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Analog Building Blocks

« Sampling theorem
Undersampling, antialiasing

FIR digital filters

Quantization noise, oversampling
OpAmps, DACs, ADCs

Thu: Lab 4 Checkoff
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Digital Representations of
Analog Waveforms

Continuous time
Continuous values

. g

Discrete time EEEEEE
Discrete values
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Discrete Time

Let's use an impulse train to sample a continuous-time function at a
regular interval T:

d(x) is a harrow impulse at x=0, Time Domain

where | f(t)s(t-a)dt=f(a)
N /\/\
A
43 X(t)

p(t) = i5(t —nT) - Time

N=—o0 — T

ST A A O O
X(t) —o{ l e X, (1)
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Reconstruction

Is it possible to reconstruct the

original waveform using only the X, (t) R, > X(t)
discrete time samples?
Looks like modulation by
Frequency Domain w,and its ha\rmom‘cs
X(Jo) X (ja))
a)s a)M
P(jw) So, if w,, < W-w,, we can recover
2 | the original waveform with a low-
1 1 T 1 pass filter!
—20, —o, 0 o, 20, R,(Jo)
or . Wy <O, <O, — 0y
0=  T-
T
—Q £)
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Sampling Theorem

Let x(t) be a band-limited signal, ie, X(jw)=0 for |w| > wy. Then
X(*) is uniquely determined by its samples x(nT), n=0, =1, 2,
o, if

2wy Is called the
/" "Nyqguist rate” and
o W2 the Nyguist
W S > 2 W M ;§ freguency”

where

2z
=

S

Given these samples, we can reconstruct x(t) by generating a
periodic impulse train in which successive impulses have
amplitudes that are successive sample values, then passing the
train through an ideal LPF with gain T and a cutoff frequency
greater than wy and less than w,-w,.



Undersampling — Aliasing

If w, < 2wy, there's an overlap Dy =3,0; =0

of frequencies between one

image and its neighbors and we X(Jo)
discover that those overlaps
introduce additional frequency ‘ ‘ ‘ ‘ ‘
content in the sampled signal, a 5 P 5
phenomenon called aliasing.
P(jw)
S

There are now tones at 1
(=6-5)and4(=6-2)in xp(ja))

tones at 2 and 5.

addition to the original
& ‘
bt ottt
8 65-4 -2-1 1 2 4



Antialias Filters

If we wish to create samples at some fixed frequency w,, then to
avoid aliasing we need to use a low-pass filter on the original
waveform to remove any frequency content > w./2.

N — We need this antialiasing filter - it has

This is the symbol for a
Jow-pass filter - see the V4 8 to have a reasonably sharp cutoff

little "x” marks on the

middle and high .
freguecies? /X/ Discrete-
/ —> w > Time e
Q. A, NS sampler
N e
Q)
2

The frequency response of human ears essentially drops to zero above 20kHz. So
the "Red Book" standard for CD Audio chose a 44.1kHz sampling rate, yielding a
Nyquist frequency of 22.05kHz. The 2kHz of elbow room is needed because

practical antialiasing filters have finite slope...
fs = (3 samples/line)(490 lines/frame)(30 frames/s) = 44.1 kHz

More info: http://www.cs.columbia.edu/~hgs/audio/44.1.html



Digital Filters

Equation for an N-tap finite impulse response (FIR) filter:

N
"shift register”
Provide next x y[n] — Z ka[n — k] remembers last
every CLK N values
X[n] x[n-1] x[n-2] x[n-3] x[n-N-1] x[n-N]
> > > > >
bo{XD b, {X} b, {X} b, {X} by <X> by {X}
yin] % @ (+ + ) - (+ +

What components are part of the tpy of this circuit?
How does tpy grow as N gets larger?
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Filter coefficients

« Use Matlab command: b = firl(N,w./(ws/2))

— N is the number of taps (we'll get N+1 coefficients). Larger N gives
sharper roll-off in filter response; usually want N to be as large as
reasonably possible.

— w is the cutoff frequency (3kHz in Lab 5)

— Wg is the sample frequency (48kHz in Lab 5)

— The second argument to the firl command is the cutoff frequency
as a fraction of the Nyquist frequency (i.e., half the sample rate).

— By default you get a lowpass filter, but can also ask for a highpass,
bandpass, bandstop.

« The b coefficients are real numbers between O and 1. But since
we don't want to do floating point arithmetic, we usually scale
them by some power of two and then round to integers.

— Since coefficients are scaled by 25, we'll have to re-scale the answer

by dividing by 2>. But this is easy - just get rid of the bottom S
bits!



Retiming the FIR circuit

Apply the cut-set retiming transformation repeatedly...

’/ ’~\\\

/ 1 N \

x / , \
\
! I ‘Y
> > > > | > | i

|

I I
l ] Il
/ ||

|
bO X bl |bN1 X ‘bN X |l
\ \ H
\ \ |
\ \ |,

‘\ ' I"

y + ‘\\ + v+ I,’
\\ \s’/
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Retimed FIR filter circuit

“Transposed Form" of a FIR filter

What components are part of the tpy of this circuit?
How does tpy grow as N gets larger?



N-tap FIR: less hardware, N+1 cycles...
X.

l 2M>N+1

offset
N+1

A 2M 8-bit 10-bit

i signed signed  [e—i
M samples coefficients
(*2)
10

Store samples in a circular
buffer: offset points to
where latest sample is 18
stored, incremented
modulo 2™ at each store.
offset-i is index of ith
oldest sample.

First: increment offseft,
then store incoming
sample at location it
points to. Clear sum.

18 Then: for i from O to N,
> sum compute sample[offset-i]

<~ 18 * coeff[i] and add to
y‘ register.

Finally: result in sum




Lab BA overview

Assignment: build a voice recorder that records
and plays back 8-bit PCM data @ 6KHz

labb.v ENTER button
(push to record)

l

! ready
Sertallinks o «———{ ac97 | — g | recorder
chip i " (your jobl)
' . < /é
audio ]
Addr 16+ 2| 8+ <8
GC97- j . \ 4 A 4 v
commands 64K x 8 BRAM

B—— AT

About 11 seconds of speech @ 6KHz
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CLK
WE

Data_in
Address

Data_out

BRAM Operation

Data_in -, Data out
Address —* .BRAM
Single-port
WE Config.
CLK —pP

/
00 X

Xaa

. X bb

~
’

0000

X'\» MEM(aa

XL.- MEM(dd)

ENABLE _ /'

6.111 Fall 2016

DISABLED

1
I
v
1
]
1

READ WRITE

MEM(bb)=1111

WRITE

|

|

|

|

|

[

i

|

/ |
B
I

|

|

I MEM(cc)=2222

Source: Xilinx App Note 463

Lecture 10

READ
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AC97_SYNCHJ\

READY

6.111 Fall 2016

AC97: PCM data

PCM = pulse code modulation

Sample waveform at 48kHz,
encode results as an N-bit signed
humber. For our AC97 chip, N =

18.

<

1

/

I

256 bits @ 12.288Mhz = 48kHz frame rate

Slot O (16)

Slot 1 (20)

Slot 2 (20)

Slot 3 (20)

Slot 4 (20)

Frame info

commands

FPGA sends output frame to AC97 while AC97 sends input frame to FPGA
[\

LData

RData

»
>

[\

Slot 20 (20)

Lecture 10

T

ready selects a particular clock_27mhz clock edge when
you should store input data from the AC97
(from_ac97_data) and provide new output to the AC97
(tfo_ac97_data).

15



Lab 5a* w/ FIR filter

« Since we're down-sampling by a factor of 8, to avoid aliasing
(makes the recording sound "scratchy”) we need to pass the
incoming samples through a low-pass antialiasing filter to remove
audio signal above 3kHz (Nyquist frequency of a 6kHz sample
rate).

30-tap low-pass Down-sample

FIR filter by 8 ——> 6kHz samples

48kHz samples —>

« We need a low-pass reconstruction filter (the same filter as for
antialiasing!) when playing back the 6kHz samples. Actually we'll
run it at 48kHz and achieve a 6kHz playback rate by feeding it a
sample, 7 zeros, the next sample, 7 more zeros, eftc.

Up-sample 30-tap low-pass

by 8 /\/ FIR filter > 48kHz samples

6kHz samples —>

*Choose Labba or Lab5b ..X.0,0,0,0,0,0,0,X.,,,0,0,0,0,0,0,0X..,..



Discrete Values

If we use N bits to encode the magnitude of one of the
discrete-time samples, we can capture 2N possible values.

So we'll divide up the range of possible sample values into 2N
intervals and choose the index of the enclosing interval as the
encoding for the sample value.

VAV s =
sample Vo l‘rage 3 —— IIZIﬁﬁ:ﬁﬁﬁiﬁ%ﬂ
: 5 A
S 0
e ‘L IIZIﬁﬁ:ﬁﬁgﬂ:
1 o b
2 - N
S a
1 3
0 e 2
0 |
VIIN e 0
quantized value 1 3 6 13

1-bit 2-bit 3-bit 4-bit



Quantization Error

Note that when we quantize the scaled sample values we may be off
by up to =3 step from the true sampled values.

s — The red shaded region shows
>7 /N the error we've introduced

54 55 56 55 55

6.111 Fall 2016 Lecture 10
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Quantization Noise

o, N
v v
scale & - Quantization
+
»  scale
Time Domain Freq. Domain
2N Max signal NOISE(jw)
Noise
1{ — _ IR Ui
iy o,
2 2

6.111 Fall 2016

In most cases it's "white noise” with a
uniform frequency distribution

Lecture 10
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SNR: Signal-to-Noise Ratio

I:)SIGNAL ASZIGNAL ASIGNAL
SNR =10log,, 5 =10log,, Y =20log,, y

NOISE NOISE NOISE
AVAN RMS amplitude

SNR is measured in decibels (dB). Note that it's a logarithmic

scale: if SNR increases by 3dB the ratio has increased by a factor

2. When applied to audible sounds: the ratio of normal speech
levels to the faintest audible sound is 60-70 dB.

2N Max signal

A.
SNR =20 IoglO(AS'g’“") ~20log,,(2")

noise

Noise
1{_'_ — S <N -6.02dB




Oversampling

To avoid aliasing we know that w, must be at least 2w,,. Is there
any advantage to oversampling, i.e., w, = K-2w;,?

1

Suppose we look at the
frequency spectrum of

P
: . SNR, :1OI0910[MJ
quantized samples of a sine | i

NOISE

o :
. = L I >
wave: (sample freq. = w,) D
11 Total signal+noise power remains the
Let's double the sample same, so SNR is unchanged. But noise
is spread over twice the freq. range so
fr'equency to ZUJS. it's relative level has dropped.
ol 2 N -
2(w, 12)
' . 1
Now let's use a low pass filter
to eliminate half the noisel! SNR,,, :10|091°[F,PS|¢A;}:SNR% +30B
Note that we're not affecting Noise
the signal at all... a !l 2ttt etk bigdee
w2

Oversampling+LPF reduces noise by 3dB/octave
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Lab 5b Overview

Assignment: build a digital system to “learn” four Sony Infrared Command
(SIRC) and use it to control a Sony television.

Data sent via 950nm IR Volume down command
rodictedal 40 s o)
Data width: 12, 15 or 20 bit

protocol (use 12 bit). \v

Start bit: 2400us

High: 1200us IR Command bits

Low: 600us sy 11 000 1 00 1 00 00
Transmit FSM provided e ek
Learn/store remote P’“’ i
commands e

LSB first

Logical "1" Logical "0"————

- o il
& Ll i)

1.2 ms ———— B 005 — e — B 00— -— B0 —



Lab 5b Block Diagram

pin3 Vee=5v

IR Receiver Chip 45V 27 mhz
pin 3

Global clock T5us

Ir_input
L pin1
AMP LIMITER aile i d d 63:56
P Lon2 ‘ i daa(35,08)
/\ Button 0 > 1%
o 7 Buttan 1 > é ®
Olnle) . Fa
pin 2 . Slllin;a q 3 Receiver FSM =z
IR Recelver Button 3 — 3 Ei g
£ :
8 o]
Enter {learn) >
« IR receiver demodulates soun sty > | oo

reset

signal and provides input -
into labkit - powered by 5V 1+

command addr transmit a7

from labkit. T ohen

v v v

. 2N2222 BJT used to power | / - Qo
) Transmit FSM Transmitter FSM User3[31] 2N2222
IR transmitter (note provided 1
bypass caps) - power from
labkit

hex display
command & address

« Command code and channel
d isp layed o n hex d is p I ay addr msb| addr Ii:cog:;fmand oomln!land | | fT “"“00""“ = | | 1 transmit | addr msb tr:dn::lls: command |command|

msh meb kb
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Our Analog Building Block: OpAmp

\

Reasonable
approximation

VCC

-100mV

out

'Vcc = -10V

Linear Mode

+
Vid

+
<+ aVi l/ou‘r

If -Vee < Vour < Ve

Negative Saturation

+ +
Vid CD‘VCC l/om‘

Viga< - €

Positive Saturation

+
Vid

+
@" Vee Vout

Vig > €

Very small input range for “"open loop" configuration

6.111 Fall 2016

Lecture 10
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The Power of (Negative) Feedback

R R, R; R>

V,-,,C‘SW VM| > Vin é Vid _ @ avyq I/ouf

<~ . —

< %
Vin_l_vid _I_Vout+Vid :O V-dZVOUt Vin:_vout|:1_|_ a+ 1:|
R1 R2 a R, a | R R, R,
Vv R a R, /.
al — _ : ~——2(if a>>1)
v, (@+a)R+R, R

= Overall (closed loop) gain does not depend on open loop gain

» Trade gain for robustness

= Easier analysis approach: "virtual short circuit approach”
=v,=v_=0if OpAmp is linear

6.111 Fall 2016 Lecture 10 25



Basic OpAmp Circuits

Non-inverting

Voltage Follower (buffer)

V —+
in V
- out
vV =V
out In
Differential Input
R VY
1 R
Ving A= 2
Vv
out
Vin2 + / ;
R, =25
Rz

out
6.111 Fall 2016 Lecture 10

1 Vout
Rz
V ~ R1+R2 V
Integrator
i
R . C
A
>— Vout
_|_
N
1 t
Vour ® _E_‘-_wvindt

26



OpAmp as a Comparator

Analog Comparator:
Is V+>V-? The Output is a DIGITAL signal

Analog Comparator: Analog to TTL
LM 311 Needs Pull-Up

LM311 uses a
single supply
voltage

6.111 Fall 2016 Lecture 10 27



Digital to Analog

* Commonh metrics:

* Conversion rate - DC to ~500 MHz (video)

* # bits - up to ~24

* Voltage reference source (internal / external; stability)

* QOutput drive (unipolar / bipolar / current) & settling time
* Interface - parallel / serial

* Power dissipation

* Common applications:

* Real world control (motors, lights)

* Video signal generation

* Audio / RF “direct digital synthesis"

* Telecommunications (light modulation)
* Scientific & Medical (ultrasound, ...)



DAC: digital to analog converter

How can we convert a N-bit binary number to a voltage?

V.= O voltsif B. = O OPAMP will vary Vot To maintain
V.= Vvoltsif B = 1 this node at OV, i.e., the sum of

| the currents flowing into this

R node will be zero.

N\

1 2R e R OKAY. this'll work, but the
B, -> % —W voltages produced by the
4R drivers and various R's
Br - > AN  Vour must be carefully matched
R in order to get equal steps.
B, > B8R / get eg 72

Vour BV BV BV BV _
R R 2R 4R 8R

R B, B B
Vo, =——V| B, +—=2%+—++-2
==y By By B

6.111 Fall 2016 Lecture 10 29
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R-2R Ladder DAC Architecture

MSB | 4
Bina
input -
LSB |
2R
VWA

out

R-2R Ladder achieves large current division ratios
with only two resistor values

6.111 Fall 2016 Lecture 10
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Non-idealities

in Data Conversion

Offset - a constant voltage offset that appears at  Gain error - deviation of slope from ideal value of 1

the output when the digital input is O

A
S | Offset /7
e error” .~
< /
< 7 Ideadl
. >
Binary code

Integral Nonlinearity - maximum deviation from
the ideal analog output voltage

Integral
nonlinearity -~

/
7/
/
/

Y Ideal

Analog

Binary code

6.111 Fall 2016

A
iom Gain //
o error /.~
<
< 77 Ideal
|
Binary code

Differential nonlinearity - the largest increment in
analog output for a 1-bit change

A
|
o)) Ideal :l
s "4
2 -
< TT
-—-4  Non-
[ monoticity .
Binary code

Lecture 10 31



Labkit: ADV7125 Triple Out Video DAC

Vaa
P
—

*| BLANK AND
»| SYNC LOGIC

!

DATA 2

DAC
REGISTER |— >

DATA
REGISTER 1

a DAC )

DATA
a8 DAC
REGISTER |— 4 /;

VOLTAGE

REFERENCE [

CIRCUIT

ADVT125

Three 8-bit DACs
o Single Supply Op.: 3.3 to BV
- Internal bandgap voltage ref
o Output: 2-26 mA

s 330 MSPS (million samples per
) vage second)

Simple edge-triggered register-

POWER-DOWN
MODE ‘

K
p—
GND Rser COMP

CLOCK /

DIGITAL INPUTS

based interface

(R7-R0, G7-G0, B7-B0,

SYNC, BLANK)

ANALOG OUTPUTS
(IR, TOR, I0G, TOG, 10B, TOB)

6.111 Fall 2016
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Glitching and Thermometer D/A

* Glitching is caused when switching Bi
times in a D/A are not inary | Thermometer
synchronized O 0|0 O O
« Example: Output changes from011 O 1 |10 O 1
to 100 - MSB switch is delayed 1 olo 1 1
1 1 1 1 1

Filtering reduces glitch but
increases the D/A settling time

One solution is a thermometer R
code D/A - requires 2N- 1
switches but no ratioed currents

-|-2 N /— out

Vour ¥ 011100 N

» { Vout:_IR(TO+T1+T2)



convert using a D/A converter and a comparator?

Successive-Approximation A/D
= D/A converters are typically compact and easier to design. Why not A/D

= DAC generates analog voltage which is compared to the input voltage
= If DAC voltage > input voltage then set that bit; otherwise, reset that bit
= This type of ADC takes a fixed amount of fime proportional to the bit length

Com
out

6.111 Fall 2016

V.

In

code

L
D/A

!

parator

output \:\

=10 i

t=1 I

L code= 100 | code=010 | code= 0114 010

t=2 I

|

I

|

I
J———

> [

, Comparator output

I
I
I
==~
I
i

Example: 3-bit A/D conversion, 2 LSB <« I, < 3 LSB

Lecture 10
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Successive-Approximation A/D

Data
\\ Successive
D/A N Approximation
Converter Generator
| 5| - ‘ Done
V. Control
n Sample/ + -
- Hold ' Go

Serial conversion takes a time equal to N(#y,, + fcomp)



Flash A/D Converter

ref in

« Brute-force A/D conversion

« Simultaneously compare the analog
value with every possible reference
— Db, value

Fastest method of A/D conversion

» Size scales exponentially with
precision
(requires 2N comparators)

Thermometer to binary
i)

\YAYAY;

R Comparators

6.111 Fall 2016 Lecture 10



Sigma Delta ADC

Analog
input  +

_VREF <VlN <VREF

integrator

1-bit ADC

iVREF

1-bit DAC

le

= Bit stream

Bit stream ——»!

&
l

0: add Vigp, 1: subtract Vier

Decimator > samples

Computes average,
produces N-bit
result

rate
Average of bit stream (1=Vygr, 0=-Viee) gives voltage

With Vger=1V: V0 =0.5: 1110..., Vg=-0.25: 00100101..., V;,=0.6: 11110

Only need to keep enough
samples to meet Nyquist

http://designtools.analog.com/dt/sdtutorial/sdtutorial.ntml#instructions



So, what's the big deal?

 Can be run at high sampling rates, oversampling by, say, 8 or 9
octaves for audio applications; low power implementations

» Feedback path through the integrator changes how the noise is
spread across the sampling spectrum.

A

Power Spectrum of modulator’s output

Noise

-mm.lh-ﬂlﬂlulm R

o, Ko,

2
2
—p Frequencies attenuated by LPF

* Pushing noise power to higher frequencies means more noise is
eliminated by LPF: N*h order A SNR = (3+N*6)dB/octave
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Sigma Delta ADC

- A simple ADC:

R
Vin— M

VN
V;E> Controller
(FPGA)
* Poor Man's ADC:
R
Vin - : : :
| T ¢ | Controller

(FPGA)




AD Supply Voltages Consideration

AVpp

5V Analog Supply D—j

<] 3.3V o 5V Digital Supply
A 1 A > S AL
1|.|FI ImuF u.‘m’l wi IHF 0.1 uf
25 B EE
OuF MVpp Voo DVopz -
Line C>—283 ?3 LINE_IM_L LNE_ouT L |22 lou Line
Ingut Dﬁllﬂ LINE IN_R LINE_OUT R &H&D Cutput
1.0 uFy 14 18
co L
- 220 uF
co 10uFy ) oo HP_ouT L PR
|yt - o
: 1.ﬂ_uF]|1. 20 co R HP_OUT C 40 +I 1.0 pF gt:;,ﬁ Vore
viteo [ 1.0nFali1e VIDEO_L Hp_ouT R L +IEZZ{J uF —
Ingut [ 1.l’.'l_uF]|1.1? VIDEC_R
ki 1.0 uF Mono
) MoNo_ouT ] ———{ >
Auikary 1OuFy T4 d L - Output
gLt D 1-':'JlF]|| 15 AN R A'\"’Oﬂ
%m ki1
1.0 uF e 21 i v 27
Microphone D a REF
1.0 uF
nputs >y 22 mice c'-g“ﬁﬁ% 01uF 33w
AC "97 Rev 2.1
1.0 pFy e 12
Mono L————3F——] PC_BEER Codec v 2 [ Vger Ouiput
Inputs (- 1.0 uF] = 13 REF_CUT (Fov external
PHONE 30N 33 rrrcrophone bids)
1 0.022 uF
5 34 T Optianal for
. & SDATA_OUT e Nationa! 30 Sownd
4
A;,g? 5 BIT_CLK D0 .‘_—SNC Default setting:
Digital ] SOATAIN ote FEE e Primary Coded (10 60)
ntroller SYNC
Controlle 1 RESET# EARD 47 Exiernal Amgplifiar
D Power Down
CIN Lamg
Ej:—':{ 21 1AL N N 22 N
— N NG
= 1 MO [ NEC %NC Alf NC pirs .ﬁ\’mufrl]'
19 oF 3 MO RS Mo rormaly be lefl Roaling
_L—{ KTAL OUT M %Nc See Pin Descriptions for
— 24,576 MH NG 2= NG details
= * NG [52 NG
ANge DVggy  DOWegn NG F2NC
A7

6.111 Fall 2016
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Analog Digital
Grownd Ground

Connect Grounds af a single poinf
undemeath or closs to the package

Lecture 10

Noise caused by current
spikes in fast switching
digital circuits:

| =C

&|%

* AVpp Positive Analog
Supply Voltage

« AV, Analog Ground

« DVyp Positive Digital
Supply Voltage

« DV, Digital Ground



Digital/Analog Grounds

analog

AVdd

LM 4550

circuit

Vin

analog
circuit

DVdd

digital

n signals

digital
logic

logic

analog ground
AVss

Connect the grounds

at a single place

digital ground
DVss



Cpc o

Sensors

FUNCTIONAL BLOCK DIAGRAM

+3V

.

ADXL325

3-AXIS
SENSOR

|-

AC AMP

DEMOD

OUTPUT AMP

~32K0)

OUTPUT AMP

~32K0

OUTPUT AMP

~32K0)

! COM

ST

3 Axis 5G accelerometer

* Many sensors have
native analog
outputs:
thermocouples,
accelerometers,
pressure gauge, ..

* 3-axis
accelerometer
now used in cell
phones, games,
iPods, laptops,
6.111 projects



Labkit Hardware

Xilinx FPGA

Logic analyzer pods
— 4 banks/pods of 16 data lines

— (analyzerN_clock) and
a 16-bit data bus
(analyzerN_data[15:0])
N=1,2,3,4

VGA video output
RS-232 Serial IO
PS/2 keyboard and mouse input

AC97 audio input/output
— Intel standard for PC audio systems

— codec's ADCs and DACs operate at a 48kHz sample rate,
with 18 bits of precision

128Mbits Flash memory, (2) 512k x 36 ZBT SRAM
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Labkit Hardware

e Bidirectional user

— general purpose I/0,
such as connecting to
devices on the
breadboards

— bidirectional (inout)
signals userl[31:0]
through user4[31:0]

« TV Video
— S video input/output
— Audio input/output

— Composite video
input/output

Lecture 10
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Integrated Logic Analyzer ILA

Allows user to view actual signals in design with a virtual logic
analyzer.

Useful for debugging designs that seem to work in simulation
but not implementation.

B sure change the divider clock from 25_000_000 to 3 or 4
clock cyles. (count == (SW[14] ? 3 : 24 999 999)) count <= O;

To view the signals, additional signals are place and routed but
used internally to display the waveforms.

(* mark_debug
(* mark _debug

“"true"™ *) wire [2:0] state; // virtual test probes
“"true™ *) wire driver_door; // virtual test

// more Verilog, etc...



Run Synthesized Design

File Edit Flow TYools Window Layout View Help
A2 ooRhX ® DN K| I G(E0efut Layout e @ ®

Flow Navigator «  Project Manager logic_anal
- Sources - O ¢ X | ary x @ labkit_labd_gk
S ORS00 @ B ser/g/Vgim/Desktop/fa
. , 45 wire [31:0)
Messages: () 2 warnings @ 46  wire [6:0] :
4 |P Integrator - Design Sources (3 ;| o display_8h
7% create Block Design ¢~ labkit (labkit_lab4_gh.v) (16 o | 48 assign SEG(6
T i tgdssp:ay_shex display Shex.v | 49 assign SEG[7
¥ Open Block Desigr display_8hex (alpha_c 3| S0
& Generate Block Desigr i Constraints (1 - | 51
- constrs_1 (1 | 52
4 Simulation L) Nexys4DDR_Master_labd.xdc (target) X| 53 resove these
@ simulation Settings & Simulation Sources (3 54
@ Run Simulation

4 RTL Analysis
>
@ Open Elaborated Desig Hierarchy Ubraries Compile C LED16
& Sources ¥ Templates OJ Synthesis successfully completed. LED17
4 Synthesis LED17
@ Synthesis Settings Source File Properties Next LED17
b Run Synthesis 2 R O Run Implementation _debug
labkit_lab4_gh. ———— -
4 3 synthesized Design 1 3 _laba_gh.v @ Open Synthesized Design L &
&, Constraints Weard Location: /afs/athena.mit.e O View Reports e db_p
4, Edit Timing Constrai Type: B : ::-;
¥ Set Up Debug ) e db_h
& Aeport Thoing Sumel Ubrary: l_defaultib] (= [ pont show this dialog again
§ e 15:0] :
B, Report Clock Networ S il s
Modffied:  Today at 21:10:01 [ ok [ cancet | 2* .

¥ Report Clock Interad

Copledto:  =<Project DIrectory« wym _urwmwrvor ooy - weganl BEN_
@ Report DRC E]U 17 :ynchronx
55 Report Noise - 78 o

2 General Properties
| Report Utilzation L

€ Report Power Log
] n
= Schematio q INFO: [Common 17-83] Releasing license: Synthesis
B L1 Infos, 47 Warnings, 0 Critical Warnings and 0 Errors encountered.
4 Imolementation . ESSEE e E R - Gl PR
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Flow Navigator
QX $

* Project Manager

4 |PIntegrator
7% create Block Design
P Open Block Design
& Generate Block Design

4 Simulation
@ Simulation Settings
@ Run Simulation

4 RTL Analysis
» @ Open Elaborated Desig

4 synthesis
@ synthesis Settings
# Run Synthesis
+ [H synthesized Design

&, Constraints Weard
(A Edit Timing Constrai
¥ set Up Debug
@ Report Timing
B, Report Clock
1 Report Clock Intera
& Report DRC
FE Report Noise
Report Utilization
&) Report Power
7 Schematic

P Run Implementation
> [ Open Implemented Des

Setup Debug

Netlist
= H[E
31 labkit
t_:; Nets (346)

Leaf Cells (154)
o clockgen (clock_quarter_dmider)
db_down (debounce_S)
db_driver_door (debounce)
db_enter (debounce_0)
db_hidden (debounce_1)
db_pass_door (debounce_2)
D dbg_hub (dbg_hub_CV)
fsm_revl (fsm_gph)
gen_modules[0].s (synchronze)
gen_modules[l].s (synchronize_4)
i gen_modules|2].s (synchronze_ S)
gen_modules|3].s (synchronze 6)
gen_modules[d).s (synchronize_7)

[ R T PRpAr" TSP FRn Sppps—..\ §

& Sources 3 Netlist
Properties

+« +[%x

g
s

«  Synthesized Design xc7al00tcsg324 3 (active)

==

BIXJITHHMEBC=ZRR 4+

% Schematic x [} NexysdDDR_Master_lal
3] 178Cells 82VUOPorts 346 Nets

dbg_hub (labtools_xsdbm v1)
-0 u_ila_0 (labtools_ila_v5)

e clk (1)

& probe0 (3)

@ probel (1)
& Unassigned Debug Nets (0)

& o 2 E L
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| Flow Navigator «

Q=
- Project Manager

4 |P Integrator
4% create Block Design
‘ Dpen Block Design
‘ Generate Block Design

4 Simulation
@ simulation Settings
@ Run Simulation

4 RTL Analysis
&* Open Elaborated Desig

+ Synthesis
@ synthesis Settings
$ Run Synthesis
4 [ synthesized Design

A, Constraints Wizard
£4 Edit Timing Constral
¥ Set Up Debug
& Report Timing Surnrr
5, Report Clock Netwod
2! Report Clock Interac
& Report DRC
FH Report Noise
B rReport Utilzation
& Report Power
7] Schematic

Save Constraints

Synthesized Design * xc7a100tc$g324 3 (active)

Netlist
b4 ‘sﬂ@]
) lablat

& Nets (
oo Leaf Colls

={l] clockgen (clock_quarter

o-{i] db_down (debounce
©=-{§] db_driver_door (deboe

{3 db_enter (debounce 0)
f&{i‘.’ db_hldden (debounce 1)
&={il db_pass_door (debounce

b dbg_hub (dbg_hub_CV)
{§] fsm_revl (fsm_gph

&-{i) gen_modules(0].s (
©~{i) gen_modules(l].s (
{1 gen_modules[2].s |
{3 gen_modules(3].s
©~{1) gen_modules

) T S W

& Sources 3
Properties

K R )

~ 3 B - |

U
U/

- 2 - B |
-

== it

& +[%]x Data to Save
) Synthesized Design - constrs_] - Nexys4DDR_Master_labd.xdc

x

7 Schematic X ) Nexys4DDR_Master_labd.xdc »

| 57| 176Cells S2V0Ports 292Nets

555

@ Save project before launching implementation?

WERRARI+ 4

mE D)

Save

7|[ pontsSave || cancel |

‘Debug
Q Name | Oriver Cell |
o 90 dbg_hub ( pols_xsdbm _v1)
e eoLnlaomab ools_ila_v5)
-y
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Implementation

Flow Nawgator «  Hardware Manager locaihostadine tolDiglent/21 02026450184 x."
Qs Hardware -0 X DebugPr.. - O X | x Slabit labs ghv X ©RA-hwilal x <« »8 O X
% Create Block Design (=) Q:ﬂ@‘ e Qzﬂ @ RADOpeTive :
PP Open Block Desigr Name LSt o haial \
8 Gonerate Block Doslg ¢ § localhost (2 cm’,»m_m < Trgger Mode Settings
= v Mo sdliru tcfOighent/21 02926459184 (1) Open Lig state[2:0] =
e ¢ & %7a100t_0(2) Progr » Trigger mode: | RASIC 0N a8
|- XADC (System Monor )
@ Smudation Settings L@ ha_fal idle Pl ¢ Mode Settings
@ Run Smulation Lo seliru_tcfO0neg00000000000000 (0)  Closet » appe )
o @ Capture mode: ALWAYS <
£l W ~
. & Open Elsborated Desig o Number of windows: b ] i1 -1024) ;
wWindow dats 1 -1024)
e = oo [oaa o)
@ Syrthesss Settings Trigger position in window: 5 ] 10 -1023)
L —— ]
D Pun Symthess [ 0 6 | Settings
+ [ synthesiced Design Hardware Device Properties - 02 X
B, Constraints Ward * +|%]%)] Refresh rate: 500 | ms
£ Edt Timing Constrail | & 72100 0
¥ Set Up Debug -
Hame. 781008 0
2 :,btk Part: e 72100t
Report Clock Netwoull il 10 code: 12631093
& Report Clock interad ® length s
gww Status: Programrered
Report Novse
Programming file: | /afwsthens me. eduiuser.
B Report Ltieation [ ™
& Report Power Probes fle: |fatw/athena ma edursser/gVe
A et CRR o
emobmums-«nq Tel Console -0 X

Load the bit file to the FPGA. Undock ILA window .
Set up the trigger for the ILA.
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Set Trigger

Flow Navigator « Hardware Manager localhosthaline tcf/Digilent/21 02926459184

Q- B Hardware - 0O X DebugPr.. — O & X [Alahii [3bd ghv x B hw_ila_d
crome vockomen B QT (T B 5> @ aze@ 41
B i Name L St oM hw lla_ ] name Value
& © B localhost Conne o driver_door / =
@ & WMo »inx_tci/Digilent/210292645918A (1) Open \s state[2:0) .

SCICCT and dr'ag 4 Simulation 1 9 xc72100t 0 Progr

@ simulation Se ILA=hw_ila_1

Tr. igger' (1 ' 2 ) & Run Simulatio E] ILA Properties £ | Trigger Capture Status i

e ~ Trigger Mode Settings Core status: | Idle | Pre-Trig
#5 pors window 13 0f S00  windo
. | k- Trigger mode: Capture status: | 2%
Set trigger value . smneis N0 i e 42
@ Synthesis Set ),
(3 ) $ Run Synthest: g Capture mode: a0 3)

+ X Synthesed C we

3 Number of windows: 0 Basic Trigger Setup 20
.\ Constraint . Window data depth: 1024 -~ . Q, Name | Compare Value |

S I .l. .|. N £3, Edit Timing * o driver_door == (6] R .

€ eC r‘ | gger‘ @¥ Set Up De Trigger position in window: |500 »
A @ Report Tier \ O

POSITIOH (4) B, Report Clo General Settings #4
2! Report Clo Refresh rate: |S00 ms #3
& Report DR

Run (5) =¥ Report No
% Report Ut
& Report Por

u Schematic

4 |mplementation z

@ wnplementatic
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Waveform Display

Fiow Naagator Hardware Manager localhosthalrs 1efD
\ Hardware O Debug Probes OC X o labkit la ¢« ¢+ @
¥, Create Block Design  |* \ o |8 F | \ o |8 Jer/gNQImDeskic
Name <r v M + hw i_: - ac wAre
40 wWAre ¢
data_l.wcf - D X :
: >
4 Simuiatior -~ " §
) Simulation Set
R Run Simulst
4 RTL Anad |
> Open Elaborat:
+ Synthesis A
@ syrehesis ¢ ; L
.>;_). Syt he : L
4 4 Syrthesoed De i
o ";‘ ’ . s
Ect Timing T,
? Set Up Deb
det ¢
J Report Tim .
Report Cloc ded .
Se bt L]
¥ Report Cloc .
\Jl"‘.}C' DR i
wAre b
Report No i »
."",}C'\,'. enerate
) Report Pow "
Schematic .
1
4 irmplermert atior s
@ ¥nplementatio
Run rmplement

rplesner

+ Program and Debu

» . . T 1 T . .
@ Btstreamn Settings ¢ . . i



Upload Lab 4 Verilog

« Submit by Monday
 Grading
— Proper use of blocking and non-blocking assignments

— Readable Code (reformatted) with comments and consistent
indenting [use emacs or VIM]

— Use of default in case statement

— Use of parameter statements for symbolic name and constants
(state==5 vs state==DATA_READY)

— Parameterized modules when appropriate

— Readable logical flow, properly formatted (see "Verilog Editors")
— No long nested if statements.

— Score 1 to 3 (3 perfect); 1/2 point off for each occurrence.




