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Overview

Programmable processors are widely used
— Easy availability, short design time

Basic architecture

— Datapath with register file and ALU

— Control unit with PC, IR, and controller

— Memories for instructions and data

— Control unit fetches, decodes, and executes
Three-instruction processor with machine-level programs
— Extended to six instructions

— Real processors have dozens or hundreds of instructions

— Extended to access external pins

— Modern processors are far more sophisticated
Hardware Description Languages (HDLs)

— VHDL, Verilog, and SystemC are popular

— Introduced languages mainly through examples

8.1

Programmable Processor

» Programmable (general-purpose) processor
— Mass-produced, then programmed to implement different processing tasks
+ Well-known common programmable processors: Pentium, Sparc, PowerPC
« Lesser-known but still common: ARM, MIPS, 8051, PIC, AVR
~ Low-cost embedded processors found in cell phones, blinking shoes, etc.
— Instructive to design a very simple programmable processor
+ Real processors can be much more complex Seatbelt

3-tap FIR filter Other
warning light programs
i p e
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» Basic datapath: Useful circuit in a

8.2

Basic Architecture

Processing generally consists of:
i h
— Loading some data somehow

connected
to the
— Transforming that data DatamemonyD | oueside
g

world
— Storing that data

programmable processor

— Can read/write data memory, where main
data exists Register file RF

— Has register file to hold data locally
— Has ALU to transform local data

Datapath

Basic Datapath Operations

* Load operation: Load data from data memory to RF

ALU operation: Transforms data by passing one or two RF register values through
ALU, performing operation (ADD, SUB, AND, OR, etc.), and writing back into RF.
Store operation: Stores RF register value back into data memory

« Each operation can be done in one clock cycle

Data memory D ‘ L Data memory D ‘ Data memory D ‘
1
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/
n-bit

21 1 21
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Regigter file RF \| |Begister fle RF
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ALU ALU

Load operation ALU operation Store operation 5

Basic Datapath Operations

Q: Which are valid single-cycle operations for given datapath?
— Move D[1] to RF[1] (i.e., RF[1] = D[1])
+ A YES - That's a load operation
— Store RF[1] to D[9] and store RF[2] to D[10]
+ A: NO - Requires two separate store operations
— Add DI[0] plus D[1], store result in D[9]
« A:NO — ALU operation (ADD) only works with RF. Requires two load operations

(e.g., RF[0]=D[0]; RF[1]=D[1], an ALU operation (e.g., RF[2]=RF[0[+RF[1]), and
a store operation (e.g., D[9]=RF[2])

Logameroyp | [ ostamemoyn | [ gatamemoyo |
/7

Load operation ALU operation Store operation 6
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Basic Architecture — Control Unit

«  D[9] = D[0] + D[1] — requires a Instruction memory |
sequence of four datapath operations: 0: RF0]=D{0]
0: RF[0] = D{0] . |12 RR[1]=D[1]
T RF = D01 2 RFI2I=RFONAFT1)
2: RF[2] = RF[0] + RF[1] 3 DISRFI2
3.D9)=RF2) } |
. Each operation is an instruction J
—  Sequence of instructions — program - “
—  Looks cumbersome, but that's the world | B>
of programmable processors — 1
Decomposing desired computations into
processor-supported operations 0
—  Store program in Instruction memory Controfer
—  Control unit reads each instruction and
executes it on the datapath Controlun
+ PC: Program counter — address of rol unit

current instruction
IR Instruction register — current
instruction

Machine Model Summary

Register-
Y

Stack Accumulator

ALU ALU

C=A+B

Register-
Register

Basic Architecture — Control Unit

« To carry out each instruction, the control unit must:
— Fetch — Read instruction from inst. mem.
— Decode — Determine the operation and operands of the instruction
— Execute — Carry out the instruction's operation using the datapath

Instruction memory |

. :
: 1 Instructon memory |
FOLRRT] | o: RF(0}-Dl0]
12l 1:Ri

F[1]=D[1]
') 1] 2: RF[2=RF[0}+RF1]
3: DIgRFI2]

Instruction memory 1

0:RF[0]=D[0]

1: RF[1]=D[1]

FIO}+RF(1]
2]

F{1)=D
2. RF[2-R
3: Dlg)=*

[-RFI2]

3k

t

—
R
e ]
* R

= L7 Jlriod
» RFI0}-D(]
Gontoller S
im<{ i Fegitr fle AF
Controller 1 LRIO): 22 > 99
e Hoad] Controller m—
(@)
Contitunt
Fetch o
contotunt Detapatn
Decode o | Datapatn
Execute

Machine Model Summary

Register-

Stack Accumulator

Memo

Register-
Register

C=

Machine Model Summary

Regist

REQTSTeT

Stack Accumulator

ALU ALU

A+B

8
Register

Push A Load A Load R1, A Load R1, A
Push B Add B Add R3,R1,B Load R2, B
Add Store C Store R3,C Add R3, R1, R2
Pop C store k3, ¢!°
« To carry out each instruction, the control unit must:
— Fetch — Read instruction from inst. mem.
— Decode — Determine the operation and operands of the instruction
— Execute — Carry out the instruction's operation using the datapath
Instruction memory | ;
0: RF(01=DI0]
1: RF] Instruction memory 1
0: RF[0}-D[0]
1: RF[1]-D[1] Instruction memry
2: RFI2I=RF[0}4AF(1] 0: RF{0}=D[0] Data emory D
5Dl T-RFI-DI) oy 102
¥ T 2: RFI2I-RFIO1RF(1] ¥
I ) 3: DISJ-RFT2]
f L% ool
He *
= R )
Controller b= ? Register file AF
Cohroller W, BRI1]: 22 3> 102
Controluolt Tload” Controller g
@
Fetch Gontrol unit
o Control unit | Datapath
Decode w0 b
Execute

11

12
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Basic Architecture — Control Unit

« To carry out each instruction, the control unit must:
— Fetch — Read instruction from inst. mem.
— Decode — Determine the operation and operands of the instruction
— Execute — Carry out the instruction's operation using the datapath

Instruction memory |

0: RF|
1: RF| Instruction memory |

1
2R Fit] 0: RF(0}-D[0]
3 D;Jl:ﬁﬂz \ 1 RF{10[1]
I 2 RFZI-RFIOJ+AFIT]
)

0]
)
)
J § Do

Instruction memory |

0:RF[0]=D[0]

1: RF[1]=D[1]

2: RF[2=RF[0}+RF1]
2]

g T a
,2-3 |8 ) I
PC R

L RF(2I-F] ol '
PC R
L s |lBFeeng
Controller = ?
Goroller H L
Joo

Control unit "ALU (ptid)" contoter | |
@

Fetch

Contigtunt
(b)
Decode

Control unit

(€
Execute "
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Basic Architecture — Control Unit

To summarize, the control unit processes each instruction in three stages:

. first fetching the instruction by loading the current instruction into /R and incre-
menting the PC for the next fetch,

2. next decoding the instruction o determine its operation, and

ting the operation by setting the appropriate control lines for the data-
plicable. If the operation is a datapath operation, the operation may be
one of three possible types:

(a) loading a data memory location into a register file location,

APy (b) transforming data using an ALU operation on register file locations and
1R=) 2 results bact egister file loc:

sl writing results back 1o a register file location, or

(¢) storing a register file location into a data memory location.

L Data memory D
4

0: RF[0}-D0]
TRF(11=D1]
2: RFIZ1-RFIOMAF(]
3: DIS}=RF(2]

Controller

|
'
Lo ]

Controller
Control unit

Datapath

15

Number of Cycles

Q: How many cycles are needed to execute six instructions using the
earlier-described processor?

A: Each instruction requires 3

cycles — 1 to fetch, 1 to decode,

and 1 to execute

« Thus, 6 instr * 3 cycles/instr =
18 cycles

Basic Architecture — Control Unit

To carry out each instruction, the control unit must:

— Fetch — Read instruction from inst. mem.

— Decode — Determine the operation and operands of the instruction
— Execute — Carry out the instruction's operation using the datapath

Instruction memory |

0: RF(OJ-D[0]
1:RF1I-D[1] Instructon memory |
2: RF[2J-RFOLRFIT] 0: RF(0}-D[0]
3: DI 1: RF[1]=D[1] Instruction memory 1
[ [T 2: RFIZI=RFIO}+RF(T] 0: RF{0J=D[0] Data memory D
3 DIORFE] 1:RE[1D[1] b Drej=22 > 201
I 2 RFZI-RFIO+AFIT] 4
P ¢ 3: D[9J=RF[2]

¥
"
b me:nn}n

=

Controller o
> Cofraller
Control unit

"store
@

Fetch

Fels 31—
3

Contotler
Contigtunt

(b)
Decode

Control unit

Datapath

(€
Execute ©
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Creating a Sequence of Instructions

Q: Create sequence of instructions to compute D[3] = D[0]+D[1]+D[2]
on earlier-introduced processor

A1: One possible sequence « A2: Alternative sequence

+ Firstload data memory +  Firstload D[0] and D[1] and
locations into register file add them
- R[3] = D[0] « R[1]=DI[0]
+ R[@4]=D[1] « R[2]=D[1]
+ R[2]=D[2] + ROI=RM1]+R[2]

(Note arbitrary register locations)
* Next, perform the additions

© RM]=R[3] +R[4]

+ ROI=RM1]+R[2]
« Finally, store result

+ D[B]=R[1]

* Next, load D[2] and add
- R[2]=D[2]
* R[I=R[1]+R[2]

« Finally, store result

+ DBI=R[1]
16
16
8.3
Three-Instruction Programmable Processor
« Instruction Set — List of allowable instructions and their
representation in memory, e.g.,
— Load instruction—-0000 r3rzriro d7dsdsd+d3d2dido
— Store instruction/-0001 rsrzrire drdedsdadadzdido
— Add instruction+50010 rasrazrairao rbarbzrbirbo resreareirco
y
/ Desired
0: RF[0]=D[0]
F[1]=D{1]
F2]=RF[0}+RF1]
DIgI=RFI2)
¥
Instructionj memory |
00000001 Instructions in Os and 1s —
0000 0001 machine code
3:0001 0010 00001001
\
opcode operands 18

17

18
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Program for Three-Instruction Processor

sired program
O RHODN
1: RF[1]=D{1]
2: RF[2|=RFO}+RF1]
3: DJ9}=RF[2)
¥ Computes
DI9FD[ORDI1]

Instruction memory;
0: 0000 0000 00000000
1:0000 0001 00000001
2:0010 0010 0000 0001,
3:0001 0010 00001007

I i
H—w
I——
Controller
>
Control unit

Program for Three-Instruction Processor

« Another example program in machine code
— Compute D[5] = D[5] + D[6] + D[7]

: 0000 0000 00000101 // RF[0] = D[5]

0000 0001 00000110 // RF[1] = D[6]

0000 0010 00000111 // RF[2] = D[7]

:0010 0000 0000 0001 // RF[0] = RF[0] + RF[1]
/I which is D[5]+D[6]

0010 0000 0000 0010 // RF[0] = RF[0] + RF[2]
/I now D[5]+D[6]+D[7]

:0001 0000 00000101 // D[5] = RF[0]

wn=o

b

o

Load instruction—0000 r3rzriro d7dedsdsdsdz2dido
Store instruction—0001 r3rzriro drdedsdadsdzdido
Add instruction—0010 rasrazrairao rbarbarbirbo resrezreirco

20

19
Assembly Code
* Machine code (0s and 1s) hard to work with
« Assembly code — Uses mnemonics
— Load instruction—MOYV Ra, d
« specifies the operation RF/aj=D/[d]. a must be 0,1, ..., or 15—so R0 means
RF[0], RI means RF[1], etc. d must be 0, 1, ..., 255
— e« Store instruction—MOV d, Ra
« specifies the operation D/d]=RF/[a]
— * Add instruction—ADD Ra, Rb, Rc
« specifies the operation RF/a]=RF[b]+RF[c]
ge;g[e(g fgf&’ am 0: 0000 0000 00000000  0: MOV R0, 0
1: RF[]=D[1] 1:0000 0001 00000001 1: MOV RI, 1
2: RF[2]=RF[O]+RF[1]  2:0010001000000001  2: ADD R2, R0, R1
3: D[9]=RF(2] 3:0001 0010 00001001 3: MOV 9, R2
machine code assemblv co:
21
21

Control-Unit and Datapath for Three-Instruction

Processor

« Create detailed connections among components

D_adar 8,

addr D
addr  rd data 1 X
16 bw " 256x16
¥ - wr

16

20

Processor

description of the processor's behavior

i@ooo" op==i0001 " op==”0<0;‘

Add

RF[ra] :=
RF[rb]+
RF(rc]

RFlra:=DId] DId]:=RFira]

Control-Unit and Datapath for Three-Instruction

» To design the processor, we can begin with a high-level state machine

22

Processor

« Convert high-level state machine

Control-Unit and Datapath for Three-Instruction

description of entire p! to FSM

description of controller that uses
datapath and other components to
achieve same behavior

L -
g™ Peir_up B
= Init — 16
() e | S
RFs 16-bit
PCor i IR 21
Decods o PC_inc 6
0p=='9006 op==-0001" Sp=0010" RE W adgr | 4 o aata
RE W wr -
o N \ RF _Rp addr| 4 J”dd
) ” Rp_addr
o ) St ) Add Contraller R _Ap 0 Pt eas
RFL=Dlc] DlIFRFIral AFlra) = RF_Rq_addr| 4 P RF
RFll ST q_addr
RFi] qrd
16 Rp_dataRq_data
alu_so 16 {16
Control unit Datapath

23

RF_
RF_Rp_addr=ra
RF_Rp_rd=1

— RE W wr ol
0pP000 0p=001  0P=0Q10 BE B 20drd e g adar
RF_Rq addr 4 P! RF
T
e

@mw T o
—peo- Lrd=1 PC_inc=1 ’
PC_olr=t 1R_ld=1 i

> xe | el

Control unit

RF.
alu_s0=1
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8.4
A Six-Instruction Programmable Processor
+ Let's add three more instructions:
— Load-constant instruction—0011 rarzriro c7escscacaczcico
* MOV Ra, #c—specifies the operation RF/a]=c
— Subtract instruction—0100 rasrazrairao rbarbzrbirbo resrezreirco
« SUB Ra, Rb, Re—specifies the operation RF/a]=RF[b] — RF[c]
— Jump-if-zero instruction—0101 rasrazrairao 0706050403020100
« JMPZ Ra, offset—specifics the operation PC = PC + offset if RF[a] is 0
TABLE 81 Six-instruction instruction set. TABLE 82 Instruction opcodes.
Instruction Meaning Instruction Opeode
MOV Ra, d RF[a] = D[d] MOV Re, d 0000
MOV d, Ra D[d] = RFfa] MOVdRz 0001
ADD Ra, Rb, Re  RF[a] = RF[b}+RF{c] ADD Ra,Rb,Re 0010
MoV RF[a] = C MOV Ra, #C 0011
SUB Ra, Rb, Re RF{a] = RF[b]-RF[c] SUB Ra, Rb, Re 0100
JMPZ Ra, offset PC=PC-+offset if RF[a]=0 JMPZ Ra, offset 0101
25

25

Extending the Control-Unit and Datapath

1: The load constant instruction requires that the addr rd data D_addr g
a

register file be able to load data from IR/7..0], in

addition to data from data memory or the ALU ]

output. Thus, we widen the register file’s R

multiplexer from 2x1 to 3x1, add another mux > 1d

control signal, and also create a new signal coming 16 3 ,d:h

from the controller labeled RF_W_data, which will < W data

connect with IR/7.0]. ]2

2: The sublract instruction requires that we use an AF_—]

ALU capable of subtraction, so we add another

ALU control signal [ o

3: The jump-if-zero instruction requires that we be addr

able to detect if a register is zero, and that we be Controller GIIGTICTE Y M e

able to add IR/7..0] to the PC. Rp_rd 16x16
3a: We insert a datapath component to detect if BERg addi % folng acar

the register file’s Rp read port is all zeros (that Rq_rd

component would just be a NOR gate). b6l Ro_dataRq_datal
3b: We also upgrade the PC register so it can be RF_Ap_zero| 2

loaded with PC plus IR[7..0]. The adder used for {=o] 16 {16

this also subtracts 1 from the sum, to compensate S alu_s1 A B

for tho uc that the et st alseady added 1 10 :@K: 5 AW

the PC. Control unit Datapath | —re

50 | ALU operation

0 0 | pass A througi
01 |AB 26
10 [AB

-

PC_dli=t L;?T;m:‘

R_ld=1

T 0p=0010  0p=0011 op=0100

TABLE 82 Instructio

Instruction

Controller FSM for the Six-Instruction Processor

n opeodes.

Opeode

0000
0001
0010

0011

op=0101

AF.
RF_Rp_addr=ra|
RF_Rp_rd=1

RF. addr:
RF:%’M;

1
RF_W_addr=ra
RF_W_wr=1

Subtract

0100
0101

26
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Program for the Six-Instruction Processor

+ Example program — Count number of non-zero words in D[4] and D[5]
— Result will be either 0, 1, or 2
— Put resultin D[9]

MOV RO, #0; // iniialize result to 0

MOV R1, #1; // constant 1 for incrementing result

0011 0000 00000000
0011 0001 00000001

MOV R2, 4; // get data memory location 4 0000 0010 00000100
JMPZ R2, lab1; // if zero, skip next instruction 0101 0010 00000010
ADD RO, RO, R1; // not zero, so increment result 0010 0000 0000 0001
lab1:MOV R2, 5; // get data memory location 5 0000 0010 00000101
JMPZ R2, lab2; // if zero, skip next instruction 0101 0010 00000010
ADD RO, RO, R1; //not zero, so increment result 0010 0000 0000 0001

lab2:MOV 9, RO; // store result in data memory location 9 0001 0000 00001001

(@ TABLE 82 Insucionopcades (b)
Torction =
T
Novar

ADD RaRb,Re 0010
MOV Re, #C
SUB Ra, Rb,
MPZ Ra, offsl.

8.5

Further Extensions to the Programmable Processor

28

instructions

* Input/output extensions

external pins

» Typical processor instruction set will
contain dozens of data movement
(e.g., loads, stores), ALU (e.g., add,
sub), and flow-of-control (e.g., jump)

— Extending the control-unit/datapath follows
similarly to previously-shown extensions e
—

— Certain memory locations may actually be

« e.g, D[240] may represent 8-bit input 10,
D[255] may represent 8-bit output P7

—fwr

.
s Ttro
P S | S R
29

Program using 1/O Extensions — Recall Chpt 1
C-Program Example

Programmed  Custom designed

. o e Microprocessors a
microprocessor  digital circuit

common choice to
| implement a digital

Desired motion-at-night detector

r‘v‘ )| e s Detector }{ Detector | oetecor | system
[ 1| senser D | e | - Easytoprogram
= ] e - Cheap (as low as
s lprocessor| b $1)

sensor " a ~ Available now

@

void main()

{

—J T
o
while (1) { S e
PO=10&& 11 O

1

.

o

29

//F=aand b,
1 } —, I—
) 1 1L L1
600 7:057:06 9.009:01  time
30

30
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9.1
Program Using Input/Output Extensions Hardware description language
Underlying assembly code for C expression 10 && !11. . . ) DoorOpener
* A drawing of a circuit, or

0: MOV RO, 240 // move D/240], wh?ch l% the value at pl?‘l 10, into RO schematic, contains L
1: MOV R1, 241 // move D[241], which is that value at pin /1, into R/ . . . [ LE
2:NOTRI, R1 // compute !/, assuming existence of a complement instruction graph.lcal information about o,
3: AND RO, RO, R1 // compute /0 && /1, assuming an AND instruction a deS|gn
4: MOV 248, RO // move result to D/248], which is pin PO — Inverter is above the OR gate,

AND gate is to the right, etc.
2565160
—jaasr » Such graphical information
void main() ey
{ M e may not be useful for large
while (1) { .
PO =10 && !11; 239: dESIQnS
Famdn. 2:7@ ‘ + Can use textual language
} aae it ro instead
PO D N
W_oata R_data
31 32
0

31 32

Computer-Readable Textual Language for

Textual Language - English Describing Hardware Circuits: HDLs

+ Can describe circuit using English text rather than using a drawing

— Of course, English isn't a good language for a computer to read » Hardware description |anguage (HDL)
- Need a more precise, computer-oriented language — Intended to describe circuits textually, for a computer to read
(@ Dooropener () We'll now describe a circuit whose name is DoorOpener. — Evolved starting in the 1970s and 1980s
The external inputs are ¢, h and p, which are bits. H .
. Inv_1 The external output is f, which is a bit. ¢ POPU|ar Ianguages tOday include:
™ We assume you know the behavior of these compone nts: — VHDL —Defined in 1980s by U.S. military; Ada-like language
¢ An inverter, which has a bit input x, and bit output F.
D T Lo A 2-input OR gate, which has inputs x and y, and bit output F. — Verilog —Defined in 1980s by a company; C-like language
b = A 2-input AND g ate, which has bit inputs x and y, and bit output F. ) . . )
™ AND2 1 The circuit has internal wires n1 and n2, both bitss. — SystemC —Defined in 2000s by several companies; consists of
OR2_1 - The DoorOpener circuit internally consists of: libraries in C++

Aninverter named Inv_1, whose input x connects to
external input ¢, and whose output connects to 1.
A 2-input OR g ate named OR2_1, whose inputs connect to external
inputs h and p, and whose output connects to n2.
A2-input AND g ate named AND2_1, whose inputs connect to n1
and n2, and whose output connects to external output .
That's all.

33 34

Combinational Loq!c pescnptlon using Hardware ™ Describing Structure in VHDL
Description Languages

DoarOpener
+ Entity — Defines new m_t
* M DoorOpener item's name & ports e
— Another word for "circuit" ol (inputs/outputs) ey e
f : — std_logic means bit ™ e Librazy icee:
- — x use dese.std logic 1164.a11;
An interconnection of bl £ type, defined in ieee oR2.t perer 15
components o, library @ Fors L5, b b dn st losle
. . Wel now describe a circuit whose name is DoorOpener. )ﬁ?ﬂ,‘/
— Key use of HDLs is to describe «  Architecture — T ool pisarec. handp wchas i Doordpene:
il i s ant architecture Circuit of DoorOpener is
StFUCtu e Describes |nterna|s, We assume you know the behavior of these components: |~ component Inv “ o

which we named "Circuit” aninverter, which has a it imutx,and bitoutpat F— | PoxE. (2 in std logic
A\ 2nput OR gate, whic has inuts x and . £ out std_logic);
- Declares 3 previously- and it output . end component.

. . . Lo . defined " A g AND e, i s b s xndy {~ componen
Note: The term "instantiate" will be used to indicate adding a new De "I‘e C?’"P""T" s and o o Por a7 o ot Lot
. B - eclares internal ‘The circuit has internal wires n1 and n2, both bits. end component; -
copy of a component to a circuit signals Component a2
 Nelo"comment ™ DO oot —— P (.72 4n st ogics
The OR component Three instances of the OR component Instantiates and kWi ot e 71 end component
= InStantates an A 2-input OR gate named OR2_1, whose inputs signal nl,n2: std_logic; --internal wires|
connects those connectto extemal nputs h and p, and whose O
. egin
components At AND o ramod AN, ose [R50 pore e ¢
Fort mp |

E connect o nf and n2, and whose output connects 10
extemal output .
Thatsal ——— |

®) (@
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Describing Structure in Verilog

 Damopene
+ Modules defined for cul I
Inv, OR2, and AND2 nol v 0 !
. ! hamjpt T
(details omitted) e g
— Note "//" comment o o)

* Module defined for

module Inv(x, F);
input x

Welllnow describe a circuit whose name is DoorOpener.

D O “The external inputs are ¢, h and p, which are bits. ‘7‘“5“‘: Fi & o
‘The extemal oulput s , which is abit (i s e
oorUpener ” endnodule
B : We assume you know the behavior of thesé\compor module OR2(x, y, F)
- Lists inputs and Pt S a1
‘A 2-input OR gate, which has npufs x andy ou ;
outputs and b ot F // details not shown
. ‘A 2-input AND gaie, which has bit nputs x and y,
— Declares internal and bitoutput F. R R i F)7
v
wires

e cicul has nteral wires n1 and n2,bothbis.

— Instantiates and
connects three
components

‘The DoorOpener circuit internally consists of:
o a1 w0 o oo o
ot e snd whoss oo 071
A i OF gt e O whose ol
ot 1o oxarmal s nard . and Whoss
Comecsione
Aot AND gl named ANDE.1, woso g
contect 10 ni-and n, and whoss ouiputconmecis s ~——|
external output f.
Tatoan

(b)

37

Combinational Behavior

+ Combinational behavior

— Description of desired behavior of combinational circuit without
creating circuit itself

— e.g., F=c'*(h+ p) can be described as equation rather than circuit

— HDLs support description of combinational behavior

3

9

Describing Combinational Behavior in VHDL

» Describing a custom
function's behavior
— Desired function: f = c"(h+p)
— Entity defines input/output ports
(not shown)
— Architecture
« Process
— Sensitive to ¢, h, and p
— Assigns a new value to output

port f, computed using built-i
operators "not", "and", and "or"

architecture beh of DoorOpener is
begin
process(c, h, p)
begin
£ <= not(c) and (h or p);

end process;
end ben;

41

Doorpener
+ Module defined o
Sul
Declares inputs N
n,l
and outputs .l Sincods -
Declares internal Fincreas +nain
wires ® SC_MODULE. (Do0rOpenes)
« Note "//"

Constructor
function "CTOR"

Describing Structure in SystemC

We'l now describe a cicult whose name is DoGTOpene.

comment whi

:_in<sc_logic> ¢, h, p;

Declares three

N > Aninverer, whih has a b
previously-defined  Azinputor
components and bt ouiput

and bit output

* Instantiates

‘external input c, and whose output connects 1o 1’
components A 2-input OR gate named OR2_1, whose input
connect o axternalnputs h andp, and whose outp,
+ Connects " B p

comecis o2
components connectt it and 2, and

eamal output
Thatsa

®)

¥
A 2-npul AND gate, which has bit nputs x andy,
F
The circuit has intemal wires n and n2, both bt

The DoorOpener crcuit nternally consiss of:
‘Aninverter named Inv_1, whose input x connects -

A 2:0pul AND gate named AND2 1, whoss inpu

ich s a bit. out<sc_logic> ¢

//internal wires

sc_signal<sc_logic> nl

inputx, and bt output F o

/component declarati
1

[ a0z 1.x(n1
ANDZ
AND21UF(£) 7

whose output connects to

(©

38

Describing Combinational Behavior in VHDL

Describing an OR gate's
behavior

— Entity defines input/output ports
— Architecture

« Process — Describes behavior
— Process "sensitive" to x and y
» Means behavior only
executes when x
changes or y changes
— Behavior assigns a new value
to output port F, computed
using built-in operator "or’

library jeee;
use ieee.std logic_1164.all;

entity OR2 is
port (x, y: in std logic;
F: out std_logic

IE
end OR2;
architecture behavior of OR2 is
begin
process (x, y)
begin
F <= xor y;

end behavior;

40

Describing Combinational Behavior in Verilog

Describing an OR gate's
behavior

— Module declares input/output
ports

Also indicates that F is "reg"
Means F stores value

— By default, ports are wires,
having no storage

— "always" procedure executes
statement block when change
occurs on x or on'y

"Sensitive" to x and y

Assigns value to F, computed
using built-in OR operator "|"

module OR2 (x,y,F);
input x, y;
output F;
reg F;

always @(x or y)
begin
F<=x|y;

end
endmodule

42
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Describing Combinational Behavior in Verilog

» Describing a custom

function's behavior
— Desired function: f = c"(h+p)

— Module defines input/output
ports

« Output f defined as "reg"

— "always" procedure sensitive to

inputs
« Assigns value to f, computed

using built-in operators for NOT

(~), AND (&), and OR ()

module DoorOpener (c,h,p, £) ;
input ¢, h, p;
output f;
reg f;
always @(c or h or p)
begin
£f<=(~c) & (h | p);

end
endmodule

43

Describing Combinational

Describing a custom function's
behavior

— Desired function: f = c"*(h+p)

— Module defines input/output ports
— Constructor

« Indicates module described by a
method (procedure) "comblogic”

« Sensitive to ¢, h, and p
— "comblogic" method
« Assigns value to f, computed

using built-in operators for NOT
(~), AND (&), and OR (])

Behavior in SystemC

#include "systemc.h"
SC_MODULE (DoorOpener)
(

sc_in<sc_logic> c, h, p;
sc_out<sc_logic> ©

SC_CTOR (DoorOpener)

{
SC_METHOD (comblogic) ;
sensitive << c << h << p;

void comblogic ()

f.write((~c.read()) & (h.read()
p.read()));

45

Testbench in VHDL

Entity
— No inputs or outputs
Architecture
— Declares component to test,
declares signals
— Instantiates component, connects
to signals
— Process writes input signals,
checks output signal
 Waits a small amount of time
after writing input signals
« Checks for correct output value

using "assert" statement DoorOpend

process Testbench /

fa values,
check

library icee;
use ieee.std

entity Testhench i
end Testbench;

architecture behavior of Testbench is
component DoorOpener
port (c, h, p: in std_logic;
£% out ctd_logic
end component;
signal c, h, p, £: std logic;

DoorOpenerl: Dooropener port map (c,h,p,f);

Il

Setinput 3] f
B
]

SystemToTest

output
values

47

Describing Combinational

* Describing an OR gate's
behavior
— Module declares input/output
ports
— Constructor (CTOR)
« Indicates module described by a
method (procedure) "comblogic"
« Sensitive to x and y
— Method "comblogic" assigns F a
new value using built-in OR
operator "["
+ Reading input port done using
.read() function defined for input
port type; likewise, writing done

using .write() function

Behavior in SystemC

#include "systemc.h"
SC_MODULE(0R2)
{

sc_in<sc_logic>x, y;
sc_out<sc_logic> F;

SC_CTOR(0R2)
{
SC_METHOD(comblogic) ;
sensitive << x << y;
}
void comblogic ()

F.write(x.read() | y.read());

44

Testbenches

Testbench

— Assigns values to a system's inputs, check that system outputs

correct values

— Akey use of HDLs is to simulate system to ensure design is correct

Testbench

check
output
values

Set input ||
values, [

SystemToTest

46

Testbench in Verilog

Module

— Three register signals for

inputs (values must be written and
stored)

— One wire signal for output
(value is only read, need not be stored)

— Instantiates component,
connects to signals
"initial" procedure executed
only once at beginning

« Sets input values

« Displays output value

DoorOpenc]

Il 41 sdisplay ("

"initial" procedure Testbench

/

module Testbench;
reg c, h, p;

DoorOpener DoorOpenerl(c, h, p, £);

initial

begin
// case 0
c <= 0; h<=0; p<=0;
#1 $display("f - b", f);
// case 1
c<=0; h
#1 $display ("
// (cases 2-6 omitted from figure)
/I case 7
c<=1; h<=

end
endmodule

Set input
fa. values,
check
output
values

s
=
=
|

/

SystemToTest

48
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* Module
— Testbench is its own module
— Three outputs, one for each input
of system to test
— One input, for the one output of
the system to test
Constructor defined as THREAD
+ Like MODULE, but allows use of
"wait" to control timing
— testbench procedure writes
outputs, waits for small amount of
time, checks for correct output

« assert function prints error if
condition is not true

DoorOpenerl|

Testbench /

Setinput 3] j
fa values, [
check |, | SystemToTest
output
values

Testbench in SystemC

#include "systenc.h”
SC_MODULE (7estbench)

sc_out<sc_logic>
sc_in<sc_logic>

nt, p_t;

SC_CTOR (testbench)

SC_THREAD (testbench_pr
)

void testhench_proc()

() == SC_L0GTC_1 );

/1 (cases 2-6 omitted from figure)
7 7

sc_stop();
)

49

« Entity
— 4 data inputs, 4 data outputs, and a
clock input

— Use std_logic_vector for 4-bit data
« I:in std_logic_vector(3 downto 0)
+ 1 <="1000" would assign I(3)=1,
1(2)=0, 1(1)=0, 1(0)=0
+ Architecture
— Process sensitive to clock input
« First statement detects if change on
clock was a rising edge
« If clock change was rising edge,
sets output Q to input |
« Ports are signals, and signals store
values — thus, output retains new
value until set to another value

Describing a 4-bit Register in VHDL

library ieee;
use ieee.std logic_1164.all;

entity Regd is
port ( I: in std_logic_
9: out s

ctor (3 downto 0) ;
ector (3 downto 0);

0A
end Regé;

architecture benavior of Regl is
begin
process (c1k)
begin
if (c1k='1' and clk'event) then

end behavior;

51

* Module

— 4 data inputs, 4 data outputs,
and a clock input
— Define data inputs/outputs as
vectors
* sc_in<sc_Iv<4> > [;
- 1<=*1000" assigns I[3]=1, I[2]=0,
I[1]=0, 1[0]=0
— Constructor calls seq_logic
method, sensitive to positive
(rising) edge of clock
« seq_logic writes output Q with
input |
« Output port is signal, and signal
has storage, thus output retains
value

Describing a 4-bit Register in SystemC

#include "systemc.h"

SC_MODULE (Reg4)

{
sc_in<sc lv<d> > I;
sc_out<sc_lv<d> > Q;
sc_in<sc_logic> clk;

SC_CTOR (Regd)
(
SC_METHOD (seq_logic) ;

sensitive pos << clk;
)

void seq_logic ()
(
Q.write(I.read());

53

Sequential Logic Description using Hardware
Description Languages

« Will consider description of three sequential components
— Registers

— Oscillators
— Controllers

50

9.3

50

Describing a 4-bit Register in Verilog

* Module
— 4 data inputs, 4 data outputs,
and a clock input

— Define data inputs/outputs as e

input [3:0]
input clk;
veCtorS output [3:0] Q;
« input [3:0] | zeg [3:0] 0;
+ 1<=4'b1000 assigns I[3]=1, slvays @(possdge c1k)

1[2]=0, 1[1]=0, 1[0]=0
« Output defined as register to
store value
— "always" procedure sensitive to
positive (rising) edge of clock
« Sets output Q to input |

52

Describing an Oscillator in VHDL

« Entity
— Defines clock output
» Architecture

library ieee;
use iece.std logic 1164.all;

entity Osc is
port ( clk: out std logic );
end Osc;

— Process
* Has no sensitivity list, so
executes non-stop as infinite loop ::;3:““““ e G Cme o

« Sets clock to 0, waits 10 ns, sets process
begin

clock to 1, waits 10 ns, repeats clk <= '0';
wait for 10 ns;
clk <= '1';

wait for 10 ns;
end process;
end behavior;

54
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* Module
— Has one output, clk
« Declare as "reg" to hold value
— "always" procedure
* Has no sensitivity list, so

executes non-stop as infinite
loop

Sets clock to 0, waits for 10 ns,

sets clock to 1, waits for 10 ns,
repeats

Describing an Oscillator in Verilog

module Osc (clk) ;
output clk;
reg clk;

55

Describing a Controller in
VHDL

Inputs: b; Outputs: x

Library iece;
use icee.std_logic_1164.a11
entity LaserTiner is

port (b: in std_logic;

i out
clk, rst: I

);
end LaserTiner;

™
‘1!‘.

i

[ state register

FsM
outputs

azchitecture behavior of LaserTimer is
type <t

etype is

5_0n2, §_0n3);
er nextstate:

gin
Statereg: process(clk, rst)

1€ (rst='1') then — i

FSM behavior captured using architecture
with 2 processes
— First process models state register
« Asynchronous reset sets state to "S_Off"

Rising clock edge sets currentstate to
nextstate

— Second process models combinational logic
« Sensitive to currentstate and FSM inputs
Sets FSM outputs based on currentstate

Sets nextstate based on currentstate and
present FSM input values

— Note declaration of new type, statetype

ntial state

<= 5_0ff;

elsif (clk='i' and clk'event) then
rentstate <= nextstate;

end process;

end behavior; 57

57

Describing a Controller in
SystemC

Inputs: b; Outputs: X

#include "systenc.h"
enum statetype ( _Off, 5.0nl, 5.0n2, 5.0n3 I;

SC_MODULE (LaserTirer)

sc_incsc_logic> b, clk, rst;
sc_out<sc logic> x;

Fsm
i:

Fsm
outputs

+ FSM behavior captured using 2 methods
— First method models state register

Asynchronous reset sets state to "S_Off"

Rising clock edge sets currentstate to
nextstate

— Second process models combinational logic
« Sensitive to currentstate and FSM inputs
Sets FSM outputs based on currentstate

Sets nextstate based on currentstate and
present FSM input values

— Note use of new type, statetype

nextstate;
C_CroR (LaserTimer)
5_METHOD (statereq)

tive pos
SC_METHOD (comblogic) ;
currentstate << b;

sensitive <<

void conblogic() (
switeh (currentatate) |
s_or.

onl:
*.write (SC_LOX
nextstate =

GIC_1); // laser on
onz;

/ laser still on

break;

Describing an Oscillator in SystemC
* Module

#include "systemc.h"

— Has one output, clk

SC_MODULE (Osc)
— Constructor creates single !

thread

« Thread consists of infinite loop
— while (true) {
Sets clock to 0, waits 10 ns,

sets clock to 1, waits 10 ns,
repeats

sc_out<sc logic> clk;

SC_CTOR (0sc)

void seq_logic()
{
while(true) {
wait (10, SC_NS);

wait (10, SC_NS);

SC_THREAD (seq_logic) ;

clk.write(SC_LOGIC_0);

clk.write(SC_LOGIC_1);

56

Describing a Controller in
Verilog

Inputs: b; Outputs: x

=
pruts

Fsm
outputs

/1 state register procedure
always @(posedge rst or posedge clk)
begin

i

[ state register

b
FSM behavior captured using 2 "always"
procedures
— First procedure models state register

1) // initial state
tstate <= 5 OfE;

<= nextstate;

combinational logic procedure
aluays @(currentstate or b)
begin
Case (currentstate)
5-0i: begin
Asynchronous reset sets state to "S_Off"
« Rising clock edge sets currentstate to
nextstate
— Second process models combinational logic
« Sensitive to currentstate and FSM inputs
Sets FSM outputs based on currentstate
Sets nextstate based on currentstate and
present FSM input values
— Note state register size must be explicit — 2
bits, reg [1:0] currentstate

59

58
Datapath Component Description using .

Hardware Description Languages
« Will consider description of three datapath components
— Full-adders

— Carry-ripple adders
— Up-counter

60

60
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Describing a Full-Adder in VHDL

Describing a Full-Adder in Verilog

» Entity * Module
s=axor b xor ci ; s=axor b xor ci
— Declares co=bc +ac+ab ~ Declares inputsfoutputs co=bc +ac+ab
inputs/outputs u — Described pehaV|oraIIy (could fll
adder Y | have been described structurally) adder
« Architecture - = 2 - "always" procedure ° °
rary icee;
. use icee.std logic_1164.all; « Sensitive to inputs "‘"‘::12 Fallekts(ny; By el & @m)f
- - - put a, b, ci;
Described entity Fulladder is C t i t: kgt &, oy
behaviorally (could have AT — -ompules expressions, sets 6 & CF
been described structurally) - Gp Co8 CIB cielIEHs outputs always @(a or b or ci)
F ; begin
— Process sensitive to = " S aone ap
inputs architecture behavior of FullAdder is o S Ooa) | B [ ;e
begin
process (a, b, ci) ‘endmodule
— Computes begin
s <= a xor b xor ci;
eXpreSSIOnS, SetS el.‘dco <= (b‘and ci) or (a and ci) or (a and b);
process;
OutputS end behavior;
61 62
Describing a Full-Adder in SystemC Describing a Carry-Ripple Adder in VHDL
b b3 2w am
* Module * Entity
— Declares s “;”"h“"'“l‘ — Declares inputs/outputs
. co=bc+ac+ab )
inputs/outputs o - ‘l‘Jse.sl std_logic_vector for Tibrary e, © ® 003 = c0Z | col o
— Described sy | -bit inputs/outputs e tea  e8 hagic 160,210
: @ s i enti arryRippleAdderd is
behaviorally (could have R * Architecture 0 8 el s G )
been described structurally) f W i vector (3 downto 0) ;
Y — Described structurally by :
bl . h d SC_MODULE (FullAdder) . out std logic vector (3 downto 0);
— comblogic metho U tocoe Tosico o be ois composing four full- Gt STl
« Computes e E e by o adde‘rs (could have been o sy
expressions, sets B ) described behaviorally instead) structure of CarryRipplerdderd is
outputs SC METHOD (conb1 X — Declares full-adder SEEE o B i 0 e g
R o R ke alp component, instantiates S o e e e
four full-adders, connects e e NN
void comblogic () + Note use of three internal | besta’ = :
s.write(a.read() * b.read() * ci.read()); signals for connecting SIS (800, b0}, ci, 3(0), col)s
°°""“°‘12:2£8 e 5112:31:3 ! carry-out of one stage to port map (a(1), b(1), col, s(1), co2);
(a.zead() s b.read())); carry-in of next stage T ort map (a(2); b(2), co2, 3(2), cod:
B Fulladderd: FullAdder
b o o TOEE P (B0, (0, <03, 20, cos o
Describing a Carry-Ripple Adder in Verilog Describing a Carry-Ripple Adder in SystemC
S = 5 P ™ 010
* Module » Module .
et aba aba
- Declares inputs/outputs - Declares (e Germyipplenderty m rA
inputs/outputs Emenfe ol
- Pses vectors for 4-bit — Uses vectors for 4-bit
inputs/outputs @ =z €03 =2 c02 u col s inputs/outputs e 2 a col w
— Described structurally by module CarryRippleAdderd(a, b, ci, s, co): — Described structurally | se-stgnatese togics col, o, codi
N input [3:0] a; P u: ter Fu
composing four full- input [3:0] b; by composing four FollAdder Fullada
input ci; full-adders (could have uliadder Eulinde
adders (could have been output [3:0] s; been described
described behaviorally instead) TS F5 behaviorally instead) O Tonader S ol iadder 1%},
— Instantiates four full- THED @il G2, G ~ Instantiates four full-
adders, connects
adders, connects FullAdder FullAdderl(a[0], b[0], ci, Iadder 1.2 (a(01) bp0)) 5
’ s[0], col); * Note use of three TAdder 1.6 (ci); Fulladder T.5(s(01);
+ Note use of three internal FullAdder FullAdder2(a[l], b[l], col, internal wires for Fulladder_L.co(col)
: : s(1], co2); i /-
wires for connecting Fulladder FullAdder3(a[2], bl2], co2, gﬂ?g?g:;gsf:ggm HHE
- s[2], co3); B
carry .out of one stage to FullAdder FullAdder4(a[3], b[3], co3, carry-in of next SR
carry-in of next stage s3], co); stage AN
endmodule
Iadder_4.a(ai3);
Fullhddor 4 ol
65 | Pelinder s co co); 66

65

66
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Describing an Up-Counter in VHDL

tempC—

4-bit up-counter

)i

end Upcounter;

an output port

« Described structurally (could have
been described behaviorally)

* Includes process that updates
output port C whenever
internal signal tempC changes

— Need tempC signal because
can't read C due to C being

AND4T1;

library icee;

ogic_1164.a11;

te: out

std_logic

4
Port ( a: in std_logic_vector(3 downto
O G, B o s

outputCs proces:

s (tempC)

AND4 port map (tempC (),
tempC(1), tempC (0),

ut st Togie. vector (3 downto 0);

te);

begin
oy 67
Describing an Up-Counter in SystemC
rryr— fimciode Jeystarc.t
Finciode vincé e
e Hiaciode
T register. SC_MODULE (UpCounter)
- »E
tem pC" n sc out<sc logics te;
s stanuicae ducts e, Lo
l" < Reg4 Regd_1;
) EEE
» Described structurally (could have been se croR (tcounter) -
described behaviorally)
* Includes method that updates {hegi 1
output C whenever internal signal B
tempC changes e ot et
— Need tempC signal because can't g:f:icjzi,l RIOILE e 3115
use C in the connection statements T~
+ Can't use logic vector bits Fensiive << e
individually for connections, so vosa comitosict
needed tempC_b array too
C.write (tempC) 69

HLSM of Laser-Based
Dist. Measurer: VHDL

 Architecture
similar to FSM
— Curr/next sigs
for all regs
« Asynch reset
forces to state SO
« Rising clock
— Perform state's
computation
— Prepare to go
to next state
based on state
and inputs

« Concurrent sig

e I5EE.STD 10GIC 1164.ALL;

end LaserpistMeasurer;

axchitecture benavior of
Taseroistmessurer is

type statecype is (S0,
aignal stace, scateneke

signal pecr,
ta 1o

conetans uzero

constant 0_oUE

Staisaic vecter (15 dewnte 0)

begin

Regs: process(cik, rat)

Vector (15 downte 0);

as 0)
0000000000600000"

begin

ign Dreg output to D output
b < orags

assignment sets

D to Dreg always

Local storage: Dreg, Dt (16 bits)

= Detr2

Dot DtV ealaloie b

Describing an Up-Counter in Verilog

module Regd (I, O, clk, 1d);
201 17

4-bit up-counter

o
// details not shown
endmodule

tempC—

endmodule

module AN (1%, 2,711
input w, x, v

outpuc £
7/ Getails not shown
« Described structurally (could have T
been described behaviorally) module Hchun[e(kc)k, ent, €, te);

* Includes always procedure
that updates output C
whenever internal wire tempC

changes
Regd Regd_1(incC, tempC, clk, cnt):
- i Incd Inca 1 (zempC, incC)
Need tempC wire because Aios AiBE_Ganpcta) ez,
can't use C in the connection empC(1], tempCl0], te);
statements always @(temsc)
begin

C <= tempC;
nd

endmodule 68

68

RTL Design using Hardware Description .
Languages
» Will consider two forms of RTL descriptions
— High-level state machine
— Controller and datapath
70

70

HLSM of Laser-Based Distance Measurer: Verilog

{{conbioationai losic
State, petr, B, S) begin

: //taser ofr

J7eix o * Architecture
similar to FSM
— Curr/next sigs
for all regs
« Asynch reset
forces to state SO
« Rising clock
— — Perform state's
ERSSL M [ a0 it computation
— Prepare to go
to next state
based on state
and inputs
» Another
procedure sets D

oredge <1, posedge rit) begin
) bagin //asynche. ress

always @ (0rea) begin
b <- brea:

end

DistanceMeasurer InbUTSB O, S o —UpuTe Lo DTG BT —
Local storages Dreg. Dt (16 bis) to Dreg always
B S,
- N\ - N
st )—»(sz s )
AN ) n
[ = Dotz

71

st calcutate

72
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HLSM of Laser-Based Distance Measurer: SystemC

1

Architecture
similar to FSM
— Curr/next sigs

for all regs imates a3 By Beanvent
Asynch reset so_cromtasernis

forces to state SO
Rising clock
— Perform state's

computation
void Regs (1 (

— Prepare to go % Bl
to next state Dcswita (o)
based on state etse(
and inputs Dote weite o

Another process ;

enun statetype ( SO,

SC_METHOD (CombLogic)
= ve << Srace << B

sc_uemHoD (0utp!
semsitive < Lre.

¥include "systenc.n”
s1, s2, 53, 54 1

SC_MODULE (LasexDi sttieasurer)

sensitive << cik.pos ()7

sc

(Dot ohext.
Dres.write (DrsoNext. read ()

_toc1c_1) (

coseiies rea

veid conblogic () {
n (State) (

s << Dotr; Tl

void uput (|

read (

i te (5C_LOGIC.
mmm wEite (Ditr.re:

rite (breg.read()) ;

sets D to Dreg
always

8 1oty S 0O
Local storage: Dreg, Dt (16 bits)

L (bi), D (16 bits)

Li=0  Dreg:=Dotri2
Detr = Detr+1 //calculate D

73

DP of Laser-Based Distance Measurer in VHDL

Datapath

|
Shrt: shiftR1(16)
Q

Library iece;
use loce.std logic 1164

entity Lou Datapath is
port ( clk: in std 1.

(similar to earlier-
designed items)

Dreg_clr 1
Dreg_ld B G e e @)
Detr_cir —{-=cir eir ! [ —
Detr_Id ——=[ld  Detr: reg(16) 4 Dreg: reg(16) -
axchitasture seructure af L Datapach 1s
Q Q compc
— | T ore (
o 2ot 15 downta 0)
«od Soaponent
» Datapath is just ST S L D comnto )
. o 035
another connection
2l L of components :&’”Z“;S,mwme,e
Cortrollr Fore {11 dn st Lol vector (15 dowato o)
o S _ Assume adder, B G L o oot Pt )
[ oeg | register, and Signst Come ¢ ctor 15 downto 0):
"’> hedew - Datapath shift-right = .
> components are 2o e m:, nz;((t,f,e botr_cnt, tempC)s
it ] > already designed R =

port map (shiftc, D, clk, Dreg_clr, Dreg 1d):

75

75

8
from bution —

Controller and DP of Laser-Based Distance Measurer:
Verilog

At highest level, just
connection of controller
and datapath
components

S otaser

Controller

Dreg_cir s
T

Dreg_ld
=

> Detr_cr | Datapath
—

Detr_id
=

6
300 MHz Clock

from sensor

module LaserDistMeasurer (clk,rst,

input clk, rst, B, S;
output L;
output [15:0] D;

wire Dreg_clr, Dreg_ld;
wire Dctr_clr, Detr_ld;

LDM_Controller
IDM Controller_1(clk, rst,
Dreg_clr,
Detr_clr,

LDM_Datapath
IDM_Datapath_1 (clk,

endmodule

Dreg_clr, Dreg_ld,
Detr_clr, Detr_ld, D):

B,S,L,D);

B, §, L,
Dreg_ld,
Dctr_1d);

Controller and DP of Laser-Based

Distance Measurer in VHDL

At highest level, just
connection of controller
and datapath
components

Library resE,
use TEEE

entity laserbistieasurer is
port (
std_logic;
std_logic,
d_logic;

clk, rst : in
:in

vector (15 downto 0)

L
ol
from bution ——{—#=l o laser
Controller from sensor
Dreg_clr s
Dreg_Id
- Dotr_cr | Datapath
Detr_Id o
) Low_Controller 1 : oW Controller
to display=- S Ccix, rst, B, S,
g cle, preg ld, Detr_clr,
300 MHz Clock Betz_1d)

LDM_Datapath 1 :
port ik,

end structure;

74

Controller of Laser-Based Dist

Inputs:B,'S  Qutputs L, Dreg i, Dreg Id, Detr_cf, Detr_Jd

ance Measurer: VHDL

B, 5

- or=1 - L
Dreg cr =1 (dss!cmunt} (laseron)  Detrld=1 Dot id=0
(laser off) (laser off) (load Dreg with Detr/2)|
(clear Dreg) (count up) (stop counting)
FSM similar to 1ibrazy teee;
) use iege.std. logic_1164.al1;
high-level state
machine
— But high-level
operations

replaced by low- and anir:u’\rmuex;
level datapath

signals

(50, 51, 52, 83
Use two te, hextitace: statetype;
process FSM Statereg: process(clk, rat)
description
approach o e

ate <= nextstate;

end process;

architecture behavior of oM Controller is

Detr_1d
nextstate <= S1,

end case.
end process:

ond behavior;
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DP of Laser-Based Distance Measurer:Verilog

Datapath

dd(16)

Dreg_clr
Dreg_Id

Dotr_clr —#=cir
Detr_Id ——#={ld  Dotr: reg(16)
Q

a
— }e

id  Dreg: reg(16)

« Datapath just
another connection
of components

Controller ——
or s

Assume adder,
register, and
shift-right
components are

{ Dot cie | Datapatn

77

1 . already designed
(similar to earlier-
designed items)

module Add16 (3, B, 5);

input [15:0]

[15:0

//details not shown
endnodule

module Regl6(I, O, clk, clr, 1d);

€ [15:0] 1
smput el el 1d;
output [1
7 Beratle notshown

endmodule

module SHifERLIS(, 5);
input [15:0]

endmodule

module LDM_Datapath(clk, Dreg clr, Dreg_ld,
betr_clr, Detr_1d, D)7

input cli;

input Dreg

input Dot

output (15

, Dreg_ld;
, Dotr_ld;
D;

wire [15:0] addC, tempC, shiftC;

Regl6 Dotr (addC, tempC, tx_clr, Dotr_ld) ;

ShiftR1_16 ShiftRight (tempC, shiftC);
Reglé Dreg(shiftC,D,clk,Dreg_clr, D:
endnodule
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Controller of Laser-Based Distance Measurer: Verilog

Controller Inputs:B, S Outputs: L, Dreg_cir, DregId, Detr_ci, Detr_id

0 Deror=1
r=1(cearcount) (aseron)

v asaron  (oadDe
laser lser foad Dreg with Dot
(G e ot (oot
FSM similar to
. module Lo Contzoller
high-level state - , S, L, Dreg_clk,
machine e
— But high-level output Dreg clk, Dreq 1d;
tions :?:t Detr_clr, Detr_ld;
opera 58§ Bieg cr, preg 10;
replaced by low- e e
level datapath
signals
— Use two-
procedure FSM = 28] st
description
approach alvaya @ (posedge cat ox posedge i)
PP L i,

State <= 50; // initial state
else

State <= StateNext;
end

alvays @(state or B or 5)

0; // laser off
4 <= 1; // count up

Statelext <= $1;
else
StateNext <= 53;

* begin
Dreg_ld <= 1; // load Dreg
Detr_ld <= 0; // stop count
StataNext <= 517

end
endcase

end
endmodule
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DP of Laser-Based Distance Measurer: 7 -

SystemC

Datapath
|
Dreg_clr Q
Dreg_Id
Dotr_cir —+a=[cir o
Detr_Id ——=[ld Detr: reg(16) ild  Dreg: reg(16)
Q Q
| }e
D
« Datapath just
another connection
B oot of components
Degar,| || S
[ " ogier and
| Datr ot .| Detapath g .
’* N shift-right
vy components are
16 > N
[ ] already designed

(similar to earlier-
designed items)

#include J
Finclude "regle.n”
¥include "shiftil 16."

‘SC_MODULE (LDY_Datapath)
0

breg;
ShiftRL 16 ShiftRight;

SC_CTOR(LoM_Datapath) :
Detr ("DeEz"),

ddl ("AddL") ,
ShiftRight ("ShiftRight”)

AddLLA(L) 7
Add1 1B {tempC) ;
Add1.B(addc) ;

Detr.T (addC) ;

betr.1d(betr_ld) ;

ShiftRight.T (tempC) ;
ShiftRight.s (shiftC);

Dreg.T (shiftc);
Dreg.0(0);

breg.cLr (breg_c
breg.1d(breg_ld) ;

Controller and DP of Laser-Based Distance Measurer:

* At highest level, just

connection of controller

and datapath

SystemC

#include
#include
#include

. h*
LDM_Controll
LDM_Datapath. h

SC_MODULE (LasexDistyeasurer)
¢

sc_in<sc_logic> clk, rst;
sc_in<sc_logic> B, &
sc_out<sc_logic>

scout<ac uint<16> > s
components
sc_signal<se_logic> Dreg clr,
cTsignal<sc_logics Detr clr,
B L 0 laser LD _Controller LDM Controller 1;
fom button ——- LOW Datapath LOM_Datapath_1
ontroller
Dreg_cf g fomsensor 5C_CTOR (LaserDistie: )
L« LD Controller_1 ("LDM Controller 17),
tapath_1{"LOW_Datapath_1")
Dreg Id o
>l Dotrdr | Datapath
Detr d
D
o
1 P
300 MHz Clock

LoW Datapath_1.Dotr clr (Bctt_clr)
1

80

81

Summary

Programmable processors are widely used
— Easy availability, short design time

Basic architecture

— Datapath with register file and ALU

— Control unit with PC, IR, and controller

— Memories for instructions and data

— Control unit fetches, decodes, and executes

Three-instruction processor with machine-level programs

— Extended to six instructions

— Real processors have dozens or hundreds of instructions

— Extended to access external pins
— Modern processors are far more sophisticated
Hardware Description Languages (HDLs)

— VHDL, Verilog, and SystemC are popular

— Introduced languages mainly through examples

83

Controller of Laser-Based Distance
Measurer: SystemC

Detr_cir=1
(ke

L=1
(clear count)  (laser on)

Controller Inputs:B,'S Outputs: L, Dreg_cr, DregId, Detr._ci, Detr_id

Dreg c Dotrld= 1
(laser of) (aser of)
(clear Dreg) (count

void comblogic() (
L. write (3C_LGG!
Dreg_clr.
Dreg_L
Detr_clrwritel

Detr_ldwrits

o

switch (state) {
Dotr id = case 50:
(load Dreg

th Dtrz)
W) (stop counting)

- “systenc. b brea
FSM similar to finclude Toystenc case 51
. mm statetype (S0, SL, 52, 53, S0 15 Doc:_clrwrite(sc )
high-level state SC_MODULE (L Controller) if (E-read() == SC_LOGIC_1)
hine T eae toctes ot e B JoStateNen L te(52) 5
machil sc_in<sc_logic> clk, rst, B, S; else )
e T, acetext. weite (51)
— But high-level .c,mmglup Dreg_clr, Dreg_ld; g:x;*r
! sc_outse_logic: botr_clr, Dotrlds .
operations ~ N StateNext. write (83)7
replaced by low- sc_signakstatetype> State, StateNext: =
level datapath 8C_CTOR(LDN_Controller) L. write (SC_LOGIC_0); // laser off
- 15 write (S 10510 1)5
signals SC_METHOD(statereq) 5. 7ead () 106TC 1)
Semsitive << clk.pot(); B o
- Use two- p———— )
prOOedUre FSM , sensitive << State << B << §; EHex e i
ot case 50
descnptlr(])n woig srazeres0 Dreq_ldwrite(se Lo
approact shatet T8, TG StataNexturite(5l) ;

1se
State = Stateliext; +

Dreg_c te(sC
StataNextwrite(s:

break;

i // laser off
01
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