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Abstract

We have developed a sampling synthesizing piano keyboard, the Wumpus. This mechanism allows
users to record, edit, and play back samplies at higher or lower replay rates based on which electric
piano key they hit. The attached MIDI keyboard allows users to play back samples at faster or slower
rates (and thus frequencies), and to apply echo. Up to 8 “notes”, or frequency shifted samples, may be
played back simultaneously. Development was done in verilog, with a Xilinx Virtex II FPGA, set up
on a prototyping board designed for MIT’s introductory digital design class.

Figure 1: Diagram of Wumpus operation from the user perspective. A sample is recorded into memory,
and then played back at different rates (and thus different frequencies) based on what key the user hits.
Chords of up to 8 notes are possible.

1 Overview

The Wumpus, so named because of the preferred development test word, is a sampling synthesizing
keyboard. Users may record in a sample, edit it’s start, end,and hold positions, and play it back at faster
or slower rates with one of two modes. In loop playback mode, the sample continually loops from the
start position to the end position, allowing the user to adjust the above parameters. Alternately, the sample
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may be played back according to the frequencies and timing encoded in a MIDI keyboard’s output, which
is mapped to different rates of sample playback according tothe usual correlation for musical notes. Thus,
one can record in “Wumpus”, and proceed to play simple piano pieces. Up to 8 notes can concurrently
be playing, and notes pressed beyond this limit are ignored such that the system will not get backed up.
When a note is held down, it cycles through a short (windowhold lengthlong) window of the sample at
windowhold pos, util the key is let up. A subsampled waveform is displayed ona VGA screen, with bars
to show start, end, and hold positions, such that the user maybetter see where they are adjusting their
values to. Inputs to the system are done primarily with greycode knobs for ease of use.

Figure 2: Mockup of the final user interface.

A user begins by pressing the enter button to capture their sample. This sample is painted on the
screen as they record it. The user can flip switch zero to listen to their sample play back in a loop. Using
the top most rotary encoder, the user can move the starting point of the sample. The green bar moves to
indicate where on the sample the starting point is, and paints the unused portions of the sample green.
The user can adjust the end position of the sample as well. Thefourth rotary encoder down adjusts the
large red bar on the screen, painting the unused end portionsof the sample red. These parameters can
also be adjusted in keyboard mode. When the loop switch is down, the user can play up to eight notes
on the keyboard. Every full octave above Middle C the user presses will double again the speed of the
playback. Every full octave below Middle C the user presses will halve the speed of the playback. Each
note in between will vary the speed logarithmically betweenthe octaves. The blue and green squares in
the center of the waveform indicates the sustain point of thesample. When a key is pressed and held
down, the point in the waveform between the blue and green squares will be repeated until the key is
released. The second rotary encoder will move the position of both of these points, and the third encoder
will change the distance between them. While playing in keyboard mode, the original sample initialy
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plays back at Middle C. By using the 6th encoder, the user can adjust the Tune parameter, and move the
original sample to play back on any key on the keyboard.

2 Modules

The Wumpus consists of 5 top level modules: Control, Notes, Echo, Visualization, and Audio. We coded
the first four, while the last was kindly provided by the 6.111staff.

Figure 2 displays the topology of these modules. The design can be separated into two halves: the
sound handling half, which includesnotesandechoand the control half, which includesvisualizerand
control. Damon implemented the sound handling half while Mark implemented the control half and both
worked on integration. The interface between the two consists of the echo controls, and of the parameters
stored in a memory innotes, whichcontrolwrites and sees return data from, to play and check allocation
of notes respectively.

We should define three words before delving into module descriptions, for the sake of clarity. A
sample is the entirety of a recording into the Wumpus. Aframe is a single value of the sample at a given
time, and awindow is a small sequential subset of frames in the sample.

2.1 Notes

Thenotesmodule takes in audio data fromfrom ac97dataand outputs summed polyphonic and playback-
rate-shifted audio data ondata out.Internally, this module consists of four submodules whichwork to-
gether to sequentially create and sum the desired frame for each individual note being output at a given
time. Although the mechanism used to do this has very low overhead per added note, we decided to limit
the number of notes to 8 to avoid degradation of the playback quality. The four submodules of thenotes
module aretaylor, notemem, frameprep, andaccumulator. Thenotememmodule stores parameters (val-
ues which are constant throughout the playback of a single note) and variables (values which can change
on any given frame) describing each note. The parametarizeddescription of each of the 8 notes is fed in
series toframeprep, which providestaylor with the current, previous, and next sample in relation to the
note’s current playback location.taylor uses these to do a taylor expansion of the sample and provide
the desired frame, and feeds new variable values to notemem (signalling notemem to move onto the next
note). accumulatorsums the serially created frames for each note, and outputs this value ondata out.
This module is fairly simple in terms of the number of lines ofcode, but proved to be very hard to debug
due to the high level of interdependence between modules. All modules innotessignal off the previous
module they depend on for input values. The way this is done, it creates a cycle which goes through all
notes in the mimimum number of clock cycles given the delay ofeach module in the cycle.

This module construction differs significantly from the original plan, which involved ten copies of a
singlenotemodule, which would all timeshare a top-levelsamplemodule for memory access. Parameter-
ization of each note, and creation oflinemem, described below, allowed for the much simpler, if somewhat
less straightforward design used in the final implementation of the Wumpus.

2.1.1 Taylor

Thetaylor module takes, all in parallel, three concurrent frames, aready frameprepsignal fromframeprep,
and all parameters and variables stored innotemem. At ready frameprep, taylor uses the current and pre-
vious frames to linearly interpolate the value of a virtual frameperiod frames from the previous virtual
frame for the playing note.taylor then determines the integer position,n, and fractional offset position,
delta, from period, and returns these tonotememas it signalstaylor done. The taylor donesignal also
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Figure 3: Main Block Diagram. The sample record and playbackchain is displayed on the left, while
the control system is pictured on the right. Samples are stored innotes, and played back according to the
contents of a small memory innotesthat is written bycontroland read bynotes.

triggersaccumulatorto add the outputtframe out to it’s running sum. A quadratic expansion was origi-
nally planned (and implemented), but it was found to have little or no effect on the sound of the original
sample and therefore was removed.

In order to deal with playing ,pressed versus playing, nonpressed, and nonplaying, nonpressed notes,
taylor runs a non-strict finite state machine with states foreach combination ofgoingandpressed. For
non-playing, non-pressed keys, both are zero. For pressed,non-playing(and thus non-going) keys,going
is set high. For pressed, playing notes,going is left high, and the sample plays until it reacheswin-
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Figure 4: Thenotesmodule. This module consists of thetaylor, frameprep, notemem, andaccumulator
modules. For every frame of audio data prepared bynotes, notemem, taylor, andframepreprun serially
through the notes to calculate their respective frames of audio data, andaccumulatorsums them together.
At the signal of the nextnewframe, this data is read by the next module in the chain before audiooutput.

dow hold pos, at which point it cycles over the previouswindowhold lengthsamples. When the note is
no longer pressed (regardless of wether it is cycling atwindowhold pos), taylor enters the final state, in
which it plays until the end of the sample and resets all note variables to 0 upon reachingsampleend,
includinggoing. The signal ofgoing low coming fromtaylor tells notememto output a finished signal
for the current note, tellingnotecontrol that a new note is free.

Thetaylor module not only performs the taylor expansion of the sample at the location in sample time
of the desired frame, but also computes the new values ofgoing, n anddelta. delta is the offset from the
current ram address,n, to where we want to create the current frame for this note.

2.1.2 Notemem

Thenotememmodule stores the parameters and variables corresponding to each of 8 notes. These val-
ues are stored in two 8 long by 32 wide register based memoriesusing theline memmodule. Notes are
read out sequentially from both the variable and parameter memories concurently, with a new note being
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evaluated every timetaylor donesignals it is done with the previous one, until all 8 have beenplayed.
Variables are written bytaylor to the ram address of the current note, whenevertaylor signals it is com-
plete, and are read out toframeprepand taylor. Parameters are written bynotecontrol, into whatever
note it chooses.notecontrol, in turn, is signaled with notes that are finished.

2.1.3 Linemem

The linememmodule implements an 8 long by 32 wide memory with one exclusive read port and one
exclusive write port. The memory consists of a 256 bit long register and 32 bit wide output and input
ports, each shifted by their respective addresses to selectthe right bits of the register. As read connections
were made combinationally, the clock cycle delay normally present in BRAMS between asserting a read
address and seeing data is not present. Since notemem simplyimplements a pass-through to it’s linemem
instantiations to read parameter and variable data, this design removed only about a shift register’s delay
from notes’s maximum clock speed (which is higher than that ofvisualizerand therefore unimportant.

2.1.4 Frameprep

The frameprepmodule contains the sample memory, which is 98304 samples long and 16 bits wide, due
to BRAM memory constraints. On thenotememreadysignal,frameprepreads the frames atn, n−1, n+1

and stores them intoframe n, framen minus, andframen plusrespectively. After the four clock cycles
required for this to happen have passed,ready frameprepis set high for a clock cycle to signaltaylor to
start it’s calculations. For unpressed notes,frameprepstill prepares sample frames. It istaylor that sets
the output to 0 for these notes.

2.1.5 Accumulator

The accumulatormodule is quite simple. Upon the signaltaylor done, accumulatoradds the current
output fromtaylor to it’s running sum. This running sum is cleared upon eachnewframe, allowing a new
polyphonic output frame to be built. Since there can be up to 8notes playing concurrently,accumulator
adds together all 8 16 bit signals, and shifts the output leftone to make it 18 bit, which is the limit in
accuracy afforded to us by the labkit.

2.2 Echo

Theechomodule uses a BRAM to store the values of the previousechotime frames from the output of
notes, and adds the bit shifted least recent frame in it’s memory todata in to createdata out. This is done
by way of a pointer to the BRAM. The BRAM is first read at the address of the pointer, and the output is
shifted bytaylor decayand added todata in.

The current value ofdata in is then written into the BRAM at the pointer, and the pointer address is
incremented. Length is adjusted by way of limiting the maximum pointer value possible before it is reset
to 0. This function performs only a single echo, although recursive echo is quite easy to implement under
this framework, involving only one or two lines of code. We found that the recursive echo sounds very
cluttered and fuzzy when played back with multiple notes, and thus removed it from the final version.

The input data is buffered on new frame to avoid timing issueswith the sumframeout module in
notes, as both as signalled onnewframeto start a new operation. This creates an extra one frame delay
out the output, which has no effect on the keyboard playback experience.
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Figure 5: Thecontrolmodule.

2.3 Control

2.3.1 Parameters

Theparametersmodule controls the value of thesamplestart, sampleend, pitch offset, echotime,windowhold pos,
andwindowhold lengthin response to user input. Each of these values is controlledby a rotary encoder
knob. The six encoders’ each provide a pair of control signals, which are decoded into increment/decre-
ment requests by instances of thegrey decodemodule. Each of the controlled values is created by a
boundedparametermodule, which bounds the output value, and changes it according to the correspond-
ing increment and decrement requests. The boundaries of these signals are provided in Table 1.
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Figure 6: Thenotecontrolmodule.

2.3.2 Grey Decode

Thegrey decode moduleinterprets two rotary encoder signals to produce incrementand decrement re-
quests. The increment and decrement requests are encoded onthe wires. Thereadypulseoutput wire
pulls high for one clock cycle when a new increment/decrement event occurs. A 1 on theup downwire
indicates an increment event, a 0 indicates a decrement event. Wiresa andb carry the rotary encoder’s
control signals. When the encoders rotate, both linesa andb go low, with nearly a .01 second delay in
between. Rotating clockwise causes linea to drop first, counter clockwise causes lineb to drop first. A
negative edge on either line triggers thegrey decodemodule to test if the other line is high.

2.3.3 Bounded Parameter

The boundedparametermodule provides an output bus of a parameterized size, keepsthat value with
variable upper and lower bounds, increments and decrementsthe value by a parameterized amount in
response to requests, and on request loads a particular value into the bus. The busvaluecarries the output
information. The busesupperandlower bound the value. When the wireld is pulled high, the busq is
loaded into value, corrected for the current bounds. The parameterSIZEOFsets the width of theupper,
lower, valueandq buses. The parameterINCREMENTsets the step size of increment/decrement events.
A one clock cycle pulse on theincr pin causes an increment/decrement event. A 1 on theup downwire
indicates an increment event, a 0 indicates a decrement event.
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Table 1: Boundary Conditions for Parameters
Value Upper Lower
samplestart sampleend 0x0
sampleend 0x1FFFF samplestart
windowhold pos sampleend-windowhold length samplestart
windowhold length 0xFFF 0x200
pitch offset 0x3C 0x0
echotime 0xFFF 0x0

Table 2: Values Loaded Into Parameters after Record
Bus Value
samplestart 0x0
sampleend samplelength
windowhold pos samplestart
windowhold length 0x200
pitch offset 0x18
echotime 0xFFF

2.3.4 Record Logic

When a record event occurs,control module contains logic for setting new values in the parameters. An
instance of thelevel to pulsemodule creates a pulse on the falling edge of therecord signal. This trig-
gers new values to load intosamplestart, sampleend, pitch offset, echotime,windowhold pos, andwin-
dow hold length. The busessamplestart q, sampleendq, pitch offsetq, echotime q,windowhold posq,
andwindowhold lengthq are set to the default values, which are documented in Table 2. The record
logic pulls thesamplestart ld, sampleend ld, pitch offsetld, echotime ld,windowhold pos ld, and
windowhold length ld lines high for two clock cycles. This delay allow for parameters whose boundaries
rely on other parameters to settle to legal values.

2.3.5 Serial FSM/Sequencer

The serial fsm module outputs bytes from an asyncronous serial input. The module expects a single
start bit value of zero, followed by 8 bits and a stop bit. The baud rate of the incoming signal should
be set in the parameterBAUD RATE, and its width in bits inBAUD RATESIZEOF. The clock rate of
the system must also be set in parametersCLOCK RATEandCLOCK RATESIZEOF. These values are
used to calculate delays in between reading bits from the input line rx. When the FSM/Sequencer has
completed reading a byte, thereadypulseline pulls high for a single clock cycle. Thebytebus contains
the new byte.

2.3.6 Delay

The delay module provides a single clock cycle pulse after one of two numbers of clock cycles. The pulse
wire provides the output pulse after either parameter DELAY1 COUNT or parameter DELAY2COUNT
number of clock cycles. If the short signal is high, DELAY1COUNT is used, else DELAY2COUNT
is used. The pulse occurs only once, and the module must be reset to create another pulse. The param-
eter COUNTSIZEOF must specify the greater of the two bit widths betweenDELAY1 COUNT and
DELAY2 COUNT.
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2.3.7 MIDI FSM

Themidi fsmmodule interprets incoming MIDI messages for Note On/Off events, and outputs the pitch
and velocity and pressed/depressed status of those events.The FSM receives bytes from the MIDI inter-
face serially via thebyte line. When a new byte is ready thenewbyte line should be driven high for a
single clock cycle. The FSM will ignore all MIDI events otherthan those which begin with the Note On
(0x9) or Note Off (0x8) nibble. Thepitch andvelocitybytes for these events follow from the serial line.
Thepitchbyte indicates which key on the keyboard was pressed, middleC being key 0x3C. Thevelocity
byte indicates how hard the key was pressed, with a “normal” key press being placed at 0x40. There are
other MIDI events which consist of multi byte frames similarto this. The MIDI FSM correctly ignores
the data bytes of unsupported MIDI events. The MIDI module also generates apressedsignal. A Note
Off event or Note On event withvelocityzero will drive this line low, the line is driven high by a NoteOn
event with non-zero velocity. When a midi event has been processed, the FSM generates a single clock
cycle pulse onready.

2.4 Note Control

The note control module manages note pressed and released events going to the Notes module for both the
keyboard playback and loop modes. The module exports theperiod, velocityandpressedstatus of a note
identified by thenoteselectbus to thenotesmodule. The module drives thenotereadyline high when
the data is to be written. Thefinishednoteselectline allows thenotesmodule to identify a note, and then
indicate its availability to play new requests with a high orlow signal on thefinishedline. Note control
contains a FIFO for handling incoming MIDI keyboard events.The FIFO is a Xilinx IP Core Syncronous
FIFO with a width of 17 (pitch,velocityandpressed) and a depth of 32. Thenotecontrol fsmhandles
this FIFO to generate akeyboardpitch, keyboardvelocity, keyboardpressedandkeyboardreadysignal
for MIDI events. A small BRAM is used to provide a lookup tablebetween the MIDI keyboard values
and the periods whichnotesexpects. Thekeyboardpitchcombined with thepitch offsetinput is an index
into this rom, generatingkeyboardperiod. This FSM is also passed thefinishednoteselectand finished
wires to keep track of which notes are free. The FSM uses this information to correctly select notes
with thekeyboardnoteselectandkeyboardnoteselectsignals. Aloop control fsmexists to control the
outputs when in loop mode. The module generates a parallel set of control signals, namedloop pressed,
loop noteselectandloop note ready. Theloop periodandloop velocityare fixed at “Middle C” and the
“normal” velocity for MIDI of 0x40. The output of thenotecontrol fsmand theloop control fsmare
multiplexed by the input signalloop.

2.4.1 Note Control FSM

The notecontrol fsmcreates appropriate control signals destined fornotesbased on events arriving at
an external queue. When the external queue indicates it is nolonger empty by pulling thequeueempty
line low, the FSM/Sequencer signals a pop by pullingqueuepop high, then a clock cycle later latches
the output of the queue to the output linesperiod, velocityandpressed. If a key was just pressed, the
FSM enters a small sequencer to test if there are any notes available. The status of note availability
is being constantly updated into thefinishedreg array. The inputfinishednoteselectindexes into this
array, whose value is set to the input finished every clock cycle. The sequencer incrementsnoteselect
as another index intofinishedreg. If no finished notes are found, the FSM returns to testing fora non-
empty queue. If a note is found, the FSM stores the newperiod the note will be playing into the array
noteperiods, then pullsnote readyhigh. After this the FSM enters a sequencer to wait a configurable
number ofnewframepulses before testing the queue again. If a key released event arrives, the FSM
follows an inverse process. The FSM enters a small sequencerto see if theperiod of the released key
matches any entry innoteperiod, which is also not finished infinishedreg. If no note is found, the queue
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returns to testing for non-empty queues. If a note is found,pressedis again set appropriately,readypulled
high, and a sequencer is used to wait a certain number ofnewframepulses. Upon returning to testing for
a non-empty queue, the FSM pullsreadylow.

2.4.2 Loop Control FSM

Theloop control fsmgenerates a press and release signal in short succession, destined for thenotesmod-
ule. Theloop control fsmwatches particularly for the note identified byfinishednoteselectequalling
zero (the zeroth note) to be finished. Whenfinishedis high, andfinishednoteselectis zero, theloop control fsm
generates apressedsignal, waits for anewframepulse and then pullspressedlow andreadyhigh.

2.5 Visualizer

The visualizer module provides a 800x600, 60Hz stream of 3 bit values topixel. Thehcountandvcount
buses indicate the position of the pixel stream on the screencurrently. The graphic displays a space on
the screen limited to 512 pixels wide and 128 pixels tall. Thevisualizer module combines a series of dif-
ferent pixel streams created by submodules to create its output. The submodulesstart text, sustaintext,
end text, echotext and tune text each generate an ASCII string using the providedchar string display
module. The submodulesstart bar, endbar, sustainpositionbar, sustainlengthbar, echobar, and
tunebar each generate rectangles using thevisualizerrectanglemodule. Thewaveformg element gen-
erates a waveform representation using thewaveformgraphic module. Themy waveformbackground
element generates a multicolor rectangle using thewaveformbackgroundmodule. Thekeyboardelement
generates the image of a keyboard using thekeyboardbitmapmodule. Finally the pixel streams of all of
these modules are bitwise or’d together and output topixel.

2.5.1 Visualizer Rectangle

Thevisualizerrectanglegenerates a pixel stream for a rectangle of a parameterizedCOLOR, HEIGHT
andWIDTH, at a location specified by the bussesx andy. The hcountandvcountbuses indicate the
position of the pixel stream on the screen currently.

2.5.2 Keyboard Bitmap

The keyboardbitmap module reads an image of a keyboard, stored in a BRAM, based onpositions
encoded byhcountandvcount. The graphic displays a space on the screen limited to 512 pixels wide and
128 pixels tall. The memory is a single bit wide (black and white) BRAM with 56000 locations. This size
is the product of theHEIGHT andWIDTH parameters. Thekeyboardbitmapmodule resets the address
into the memory whenhcountandvcountarrive at the values inx andy. Thekeyboardbitmapoutputs a
zero on thepixel bus whenever the thehcountandvcountindicate a point outside of the box designated
by x,y and the parameterHEIGHT andWIDTH. Elsewise, the module outputs the value of the memory
replicated three times onpixel, and increments the address.

2.5.3 Waveform Graphic

Thewaveformgraphicmodule provides a pixel stream of a visualization of the sample which is recorded.
Thehcountandvcountbuses indicate the position of the pixel stream on the screencurrently. The graphic
displays a space on the screen limited to 512 pixels wide and 128 pixels tall. However, it has to display
up to 98304 frames which are 16 bits wide. To accomplish this,the module has an FSM/sequencer for
averaging frames, and storing them in a small memory. When the record signal goes high, the FSM
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begins averaging frames. A separate sum is calculated for the positive and negative values of 256 sequen-
tial frames. The 7 highest order bits of these sums are concatenated and then stored into memory. The
memory is 512 deep an 14 bits wide. Whenrecord is released, the FSM sits in the WAIT state, which
enables the output to pixel. When outside of the pixel locations specified by theHEIGHT, WIDTH-
samplelengthx, X POSITIONandY POSITION, the module outputs zero topixel. The address into
memory is calculated based on theX POSITIONon screen. While inside the boundaries of these posi-
tions, the module creates a signed number ranging from (HEIGHT/2)-1 to -HEIGHT/2. For the top half
of the rectangle, thepixel is output white if it is less than the signed positive averageread from memory.
For the bottom half of the rectangle, thepixel is output white if it is less than the negative average read
from memory.

2.5.4 Waveform Background

Thevisualizerrectanglegenerates a pixel stream for a rectangle of a parameterizedHEIGHT andWIDTH,
and positionX andY. Thehcountandvcountbuses indicate the position of the pixel stream on the screen
currently. The color of the outputted pixel depends on the inputssamplestart andsampleend. If the
current pixel is less thanX plussamplestart x, the output is green. If the current pixel is greater thanX
plussampleendx the output is red. Elsewise the output is white.

3 Physical Implementation

Beyond the provided Labkit, implementation of the Wumpus involved an electric piano keyboard, an
optocoupler to isolate it’s serial MIDI output, and a set of greycode knobs. The provided LCD screen was
used to run VGA output for the visualizer module.

4 Debugging

The large amount of interdependence within the code made debugging more diffucult than previous labs,
and aided in creating a large number of hard to track connections. The single largest problem encountered
in the debugging process was misnamed wires, which were hardto detect due to complicated wiring and
the poor debugging capabilities of the Xilinx software. Thegood part of a day was also lost due to
the Xilinx project manager crashing. Perhaps with better compiler debugging outputs and more stable,
reliable software, projects such as this could be done in half the time. Problems unrelated to debugging
mistakes were nearly always related to a naming problem, such as the overlooking of a test wire when
combining modules. Problems with asynchronosity were encountered innotecontrol, and were fixed by
synchronizing the code.

In the case of thenotesmodule, the interdependancy of all modules on one another aswell as the
intricate timing involved led to about a week of debugging before any audible output was heard, at which
point nearly the entire module worked. This aspect of the module also made computer simulation of the
verilog diffucult to perform accurately, and oversights insetting up the test waveforms was the cause of a
perceived bug just as often as errors in verilog.

5 Conclusions

The design and implementation of the Wumpus demonstrated both the ease with which complicated
systems can be designed in verilog, and the diffuculty of debugging simple naming problems or dealing
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with the ambiguity allow by verilog. This leads us to suggestthat a more constrained language with less
room for interpretation would lead to more efficient programming.

And finally, we must recoginize the fact that the more time onespends in lab, the more they smell like
a monkey.

The following files have been reformatted to fit the page.

Listing 1: Verilog file accumulator.v
� �

module accu mu l a t o r ( c lock , r e s e t , newframe , t ay l o r d o n e , t f r ameo u t , sumf rameout , sum done ) ;
i n p u t c l o ck ;
i n p u t r e s e t ;

i n p u t new frame ; / / s i g n a l s t h e accu mu l a t o r t o s t a r t a new accu mu l a t i on
i n p u t t a y l o r d o n e ; / / s i g n a l s t h a t t h e r e i s new d a t a t o be added t o t h e accu mu l a t o r
i n p u t s i g n ed [ 1 5 : 0 ] t f r a m eo u t ; / / d a t a coming from t a y l o r
o u t p u t s i g n ed [ 1 7 : 0 ] sumf rameout ; / / accumu lated f rame . two b i t s w ider t h an t f r ameo u t ,

/ / meaning t h a t we s t i l l have t o s h i f t one b i t t o f i t 8
/ / n o t es . Th i s s t i l l g i v es s l i g h t l y h i g h e r accu r acy d u r i n g th e a d d i t i o n .

o u t p u t sumdone ;

reg s i g n ed [ 1 9 : 0 ] runn ingsum ; / / u n s h i f t e d accumu lated f rame

a s s i g n sumf rameout = runn ing sum [ 1 9 : 2 ] ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t| new frame ) beg in

runn ing sum <= 0;
end
e l s e beg in

i f ( t a y l o r d o n e ) beg in
runn ing sum<=runn ing sum + t f r a m e o u t ;

end
end

end

endmodule
�

Listing 2: Verilog file audio.v
� �

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / b i−d i r e c t i o n a l monaura l i n t e r f a c e t o AC97
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

module aud io ( c lock , r e s e t , a u d i oi n d a t a , a u d i oo u t d a t a , ready , newframe ,
a u d i o r e s e t b , ac9 7 s d a t a o u t , a c 9 7 s d a t a i n ,
ac97 synch , a c 9 7b i t c l o c k ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;
o u t p u t [ 1 7 : 0 ] a u d i o i n d a t a ;
i n p u t [ 1 7 : 0 ] a u d i o o u t d a t a ;
o u t p u t ready ;

o u t p u t new frame ;

/ / ac97 i n t e r f a c e s i g n a l s
o u t p u t a u d i o r e s e t b ;
o u t p u t a c 9 7 s d a t a o u t ;
i n p u t a c 9 7 s d a t a i n ;
o u t p u t ac97 synch ;
i n p u t a c 9 7 b i t c l o c k ;

w i re [ 4 : 0 ] volume ;
w i re s o u r ce ;
a s s i g n volume = 4 ’ d44 ; / / 4 ’ d22 ; / / a r e a s o n a b l e volume v a l u e
a s s i g n s o u r ce = 1 ; / / mic

wi re [ 7 : 0 ] command address ;
w i re [ 1 5 : 0 ] commanddata ;
w i re command val id ;
w i re [ 1 9 : 0 ] l e f t i n d a t a , r i g h t i n d a t a ;
w i re [ 1 9 : 0 ] l e f t o u t d a t a , r i g h t o u t d a t a ;

reg a u d i o r e s e t b ;
reg [ 1 0 : 0 ] r e s e t c o u n t ;

/ / w a i t a l i t t l e b e f o r e en ab l i n g t h e AC97 codec
always @( posedge c l o ck ) beg in

i f ( r e s e t ) beg in
a u d i o r e s e t b = 1 ’ b0 ;
r e s e t c o u n t = 0 ;

end e l s e i f ( r e s e tc o u n t == 2 0 4 7 )
a u d i o r e s e t b = 1 ’ b1 ;

e l s e
r e s e t c o u n t = r e s e tc o u n t +1 ;

end

ac97 ac97 ( x ready , commandaddress , commanddata , commandval id ,
l e f t o u t d a t a , 1 ’ b1 , r i g h t o u t d a t a , 1 ’ b1 , l e f t i n d a t a ,
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r i g h t i n d a t a , ac9 7s d a t a o u t , a c 9 7 s d a t a i n , ac97 synch ,
a c 9 7 b i t c l o c k ) ;

s y n ch r o n i ze s y n c r ead y ( . c l k ( c l o ck ) , . i n ( x ready ) , . ou t ( ready ) ) ;
l e v e l t o p u l s e newframemaker ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . l e v e l ( ready) , . p u l s e ( newframe ) ) ;

ac97commands cmds ( c lock , ready , commandaddress , commanddata ,
command val id , volume , s o u r ce ) ;

a s s i g n l e f t o u t d a t a = { a u d i o o u t d a t a , 4 ’ b00};
a s s i g n r i g h t o u t d a t a = l e f t o u t d a t a ;

/ / a r b i t r a r i l y choose l e f t i n p u t , g e t h i g h es t−o r d e r b i t s
a s s i g n a u d i oi n d a t a = l e f t i n d a t a [ 1 9 : 2 ] ;

endmodule

/ / assemb le / d i s as s emb l e AC97 s e r i a l f rames
module ac97 ( ready ,

command address , commanddata , commandval id ,
l e f t d a t a , l e f t v a l i d ,
r i g h t d a t a , r i g h t v a l i d ,
l e f t i n d a t a , r i g h t i n d a t a ,
ac9 7 s d a t a o u t , a c 9 7 s d a t a i n , ac97 synch , a c 9 7b i t c l o c k ) ;

o u t p u t ready ;
i n p u t [ 7 : 0 ] commandaddress ;
i n p u t [ 1 5 : 0 ] commanddata ;
i n p u t commandval id ;
i n p u t [ 1 9 : 0 ] l e f t d a t a , r i g h t d a t a ;
i n p u t l e f t v a l i d , r i g h t v a l i d ;
o u t p u t [ 1 9 : 0 ] l e f t i n d a t a , r i g h t i n d a t a ;

i n p u t a c 9 7 s d a t a i n ;
i n p u t a c 9 7 b i t c l o c k ;
o u t p u t a c 9 7 s d a t a o u t ;
o u t p u t ac97 synch ;

reg ready ;

reg a c 9 7 s d a t a o u t ;
reg ac97 synch ;

reg [ 7 : 0 ] b i t c o u n t ;

reg [ 1 9 : 0 ] l cmd ad d r ;
reg [ 1 9 : 0 ] l cmd d a t a ;
reg [ 1 9 : 0 ] l l e f t d a t a , l r i g h t d a t a ;
reg l cmd v , l l e f t v , l r i g h t v ;
reg [ 1 9 : 0 ] l e f t i n d a t a , r i g h t i n d a t a ;

i n i t i a l beg in
ready <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f ready i s ” 0 ” ;
a c 9 7 s d a t a o u t <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f a c 9 7s d a t a o u t i s ” 0 ” ;
ac97 synch <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f ac97synch i s ” 0 ” ;

b i t c o u n t <= 8 ’h00 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f b i tc o u n t i s ”0 0 0 0 ” ;
l cmd v <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f lcmd v i s ” 0 ” ;
l l e f t v <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f l l e f t v i s ” 0 ” ;
l r i g h t v <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f lr i g h t v i s ” 0 ” ;

l e f t i n d a t a <= 20 ’ h00000 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f l e f ti n d a t a i s ”0 0 0 0 0 ” ;
r i g h t i n d a t a <= 20 ’ h00000 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f r i g h ti n d a t a i s ”0 0 0 0 0 ” ;

end

always @( posedge a c 9 7b i t c l o c k ) beg in
/ / Generate t h e sync s i g n a l
i f ( b i t c o u n t == 2 5 5 )

ac97 synch <= 1 ’b1 ;
i f ( b i t c o u n t == 1 5 )

ac97 synch <= 1 ’b0 ;

/ / Generate t h e ready s i g n a l
i f ( b i t c o u n t == 1 2 8 )

ready <= 1 ’b1 ;
i f ( b i t c o u n t = = 2 )

ready <= 1 ’b0 ;

/ / Latch u s e r d a t a a t t h e end o f each f rame . Th is en s u r es t h a t th e
/ / f i r s t f rame a f t e r r e s e t w i l l be empty .
i f ( b i t c o u n t == 2 5 5 )

beg in
l cmd ad d r <= {command address , 1 2 ’ h000};
l cmd d a t a <= {commanddata , 4 ’ h0};
l cmd v <= command val id ;
l l e f t d a t a <= l e f t d a t a ;
l l e f t v <= l e f t v a l i d ;
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l r i g h t d a t a <= r i g h t d a t a ;
l r i g h t v <= r i g h t v a l i d ;

end

i f ( ( b i t c o u n t >= 0) && ( b i t c o u n t <= 15))
/ / S l o t 0 : Tags
cas e ( b i t c o u n t [ 3 : 0 ] )

4 ’ h0 : a c 9 7 s d a t a o u t <= 1 ’b1 ; / / Frame v a l i d
4 ’ h1 : a c 9 7 s d a t a o u t <= l cmd v ; / / Command ad d r es s v a l i d
4 ’ h2 : a c 9 7 s d a t a o u t <= l cmd v ; / / Command d a t a v a l i d
4 ’ h3 : a c 9 7 s d a t a o u t <= l l e f t v ; / / Le f t d a t a v a l i d
4 ’ h4 : a c 9 7 s d a t a o u t <= l r i g h t v ; / / R igh t d a t a v a l i d
d e f a u l t : a c 9 7 s d a t a o u t <= 1 ’b0 ;

endcase

e l s e i f ( ( b i t c o u n t >= 16) && ( b i t c o u n t <= 35))
/ / S l o t 1 : Command ad d r es s (8− b i t s , l e f t j u s t i f i e d )
a c 9 7 s d a t a o u t <= l cmd v ? l cmd ad d r [35−b i t c o u n t ] : 1 ’ b0 ;

e l s e i f ( ( b i t c o u n t >= 36) && ( b i t c o u n t <= 55))
/ / S l o t 2 : Command d a t a (16− b i t s , l e f t j u s t i f i e d )
a c 9 7 s d a t a o u t <= l cmd v ? l cmd d a t a [55−b i t c o u n t ] : 1 ’ b0 ;

e l s e i f ( ( b i t c o u n t >= 56) && ( b i t c o u n t <= 75))
beg in

/ / S l o t 3 : Le f t ch an n e l
a c 9 7 s d a t a o u t <= l l e f t v ? l l e f t d a t a [ 1 9 ] : 1 ’ b0 ;
l l e f t d a t a <= { l l e f t d a t a [ 1 8 : 0 ] , l l e f t d a t a [ 1 9 ] } ;

end
e l s e i f ( ( b i t c o u n t >= 76) && ( b i t c o u n t <= 95))

/ / S l o t 4 : R igh t ch an n e l
a c 9 7 s d a t a o u t <= l r i g h t v ? l r i g h t d a t a [95−b i t c o u n t ] : 1 ’ b0 ;

e l s e
a c 9 7 s d a t a o u t <= 1 ’b0 ;

b i t c o u n t <= b i t c o u n t +1 ;

end / / a lways @ ( posedge a c 9 7b i t c l o c k )

a lways @( negedge a c 9 7b i t c l o c k ) beg in
i f ( ( b i t c o u n t >= 57) && ( b i t c o u n t <= 76))

/ / S l o t 3 : Le f t ch an n e l
l e f t i n d a t a <= { l e f t i n d a t a [ 1 8 : 0 ] , a c 9 7s d a t a i n } ;

e l s e i f ( ( b i t c o u n t >= 77) && ( b i t c o u n t <= 96))
/ / S l o t 4 : R igh t ch an n e l
r i g h t i n d a t a <= { r i g h t i n d a t a [ 1 8 : 0 ] , a c 9 7s d a t a i n } ;

end

endmodule

/ / i s s u e i n i t i a l i z a t i o n commands t o AC97
module ac97commands ( c lock , ready , commandaddress , commanddata ,

command val id , volume , s o u r ce ) ;

i n p u t c l o ck ;
i n p u t ready ;
o u t p u t [ 7 : 0 ] commandaddress ;
o u t p u t [ 1 5 : 0 ] commanddata ;
o u t p u t commandval id ;
i n p u t [ 4 : 0 ] volume ;
i n p u t s o u r ce ;

reg [ 2 3 : 0 ] command ;
reg commandval id ;

reg o l d r ead y ;
reg done ;
reg [ 3 : 0 ] s t a t e ;

i n i t i a l beg in
command<= 4 ’h0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f command i s ” 0 ” ;
command val id <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f commandval id i s ” 0 ” ;
done <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f done i s ” 0 ” ;
o l d r ead y <= 1 ’b0 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f o l dr ead y i s ” 0 ” ;
s t a t e <= 16 ’ h0000 ;
/ / s y n t h e s i s a t t r i b u t e i n i t o f s t a t e i s ”0 0 0 0 ” ;

end

a s s i g n commandaddress = command [ 2 3 : 1 6 ] ;
a s s i g n commanddata = command [ 1 5 : 0 ] ;

w i re [ 4 : 0 ] vo l ;
a s s i g n vo l = 31−volume ;

a lways @( posedge c l o ck ) beg in
i f ( ready && ( ! o l d r ead y ) )

s t a t e <= s t a t e +1 ;

cas e ( s t a t e )
4 ’ h0 : / / Read ID

beg in
command<= 24 ’ h80 0000 ;
command val id <= 1 ’b1 ;

15



end
4 ’ h1 : / / Read ID

command<= 24 ’ h80 0000 ;
4 ’ h3 : / / headphone volume

command<= { 8 ’h04 , 3 ’ b000 , vol , 3 ’ b000 , vo l} ;
4 ’ h5 : / / PCM volume

command<= 24 ’ h18 0808 ;
4 ’ h6 : / / Record s o u r ce s e l e c t

command<= 24 ’h1A 0000 ; / / microphone
4 ’ h7 : / / Record g a i n = max

command<= 24 ’h1C 0F0F ;
4 ’ h9 : / / s e t +20 db mic g a i n

command<= 24 ’ h0E 8048 ;
4 ’hA : / / Set beep volume

command<= 24 ’h0A 0000 ;
4 ’hB : / / PCM out bypass mix1

command<= 24 ’ h20 8000 ;
d e f a u l t :

command<= 24 ’ h80 0000 ;
endcase / / cas e ( s t a t e )

o l d r ead y <= ready ;

end / / a lways @ ( posedge c l o ck )

endmodule / / ac97commands
�

Listing 3: Verilog file boundedparameter.v
� �

/∗∗
∗ b o u n d edp a r ame t e r− M ai n t a i n s a v a l u e wi th i n p a r t i c u l a r b o u n d a r i es , w i th p a r ame t e r i zed s t e p s .
∗ @author mmt
∗
∗ @parameter SIZEOF Number o f b i t s f o r t h e value , i t s b o u n d a r ies and f o r c e l o ad .
∗
∗ @input c l o ck System c l o ck .
∗ @input r e s e t Syncronous r e s e t .
∗ @input [ SIZEOF−1:0] upper The upper bound o f t h e v a l u e .
∗ @input [ SIZEOF−1:0] l ower The lower bound o f t h e v a l u e .
∗ @input [ SIZEOF−1:0] q A bus which can be f o r c e a b l e l o ad ed i n t o t h e v a l u e .
∗ @input i n c r A one c l o ck cy c l e p u l s e i n d i c a t i n g an i n c r emen t /decrement ev en t .
∗ @input up down High v a l u e i n d i c a t e s i n c r emen t even t , low v a l u e i n d i c at e s decrement ev en t .
∗
∗ @output [ SIZEOF−1:0] v a l u e The o u t p u t o f t h e p a r ame t e r .
∗/

module b o u n d edp a r ame t e r ( c lock , r e s e t , upper , lower , q , updown , i n c r , ld , v a l u e ) ;
/ / t h e s i z e i n b i t s o f t h e p a r ame t e r
p a r ame t e r SIZEOF = 1 4 ;
/ / t h e v a l u e t o add / s u b t r a c t on i n c r emen t / decrement
p a r ame t e r INCREMENT = 1 ;

/ / sys tem c l o ck
i n p u t c l o ck ;
/ / r e s e t t h e module
i n p u t r e s e t ;
/ / upper bound on v a l u e
i n p u t [ SIZEOF−1:0] upper ;
/ / l ower bound on v a l u e
i n p u t [ SIZEOF−1:0] l ower ;
/ / f o r c e t h e l o ad o f q
i n p u t l d ;
/ / v a l u e t o f o r c e l o ad
i n p u t [ SIZEOF−1:0] q ;
/ / i n d i c a t e s i n c r emen t d i r e c t i o n ( + INCR or−INCR )
i n p u t up down ;
/ / s i n g l e c l o ck cy c l e i n c r emen t s i g n a l
i n p u t i n c r ;
/ / v a l u e beg in ma i n t a i n ed
o u t p u t [ SIZEOF−1:0] v a l u e ;

reg [ SIZEOF−1:0] v a l u e ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

v a l u e <= 0;
end
e l s e beg in

i f ( l d ) beg in
/ / boundary checks on l o ad
i f ( q < l ower )

v a l u e <= lower ;
e l s e i f ( q > upper )

v a l u e <= upper ;
e l s e

v a l u e <= q ;
end
e l s e i f ( v a l u e< l ower )

v a l u e <= lower ;
e l s e i f ( v a l u e> upper )

v a l u e <= upper ;
e l s e i f ( i n c r ) beg in

/ / boundary checks on i n c r emen t
i f ( up down )

v a l u e <= ( v a l u e + INCREMENT> upper ) ? upper : v a l u e + INCREMENT ;
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e l s e
v a l u e <= ( v a l u e < l ower + INCREMENT ) ? lower : v a l u e− INCREMENT ;

end
end

end
endmodule

�

Listing 4: Verilog file control.v
� �

/∗∗
∗ c o n t r o l − Main module f o r c o n t r o l l i n g n o t e ev en t s f o r keyboard and loop mode and ma i n t a i n i n g p a r ame t e r s .
∗
∗ @input c l o ck System c l o ck .
∗ @input new frame P u l s e t o i n d i c a t e a new aud io samp le a v a i l a b l e .
∗ @input [ 1 6 : 0 ] s amp l el en g t h The l e n g t h o f t h e r e c o r d i n g .
∗ @input r eco r d A h igh i n d i c a t e s t h e system i s c u r r e n t l y r e c o rd i n g .
∗ @input m i d i r x A mid i s e r i a l l i n e i n p u t ( normal l y h igh ) . .
∗ @input [ 1 : 0 ] s a m p l e s t a r t c t l Ro tary encoder knob i n p u t f o r s a m p l es t a r t .
∗ @input [ 1 : 0 ] s a m p l ee n d c t l Ro tary encoder knob i n p u t f o r samp leend .
∗ @input [ 1 : 0 ] s u s t a i n p o s i t i o n c t l Ro tary encoder knob i n p u t f o r s u s t a i np o s i t i o n .
∗ @input [ 1 : 0 ] s u s t a i n l e n g t h c t l Ro tary encoder knob i n p u t f o r s u s t a i nl e n g t h .
∗ @input [ 1 : 0 ] p i t c h o f f s e t c t l Ro tary encoder knob i n p u t f o r p i t c ho f f s e t .
∗ @input [ 1 : 0 ] e c h o d e l a y c t l Ro tary encoder knob i n p u t f o r ech od e l ay .
∗ @input loop I n d i c a t e s t h e system i s i n loop mode .
∗ @input [ 1 6 : 0 ] s a m p l es t a r t
∗ @input [ 1 6 : 0 ] samp leend
∗ @input [ 1 6 : 0 ] s u s t a i np o s i t i o n
∗ @input [ 1 1 : 0 ] s u s t a i nl e n g t h
∗ @input [ 1 3 : 0 ] ech od e l ay
∗/

module c o n t r o l ( c lock , r e s e t ,
new frame ,
s amp l e l en g t h ,
record ,
mid i rx ,
s a m p l e s t a r t c t l , s amp l e en d c t l , s u s t a i n p o s i t i o n c t l , s u s t a i n l e n g t h c t l , e c h o d e l a y c t l , p i t c h o f f s e t c t l ,
loop ,
s a m p l e s t a r t , samp leend , s u s t a i np o s i t i o n , s u s t a i nl e n g t h , echo delay , p i t c h o f f s e t ,
/ / s a m p l e s t a r t l d , s amp l e en d l d , s u s t a i n p o s i t i o n l d , s u s t a i n l e n g t h l d ,
/ / s a m p l e s t a r t q , samp le end q , s u s t a i n p o s i t i o n q , s u s t a i n l e n g t h q ,
f i n i s h e d , f i n i s h e d n o t e s e l e c t ,
n o t e r ead y , n o t e s e l e c t , per i od , v e l o c i t y , p r es s ed ,
/ / Debug o u t p u t s
s e r i a l b y t e , s e r i a l r e a d y ) ;

o u t p u t s e r i a l r e a d y ;
o u t p u t [ 7 : 0 ] s e r i a l b y t e ;

i n p u t c lock , r e s e t ;

i n p u t new frame ;
i n p u t [ 1 6 : 0 ] s amp l e l en g t h ;

i n p u t r eco r d ;

i n p u t [ 1 : 0 ] s a m p l e s t a r t c t l , s amp l e en d c t l , s u s t a i n p o s i t i o n c t l , s u s t a i n l e n g t h c t l , e c h o d e l a y c t l , p i t c h o f f s e t c t l ;

o u t p u t [ 1 6 : 0 ] s a m p l es t a r t , samp leend , s u s t a i np o s i t i o n ; / / A c t u a l v a l u es o f p a r ame t e r s
o u t p u t [ 1 1 : 0 ] s u s t a i nl e n g t h ;
o u t p u t [ 1 3 : 0 ] ech od e l ay ;
o u t p u t [ 5 : 0 ] p i t c h o f f s e t ;

i n p u t [ 2 : 0 ] f i n i s h e d n o t e s e l e c t ;
i n p u t f i n i s h e d ;
o u t p u t [ 2 : 0 ] n o t e s e l e c t ;
o u t p u t [ 1 5 : 0 ] p e r i o d ;
o u t p u t [ 7 : 0 ] v e l o c i t y ;
o u t p u t p r es s ed ;
o u t p u t n o t e r ead y ;

i n p u t m i d i r x ;
i n p u t l oop ;

reg s a m p l e s t a r t l d , s amp l e en d l d , s u s t a i n p o s i t i o n l d , s u s t a i n l e n g t h l d , ech o d e l ay l d , p i t c h o f f s e t l d ; / / Fo rce l o ad s i g n a l s
reg [ 1 6 : 0 ] s a m p l es t a r t q , samp le end q , s u s t a i n p o s i t i o n q ; / / Data f o r f o r ced l o ad
reg [ 1 1 : 0 ] s u s t a i n l e n g t h q ;
reg [ 1 3 : 0 ] ech o d e l ay q ;
reg [ 5 : 0 ] p i t c h o f f s e t q ;

p a r ame t e r s myparameters ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. s amp l e l en g t h ( s amp l el en g t h ) ,
. s a m p l e s t a r t c t l ( s a m p l e s t a r t c t l ) , . s a m p l e s t a r t l d ( s t a m p l e s t a r t l d ) ,
. s a m p l e s t a r t q ( s a m p l e s t a r t q ) , . s a m p l e s t a r t ( s a m p l es t a r t ) ,
. s a m p l e e n d c t l ( s a m p l e e n d c t l ) , . s amp l e en d l d ( s amp l e en d l d ) ,
. samp le end q ( samp le end q ) , . samp leend ( samp leend ) ,
. s u s t a i n p o s i t i o n c t l ( s u s t a i n p o s i t i o n c t l ) , . s u s t a i n p o s i t i o n l d ( s u s t a i n p o s i t i o n l d ) ,
. s u s t a i n p o s i t i o n q ( s u s t a i n p o s i t i o n q ) , . s u s t a i n p o s i t i o n ( s u s t a i np o s i t i o n ) ,
. s u s t a i n l e n g t h c t l ( s u s t a i n l e n g t h c t l ) , . s u s t a i n l e n g t h l d ( s u s t a i n l e n g t h l d ) ,
. s u s t a i n l e n g t h q ( s u s t a i n l e n g t h q ) , . s u s t a i n l e n g t h ( s u s t a i n l e n g t h ) ,
. e c h o d e l a y c t l ( e c h o d e l a y c t l ) , . e c h o d e l a y l d ( e c h o d e l a y l d ) ,
. ech o d e l ay q ( ech o d e l ay q ) , . ech o d e l ay ( ech o d e l ay ) ,
. p i t c h o f f s e t c t l ( p i t c h o f f s e t c t l ) , . p i t c h o f f s e t l d ( p i t c h o f f s e t l d ) ,
. p i t c h o f f s e t q ( p i t c h o f f s e t q ) , . p i t c h o f f s e t ( p i t c h o f f s e t ) ) ;
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/ / /
/ / / NOTE CONTROL
/ / /

/ / c l o ck ou t s e r i a l i n f o r ma t i o n
wi re [ 7 : 0 ] s e r i a l b y t e ;
w i re s e r i a l r e a d y ;

s e r i a l f s m my s e r i a l f s m ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. r x ( m i d i r x ) , . b y t e ( s e r i a l b y t e ) , . r e a d yp u l s e ( s e r i a l r e a d y ) ) ;

/ / g e n e r a t e t h e mid i commands
wi re [ 7 : 0 ] m i d i p i t ch , m i d i v e l o c i t y ;
w i re m i d i p r es s ed ;
w i re m i d i r ead y ;

mid i f sm my midi fsm ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. b y t e ( s e r i a l b y t e ) , . new by te ( s e r i a l r e a d y ) ,
. p i t c h ( m i d i p i t c h ) , . v e l o c i t y ( m i d i v e l o c i t y ) , . p r es s ed ( m i d ip r es s ed ) ,
. ready ( m i d i r ead y ) ) ;

/ / check f o r l oop mode , which o v e r r i d e s t h e keyboard i n p u t

/ / c o n t r o l t h e n o t es
n o t e c o n t r o l my n o t e co n t r o l ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,

. p i t c h o f f s e t ( p i t c h o f f s e t ) ,

. f i n i s h e d n o t e s e l e c t ( f i n i s h e d n o t e s e l e c t ) , . f i n i s h e d ( f i n i s h e d ) ,

. n o t e s e l e c t ( n o t e s e l e c t ) , . n o t er ead y ( n o t e r ead y ) ,

. p r es s ed ( p r es s ed ) , . p e r i o d ( p e r i o d ) , . v e l o c i t y ( v e l o c i ty ) , . l oop ( loop ) ,

. m i d i v e l o c i t y ( m i d i v e l o c i t y ) , . m i d i p i t c h ( m i d i p i t c h ) ,

. m i d i p r es s ed ( m i d ip r es s ed ) , . m i d ir ead y ( m i d i r ead y ) ,

. new frame ( new frame ) ) ;

w i re r eco r d n eg ed g e ;
l e v e l t o p u l s e r ead yn eg ed g e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . l e v e l ( ˜ r eco r d ), . p u l s e ( r eco r dn eg ed g e ) ) ;

reg [ 1 : 0 ] r e s e t e x t e n d ;

/ / /
/ / / RECORD LOGIC
/ / /
a lways @ ( posedge c l o ck ) beg in

i f ( r e s e t | | r eco r d | | r e s e t e x t e n d ) beg in / / on r e s e t l o ad r e a s o n a b l e v a l u es
/ / These v a l u es a r e d e t e r m i n ed a f t e r every r eco r d
s a m p l e s t a r t q <= 0;
samp le end q <= s amp l e l en g t h ;
s u s t a i n p o s i t i o n q <= ( s a m p l e s t a r t + samp leend)>>1;
s u s t a i n l e n g t h q <= 1024 ;
ech o d e l ay q <= 14 ’ b11111111111111 ;
p i t c h o f f s e t q <= 24;
{s a m p l e s t a r t l d , s amp l e en d l d , s u s t a i n p o s i t i o n l d , s u s t a i n l e n g t h l d , ech o d e l ay l d , p i t c h o f f s e t l d}

<= 6’b111111 ; / / Load v a l u es
i f ( r e s e t )

r e s e t e x t e n d <= 1;
i f ( r e s e t e x t e n d > 0)

r e s e t e x t e n d <= r e s e t e x t e n d −1;
end
e l s e

{s a m p l e s t a r t l d , s amp l e en d l d , s u s t a i n p o s i t i o n l d , s u s t a i n l e n g t h l d , ech o d e l ay l d , p i t c h o f f s e t l d}
<= 6’b000000 ; / / Allow v a l u es t o change .

end

endmodule
�

Listing 5: Verilog file cstringdisp.v
� �

/ /
/ / F i l e : c s t r i n g d i s p . v
/ / Date : 24−Oct−05
/ / Au thor : I . Chuang , C . Terman
/ /
/ / D i s p l ay an ASCII encoded c h a r a c t e r s t r i n g i n a v ideo window a t some
/ / s p e c i f i e d x , y p i x e l l o c a t i o n .
/ /
/ / INPUTS :
/ /
/ / v c l o ck − v ideo p i x e l c l o ck
/ / hcoun t − h o r i z o n t a l ( x ) l o c a t i o n o f c u r r e n t p i x e l
/ / vcoun t − v e r t i c a l ( y ) l o c a t i o n o f c u r r e n t p i x e l
/ / c s t r i n g − c h a r a c t e r s t r i n g t o d i s p l a y ( 8 b i t ASCII f o r each ch a r )
/ / cx , cy − p i x e l l o c a t i o n ( upper l e f t co r n e r ) t o d i s p l a y s t r i n g a t
/ /
/ / OUTPUT:
/ /
/ / p i x e l − v ideo p i x e l v a l u e t o d i s p l a y a t c u r r e n t l o c a t i o n
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/ /
/ / PARAMETERS:
/ /
/ / NCHAR − number o f c h a r a c t e r s i n s t r i n g t o d i s p l a y
/ / NCHAR BITS − number o f b i t s t o s p e c i f y NCHAR
/ /
/ / p i x e l s h o u l d be OR’ ed ( o r XOR’ ed ) t o your v ideo d a t a f o r d i sp l a y .
/ /
/ / Each c h a r a c t e r i s 8 x12 , bu t p i x e l s a r e doub led h o r i z o n t a ll y and v e r t i c a l l y
/ / so f o n t s a r e mag n i f i ed 2 x . On an XGA s c r een ( 1 0 2 4 x768 ) you can f i t
/ / 6 4 x 3 2 such c h a r a c t e r s .
/ /
/ / Needs f o n t r o m . v and f o n t r o m . ngo
/ /
/ / For d i f f e r e n t f o n t s , you can change f o n tr o m . For d i f f e r e n t s t r i n g
/ / d i s p l a y co l o r s , change t h e as s i g n men t t o c p i x e l .

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / v i deo c h a r a c t e r s t r i n g d i s p l a y
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

module c h a r s t r i n g d i s p l a y ( vc lock , hcoun t , vcoun t , p i x e l , c s t r i n g , cx , cy ) ;

p a r ame t e r NCHAR = 8 ; / / number o f 8− b i t c h a r a c t e r s i n c s t r i n g
p a r ame t e r NCHARBITS = 3 ; / / number o f b i t s i n NCHAR

p ar ame t e r COLOR = 7 ;

i n p u t v c l o ck ; / / 4 0 MHz c l o ck
i n p u t [ 1 0 : 0 ] hcoun t ; / / h o r i z o n t a l i ndex o f c u r r e n t p i x e l ( 0. . 7 9 9 )
i n p u t [ 9 : 0 ] vcoun t ; / / v e r t i c a l i ndex o f c u r r e n t p i x e l ( 0 . . 59 9 )
o u t p u t [ 2 : 0 ] p i x e l ; / / ch a r d i s p l ay ’ s p i x e l
i n p u t [NCHAR∗8−1:0] c s t r i n g ; / / c h a r a c t e r s t r i n g t o d i s p l a y
i n p u t [ 1 0 : 0 ] cx ;
i n p u t [ 9 : 0 ] cy ;

/ / 1 l i n e x 8 c h a r a c t e r d i s p l a y ( 8 x 1 2 p i x e l−s i z e d c h a r a c t e r s )

w i re [ 1 0 : 0 ] h o f f = hcoun t−1−cx ;
w i re [ 9 : 0 ] v o f f = vcoun t−cy ;
w i re [ NCHAR BITS−1:0] column = NCHAR−1−h o f f [ NCHAR BITS−1+3 :3 ] ; / / < NCHAR
wi re [ 2 : 0 ] h = h o f f [ 2 : 0 ] ; / / 0 . . 7
w i re [ 3 : 0 ] v = v o f f [ 3 : 0 ] ; / / 0 . . 1 1

/ / l ook up c h a r a c t e r t o d i s p l a y ( from c h a r a c t e r s t r i n g )
reg [ 7 : 0 ] ch a r ;
i n t e g e r n ;
a lways @(∗ )

f o r ( n = 0 ; n<8 ; n = n +1 ) / / 8 b i t s per c h a r a c t e r ( ASCII )
ch a r [ n ] <= c s t r i n g [ column∗8+n ] ;

/ / l ook up r a s t e r row from f o n t rom
wi re r e v e r s e = ch a r [ 7 ] ;
w i re [ 1 0 : 0 ] f o n t a d d r = ch a r [ 6 : 0 ]∗1 2 + v ; / / 1 2 b y t es per c h a r a c t e r
w i re [ 7 : 0 ] f o n t b y t e ;
f o n t r o m f ( f o n t ad d r , vc lock , f o n t b y t e ) ;

/ / g e n e r a t e c h a r a c t e r p i x e l i f we ’ r e i n t h e r i g h t h , v a r ea
wi re [ 2 : 0 ] c p i x e l = ( f o n t b y t e [7 − h ] ˆ r e v e r s e ) ? COLOR : 0 ;
w i re d i s p f l a g = ( ( hcoun t> cx ) & ( vcoun t >= cy ) & ( hcoun t <= cx+NCHAR∗8)

& ( vcoun t < cy + 1 2 ) ) ;
w i re [ 2 : 0 ] p i x e l = d i s p f l a g ? c p i x e l : 0 ;

endmodule
�

Listing 6: Verilog file debounce.v
� �

/ / Swi t ch Debounce Module
/ / use your sys tem c l o ck f o r t h e c l o ck i n p u t
/ / t o p roduce a synchronous , debounced o u t p u t
module debounce ( r e s e t , c lock , no i sy , c l ean ) ;

p a r ame t e r DELAY = 2 0 0 0 0 0 ; / / . 0 0 5 sec wi th a 4 0MHz c l o ck
i n p u t r e s e t , c lock , n o i s y ;
o u t p u t c l ean ;

reg [ 1 8 : 0 ] coun t ;
reg new , c l ean ;

a lways @( posedge c l o ck )
i f ( r e s e t )

beg in
coun t <= 0;
new <= n o i s y ;
c l ean <= n o i s y ;

end
e l s e i f ( n o i s y ! = new )

beg in
new <= n o i s y ;
coun t <= 0;

end
e l s e i f ( coun t == DELAY)

c l ean <= new ;
e l s e
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coun t <= coun t +1 ;

endmodule
�

Listing 7: Verilog file delay.v
� �

/∗∗
∗ d e l ay − P u l s e g en e r a t ed a f t e r one o f two s e l e c t a b l e d e l ay .
∗
∗ @parameter DELAY2COUNT The d e l ay i n c l o ck c y c l e s when s h o r t = = 0 ;
∗ @parameter DELAY1COUNT The d e l ay i n c l o ck c y c l e s when s h o r t = = 1 ;
∗ @parameter COUNTSIZEOF The number o f b i t s n eces s a r y t o r e p r e s e n t max (DELAY1COUNT, DELAY2 COUNT)
∗
∗ @input c l o ck System c l o ck .
∗ @input r e s e t Reset t h e co u n t e r f o r p u l s e g e n e r a t i o n .
∗ @input s h o r t S e l e c t between DELAY1COUNT ( 1 ) and DELAY2COUNT ( 0 ) f o r d e l ay s .
∗
∗ @output p u l s e A p u l s e g en e r a t ed a f t e r a d e l ay o f ( s h o r t ? DELAY1 COUNT : DELAY2 COUNT)
∗
∗ @debug [ COUNTSIZEOF−1:0] co u n t e r I n t e r n a l co u n t e r f o r p u l s e g e n e r a t i o n .
∗/

module d e l ay ( c lock , r e s e t , pu l se , co u n t e r , s h o r t ) ;
p a r ame t e r DELAY2COUNT = 8 6 2 ;
p a r ame t e r COUNTSIZEOF = 1 0 ;
p a r ame t e r DELAY1COUNT = 4 3 0 ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t s h o r t ;

o u t p u t p u l s e ;
o u t p u t [ COUNTSIZEOF−1:0] co u n t e r ;

reg p u l s e ;
reg [ COUNTSIZEOF−1:0] co u n t e r ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

co u n t e r <= 0;
p u l s e <= 0; / / r e s e t s t a t e o f p u l s e low

end
e l s e beg in

i f ( ( s h o r t && co u n t e r == DELAY1COUNT−1) ||
( ˜ s h o r t && co u n t e r == DELAY2COUNT−1))

p u l s e < = 1 ; / / we ’ ve w a i t ed long enough and no l o n g e r .
e l s e

p u l s e <= 0;
/ / i n c r emen t s u n t i l we a r e a b i t p a s t t h e delay , meaning p u l s es t a y s h igh f o r on l y one c l o ck cy c l e

i f ( ( s h o r t && co u n t e r < DELAY1 COUNT ) | |
( ˜ s h o r t && co u n t e r < DELAY2 COUNT ) ) beg in

co u n t e r <= co u n t e r + 1 ;
end

end
end

endmodule
�

Listing 8: Verilog file display 16hex.v
� �

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / 6 . 1 1 1 FPGA Lab k i t−−Hex d i s p l a y d r i v e r
/ /
/ /
/ / F i l e : d i s p l ay 1 6 h ex . v
/ / Date : 24−Sep−05
/ /
/ / C r ea t ed : A p r i l 2 7 , 2 0 0 4
/ / Au thor : Nathan I ck es
/ /
/ / Th i s module d r i v e s t h e l a b k i t hex d i s p l a y s and shows t h e v al u e o f
/ / 8 b y t es ( 1 6 hex d i g i t s ) on t h e d i s p l a y s .
/ /
/ / 24−Sep−05 Ike : updated t o use new r e s e t−once s t a t e machine , remove c l e a r
/ / 02−Nov−05 Ike : updated t o make i t co mp l e t e l y synchronous
/ /
/ / I n p u t s :
/ /
/ / r e s e t − a c t i v e h igh
/ / c lock 27mhz− t h e synchronous c l o ck
/ / d a t a − 64 b i t s ; each 4 b i t s g i v es a hex d i g i t
/ /
/ / Ou tpu ts :
/ /
/ / d i s p ∗ − d i s p l a y l i n e s used i n t h e 6 . 1 1 1 l a b k i t ( rev 0 0 3 & 0 0 4 )
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

module d i s p l ay 1 6 h ex ( r e s e t , clock27mhz , d a t ai n ,
d i s p b l an k , d i s p c l o ck , d i s p r s , d i s p ce b ,
d i s p r e s e t b , d i s p d a t a o u t ) ;
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i n p u t r e s e t , c lock27mhz ; / / c l o ck and r e s e t ( a c t i v e h igh r e s e t )
i n p u t [ 6 3 : 0 ] d a t a i n ; / / 1 6 hex n i b b l e s t o d i s p l a y

o u t p u t d i s p b l an k , d i s p c l o ck , d i s p d a t a o u t , d i s p r s , d i s p ce b ,
d i s p r e s e t b ;

reg d i s p d a t a o u t , d i s p r s , d i s p ce b , d i s p r e s e t b ;

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / D i s p l ay Clock
/ /
/ / Generate a 500 kHz c l o ck f o r d r i v i n g t h e d i s p l a y s .
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

reg [ 5 : 0 ] coun t ;
reg [ 7 : 0 ] r e s e t c o u n t ;

/ / reg o l d c l o c k ;
w i re d r e s e t ;
w i re c l o ck = ( coun t< 2 7 ) ? 0 : 1 ;

a lways @( posedge clock27mhz )
beg in

coun t <= r e s e t ? 0 : ( coun t = = 5 3 ? 0 : coun t +1 ) ;
r e s e t c o u n t <= r e s e t ? 1 0 0 : ( ( r e s e tc o u n t = = 0 ) ? 0 : r e s e tc o u n t−1);

/ / o l d c l o c k <= c l o ck ;
end

a s s i g n d r e s e t = ( r e s e tc o u n t ! = 0 ) ;
a s s i g n d i s pc l o c k = ˜ c l o ck ;
w i re c l o c k t i c k = ( ( coun t = = 2 7 ) ? 1 : 0 ) ;

/ / w i re c l o c k t i c k = c l o ck & ˜ o l d c l o c k ;

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / D i s p l ay S t a t e Machine
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

reg [ 7 : 0 ] s t a t e ; / / FSM s t a t e
reg [ 9 : 0 ] d o t i n d ex ; / / i ndex t o c u r r e n t do t being c l o ck ed ou t
reg [ 3 1 : 0 ] c o n t r o l ; / / c o n t r o l r e g i s t e r
reg [ 3 : 0 ] ch a r i n d ex ; / / i ndex o f c u r r e n t c h a r a c t e r
reg [ 3 9 : 0 ] d o t s ; / / d o t s f o r a s i n g l e d i g i t
reg [ 3 : 0 ] n i b b l e ; / / hex n i b b l e o f c u r r e n t c h a r a c t e r
reg [ 6 3 : 0 ] d a t a ;

a s s i g n d i s pb l a n k = 1 ’ b0 ; / / low <= no t b lanked

always @( posedge clock27mhz )
i f ( c l o c k t i c k )

beg in
i f ( d r e s e t )

beg in
s t a t e <= 0;
d o t i n d ex <= 0;
c o n t r o l <= 32 ’h7F7F7F7F ;

end
e l s e

casex ( s t a t e )
8 ’ h00 :

beg in
/ / Reset d i s p l a y s
d i s p d a t a o u t <= 1 ’b0 ;
d i s p r s <= 1 ’b0 ; / / do t r e g i s t e r
d i s p c e b <= 1 ’b1 ;
d i s p r e s e t b <= 1 ’b0 ;
d o t i n d ex <= 0;
s t a t e <= s t a t e +1 ;

end

8 ’ h01 :
beg in

/ / End r e s e t
d i s p r e s e t b <= 1 ’b1 ;
s t a t e <= s t a t e +1 ;

end

8 ’ h02 :
beg in

/ / I n i t i a l i z e do t r e g i s t e r ( s e t a l l d o t s t o ze r o )
d i s p c e b <= 1 ’b0 ;
d i s p d a t a o u t <= 1 ’b0 ; / / d o t i n d ex [ 0 ] ;
i f ( d o t i n d ex == 6 3 9 )

s t a t e <= s t a t e +1 ;
e l s e

d o t i n d ex <= d o t i n d ex +1 ;
end

8 ’ h03 :
beg in

/ / Latch do t d a t a
d i s p c e b <= 1 ’b1 ;
d o t i n d ex <= 31; / / re−purpose t o i n i t c t r l reg
s t a t e <= s t a t e +1 ;

end
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8 ’ h04 :
beg in

/ / Setup t h e c o n t r o l r e g i s t e r
d i s p r s <= 1 ’b1 ; / / S e l e c t t h e c o n t r o l r e g i s t e r
d i s p c e b <= 1 ’b0 ;
d i s p d a t a o u t <= c o n t r o l [ 3 1 ] ;
c o n t r o l <= { c o n t r o l [ 3 0 : 0 ] , 1 ’ b0}; / / s h i f t l e f t
i f ( d o t i n d ex = = 0 )

s t a t e <= s t a t e +1 ;
e l s e

d o t i n d ex <= d o t i n d ex−1;
end

8 ’ h05 :
beg in

/ / Latch t h e c o n t r o l r e g i s t e r d a t a / do t d a t a
d i s p c e b <= 1 ’b1 ;
d o t i n d ex <= 39; / / i n i t f o r s i n g l e ch a r
ch a r i n d ex <= 15; / / s t a r t w i th MS ch ar
d a t a <= d a t a i n ;
s t a t e <= s t a t e +1 ;

end

8 ’ h06 :
beg in

/ / Load t h e user ’ s do t d a t a i n t o t h e do t reg , ch a r by ch a r
d i s p r s <= 1 ’b0 ; / / S e l e c t t h e do t r e g i s t e r
d i s p c e b <= 1 ’b0 ;
d i s p d a t a o u t <= d o t s [ d o t i n d ex ] ; / / do t d a t a from msb
i f ( d o t i n d ex = = 0 )

i f ( ch a r i n d ex = = 0 )
s t a t e <= 5; / / a l l done , l a t c h d a t a

e l s e
beg in

ch a r i n d ex <= ch a r i n d ex − 1; / / go to n ex t ch a r
d a t a <= d a t a i n ;
d o t i n d ex <= 39;

end
e l s e

d o t i n d ex <= d o t i n d ex−1; / / e l s e loop t h r u a l l d o t s
end

endcase / / casex ( s t a t e )
end

always @ ( d a t a or ch a ri n d ex )
cas e ( ch a r i n d ex )

4 ’ h0 : n i b b l e <= d a t a [ 3 : 0 ] ;
4 ’ h1 : n i b b l e <= d a t a [ 7 : 4 ] ;
4 ’ h2 : n i b b l e <= d a t a [ 1 1 : 8 ] ;
4 ’ h3 : n i b b l e <= d a t a [ 1 5 : 1 2 ] ;
4 ’ h4 : n i b b l e <= d a t a [ 1 9 : 1 6 ] ;
4 ’ h5 : n i b b l e <= d a t a [ 2 3 : 2 0 ] ;
4 ’ h6 : n i b b l e <= d a t a [ 2 7 : 2 4 ] ;
4 ’ h7 : n i b b l e <= d a t a [ 3 1 : 2 8 ] ;
4 ’ h8 : n i b b l e <= d a t a [ 3 5 : 3 2 ] ;
4 ’ h9 : n i b b l e <= d a t a [ 3 9 : 3 6 ] ;
4 ’hA : n i b b l e <= d a t a [ 4 3 : 4 0 ] ;
4 ’hB : n i b b l e <= d a t a [ 4 7 : 4 4 ] ;
4 ’hC : n i b b l e <= d a t a [ 5 1 : 4 8 ] ;
4 ’hD : n i b b l e <= d a t a [ 5 5 : 5 2 ] ;
4 ’hE : n i b b l e <= d a t a [ 5 9 : 5 6 ] ;
4 ’hF : n i b b l e <= d a t a [ 6 3 : 6 0 ] ;

endcase

always @( n i b b l e )
cas e ( n i b b l e )

4 ’ h0 : d o t s <= 40 ’ b0011111001010001010010010100010100111110 ;
4 ’ h1 : d o t s <= 40 ’ b0000000001000010011111110100000000000000 ;
4 ’ h2 : d o t s <= 40 ’ b0110001001010001010010010100100101000110 ;
4 ’ h3 : d o t s <= 40 ’ b0010001001000001010010010100100100110110 ;
4 ’ h4 : d o t s <= 40 ’ b0001100000010100000100100111111100010000 ;
4 ’ h5 : d o t s <= 40 ’ b0010011101000101010001010100010100111001 ;
4 ’ h6 : d o t s <= 40 ’ b0011110001001010010010010100100100110000 ;
4 ’ h7 : d o t s <= 40 ’ b0000000101110001000010010000010100000011 ;
4 ’ h8 : d o t s <= 40 ’ b0011011001001001010010010100100100110110 ;
4 ’ h9 : d o t s <= 40 ’ b0000011001001001010010010010100100011110 ;
4 ’hA : d o t s <= 40 ’ b0111111000001001000010010000100101111110 ;
4 ’hB : d o t s <= 40 ’ b0111111101001001010010010100100100110110 ;
4 ’hC : d o t s <= 40 ’ b0011111001000001010000010100000100100010 ;
4 ’hD : d o t s <= 40 ’ b0111111101000001010000010100000100111110 ;
4 ’hE : d o t s <= 40 ’ b0111111101001001010010010100100101000001 ;
4 ’hF : d o t s <= 40 ’ b0111111100001001000010010000100100000001 ;

endcase

endmodule
�

Listing 9: Verilog file echo.v
� �

module echo ( c lock , r e s e t , newframe , echot ime , d ecay r a t e , enab le , d a t ai n ,
d a t a o u t , ramoutw i re , eramaddr , ewe , e c h o s t a t e ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t new frame ;
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i n p u t [ 1 2 : 0 ] ech o t i me ; / / t ime t o echo fo r , i n terms o f f rames .
i n p u t [ 1 : 0 ] d e c a y r a t e ; / / r a t e a t which t o decay , i n terms o f s h i f t o p e r a t i o n s
i n p u t en ab l e ; / / en ab l e or d i s a b l e echo

i n p u t s i g n ed [ 1 7 : 0 ] d a t ai n ; / / i n p u t d a t a
o u t p u t s i g n ed [ 1 7 : 0 ] d a t ao u t ; / / o u t p u t data , w i th echo on i t
/ / debugg ing o u t p u t s :
o u t p u t s i g n ed [ 1 7 : 0 ] ramoutw i re ; / / t h e o u t p u t o f t h e echo ram
o u t p u t [ 1 2 : 0 ] eramaddr ; / / t h e ad d r es s o f t h e echo ram
o u t p u t e we ; / / w r i t e en ab l e on t h e echo ram
o u t p u t [ 1 : 0 ] e c h o s t a t e ; / / s t a t e o f t h e echo FSM

reg [ 1 2 : 0 ] eramaddr ; / / ram ad d r es s o f t h e c u r r e n t f rame .
reg [ 1 7 : 0 ] d a t a o u t ; / / l a t c h e d o u t p u t f rame .

reg [ 1 : 0 ] e c h o s t a t e ; / / s t a t e o f echo o p e r a t i o n f o r a g i ven f rame .
reg e we ; / / w r i t e en ab l e f o r t h e BRAM used i n t h i s module .
reg [ 1 7 : 0 ] d a t a i n h o l d v a l u e ; / / l a t c h e d i n p u t d a t a
reg s i g n ed [ 1 8 : 0 ] b i gd a t a o u t ; / / o u t p u t d a t a w i t h o u t a b i t cu t o f f

/ / ( due t o t h e ad d i t i o n , we end up wi th an o t h e r b i t ) .

w i re s i g n ed [ 1 7 : 0 ] ramoutw i re ; / / o u t p u t w i re o f t h e BRAM.

wi re s i g n ed [ 1 7 : 0 ] n o t h i n g n es s ;
a s s i g n n o t h i n g n es s = 0 ;
w i re s i g n ed [ 1 7 : 0 ] mu x edd a t a i n = en ab l e ? d a t ai n h o l d v a l u e : n o t h i n g n es s ;

/ / mux on t h e o u t p u t t o d e t e r m i n e i f echo s h o u l d be en ab l ed .

eram14x18 eram1 ( . addr ( eramaddr ) , . c l k ( c l o ck ) , . d in ( d a ta i n h o l d v a l u e ) , . dou t ( ramoutw i re ) , . we ( ewe ) ) ;
/ / n o t e h e r e t h a t d a t a ou t i s t h e f rame o u t p u t o f t h e module .

/ / memory f o r echo

always @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

eramaddr<= 0;
/ / endpos<= 0;
b i g d a t a o u t <= 0;
e c h o s t a t e<= 0;
e we <= 0;
d a t a i n h o l d v a l u e <= 0;
d a t a o u t <= 0;

end
e l s e beg in

i f ( new frame ) d a t a i n h o l d v a l u e <= d a t a i n ;
d a t a o u t <= b i g d a t a o u t [ 1 8 : 1 ] ;
i f ( en ab l e ) beg in

cas e ( e c h o s t a t e )
0 : beg in

cas e ( d e c a yr a t e )
0 : b i g d a t a o u t <= ramoutw i re + d a t ai n h o l d v a l u e ;
1 : b i g d a t a o u t <= { ramoutw i re [ 1 7 ] , ramoutw i re [ 1 7 ] , ramoutw i re [16 :1 ]}

+ d a t a i n h o l d v a l u e ;
2 : b i g d a t a o u t <= { ramoutw i re [ 1 7 ] , ramoutw i re [ 1 7 ] , ramoutw i re [ 1 7 ] ,

ramoutw i re [ 1 6 : 2 ]} + d a t a i n h o l d v a l u e ;
3 : b i g d a t a o u t <= { ramoutw i re [ 1 7 ] , ramoutw i re [ 1 7 ] , ramoutw i re [ 1 7 ] ,

ramoutw i re [ 1 7 ] , ramoutw i re [ 1 6 : 3 ]} + d a t a i n h o l d v a l u e ;
endcase

e c h o s t a t e<= 1;
e we <= 1;
end

1 : beg in
e c h o s t a t e<= 2;
e we <= 0;

end
2 : beg in

/ / d a t a o u t <= addvalue ;
i f ( eramaddr<ech o t i me ) eramaddr<= eramaddr + 1 ;
e l s e eramaddr<= 0;
e c h o s t a t e<= 3;

end
3 : beg in

i f ( new frame ) e c h o s t a t e<= 0;
end

endcase
end
e l s e beg in

d a t a o u t <= d a t a i n ;
eramaddr<= eramaddr + 1 ;
e we <= 1;
e c h o s t a t e<= 0;

end
end

end
endmodule

�

Listing 10: Verilog file final.v
� �

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / 6 . 1 1 1 FPGA Lab k i t−− Template To p l ev e l Module
/ /
/ / For Lab k i t R ev i s i o n 004
/ /
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/ /
/ / C r ea t ed : October 3 1 , 2 0 0 4 , from r e v i s i o n 0 0 3 f i l e
/ / Au thor : Nathan I ck es
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / CHANGES FOR BOARD REVISION 004
/ /
/ / 1 ) Added s i g n a l s f o r l o g i c a n a l y z e r pods 2−4.
/ / 2 ) Expanded ” t v i n y c r c b ” t o 2 0 b i t s .
/ / 3 ) Renamed ” t v o u t d a t a ” t o ” t v o u t i 2 c d a t a ” and ” t v o u t s c l k ” t o
/ / ” t v o u t i 2 c c l o c k ” .
/ / 4 ) Reversed d i s pd a t a i n and d i s p d a t a o u t s i g n a l s , so t h a t ” ou t ” i s an
/ / o u t p u t o f t h e FPGA , and ” i n ” i s an i n p u t .
/ /
/ / CHANGES FOR BOARD REVISION 003
/ /
/ / 1 ) Combined f l a s h ch i p en ab l es i n t o a s i n g l e s i g n a l , f l a s hc e b .
/ /
/ / CHANGES FOR BOARD REVISION 002
/ /
/ / 1 ) Added SRAM c l o ck feedback p a t h i n p u t and o u t p u t
/ / 2 ) Renamed ” mousedata ” t o ” mousedata ”
/ / 3 ) Renamed some ZBT memory s i g n a l s . P a r i t y b i t s a r e now i n co r p o r a t e d i n t o
/ / t h e d a t a bus , and t h e b y t e w r i t e en ab l es have been combinedi n t o t h e
/ / 4−b i t ram# bwe b bus .
/ / 4 ) Removed t h e ” s y s t emacec l o ck ” net , s i n c e t h e SystemACE c l o ck i s now
/ / h a r d w i r ed on t h e PCB t o t h e o s c i l l a t o r .
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / Complete change h i s t o r y ( i n c l u d i n g bug f i x e s )
/ /
/ / 2005−Sep−09: Added mi s s i n g d e f a u l t as s i g n men t s t o ” a c 9 7s d a t a o u t ” ,
/ / ” d i s p d a t a o u t ” , ” a n a l y z e r [2−3] c l o ck ” and
/ / ” a n a l y z e r [2−3] d a t a ” .
/ /
/ / 2005− Jan−23: Reduced f l a s h ad d r es s bus t o 2 4 b i t s , t o match 128Mb d ev i ces
/ / a c t u a l l y p o p u l a t ed on t h e b o a r d s . ( The b o a r d s s u p p o r t up to
/ / 256Mb d ev i ces , w i th 2 5 ad d r es s l i n e s . )
/ /
/ / 2004−Oct−31: Adapted t o new r e v i s i o n 0 0 4 board .
/ /
/ / 2004−May−01: Changed ” d i s pd a t a i n ” t o be an ou tpu t , and gave i t a d e f a u l t
/ / v a l u e . ( P r ev i o u s v e r s i o n s o f t h i s f i l e d e c l a r e d t h i s p o r tt o
/ / be an i n p u t . )
/ /
/ / 2004−Apr−29: Reduced SRAM ad d r es s b u s s es t o 1 9 b i t s , t o match 1 8Mb d ev ices
/ / a c t u a l l y p o p u l a t ed on t h e b o a r d s . ( The b o a r d s s u p p o r t up to
/ / 72Mb d ev i ces , w i th 2 1 ad d r es s l i n e s . )
/ /
/ / 2004−Apr−29: Change h i s t o r y s t a r t e d
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

module f i n a l ( beep , a u d i or e s e t b , ac9 7 s d a t a o u t , a c 9 7 s d a t a i n , ac97 synch ,
a c 9 7 b i t c l o c k ,

v g a o u t r ed , v g a o u t g r een , v g ao u t b l u e , v g a o u t s y n c b ,
v g a o u t b l an k b , v g a o u t p i x e l c l o c k , v g a o u t h s y n c ,
v g a o u t v s y n c ,

t v o u t y c r c b , t v o u t r e s e t b , t v o u t c l o c k , t v o u t i 2 c c l o c k ,
t v o u t i 2 c d a t a , t v o u t p a l n t s c , t v o u t h s y n c b ,
t v o u t v s y n c b , t v o u t b l a n k b , t v o u t s u b c a r r e s e t ,

t v i n y c r c b , t v i n d a t a v a l i d , t v i n l i n e c l o c k 1 ,
t v i n l i n e c l o c k 2 , t v i n a e f , t v i n h f f , t v i n a f f ,
t v i n i 2 c c l o c k , t v i n i 2 c d a t a , t v i n f i f o r e a d ,
t v i n f i f o c l o c k , t v i n i s o , t v i n r e s e t b , t v i n c l o c k ,

ram0 data , ram0address , ram0adv ld , ram0 clk , ram0 cen b ,
ram0 ce b , ram0 oe b , ram0 we b , ram0 bwe b ,

ram1 data , ram1address , ram1adv ld , ram1 clk , ram1 cen b ,
ram1 ce b , ram1 oe b , ram1 we b , ram1 bwe b ,

c l o ck f eed b ack o u t , c l o ck f eed b ack i n ,

f l a s h d a t a , f l a s h a d d r e s s , f l a s hc e b , f l a s h o e b , f l as h w e b ,
f l a s h r e s e t b , f l a s h s t s , f l a s h b y t e b ,

r s 2 3 2 t x d , r s 2 3 2 r x d , r s 2 3 2 r t s , r s 2 3 2 c t s ,

mouse clock , mousedata , k ey b o a r dc l o ck , k ey b o a r dd a t a ,

clock 27mhz , c lock1 , c lock2 ,

d i s p b l an k , d i s p d a t a o u t , d i s p c l o ck , d i s p r s , d i s p ce b ,
d i s p r e s e t b , d i s p d a t a i n ,

bu t ton0 , bu t ton1 , bu t ton2 , bu t ton3 , b u t t o ne n t e r , b u t t o n r i g h t ,
b u t t o n l e f t , bu t ton down , b u t t o nu p ,

swi t ch ,

l ed ,
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user1 , user2 , user3 , user4 ,

d au g h t e r ca r d ,

s y s t emaced a t a , s y s t emacead d r es s , s y s t emacece b ,
sys temacewe b , s y s t emaceo e b , s y s t emacei r q , sys temacempbrdy ,

an a l y ze r 1 d a t a , an a l y ze r 1c l o ck ,
an a l y ze r 2 d a t a , an a l y ze r 2c l o ck ,
an a l y ze r 3 d a t a , an a l y ze r 3c l o ck ,
an a l y ze r 4 d a t a , a n a l y z e r 4c l o c k ) ;

o u t p u t beep , a u d i or e s e t b , ac97 synch , a c 9 7s d a t a o u t ;
i n p u t a c 9 7 b i t c l o c k , a c 9 7 s d a t a i n ;

o u t p u t [ 7 : 0 ] v g a o u t r ed , v g a o u t g r een , v g ao u t b l u e ;
o u t p u t v g a o u t s y n c b , v g a o u t b l an k b , v g a o u t p i x e l c l o c k ,

v g a o u t h s y n c , v g a o u t v s y n c ;

o u t p u t [ 9 : 0 ] t v o u t y c r c b ;
o u t p u t t v o u t r e s e t b , t v o u t c l o c k , t v o u t i 2 c c l o c k , t v o u t i 2 c d a t a ,

t v o u t p a l n t s c , t v o u t h s y n c b , t v o u t v s y n c b , t v o u t b l a n k b ,
t v o u t s u b c a r r e s e t ;

i n p u t [ 1 9 : 0 ] t v i n y c r c b ;
i n p u t t v i n d a t a v a l i d , t v i n l i n e c l o c k 1 , t v i n l i n e c l o c k 2 , t v i n a e f ,

t v i n h f f , t v i n a f f ;
o u t p u t t v i n i 2 c c l o c k , t v i n f i f o r e a d , t v i n f i f o c l o c k , t v i n i s o ,

t v i n r e s e t b , t v i n c l o c k ;
i n o u t t v i n i 2 c d a t a ;

i n o u t [ 3 5 : 0 ] ram0 data ;
o u t p u t [ 1 8 : 0 ] r am0ad d r es s ;
o u t p u t ram0 adv ld , ram0 clk , ram0 cen b , ram0 ce b , ram0 oe b , ram0 we b ;
o u t p u t [ 3 : 0 ] ram0bwe b ;

i n o u t [ 3 5 : 0 ] ram1 data ;
o u t p u t [ 1 8 : 0 ] r am1ad d r es s ;
o u t p u t ram1 adv ld , ram1 clk , ram1 cen b , ram1 ce b , ram1 oe b , ram1 we b ;
o u t p u t [ 3 : 0 ] ram1bwe b ;

i n p u t c l o c k f e e d b a c k i n ;
o u t p u t c l o c k f e e d b a c k o u t ;

i n o u t [ 1 5 : 0 ] f l a s h d a t a ;
o u t p u t [ 2 3 : 0 ] f l a s h a d d r e s s ;
o u t p u t f l a s h c e b , f l a s h o e b , f l as h w e b , f l a s h r e s e t b , f l a s h b y t e b ;
i n p u t f l a s h s t s ;

o u t p u t r s 2 3 2t x d , r s 2 3 2 r t s ;
i n p u t r s 2 3 2 r x d , r s 2 3 2 c t s ;

i n p u t mouseclock , mousedata , k ey b o a r dc l o ck , k ey b o a r d d a t a ;

i n p u t clock 27mhz , c lock1 , c l o ck 2 ;

o u t p u t d i s p b l an k , d i s p c l o ck , d i s p r s , d i s p ce b , d i s p r e s e t b ;
i n p u t d i s p d a t a i n ;
o u t p u t d i s p d a t a o u t ;

i n p u t bu t ton0 , bu t ton1 , bu t ton2 , bu t ton3 , b u t t o ne n t e r , b u t t o n r i g h t ,
b u t t o n l e f t , bu t ton down , b u t t o n u p ;

i n p u t [ 7 : 0 ] s w i t ch ;
o u t p u t [ 7 : 0 ] l ed ;

i n o u t [ 3 1 : 0 ] user2 , u s e r 3 ;

i n o u t [ 4 3 : 0 ] d au g h t e r ca r d ;

i n o u t [ 1 5 : 0 ] s y s t emaced a t a ;
o u t p u t [ 6 : 0 ] s y s t emacead d r es s ;
o u t p u t s y s t emacece b , sys temacewe b , s y s t emaceo e b ;
i n p u t s y s t emacei r q , sys temacempbrdy ;

o u t p u t [ 1 5 : 0 ] an a l y ze r 1d a t a , an a l y ze r 2d a t a , an a l y ze r 3d a t a ,
a n a l y z e r 4 d a t a ;

o u t p u t an a l y ze r 1c l o ck , an a l y ze r 2 c l o ck , an a l y ze r 3 c l o ck , a n a l y z e r 4c l o c k ;

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / I /O Ass ignments
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / Reset G en e r a t i o n
/ /
/ / A s h i f t r e g i s t e r p r i m i t i v e i s used t o g e n e r a t e an ac t i v e−h igh r e s e t
/ / s i g n a l t h a t remains h igh f o r 1 6 c l o ck c y c l e s a f t e r c o n f i g ur a t i o n f i n i s h e s
/ / and t h e FPGA’ s i n t e r n a l c l o ck s beg in t o g g l i n g .
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

/ / Audio I n p u t and Outpu t
a s s i g n beep = 1 ’ b0 ;
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/ / l ab 3 a s s i g n a u d i or e s e t b = 1 ’ b0 ;
/ / l ab 3 a s s i g n ac97synch = 1 ’ b0 ;
/ / l ab 3 a s s i g n a c 9 7s d a t a o u t = 1 ’ b0 ;
/ / a c 9 7 s d a t a i n i s an i n p u t

/ / VGA Outpu t
/∗

a s s i g n v g ao u t r e d = 1 0 ’ h0 ;
a s s i g n v g ao u t g r een = 1 0 ’ h0 ;
a s s i g n v g ao u t b l u e = 1 0 ’ h0 ;
a s s i g n v g ao u t s y n c b = 1 ’ b1 ;
a s s i g n v g ao u t b l an k b = 1 ’ b1 ;
a s s i g n v g a o u t p i x e l c l o c k = 1 ’ b0 ;
a s s i g n v g ao u t h s y n c = 1 ’ b0 ;
a s s i g n v g ao u t v s y n c = 1 ’ b0 ;

∗/
/ / Video Outpu t
a s s i g n t v o u t y c r c b = 1 0 ’ h0 ;
a s s i g n t v o u t r e s e t b = 1 ’ b0 ;
a s s i g n t v o u t c l o c k = 1 ’ b0 ;
a s s i g n t v o u t i 2 c c l o c k = 1 ’ b0 ;
a s s i g n t v o u t i 2 c d a t a = 1 ’ b0 ;
a s s i g n t v o u t p a l n t s c = 1 ’ b0 ;
a s s i g n t v o u t h s y n c b = 1 ’ b1 ;
a s s i g n t v o u t v s y n c b = 1 ’ b1 ;
a s s i g n t v o u t b l a n k b = 1 ’ b1 ;
a s s i g n t v o u t s u b c a r r e s e t = 1 ’ b0 ;

/ / Video I n p u t
a s s i g n t v i n i 2 c c l o c k = 1 ’ b0 ;
a s s i g n t v i n f i f o r e a d = 1 ’ b0 ;
a s s i g n t v i n f i f o c l o c k = 1 ’ b0 ;
a s s i g n t v i n i s o = 1 ’ b0 ;
a s s i g n t v i n r e s e t b = 1 ’ b0 ;
a s s i g n t v i n c l o c k = 1 ’ b0 ;
a s s i g n t v i n i 2 c d a t a = 1 ’ bZ ;
/ / t v i n y c r c b , t v i n d a t a v a l i d , t v i n l i n e c l o c k 1 , t v i n l i n e c l o c k 2 ,
/ / t v i n a e f , t v i n h f f , and t v i n a f f a r e i n p u t s

/ / SRAMs
a s s i g n ram0data = 3 6 ’ hZ ;
a s s i g n r am0ad d r es s = 1 9 ’ h0 ;
a s s i g n r am0ad v l d = 1 ’ b0 ;
a s s i g n ram0clk = 1 ’ b0 ;
a s s i g n ram0cen b = 1 ’ b1 ;
a s s i g n ram0ce b = 1 ’ b1 ;
a s s i g n ram0oe b = 1 ’ b1 ;
a s s i g n ram0we b = 1 ’ b1 ;
a s s i g n ram0bwe b = 4 ’ hF ;
a s s i g n ram1data = 3 6 ’ hZ ;
a s s i g n r am1ad d r es s = 1 9 ’ h0 ;
a s s i g n r am1ad v l d = 1 ’ b0 ;
a s s i g n ram1clk = 1 ’ b0 ;
a s s i g n ram1cen b = 1 ’ b1 ;
a s s i g n ram1ce b = 1 ’ b1 ;
a s s i g n ram1oe b = 1 ’ b1 ;
a s s i g n ram1we b = 1 ’ b1 ;
a s s i g n ram1bwe b = 4 ’ hF ;
a s s i g n c l o c k f e e d b a c k o u t = 1 ’ b0 ;
/ / c l o c k f e e d b a c k i n i s an i n p u t

/ / F l as h ROM
a s s i g n f l a s h d a t a = 1 6 ’ hZ ;
a s s i g n f l a s h a d d r e s s = 2 4 ’ h0 ;
a s s i g n f l a s h c e b = 1 ’ b1 ;
a s s i g n f l a s h o e b = 1 ’ b1 ;
a s s i g n f l as h w e b = 1 ’ b1 ;
a s s i g n f l a s h r e s e t b = 1 ’ b0 ;
a s s i g n f l a s h b y t e b = 1 ’ b1 ;
/ / f l a s h s t s i s an i n p u t

/ / RS−232 I n t e r f a c e
a s s i g n r s 2 3 2t x d = 1 ’ b1 ;
a s s i g n r s 2 3 2r t s = 1 ’ b1 ;
/ / r s 2 3 2 r x d and r s 2 3 2 c t s a r e i n p u t s

/ / PS / 2 P o r t s
/ / mouse clock , mousedata , k ey b o a r dc l o ck , and k ey b o a r dd a t a a r e i n p u t s

/ / LED D i s p l ay s
/ / a s s i g n d i s pb l a n k = 1 ’ b1 ;
/ / a s s i g n d i s pc l o c k = 1 ’ b0 ;
/ / a s s i g n d i s p r s = 1 ’ b0 ;
/ / a s s i g n d i s pc e b = 1 ’ b1 ;
/ / a s s i g n d i s p r e s e t b = 1 ’ b0 ;
/ / a s s i g n d i s p d a t a o u t = 1 ’ b0 ;
/ / d i s p d a t a i n i s an i n p u t

/ / Bu t tons , Swi t ches , and I n d i v i d u a l LEDs
/ / l ab 3 a s s i g n l ed = 8 ’ hFF ;
/ / bu t ton0 , bu t ton1 , bu t ton2 , bu t ton3 , b u t t o ne n t e r , b u t t o n r i g h t ,
/ / b u t t o n l e f t , bu t ton down , b u t t o nu p , and s w i t ch es a r e i n p u t s

/ / User I / Os
/ / wumpus a s s i g n u s e r 1 = 3 2 ’ hZ ;
a s s i g n u s e r 2 = 3 2 ’ hZ ;
a s s i g n u s e r 3 = 3 2 ’ hZ ;
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/ / a s s i g n u s e r 4 = 3 2 ’ hZ ;

/ / D au g h t e r ca r d Connecto rs
a s s i g n d au g h t e r ca r d = 4 4 ’ hZ ;

/ / SystemACE M i c r o p r o ces s o r P o r t
a s s i g n s y s t emaced a t a = 1 6 ’ hZ ;
a s s i g n s y s t emacead d r es s = 7 ’ h0 ;
a s s i g n s y s t emacece b = 1 ’ b1 ;
a s s i g n systemacewe b = 1 ’ b1 ;
a s s i g n s y s t emaceo e b = 1 ’ b1 ;
/ / s y s t e m a c ei r q and systemacempbrdy a r e i n p u t s

/ / Log i c Analyzer
/ / a s s i g n a n a l y z e r 1d a t a = 1 6 ’ h0 ;
/ / a s s i g n a n a l y z e r 1c l o c k = 1 ’ b1 ;
/ / a s s i g n a n a l y z e r 2d a t a = 1 6 ’ h0 ;
/ / a s s i g n a n a l y z e r 2c l o c k = 1 ’ b1 ;
a s s i g n a n a l y z e r 3d a t a = 1 6 ’ h0 ;
a s s i g n a n a l y z e r 3c l o c k = 1 ’ b1 ;
a s s i g n a n a l y z e r 4d a t a = 1 6 ’ h0 ;
a s s i g n a n a l y z e r 4c l o c k = 1 ’ b1 ;

/ / /
/ / / CLOCK SYNTHESIS
/ / / The c l o ck i s 4 0 . 5 MHz
/ / /
w i re c l o ck u n b u f , c l o ck ;

DCM vclk1 ( . CLKIN( c lock 27mhz ) , .CLKFX( c l o ck u n b u f ) ) ;
/ / s y n t h e s i s a t t r i b u t e CLKFXDIVIDE of vc l k1 i s 2
/ / s y n t h e s i s a t t r i b u t e CLKFXMULTIPLY of vc l k1 i s 3
/ / s y n t h e s i s a t t r i b u t e CLKFEEDBACK of vc l k1 i s NONE

/ / s y n t h e s i s a t t r i b u t e CLKINPERIOD of vc l k1 i s 3 7

BUFG vclk2 ( .O( c l o ck ) , . I ( c l o ck u n b u f ) ) ;

/ / power−on r e s e t g e n e r a t i o n
wi re p o w er o n r es e t ; / / remain h igh f o r f i r s t 1 6 c l o ck s
SRL16 r e s e t s r ( . D(1 ’ b0 ) , . CLK( c l o ck ) , . Q( p o w ero n r es e t ) ,

. A0(1 ’ b1 ) , . A1(1 ’ b1 ) , . A2(1 ’ b1 ) , . A3(1 ’ b1 ) ) ;
defparam r e s e ts r . INIT = 1 6 ’ hFFFF ;

/ / /
/ / / AUDIO INTERFACING
/ / /
w i re new frame ;
w i re [ 1 7 : 0 ] f r o m au d i o ;
w i re [ 1 7 : 0 ] t o a u d i o ;
aud io b i d i r e c t i o n a l a u d i o ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,

. a u d i o o u t d a t a ( t o a u d i o ) , . a u d i o i n d a t a ( f r o m au d i o ) , . ready ( ready ) ,
. a u d i o r e s e t b ( a u d i o r e s e t b ) , . a c 9 7 s d a t a o u t ( a c 9 7 s d a t a o u t ) , . a c 9 7 s d a t a i n ( a c 9 7 s d a t a i n ) ,

. ac97 synch ( ac97synch ) , . a c 9 7b i t c l o c k ( a c 9 7 b i t c l o c k ) ) ;

l e v e l t o p u l s e newf rame maker ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . l e v e l ( ready ) , . p ul s e ( new frame ) ) ;

/ / /
/ / / SYNCRONIZATION
/ / / l oop − s w i t ch [ 0 ]
/ / / r eco r d − b u t t o n e n t e r
/ / / u s e r 4 [

i n p u t [ 3 1 : 0 ] u s e r 1 ;
i n p u t [ 3 1 : 0 ] u s e r 4 ;

w i re [ 1 : 0 ] s a m p l e s t a r t c t l , s amp l e en d c t l , s u s t a i n p o s i t i o n c t l , s u s t a i n l e n g t h c t l , e c h o d e l a y c t l , p i t c h o f f s e t c t l ;
w i re r eco r d ;
w i re loop ;
w i re ech o en ab l e ;
w i re [ 1 : 0 ] echo decay ;
w i re m i d i r x ;

/ / Record
debounce d eb o u n cer eco r d ( . r e s e t ( r e s e t ) , . c l o ck ( c l o ck ) , . n o i s y ( ˜ b u t t o ne n t e r ) , . c l ean ( r eco r d ) ) ;
/ / Loop Swi t ch
s y n ch r o n i ze s y n cl o o p ( . c l k ( c l o ck ) , . i n ( s w i t ch [ 0 ] ) , . ou t ( l oop ) ) ;

/ / Echo
s y n ch r o n i ze s y n cech o e ( . c l k ( c l o ck ) , . i n ( s w i t ch [ 1 ] ) , . ou t ( ech oen ab l e ) ) ;
s y n ch r o n i ze syncechod0 ( . c l k ( c l o ck ) , . i n ( s w i t ch [ 2 ] ) , . ou t ( echodecay [ 0 ] ) ) ;
s y n ch r o n i ze syncechod1 ( . c l k ( c l o ck ) , . i n ( s w i t ch [ 3 ] ) , . ou t ( echodecay [ 1 ] ) ) ;

s y n ch r o n i ze s y n cc ( . c l k ( c l o ck ) , . i n ( s w i t ch [ 4 ] ) , . ou t ( c ) ) ;

debounce d eb o u n ceco n t r o l [ 9 : 0 ] ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. n o i s y ( u s e r 4 [ 1 3 : 4 ] ) ,
. c l ean ({ s a m p l e s t a r t c t l [ 1 : 0 ] , s u s t a i n p o s i t i o n c t l [ 1 : 0 ] , s u s t a i n l e n g t h c t l [ 1 : 0 ] , s a m p l e e n d c t l [ 1 : 0 ] , e c h o d e l a y c t l [ 1 : 0 ]

debounce d e bp i t c h o f f s e t 1 ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. n o i s y ( u s e r 4 [ 3 ] ) , . c l ean ( p i t c ho f f s e t c t l [ 0 ] ) ) ;

debounce d e bp i t c h o f f s e t 0 ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. n o i s y ( u s e r 4 [ 2 ] ) , . c l ean ( p i t c ho f f s e t c t l [ 1 ] ) ) ;
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/ / MIDI S e r i a l I n p u t
s y n ch r o n i ze s y n cr x ( . c l k ( c l o ck ) , . i n ( u s e r 1 [ 1 ] ) , . ou t ( m i d ir x ) ) ;

/ / /
/ / / CONTROL
/ / /

/ / I n p u t s from s e c t i o n NOTES
wi re [ 1 6 : 0 ] s amp l e l en g t h ;
w i re f i n i s h e d , n o t e r ead y ;
w i re [ 2 : 0 ] f i n i s h e d n o t e s e l e c t , n o t e s e l e c t ;

/ / O u t p u t t ed P ar ame t e r s
wi re [ 1 6 : 0 ] s a m p l e s t a r t , samp leend , s u s t a i np o s i t i o n ;
w i re [ 1 1 : 0 ] s u s t a i n l e n g t h ;
w i re [ 1 3 : 0 ] ech o d e l ay ;
w i re [ 5 : 0 ] p i t c h o f f s e t ;

w i re [ 1 5 : 0 ] p e r i o d ;
w i re [ 7 : 0 ] v e l o c i t y ;
w i re p r es s ed ;

w i re s e r i a l r e a d y ;
w i re [ 7 : 0 ] s e r i a l b y t e ;

c o n t r o l my co n t r o l ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. new frame ( new frame ) ,
. r eco r d ( r eco r d ) ,
. s amp l e l en g t h ( s amp l el en g t h ) ,
. l oop ( loop ) ,
/ / / COMMUNICATION WITH NOTES
. f i n i s h e d ( f i n i s h e d ) , . f i n i s h e dn o t e s e l e c t ( f i n i s h e d n o t e s e l e c t ) ,
. n o t e r ead y ( n o t e r ead y ) , . n o t e s e l e c t ( n o t e s e l e c t ) , . p e r i o d ( p e r i o d ) , . v e l o c i t y ( v e l o c i t y ) , . p r es s ed ( p r es s ed ) ,
/ / / PARAMETERS
. s a m p l e s t a r t ( s a m p l es t a r t ) , . samp leend ( samp leend ) ,
. s u s t a i n p o s i t i o n ( s u s t a i np o s i t i o n ) , . s u s t a i nl e n g t h ( s u s t a i n l e n g t h ) ,
. ech o d e l ay ( ech o d e l ay ) , . p i t c h o f f s e t ( p i t c h o f f s e t ) ,
. m i d i r x ( m i d i r x ) ,
. s a m p l e s t a r t c t l ( s a m p l e s t a r t c t l ) , . s a m p l e e n d c t l ( s a m p l e e n d c t l ) ,
. s u s t a i n p o s i t i o n c t l ( s u s t a i n p o s i t i o n c t l ) , . s u s t a i n l e n g t h c t l ( s u s t a i n l e n g t h c t l ) ,
. e c h o d e l a y c t l ( e c h o d e l a y c t l ) , . p i t c h o f f s e t c t l ( p i t c h o f f s e t c t l )
/ / / DEBUG
, . s e r i a l r e a d y ( s e r i a l r e a d y ) , . s e r i a l b y t e ( s e r i a l b y t e )
) ;

/ / /
/ / / NOTES
/ / /

w i re [ 1 7 : 0 ] n o t e s t o a u d i o p l a y ;
w i re [ 1 5 : 0 ] n o t e s t o a u d i o r e c o r d ;
w i re [ 1 7 : 0 ] ech o t o au d i o ;

n o t es n o t es 1 ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. new frame ( new frame ) , . w rbar ( r eco r d ) ,
. n s w r i t e ( n o t e r ead y ) , . n o t e s e l e c t ( n o t e s e l e c t ) , . p e r i o di n ( p e r i o d ) , . v e l o c i t y i n ( v e l o c i t y ) , . p r e s s e di n ( p r es s ed ) ,
. f i n i s h e d n o t e ( f i n i s h e d n o t e s e l e c t ) , . f i n i s h e ds t a t e ( f i n i s h e d ) ,
. s a m p l e s t a r t ( s a m p l es t a r t ) , . samp leend ( samp leend ) , . w indow ho ld pos ( s u s t a i np o s i t i o n ) , . w i n d o w h o l d l en g t h ( s u s t a i n l e n g t h ) ,
. d a t a o u t ( n o t e s t o a u d i o p l a y ) ,
. s amp l e l en g t h ( s amp l el en g t h ) ,
. f r o m ac9 7 d a t a ( f r o m au d i o [ 1 7 : 2 ] ) , . t o a c 9 7 r e c o r d ( n o t e st o a u d i o r e c o r d ) ,
. t a y l o r d o n e ( t a y l o r d o n e ) ,
. c u r r e n t n o t e ( c u r r e n t n o t e ) ,
. r ead y f r amep r ep ( r ead yf r amep r ep ) , . memsready ( memsready ) ,
. p r e s s e do u t ( p r e s s e do u t ) , . p e r i o d o u t ( p e r i o d o u t ) ,
. n new ( n new ) , . g o i n g o u t ( g o i n g o u t ) , . go ing new ( go ing new ) , . n n u l l ( n n u l l ) ,
. n o u t ( n o u t ) , . f rame n ( f rame n ) , . f r ame n p l u s ( f r ame n p l u s ) , . f rame n minus ( f rame n minus ) , . ram addr ( ram addr )
) ;

/ / /
/ / / ECHO
/ / /

echo my echo ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . newframe ( new frame ) ,
. ech o t i me ( ech o d e l ay ) , . d e c a yr a t e ( echo decay ) , . en ab l e ( ech oen ab l e ) ,
. d a t a i n ( n o t e s t o a u d i o p l a y ) , . d a t a o u t ( ech o t o au d i o ) ) ;

w i re [ 1 7 : 0 ] c t o a u d i o ;
a s s i g n c t o a u d i o [ 0 ] = 0 ;
m i d d l e c my midd le c (

.CLK( c l o ck ) ,

. SINE ( c t o a u d i o [ 1 7 : 1 ] )
) ;

a s s i g n t o a u d i o = c ? c t o a u d i o : ( r eco r d ?{2 ’ b0 , n o t e s t o a u d i o r e c o r d} : ech o t o au d i o ) ;

/ / /
/ / / VIDEO OUTPUT GENERATION
/ / /

/ / g e n e r a t e b a s i c XVGA v ideo s i g n a l s
w i re [ 1 0 : 0 ] hcoun t ;
w i re [ 9 : 0 ] vcoun t ;
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wi re hsync , vsync , b lank ;
xvga xvga1 ( c lock , hcoun t , vcoun t , hsync , vsync , b lank ) ;

/ / f eed XVGA s i g n a l s t o user ’ s pong game
wi re [ 2 : 0 ] p i x e l ;

reg [ 2 : 0 ] rgb ;
reg b , hs , vs ;

/ / VGA Outpu t . In o r d e r t o meet t h e s e t u p and ho ld t i mes o f t h e
/ / AD7125 , we send i t ˜ c l ock65mhz .
a s s i g n v g ao u t r e d = {8{ rgb [2]}} ;
a s s i g n v g ao u t g r een ={8{ rgb [1]}} ;
a s s i g n v g ao u t b l u e = {8{ rgb [0]}} ;
a s s i g n v g ao u t s y n c b = 1 ’ b1 ; / / no t used
a s s i g n v g ao u t b l an k b = ˜ b ;
a s s i g n v g a o u t p i x e l c l o c k = ˜ c l o ck ;
a s s i g n v g ao u t h s y n c = hs ;
a s s i g n v g ao u t v s y n c = vs ;

v i s u a l i z e r v i z ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . hsync ( hsync ) , . vsync ( vsync ) , . b lank ( b lank ) ,
. vhsync ( vhsync ) , . vvsync ( vvsync ) , . vb lank ( vb lank ) , . p ix e l ( p i x e l ) ,
. s a m p l e s t a r t ( s a m p l es t a r t ) , . samp leend ( samp leend ) ,
. s amp l e l en g t h ( s amp l el en g t h ) ,
. s u s t a i n p o s i t i o n ( s u s t a i np o s i t i o n ) , . s u s t a i nl e n g t h ( s u s t a i n l e n g t h ) ,
. ech o d e l ay ( ech o d e l ay ) ,
. p i t c h o f f s e t ( p i t c h o f f s e t ) ,
. aud io ( f r o m au d i o [ 1 5 : 0 ] ) , . r eco r d ( r eco r d ) , . newframe ( new frame ) ) ;

/ / /
/ / / DEBUG OUTPUTS
/ / /
reg [ 7 : 0 ] l i g h t s ;
a s s i g n l ed = ˜ l i g h t s ;
a s s i g n a n a l y z e r 1c l o c k = c l o ck ;
a s s i g n a n a l y z e r 1d a t a ={ s e r i a l b y t e ,6 ’ b0 , s e r i a l r e a d y , m i d i r x };
a s s i g n a n a l y z e r 2d a t a ={ p e r i o d};

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

end e l s e
l i g h t s <= s u s t a i n l e n g t h [ 1 1 : 4 ] ;

hs <= vhsync ;
vs <= vvsync ;
b <= vb lank ;
rgb <= p i x e l ;

end

endmodule
�

Listing 11: Verilog file greydecode.v
� �

/∗∗
∗ g r ey d eco d e−
∗
∗ @input c l o ck
∗ @input r e s e t
∗ @input a
∗ @input b
∗ @output updown
∗ @output r e a d yp u l s e
∗/

module g r ey d eco d e ( c lock , r e s e t , a , b , updown , r e a d y p u l s e ) ;
i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t a ;
i n p u t b ;
o u t p u t up down ;
o u t p u t r e a d yp u l s e ;

p a r ame t e r DELAY = 2 0 0 0 0 0 ; / / Delay f o r . 0 0 5 ms

reg up down ;
reg r e a d y p u l s e ;

reg o ld a , o l d b ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

up down <= 0;
r e a d y p u l s e <= 0;

end
e l s e beg in

i f ( ( o l d a && ˜ a && b ) | | ( o l d b && ˜ b && a ) ) beg in / / on f a l l i n g edge
r e a d y p u l s e <= 1;
up down <= b ? 1 : 0 ;

end
e l s e

r e a d y p u l s e <= 0;
end
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o l d a <= a ;
o l d b <= b ;

end

endmodule
�

Listing 12: Verilog file levelto pulse.v
� �

/∗∗
∗ Conver t s a r i s i n g edge on l e v e l i n t o a one c l o ck cy c l e p u l s e .
∗
∗ @clk The System Clock .
∗ @level The t r i g g e r f o r t h e p u l s e .
∗ @pulse A s i g n a l which p u l l s h igh f o r one c l o ck cy c l e on t h e r i si n g edge o f l e v e l .
∗/

module l e v e l t o p u l s e ( c lock , r e s e t , l ev e l , p u l s e ) ;
i n p u t c l o ck ;

i n p u t r e s e t ;
i n p u t l e v e l ;

o u t p u t p u l s e ;

reg o l d l e v e l ;
reg p u l s e ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

o l d l e v e l <= 0;
p u l s e <= 0;

end
e l s e beg in

o l d l e v e l <= l e v e l ;
p u l s e <= l e v e l & ˜ o l d l e v e l ;

end
end

endmodule
�

Listing 13: Verilog file linemem.v
� �

module l inemem ( clock , r e s e t , c l e a ra l l , w r i t e en ab l e , w r i t e ad d r ,
w r i t e d a t a , r eadad d r , r e a d d a t a ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t c l e a r a l l ; / / c l e a r s a l l memory d a t a . Does t h e same t h i n g as r e s e t ,

bu t i s h e r e t o make t h e code i n notemem c l e a r e r
i n p u t w r i t e e n a b l e ;
i n p u t [ 2 : 0 ] w r i t e a d d r ; / / ad d r es s f o r w r i t i n g memory
i n p u t [ 3 1 : 0 ] w r i t e d a t a ; / / d a t a t o w r i t e t o memory
i n p u t [ 2 : 0 ] r ead ad d r ; / / ad d r es s f o r r ead i n g memory
o u t p u t [ 3 1 : 0 ] r e a d d a t a ; / / d a t a r ead from memory

reg [ 2 5 5 : 0 ] memoryl i ne ; / / t h i s i s a l l t h e d a t a and ad d r es s ed o f t h e memory
a l i g n e d i n a l i n e o f r e g i s t e r s . . .

w i re [ 7 : 0 ] r ead ad d r ap p en d ed ; / / s h i f t e d r ead ad d r es s , t o a l i g n t h e r e q u e s t e d
ad d r es s wi th t h e a r r a y o f r e g i s t e r s .

a s s i g n r eadad d r ap p en d ed = r eadad d r<<5;
a s s i g n r e a dd a t a = memoryl ine>>r ead ad d r ap p en d ed ;

/ / a s s i g n wri teMSB = { w r i t e ad d r , 5 ’ b11111};
/ / a s s i g n wr i t eLSB = { w r i t e ad d r , 5 ’ b00000};

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

memory l i ne <= 0;
end
e l s e i f ( c l e a r a l l ) beg in

memory l i ne <= 0;
end
e l s e i f ( w r i t e e n a b l e ) beg in

cas e ( w r i t e a d d r )
0 : memory l i ne [31 :0 ] <= w r i t e d a t a [ 3 1 : 0 ] ;
1 : memory l i ne [63 :32 ] <= w r i t e d a t a [ 3 1 : 0 ] ;
2 : memory l i ne [95 :64 ] <= w r i t e d a t a [ 3 1 : 0 ] ;
3 : memory l i ne [127 :96 ] <= w r i t e d a t a [ 3 1 : 0 ] ;
4 : memory l i ne [159 :128 ] <= w r i t e d a t a [ 3 1 : 0 ] ;
5 : memory l i ne [191 :160 ] <= w r i t e d a t a [ 3 1 : 0 ] ;
6 : memory l i ne [223 :192 ] <= w r i t e d a t a [ 3 1 : 0 ] ;
7 : memory l i ne [255 :224 ] <= w r i t e d a t a [ 3 1 : 0 ] ;

endcase
end

end
endmodule

�

Listing 14: Verilog file loopcontrol fsm.v
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/∗∗
∗ l o o p c o n t r o l f s m −
∗ @input c l o ck System c l o ck .
∗ @input r e s t Syncronous r e s e t .
∗ @input [ 2 : 0 ] f i n i s h e d n o t e s e l e c t I n d i c a t e s which n o t e f i n i s h e d d e s c r i b e s t h e s t a t u s of .
∗ @input f i n i s h e d D es c r i b es whether a n o t e i s f i n i s h e d or no t .

∗ @output [ 2 : 0 ] n o t e s e l e c t I n d i c a t e s which n o t e s h o u l d r e c e i v e an ev en t .
∗ @output ready I n d i c a t e s t h a t t h e n o t e s e l e c t e by n o t es e l e c t s h o u l d r e c e i v e an ev en t .
∗ @output p r es s ed I n d i c a t e s whether an ev en t i s a p r e s s ( h igh )o r r l e a s e ( low ) .
∗/

module l o o p c o n t r o l f s m ( c lock , r e s e t , newframe , f i n i s h e d , f i n i s h e dn o t e s e l e c t ,
p r es s ed , ready ,

/ / Debug o u t p u t s
s t a t e ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t new frame ;
i n p u t f i n i s h e d ;
i n p u t [ 2 : 0 ] f i n i s h e d n o t e s e l e c t ;
o u t p u t p r es s ed ;

o u t p u t ready ;
o u t p u t [ 2 : 0 ] s t a t e ;

reg p r es s ed ;
reg ready ;

p a r ame t e r WAITFRAME0 = 0 ; / / w a i t f o r a new f rame
p ar ame t e r WAITFINISH = 1 ; / / w a i t f o r t o f o r t h e z e r o t h n o t e t o f i n i s h
p a r ame t e r PRESS = 2 ; / / p r e s s t h e n o t e
p a r ame t e r WAITFRAME1 = 3 ; / / w a i t f o r an o t h e r two f rame
p ar ame t e r RELEASE = 4 ; / / r e l e a s e t h e n o t e

/ / S t o r e t h e 5 s t a t e s abov
reg [ 2 : 0 ] s t a t e ;
reg [ 2 : 0 ] o l d s t a t e ; / / compare

reg [ 1 : 0 ] f r ame co u n t ; / / s eq u en ce r f o r w a i tf r ame1

always @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

s t a t e <= WAIT FRAME0;
o l d s t a t e <= RELEASE ;

p r es s ed<= 0;
ready <= 0;
f r ame co u n t <= 0;

end
e l s e beg in

/ / C a l c u l a t e s t a t e t r a n s i t i o n s
cas e ( s t a t e )

WAIT FRAME0:
i f ( new frame )

s t a t e <= WAIT FINISH ;
WAIT FINISH :

i f ( f i n i s h e d n o t e s e l e c t == 0 && f i n i s h e d )
s t a t e <= PRESS ;

PRESS :
s t a t e <= WAIT FRAME1;

WAIT FRAME1:
i f ( f r ame co u n t = = 2 )

s t a t e <= RELEASE ;
RELEASE :

s t a t e <= WAIT FRAME0;
d e f a u l t :

s t a t e <= WAIT FRAME0;
endcase

/ / C a l c u l a t e new o u t p u t s
i f ( s t a t e ! = o l d s t a t e | | s t a t e == WAITFRAME1 ) beg in

cas e ( s t a t e )
WAIT FRAME0 : beg in

ready <= 0;
f r ame co u n t <= 0;

end
/ / WAIT FINISH :
PRESS : beg in

p r es s ed<= 1;
ready <= 1;

end

WAIT FRAME1 : beg in
ready <= 0;
i f ( new frame ) f r ame co u n t <= f r ame co u n t +1 ;

end

RELEASE : beg in
p r es s ed<= 0;
ready <= 1;

end
endcase

o l d s t a t e <= s t a t e ;

end

end
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end

endmodule
�

Listing 15: Verilog file midi fsm.v
� �

/∗∗
∗ mid i f sm − I n t e r p r e t s MIDI messages f o r P r es s ed and Released ev en t s one b y t e a t a t ime .
∗
∗ @input c l o ck System c l o ck .
∗ @input r e s e t Syncronous r e s e t .
∗ @input new by te S i n g l e c l o ck second p u l s e t o i n d i c a t e a new b y t e i s a v a i la b l e .
∗ @input [ 7 : 0 ] b y t e The most r e c e n t MIDI by te , must be s t a b l e a tl e a s t two c y c l e s a f t e r newby te .
∗
∗ @output p r es s ed Whether t h e ev en t i s a P r es s ed ( 1 ) o r Released ( 0 ) ev en t .
∗ @output [ 7 : 0 ] p i t c h The p i t c h o f t h e ev en t .
∗ @output [ 7 : 0 ] v e l o c i t y The v e l o c i t y o f t h e ev en t .
∗ @output ready A one c l o ck cy c l e p u l s e i n d i c a t i i n g a new ev en thas occured .
∗/

module mid i f sm ( c lock , r e s e t , by te , newbyte , p i t ch , v e l o c i t y , ready , p r es s ed , s t a t e ) ;
i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t [ 7 : 0 ] b y t e ;
i n p u t new by te ;
o u t p u t [ 7 : 0 ] p i t c h ;
o u t p u t [ 7 : 0 ] v e l o c i t y ;
o u t p u t ready ;
o u t p u t p r es s ed ;
o u t p u t [ 3 : 0 ] s t a t e ;

reg [ 7 : 0 ] p i t c h ;
reg [ 7 : 0 ] v e l o c i t y ;
reg ready ;
reg p r es s ed ;

reg [ 7 : 0 ] f b y t e ;

/ / The s t a t e s o f t h e f i n i t e s t a t e machine
p a r ame t e r WAIT = 0 ; / / w a i t f o r t h e f i r s t b y t e t o a r r i v e
p a r ame t e r FUNCTION = 1 ; / / d e t e r i m i n e t h e f u n c t i o n o f t h e midi ev en t
p a r ame t e r IGNORE1 = 2 ; / / i g n o r e 1 or
p a r ame t e r IGNORE2 = 3 ; / / 2 d a t a b i t s f o r u n s u p p o r t ed opcodes
p a r ame t e r ONOFF = 4 ; / / d e t e r m i n e p r es s ed f o r t h e mid i ev en t
p a r ame t e r PITCHWAIT = 5 ; / / w a i t f o r t h e n ex t b y t e
p a r ame t e r PITCH = 6 ; / / s t o r e t h e p i t c h v a l u e
p a r ame t e r VELOCITYWAIT = 7 ; / / w a i t f o r t h e n ex t b y t e
p a r ame t e r VELOCITY = 8 ; / / s t o r e t h e v e l o c i t y v a l u e
p a r ame t e r READY = 9 ; / / i n d i c a t e t h e mid i message i s comp lete

reg [ 3 : 0 ] s t a t e ; / / f o u r b i t s f o r t h e 9 s t a t e s above
reg [ 3 : 0 ] o l d s t a t e ; / / s t a t e from p r ev i o u s c l o ck cy c l e

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

ready <= 0;
s t a t e <= WAIT ;
o l d s t a t e <= 4 ’hF ;
p i t c h <= 0;
v e l o c i t y <= 0;
p r es s ed<= 0 ;

end
e l s e beg in

/ / S t a t e t r a n s i t i o n c a l c u l a t i o n s
cas e ( s t a t e )

WAIT :
i f ( new by te ) beg in / / w a i t f o r t h e f i r s t b y t e

s t a t e <= FUNCTION;
f b y t e <= b y t e ;

end
FUNCTION : beg in

i f ( f b y t e [ 7 : 4 ] = = 8 | | f b y t e [ 7 : 4 ] = = 9 ) / / p r es s ed or r e l e a s e d ev en t s
s t a t e <= PITCH WAIT ;

/ / f o r a l l o t h e r ev en t s i g n o r e t h e a p p r o p r i a t e 2 , 1 , o r 0 b y t est h a t f o l l o w
e l s e i f ( f b y t e [ 7 : 4 ] = = 4 ’ hA | | f b y t e [ 7 : 4 ] = = 4 ’ hB | | f b y t e [ 7 : 4 ] = = 4 ’ hE | | f b y t e == 8 ’ hF2 )

s t a t e <= IGNORE 2 ;
e l s e i f ( f b y t e [ 7 : 4 ] = = 4 ’ hC | | f b y t e [ 7 : 4 ] = = 4 ’ hD | | f b y t e == 8 ’ hF3 | | f b y t e == 8 ’ hF5 )

s t a t e <= IGNORE 1 ;
e l s e

s t a t e <= WAIT ;
end
IGNORE 1 :

i f ( new by te ) / / w a i t f o r a b y t e . . .
s t a t e <= WAIT ; / / . . . and i g n o r e i t

IGNORE 2 :
i f ( new by te ) / / w a i t f o r a b y t e . . .

s t a t e <= IGNORE 1 ; / / . . . and i g n o r e t h e n ex t one too

PITCH WAIT :
i f ( new by te ) / / p i t c h v a l u e has a r r i v e d

s t a t e <= PITCH ;
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PITCH :
s t a t e <= VELOCITY WAIT ; / / w a i t f o r v e l o c i t y v a l u e

VELOCITY WAIT :
i f ( new by te )

s t a t e <= VELOCITY ; / / v e l o c i t y v a l u e has a r r i v e d
VELOCITY :

s t a t e <= ON OFF ;
ON OFF :

s t a t e <= READY ; / / i mmed i a t e l y w a i t f o r p i t c h
READY:

s t a t e <= WAIT ;
d e f a u l t :

s t a t e <= WAIT ;
endcase

/ / S t a t e o u t p u t c a l c u l a t i o n s
i f ( o l d s t a t e ! = s t a t e ) / / t h i s compar i son adds an e x t r a c l o ck cy c l e de l ay t o o u t p u t s t a k i n g e f f e c t
cas e ( s t a t e )

WAIT : ready <= 0;
/ / FUNCTION:
/ / IGNORE 1 :
/ / IGNORE 2 :
ON OFF : p r es s ed<= v e l o c i t y = = 0 ? 0 : 1 ;
/ / PITCH WAIT :
PITCH : p i t c h <= b y t e ;
/ / VELOCITY WAIT :
VELOCITY : v e l o c i t y <= b y t e ;
READY: ready <= 1;
d e f a u l t : ready <= 0;

endcase
o l d s t a t e <= s t a t e ;
end
end

endmodule
�

Listing 16: Verilog file newfp.v
� �

module newfp ( c lock , r e s e t , memsready , n ou t , f rame n , f r ame n p l u s , f rame n minus , r ead yf r amep r ep ,
w rbar , new frame , f r o m ac9 7 d a t a , t o ac9 7 r eco r d , ramaddr , s amp l el en g t h ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t [ 1 6 : 0 ] n o u t ;
i n p u t w rbar ;
i n p u t new frame ;
i n p u t memsready ;
i n p u t [ 1 5 : 0 ] f r o m ac9 7 d a t a ;
o u t p u t [ 1 5 : 0 ] f ramen , f r ame n p l u s , f rame n minus ;
o u t p u t r ead y f r amep r ep ;
o u t p u t [ 1 5 : 0 ] t o a c 9 7 r e c o r d ;
o u t p u t [ 1 6 : 0 ] ramaddr ;
o u t p u t [ 1 6 : 0 ] s amp l el en g t h ;

p a r ame t e r MAXSIZE = 9 8 3 0 4 ; / / we reduced t h e maxs i ze from 2 ˆ 17 down t o t h r e e f o u r t h s
/ / t h a t i n o r d e r t o meet t h e ch ip ’ s memory c o n s t r a i n t s . S t i l l
/ / p l e n t y o f samp le t ime .

reg r ead y f r amep r ep ; / / s i g n a l t h a t f rameprep i s done f e t c h i n g d a t a from t h e memory ,
/ / and t h a t t a y l o r can s t a r t c a l c u l a t i n g .

reg [ 1 6 : 0 ] ramaddr ; / / c u r r e n t ad d r es s i n t h e samp le memory being used
reg o l d w r b a r ; / / p r ev i o u s s i g n a l o f t h e w r i t e bu t ton , used t o d e t e r m in e when

/ / t h e b u t t o n was p r es s ed and t h u s when t o r e s e t ramaddr
reg [ 2 : 0 ] f s t a t e ; / / s t a t e o f t h e f rame f e t c h FSM . s t a t e s a r e coun ted t h r o u g h l i n e a r l y .
reg r ead y h o l d ; / / h o l d s t h e ready v a l u e from memsready , such t h a t t h e FSM can

/ / comp lete i t ’ s a c t i o n
reg [ 1 5 : 0 ] f ramen , f rame n minus , f r ame n p l u s ; / / f rames f e t c h e d from memory and

/ / p r ep a r ed f o r t a y l o r
reg [ 1 6 : 0 ] s amp l el en g t h ; / / l e n g t h o f t h e l a s t r eco r d ed sample , used by c o n t r ol t o

/ / d e t e r m i n e a maximum sampleend v a l u e .

w i re [ 1 5 : 0 ] ramout ;

a s s i g n t o a c 9 7 r e c o r d = ramout ;

memram memram1 ( . c l k ( c l o ck ) , . addr ( ramaddr ) , . we ( o l dw r b a r ) , . d in ( f r o m ac9 7 d a t a ) , . dou t ( ramout ) ) ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

r ead y f r amep r ep <= 0;
ramaddr <= 0;
o l d w r b a r <= 0;
f rame n <= 0;
f rame n minus <= 0;
f r ame n p l u s <= 0;
r ead y h o l d <= 0;
f s t a t e <= 0;
s amp l e l en g t h <= 0;

end
e l s e beg in

i f ( r ead y f r amep r ep ) r ead yf r amep r ep <= 0;
o l d w r b a r <= w rbar ;
i f ( w rbar ) beg in

i f ( ˜ o l d w r b a r ) ramaddr<= 0;
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e l s e i f ( ramaddr< MAXSIZE) i f ( new frame ) beg in
ramaddr<= ramaddr + 1 ;
s amp l e l en g t h <= ramaddr ;

end
e l s e beg in

i f ( new frame ) ramaddr<= 0;
end

end
e l s e beg in

i f ( mems ready| r ead y h o l d ) beg in
cas e ( f s t a t e )

0 : beg in
ramaddr<= n o u t ;
r ead y h o l d <= 1;
f s t a t e <= 1;

end
1 : beg in

ramaddr<= n o u t +1 ;
f s t a t e <= 2;

end
2 : beg in

ramaddr<= n ou t−1;
f rame n <= ramout ;
f s t a t e <= 3;

end
3 : beg in

f r ame n p l u s <= ramout ;
f s t a t e <= 4;

end
4 : beg in

f rame n minus <= ramout ;
r ead y h o l d <= 0;
f s t a t e <= 0;
i f ( ˜ r ead y f r amep r ep ) r ead yf r amep r ep <= 1;

end
endcase

end
end

end
end
endmodule

�

Listing 17: Verilog file notecontrol fsm.v
� �

/∗∗
∗ n o t e c o n t r o l f s m
∗
∗/

module n o t e c o n t r o l f s m ( c lock , r e s e t , queueempty , queuepop ,
f i n i s h e d , f i n i s h e d n o t e s e l e c t , n o t er ead y , n o t e s e l e c t ,

q u eu e p e r i o d , q u eu ep r es s ed , q u eu ev e l o c i t y , new frame ,
per iod , p r es s ed , v e l o c i t y ,
/ / Debug Outpu ts
s t a t e , n o t ep e r i o d , f i n i s h e d r e g o u t ) ;

p a r ame t e r NOTECOUNT = 8 ; / / The number o f n o t es
p a r ame t e r NOTECOUNT SIZEOF = 3 ; / / The b i t w id th n eces s a r y t o c a p t u r e i t

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t queueempty ;

i n p u t [ 1 5 : 0 ] q u eu ep e r i o d ;
i n p u t [ 7 : 0 ] q u e u ev e l o c i t y ;
i n p u t q u eu ep r es s ed ;
o u t p u t [ 1 5 : 0 ] p e r i o d ;
o u t p u t [ 7 : 0 ] v e l o c i t y ;
o u t p u t p r es s ed ;

o u t p u t queuepop ;
i n p u t f i n i s h e d ;

i n p u t new frame ;
i n p u t [ 2 : 0 ] f i n i s h e d n o t e s e l e c t ;
o u t p u t n o t e r ead y ;

o u t p u t [ 2 : 0 ] n o t e s e l e c t ;
o u t p u t [ 2 : 0 ] s t a t e ;
o u t p u t [ 1 5 : 0 ] n o t ep e r i o d ;
o u t p u t [ 7 : 0 ] f i n i s h e d r e g o u t ;

reg [ 1 5 : 0 ] p e r i o d ;
reg [ 7 : 0 ] v e l o c i t y ;
reg p r es s ed ;

reg q u e u er e s e t ;
reg queuepop ;

reg [ 2 : 0 ] n o t e s e l e c t ;
reg n o t e r ead y ;

reg f i n i s h e d r e g [ 7 : 0 ] ;
a s s i g n f i n i s h e dr e g o u t [ 7 : 0 ] = { f i n i s h e d r e g [ 0 ] , f i n i s h e d r e g [ 1 ] , f i n i s h e d r e g [ 2 ] , f i n i s h e d r e g [ 3 ] , f i n i s h e d r e g [ 4 ] , f i n i s h e d r e g [ 5 ] , f i n i s h e d r e g [ 6 ] , f i n i s h e d r e g [ 7 ]} ;
reg [ 1 5 : 0 ] n o t e p e r i o d s [ 7 : 0 ] ;

a s s i g n n o t ep e r i o d = n o t e p e r i o d s [ n o t e s e l e c t ] ;

/ / C o n s t an t s r e p r e s e n t i n g t h e d i f f e r e n t s t a t e s o f t h e FSM
p ar ame t e r WAIT = 0 / / Wai t f o r t h e queue t o no t be empty ;
p a r ame t e r LATCH = 1 ; / / Latch t h e queue i n p u t s
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p a r ame t e r CHECKPRESSED = 2 ; / / i f a p r es s ed even t , see i f any n o t es a r e f r e e
p a r ame t e r CHECKRELEASED = 3 ; / / i f a r e l e a s e d even t , see i f t h e p a r t i c u l a r n o te i s p l ay i n g ( changes n o t es e l e c t )
p a r ame t e r FULL = 4 ; / / i f no n o t es a r e f r e e ( changes n o t es e l e c t )
p a r ame t e r NOTEPRESSED = 5 ; / / p r e s s t h e n o t e ( p u l l ready h igh )
p a r ame t e r NOTERELEASED = 6 ; / / r e l e a s e t h e n o t e ( p u l l ready h igh )
p a r ame t e r NOTENOT FOUND = 7 ; / / i f a n o t e being r e l e a s e d wasn ’ t found
p a r ame t e r WAITFRAME = 8 ; / / d e l ay a v a r i a b l e number o f f rame p u l s e s b e f o r e check ing t h e queue ag a i n ( c u r r e n t l y 9 )

reg [ 3 : 0 ] s t a t e ; / / There a r e f o u r s t a t e s as l i s t e d above
reg [ 3 : 0 ] w a i t f r ames ;

reg [ 3 : 0 ] o l d s t a t e ;
reg [ 3 : 0 ] o l d w a i t f r a m e s ;
reg [ 1 : 0 ] o l d n o t e s e l e c t ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

s t a t e <= WAIT ;
n o t e s e l e c t <= 0;
n o t e r ead y <= 0;
f i n i s h e d r e g [0 ] <= 1;
f i n i s h e d r e g [1 ] <= 1;
f i n i s h e d r e g [2 ] <= 1;
f i n i s h e d r e g [3 ] <= 1;
f i n i s h e d r e g [4 ] <= 1;
f i n i s h e d r e g [5 ] <= 1;
f i n i s h e d r e g [6 ] <= 1;
f i n i s h e d r e g [7 ] <= 1;

queue pop <= 0;
n o t e p e r i o d s [0 ] <= 22 ;
n o t e p e r i o d s [1 ] <= 22 ;
n o t e p e r i o d s [2 ] <= 22 ;
n o t e p e r i o d s [3 ] <= 22 ;
n o t e p e r i o d s [4 ] <= 22 ;
n o t e p e r i o d s [5 ] <= 22 ;
n o t e p e r i o d s [6 ] <= 22 ;
n o t e p e r i o d s [7 ] <= 22 ;

end
e l s e beg in

cas e ( s t a t e ) / / T r a n s i t i o n between s t a t e s i f n eces s a r y
WAIT : beg in
n o t e s e l e c t <= 0;
i f ( ˜ queue empty ) beg in

/ / s t a t e <= q u eu e p r es s ed ? CHECKPRESSED : CHECKRELEASED;
s t a t e <= LATCH;
queue pop <= 1;

end
end
LATCH : beg in

s t a t e <= q u eu e p r es s ed ? CHECKPRESSED : CHECKRELEASED;
p r es s ed<= q u eu e p r es s ed ;
v e l o c i t y <= q u e u e v e l o c i t y ;
p e r i o d <= q u eu e p e r i o d ;
queue pop <= 0;

end

CHECK PRESSED :
i f ( f i n i s h e d r e g [ n o t e s e l e c t ] )

s t a t e <= NOTE PRESSED ; / / hah ! t h i s one isn ’ t be ing used
e l s e i f ( n o t e s e l e c t = = 7 )

s t a t e <= FULL ; / / d id we r each t h e l a s t n o t e ?
e l s e

n o t e s e l e c t <= n o t e s e l e c t + 1 ; / / o t h e r w i s e i n c r emen t t h e n o t e
CHECK RELEASED:

i f ( ˜ f i n i s h e d r e g [ n o t e s e l e c t ] && p er i o d == n o t e p e r i o d s [ n o t e s e l e c t ] )
s t a t e <= NOTE RELEASED ;

e l s e i f ( n o t e s e l e c t = = 7 )
s t a t e <= NOTE NOT FOUND;

e l s e
n o t e s e l e c t <= n o t e s e l e c t + 1 ;

FULL :
s t a t e <= WAIT ;
NOTE PRESSED : beg in

n o t e p e r i o d s [ n o t e s e l e c t ] <= p er i o d ;
s t a t e <= WAIT FRAME ;
w a i t f r ames <= 9;
n o t e r ead y <= 1;

end
NOTE RELEASED : beg in

s t a t e <= WAIT FRAME ;
w a i t f r ames <= 9;
n o t e r ead y <= 1;

end
NOTE NOT FOUND:
s t a t e <= WAIT ;
WAIT FRAME : beg in
i f ( new frame )

i f ( w a i t f r ames = = 0 )
s t a t e <= WAIT ;

e l s e
w a i t f r ames <= w a i t f r ames −1;

end
endcase
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f i n i s h e d r e g [ f i n i s h e d n o t e s e l e c t ] <= f i n i s h e d ; / / i g n o r e f i n i s h e d i f we j u s t t u r n ed t h e n o t e on
end

end

endmodule
�

Listing 18: Verilog file notecontrol.v
� �

/∗∗
∗ n o t e c o n t r o l − Manages loop and keyboard o u t p u t t o a s e t o f n o t es .
∗
∗ @parameter NOTECOUNT The number o f n o t es a v a i l a b l e .
∗ @parameter NOTECOUNT SIZEOF The number o f b i t s n eces s a r y t o r e p r e s e n t NOTECOUNT
∗
∗ @input c l o ck The system c l o ck .
∗ @input r e s e t A syncronous r e s e t .
∗ @input m i d i r ead y A one c l o ck cy c l e p u l s e i n d i c a t i n g a new keyboard ev en t.
∗ @input m i d i p r es s ed Whether a keyboard ev en t i s p r e s s or r e l e a s e .
∗ @input [ 7 : 0 ] m i d i v e l o c i t y The v e l o c i t y o f t h e keyboard ev en t .
∗ @input [ 7 : 0 ] m i d i p i t c h The p i t c h o f t h e keyboard ev en t .
∗ @input [ NOTECOUNT SIZEOF−1:0] f i n i s h e d n o t e s e l e c t S e l e c t s a n o t e t o i n d i c a t e t h e f i n i s h e d s t a t e o f .
∗ @input f i n i s h e d I n d i c a t e s whether t h e n o t e s e l e c t e d by f i n is h e d n o t e s e l e c t i s f i n i s h e d or no t .
∗ @input loop I n d i c a t e s whether n o t e o u t p u t s h o u l d be c o n t r o ll e d i n a loop ( 1 ) o r by a keyboard ( 0 )
∗ @input new frame I n d i c a t e s t h a t a new aud io f rame i s ex p ec t ed .
∗ @input b a s ep e r i o d
∗
∗ @output n o t e s e l e c t S e l e c t s t h e t a r g e t n o t e f o r new n o t e ev en t s .
∗ @output p r es s ed I n d i c a t e s whether t h e n o t e c o n t r o l ev en t i sp r es s ed or r e l e a s e d .
∗ @output [ 1 5 : 0 ] p e r i o d I n d i c a t e s t h e p e r i o d ( r e l a t i v e t o system c l o ck ) o f a new n o t e ev en t .
∗ @output [ 7 : 0 ] v e l o c i t y I n d i c a t e s t h e v e l o c i t y o f a new n o t e ev en t .
∗ @output n o t e r ead y One c l o ck cy c l e p u l s e i n d i c a t i n g a new n o t e c o n t r o l ev en t i s ready .
∗
∗/

module n o t e c o n t r o l ( c lock , r e s e t , p i t c ho f f s e t , f i n i s h e d n o t e s e l e c t ,
f i n i s h e d , n o t e s e l e c t , n o t er ead y , p r es s ed , per iod , v e l o c i t y , loop , newframe ,

m i d i v e l o c i t y , m i d i p i t ch , m i d i p r es s ed , mid iready , b as ep e r i o d ,
/ / Debug o u t p u t s
n o t e f s m s t a t e , queueempty , queuepop , k ey b o a r dp e r i o d , f i n i s h e d r e g , f i f o s t a t e ,
n o t e p e r i o d ) ;

p a r ame t e r NOTECOUNT = 8 ; / / The number o f n o t es
p a r ame t e r NOTECOUNT SIZEOF = 3 ; / / The b i t w id th n eces s a r y t o c a p t u r e i t

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t m i d i r ead y ;

i n p u t m i d i p r es s ed ;
i n p u t [ 7 : 0 ] m i d i v e l o c i t y ;
i n p u t [ 7 : 0 ] m i d i p i t c h ;
i n p u t [ 5 : 0 ] p i t c h o f f s e t ;

i n p u t [ NOTE COUNT SIZEOF−1:0] f i n i s h e d n o t e s e l e c t ;
i n p u t f i n i s h e d ;

i n p u t l oop ;
i n p u t new frame ;
i n p u t b a s e p e r i o d ;

o u t p u t [ NOTECOUNT SIZEOF−1:0] n o t e s e l e c t ;
o u t p u t n o t e r ead y ;

o u t p u t p r es s ed ;
o u t p u t [ 1 5 : 0 ] p e r i o d ;
o u t p u t [ 7 : 0 ] v e l o c i t y ;

o u t p u t queueempty ;
o u t p u t queuepop ;
o u t p u t [ 1 5 : 0 ] k ey b o a r dp e r i o d ;
o u t p u t [ 1 5 : 0 ] n o t ep e r i o d ;
o u t p u t [ 2 : 0 ] n o t e f s m s t a t e ;
o u t p u t [ 1 : 0 ] f i f o s t a t e ;
o u t p u t [ 7 : 0 ] f i n i s h e d r e g ;

w i re [ NOTE COUNT SIZEOF−1:0] n o t e s e l e c t ;
w i re n o t e r ead y ;

w i re k ey b o a r d r ead y ;
w i re [ 2 : 0 ] k e y b o a r d n o t e s e l e c t ;
w i re k ey b o a r d p r es s ed ;
w i re [ 7 : 0 ] k e y b o a r d v e l o c i t y ;
w i re [ 1 5 : 0 ] k ey b o a r d p e r i o d ;
w i re [ 7 : 0 ] k ey b o a r d p i t ch ;

w i re q u e u e f u l l ;
w i re queueempty ;
w i re queuepop ;

w i re [ 7 : 0 ] q u eu e p i t ch ;
w i re [ 7 : 0 ] q u e u e v e l o c i t y ;
w i re q u eu e p r es s ed ;
w i re [ 1 5 : 0 ] q u eu e p e r i o d ;
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/ / X i l i n x Syncronous FIFO , 3 2 deep
n o t e f i f o m y n o t e f i f o ( . c l k ( c l o ck ) ,
. s i n i t ( r e s e t ) ,
. d in ({ m i d i p i t c h [ 7 : 0 ] , m i d i v e l o c i t y [ 7 : 0 ] , m i d i p r es s ed} ) ,
. wr en ( m i d i r ead y ) ,
. r d en ( queuepop ) ,
. dou t ({ q u eu e p i t ch [ 7 : 0 ] , q u e u ev e l o c i t y [ 7 : 0 ] , q u eu ep r es s ed} ) ,
. f u l l ( q u e u e f u l l ) ,
. empty ( queueempty ) ) ;

n o t e c o n t r o l f s m keyboard fsm ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . queueempty ( queueempty ) ,
. queue pop ( queuepop ) ,
. q u eu e p e r i o d ( q u eu ep e r i o d ) , . q u e u ev e l o c i t y ( q u e u ev e l o c i t y ) ,
. q u eu e p r es s ed ( q u eu ep r es s ed ) ,
. p r es s ed ( k ey b o a r dp r es s ed ) ,
. v e l o c i t y ( k e y b o a r dv e l o c i t y ) ,
. p e r i o d ( k ey b o a r dp e r i o d ) ,
. f i n i s h e d ( f i n i s h e d ) , . f i n i s h e dn o t e s e l e c t ( f i n i s h e d n o t e s e l e c t ) ,
. new frame ( new frame ) ,
. n o t e r ead y ( k ey b o a r dr ead y ) , . n o t e s e l e c t ( k e y b o a r dn o t e s e l e c t ) ,
. s t a t e ( n o t e f s m s t a t e ) , . f i n i s h e dr e g o u t ( f i n i s h e d r e g ) ,
. n o t e p e r i o d ( n o t e p e r i o d ) ) ;

/ / a d j u s t t h e p e r i o d f o r t h e p e r i o d o f f s e t
p e r i o d l o o k u p t a b l e p e r i o d t a b l e ( . c l k ( c l o ck ) , . addr ( q u eu ep i t ch + 24 − p i t c h o f f s e t ) ,

. dou t ( q u eu ep e r i o d ) ) ;

w i re l o o p r ead y ;
w i re l o o p p r e s s e d ;
w i re [ 2 : 0 ] l o o p n o t e s e l e c t ;
w i re [ 7 : 0 ] l o o p v e l o c i t y ;
w i re [ 1 5 : 0 ] l o o p p e r i o d ;

l o o p c o n t r o l f s m loop fsm ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. new frame ( new frame ) , . f i n i s h e d ( f i n i s h e d ) ,
. f i n i s h e d n o t e s e l e c t ( f i n i s h e d n o t e s e l e c t ) ,
. ready ( l o o p r ead y ) , . p r es s ed ( l o o pp r e s s e d ) ) ;

a s s i g n l o o p n o t e s e l e c t = 0 ;
a s s i g n l o o p v e l o c i t y = 6 4 ;
a s s i g n l o o pp e r i o d = 12 ’ b100000000000 ;

a s s i g n n o t es e l e c t = loop ? l o o pn o t e s e l e c t : k e y b o a r dn o t e s e l e c t ;
a s s i g n n o t er ead y = loop ? l o o pr ead y : k ey b o a r dr ead y ;
a s s i g n p r es s ed = loop ? l o o pp r e s s e d : k ey b o a r dp r es s ed ;
a s s i g n v e l o c i t y = loop ? l o o pv e l o c i t y : k e y b o a r dv e l o c i t y ;
a s s i g n p e r i o d = loop ? l o o pp e r i o d : k ey b o a r dp e r i o d ;

endmodule
�

Listing 19: Verilog file notemem.v
� �

module notemem ( clock , r e s e t , newframe , memsready , w rbar , n s w r i t e , p e r i o d i n , v e l o c i t y i n ,
p r es s ed i n , n o t e s e l e c t , s a m p l es t a r t , samp leend , w indow ho ld pos , w indow ho ld leng th ,
n new , del ta new , going new , t ay l o r d o n e , n ou t , d e l t a o u t , g o i n g o u t , v e l o c i t y o u t , p e r i o d o u t ,
p r es s ed o u t , f i n i s h e d n o t e , f i n i s h e d s t a t e , c u r r e n tn o t e , i n cb u t t o n , nn u l l ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t new frame ; / / ac97 needs / has a new f rame

i n p u t w rbar ; / / s i g n a l f rom c o n t r o l i n d i c a t i n g t h a t t h e sound i s w r it i n g or r ead i n g .

/ / d a t a w r i t t e n t o p a r ame t e r memory by c o n t r o l
i n p u t n s w r i t e ; / / ( n o t e s e l e c t w r i t e ) i n d i c a t i n g s e l e c t e d n o t e s h o ul d be w r i t t e n wi th

/ / t h e below d a t a
i n p u t p r e s s e di n ; / / v a l u e o f p r es s ed t o r ead i n t o n o t e memory l o c a t i o n from

/ / c o n t r o l l e r . Presumab ly 1 .
i n p u t [ 1 5 : 0 ] p e r i o d i n ; / / p e r i o d t o w r i t e i n t o n o t e memory l o c a t i o n from c o n t r o ll e r
i n p u t [ 7 : 0 ] v e l o c i t y i n ; / / v e l o c i t y t o w r i t e i n t o n o t e memory l o c a t i o n
i n p u t [ 2 : 0 ] n o t e s e l e c t ; / / s e l e c t i o n o f n o t e t o w r i t e new v a l u es t o from c o n t ro l l e r

i n p u t [ 1 6 : 0 ] s a m p l e s t a r t ; / / s t a r t o f samp le read−o f f f rom c o n t r o l l e r
i n p u t [ 1 6 : 0 ] samp leend ; / / end o f samp le read−o f f f rom c o n t r o l l e r
i n p u t [ 1 6 : 0 ] w indow ho ld pos ; / / p o s i t i o n o f t h e window / vowel hold , f rom c o n t r o l l e r
i n p u t [ 1 1 : 0 ] w i n d o w h o l d l en g t h ; / / l e n g t h o f t h e window / vowel hold , f rom c o n t r o l l e r

/ / d a t a from t a y l o r used t o w r i t e t h e v a r i a b l e memory :
i n p u t [ 1 6 : 0 ] n new ; / / new n from t a y l o r
i n p u t [ 1 0 : 0 ] d e l t a n ew ; / / new d e l t a from t a y l o r
i n p u t go ing new ; / / new s t a t e m e n t on i f n o t e i s go ing ( t h a t i s , hasn ’ t r each ed end o f samp le marker )
i n p u t t a y l o r d o n e ; / / message from t a y l o r s ay i n g i t i s done wi th t h e l a s t note , and

/ / ready f o r f rameprep t o g e t a new one .

/ / d a t a o u t p u t from e i t h e r memory .
o u t p u t [ 1 6 : 0 ] n o u t ; / / n g i ven t o f rameprep from t h e memory
o u t p u t [ 1 0 : 0 ] d e l t a o u t ; / / d e l t a g i ven t o t a y l o r f rom t h e memory
o u t p u t g o i n g o u t ; / / o u t p u t o f p r ev i o u s go ing s t a t e f o r t h i s n o t e .
o u t p u t [ 7 : 0 ] v e l o c i t y o u t ; / / v e l o c i t y g i ven t o t a y l o r f rom memory
o u t p u t [ 1 5 : 0 ] p e r i o d o u t ; / / p e r i o d g i ven t o t a y l o r f rom memory
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o u t p u t p r e s s e do u t ; / / p r es s ed g iven t o f rameprep from memory
o u t p u t memsready ; / / notemem i s ready f o r f rameprep t o r ead a new s e t o f v al u es
/ / d a t a o u t p u t based on
o u t p u t [ 2 : 0 ] f i n i s h e d n o t e ;
o u t p u t f i n i s h e d s t a t e ; / /{ n o t e memory l o c a t i o n , f i n i s h e d} , f o r a l l o c a t i o n o f n o t es by c o n t r o l .
o u t p u t [ 2 : 0 ] c u r r e n t n o t e ;

/ / debugg ing o u t p u t s
i n p u t i n c b u t t o n ;
o u t p u t [ 1 6 : 0 ] n n u l l ;

/ / r e g i s t e r s :
reg [ 2 : 0 ] c u r r e n t n o t e ;
reg [ 2 : 0 ] p r e v i o u sn o t e ;
reg f i n i s h e d f r a m e ; / / f i n i s h e d r ead i n g a l l n o t es f o r t h i s f rame ( so we cans t o p f eed i n g more

/ / n o t es i n t o mems ready )
reg memsready ;
reg t a y l o r d o n e d e l a y e d ;
reg [ 2 : 0 ] f i n i s h e d n o t e ; / / d a t a t e l l i n g c o n t r o l which n o t es a r e f i n i s h e d .
reg f i n i s h e d s t a t e ;

w i re [ 3 1 : 0 ] p d a t a w r i t e , p d a t a r e a d ;
a s s i g n p d a t a w r i t e = {7 ’ b0000000 , v e l o c i t y i n , p r es s ed i n , p e r i o d i n };
a s s i g n{ v e l o c i t y o u t , p r es s edo u t , p e r i o d o u t} = p d a t a r e a d [ 2 4 : 0 ] ;

l inemem paramsmem ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . c l e a ra l l ( w rbar ) , . w r i t e e n a b l e ( n sw r i t e ) , . w r i t e a d d r ( n o t e s e l e c t ) ,
. w r i t e d a t a ( p d a t a w r i t e ) , . r ead ad d r ( c u r r e n t n o t e ) , . r e a dd a t a ( p d a t a r e a d ) ) ;

w i re [ 3 1 : 0 ] v d a t a w r i t e , v d a t a r e a d ;
a s s i g n v d a t a w r i t e = {3 ’ b000 , n new , del ta new , go ing new};
a s s i g n{ n ou t , d e l t a o u t , g o i n g o u t} = v d a t a r e a d [ 2 8 : 0 ] ;

/ / w r i t e s i n varsmem whenever t a y l o r i s done . w r i t e s t o o ld ad d r es s , so c u r r e nt no te , a c t u a l l y .
l inemem varsmem ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . c l e a ra l l ( w rbar ) , . w r i t e e n a b l e ( t a y l o rd o n e ) , . w r i t e a d d r ( c u r r e n t n o t e ) ,

. w r i t e d a t a ( v d a t a w r i t e ) , . r ead ad d r ( c u r r e n t n o t e ) , . r e a dd a t a ( v d a t a r e a d ) ) ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

c u r r e n t n o t e <= 0;
p r e v i o u s n o t e <= 0;
f i n i s h e d f r a m e <= 0;
mems ready <= 0;
t a y l o r d o n e d e l a y e d <= 0;
f i n i s h e d n o t e <= 0;
f i n i s h e d s t a t e <= 0;

end
e l s e beg in

t a y l o r d o n e d e l a y e d<= t a y l o r d o n e ;
i f ( mems ready ) memsready <= 0;
/ / coun t ou t n o t es upon new f rame :
i f ( new frame ) beg in

c u r r e n t n o t e <= 0;
i f ( ( ˜ mems ready )&( ˜ w rbar ) ) memsready <= 1; / / t h i s s t a r t s o f f f i r s t n o t e .

end
e l s e i f ( t a y l o r d o n e ) beg in

p r ev i o u s n o t e<=c u r r e n t n o t e ;
f i n i s h e d n o t e <= c u r r e n t n o t e ;
f i n i s h e d s t a t e <= ˜ go ing new ;
i f ( c u r r e n t n o t e ==7) beg in

i f ( ˜ f i n i s h e d f r a m e ) f i n i s h e d f r a m e <= 1 ; / / what does t h i s do ??
end
e l s e beg in

c u r r e n t n o t e <= c u r r e n t n o t e + 1 ;
i f ( ( ˜ mems ready )&( ˜ w rbar ) ) memsready <= 1;

end
end

end
end
endmodule

�

Listing 20: Verilog file notes.v
� �

module n o t es ( c lock , r e s e t , newframe , w rbar , n s w r i t e , n o t e s e l e c t , p e r i o d i n , v e l o c i t y i n , p r es s ed i n ,
w indow ho ld pos , w indow ho ld leng th , f i n i s h e d n o t e , f i n i s h e d s t a t e , s a m p l es t a r t , samp leend ,
d a t a o u t , f r o m ac9 7 d a t a , t ay l o r d o n e , c u r r e n tn o t e , r ead yf r amep r ep , memsready , p r es s edo u t ,
p e r i o d o u t , n ou t , f rame n , f r ame n p l u s , f rame n minus , ram addr , t o ac9 7 r eco r d , nnew ,
g o i n g o u t , going new , n n u l l , s amp l e l en g t h ) ;

/ / t h i s module s imp ly co n n ec t s accumu lato r , t a y l o r , notemem , and f rameprep ( newfp ) t o g e t h e r .
i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t new frame ;
i n p u t w rbar ;
i n p u t n s w r i t e ;
i n p u t [ 2 : 0 ] n o t e s e l e c t ;
i n p u t [ 1 5 : 0 ] p e r i o d i n ;
i n p u t [ 7 : 0 ] v e l o c i t y i n ;
i n p u t p r e s s e di n ;
i n p u t [ 1 6 : 0 ] w indow ho ld pos ;
i n p u t [ 1 1 : 0 ] w i n d o w h o l d l en g t h ;
i n p u t [ 1 6 : 0 ] s a m p l e s t a r t ;
i n p u t [ 1 6 : 0 ] samp leend ;
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o u t p u t [ 1 7 : 0 ] d a t ao u t ;
i n p u t [ 1 5 : 0 ] f r o m ac9 7 d a t a ;
o u t p u t [ 1 6 : 0 ] s amp l el en g t h ;

/ / s t a r t o f debugg ing o u t p u t s :
o u t p u t t a y l o r d o n e ;
o u t p u t [ 2 : 0 ] c u r r e n t n o t e ;
o u t p u t r ead y f r amep r ep ;
o u t p u t memsready ;
o u t p u t p r e s s e do u t ;
o u t p u t [ 1 5 : 0 ] p e r i o d o u t ;
o u t p u t [ 1 6 : 0 ] n o u t ;
o u t p u t [ 1 5 : 0 ] f ramen , f r ame n p l u s , f rame n minus ;
o u t p u t [ 1 6 : 0 ] ram addr ;
o u t p u t [ 1 5 : 0 ] t o a c 9 7 r e c o r d ;
/ / new debugg ing p o r t s
o u t p u t [ 1 6 : 0 ] n new ;
o u t p u t g o i n g o u t ;
o u t p u t go ingnew ;
o u t p u t [ 1 6 : 0 ] n n u l l ;

o u t p u t [ 2 : 0 ] f i n i s h e d n o t e ;
o u t p u t f i n i s h e d s t a t e ;

w i re [ 2 : 0 ] f i n i s h e d n o t e ;
w i re f i n i s h e d s t a t e ;

w i re mems ready ;
w i re [ 1 6 : 0 ] n new ;
wi re [ 1 0 : 0 ] d e l t a n ew ;
wi re t a y l o r d o n e ;
w i re [ 1 6 : 0 ] n o u t ;
w i re [ 1 0 : 0 ] d e l t a o u t ;
w i re [ 7 : 0 ] v e l o c i t y o u t ;
w i re [ 1 5 : 0 ] p e r i o d o u t ;
w i re p r e s s e do u t ;

w i re [ 1 5 : 0 ] f rame n ;
w i re [ 1 5 : 0 ] f r ame n p l u s ;
w i re [ 1 5 : 0 ] f rame n minus ;
w i re r ead y f r amep r ep ;
w i re [ 1 5 : 0 ] t f r a m e o u t ;
/ / w i re [ 1 5 : 0 ] t o a c 9 7 r e c o r d ;

/ / make d a t ao u t e i t h e r sumframe out o r t oac9 7 r eco r d , depend ing . . .
w i re [ 1 7 : 0 ] sumf rameout ;
w i re sum done ;

a s s i g n d a t ao u t = sumf rameout ;

/ / debugg ing o u t p u t s
wi re [ 1 6 : 0 ] ram addr ;
w i re [ 1 6 : 0 ] n n u l l ;

w i re [ 1 6 : 0 ] s amp l e l en g t h ;

notemem notemem1 ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . newframe ( new frame ) , . memsready ( memsready ) ,
. w rbar ( w rbar ) , . n s w r i t e ( n s w r i t e ) , . p e r i o d i n ( p e r i o d i n ) , . v e l o c i t y i n ( v e l o c i t y i n ) ,
. p r e s s e d i n ( p r e s s e d i n ) , . n o t e s e l e c t ( n o t e s e l e c t ) , . s a m p l es t a r t ( s a m p l es t a r t ) , . samp leend ( samp leend ) ,
. w indow ho ld pos ( w indow ho ld pos ) , . w i n d o w h o l d l en g t h ( w i n d o w h o l d l en g t h ) , . n new ( n new ) ,
. d e l t a n ew ( d e l t a n ew ) , . go ingnew ( go ing new ) , . t a y l o r d o n e ( t a y l o r d o n e ) , . n o u t ( n o u t ) ,
. d e l t a o u t ( d e l t a o u t ) , . g o i n g o u t ( g o i n g o u t ) , . v e l o c i t y o u t ( v e l o c i t y o u t ) , . p e r i o d o u t ( p e r i o d o u t ) ,
. p r e s s e do u t ( p r e s s e do u t ) , . f i n i s h e d n o t e ( f i n i s h e d n o t e ) , . f i n i s h e d s t a t e ( f i n i s h e d s t a t e ) ,
. c u r r e n t n o t e ( c u r r e n t n o t e ) , . n n u l l ( n n u l l ) ) ;

newfp f rameprep1 ( c lock , r e s e t , memsready , n ou t , f rame n , f r ame n p l u s , f rame n minus , r ead yf r amep r ep ,
w rbar , new frame , f r o m ac9 7 d a t a , t o ac9 7 r eco r d , ramaddr , s amp l el en g t h ) ;

t a y l o r t a y l o r 1 ( c lock , r e s e t , p e r i o do u t , p r es s edo u t , s a m p l es t a r t , samp leend , w indow ho ld pos , w indow ho ld leng th ,
f rame n , f r ame n p l u s , f rame n minus , r ead yf r amep r ep , nou t , d e l t a o u t , g o i n g o u t , de l ta new , n new , going new ,
t f r ame o u t , t a y l o r d o n e ) ;

accu mu l a t o r accu mu l a t o r 1 ( c lock , r e s e t , newframe , t ay l o r d o n e , t f r ameo u t , sumf rameout , sum done ) ;

endmodule
�

Listing 21: Verilog file parametercontrol.v
� �

module p a r a m e t e rc o n t r o l ( c lock , r e s e t , s a m p l es t a r t c t l , s amp l e en d c t l , s u s t a i n p o s c t l ,
s u s t a i n l e n g t h c t l , ech o d ecay c t l , e c h o d e l a y c t l ,
t u n i n g c t l , s a m p l e s t a r t , samp leend , s u s t a i np o s , s u s t a i nl e n g t h ,
echo delay , echodecay , s amp l el en g t h ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t [ 1 : 0 ] s a m p l e s t a r t c t l ;
i n p u t [ 1 : 0 ] s a m p l ee n d c t l ;
i n p u t [ 1 : 0 ] s u s t a i n p o s c t l ;
i n p u t [ 1 : 0 ] s u s t a i n l e n g t h c t l ;
i n p u t [ 1 : 0 ] e c h o d e c a y c t l ;
i n p u t [ 1 : 0 ] e c h o d e l a y c t l ;
i n p u t [ 1 : 0 ] t u n i n g c t l ;
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i n p u t [ 1 6 : 0 ] s amp l e l en g t h ;
o u t p u t [ 1 6 : 0 ] s a m p l es t a r t ;
o u t p u t [ 1 6 : 0 ] samp leend ;
o u t p u t [ 1 4 : 0 ] s u s t a i np o s ;
o u t p u t [ 1 1 : 0 ] s u s t a i nl e n g t h ;
o u t p u t [ 1 0 : 0 ] ech od e l ay ;
o u t p u t [ 3 : 0 ] echo decay ;

w i re samp leend up down , s amp l een d i n c r ;
reg s amp l een d l d ;
reg [ 1 6 : 0 ] samp leend q ;

g r ey d eco d e sampleend decode ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. a ( s a m p l ee n d c t l [ 0 ] ) , . b ( s a m p l e e n d c t l [ 1 ] ) , . up down ( samp leend up down ) , . r e a d y p u l s e ( s amp l een d i n c r )

b o u n d edp a r ame t e r samp leend param ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper (20 ’ b11111111111111111 ) , . l ower ( 0 ) ,
. q ( samp le end q ) , . l d ( s amp l e en d l d ) ,
. up down ( samp leend up down ) , . i n c r ( s amp l een d i n c r ) ,
. v a l u e ( samp leend ) ) ;

defparam sampleend param . SIZEOF = 1 7 ;
defparam sampleend param . INCREMENT = 1 0 2 4 ;

w i re s amp l e s t a r t u p d o w n , s a m p l es t a r t i n c r , s a m p l e s t a r t l d ;
a s s i g n s a m p l es t a r t l d = 0 ;

g r ey d eco d e s a m p l es t a r t d e c o d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. a ( s a m p l e s t a r t c t l [ 0 ] ) , . b ( s a m p l e s t a r t c t l [ 1 ] ) , . up down ( s amp l es t a r t u p d o w n ) , . r e a d y p u l s e ( s a m p l es t a

b o u n d edp a r ame t e r s a m p l es t a r t p a r a m ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper ( samp leend ) , . l ower ( 0 ) ,
. q ( 0 ) , . l d ( s a m p l e s t a r t l d ) ,
. up down ( s amp l es t a r t u p d o w n ) , . i n c r ( s a m p l es t a r t i n c r ) ,
. v a l u e ( s a m p l es t a r t ) ) ;

defparam s a m p l es t a r t p a r a m . SIZEOF = 2 0 ;
defparam s a m p l es t a r t p a r a m . INCREMENT = 1 0 2 4 ;

w i re s u s t a i np o s u p d o w n , s u s t a i np o s i n c r , s u s t a i n p o s l d ;
a s s i g n s u s t a i np o s l d = 0 ;

g r ey d eco d e s u s t a i np o s d e c o d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. a ( s u s t a i n p o s c t l [ 0 ] ) , . b ( s u s t a i n p o s c t l [ 1 ] ) , . up down ( s u s t a i np o s u p d o w n ) , . r e a d yp u l s e ( s u s t a i np o s i n

b o u n d edp a r ame t e r s u s t a i np o s p a r am ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper (15 ’ b111111111111111 ) , . l ower ( 0 ) ,
. q ( 0 ) , . l d ( s u s t a i np o s l d ) ,
. up down ( s u s t a i np o s u p d o w n ) , . i n c r ( s u s t a i np o s i n c r ) ,
. v a l u e ( s u s t a i np o s ) ) ;

defparam s u s t a i np o s p a r am . SIZEOF = 1 5 ;
defparam s u s t a i np o s p a r am . INCREMENT = 1 ;

w i re s u s t a i n l en g t h u p d o w n , s u s t a i n l e n g t h i n c r , s u s t a i n l e n g t h l d ;
a s s i g n s u s t a i nl e n g t h l d = 0 ;

g r ey d eco d e s u s t a i nl e n g t h d e c o d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. a ( s u s t a i n l e n g t h c t l [ 0 ] ) , . b ( s u s t a i n l e n g t h c t l [ 1 ] ) , . up down ( s u s t a i nl e n g t h u p d o w n ) , . r e a d y p u l s e ( s u s t

b o u n d edp a r ame t e r s u s t a i nl e n g t h p a r a m ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper (12 ’ b111111111111 ) , . l ower ( 0 ) ,
. q ( 0 ) , . l d ( s u s t a i n l e n g t h l d ) ,
. up down ( s u s t a i nl e n g t h u p d o w n ) , . i n c r ( s u s t a i nl e n g t h i n c r ) ,
. v a l u e ( s u s t a i nl e n g t h ) ) ;

defparam s u s t a i nl e n g t h p a r a m . SIZEOF = 1 2 ;
defparam s u s t a i nl e n g t h p a r a m . INCREMENT = 1 ;

w i re echo delay up down , e c h o d e l a y i n c r , e c h o d e l a y l d ;
a s s i g n e c h od e l a y l d = 0 ;

g r ey d eco d e ech od e l ay d eco d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. a ( e c h o d e l a y c t l [ 0 ] ) , . b ( e c h o d e l a y c t l [ 1 ] ) , . up down ( echo delay up down ) , . r e a d y p u l s e ( e c h od e l a y i n c r )

b o u n d edp a r ame t e r ech od e l ay p a r am ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper ( 0 ) , . l ower ( 0 ) ,
. q ( 0 ) , . l d ( e c h o d e l a y l d ) ,
. up down ( echo delay up down ) , . i n c r ( e c h o d e l a y i n c r ) ,
. v a l u e ( ech od e l ay ) ) ;

defparam ech od e l ay p a r am . SIZEOF = 1 1 ;
defparam ech od e l ay p a r am . INCREMENT = 1 ;

w i re echo decay up down , ech o d ecay i n c r , ech o d ecay l d ;
a s s i g n ech od ecay l d = 0 ;

g r ey d eco d e ech od ecay d eco d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. a ( e c h o d e c a y c t l [ 0 ] ) , . b ( e c h o d e c a y c t l [ 1 ] ) , . up down ( echo decay up down ) , . r e a d y p u l s e ( ech o d ecay i n c r )

b o u n d edp a r ame t e r echodecay param ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper ( 0 ) , . l ower ( 0 ) ,
. q ( 0 ) , . l d ( ech o d ecay l d ) ,
. up down ( echo decay up down ) , . i n c r ( ech o d ecay i n c r ) ,
. v a l u e ( echodecay ) ) ;

defparam echodecay param . SIZEOF = 4 ;
defparam echodecay param . INCREMENT = 1 ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in
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s amp l e en d l d <= 1;
samp le end q <= 20 ’ b11111111111111111111 ;

end
e l s e beg in

s amp l e en d l d <= 0;
end

end
endmodule

�

Listing 22: Verilog file parameters.v
� �

/∗∗
∗ p a r ame t e r s Manages t h e p a r ame t e r s f o r t h e wumpus .
∗/

module p a r ame t e r s ( c lock , r e s e t ,
s amp l e l en g t h ,
s a m p l e s t a r t c t l , s a m p l e s t a r t l d , s a m p l e s t a r t q , s a m p l e s t a r t ,
s amp l e en d c t l , s amp l e en d l d , samp le end q , samp leend ,
w i n d o w h o l d p o s c t l , w indow ho ld pos ld , w indow ho ld pos q , w indow ho ld pos ,
w i n d o w h o l d l en g t h c t l , w i n d o w h o l d l en g t h l d , w i n d o w h o l d l en g t h q , w indow ho ld leng th ,
e c h o d e l a y c t l , ech o d e l ay l d , ech o d e l ay q , echo delay ,
p i t c h o f f s e t c t l , p i t c h o f f s e t l d , p i t c h o f f s e t q , p i t c h o f f s e t ) ;

i n p u t c l o ck ;
i n p u t r e s e t ;

/ / Sample l e n g t h
i n p u t [ 1 6 : 0 ] s amp l e l en g t h ;

/ / C o n t r o l s i g n a l s and o u t p u t f o r s a m p l es t a r t
/ / upper : samp leend
/ / l ower : 0
/ / i n c r emen t : 1 0 2 4
i n p u t [ 1 : 0 ] s a m p l e s t a r t c t l ;
i n p u t s a m p l e s t a r t l d ;
i n p u t [ 1 6 : 0 ] s a m p l e s t a r t q ;
o u t p u t [ 1 6 : 0 ] s a m p l es t a r t ;

/ / C o n t r o l s i g n a l s and o u t p u t f o r samp leend
/ / l ower : s a m p l e s t a r t
/ / upper : s amp l el en g t h
/ / i n c r emen t : 1 0 2 4
i n p u t [ 1 : 0 ] s a m p l ee n d c t l ;
i n p u t s amp l een d l d ;
i n p u t [ 1 6 : 0 ] samp leend q ;
o u t p u t [ 1 6 : 0 ] samp leend ;

/ / C o n t r o l s i g n a l s and o u t p u t f o r w indowho ld pos
/ / l ower : s a m p l e s t a r t
/ / upper : samp leend
/ / i n c r emen t : 1 0 2 4
i n p u t [ 1 : 0 ] w i n d o w h o l d p o s c t l ;
i n p u t w i n d o w h o l d p o s l d ;
i n p u t [ 1 6 : 0 ] w indow ho ld pos q ;
o u t p u t [ 1 6 : 0 ] w indow ho ld pos ;

/ / C o n t r o l s i g n a l s and o u t p u t f o r w i n d o wh o l d l en g t h
/ / upper : 1 2 ’ b111111111111
/ / l ower : 1 2 ’ b0
/ / i n c r emen t : 1 6
i n p u t [ 1 : 0 ] w i n d o w h o l d l e n g t h c t l ;
i n p u t w i n d o w h o l d l en g t h l d ;
i n p u t [ 1 1 : 0 ] w i n d o w h o l d l en g t h q ;
o u t p u t [ 1 1 : 0 ] w i n d o w h o l d l en g t h ;

/ / C o n t r o l s i g n a l s and o u t p u t f o r ech od e l ay
/ / l ower : 1 4 ’ b0
/ / upper : 1 4 ’ b11111111111111
/ / i n c r emen t : 1 6
i n p u t [ 1 : 0 ] e c h o d e l a y c t l ;
i n p u t e c h o d e l a y l d ;
i n p u t [ 1 3 : 0 ] ech o d e l ay q ;
o u t p u t [ 1 3 : 0 ] ech od e l ay ;

/ / C o n t r o l s i g n a l s and o u t p u t f o r p i t c ho f f s e t
/ / l ower : 0
/ / upper : 6 0
/ / i n c r emen t : 1
i n p u t [ 1 : 0 ] p i t c h o f f s e t c t l ;
i n p u t p i t c h o f f s e t l d ;
i n p u t [ 1 1 : 0 ] p i t c h o f f s e t q ;
o u t p u t [ 1 1 : 0 ] p i t c h o f f s e t ;

/ / / Sample S t a r t
w i re s a m p l e s t a r t u d ;
w i re s a m p l e s t a r t r e a d y ;
g r ey d eco d e s a m p l es t a r t d e c o d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . a ( s a m p l es t a r t c t l [ 0 ] ) , . b ( s a m p l e s t a r t c t l [ 1 ] ) ,

. up down ( s a m p l e s t a r t u d ) , . r e a d y p u l s e ( s a m p l es t a r t r e a d y ) ) ;

b o u n d edp a r ame t e r s a m p l es t a r t p a r a m ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper ( samp leend ) , . l ower (17 ’ b0 ) ,
. q ( s a m p l e s t a r t q ) , . l d ( s a m p l e s t a r t l d ) ,
. up down ( s a m p l es t a r t u d ) , . i n c r ( s a m p l es t a r t r e a d y ) ,
. v a l u e ( s a m p l es t a r t ) ) ;
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defparam s a m p l es t a r t p a r a m . SIZEOF = 1 7 ;
defparam s a m p l es t a r t p a r a m . INCREMENT = 1 0 2 4 ;

/ / / Sample End
wi re samp le end ud ;
w i re s amp l e en d r ead y ;
g r ey d eco d e sampleend decode ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . a ( s a m p l ee n d c t l [ 0 ] ) , . b ( s a m p l e e n d c t l [ 1 ] ) ,

. up down ( samp leend ud ) , . r e a d y p u l s e ( s amp l een d r ead y ) ) ;

b o u n d edp a r ame t e r samp leend param ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper ( s amp l el en g t h ) , . l ower ( s a m p l es t a r t ) ,
. q ( samp le end q ) , . l d ( s amp l e en d l d ) ,
. up down ( samp leend ud ) , . i n c r ( s amp l een d r ead y ) ,
. v a l u e ( samp leend ) ) ;

defparam sampleend param . SIZEOF = 1 7 ;
defparam sampleend param . INCREMENT = 1 0 2 4 ;

/ / / S u s t a i n P o s i t i o n
wi re window ho ld pos ud ;
w i re window ho ld pos ready ;
g r ey d eco d e windowho ld pos decode ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . a ( w i n d o wh o l d p o s c t l [ 0 ] ) , . b ( w i n d o w h o l d p o s c t l [ 1 ] ) ,

. up down ( window ho ld pos ud ) , . r e a d y p u l s e ( w indow ho ld pos ready ) ) ;

b o u n d edp a r ame t e r w indowho ld pos param ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper ( samp leend − 10) , . l ower ( s a m p l es t a r t + 1 0 ) ,
. q ( w indow ho ld pos q ) , . l d ( w i n d o w h o l d p o s l d ) ,
. up down ( window ho ld pos ud ) , . i n c r ( w indow ho ld pos ready ) ,
. v a l u e ( w indow ho ld pos ) ) ;

defparam windowho ld pos param . SIZEOF = 1 7 ;
defparam windowho ld pos param . INCREMENT = 1 0 2 4 ;

/ / / S u s t a i n Leng th
wi re w i n d o w h o l d l en g t h u d ;
w i re w i n d o w h o l d l en g t h r ead y ;
g r ey d eco d e w i n d o wh o l d l en g t h d eco d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . a ( w i n d o wh o l d l e n g t h c t l [ 0 ] ) , . b ( w i n d o w h o l d l e n g t h c t l [ 1 ] ) ,

. up down ( w i n d o w h o l d l en g t h u d ) , . r e a d y p u l s e ( w i n d o w h o l d l en g t h r ead y ) ) ;

b o u n d edp a r ame t e r w i n d o wh o l d l en g t h p a r am ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper (12 ’ b111111111111 ) , . l ower (12 ’ b0 ) ,
. q ( w i n d o w h o l d l en g t h q ) , . l d ( w i n d o w h o l d l en g t h l d ) ,
. up down ( w i n d o w h o l d l en g t h u d ) , . i n c r ( w i n d o w h o l d l en g t h r ead y ) ,
. v a l u e ( w i n d o w h o l d l en g t h ) ) ;

defparam w i n d o wh o l d l en g t h p a r am . SIZEOF = 1 2 ;
defparam w i n d o wh o l d l en g t h p a r am .INCREMENT = 1 6 ;

w i re ech o d e l ay u d ;
w i re ech o d e l ay r ead y ;
g r ey d eco d e ech od e l ay d eco d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . a ( e c h od e l a y c t l [ 0 ] ) , . b ( e c h o d e l a y c t l [ 1 ] ) ,

. up down ( ech o d e l ay u d ) , . r e a d y p u l s e ( ech o d e l ay r ead y ) ) ;

b o u n d edp a r ame t e r ech od e l ay p a r am ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper (13 ’ b1111111111111 ) , . l ower (12 ’ b0 ) ,
. q ( ech o d e l ay q ) , . l d ( e c h o d e l a y l d ) ,
. up down ( ech o d e l ay u d ) , . i n c r ( ech o d e l ay r ead y ) ,
. v a l u e ( ech od e l ay ) ) ;

defparam ech od e l ay p a r am . SIZEOF = 1 4 ;
defparam ech od e l ay p a r am . INCREMENT = 1 6 ;

w i re p i t c h o f f s e t u d ;
w i re p i t c h o f f s e t r e a d y ;
g r ey d eco d e p i t c h o f f s e t d e c o d e ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) , . a ( p i t c ho f f s e t c t l [ 0 ] ) , . b ( p i t c h o f f s e t c t l [ 1 ] ) ,

. up down ( p i t c h o f f s e t u d ) , . r e a d y p u l s e ( p i t c h o f f s e t r e a d y ) ) ;

b o u n d edp a r ame t e r p i t c ho f f s e t p a r a m ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,
. upper (6 ’ d59 ) , . l ower (6 ’ d0 ) ,
. q ( p i t c h o f f s e t q ) , . l d ( p i t c h o f f s e t l d ) ,
. up down ( p i t c h o f f s e t u d ) , . i n c r ( p i t c h o f f s e t r e a d y ) ,
. v a l u e ( p i t c h o f f s e t ) ) ;

defparam p i t c h o f f s e t p a r a m . SIZEOF = 6 ;
defparam p i t c h o f f s e t p a r a m . INCREMENT = 1 ;

endmodule
�

Listing 23: Verilog file serial fsm.v
� �

/∗∗
∗ s e r i a l f s m − Asynchronous 8 b i t s e r i a l r e c e i v e r , 1 s t a r t b i t , one s t o p b i t.
∗ C u r r e n t l y d es i g n ed f o r 3 1 2 5 0 baud r a t e on a 2 7MHz c l o ck .
∗ TODO− Make baud r a t e and c l o ck r a t e p a r ame t e r i zed .
∗ @author mmt
∗
∗ @input c l o ck System c l o ck .
∗ @input r e s e t Syncronous r e s e t o f FSM.
∗ @input rx I n p u t w i re wi th s e r i a l s i g n a l .
∗
∗ @output [ 7 : 0 ] b y t e S e r i a l word coming ou t .
∗ @output r e a d yp u l s e S i n g l e c l o ck cy c l e p u l s e i n d i c a t i n g new o u t p u t b y t e .
∗
∗ @debug r ead High t h e cy c l e a f t e r t h e r e c e i v e r r ead s from t h e rx l i n e .
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∗ @debug co u n t e r Coun ter o u t p u t from d e l ay module i n s t a n c e .
∗ @debug [ 3 : 0 ] b i t Which b i t i n t h e b y t e t h e r e c e i v e r i s w r i t i n gt o .
∗ @debug [ 1 : 0 ] s t a t e The s t a t e o f t h e FSM.
∗
∗/

module s e r i a l f s m ( c lock , r e s e t , rx , by te , r ead yp u l s e , read ,
b i t , s t a t e , co u n t e r , s t a t ec h a n g e ) ;

p a r ame t e r BAUDRATE = 3 1 2 5 0 ;
p a r ame t e r CLOCKRATE = 4 0 5 0 0 0 0 0 ;
p a r ame t e r BAUDRATE SIZEOF = 1 5 ;
p a r ame t e r CLOCKRATE SIZEOF = 2 6 ;

i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t rx ;
o u t p u t [ 7 : 0 ] b y t e ;
o u t p u t r e a d yp u l s e ;
o u t p u t r ead ;
o u t p u t [ 9 : 0 ] co u n t e r ;
o u t p u t s t a t e c h a n g e ;

o u t p u t [ 3 : 0 ] b i t ;
o u t p u t [ 1 : 0 ] s t a t e ;

reg s t a t e c h a n g e ;

/ / Four s t a t e s o f t h e FSM
/ / WAIT and READ a c t u a l l y 8 s e p a r a t e s t a t e s , one f o r each v a l ue o f b i t .
p a r ame t e r STOPPED = 0 ; / / Wai t i ng f o r a s t o p b i t
p a r ame t e r WAIT = 1 ; / / Wai t f o r one baud p e r i o d
p a r ame t e r READ = 2 ; / / Read a b i t f rom t h e rx l i n e
p a r ame t e r READY = 3 ; / / Completed r ead i n g a s e r i a l word

reg [ 1 : 0 ] s t a t e ; / / 2 b i t s t o s t o r e t h e above s t a t e s
reg [ 1 : 0 ] o l d s t a t e ; / / s t a t e from p r ev i o u s cy c l e

reg s h o r t ;
reg [ 3 : 0 ] b i t ; / / t h e b i t o f t h e s e r i a l word , 4 b i t s wide t o i n c lu d e s t a r t and s t o p b i t

reg r e a d y p u l s e ;
w i re r ead ;

reg [ 9 : 0 ] word ; / / t h e f u l l s e r i a l l i n e o u t p u t i n c l u d i n g s t a rt and s t o p b i t
w i re [ 7 : 0 ] b y t e ;
a s s i g n b y t e [ 7 : 0 ] = word [ 9 : 1 ] ; / / w i re on ly t h e a c t u a l l y s e r ia l message t o t h e o u t p u t

w i re w a i t r e s e t ;
reg w a i t d i s a b l e ;

a s s i g n w a i t r e s e t = r e s e t | w a i t d i s a b l e ; / / r e s e t t h e d e l ay c i r c u i t on

wi re [ 9 : 0 ] co u n t e r ;
/ / G en e r a t es a p u l s e on r ead every Baud Per iod , o r h a l f t h a t i fs h o r t i s h igh
/ / S h o r t i s h igh on ly when r ead i n g t h e s t a r t b i t i n t o word , t o pl ace t h e samp le t i mes i n t h e c e n t e r o f d a t a on t h e rx l i n e .
d e l ay d e l a y c i r c u i t ( . c l o ck ( c l o ck ) , . r e s e t ( w a i tr e s e t ) , . p u l s e ( r ead ) , . s h o r t ( s h o r t ) , . co u n t e r ( co u n t e r )) ;

defparam d e l a yc i r c u i t . DELAY1 COUNT = CLOCKRATE / BAUD RATE / 2 ;
defparam d e l a yc i r c u i t . DELAY2 COUNT = CLOCKRATE / BAUD RATE;
defparam d e l a yc i r c u i t . COUNT SIZEOF = CLOCKRATE SIZEOF − BAUD RATE SIZEOF ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

s t a t e <= STOPPED ; / / s t a t e i s s t o p p ed
s t a t e c h a n g e <= 1; / / f o r c e s t a t e o u t p u t s
/ / o t h e r i n i t i a l v a l u es
s h o r t <= 1;
word <= 0;
b i t <= 0;
w a i t d i s a b l e <= 1;
r e a d y p u l s e <= 0;

end
e l s e beg in

cas e ( s t a t e )
STOPPED :

i f ( ˜ rx ) / / s t a r t b i t ! g e t go ing
s t a t e <= WAIT ;

WAIT :
i f ( r ead ) / / d e l ay c i r c u i t i n d i c a t e s a baud coun t has gone by

s t a t e <= READ;
READ:

i f ( b i t >= 9 ) / / s t o p b i t has been r each ed
s t a t e <= READY ; / / o u t p u t i s ready

e l s e
s t a t e <= WAIT ; / / w a i t t o r ead t h e n ex t b i t

READY:
s t a t e <= STOPPED ; / / f u l l c y c l e comp lete

endcase

i f ( s t a t e ! = o l d s t a t e ) / / i f t h e s t a t e has changed s i n c e t h e l a s t c l o ck cy c l e
/ / i t s wor th n o t i n g t h i s adds a d e l ay o f a c l o ck cy c l e f o r t h e
/ / change o f t h e s t a t e t o be n o t i ced , bu t such t i m i n g i n e f f i c ie n c i e s a r e no t
/ / much o f a co n ces s i o n a t s e r i a l baud r a t e s .

cas e ( s t a t e )
STOPPED : beg in

s h o r t <= 1;
b i t <= 0;
w a i t d i s a b l e <= 1;
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r e a d y p u l s e <= 0;
end
WAIT :

w a i t d i s a b l e <= 0;

READ : beg in
b i t <= b i t + 1 ;
word [ b i t ] <= rx ;
w a i t d i s a b l e <= 1;
s h o r t <= 0;

end
READY:

r e a d y p u l s e <= 1;
endcase
o l d s t a t e [1 :0 ] <= s t a t e [ 1 : 0 ] ;
end / / end i f ( ˜ r e s e t )
end

endmodule
�

Listing 24: Verilog file synchronize.v
� �

/ / p u l s e s y n ch r o n i ze r
module s y n ch r o n i ze ( c l k , in , ou t ) ;

p a r ame t e r WIDTH=1;
p a r ame t e r NSYNC = 2 ; / / number o f sync f l o p s . must be>= 2
i n p u t c l k ;
i n p u t [ WIDTH−1:0] i n ;
o u t p u t [ WIDTH−1:0] ou t ;

reg [ ( WIDTH−1)∗(NSYNC−2):0] sync ;
reg [ WIDTH−1:0] ou t ;

a lways @ ( posedge c l k )
beg in

{out , sync} <= {sync [NSYNC−2:0] , i n};
end

endmodule
�

Listing 25: Verilog file taylor.v
� �

module t a y l o r ( c lock , r e s e t , p e r i o do u t , p r es s edo u t , s a m p l es t a r t , samp leend , w indow ho ld pos , w indow ho ld leng th ,
f rame n , f r ame n p l u s , f rame n minus , r ead yf r amep r ep , nou t , d e l t a o u t , g o i n g o u t , de l ta new , n new , going new ,
t f r ame o u t , t a y l o r d o n e ) ;

/ / NOTE t h i s has been f o r ma t t ed t o f i t your page . Normal ly my in d e n t s don ’ t go inward l i k e t h i s .
i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t [ 1 5 : 0 ] p e r i o d o u t ; / / t h e p e r i o d o f t h e sample , w i th t h e 5 MSB being i n t e g e r .
i n p u t p r e s s e do u t ;

i n p u t [ 1 6 : 0 ] s a m p l e s t a r t ; / / s t a r t o f samp le read−o f f f rom c o n t r o l l e r
i n p u t [ 1 6 : 0 ] samp leend ; / / end o f samp le read−o f f f rom c o n t r o l l e r
i n p u t [ 1 6 : 0 ] w indow ho ld pos ; / / p o s i t i o n o f t h e window / vowel hold , f rom c o n t r o l l e r
i n p u t [ 1 1 : 0 ] w i n d o w h o l d l en g t h ; / / l e n g t h o f t h e window / vowel hold , f rom c o n t r o l l e r

i n p u t s i g n ed [ 1 5 : 0 ] f ramen ; / / f rame a t c u r r e n t n
i n p u t s i g n ed [ 1 5 : 0 ] f r amen p l u s ; / / f rame a t n ex t n
i n p u t s i g n ed [ 1 5 : 0 ] f ramen minus ; / / f rame a t p r ev i o u s n
i n p u t r ead y f r amep r ep ;

i n p u t [ 1 6 : 0 ] n o u t ; / / c u r r e n t ad d r es s .
i n p u t [ 1 0 : 0 ] d e l t a o u t ; / / c u r r e n t o f f s e t t o v i r t u a l f rame we ar e c r e a t i n g .
i n p u t g o i n g o u t ; / / o u t p u t f rom t h e v a r i a b l e ram t o d e t e r m i n e i f t h e

/ / n o t e i s ’ going ’ ( r u n n i n g )

o u t p u t [ 1 0 : 0 ] d e l t an ew ; / / new o f f s e t t o be g iven t o notemem
o u t p u t [ 1 6 : 0 ] n new ; / / new ad d r es s t o be g iven t o notemem
o u t p u t go ingnew ; / / new d e t e r m i n a t i o n i f n o t e i s go ing . t u r n s t o 0 i f n o t e has

/ / r each ed end , 1 i f p r e s s e do u t ==1 & n o u t i s s a m p l e s t a r t

o u t p u t s i g n ed [ 1 5 : 0 ] t f r a m eo u t ; / / o u t p u t f rame
o u t p u t t a y l o r d o n e ; / / t h e t a y l o r s e r i e s i s done comput ing a no te−f rame .

/ / ( s i g n a l s accu mu l a t o r and notemem )

reg [ 1 6 : 0 ] n new ;
reg [ 1 0 : 0 ] d e l t a n ew ;
reg [ 1 5 : 0 ] t f r a m e o u t ;
reg t a y l o r d o n e ;
reg go ing new ;

a lways @ ( posedge c l o ck ) beg in
i f ( r e s e t ) beg in

n new <= 0;
d e l t a n ew <= 0;
t f r a m e o u t <= 0;
t a y l o r d o n e <= 0;
go ing new <= 0;

end
e l s e beg in

i f ( r ead y f r amep r ep ) beg in
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i f ( p r e s s e d o u t ) beg in
i f ( g o i n g o u t ) beg in / / l oop

i f ( n ou t<window ho ld pos ) beg in
n new <= n o u t + ( ( d e l t a o u t + p e r i o d o u t )>>11);
go ing new <= 1;

end
e l s e i f ( n ou t>samp le end ) beg in

n new <= s a m p l e s t a r t ;
go ing new <= 0;

end
e l s e beg in

n new <= n o u t − w i n d o w h o l d l en g t h ;
go ing new <= 1;

end
d e l t a n ew <= d e l t a o u t + p e r i o d o u t ;
t a y l o r d o n e <= 1;
t f r a m e o u t <= f rame n + ( ( ( f rame n minus−f rame n )∗ d e l t a o u t )>>11);

end
e l s e beg in / / s t a r t i n g ou t ( p r es s ed bu t no t y e t go ing )

go ing new <= 1;
n new <= s a m p l e s t a r t ; / / n o u t + ( ( d e l t a o u t + p e r i o d o u t )>>11);// s a m p l e s t a r t ;
d e l t a n ew <= d e l t a o u t + p e r i o d o u t ;
t a y l o r d o n e <= 1;
t f r a m e o u t <= f rame n + ( ( ( f rame n minus−f rame n )∗ d e l t a o u t )>>11);

end
end
e l s e beg in / / no l o n g e r p r es s ed

i f ( g o i n g o u t ) beg in / / f i n i s h
i f ( n ou t<samp le end ) beg in

n new <= n o u t + ( ( d e l t a o u t + p e r i o d o u t )>>11);
go ing new <= 1;

end
e l s e beg in

n new <= s a m p l e s t a r t ;
go ing new <= 0;

end
d e l t a n ew <= d e l t a o u t + p e r i o d o u t ;
t a y l o r d o n e <= 1;
t f r a m e o u t <= f rame n + ( ( ( f rame n minus−f rame n )∗ d e l t a o u t )>>11);

end
e l s e beg in / / no t going , no t p r es s ed . Reset v a l u es .

go ing new <= 0;
n new <= s a m p l e s t a r t ;
d e l t a n ew <= 0;
t a y l o r d o n e <= 1;
t f r a m e o u t <= 0;

end
end

end
e l s e i f ( t a y l o r d o n e ) t a y l o r d o n e <= 0;

end
end
endmodule

�

Listing 26: Verilog file visualizer.v
� �

/∗∗
∗ V i s u a l i z e r
∗ I n c l u d e v i s u a l i z e r r e c t a n g l e and wavefo rmbackground and k ey b o a r db i t map a t t h e bo t tom .
∗
∗ G en er a t es a 800 x600 p i x e l s t r eam based on t h e i n d ex es p r o v i ded by hcoun t and vcoun t .
∗/

module v i s u a l i z e r ( c lock , r e s e t ,
hcoun t , vcoun t , hsync , vsync , b lank ,
vhsync , vvsync , vb lank , p i x e l ,
s a m p l e s t a r t , samp leend , w indow ho ld pos , echo delay , w indow ho ld leng th , p i t c h o f f s e t ,
s amp l e l en g t h ,
record , aud io , newframe ,

w f s t a t e ) ;
i n p u t [ 1 6 : 0 ] s a m p l e s t a r t ;
i n p u t [ 1 6 : 0 ] samp leend ;
i n p u t [ 1 6 : 0 ] s amp l e l en g t h ;
i n p u t [ 1 6 : 0 ] w indow ho ld pos ;
i n p u t [ 1 3 : 0 ] ech o d e l ay ;
i n p u t [ 1 1 : 0 ] w i n d o w h o l d l en g t h ;
i n p u t [ 5 : 0 ] p i t c h o f f s e t ;

p a r ame t e r SCREENWIDTH = 8 0 0 ;
p a r ame t e r SCREENHEIGHT = 6 0 0 ;

i n p u t c l o ck ; / / 4 0 MHz c l o ck
i n p u t r e s e t ; / / 1 t o i n i t i a l i z e module
i n p u t [ 1 0 : 0 ] hcoun t ; / / h o r i z o n t a l i ndex o f c u r r e n t p i x e l ( 0. . 1 0 2 3 )
i n p u t [ 9 : 0 ] vcoun t ; / / v e r t i c a l i ndex o f c u r r e n t p i x e l ( 0 . . 76 7 )
i n p u t hsync ; / / XVGA h o r i z o n t a l sync s i g n a l ( a c t i v e low )
i n p u t vsync ; / / XVGA v e r t i c a l sync s i g n a l ( a c t i v e low )
i n p u t b lank ; / / XVGA b l an k i n g ( 1 means o u t p u t b l ack p i x e l )
i n p u t [ 1 5 : 0 ] aud io ; / / i ncoming aud io d a t a
i n p u t r eco r d ; / / sys tem i s r e c o r d i n g
i n p u t new frame ; / / new aud io f rame a v a i l a b l e p u l s e

o u t p u t vhsync ;
o u t p u t vvsync ;
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o u t p u t vb lank ;
o u t p u t [ 2 : 0 ] p i x e l ;

o u t p u t [ 1 : 0 ] w f s t a t e ;

reg [ 2 : 0 ] p i x e l ;

a s s i g n vhsync = hsync ;
a s s i g n vvsync = vsync ;
a s s i g n vb lank = b lank ;

/ / C a l c u l a t e Screen p o s i t i o n s from p ar ame t e r s
reg [ 9 : 0 ] s a m p l e s t a r t x ;

reg [ 9 : 0 ] samp leend x ;

reg [ 9 : 0 ] w indow ho ld pos x ;

reg [ 9 : 0 ] w i n d o w h o l d l en g t h x ;
reg [ 9 : 0 ] ech o d e l ay x ;
reg [ 9 : 0 ] s amp l e l en g t h x ;

/∗
∗ Screen Layou t :
∗ 10 p i x e l t op marg in
∗ 100 p i x e l l e f t marg in t o t e x t
∗ Tex t l e f t a l i g n e d
∗ 188 p i x e l l e f t marg in t o v i s u a l i z e r
∗ 300 top marg in t o keyboard
∗/

/ / / / / / / /
/ / Tex t Elements
/ / / / / / / /
w i re [ 2 : 0 ] s t p i x e l ;
c h a r s t r i n g d i s p l a y s t a r t t e x t ( . v c l o ck ( c l o ck ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ), . p i x e l ( s t p i x e l ) , . c s t r i n g ( ” S t a r t ” ) ,

. cx (11 ’ d100 ) , . cy (10 ’ d20 ) ) ;
defparam s t a r t t e x t .NCHAR = 5 ;
defparam s t a r t t e x t . NCHAR BITS = 3 ;
defparam s t a r t t e x t .COLOR = 3 ’ b010 ;

w i re [ 2 : 0 ] s p t p i x e l ;
c h a r s t r i n g d i s p l a y s u s t a i n t e x t ( . v c l o ck ( c l o ck ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ), . p i x e l ( s p t p i x e l ) , . c s t r i n g ( ” S u s t a i n ” ) ,

. cx (11 ’ d100 ) , . cy (10 ’ d168 ) ) ;

defparam s u s t a i nt e x t .NCHAR = 7 ;
defparam s u s t a i nt e x t . NCHAR BITS = 3 ;
defparam s u s t a i nt e x t .COLOR = 3 ’ b001 ;

w i re [ 2 : 0 ] e t p i x e l ;
c h a r s t r i n g d i s p l a y e n d t e x t ( . v c l o ck ( c l o ck ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ), . p i x e l ( e t p i x e l ) , . c s t r i n g ( ” End ” ) ,

. cx (11 ’ d100 ) , . cy (10 ’ d180 ) ) ;
defparam e n dt e x t .NCHAR = 3 ;
defparam e n dt e x t . NCHARBITS = 2 ;
defparam e n dt e x t .COLOR = 3 ’ b100 ;

w i re [ 2 : 0 ] e c t p i x e l ;
c h a r s t r i n g d i s p l a y e c h o t e x t ( . v c l o ck ( c l o ck ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ), . p i x e l ( e c t p i x e l ) , . c s t r i n g ( ” Echo S t a r t ” ) ,

. cx (11 ’ d100 ) , . cy (10 ’ d192 ) ) ;

defparam e c h ot e x t .NCHAR = 1 0 ;
defparam e c h ot e x t . NCHAR BITS = 4 ;
defparam e c h ot e x t .COLOR = 3 ’ b101 ;

w i re [ 2 : 0 ] t t p i x e l ;
c h a r s t r i n g d i s p l a y t u n e t e x t ( . v c l o ck ( c l o ck ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ), . p i x e l ( t t p i x e l ) , . c s t r i n g ( ” Tune ” ) ,

. cx (11 ’ d10 ) , . cy (10 ’ d380 ) ) ;

defparam t u n et e x t .NCHAR = 4 ;
defparam t u n et e x t . NCHAR BITS = 3 ;
defparam t u n et e x t .COLOR = 3 ’ b010 ;

/ / / / / / / /
/ / Waveform
/ / / / / / / /

w i re [ 2 : 0 ] w f b g p i x e l ;
wavefo rm background mywaveform background ( . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i x e l ( wf b g p i x e l ) , . s a m p l e s t a r t x ( s a m p l e s t a r t x +1 0 ) , . samp leend x ( samp le end x ) ) ;
defparam mywaveform background . HEIGHT=128 ;
defparam mywaveform background .WIDTH=512;
defparam mywaveform background .X = 1 8 8 ;
defparam mywaveform background .Y = 4 0 ;

w i re [ 2 : 0 ] w f p i x e l ;
wavefo rm graph ic waveformg ( . c l o ck ( c l o ck ) , . r e s e t ( r e s e t ) ,

. aud io ( aud io [ 1 5 : 0 ] ) ,

. r eco r d ( r eco r d ) ,

. new frame ( new frame ) ,

. hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) ,

. p i x e l ( w f p i x e l ) ,

. s amp l e l en g t h x ( s amp l e l en g t h x ) ) ;
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defparam waveformg . X POSITION = 1 8 8 ;
defparam waveformg . Y POSITION = 4 0 ;

/ / / / / / / /
/ / Keyboard Element
/ / / / / / / /
w i re [ 2 : 0 ] k b b g p i x e l ;
v i s u a l i z e r r e c t a n g l e keyboardbg ( . x (11 ’ d750 ) , . y (10 ’ d300 ) , . hcoun t ( hcoun t ) , . vcoun t (vcoun t ) , . p i x e l ( k b b g p i x e l ) ) ;
defparam keyboardbg . HEIGHT=80;
defparam keyboardbg .WIDTH=2;
defparam keyboardbg .COLOR =3 ’ b111 ;

w i re [ 2 : 0 ] k ey b o a r d p i x e l ;
k ey b o a r d b i t map keyboard ( . c l o ck ( c l o ck ) , . x (11 ’ d50 ) , . y (10 ’ d300 ), . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i x e l ( k ey b o a r dp i x e l ) ) ;

/ / / / / / / /
/ / V e r t i c a l Bar Elements
/ / / / / / / /

/ / peaks above t h e g r ap h i c
w i re [ 2 : 0 ] s b p i x e l ;
v i s u a l i z e r r e c t a n g l e s t a r tb a r ( . x ( s a m p l es t a r t x ) , . y (10 ’ d30 ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i x el ( s b p i x e l ) ) ;
defparam s t a r tb a r . HEIGHT=138 ;
defparam s t a r tb a r .WIDTH=10;
defparam s t a r tb a r .COLOR=3 ’ b010 ;

/ / peaks below t h e g r ap h i c
w i re [ 2 : 0 ] e b p i x e l ;
v i s u a l i z e r r e c t a n g l e en db a r ( . x ( samp leend x ) , . y (10 ’ d40 ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i x el ( e b p i x e l ) ) ;
defparam en db a r . HEIGHT=150 ;
defparam en db a r .WIDTH=10;
defparam en db a r .COLOR=3 ’ b100 ;

w i re [ 2 : 0 ] s p b p i x e l ;
v i s u a l i z e r r e c t a n g l e w i n d o wh o l d p o s b a r ( . x ( w indow ho ld pos x ) , . y (10 ’ d168 ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i xe l ( s p b p i x e l ) ) ;
defparam w i n d o wh o l d p o s b a r . HEIGHT=10;
defparam w i n d o wh o l d p o s b a r .WIDTH=10;
defparam w i n d o wh o l d p o s b a r .COLOR=3 ’ b001 ;

w i re [ 2 : 0 ] s l b p i x e l ;
v i s u a l i z e r r e c t a n g l e w i n d o wh o l d l en g t h b a r ( . x ( w i n d o w h o l d l en g t h x ) , . y (10 ’ d168 ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i xe l ( s l b p i x e l ) ) ;
defparam w i n d o wh o l d l en g t h b a r . HEIGHT=10;
defparam w i n d o wh o l d l en g t h b a r .WIDTH=10;
defparam w i n d o wh o l d l en g t h b a r .COLOR=3 ’ b010 ;

w i re [ 2 : 0 ] e c b p i x e l ;
v i s u a l i z e r r e c t a n g l e ech ob a r ( . x ( ech o d e l ay x ) , . y (10 ’ d192 ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i xe l ( e c b p i x e l ) ) ;
defparam ech ob a r . HEIGHT=10;
defparam ech ob a r .WIDTH=10;
defparam ech ob a r .COLOR=3 ’ b101 ;

/ / Th i s lookup t a b l e maps t h e p i t c h o f f s e t t o t h e p i x e l o f t h e key i t r e p r e s e n t s .
w i re [ 1 0 : 0 ] t u n e b a r x ;
k e y b o a r d k e y p i x e l l u t t u n e p o s i t i o n ( . c l k ( c l o ck ) , . addr ( p i t c ho f f s e t ) , . dou t ( t u n eb a r x ) ) ;

w i re [ 2 : 0 ] t b p i x e l ;
v i s u a l i z e r r e c t a n g l e t u n eb a r ( . x (11 ’ d45 + t u n eb a r x ) , . y (10 ’ d381 ) , . hcoun t ( hcoun t ) , . vcoun t ( vcoun t ) , . p i xe l ( t b p i x e l ) ) ;
defparam t u n eb a r . HEIGHT=10;
defparam t u n eb a r .WIDTH=10;
defparam t u n eb a r .COLOR=3 ’ b010 ;

a lways @ ( posedge c l o ck ) beg in

/ / t r a n s l a t e a l l fo t h e incoming p a r ame t e r s i n t o t h e i r p i x e le q u i v a l e n t s .
s a m p l e s t a r t x <= ( s a m p l e s t a r t>>8) + 178;
samp le end x <= ( samp le end>>8) + 188;
w indow ho ld pos x <= ( window ho ld pos>>8) + 183;
w i n d o w h o l d l en g t h x <= ( window ho ld pos> >8) + 183 + ( window ho ld leng th>>8);
ech o d e l ay x <= ( echo delay>>8) + ( s a m p l e s t a r t>>8) + 183;
s amp l e l en g t h x <= ( s amp l e l en g t h>>8);

/ / b i t w i s e or a l l t h e elements , ex cep t f o r t h e waveform background , which p r o v i d es c o l o r t o t h e shape
/ / o f t h e w f p i x e l
p i x e l <= (( w f b g p i x e l & w f p i x e l ) | k ey b o a r d p i x e l | k b b g p i x e l |

t b p i x e l | e c b p i x e l | s b p i x e l | e b p i x e l | s p b p i x e l | s l b p i x e l |
t t p i x e l | e c t p i x e l | s t p i x e l | e t p i x e l | s p t p i x e l ) ;

end

endmodule

/∗∗
∗ v i s u a l i z e r r e c t a n g l e
∗ Outpu ts a r e c t a n g l e on t h e s c r een a t t h e l o c a t i o n p r o v i d ed byx , y as a p i x e l s t r eam indexed by hcoun t vcoun t
∗/

module v i s u a l i z e r r e c t a n g l e ( x , y , hcoun t , vcoun t , p i x e l ) ;
p a r ame t e r HEIGHT = 6 4 ; / / t h e h e i g h t
p a r ame t e r WIDTH = 6 4 ; / / t h e wid th
p a r ame t e r COLOR = 3 ’ b111 ; / / t h e c o l o r

i n p u t [ 1 0 : 0 ] x , hcoun t ;
i n p u t [ 9 : 0 ] y , vcoun t ;
o u t p u t [ 2 : 0 ] p i x e l ;

reg [ 2 : 0 ] p i x e l ;
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always @ ( x or y or vcoun t o r hcoun t ) beg in
i f ( ( hcoun t >= x && hcoun t < (x+WIDTH)) &&

( vcoun t >= y && vcoun t < (y+HEIGHT ) ) )
p i x e l = COLOR;

e l s e p i x e l = 0 ; / / b l ack o u t s i d e
end

endmodule

/∗∗
∗ Generate a c o l o r coded r e c t a n g l e based on t h e s t a r t and end o ft h e samp le .
∗/

module wavefo rmbackground ( hcoun t , vcoun t , s a m p l es t a r t x , samp le end x , p i x e l ) ;
/ / P a r ame t e r i zed p o s i t i o n and d imens ions on t h e s c r een
p a r ame t e r HEIGHT = 1 2 8 ;
p a r ame t e r WIDTH = 5 1 2 ;

p a r ame t e r X = 0 ;
p a r ame t e r Y = 0 ;

i n p u t [ 1 0 : 0 ] s a m p l es t a r t x , samp le end x , hcoun t ;
i n p u t [ 9 : 0 ] vcoun t ;
o u t p u t [ 2 : 0 ] p i x e l ;

reg [ 2 : 0 ] p i x e l ;

a lways @ ( s a m p l es t a r t x o r samp le end x or vcoun t o r hcoun t ) beg in
i f ( ( hcoun t >= X && hcoun t < (X+WIDTH)) &&

( vcoun t >= Y && vcoun t < (Y+HEIGHT ) ) )
/ / I f we ’ r e l e f t o f t h e s t a r t p i x e l , be green , r i g h t o f t h e s t o pp i x e l be red , e l s e b l ack

p i x e l = ( hcoun t < s a m p l e s t a r t x ) ? 3 ’ b010 : ( ( hcoun t> samp le end x ) ? 3 ’ b100 : 3 ’ b111 ) ;
e l s e p i x e l = 0 ;

end

endmodule

/∗∗
∗ k ey b o a r d b i t map − Outpu ts t h e p i x e l s t r eam of a keyboard image .
∗/

module k ey b o a r db i t map ( c lock , x , y , hcoun t , vcoun t , p i x e l ) ;
p a r ame t e r HEIGHT = 8 0 ;
p a r ame t e r WIDTH = 7 0 0 ;
i n p u t c l o ck ;

i n p u t [ 1 0 : 0 ] x , hcoun t ;
i n p u t [ 9 : 0 ] y , vcoun t ;
o u t p u t [ 2 : 0 ] p i x e l ;

reg [ 2 : 0 ] p i x e l ;

reg [ 1 0 : 0 ] o l d h co u n t ;
reg [ 9 : 0 ] o l d v co u n t ;

reg [ 1 5 : 0 ] addr ;
w i re [ 7 : 0 ] dou t ;

k e y b o a r d s p r i t e s p r i t e ( . c l k ( c l o ck ) , . addr ( addr ) , . dou t ( dou t ) ) ;
a lways @ ( posedge c l o ck ) beg in

i f ( hcoun t ! = o l d h co u n t | | vcoun t ! = o l d v co u n t ) beg in
i f ( hcoun t + 3 = = x && vcoun t == y ) / / r e s e t t h e ad d r es s when we g et t o top l e f t

addr <= 1;
e l s e i f ( hcoun t + 1 >= x && hcoun t + 1 < x + WIDTH && vcoun t >= y && vcoun t <= y + HEIGHT ) beg in

addr <= addr + 1 ; / / each v a l i d p o s i t i o n we i n c r emen t t h e ad d r es s
p i x e l <= dou t [ 2 : 0 ] ;

end
e l s e

p i x e l <= 0;
end
o l d h co u n t <= hcoun t ;
o l d v co u n t <= vcoun t ;

end
endmodule

�

Listing 27: Verilog file waveformgraphic.v
� �

/∗∗
∗ wavefo rm graph ic − g e n e r a t e a p i x e l s t r eam v i s u a l i z a t i o n o f an aud io samp le .
∗
∗ @parameter HEIGHT The h e i g h t o f t h e v i s u a l i z a t i o n
∗ @parameter WIDTH The wid th o f t h e v i s u a l i z a t i o n
∗ @parameter XPOSITION The h o r i z o n t a l p o s i t i o n o f t h e g r ap h i c on t h e s c r een .
∗ @parameter YPOSITION The v e r t i c a l p o s i t i o n o f t h e g r ap h i c on t h e s c r een .
∗
∗ @input c l o ck The v ideo c l o ck .
∗ @input r e s e t A syncronous r e s e t .
∗ @input s i g n ed [ 1 5 : 0 ] aud io The aud io s t r eam t o be sampled .
∗ @input r eco r d I n d i c a t e s
∗
∗
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∗/
module wavefo rmgraph ic ( c lock , r e s e t , aud io , record , newframe , hcoun t ,

vcoun t , p i x e l , s amp l el en g t h x ,
s t a t e , we , addr in , d in ) ;

p a r ame t e r HEIGHT=128 ;
p a r ame t e r WIDTH=512;
p a r ame t e r XPOSITION =0;
p a r ame t e r YPOSITION =0;
p a r ame t e r x = XPOSITION ;
p a r ame t e r y = YPOSITION ;
i n p u t c l o ck ;
i n p u t r e s e t ;
i n p u t s i g n ed [ 1 5 : 0 ] aud io ;
i n p u t r eco r d ;
i n p u t new frame ;
i n p u t [ 1 0 : 0 ] hcoun t ;
i n p u t [ 9 : 0 ] vcoun t ;
o u t p u t [ 2 : 0 ] p i x e l ;
i n p u t [ 9 : 0 ] s amp l e l en g t h x ; / / l e n g t h o f t h e samp le i n p i x e l s , no t a b s o l u t e t o t h e s c r een

o u t p u t [ 1 : 0 ] s t a t e ;
o u t p u t we ;
o u t p u t [ 8 : 0 ] ad d r i n ;
o u t p u t [ 1 3 : 0 ] d in ;

p a r ame t e r WAIT = 0 ;
p a r ame t e r ACCUMULATE = 1 ;
p a r ame t e r STORE = 2 ;
p a r ame t e r STEP = 3 ;

reg [ 2 : 0 ] p i x e l ;

reg [ 1 : 0 ] s t a t e ;
reg [ 7 : 0 ] f rame ;

/ / watch ing f o r s t a t e and s eq u en ce r t r a n s i t i o n s
reg [ 1 : 0 ] o l d s t a t e ;
reg [ 7 : 0 ] o l d f r ame ;

/ / two p o r t memory , one f o r w r i t i n g ( syncronous ) and one f o r read i n g ( as y n c r o n o u s )
reg [ 1 3 : 0 ] d in ;
w i re [ 1 3 : 0 ] dou t ;
reg we ;
reg [ 8 : 0 ] addr in , ad d r o u t ;
reg [ 8 : 0 ] l e n g t h ;
reg s i g n ed [ 2 2 : 0 ] sumpos , sumneg ;
wavefo rm graph ic memory my graphic memory (
. addra ( ad d r i n ) ,
. addrb ( ad d r o u t ) ,
. c l k a ( c l o ck ) ,
. c l k b ( c l o ck ) ,
. d i n a ( d in ) ,
. dou tb ( dou t ) ,
. wea (we ) ) ;

/ / W r i t i n g l o g i c
/ / Th i s FSM/ Sequencer f i n d s t h e av e r ag e p o s i t i v e and av e r age n e g a t i v e v a l u es o f t h e
/ / i ncoming aud io s i g n a l , i n g roups o f 2 5 6 .
/ / The v a l u es a r e w r i t t e n t o t h e memory .
a lways @ ( posedge c l o ck ) beg in

i f ( r e s e t ) beg in
s t a t e <= WAIT ;
f rame <= 0;

end
e l s e beg in
/ / S t a t e t r a n s i t i o n s
cas e ( s t a t e )
WAIT :

i f ( r eco r d )
s t a t e <= ACCUMULATE ;

ACCUMULATE :
i f ( ˜ r eco r d | | f rame == 8 ’ hFF )

s t a t e <= STORE ; / / accu mu l a t i o n i s done or cu t s h o r t
e l s e i f ( new frame )

f rame <= f rame + 1 ; / / o t h e r w i s e , w a i t f o r an o t h e r f rame
STORE:

i f ( r eco r d )
s t a t e <= STEP ; / / s t e p t o t h e n ex t ad d r es s , and complete w r i t e o p e r a ti o n

e l s e
s t a t e <= WAIT ;

STEP : beg in
f rame <= 0 ; / / r e s e t t h e f rame f o r t h e n ex t accumu late
i f ( r eco r d )

s t a t e <= ACCUMULATE ;
e l s e

s t a t e <= WAIT ;
end
endcase

i f ( s t a t e ! = o l d s t a t e | | f rame ! = o l d f r ame )
cas e ( s t a t e )
WAIT : beg in

ad d r i n <= 9 ’b0 ;
we <= 0;
sum pos <= 0;
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sum neg <= 0;
end
ACCUMULATE : beg in

i f ( aud io > 0)
sum pos <= sum pos + aud io ; / / w r i t e t h e p o s i t i v e d a t a one sum

e l s e
sum neg <= sum neg + aud io ; / / and t h e n e g a t i v e t o t h e o t h e r

we <= 0;
/ / addr and d a t a l a t c h e d

end
STORE : beg in

d in <= {sum pos [ 2 2 : 1 6 ] , sumneg [ 2 2 : 1 6 ]} ; / / b i t s h i f t , n o t e t h a t s i g n i s p r es e r v ed )
we <= 1;
sum pos <= 0;
sum neg <= 0;

end
STEP : beg in

we <= 0 ; / / comp lete w r i t e
ad d r i n <= ad d r i n + 1 ; / / i n c r emen t ad d r es s
sum pos <= 0;
sum neg <= 0;

end
endcase

end
o l d s t a t e <= s t a t e ;
o l d f r ame <= f rame ;

end

wi re s i g n ed [ 6 : 0 ] t o p d a t a = dou t [ 1 3 : 8 ] ;
w i re s i g n ed [ 6 : 0 ] b o t d a t a = dou t [ 7 : 0 ] ;

a lways @ ( hcoun t o r vcoun t ) beg in
ad d r o u t = hcoun t− x ;

i f ( hcoun t >= x && hcoun t < x + WIDTH && hcoun t < x + s amp l e l en g t h x ) beg in
i f ( vcoun t >= y && vcoun t <= y + HEIGHT / 2 )

p i x e l = ( HEIGHT / 2 + y ) > ( t o p d a t a + vcoun t ) ? 3 ’ b000 : 3 ’ b111 ; / / o u t p u t b l ack i f t h e p i x e l is l e s s t h an t h e p o s i t i v e sum

e l s e i f ( vcoun t> y + HEIGHT/2 && vcoun t < y + HEIGHT )
p i x e l = ( HEIGHT / 2 + y ) < ( b o t d a t a + vcoun t ) ? 3 ’ b000 : 3 ’ b111 ; / / o u t p u t b l ack i f t h e p i x e l is g r e a t e r t h an t h e n e g a t i v e sum

end
e l s e

p i x e l = 3 ’ b000 ;
end

endmodule
�

Listing 28: Verilog file xvga.v
� �

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
/ /
/ / xvga : Generate XVGA d i s p l a y s i g n a l s ( 8 0 0 x 6 0 0 @ 6 0 Hz)
/ /
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

module xvga ( vc lock , hcoun t , vcoun t , hsync , vsync , b lank ) ;
i n p u t v c l o ck ;
o u t p u t [ 1 0 : 0 ] hcoun t ;
o u t p u t [ 9 : 0 ] vcoun t ;
o u t p u t vsync ;
o u t p u t hsync ;
o u t p u t b lank ;

reg hsync , vsync , hb lank , vb lank , b lank ;
reg [ 1 0 : 0 ] hcoun t ; / / p i x e l number on c u r r e n t l i n e
reg [ 9 : 0 ] vcoun t ; / / l i n e number

/ / h o r i z o n t a l : 1 3 4 4 p i x e l s t o t a l
/ / d i s p l a y 1 0 2 4 p i x e l s per l i n e
wi re hsyncon , hsynco f f , h r es e t , hb lankon ;
a s s i g n hb lankon = ( hcoun t = = 7 9 9 ) ;
a s s i g n hsyncon = ( hcoun t = = 8 3 9 ) ;
a s s i g n h s y n co f f = ( hcoun t = = 9 6 7 ) ;
a s s i g n h r e s e t = ( hcoun t = = 1 0 5 5 ) ;

/ / v e r t i c a l : 8 0 6 l i n e s t o t a l
/ / d i s p l a y 7 6 8 l i n e s
wi re vsyncon , vsynco f f , v r es e t , vb lankon ;
a s s i g n vb lankon = h r e s e t & ( vcoun t = = 5 9 9 ) ;
a s s i g n vsyncon = h r e s e t & ( vcoun t = = 6 0 0 ) ;
a s s i g n v s y n co f f = h r e s e t & ( vcoun t = = 6 0 4 ) ;
a s s i g n v r e s e t = h r e s e t & ( vcoun t = = 6 2 7 ) ;
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/ / sync and b l an k i n g
wi re n ex t h b l an k , n ex t v b l an k ;
a s s i g n n ex th b l an k = h r e s e t ? 0 : hb lankon ? 1 : hb lank ;
a s s i g n n ex tv b l an k = v r e s e t ? 0 : vb lankon ? 1 : vb lank ;

a lways @( posedge v c l o ck ) beg in
hcoun t <= h r e s e t ? 0 : hcoun t + 1 ;
hb lank <= n ex t h b l an k ;
hsync <= hsyncon ? 0 : h s y n co f f ? 1 : hsync ; / / a c t i v e low

vcoun t <= h r e s e t ? ( v r e s e t ? 0 : vcoun t + 1 ) : vcoun t ;
vb lank <= n ex t v b l an k ;
vsync <= vsyncon ? 0 : v s y n co f f ? 1 : vsync ; / / a c t i v e low

b lank <= n ex t v b l an k | ( n ex t h b l an k & ˜ h r e s e t ) ;
end

endmodule
�
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