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Background

Yamaha GS1 
(1980)

Amiga 
ProTracker

(1990)

Synth I found 
on the 
internet 
(today)



Ensoniq 5503 Digital Oscillator Chip



Ensoniq 5503 Digital Oscillator Chip



Environment 
● Lab 3 was main jumping off point, used the configs + 

make files + soc_system_top module as our base

● Used linux socfpga 4.19.04 – rebuilt with ALSA 
drivers, otherwise about the same (as far as we 
know)

Originally using AKAI 
USB-MIDI Controller Switched to M-Audio 

USB-MIDI keyboard



loads the FPGA bitstream and Linux 
kernel from the SD card, & a kernel 

module (wave_synth.ko) 

exposes synth peripheral as 
/dev/wave_synth for mmap

HPS reads MIDI events from  
USB and packs them into 

per-oscillator struct

HPS writes per-voice step-size, 
wavetable-slot, control, and 
amplitude registers over the 
lightweight Avalon-MM bus 

Wolfson WM8731 Audio 
CODEC

wave_table_synth’s
oscillator 
looks up samples from a 
4-slot BRAM wavetable, 
scales by per-voice 
amplitude, and sums into 48 
kHz stereo stream

seven-seg display

wave_table_synth’s
seven_segment_display
same reg bank, shows most 
recently pressed note + current 
waveform
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High-level Overview



LW AXI Bus Map

Region Base Address Address start -> end Size Purpose

audio_and_video_con
fig_0

0xFF20_0000 0xFF20_0000 - 0xFF20_0010 16B Auto-initializes the 
WM8731 codec

Wave_table_synth 0xFF28_0000 0xFF28_0000 - 0xFF2F_FFFF 512KB Entire FPGA peripheral



HPS to FPGA Register Map
All data carried using mmap-ed lw axi bus

Region Base Address Address start -> end Size Purpose

Wavetable BRAM 0xFF28_0000 0xFF28_0000 - 0xFF2B_FFFF 256KB Storing single audio 
wave periods

Per-Oscillator Ctrl 0xFF2C_0000 0xFF2C_0000 - 0xFF2C_00FF 512B Controlling oscillators 
Amp Ctrl 0xFF2C_0100 0xFF2C_0100 - 0xFF2C_0101 2B Setting amplitude
Hex Ctrl 0xFF2C_0200 0xFF2C_0200 - 0xFF2C_020B 12B Setting hex display



Wavetable Register Map

Region Base Address Address start -> end Size
Wavetable slot 1 0xFF28_0000 0xFF28_0000 - 0xFF28_FFFF 64KB
Wavetable slot 2 0xFF29_0000 0xFF29_0000 - 0xFF29_FFFF 64KB
Wavetable slot 3 0xFF2A_0000 0xFF2A_0000 - 0xFF2A_FFFF 64KB
Wavetable slot 4 0xFF2B_0000 0xFF2B_8000 - 0xFF2B_FFFF 64KB

0x10000

32768*16/8/1024



Quartus Specs



wave_table_synth

9

addr
decode

18

amplifier

signed 
multiplier 

(41-bit)
↓ 

arithmetic
bit shift 
(33-bit)

↓
clamp 
(16-bit)

amp
ctrl

amp_ctrlw[7:0] 8 signed
amp_ctrl

8

sample
16 Audio 

IP Core

ready_right

ready_left
tick logic

sink_ready & !sweep_active 
& !sample_valid

writedata[16:0]
17

write

chipselect

HPS 2 
FPGA 
LW 

Bridge
Wavetable 

BRAM (256 KB)
4×32768×16b

oscill-
ator

(sweep 
0-31)

mixer

sums 
sample 

into 
single

reg

per 
osc 

amp

signed
(osc_

sample) × 
signed

(osc_amp 
(25_bit) 

↓
arithmetic 

bit shift 
(17-bit)

w[15:0]

a[16:0] 17

16

per osc 
registers

use reg_addr 
to determine 

which register

bram_rdata

bram_raddr
17

16

step

mix_acc
32

osc_amp
8

osc_sample
16

osc_sample
17

(signed)
osc_amp

9

sample_valid

seven_segment_display
use hex_addr to determine which hex_regw[6:0]

a[2:0] 3

7

w[15:0]

a[2:0] 3

16

HEX0..
HEX5 
ports

Wolfson 
WM8731 

DAC

LED 
Display

7hex_reg[n]
for n = 0..5

address[17:0]

16
ctrl
2

table_sel
2

4

sample_tick

resol

Line 
Out

Audio 
IP Core

HW Block 
Diagram



Oscillator/
Phase 
Accumulator



run_midi_receiver

midi_read 
while (1)

midi_event_t
{status, note, attack}

if true

midi stream 
on key press

oscillator[32]
{step, in_use, phase…}

packet processing
osc_find_free_slot()
note_to_step_size()

run_adsr_envelope

switch

ADSR FSM CASES
IDLE, ATTACK, DECAY, 

SUSTAIN, RELEASE

env_phase, etc

midi_to_fpga main()

load wavetable
(.bin and base_step)

LW Bridge
via fpga_init (mmap 
/dev/wave_synth)

spawn pthread spawn pthreadSW 
Data 
Flow



Custom Device Driver



ALSA Driver

Software (Linux USB Core): ALSA 
driver exposes device as 
“/dev/snd/midiC%dD0”



4 B  magic "WTSY"                      
2 B  version (=1)                                                                                         
2 B  num_metadata_slots (=4)                                                                              
4 B per slot × 4 slots:                                                                                            
  2 B base_step                                                                                                    
  1 B resolution                                                                                                 
  1 B reserved (=0) 

24-byte header 

32768 × int16 (LE)  — slot 0 audio wave tables

32768 × int16 (LE)  — slot 1 audio

32768 × int16 (LE)  — slot 2 audio

32768 × int16 (LE)  — slot 3 audio

wavetable.bin



Core Formula: Note to Frequency

// midi_packet.note

// used to find step_size

equal temperament tuning formula



Core Formula: Frequency to step size

// in sw, we send a 16-bit step_size s to hw
// in hw, we concatenate 8-bits (≡ multiply by 2^8)

(the actual code abstracts this away from the 
calculation; e.g., f × 65536 / 48000)



Attack, Decay, Sustain, Release
A

m
pl

it
ud

e

Time

Attack Decay Sustain Release

key press key release

* amp changes driven by 
attack of the MIDI packet


