retiming

- Re-pipelining

- Cut-set retiming

- C-slow retiming

- Pipelining in feedback systems

References:

- Hauck, Scott, and Andre DeHon. Reconfigurable computing: the theory and
practice of FPGA-based computation. Vol. 1. Elsevier, 2010, Chapter 18

- Khan, Shoab Ahmed. Digital design of signal processing systems: a
practical approach. John Wiley & Sons, 2011, Chapter 7



Retiming

- Retiming consists of reducing the critical path (increasing the clock
speed) by moving the pipeline registers to an “optimal position”.
Example: In the following, each circle denotes combination logic, with
the number representing the combinational latency

Before retiming After retiming

- The objective of retiming is to automate this procedure in a systematic
manner with concise algorithms, which 1) guarantee that the circuit’s I/O
transfer function is not changed and 2) can be implemented in CAD
tools (for instance during the synthesis or technology mapping stages)

- Limitation: Retiming cannot improve the design clock speed beyond the
optimal register placement



Retiming (continued)

- For systematic retiming, a digital circuit is converted to a data flow graph
(DFG). Next, by using graph theory based theorems, the registers are
systematically moved across the computational nodes (combinational
logic), without changing the input/output transfer function of the original
DFG.

Delay Transfer Theorem: “without affecting the transfer function of the
system, registers can be transferred from each incoming edge of a node
of a DFG, to all outgoing edges of the same node or vice versa” [Khan,
2011, p. 304].

1 register
—>

S
f N 7




Retiming (continued)

- Retiming can also be used to merge excess registers to reduce the area
utilization.

Example:




Shannon Decomposition Retiming

- The Shannon decomposition can be used to improve the timing of Boolean
functions. Accordingly:

f(ao,al,...aN_l) - éo'f(o,al,...aN_l) + ao'f(l,al,...aN_l)
Example:

il

Note: The Shannon decomposition is specifically useful for FPGA-based designs,
which are implemented on fixed-input LUTs




Peripheral Retiming

- In this technique: 1) all the internal registers are shifted to the input or output of
the design; 2) the combinational logic is simplified; finally 3) the registers are

pushed to their optimal position by conventional retiming.

Example:

~e{]
o

(1)

-
—_— ‘._|
-

90—

=

|

L

o

3)

(2)



Re-pipelining

- In feed-forward designs, re-pipelining adds additional registers at
the input or output and then moves these registers across the
design (by retiming) to obtain the best performance.

- The cost of re-pipelining is the additional number of registers
added to the pipeline which adds a constant clock latency
between the input and output; but the other properties of the
design are preserved.

additional registers added
before re-pipelining



Cut-set Retiming

- More generally, cut-set retiming permits the addition of arbitrary number of
registers in a forward path, or moving registers from the input to the output (or
vise versa) of a cut-set, while preserving the 1/O transfer function.

- Reminder: In Graph theory, a cut is a virtual partitioning of the edges of a graph
into two disjoint subsets, known as cut-sets.

moving registers from cut-set output to cut-set inputs



Cut-set Retiming (continued)

Example 1: FIR filter retiming

n-2 ! n-3 n-4
A L4 A ]
— :J —
]
I
Q! "0 ‘O
]
E
_____________ 1o—____| __Cutsetl] ____

-
-
-

it

[
|
\

Critial Path 4th
Re-pipelining across feed-forward cut-set 2



Cut-set Retiming (continued)

Example 2: FIR filter retiming, second approach: multiple cut-set retiming

Xn
Lg o T TT L
hg hy I hz
— — —=
Xn xl‘l
Ll Ly 1Ly

‘0 ‘0 0 ‘0 ‘O
3 Jrm’ Sren] Srem}

Three cut-sets with feedback paths After cut-set retiming

_h£°

v
*:r
(o8]

IH‘:



Cut-set Retiming (continued)

Example 3: 4-bit ripple carry adder (RCA) retiming
af3] bf3] a2l bf2]

........ i
g

a{0] by0]

a1] bif1]

Ll

st[3]

si[2]
a3 b3 a2 b2

e al1] b1]  al0] byo0]

Ui _
a.1[3]b.4[3] a.1[2]br.4[2]

st[1] st[0]

sel3) suil2] 4 B—H

Se1[1] st.1[0]



Cut-set Retiming (continued)

Example 4: 4-bit ripple carry adder (RCA) retiming; second approach

a[3] bi[3] ai[2] b[2] a[1] be[1] a[0] b¢[0]
Et-1I1] bt.1[1]

a[3] by[3] a2] bef2]  af1] b1]  a&f0] b[0] é l

a.3[3] by4[3]
St1 [1] st[0]

a.2[2] by.o[2]

e FA

Il

—

[} St

leccoss ----------.!(.}.] it
---------------------------------- s2[2]

&

F

st.3[3] stal2] sea[1] $.5[0]




Cut-set Retiming (continued)

Example 5: Second-order IIR filter

x[n] ay[n-2]+x[n]=y[n] x/n] ay[n-2]+x[n]=v[n]
A T ynl ay[n-2] . y[n/
| S
ay[ ”'2] | |__f

ay[n-1]
—5-°4 y[n-2] _‘r:!":boqIII y[n-1]



Cut-set Retiming (continued)

- Cut-set retiming does not always result in an improved timing.

- Example: In a first-order IIR filter, the critical path is not changed by cut-set
retiming of the feedback loop.

-1 = i R
ay[n-1]+x[n] 7’[:])} ] x[_”{_ Bl "“'[’fi y[ijf nj
ay[n-1]

| ay[n]
yn-1] a




C-Slow Retiming

- C-slow retiming consists of replicating all the registers of a synchronous design C
times, followed by moving the registers (conventional retiming), or by splitting the
circuit into C distinct parallel paths which multiplex and switch between the input data

and results.

l

f,LH ,—J—\
p . r -
# N '\'
N2 X1 X0 { ! M2 M1 MO ¥1 X1¥0 X0 |"'r | BMYIMMIMYOMXOD X1 YO0 X0 MX1MY0MXO0
— MAX — — MAX —> —>
! X i
"k\‘ o l‘\. o
— —

original circuit 2-slow counterpart circuit 2-slow circuit after retiming

Note: The design interleaves between two computations (2-slow): on the first clock
cycle, it accepts the first input for the first data stream; on the second clock cycle, it
accepts the first input for the second stream, and on the third it accepts the second
input for the first stream. Due to the interleaved nature of the design, the two streams
of execution will never interfere (on odd clock cycles, the first stream of execution
accepts input; on even clock cycles, the second stream accepts input).



C-Slow Retiming (continued)

B A
O O—~@—=@- - Cut

original circuit

Example:

2-slow counterpart circuit



C-Slow Retiming (continued)

Example (continued):

- 2-slow retiming after moving the registers to their optimal position (the critical
path is reduced from 5 to 2 time units):

- This architecture can process two parallel data paths with interleaved data

excess feed-forward registers can
be eliminated after retiming



C-Slow Retiming (continued)

- Example: A single 2-slow retimed IIR filter architecture can be used to process
the real and imaginary parts of a complex-valued digital filter by interleaving the
real and imaginary parts of the input:

yn] +jyiln] = hin*(x[n] + J x[n]) = h[n]*x,[n] + ] h{n]xn]

x[0]| x[0] [ x[1]] x[1] [x[2]] x[2] | x.[3]] ... y/[0]| yilO] | y:[1]| vil1] | vi[2] | vi[2] | y,[3]

ay[n-2]+x[n]=y[n]
®
yln/

» 4

y[n-1]



C-Slow Retiming by Data Stream

Interleaving

- The disjoint data stream property of C-slow retiming can be
used to obtain parallel hardware threads, which interleave the
Input data stream between C identical circuits, each working at
1/C of the input clock rate and finally multiplexing the results
back together. This method is referred to as unfolding in some
textbooks.

- The idea Is related to loop unrolling used for optimizing for-
loops in multicore processors and GPUs

- Th