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Abstract: 
 
Audio equalizers are frequently used in the music industry. In an audio equalizer, audio is broken 

down into a number of frequency components and visually displayed. In this project, audio from 

a microphone is broken up into 8 distinct frequency bins, and displayed on an 8x8 LED matrix.  

The audio input received by a microphone is amplified by a built in amplifier and converted via 

the ADC peripheral on the ATSAM processor into a digital signal.  That signal is then sent via 

SPI from the ATSAM to the FPGA which then runs a 32-point digital FFT on the incoming 

signals. The FPGA then drives the LED display to show the relative amplitudes of the various 

frequency bins sorted by the FFT.  

 
  

 



Introduction 
 

This project was inspired by interesting and visually captivating equalizer displays often 

seen with music. This motivated the project to consists of fully assembling an LED display of an 

audio equalizer including the portions for audio input, signal processing, and driving the LED 

display. A block diagram of the project can be seen in Figure 1 below. 

Figure 1. Whole system block diagram. 

 
The system starts with a board housing a microphone and amplification circuit to pick up audio. 

A raw voltage value from the microphone is sent to the ATSAM4S4B ADC peripheral. With the 

ADC peripheral the microphone voltage in converted to a 16-bit digital value. From there, the 

ATSAM4S4B sends the audio signals to the FPGA via SPI. The FPGA collects and stores in 

RAM 32 16-bit signals from the microcontroller. Once the FPGA has collected those 32 signals, 

The FPGA is responsible for signal processing which involves running the data through a 

32-point digital Fast Fourier Transform (FFT). The FPGA then drives the LEDs on an external 

8x8 RGB LED display which will show the relative magnitudes of 8 frequency bins.  
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New Hardware 
 

This project contains two new pieces of hardware not used before in E155. For this 

project, the Adafruit Electret Microphone Amplifier was used to capture audio input as seen in 

Figure 2 below on the left. This came as a small board that housed both a microphone and 

amplifier with adjustable gain from a small manual trimmer pot. There are three pinouts on the 

board including V CC, ground, and output. The voltage supply range for the board is 2.4 - 5.5V so 

the team supplied 5 V to V CC [1]. The output is connected to the peripheral PA17 on the µMudd 

Mark V.1 utility board corresponding to ADC channel 0 on the ATSAM4S4B [2].  

 

 
Figure 2. New hardware. (Left) Electret Microphone Amplifier. (Right) LED display/dot matrix. 

 
The Luckylight LED display is a red dot matrix as seen above on the right. This part was a 

readily available stock part that the team had not used in E155. This 8x8 matrix was used for the 

LED display and was wired as can be seen in the schematic in the next section. This display has 

eight pins for each column and eight for each row that were simply driven high or low by the 

FPGA [3].  

The team originally intended to use the Geeetech LED Matrix 8x8 is a triple color RGB 

common anode display. This display had PWM color intensity control and eight row enables and 

24 column enables for red, green, and blue with one for each color in each column [4]. However, 

the team was not able to implement the final design with this board to due to time constraints that 

did not allow us to explore the color control on the board as the datasheet did not provide enough 

relevant information for straightforward implementation.  
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Schematics  

 
Figure 3. Breadboard schematic. 

 
Above is a schematic of the final breadboard circuitry used for this project. The two new 

pieces of hardware are shown with their integration. This includes the ADA1063 microphone 

and amplifier and the KWM-20882CVB LED display. The ADA board is connected to power 

and ground and the output signal is sent to ADC channel 0. Additionally, the LED display has 

the rows and columns connected to I/O pins assigned to led_display that the FPGA controls to 

drive the display. The rows are connected to the peripherals in series with 270 Ω resistors. This 

was because the datasheet for the display says that the max forward voltage was 2.0 V for 20 mA 

forward current per dot. With this information, the team chose to use 270 Ω resistors to account 

for the remainder of the 5 V driven to the display. Lastly, the FPGA pins and ATSAM 

peripherals were connected such that they could communicate. This includes the signals for 

done, load, and MOSI.  
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Microcontroller Design  
 

The microcontroller design is simple as its functionality is to receive audio input via 

ADC and export the signals to the FPGA via SPI. The microcontroller initialized the ATSAM as 

well as PIO, SPI, and ADC header files. Peripheral PA17 is used as the audio input, 

AUDIO_IN_PIN_PA17, to channel 0 of the ADC, ADC_CH0.  After initializations, LOAD_PIN 

is immediately set high to allow the first iteration of data to be read by the FPGA. Then, a loop 

runs while DONE_PIN is asserted by the FPGA which is telling that it has finished the FFT 

processes and is ready for SPI ADC input. Within this loop, the controller reads from ADC_CH0 

and sends the output as a short via spiSendReceive16 to the FPGA, and then de-asserts 

LOAD_PIN. The LOAD_PIN is then immediately reasserted again in order to avoid a lag from 

the controller to the FPGA that prevents the FPGA from staying in the spi state long enough to 

collect data.  
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FPGA Design  
 

The FPGA does the bulk of the work as it implements the digital FFT for signal 

processing and is used to drive the LED display based on the outputted frequency bins from the 

FFT. The FPGA takes in amplified data from the microphone over SPI to run its signal 

processing on.  

The logic on the FPGA is controlled by a state machine as in Figure 4 . The state machine 

starts at PRE_START where the variable newdata reset the addresses data will be loaded into. 

The state machine then loops through a set of tasks until 32 16-bit pieces of data are loaded in 

over SPI from the microcontroller and stored in memory. Then the FPGA calculates the FFT, 

simplifies the results into 8 bins of relative magnitude, and then drives the display. The FPGA 

then gets back to its PRE_START state and loads new data while holding the prior display.  

 

 
Figure 4 . FPGA State Machine 
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FFT: 
 
The FFT hardware implementation is based on the paper  “The Fast Fourier Transform in 

Hardware: A Tutorial Based on an FPGA Implementation” by G. William Slade [5]. The FFT 

has a sampling rate of about 2441 Hz and uses 32 samples. Therefore the FFT produces 16 bins 

with a width of about 76 Hz. The magnitude of each bin is then calculated.  Because the LED 

matrix is only 8 columns, the magnitude of adjacent bins are combined (i.e bin 1 + bin 2, bin 3+ 

bin 4, etc) to get 8 magnitude outputs that will be used to control the display.  

The System Verilog FFT module was written to implement the 32-point Cooley-Tukey 

Radix-2 FFT algorithm as described in the reference paper [5] on the FPGA. This system 

consists of several modules to implement the FFT.  These modules are an address generation unit 

used to generate a defined set of addresses to store data in memory, a twiddle factor ROM used 

to provide the necessary twiddle factors based on the index of the FFT, a butterfly unit that 

performs the complex multiply add needed, and a memory bank made up of 4 2-port RAM 

modules to hold the real and imaginary components of the FFT.  

 
Sampling: 
 
In order to sample at a proper speed, the FPGA had to use a delay to wait some amount of time 

before it asked for another 16-bit data input from the microcontroller. This was implemented 

with a 14-bit counter that would delay the FPGA state machine for 0.004096 seconds until it 

asked for new data again. Once 32 16-bit data signals were collected the FPGA would exit the 

collected data and delay loop and calculate the FFT. 

 
Testing: 
 
The FFT was tested using a square wave with a known output provided by the reference paper 

[5]. The 32 point input was tested in ModelSim and the FFT delivered the expected real and 

imaginary outputs as seen in Figure 5. 
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Figure 5. Real and Imaginary outputs of test of FFT 

 
Driving the Display: 
 
Once the FFT was finished the magnitudes were calculated for each bin. As previously 

mentioned these magnitudes were combined into 8 bins for the 8 columns of the LED Matrix. 

This bins represented the magnitude of the frequency bins 0-150 Hz, 150-300 Hz, …, 1050 

-1200 Hz. The FPGA decodes the magnitude of each bin to drive the display. The higher the 

magnitude for a column the higher up the LEDs will light up in that column.  

In order to properly visualize the 8x8 display, time multiplexing had to be utilized. This 

means that the FPGA had a counter that loops through the column values and actually only turns 

on one column at a time. However the columns turn on and off so fast that it is not noticeable to 

the human eye. Additionally, in order to make the FFT visualization line up more closely with 

the beat of most music the display can’t just change every time an FFT is calculated. So we delay 

how often an FFT is calculated. Once a FFT is calculated and the display is driven a 22 bit delay 

counter pauses the state machine so the display can be seen before the FPGA asks for more data 

and recalculates the FFT.  This delay is about 0.1 seconds. 
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Results 
 

In the end, the project was successful while lacking some final polish and cleanliness. 

The most challenging part was implementing the FFT in System Verilog. The time that took 

limited the amount of time we had to polish up our design. The display flashed different columns 

on the matrix just not the way we expected. We saw from the logic analyzer on the oscilloscope, 

as in Figure 6,  that the FPGA was sending 32 16-bit data signals at the proper sampling rate and 

that the FPGA only got new samples and reran the FFT every 0.1 seconds as desired.  

 

 
Figure 6. Timing of sampling and timing of FFT calculation 

 
Therefore, the display could be seen driving lighting up different columns to different 

heights along with the music as expected. However, the magnitudes in each bin were not as 

expected. When a square wave was delivered directly to the microphone, the display did not 

show the fundamental frequency and harmonics as expected. We think this issue is because of 

the small size of out FFT or because the magnitude in the bins weren’t not sorted and calculated 

as expected. Overall, our display was able to visualize music in bar that somewhat, but not 

wholly represented the frequencies of the music being heard by the microphone as in Figure 7.  

 
Figure 7.  Example of lit up display  
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Parts List  
 

Part Source Vendor # Price  

The Adafruit Electret Microphone Amplifier - 
MAX4466 with Adjustable Gain  

Adafruit ADA1063 $6.95 

LED Display/Dot Matrix LuckyLight KWM-20882CVB N/A (Stock part) 

Geeetech LED Matrix 8x8 - Triple Color RGB 
common Anode Display -5mm dia 

Amazon GET-0031 $8.95 
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Appendix A: MCU Code, FPGA Verilog  
 
//////////////////////////////////////////////////// 
// E155 Final Project  
// 
// File: controller.c 
// Date: 12/12/19 
// Authors: Jonah Cartwright and Kira Favakeh 
// Contact: jcartwright@hmc.edu, kfavakeh@hmc.edu 
// 
// Convert analog audio signal to digital using ADC and send to FPGA over SPI 
//////////////////////////////////////////////////// 
 
//////////////////////////////////////////////// 
// #includes 
//////////////////////////////////////////////// 
 
#include <stdlib.h> 
#include <stdio.h> 
#include <string.h> 
#include "SAM4S4B_lab7\SAM4S4B_lab7\SAM4S4B.h" 
 
#define AUDIO_IN_PIN PIO_PA17 
#define LOAD_PIN    26 
#define DONE_PIN    25 
 
//////////////////////////////////////////////// 
// Main 
//////////////////////////////////////////////// 
 
int main(void) { 
 
  samInit(); 
  pioInit(); 
  spiInit(MCK_FREQ/244000, 0, 1); 
  // "clock divide" = master clock frequency / desired baud rate 
  // the phase for the SPI clock is 1 and the polarity is 0 
  
  pioPinMode(AUDIO_IN_PIN, PIO_INPUT); 
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  pioPinMode(LOAD_PIN, PIO_OUTPUT); 
  pioPinMode(DONE_PIN, PIO_INPUT); 

 
adcChannelInit(ADC_CH0, ADC_CGR_GAIN_X2, ADC_COR_OFFSET_ON); 
//Enables an ADC channel 0 and initialize gain and offset 
 
adcInit(ADC_MR_LOWRES_BITS_12); 
//Enable the ADC peripheral and initialize the resolution 

 
pioDigitalWrite(LOAD_PIN, 1); //write load high for initial adc/spi sequence 

 
while(1){ 

while(pioDigitalRead(DONE_PIN)) //read and send data when FPGA is ready 
{ 

float audioIn = adcRead(ADC_CH0); //Read analog voltage at ADC channel 0 
float audioInx = audioIN*100; //multiply signal such that accuracy is not 

lost in conversion to short 
short audioOut; 
audioOut = (short)audioInx; 
spiSendReceive16(audioOut); //send audio data to FPGA 
pioDigitalWrite(LOAD_PIN, 0); //write load low such that the FPGA knows 

to end SPI 
pioDigitalWrite(LOAD_PIN, 1); //write load high immediately such 

that there's no lag when in SPI state 
} 

} 
 
} 
 
 
 
 

11 



12/13/2019 final_jc_kf4.sv

localhost:4649/?mode=verilog 1/16

////////////////////////////////////////////////////
////// final_jc_kf4.sv
////// HMC E155 12 December 2019
////// Kira Favakeh and Jonah cartwright
////// kfavakeh@hmc.edu, jcartwright@hmc.edu
////////////////////////////////////////////////////

/////////////////////////////////////////////
// testbench
//   Tests final 
/////////////////////////////////////////////

module testbench();
  logic clk, reset, sdi, load;
  logic [15:0] led_display;
  logic spi_clk, done;

  final_jc_kf4 dut(clk, spi_clk, reset, sdi, load, led_display, done);
  
  initial begin
    reset = 1'b0; #5;
    reset = 1'b1; #5;
    reset = 1'b0; #5;
  end
  
  initial 
    forever begin
      clk = 1'b0; #12500;
      clk = 1'b1; #12500;
    end
  
  initial 
    forever begin
      spi_clk = 1'b0; #125000;
      spi_clk = 1'b1; #125000;
    end
  
  initial   
    forever begin
      sdi = 1'b0; #100000000;
      sdi = 1'b0; #100000000;
      sdi = 1'b0; #100000000;
      sdi = 1'b0; #100000000;
      sdi = 1'b0; #100000000;
      sdi = 1'b1; #100000000;
      sdi = 1'b1; #100000000;
      sdi = 1'b1; #100000000;
      sdi = 1'b1; #100000000;
      sdi = 1'b1; #100000000;
    end
    
    assign load = 1'b0;
    
  

endmodule

module final_jc_kf4(input logic clk, spi_clk, reset, sdi, load,
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            output logic [15:0] led_display, 
        output logic done);
  

  // Internal Logic
  
  // Real and Imaginary twiddle factors for butterfly unit
  logic [15:0] twiddleFactor1, twiddleFactor2;
  logic [3:0] twiddleAdr;
  
  // Write Addresses for FFT RAM
  logic [4:0] writeAddrA, writeAddrB;
  // Read Addresses for FFT RAM
  logic [4:0] adrA, adrB;
  
  // Write to RAM for FFT, Write to RAM for data loading
  logic memWrite, LoadDataWrite;
  
  // Choose which RAM to read from
  logic BankReadSelect;
  
  // Reset the delay before we display again
  logic reset_wait;
  
  // Choose which bank to write to
  logic Bank0WriteEn, Bank1WriteEn;
  
  // Addresses to load Data, we use bit reversed addresses
  logic [4:0] LoadDataAddr, LoadDataAddrRev;
  
  // Real and Imaginary compentents of FFT
  logic [15:0] Gr, Gi, Hr, Hi, Xr, Yr, Xi, Yi;
  
  // Load data is done, Start FFT, done saving FFT data, Display result
  logic ldwDone, fftStart, save_complete, show;
  
  // FFT is done, get new data 
  logic fftDone, newdata; 
  
  // Data in from microphone
  logic [15:0] Data_imag_in, Data_real_in;
  
  // delays for sampling and display
  logic delay, delay2, delay3;
  
  // Iterate load data address
  logic nextAdr;
  
  // Magnitude from a bin
  logic [19:0] final_mag;
  
  // State Machine to control FPGA
  typedef enum logic [3:0] {START, SPI, DELAY, RESET_SPI, WRITEDATA, 
S0,S1,S2,S3, S4, S5, PRE_START} statetype;
  statetype state, nextState;
  

  always_ff @(posedge clk, posedge reset)
  begin 
    if(reset) state <= START;
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    else state <= nextState;
  end
  
  always_comb
    case(state)
      // Declare that we want new data
      PRE_START: nextState <= START;
      // Ask for data from Microcontroller
      START: nextState <= SPI;
      // Load in first 16 bits of data
      SPI: if (~load) nextState <= WRITEDATA;
          else nextState <= SPI;
      // Write Data to memory
      WRITEDATA: nextState <= S0;
      // Delay unless memory is full
      S0: if (ldwDone) nextState <= S1;
        else nextState <= DELAY;
      // Delay before we take new sample (sampling rate ~2441 Hz)
      DELAY: if (delay) nextState <= RESET_SPI;
            else nextState <= DELAY;
      // RESET_SPI
      RESET_SPI: nextState <= START;
      // Perform FFT
      S1: if (fftDone) nextState = S2;
        else nextState = S1;
      // Save FFT Magnitude Data
      S2: if (save_complete) nextState = S3; 
        else nextState = S2;
      // Reset Delay
      S3: nextState = S4;
      // Delay ~ 0.1 seconds until we perform get data and perform fft again
      S4: if(delay2) nextState <= S5; 
          else nextState <= S4;
      // Run agin
      S5: nextState = PRE_START;
    endcase
  
  
  // Sampling Delay (40000000 / 2^14 = ~2441 Hz)
  logic [13:0] delay_counter; 
  always_ff @(posedge clk, posedge reset, posedge LoadDataWrite)
    if (reset) delay_counter <= 14'b0;
    else if (LoadDataWrite) delay_counter <= 14'b0;
    else delay_counter <= delay_counter + 1'b1;
  assign delay = delay_counter[13];
  
  // Display Delay (~0.1 seconds)
  logic [22:0] delay2_counter; 
  always_ff @(posedge clk, posedge reset, posedge reset_wait)
    if (reset) delay2_counter <= 23'b0;
    else if (reset_wait) delay2_counter <= 23'b0;
    else delay2_counter <= delay2_counter + 1'b1;
  assign delay2 = delay2_counter[22]; 
  

  // Write Data to memory for data loading
  assign LoadDataWrite = (state == WRITEDATA);
  // Iterate Load Address
  assign nextAdr = (state == S0);
  // Start FFT
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  assign fftStart = (state == S1);
  
  // Reset Load Data Addresses
  assign newdata = (state == PRE_START);
  // Reset display delay counter
  assign reset_wait = (state == S3);
  // Tell microcontroller that we want data
  assign done = (state == START | state == SPI);
  

  // Iterate Load Data address and tell us when it is full
  always_ff @(posedge nextAdr, posedge newdata, posedge reset) 
    begin 
      if (reset) LoadDataAddr <= 0; 
      else if (newdata) 
          begin
            LoadDataAddr <= 0;
            ldwDone <= 0;
          end       
      else 
        if (nextAdr) 
          {ldwDone, LoadDataAddr} <= LoadDataAddr + 1'b1; 
  end
  
  // Get bit reversed address we are actually writing to
  assign LoadDataAddrRev = {LoadDataAddr[0], LoadDataAddr[1], 
LoadDataAddr[2],
              LoadDataAddr[3], LoadDataAddr[4]};
  
  // Generate Addresses
   AGU #(5) agu(clk, fftStart, fftDone, adrA, adrB, memWrite, BankReadSelect, 
twiddleAdr);
  // get twiddle factors
  twiddleFactors twiddle(twiddleAdr, twiddleFactor1, twiddleFactor2);
  // read and write from memory
  memory mem(clk, LoadDataWrite, Bank0WriteEn, Bank1WriteEn, Data_real_in, 
Data_imag_in, BankReadSelect, LoadDataAddrRev, adrA, writeAddrA, adrB, 
writeAddrB, Xr, Xi, Yr, Yi, Gr, Gi, Hr, Hi, final_mag);
  // Perform butterfly
  BFU butterfly(twiddleFactor1, twiddleFactor2, Gr, Gi, Hr, Hi, Xr, Xi, Yr, 
Yi);
  
  // FFT Magnitude Data
  logic [159:0] fft_data;
  
  // Counter to save data
  logic [9:0] k = 9'd0;
  
  // enable save new fft data
  logic save_enable;
  assign save_enable = (fftDone & (state == S2));
  
  // Output FFT magnitude
  FFTout savedata(clk,reset, save_enable, final_mag, k, fft_data, 
save_complete);

  // Change write address to next be read addresses
  always_ff @(posedge clk)
      begin
            writeAddrA <= adrA;
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            writeAddrB <= adrB;
      end

    assign Bank0WriteEn = BankReadSelect & memWrite; //Read from 1, write to 
0
    assign Bank1WriteEn = ~BankReadSelect & memWrite; //Read from 0, write to 
1
   
   
  // Iterate save data addresses
  always_ff @(posedge clk)
    if (reset)
      k <= 9'b0;
    else if (LoadDataWrite)
      k <= 9'b0;
    else if (save_enable)
      k <= k + 9'd20;
        

   // Time Multiplex columns  
  logic [2:0] column;
  
  always_ff @(posedge clk, posedge reset)
    if (reset) column <= 3'b0;
    else column <= column + 1'b1;
  
  // drive display
  drive_display drive_led(clk, reset, show, column, fft_data, led_display);

  // Get data over spi
  spi spi_master(clk, spi_clk, sdi, load, Data_real_in, Data_imag_in);
  
endmodule

module spi (input logic clk, spi_clk,
        input logic sdi, load, 
        output logic [15:0] Data_real_in,
        output logic [15:0] Data_imag_in);
    

   // Apply 16 spi_clk to shift in microphone data
    always_ff @(posedge spi_clk)
        if (~load)  {Data_real_in} <= {Data_real_in};
        else      
          begin
            {Data_real_in} <= {Data_real_in[14:0], sdi};
          end
   
  // Imaginary Data is always zero
  assign Data_imag_in = Data_real_in & 16'b0; 
  
      
endmodule
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//lookup• •table• •for• •twiddle• •addresses 
module twiddleFactors(input logic [3:0] twiddleAdr,
                output logic [15:0] twiddleFactor1, // Real Twiddle Factor 
                output logic [15:0] twiddleFactor2); // Imaginary Twiddle 
Factor

    always_comb 
    begin
        case(twiddleAdr)
            4'b0000:
                begin   
                    twiddleFactor1 = 16'h7fff;
                    twiddleFactor2 = 16'h0000;
                end
            4'b0001:
                begin   
                    twiddleFactor1 = 16'h7d89;
                    twiddleFactor2 = 16'h18f9;
                end
            4'b0010:
                begin   
                    twiddleFactor1 = 16'h7641;
                    twiddleFactor2 = 16'h30fb;
                end
            4'b0011:
                begin   
                    twiddleFactor1 = 16'h6a6d;
                    twiddleFactor2 = 16'h471c;
                end
        4'b0100:
          begin
            twiddleFactor1 = 16'h5a82;
            twiddleFactor2 = 16'h5a82;
          end
        4'b0101:
          begin
            twiddleFactor1 = 16'h471c;
            twiddleFactor2 = 16'h6a6d;
          end
        4'b0110:
          begin
            twiddleFactor1 = 16'h30fb;
            twiddleFactor2 = 16'h7641;
          end
        4'b0111:
          begin
            twiddleFactor1 = 16'h18f9;
            twiddleFactor2 = 16'h7d89;
          end
        
        4'b1000:
          begin
            twiddleFactor1 = 16'h0000;
            twiddleFactor2 = 16'h7fff;
          end
          
        4'b1001:
          begin
            twiddleFactor1 = 16'he707;
            twiddleFactor2 = 16'h7d89;
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          end  
        4'b1010:
          begin
            twiddleFactor1 = 16'hcf05;
            twiddleFactor2 = 16'h7641;
          end
        4'b1011:
          begin
            twiddleFactor1 = 16'hb8e4;
            twiddleFactor2 = 16'h6a6d;
          end
        4'b1100:
          begin
            twiddleFactor1 = 16'ha57e;
            twiddleFactor2 = 16'h5a82;
          end
        4'b1101:
          begin
            twiddleFactor1 = 16'h9593;
            twiddleFactor2 = 16'h471c;
          end
          
        4'b1110:
          begin
            twiddleFactor1 = 16'h89bf;
            twiddleFactor2 = 16'h30fb;
          end
          
        4'b1111:
          begin
            twiddleFactor1 = 16'h8277;
            twiddleFactor2 = 16'h18f9;
          end
      endcase
    end
          
    
endmodule

// Perform Butterfly Operation
module butterflyUnit(input logic [15:0] twiddleFactor1,
                        input logic [15:0] twiddleFactor2,
                        input logic [15:0] BFUdataA_real,
                        input logic [15:0] BFUdataB_real,
                        input logic [15:0] BFUdataA_imag,
                        input logic [15:0] BFUdataB_imag,
                        output logic [15:0] memDataA_real,
                        output logic [15:0] memDataB_real,
                        output logic [15:0] memDataA_imag,
                        output logic [15:0] memDataB_imag);
    
    logic signed [31:0] BMult_real, BMult_imag;

    // Make signed values to do signed multiplaction
    logic signed [15:0] s_twiddleFactor1, s_twiddleFactor2; 
    logic signed [15:0] s_BFUdataB_real, s_BFUdataB_imag;
    logic signed [31:0] s_BMult_real, s_BMult_imag;

    assign s_twiddleFactor1 = twiddleFactor1;
    assign s_twiddleFactor2 = twiddleFactor2;
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    assign s_BFUdataB_real = BFUdataB_real;
    assign s_BFUdataB_imag = BFUdataB_imag;
    assign s_BMult_real = (s_BFUdataB_real*s_twiddleFactor1) - 
(s_BFUdataB_imag*s_twiddleFactor2);
    assign s_BMult_imag = (s_BFUdataB_real*s_twiddleFactor2) + 
(s_BFUdataB_imag*s_twiddleFactor1);  

    assign BMult_real = s_BMult_real;
    assign BMult_imag = s_BMult_imag;

    assign memDataA_real = (BFUdataA_real+BMult_real[30:15]);
    assign memDataA_imag = (BFUdataA_imag+BMult_imag[30:15]);
    assign memDataB_real = (BFUdataA_real-BMult_real[30:15]);
    assign memDataB_imag = (BFUdataA_imag-BMult_imag[30:15]);

endmodule

module memory(input logic clk,
            input logic LoadDataWrite,
            input logic Bank0WriteEN, Bank1WriteEN,
            input logic [15:0] Data_real_in,
            input logic [15:0] Data_imag_in,
            input logic BankReadSelect,
            input logic [4:0] LoadDataAddr,
            input logic [4:0] ReadAddrG,
            input logic [4:0] WriteAddrG,
            input logic [4:0] ReadAddrH,
            input logic [4:0] WriteAddrH,
            input logic [15:0] Xr,
            input logic [15:0] Xi,
            input logic [15:0] Yr,
            input logic [15:0] Yi,
            output logic [15:0] Gr, Gi, Hr, Hi,
        output logic [19:0] final_mag);

    logic [4:0] addrA0, addrA1, addrB0, addrB1;
    logic [15:0] DataA0_r, DataA0_i;
    logic [15:0] preG0r, preG0i, preH0r, preH0i, preG1r, preG1i, preH1r, 
preH1i;
    logic Bank0_A_WR, Bank0_B_WR;
    logic [15:0] DataB_r, DataB_i, DataA1_r, DataA1_i;
    logic Bank1WrEnDelay;

    assign Bank0_A_WR = Bank0WriteEN | LoadDataWrite;
    
   assign DataA0_r = LoadDataWrite ? Data_real_in : Xr;
   assign DataA0_i = LoadDataWrite ? Data_imag_in : Xi;
   

    assign addrA0 = LoadDataWrite ? LoadDataAddr : (Bank0WriteEN ? WriteAddrG 
: ReadAddrG);
    assign addrB0 = Bank0WriteEN ? WriteAddrH : ReadAddrH;
    assign addrA1 = LoadDataWrite ? LoadDataAddr : (Bank1WriteEN ? WriteAddrG 
: ReadAddrG);
    assign addrB1 = Bank1WriteEN ? WriteAddrH : ReadAddrH;

    // Instantiate RAM
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    twoportram 
real0(clk,DataA0_r,Yr,addrA0,addrB0,Bank0_A_WR,Bank0WriteEN,preG0r,preH0r);
    twoportram 
im0(clk,DataA0_i,Yi,addrA0,addrB0,Bank0_A_WR,Bank0WriteEN,preG0i,preH0i);

    twoportram 
real1(clk,Xr,Yr,addrA1,addrB1,Bank1WriteEN,Bank1WriteEN,preG1r,preH1r);
    twoportram 
im1(clk,Xi,Yi,addrA1,addrB1,Bank1WriteEN,Bank1WriteEN,preG1i,preH1i);
 
    
    assign Gr = BankReadSelect ? preG1r : preG0r;
    assign Gi = BankReadSelect ? preG1i : preG0i;
    assign Hr = BankReadSelect ? preH1r : preH0r;
    assign Hi = BankReadSelect ? preH1i : preH0i;
   
   // Calculate Magnitude of FFT bins
   // Technically realtive magnitude becuase we don't square the results
   logic signed [15:0] signed_real_even;
   logic signed [15:0] signed_imag_even; 
   logic signed [31:0] signed_mag_even;
   logic [15:0] even_mag;

   assign signed_real_even = preH1r;
   assign signed_imag_even = preH1i;
   
   assign signed_mag_even = (signed_real_even * signed_real_even) + 
(signed_imag_even * signed_imag_even);
   
   assign even_mag = signed_mag_even[30:15];
   
   logic signed [15:0] signed_real_odd;
   logic signed [15:0] signed_imag_odd; 
   logic signed [31:0] signed_mag_odd;
   logic [15:0] odd_mag;

   assign signed_real_odd = preG1r;
   assign signed_imag_odd = preG1i;
   
   assign signed_mag_odd = (signed_real_odd * signed_real_odd) + 
(signed_imag_odd * signed_imag_odd);
   
   assign odd_mag = signed_mag_odd[30:15] ;
   
   
   // We only have 8 columns but 16 bins below one half of the sampling 
frequency 
   // so we combine adjacent bins (i.e. 0 and 1, 2 and 3, etc.)
   assign final_mag =  even_mag + odd_mag;
   
endmodule

// Two port RAM module
module twoportram 
                (input logic clk,
                    input logic [15:0] dataA, dataB,
                    input logic [4:0] addrA, addrB,
                    input logic writeEnA, writeEnB,
                    output logic [15:0]qA, qB);
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    logic [15:0] mem[31:0];

    always_ff @(posedge clk)
        begin
            if (writeEnA)
                begin
                    mem[addrA] <= dataA;
                    qA <= dataA;
                end
            else
                qA <= mem[addrA];
        end
    always_ff @(posedge clk)
        begin
            if (writeEnB)
                begin
                    mem[addrB] <= dataB;
                    qB <= dataB;
                end
            else
                qB <= mem[addrB];
            end   
    
        
endmodule

// Address Generation Unit
module AGU #(parameter logN = 5)
            (input logic clk,
            input logic fftStart,
            output logic fftDone,
            output logic [logN-1:0] memA_addr,
            output logic [logN-1:0] memB_addr,
            output logic memWrite, bankReadSelect,
            output logic [logN-2:0] twiddleAdr
            );

    logic prevfftStart = 1'b0;
    logic clear;

    logic [1:0] delayCounter = 2'b00;
    logic [3:0] i = 4'b000;       // level counter
    logic [logN-2:0] j = 4'b0000;   // index counter
    logic [logN-2:0] tw_addr;
    logic [logN-1:0] j_shift;

    logic [logN-2:0] ones = ~4'b0;
    logic [logN-2:0] zeros = 4'b0;

    always_ff @(posedge clk)
        begin
            prevfftStart <= fftStart;
        end

    assign clear = ~prevfftStart & fftStart;

   always_ff @(posedge clk, posedge clear)
        begin   
            if (clear)
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                begin
                    j <= 0;
                    delayCounter <= 0;
                end
            else if (j != (1 << (logN-1)) - 1) // j < 16
          j <= j + 1'b1;
            else 
                begin
                    delayCounter <= delayCounter + 1'b1;
                    if (delayCounter == 2)
                        begin
                            j <= 0;
                            delayCounter <= 0;
                        end
                end
        end

    always_ff @(posedge clk, posedge clear)
        begin
            if(clear)
                begin
                    i <= 0;
                    fftDone <= 0;
                end
            else if (delayCounter == 2)
                if (i < logN) // i < 5
                    i <= i + 1'b1;
                else 
                    begin
                        i <= 0;
                        fftDone <= 1;
                    end
        end

    assign j_shift = j << 1;
    assign memA_addr = (j_shift << i) | (j_shift >> (logN - i));
    assign memB_addr = ((j_shift + 1'b1) << i) | ((j_shift + 1'b1) >> (logN - 
i));
    
    assign tw_addr = ({ones, zeros} >> i) & j;

    always_ff @(posedge clk)
        twiddleAdr <= tw_addr;

    assign bankReadSelect = i[0];

    assign memWrite = (~fftDone & ~((delayCounter == 2) | (j == 0))); 
//memWrite low when j = 0 and the clock cycle before that

endmodule

// Save FFT Magbitude to give to display
module FFTout(input logic clk, reset,
          input logic enable, 
          input logic [19:0] final_mag,
          input logic [9:0] SaveDataAdr,
          output logic [159:0] fftOut,
          output logic save_complete);
    
    assign save_complete = (SaveDataAdr == 9'd160);
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    always_ff @(posedge clk, posedge reset) 
        begin 
        if (reset) 
            begin 
              fftOut <= 0;  
            end 
        else if (enable & ~save_complete) 
          fftOut[SaveDataAdr +: 20] <= final_mag;
        end
          
          
endmodule       

                  
// Drive LED display
module drive_display (input logic clk, reset,
                input logic [2:0] column,
                        input logic [159:0] fft_data,
                        output logic [15:0] display);

  // For Each column turn on that column and display the relative magnitude
    always_ff @(posedge clk, posedge reset)
        if (reset) display <= 16'b1111111100000000;
        else
        begin
          if (column == 3'b000)
            begin
              if  (fft_data[159:140] < 16'h0002)
                  display <= 16'b1111111000000001;
              else if  (16'h0002 < fft_data[159:140] & fft_data[159:140] < 
16'h0004)
                  display <= 16'b1111111000000001;
              else if ( 16'h0004 < fft_data[159:140] & fft_data[159:140] < 
16'h0021)
                display <= 16'b1111110000000001;
              else if  (16'h0021 < fft_data[159:140] & fft_data[159:140] < 
16'h0064)
                display <= 16'b1111100000000001;
              else if  (16'h0064 < fft_data[159:140] & fft_data[159:140] < 
16'h0256)
                display <= 16'b1111000000000001;
              else if  (16'h0256 < fft_data[159:140] & fft_data[159:140] < 
16'h0512)
                display <= 16'b1110000000000001;
              else if  (16'h0512 < fft_data[159:140] & fft_data[159:140] < 
16'h0768)
                display <= 16'b1100000000000001;
              else if  (16'h0768 < fft_data[159:140] & fft_data[159:140] < 
16'h1280)
                display <= 16'b1000000000000001;
              else
                display <= 16'b0000000000000001;
            end
              
              
          else if (column == 3'b001)
            begin
              if  (fft_data[139:120] < 16'h0002)
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                display <= 16'b1111110000000010;
              else if  (16'h0002 < fft_data[139:120] & fft_data[139:120] < 
16'h0004)
                begin
                  flag <= 1'b1;
                  display <= 16'b1111111000000010;
                end
              else if  (16'h0004 < fft_data[139:120] & fft_data[139:120] < 
16'h0021)
                display <= 16'b0111110000000010;
              else if  (16'h0021 < fft_data[139:120] & fft_data[139:120] < 
16'h0064)
                display <= 16'b1111100000000010;
              else if  (16'h0064 < fft_data[139:120] & fft_data[139:120] < 
16'h0256)
                display <= 16'b1111000000000010;
              else if  (16'h0256 < fft_data[139:120] & fft_data[139:120] < 
16'h0512)
                display <= 16'b1110000000000010;
              else if  (16'h0512 < fft_data[139:120] & fft_data[139:120] < 
16'h0768)
                display <= 16'b1100000000000010;
              else if  (16'h0768 < fft_data[139:120] & fft_data[139:120] < 
16'h1280)
                display <= 16'b1000000000000010;
              else
                display <= 16'b0000000000000010;
            end
            
            
          else if (column == 3'b010)
            begin
              if  (fft_data[119:100] < 16'h0002)
                display <= 16'b1111100000000100;
              else if  (16'h0002 < fft_data[119:100] & fft_data[119:100] < 
16'h0004)
                display <= 16'b1111111000000100;
              else if ( 16'h0004 < fft_data[119:100] & fft_data[119:100] < 
16'h0021)
                display <= 16'b1111110000000100;
              else if  (16'h0021 < fft_data[119:100] & fft_data[119:100] < 
16'h0064)
                display <= 16'b1111100000000100;
              else if  (16'h0064 < fft_data[119:100] & fft_data[119:100] < 
16'h0256)
                display <= 16'b1111000000000100;
              else if  (16'h0267 < fft_data[119:100] & fft_data[119:100] < 
16'h0512)
                display <= 16'b1110000000000100;
              else if  (16'h0512 < fft_data[119:100] & fft_data[119:100] < 
16'h0768)
                display <= 16'b1100000000000100;
              else if  (16'h0768 < fft_data[119:100] & fft_data[119:100] < 
16'h1280)
                display <= 16'b1000000000000100;
              else
                display <= 16'b0000000000000100;
            end
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          else if (column == 3'b011)
            begin
              if  (fft_data[99:80] < 16'h0002)
                display <= 16'b1111111000001000;
              else if  (16'h0002 < fft_data[99:80] & fft_data[99:80] < 
16'h0004)
                display <= 16'b1111111000001000;
              else if ( 16'h0004 < fft_data[99:80] & fft_data[99:80] < 
16'h0021)
                display <= 16'b1111110000001000;
              else if  (16'h0021 < fft_data[99:80] & fft_data[99:80] < 
16'h0064)
                display <= 16'b1111100000001000;
              else if  (16'h0064 < fft_data[99:80] & fft_data[99:80] < 
16'h0256)
                display <= 16'b1111000000001000;
              else if  (16'h0256 < fft_data[99:80] & fft_data[99:80] < 
16'h0512)
                display <= 16'b1110000000001000;
              else if  (16'h0512 < fft_data[99:80] & fft_data[99:80] < 
16'h0768)
                display <= 16'b1100000000001000;
              else if  (16'h0768 < fft_data[99:80] & fft_data[99:80] < 
16'h1280)
                display <= 16'b1000000000001000;
              else
                display <= 16'b0000000000001000;
            end
              
              
          else if (column == 3'b100)
            begin
              if  (fft_data[79:60] < 16'h0002)
                display <= 16'b1111110000010000;
              else if  (16'h0002 < fft_data[79:60] & fft_data[79:60] < 
16'h0004)
                display <= 16'b1111111000010000;
              else if ( 16'h0004 < fft_data[79:60] & fft_data[79:60] < 
16'h0021)
                display <= 16'b1111110000010000;
              else if  (16'h0021 < fft_data[79:60] & fft_data[79:60] < 
16'h0064)
                display <= 16'b1111100000010000;
              else if  (16'h0064 < fft_data[79:60] & fft_data[79:60] < 
16'h0256)
                display <= 16'b1111000000010000;
              else if  (16'h0256 < fft_data[79:60] & fft_data[79:60] < 
16'h0512)
                display <= 16'b1110000000010000;
              else if  (16'h0512 < fft_data[79:60] & fft_data[79:60] < 
16'h0768)
                display <= 16'b1100000000010000;
              else if  (16'h0768 < fft_data[79:60] & fft_data[79:60] < 
16'h1280)
                display <= 16'b1000000000010000;
              else
                display <= 16'b0000000000010000;
            end
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          else if (column == 3'b101)
            begin
              if  (fft_data[59:40] < 16'h0002)
                display <= 16'b1111100000100000;
              else if  (16'h0002 < fft_data[59:40] & fft_data[59:40] < 
16'h0004)
                display <= 16'b1111111000100000;
              else if ( 16'h0004 < fft_data[59:40] & fft_data[59:40] < 
16'h0021)
                display <= 16'b1111110000100000;
              else if  (16'h0021 < fft_data[59:40] & fft_data[59:40] < 
16'h0064)
                display <= 16'b1111100000100000;
              else if  (16'h0064 < fft_data[59:40] & fft_data[59:40] < 
16'h0256)
                display <= 16'b1111000000100000;
              else if  (16'h0256 < fft_data[59:40] & fft_data[59:40] < 
16'h0512)
                display <= 16'b1110000000100000;
              else if  (16'h0512 < fft_data[59:40] & fft_data[59:40] < 
16'h0768)
                display <= 16'b1100000000100000;
              else if  (16'h0768 < fft_data[59:40] & fft_data[59:40] < 
16'h1280)
                display <= 16'b1000000000100000;
              else
                display <= 16'b0000000000100000;
            end
            
            
          else if (column == 3'b110)
            begin
              if  (fft_data[39:20] < 16'h0002)
                display <= 16'b1111111001000000;
              else if  (16'h0002 < fft_data[39:20] & fft_data[39:20] < 
16'h0004)
                display <= 16'b1111111001000000;
              else if ( 16'h0004 < fft_data[39:20] & fft_data[39:20] < 
16'h0021)
                display <= 16'b1111110001000000;
              else if  (16'h0021 < fft_data[39:20] & fft_data[39:20] < 
16'h0064)
                display <= 16'b1111100001000000;
              else if  (16'h0064 < fft_data[39:20] & fft_data[39:20] < 
16'h0256)
                display <= 16'b1111000001000000;
              else if  (16'h0256 < fft_data[39:20] & fft_data[39:20] < 
16'h0512)
                display <= 16'b1110000001000000;
              else if  (16'h0512 < fft_data[39:20] & fft_data[39:20] < 
16'h0768)
                display <= 16'b1100000001000000;
              else if  (16'h0768 < fft_data[39:20] & fft_data[39:20] < 
16'h1280)
                display <= 16'b1000000001000000;
              else
                display <= 16'b0000000001000000;
            end
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          else if (column == 3'b111)
            begin
              if  (fft_data[19:0] < 16'h0002)
                display <= 16'b1111111110000000;
              else if  (16'h0002 < fft_data[19:0] & fft_data[19:0] < 
16'h0004)
                display <= 16'b1111111010000000;
              else if ( 16'h0004 < fft_data[19:0] & fft_data[19:0] < 
16'h0021)
                display <= 16'b1111110010000000;
              else if  (16'h0021 < fft_data[19:0] & fft_data[19:0] < 
16'h0064)
                display <= 16'b1111100010000000;
              else if  (16'h0064 < fft_data[19:0] & fft_data[19:0] < 
16'h0256)
                display <= 16'b1111000010000000;
              else if  (16'h0256 < fft_data[19:0] & fft_data[19:0] < 
16'h0512)
                display <= 16'b1110000010000000;
              else if  (16'h0512 < fft_data[19:0] & fft_data[19:0] < 
16'h0768)
                display <= 16'b1100000010000000;
              else if  (16'h0768 < fft_data[19:0] & fft_data[19:0] < 
16'h1280)
                display <= 16'b1000000010000000;
              else
                display <= 16'b0000000010000000;
            end
            
          else  
            display <= 16'b1111111100000000;
        end

endmodule               
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