Mc

Graw
Hill
Education

_—— e

_ ﬁ’ig"
)

/1 r
/)

' Digitaland
Computer Design
with VHDL

W

|

MBI S AR

— VHDLiEE #ik

Fundamentals of Digital and
Computer Design with VHDL

Richard S. Sandige
Michael L. Sandige =

voOBR el

AERF Hibtt




HrEBSirEligiT
—— VHDLiEE fik
Fundamentals of Digital and
- Computer Design with VHDL

Richard S. Sandige
Michael L. Sandige

B Gwik

12y

o A S e i
TN oEi

W, 15
e

AERF AL

b =




Rickatd 5. Sarfdi'ge, Michael L. Sandige

Fundamentals of Digital and Computer Design with VHDL

ISBN: 9780073380698

Copyright © 2012 by McGraw-Hill Education.

All Rights reserved. No part of this publication may be reproduced or transmitted in any form or by any means, electronic or
mechanical,, including without limitation photocopying, recording, taping, or any database, information or retrieval system, without
the prior written permission of the publisher.

This authorized Bilingual edition is jointly published by McGraw-Hill Education ( Asia) and Tsinghua University Press Limited.
This edition is authorized for sale in the People’s Republic of China only, excluding Hong Kong, Macao SAR and Taiwan.
Copyright © 2014 by The McGraw-Hill Asia Holdings ( Singapore ) PTE. LTD and Tsinghua University Press Limited.

FRBUSTA o R 28 HY RN SRS VT 1T, XA Y R A £ 8 43 A8 DU ]y A slad A2 S ) sl A , R (R BR T A2 B L 5
il R, BOE SRR R B ST R R RS

A BAURUE KRy Z24% 55 A /R CIE ) R H AR R AIE AR A FRA R SR AR LR S B RTE H A AR 3t
FIESEA RS EF AT TR TBX R E A EHX) #HE.

JRAR© 2014w Z 4% 55 - /R CEM) HF HIRA 7 S FE R EH B A RA FAA

EHWRAURFEFENGFRZFICS  E5 . 01-2013-8359

A B HEWA McGraw-Hill Education 22 J Bithir®E , TIREERESHEE.
AR, B145 . BNaEHIE: 010-62782989 13701121933

B ERS% H (CIP) ¥iiF

B S5 EYLRTT: VHDL 5 F iR/ (3£) i 4% (Sandige, R. 8. ) , (3£) Fili#4 (Sandige M. L. ) 3 ; ¥ idwiE.
—dbtE . K R, 2015

HHERIUEB A

ISBN 978-7-302-38683-4

. % 1. OF- @%F-- @%F-- I. OVHDLEF - B - SUEH: - 86 - % W V. DTP301.2

R RRAS B 51 CIP $di %7 (2014) 55 283778 &5

BERE: BAT
HE®R. fME
mERX: A &
BAEEDF . X

HAR& T HEKF G
o it : http://www. tup. com. cn, http://www. wgbook. com
# b dbsTEREAEEMAE A < BB % 100084
# & #l:010-62770175 il . 010-62786544
BRE5IEERS: 010-62776969, c-service@ tup. tsinghua. edu. cn
R B K f{%:010-62772015, zhiliang@ tup. tsinghua. edu. cn
s R ER T
o TR SR VT A R
: A EBEAE
. 203mm X 260mm Ep 3. 47 = . 1319 T
. 2015 4F 1 HEE 1 hR Ep M 2015 4F 1 HES1 WK ED Kl
: 1~2500
: 99.00 Jo

=
i &
B

il B F H B &
&
S8 S Pt I ok

%
Eo
v
Jn

: 051699-01



To
my loving wife
Edie



IMEEEE N, FELARPDFIGEE www. ertongbook. com



2 R 2

SCRNTE R R R AR S G B BB, SRR A T B SR B A & I R R SR B, ol
IEFEBR XA 14230, B LLUSR AR SR it , $EAE T v SCBRBERR A RUE AR T A WA ) 80138 T4 o

S B A, IR BB B A B E A B FEEETWARE & R A B &7t
BB — & R R R R RS, FI A VHDL i 5 fln] i B B A8 e i — DA ELR
GBI, BTN 1F I FBAR . R, FARIR B2 T 800 , Gt 45 UE S A FIAR T et LR (4%
TH AR IR B S 3 SR AR 4

A4 H Richard S. Sandige #fl Michael L. Sandige T, Bj#& 00 E T M 37 K220 —Z B K2 E 2
&, MR E B TR E N B T, B EZ KA G NF S0 R T, BA F BB AR RER
J& & WHE# WA & , E T2 WildTangent A5 & THIT . BIALVEER A4 BECF R TRt
BB RIS A, F ORISR | EES 9 EHNA ITEVIRITRES 10 R 25 HHN
o WA BT T 5 MR, B T SHEITH 25 FRNAEXTN 34 K, DL SR T B BB A AR A
FF R AR F I E N A

¥
2015 4 1 F Ttk






Preface

man level; it is also intended for an introductory computer design course with assembly

language programming for students at the sophomore level or above. The material in the
book is suitable for students who study computer engineering, computer science, and electrical
engineering. This book uses a spiral teaching approach by introducing a design problem and
then, in the same or a later chapter, either (1) reemphasizing the same concepts when a different
design problem is presented, or (2) working the same problem using a different technique. This
is done to increase the likelihood of retention.

There is no prerequisite for the book; however, computer familiarity and/or a first program-
ming course usually helps students to learn VHDL and assembly language programming.

This book is intended for an introductory digital design course for students at the fresh-

KEY FEATURES OF THIS TEXT

* Generic VHDL code is taught and used throughout the book so that different companies’
VHDL tools can be used if desired.

* Classical and modern VHDL designs are taught to provide a balance throughout the course.

» A Karnaugh Map Explorer program is provided as an interactive tool to teach students to
use Karnaugh maps with 2, 3, and 4 variables.

* Students are taught how to design VBCI (Very Basic Computer 1) and VBCI-E (an
enhanced version of VBC1), which are 4-bit educational computers. Both computers can
be downloaded into a field programmable gate array (FPGA) on a development board and
programmed in assembly language.

* An editor/assembler/simulator program called EASY1 is provided to teach students how to
program VBCI and VBCI-E.

* A memory loader software program is provided to teach students how to design a loader for
instruction memory.

* One or more experiments are provided for every chapter and keyed by number; many have
a recommended pre-lab assignment, related to either writing assembly language programs
or obtaining simulations for VHDL designs.

* Homework problems are keyed to every section of the book.

CHAPTER AND TOPICAL OVERVIEW

In the digital design section of this book, the following topics are covered in Chapters 1 through 9:

* VHDL (Very High Speed Integrated Circuit Hardware Description Language) is intro-
duced in Chapter 1 for combinational logic circuits.

* Thirty-four experiments are provided to allow students to “learn by doing.” Experiments 1A
through 9B provide practice for students to learn how to design VHDL circuits for digital

21
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designs in the laboratory. The experiment numbers are keyed to the chapter numbers. The
experiments may be used for homework assignments or special projects.

« Students are introduced in Chapter 2 to a 7-segment display that uses a letter display system
that they can design and build with an FPGA board via VHDL to display the high (H) or
low (L) level of a slide switch. The Karnaugh Map Explorer program is also provided as an
interactive tool to teach students to use Karnaugh maps with 2, 3, and 4 variables.

* A graphical design method is introduced for manually designing logic circuits in NAND/
NAND and NOR/NOR form in Chapter 3 and then followed up with equivalent designs
using VHDL. Decoders and multiplexers (MUXs) are introduced and manual methods are
used to design circuits with both decoders and MUXSs. These methods are followed with
equivalent designs using VHDL. Function and logic hazards are presented and students are
shown how to eliminate logic hazards with logic hazard cover terms.

e Combinational logic circuit design with VHDL is presented in Chapter 4 with complete
coverage of dataflow, behavioral, and structural design styles. VHDL examples that include
both scalar and vector inputs and outputs are provided.

* Set-reset (S-R) latches, D latchs, and D flip-flops are designed both classically and with
VHDL in Chapter 5. In this chapter students learn how to design D edge-triggered flip-
flops. Experiment 5A provides hands-on learning experience in the gate-level design of a
D latch and a positive edge-triggered D flip-flop with a CLR (clear) input. Experiment 5B
provides a similar hands-on experience of an 8-bit register and a positive edge-triggered
D flip-flop with a PRE (preset) input.

* Finite state machine design is divided into simple and complex state machines. Simple state
machines are basic counters without an external input to change the counting sequence.
Complex state machines have an external input(s) to change the counting sequence. Simple
state machines are presented in Chapter 6. An algorithmic equation method for simple state
machines is presented to show students how to design simple state machines manually. This
method works for practically any size state machine but it is tedious because students must
learn how to write D excitation equations. Students learn how to use the arithmetic method,
which is especially useful when generating a slower clock frequency (or frequency divider).
In addition, a present-state/next-state (PS/NS) tabular method is introduced that allows
students to write the VHDL equations for basic counters using a process that eliminates
the hassle of obtaining D excitation equations. A new counter design description called a
counting or state sequence diagram is introduced alongside the traditional state diagram.

* In Chapter 7 various computer circuits are presented including three-state outputs, data
bus sharing, adder and subtractor design, ripple carry adders, and carry look-ahead adders.
Experiments 7A and 7B provide hands-on design experience of special combinational logic
systems related to Chapter 7, that is, a simple (single-bit) error detection system and a 4-bit
simple adder-subtractor system.

» Circuit implementation techniques presented in Chapter 8 show the implementation of
programmable logic devices—that is, PROMs, PLAs, PALs, GALs and LUTs. This chapter
also contains a brief introduction to the positive logic convention and direct polarity indica-
tion and how to convert between the two representations. A modular design technique is
presented to show how to design MUX and DMUX trees. Designing and testing of a LUT
design system is provided in Experiment 8.

* Complex state machine design with VHDL is presented in Chapter 9 using the two-process
PS/ NS method. The first process, called the synchronous process, generates the flip-flops,
and the second process, called the combinational process, decodes the next-state func-
tions and any Moore and Mealy outputs that may be present in the design. State machine
encoding styles that are used for complex programmable logic devices (CPLDs) and FPGAs
are also presented in this chapter. Experiment 9A provides hands-on design experience in
designing a one-hot up/down counter system using a flat design approach. Experiment 9B



provides hands-on design experience in designing a 10-state counter system using a hier-
archal design approach. A synchronizer circuit is introduced that improves the reliability
of complex state machine designs by reducing the possibility of metastability. To complete
the discussion, two additional state machine design methods are presented—the two-
assignment PS/NS method and the hybrid PS/NS method.

In the computer design section of this book, the following topics are covered in Chapters 10
through 17:

After a brief introduction to Harvard and Princeton (von Neumann)-type computer archi-
tectures, students are introduced to a very basic Harvard-type computer called VBCI
(Very Basic Computer 1) in Chapter 10. Students learn the programmer’s register model,
the instruction set architecture, and the format for writing assembly language for VBCI.
Students get their first introduction to writing assembly language programs for VBCI in
Experiment 10. Appendix D provides a tutorial for the editor/assembler/simulator 1 that we
call EASYI.

In Chapter 11, the assembly language form, transfer function form, and machine code form
are presented for all the instructions for VBCI. Programming examples and techniques are
presented for VBCI.

The experiments accompanying Chapter 12 through Chapter 17 allow students to construct,
design, and implement VBCI via an FPGA over a period of six weeks if one experiment
is performed per week. The number of experiments per week can be decided on by the
instructor teaching the laboratory class. Recommended pre-lab assignments are provided.
Chapter 12 presents the design of input/output (I/0) circuits for VBCI and deals mainly
with bus steering circuits, loadable D registers, driving light-emitting diodes (LEDs) and
driving 7-segment displays.

The design of instruction memory (for storing programs), a loading program counter (for
loading instruction memory), and a debounced circuit (for single stepping through instruc-
tion memory) is presented in Chapter 13. An introduction to gated clock circuits and how to
remove them is also emphasized in this chapter.

Chapter 14 presents the design of a multiplexed display system for VBCI. To provide addi-
tional experience, students learn how to design a word display system in this chapter.

The design of the instruction decoder for VBCI is presented in Chapter 15 because each
instruction must be decoded to automatically provide instruction execution.

The design of the arithmetic logic unit (ALU) for VBCI is covered in Chapter 16. In addi-
tion to an expanded ALU design, students also learn how to design the following circuits:
shifter circuits, barrel shifter circuits, and shift register circuits via VHDL.

Chapter 17 covers the final design for VBCI, which includes the design of the running
program counter that allows VBCI to run at a specified clock frequency. Experiment 17L
is designed to provide the capability to automatically load programs into the instruction
memory of VBCI via a memory loader program. Up to this point the instruction memory
was either loaded manually via slide switches or preloaded via initialization of the instruc-
tion memory in the VHDL code for VBCI.

In the computer design section of this book, the following topics are covered in Chapters 18
through 25:

In Chapter 18, the assembly language form, transfer function form, and machine code
form are presented for all the instructions for VBCI-E. This includes modified IN and
OUT instructions (four ports each), additional instructions for a data memory (STORE and
FETCH), additional arithmetic and logic instructions (SUB, NOT, AND, OR, and XNOR),
additional shift and rotate instructions (SR1, SLO, SL1, RR, and RL), additional control
instructions (JMP, JMPR, and HALT), additional software interrupt instructions (INT and
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IRET), and a hardware interrupt capability. Two assembler directives (BIPROC and EQU)
are also included in the EASY1-E assembler for VBCI-E. Experiment 18 provides students
with hands-on experience with writing and simulating assembly language programs for
both VBCI and VBCI-E.

» The experiments accompanying Chapters 19 through Chapter 25 allow students to con-
struct, design, and implement VBCI-E via an FPGA over a period of seven weeks (if one
experiment is performed per week). The number of experiments per week can be decided
on by the instructor teaching the laboratory class.

* In Chapter 19 students learn how to expand the 1/0O design of VBC1 to make VBCI-E. This
includes redesigning the instruction decoder to handle the expanded 1/0 design for the IN
and OUT instructions. _

* Data memory did not exist in VBCI so Chapter 20 covers the design of a simple data
memory with four storage locations for VBCI-E.

* In Chapter 21, students learn how to enhance the design of the ALU for VBCI to include
new arithmetic and logic instructions, and new shift and rotate instructions. This includes
redesigning the instruction decoder to handle the additional instructions. The design for the
new control instructions JMP, JMPR, and HALT are presented, and the instruction decoder
is redesigned to handle these new instructions.

* Chapter 22 is a very short chapter showing how to design a circuit to prevent program
execution during manual loading. Students often find manual loading of VBCI-E to be
distracting, which led to this chapter in the book.

¢ VBCI-E has additional storage locations and Chapter 23 covers the modification of the
instruction memory to include the additional storage locations.

* VBCI-E has new software interrupt instructions and Chapter 24 covers the design of the
necessary circuits to handle the instructions INT and IRET. The instruction decoder is also
redesigned to handle these new instructions.

 Chapter 25 covers the final design for VBCI-E, which includes the design of the hardware
interrupt capability. Experiment 25L is designed to provide the capability to automatically
load programs into the instruction memory of VBCI-E via a memory loader program.

Information on CAD Tools and FPGA Boards

For the digital design portion of this book, circuits and systems are presented using both a clas-
sical methodology—that is, manual calculations—and VHDL designs. For the computer design
portion of this book, VHDL is used to design VBC1 and VBCI-E. This approach encourages
students to design their own digital systems and/or games once they learn how easy it is to
design with VHDL. Students are not restricted to generating circuits on a small circuit board,
where they must place the IC (integrated circuit) packages and wire them together. The FPGA
(field programmable gate array) chips that are used on modern digital boards remove this ardu-
ous task. Xilinx® ISE® WebPACK is the primary CAD (computer-aided design) tool used in
this book. The ISE WebPACK is available to students and instructors via the Xilinx web site at
http://www.xilinx.com/support/download/index.htm.

A programmable logic FPGA chip can be reprogrammed over and over, which is an ideal
way for students to learn by trial and error. Designs with VHDL code are simulated to verify
that the VHDL code works. If there is an error in the simulation of their VHDL code, students
can simply find and fix the error or errors and rerun the simulation. When the simulation is cor-
rect, the correct bit pattern for the VHDL code can be downloaded into the FPGA chip. Students
can then observe their design working in hardware.

The Digilent® Company manufactures and distributes two very popular FPGA boards.
Their web site is http:/www.digilentinc.com. The boards are (1) the BASYS 2™ board, which
contains a Spartan 3E FPGA manufactured by Xilinx, and (2) the NEXYS 2™ board, which
also contains a Spartan 3E FPGA. The cost of the BASYS 2 board is about $49; the cost of the



NEXYS 2 board is about $99. If the book is used for a digital design course, either the BASYS
2 or NEXYS 2 board can be used. If the book is used for a computer design course, either the
BASYS 2 or NEXYS 2 board can be used to design a stripped-down version of VBCI-E, for
an added cost of about $55 for a few additional peripheral modules. The NEXYS 2 board has
additional flexibility that allows an add-on board called the FX2 MIB (module interface board)
to be used. This add-on board allows a full-blown version of VBCI-E to be designed with addi-
tional peripheral modules. The cost of the FX2 MIB is about $20 and the additional peripheral
modules are about $40.

Information for Laboratory Experiments

Appendix A contains 34 laboratory experiments. To perform Experiments 1B through 25L
requires the use of a BASYS 2 or NEXYS 2 board. These boards are quite popular and will be
upgraded as newer FPGAs become available. The experiments may be performed on a different
FPGA board from another vender, provided that the FPGA board has the required input/output
capability, or the VHDL code is modified to match the input/output capability of the different
FPGA board. The Altera® DEI and DE2 boards can also be used to perform the experiments
using Quartus-II software, because generic VHDL code is used throughout the book. The 1/0
for the DE1 and DE2 boards are slightly different than that of the BASYS 2 and NEXYS 2
boards, thus requiring changes to be made in the generic VHDL code to accommodate the dif-
ferences in I/O capability.

Recommended pre-lab assignments are included so students can learn how to modify test
bench code or write test bench code to simulate their VHDL designs. Appendix B provides
students with help in how to modify test bench code.
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