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Devices marked with “C” compress the neural recording, resulting in data loss 

 

 

 

 

TABLE 2.1 

 COMPARISON OF WIRELESS NEURAL RECORDING DEVICES 

Research Group Channel Count Weight (g) 
Data Rate 

(Mbps) 

Testing 

Method 

Power 

Consumption(mW) 
Animal Model Operating Distance (m) 

Operating Time 

(Hrs) 

Donati 1990 [59] - - 0.001  Freely Moving - Rat - 15 

Guillory 2004 [107] - - 40 Bench 20-120 - <5mm Inductive 

Rizk 2007 [108] 96 17 1 In vivo -  100 Owl Monkey 2 Inductive 

Parmentier 2008 [62]  - - 16 Bench 10 - <5mm - 

Rizk 2009 [109]  96 - -  Anesthetised 100 Sheep 2 Inductive 

Song 2009 [64] 16 - 6.528 - 7.680 Anesthetised 12 Rat, Monkey 0.003 Inductive 

Sodagar 2009 [40] 64 0.275 2 Bench 14.4 - 0.01 Inductive 

Wei 2009 [110] 16 - - In vitro - - <5mm - 

Chestek 2009 [111] 1 114 0.3456 Freely Moving 63.2 Rhesus Monkey 4 144 

Miranda H. 2010 [112] 32 - 24 Restricted 142 Primate 1 33 

Greenwald 2011 [113] 16 24 1 Freely Moving 4.8 mAh Rat 3 40 

Szuts 2011 [33] 64 67 12 Freely Moving 645 Rat 60 6 

Fan D. 2011 [114] 16 4.5 Analog Freely Moving - Mouse 4 6 

Sharma 2011 [41] - - - Bench - -  Inductive 

Thomas 2012 [42] 10 0.038 5 Bench 1.23 - 1.5 RF Harvesting 

Rush 2012 [115]  16 - 3 Bench 4.2 - 20 Inductive 

Liu 2012 [63] - - 50 Bench 5.5 - <5mm - 

Roy 2012 [116] 15 12 Analog Freely Moving - Marmoset 3 5 

Yin 2013 [30] 100 44.5 48 Freely Moving 90.6 Rhesus monkey 1 6.6 

Yin 2013 [117] 97 46.1 48 Restricted 51 Primate 1-2 48 

Schwarz 2014 [23] 512 C - 8* Freely Moving 264 Rhesus Monkey - 30 

Liu 2014 [118] - - 100 Anesthetised 2.1 Sheep <5mm - 

Pinnel 2015 [119] 4 8.5 - Freely Moving 20 mAh Rat 03-May 6-8 

Hasegawa 2015 [55] 3 16< 0.2 Freely Moving 200 Rat 5 4 

Kuan 2015 [120] - - 6000 Bench 12.5 - 0.06 - 

Turcotte 2016 [38] 32 C 4.9 1.4 Head-Fixed 175 Mouse - 1.16 

Lin 2016 [121]   8 - 2 Anesthetised  Rat <5mm Inductive 

Lu 2017 [122] 1 0.5 0.000336 Freely Moving - Mouse - 2 

Intsy 2018 [123] 64 40 0.056 - - Pig 5 - 

This Work 32 5.045 10.24 Head-Fixed 45 Mouse  0.2 3.5-4 
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TABLE 2.3 

NEURAL STIMULATING ONLY DEVICES 

Research Group 
Stimulating  

Channels 

Weight  

(g) 

Dimensions   

(mm) 

Testing  

Method 

Animal  

Model 

Operating  

Distance (m)  

Operating  

Time (Hrs) 

Stimulation  

Method 

Iwai et al., 2011[135] 1 3.1 - In vivo - Freely Moving Mouse 2 - Optogenetic 
Wentz et al., 2011[99] up to 16 43161 - In vivo - Freely Moving Mouse several cm Inductive  Optogenetic 

Hashimoto et al., 2014[102] 3 2.4 10 x 14 x 14 Bench - 15 - Optogenetic 

Park et al., 2015[92] 1 0.07 - In vivo - Freely Moving Mouse 1.6 PV, RF Harvesting Optogenetic 
Montgomery et al., 2015[136] 1 0.02-0.05 10–25 mm3 In vivo - Freely Moving Mouse 0.03 Inductive  Optogenetic 

Rossi et al., 2015[100] 2 2.9 5 x 14 x 17 In vivo - Freely Moving Mouse 4 2 Optogenetic 
Lee et al., 2015[137] 1 - - In vivo - Freely Moving Mouse - - Optogenetic 

Park et al., 2016[88] 2 0.033 0.7 x 4.3 x 8 In vivo - Freely Moving Mouse - RF harvesting Optogenetic 

Shin et al., 2017[87] 2 0.03 9.9 dia x 1.3 In vivo - Freely Moving Mouse 0.12 Inductive  Optogenetic 
Commercial TBSI S-series[138] 2 3.6 10.5 x 17.8 x 19.6 In vivo - Freely Moving Mouse - 5.5 Electrical 

Commercial TBSI S-series[138] 2 2.9 10.5 x 17.8 x 19.6 In vivo - Freely Moving Mouse - 5.5 Optogenetic 

Turcotte, et al. 2017[139] 1  -  -  - Mouse  -  - Optogenetic 

                    
                   Devices marked with “C” compress the neural recording resulting in data loss 
 

TABLE 2.2  

COMPARISON OF COMMERCIALLY AVAILABLE WIRELESS NEURAL RECORDING DEVICES 

Company/Device Name 
Channe

l Count 
Weight (g) Data Rate (Mbps) 

Testing 

Method 

Power 

Consumption(mW) 

Animal 

Model 
Operating Distance (m) 

Operating Time 

(Hrs) 

Blackrock Cereplex W [43] 96 33.5 - Freely Moving - Primate 2 3.5 

Blackrock Cereplex Exilis [124] 96 9.87 - Freely Moving - Rat 1 2.5 

TBSI W5 [44] 5 2.8 Analog Freely Moving 13-24 mAh Mouse 4 3.5-4.2 

TBSI W16 [125] 16 4 Analog Freely Moving 13-24 mAh Mouse 3 3.5-4.2 

TBSI W32 [45] 32 4.5 Analog Freely Moving 13-24 mAh Mouse 4 3.5-4.2 

TBSI W64 [126] 64 5 Analog Freely Moving 13-24 mAh Rat 4 3.5-4.2 

TBSI W128 [127] 128 12 Analog Freely Moving 13-24 mAh Rat 4 1-3 

TBSI W256 [128] 256 9 Analog Freely Moving 66 mA Rat 10 1-3 

Taini [46] 16 1.5   Freely Moving 2.8 Mouse 2.5 72 

Neuralynx Cube2 [129]  64 21.3 - Freely Moving - Rat 10 0.5-24 

Deuteron Mouselog-16 [130] 16 DL 2.8 7.5 Freely Moving 140 Mouse 200 0.6 

Deuteron Ratlogger [131] 64 DL 6.58 30 Freely Moving 275 Rat 200 2 

Doric [132] 4 2.8 0.915 Freely Moving - Mouse 5 1.5 

Spike Gadgets [133]  128 DL 9.2 61.44 Freely Moving - Rat - 2.25 

Jaga Penny [134] 16 2.8 0.125 Freely Moving - Mouse - 1.5 

Jaga 16 [134] 16 11.2 3.584 Freely Moving - Rat - 1 
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      *Assuming CMOS signalling mode and 20 kS/s sampling rate, ** Assuming CMOS signalling mode, 20 kS/s sampling rate and a total stimulating current of 1.16 mA 
      † 30 mW when the stimulation is disabled on all channels and increases by 1.1–1.7 mW for each enabled channel depending on the defined stimulation mode and the range of the output   signal 

   

  

 

 

 

 

 

TABLE 2.4 

NEURAL RECORDING AND STIMULATING DEVICES 

Research Group 
Recording  

Channels   

Stimulating 

Channels  

Weight  

(g) 

DR  

(Mbps) 

Sampling Rate 

(kS/s/channel) 

Power  

Consumption (mW) 

Animal  

Model 

Operating 

Distance (m)  

Operating 

Time (Hrs) 

Stimulation 

Method 

Ativanichayaphong et al., 2008[140] 1 1 - - 10 - Rat - 6 Electrical 
Kim et al., 2013[141] 1 4 0.7-2 - - 4 Mouse 1 RF Harvesting Optogenetic 

R C Pinnell, et al. 2015[119] 4 2 8.5 - 0.5 20 mAh Rat 3-5 3-5 Electrical 

Kwon et al., 2015[142] up to 32 C up to 32 4.9 1.4 20 175 Mouse - 1.16 Optogenetic 
Turcotte, et al. 2016[38] 32C 32 - - - - Rat  - Inductive Optogenetic 

TABLE 2.5 

NEURAL RECORDING AND STIMULATING CHIPS 

Research Group  Voltage  

(V) 

Data Rate  

(Mbps) 

Sampling  

Rate 

(KS/s) 

Recording  

Channels 

Stimulating  

Channels 

Bare Die  

Size (mm) 

Resolution  

(bit) 

Power  

Consumption (mW) 

Energy  

Consumption/Bit (pJ) 

Chae et al., 2008[143] 3.3 90 40 128 - 7.2 x 8.8 9 6 67 

Bonfanti et al., 2010[144] 3 1.25 - 64 - 2.7 x 3.1 8 16.6 11400 

Hottowy et al., 2012[79] ±2.5 Analogue Analogue 64 64 2.8 x 6.4 Analogue 30 mW† Analogue 
Abdelhalim et al., 2013[145] 1.2 1.5 7.1 64 - 3 x 4 8 5.03 3350 

Tan et al., 2014[146] 0.5 1/5/8 25 8 - 2.09 x 2.59 8 3.66 3700/730/460 

Muller et al., 2014[147] 0.5 1 - 64 - 2.4 x 2.4 15 0.225 225 
Brenna et al., 2016[85] 0.5 20 31.25 64 - 5 x 5 10 0.965 48.2 

Commercial Intan RHD2132[72] 3.3 16.8 30 32 - 4.1 x 4.8 16 18.48* 1650* 
Commercial Intan RHS2116 [106] 3.3 10.24 40 16 16 4.7 x 4.9 16 25.13** 4908** 
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𝛷𝑣
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𝜆1
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𝛷𝑣  = 

Km =  

𝛷𝐸(𝜆) =  

𝑣(𝜆) = 

𝐼𝑣 = 

𝐼 =   

𝑓(𝜆) =  

𝐼𝑣 = 683𝐼 ∫ 𝑓

𝜆=675

𝜆=595

(𝜆)𝑣(𝜆)𝛿𝜆 ≈ 683𝐼
∑ 𝑓𝑖𝑣𝑖𝑖

∑ 𝑓𝑖𝑖

     (𝐾𝑖𝑛𝑔𝑏𝑟𝑖𝑔ℎ𝑡)            (3.4) 

 𝐼𝑣 = 683𝐼 ∫ 𝑓

𝜆=700

𝜆=580

(𝜆)𝑣(𝜆)𝛿𝜆 ≈ 683𝐼
∑ 𝑓𝑖𝑣𝑖𝑖

∑ 𝑓𝑖𝑖

  (𝐴𝑣𝑎𝑔𝑜)                     (3.5) 

                 𝐼 =  
𝐼𝑣 ∑ 𝑓𝑖𝑖

683 ∑ 𝑓𝑖𝑣𝑖 𝑖

                                                               (3.6)  

𝐼 = 0.25 𝑚𝑊/𝑠𝑟

𝐼 = 3.2 𝑚𝑊/𝑠𝑟



63 
 



64 
 



65 
 

a b 



66 
 



67 
 

𝜏 = 𝐶𝜇𝑐𝑒𝑙𝑙(𝑅𝑄 + 𝑁𝑅𝐿)

 𝑇90%−10% = 2.2𝜏𝑅

τ

𝐶𝜇𝑐𝑒𝑙𝑙

𝑅𝑄

𝑅𝐿

𝐶𝜇𝑐𝑒𝑙𝑙
90 𝑝𝐹

1296

𝑅𝑄

𝑅𝐿



68 
 

𝐶𝜇𝑐𝑒𝑙𝑙
1070 𝑝𝐹

5676

𝑅𝑄

𝑅𝐿



69 
 



70 
 



71 
 

1 0 0 

1 2 3 4 5

-40

-30

-20

-10

0

10

20

30

40

Time (ms)

Vo
lta

ge
 (u

V)

0 0 

MISO 

SCLK 

0V 

3.3V 
0V 

3.3

 

0 1 1 0 1 0 0 1 1 0 0 



72 
 

μ

50 µm

a b

c
d



73 
 

μ



74 
 



75 
 



76 
 



77 
 





78 
 



79 
 



80 
 



81 
 



82 
 



83 
 



84 
 



85 
 

Mouse 

Neural Probe 

Adapter 

Device 

CS clock 

photodetector 

Neural Data 

Photodetector 
Threshold 

circuit 

FPGA 

Workstation 



86 
 

d



87 
 



88 
 



89 
 



90 
 

μ



91 
 

DMA 

Cortex-

M4 

A
H

B
 B

u
s 

M
at

ri
x 

APB SPI 

SRAM 

FLASH 

Quad SPI 



92 
 



93 
 



94 
 



95 
 

Khz38.028
109

4145146
=



96 
 



97 
 

a b 



98 
 



99 
 



100 
 

μ



101 
 



102 
 

Vthreshold =
𝑅4

𝑅4+𝑅3



103 
 



104 
 



105 
 



106 
 



107 
 

μ

μ



108 
 



109 
 

μ μ



110 
 



111 
 

0.5 s

1
0
0
 u

V

0.5 s1
0

0
 u

V

0.5 ms

1
0

0
 u

V

0.5 ms

1
0

0
 u

V

0.5 ms

1
0

0
 u

V

0.5 ms

1
0

0
 u

V

30500
31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

31000
31500
32000
32500
33000
33500
34000

30500
31000
31500
32000
32500
33000
33500
34000



112 
 



113 
 

μ

μ



114 
 

FIGURE 4.18: FIGURE 4.19: (a) Zoomed in views of the device inserted into the brain of the animal (b) Optogenetic 
stimulation used to activate neurons in the  auditory cortex of an in vivo awake mouse. (c) A running in vivo 
experiment with the device inserted into the brain of a mouse. The distance between the photodetector and device 
was 20 cm (yellow arrow).  

c
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TABLE 4.5 

BER DISTANCE RELATIONSHIP 

BER Distance (cm)  Angle Number of bits transmitted  Errors 

0 10 0 1124427 0 

0 20 0 1123844 0 

0 30 0 1124348 0 

0 40 0 1124480 0 

5.33E-06 50 0 1125135 6 

0.10072 60 0 1124133 113223 
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TABLE 4.6 

BER ANGLE RELATIONSHIP 

BER Distance (cm) Angle Number of bit transmitted Errors 

0 10 10 1124401 0 

0 10 20 1124358 0 

0 10 30 1124463 0 

0.22844 10 40 1124352 256848 

8.90E-07 20 10 1124132 1 

0 20 20 1123904 0 

0 20 30 1124277 0 
† 20 40 † † 
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TABLE 5.1 

DEFAULT WEIGHT CONFIGURATION 

Battery Weight (g) 1.8 (50 mAh) 

PCB Weight (g) 2.2 

Probe PCB + Omnetics connector (g)  0.53 

Other components (g) 0.805 

Operating Hours (hrs) 4 

Total Weight (g) 5.335 
 

TABLE 5.2 
THIN PCB NO BATTERY 

Battery Weight (g) 1.6 (50 mAh) 

PCB Weight (g) 0.511 

Probe PCB + Omnetics connector (g)  0.53 

Other components (g) 0.805 

Operating Hours (hrs) 4 

Total Weight (g) 3.446 
 

TABLE 5.3 

FELXIBLE THIN PCB SMALLER BATTERY 

Battery Weight (g) 1.2 (30 mAh) 

PCB Weight (g) 0.28 

Probe PCB + Omnetics connector (g)  0.53 

Other components (g) 0.805 

Operating Hours (hrs) 2.5 

Total Weight (g) 2.815 
 

TABLE 5.4 
FLEXIBLE THIN PCB 3D COIL 

Battery Weight (g) 1 

PCB Weight (g) 0.28 

Probe PCB + Omnetics connector (g)  0.53 

Other components (g) 0.805 

Operating Hours (hrs) Perpetual 

Total Weight (g) 2.615 
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%%% Intan BER analysis 1.0 
%------------------------- 
% This script uses the SCLK signal from the Intan chip as a 

reference clock 
% for sampling the MISO electrical and optical signals (nominally on 

the 
% rising edge of SCLK). The calculated BER, number of errors and 

processed 
% signals may be saved to a text file once complete. 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 1) Process the SCLK signal 
%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%% Threshold SCLK signal %%% 

  
SCLK_prompt = 'Please enter a value for the SCLK threshold voltage: 

'; 
th_SCLK = input(SCLK_prompt); 

  
SCLK_thresh = SCLK; %SCLK_thresh is the thresholded SCLK signal 
SCLK_thresh(SCLK_thresh<th_SCLK) = 0; % Set all values below thresh 

to 0 
SCLK_thresh(SCLK_thresh>th_SCLK) = 1; % Set all values above thresh 

to 1 
SCLK_thresh(SCLK_thresh==th_SCLK) = 1; % Set all values equal to 

thresh to 1 

  
%%% Find the SCLK rising edges %%% 

  

dSCLK = gradient(SCLK_thresh, mean(diff(t))); % Take derivative of 

SCLK_th w.r.t time 
[dypks,sample_times] = findpeaks(dSCLK); % Find the derivative peaks 

(rising edges) 

  
%%% Analyse SCLK %%% 

  
Intan_fs = roundn(length(sample_times) / (16*35*(max(t)-min(t))),3); 

% Intan sampling rate (Hz) 
scope_ps = (max(t)-min(t)) / length(t); % Oscilloscope sampling 

period (s) 
nsamp = round((t(sample_times(2,:)) - t(sample_times(1,:))) / 

scope_ps); % Approx # samples per bit 

  
%%% If there is an incompletely-sampled bit at the end of MISO_Rx, 
%%% truncate it (remove it). 

  
if (length(t) - sample_times(end)) < nsamp 
    sample_times = sample_times(1:end-1); 
end 

  
%%% Display information to the user %%% 
disp(' '); 
disp('The estimated Intan sampling rate (S/s) is '); 
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disp(Intan_fs); 
disp('The estimated total number of bits is '); 
disp(length(sample_times)); 
disp('The estimated number of samples per bit is '); 
disp(nsamp); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 2) Process the electrical MISO signal 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%% Threshold the electrical MISO signal %%% 

  
MISO_elec_prompt = 'Please enter a value for the electrical MISO 

signal threshold voltage: '; 
th_MISO_elec = input(MISO_elec_prompt); 

  
MISO_elec_thresh = MISO; %SCLK_thresh is the thresholded SCLK signal 
MISO_elec_thresh(MISO_elec_thresh<th_MISO_elec) = 0; % Set all 

values below thresh to 0 
MISO_elec_thresh(MISO_elec_thresh>th_MISO_elec) = 1; % Set all 

values above thresh to 1 
MISO_elec_thresh(MISO_elec_thresh==th_MISO_elec) = 1; % Set all 

values equal to thresh to 1 

  
%%% Sample the thresholded MISO signal %%% 

  
MISO_elec_sample_offset_prompt = 'Please enter an offset for the 

electrical MISO sampling (# of samples): '; 
elec_sample_offset = input(MISO_elec_sample_offset_prompt); 

  
OOK = MISO_elec_thresh(sample_times+elec_sample_offset); % The input 

data to the LED 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 3) Process the electrical MISO signal 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%% Theshold the optical MISO signal %%% 
%--------------------------------------% 
MISO_opt_prompt = 'Please enter an estimated value for the optical 

MISO signal threshold voltage: '; 
x0(1,1) = input(MISO_opt_prompt); 

  
%%% Sample the thresholded MISO optical signal %%% 
%------------------------------------------------- 
MISO_Rx_sample_offset_prompt = 'Please enter an estimated offset for 

the optical MISO sampling (# of samples): '; 
x0(1,2) = input(MISO_Rx_sample_offset_prompt); 

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 4) Estimate the BER and optimum parameters 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
options = optimset('Display','final','TolFun',1e-6,'TolX',1e-6); 
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output = fminsearchbnd(@(prms) BER_optimise(prms(1), prms(2)),x0,[-

inf 0],[+inf nsamp-1],options); 

  
BER = horzcat('Bit-error-ratio is ',num2str(ber)); 
NERR = horzcat('Total number of errors is ',num2str(nerr)); 
disp(' '); 
disp('==============================================================

======='); 
disp('***BER results***'); 
disp('==============================================================

======='); 
disp(BER); 
disp(NERR); 
disp(' '); 
params = horzcat('Using a MISO threshold value of 

',num2str(output(1,1)),' and a MISO sampling offset of 

',num2str(round(output(1,2)))); 
disp(params); 
disp('==============================================================

======='); 

 

/* Includes --------------------------------------------------------

----------*/ 
#include "main.h" 

 
/* USER CODE BEGIN Includes */ 

 
/* USER CODE END Includes */ 

 
/* Private variables -----------------------------------------------

----------*/ 

 
/* USER CODE BEGIN PV */ 
/* Private variables -----------------------------------------------

----------*/ 

 
/* USER CODE END PV */ 

 
/* Private function prototypes -------------------------------------

----------*/ 
static void LL_Init(void); 
void SystemClock_Config(void); 
static void MX_GPIO_Init(void); 
static void MX_DMA_Init(void); 
static void MX_SPI1_Init(void); 
static void MX_TIM2_Init(void); 
static void MX_TIM2_Init2(void); 

 
/* USER CODE BEGIN PFP */ 
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/* Private function prototypes -------------------------------------

----------*/ 

 
/* USER CODE END PFP */ 

 
/* USER CODE BEGIN 0 */ 
uint8_t dataTx4 [] = {0,0,0,1,0,2,0,3,0,4,0,5,0,6,0,7,0,8, 
0,9,0,10,0,11,0,12,0,13,0,14,0,15, 
0,16,0,17,0,18,0,19,0,20,0,21,0,22,0, 
23,0,24,0,25,0,26,0,27,0,28,0,29,0, 
30,0,31,0,255,0,255,0,255}; 

 
uint8_t dataTx8 [] = 

{0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0xFC,0x00,0xFF,0xDE,0x

80,0x42,0x81,0x04,0x82,0x00,0x83, 
0x9C,0x84,0x40,0x85,0x00,0x86,0x00,0x87,0x11,0x88,0x80,0x89, 
0x10,0x8A,0x80,0x8B,0x22,0x8C,0x80,0x8D,0xFF,0x8E,0xFF,0x8F, 
0xFF,0x90,0xFF,0x91,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0x00,0x55, 
0x00,0xFF,0x00,0xFF,0x00,0xFF,0x00,0xFF,0x00,0xFF,0x00,0xFF, 
0x00,0xFF,0x00,0xFF,0x00,0xFF}; 

 
uint8_t dataTx9 [] = {0,28}; 

 
//Send 2 dummy commands 

 
//                        1111110000000000 (0xFC, 0x00) 
//                        1111111100000000 (0xFF, 0x00) 

 

 
//Setup Registers 

 

 
//Register 0              1000000011011110 (0x80, 0xDE) 
//Register 1              1000000101000010 (0x81, 0x42) 
//Register 2              1000001000000100 (0x82, 0x04) 
//Register 3              1000001100000000 (0x83, 0x00) 
//Register 4              1000010010011100 (0x84, 0x9C) 
//Register 5              1000010101000000 (0x85, 0x40) 
//Register 6              1000011000000000 (0x86, 0x00) 
//Register 7              1000011100000000 (0x87, 0x00) 
//Register 8              1000100000010001 (0x88, 0x11) 
//Register 9              1000100110000000 (0x89, 0x80) 
//Register 10             1000101000010000 (0x8A, 0x10) 
//Register 11             1000101110000000 (0x8B, 0x80) 
//Register 12             1000110000101100 (0x8C, 0x2C) 1 Hz, 

1000110000100010 (0x8C, 0x22) 50 Hz, 1000110000001111 (0x8C, 0x0F) 

300 Hz 
//Register 13             1000110110000110 (0x8D, 0x86) 1 Hz, 

1000110110000000 (0x8D, 0x80) 50 Hz, 1000110110000000 (0x8D, 0x80) 

300 Hz 
//Register 14             1000111011111111 (0x8E, 0xFF) 
//Register 15             1000111111111111 (0x8F, 0xFF) 
//Register 16             1001000011111111 (0x90, 0xFF) 
//Register 17             1001000111111111 (0x91, 0xFF) 
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//100 us Delay                      

0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0 

 

 
//Calibrate 
//                                              0101010100000000 

(0x55, 0x00) 

 

 
//9 Dummy Commands 

 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 
//                                              1111111100000000 

(0xFF, 0x00) 

 
/* USER CODE END 0 */ 

 
int main(void) 
{ 

 
/* USER CODE BEGIN 1 */ 
LL_PWR_DisableWakeUpPin(LL_PWR_WAKEUP_PIN4); 

 
/* USER CODE END 1 */ 

 
/* MCU Configuration------------------------------------------------

----------*/ 

 
/* Reset of all peripherals, Initializes the Flash interface and the 

Systick. */ 
LL_Init(); 

 
/* USER CODE BEGIN Init */ 

 
/* USER CODE END Init */ 

 
/* Configure the system clock */ 
SystemClock_Config(); 

 
/* USER CODE BEGIN SysInit */ 
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/* USER CODE END SysInit */ 

 
/* Initialize all configured peripherals */ 
MX_GPIO_Init(); 
MX_DMA_Init(); 
MX_SPI1_Init(); 
MX_TIM2_Init(); 

 
/* USER CODE BEGIN 2 */ 
LL_mDelay(8); 
LL_TIM_CC_EnableChannel(TIM2, LL_TIM_CHANNEL_CH1); 
LL_TIM_EnableDMAReq_UPDATE(TIM2); 
LL_TIM_EnableAllOutputs(TIM2); 
LL_TIM_EnableCounter(TIM2); 
LL_TIM_GenerateEvent_UPDATE(TIM2); 
LL_SPI_Enable(SPI1); 
LL_DMA_EnableChannel(DMA1, LL_DMA_CHANNEL_2); 

 
LL_mDelay(1); 

 
LL_DMA_DisableChannel(DMA1, LL_DMA_CHANNEL_2); 

 

 

 
MX_TIM2_Init2(); 
LL_TIM_CC_EnableChannel(TIM2, LL_TIM_CHANNEL_CH1); 
LL_TIM_EnableDMAReq_UPDATE(TIM2); 
LL_TIM_EnableAllOutputs(TIM2); 
LL_TIM_EnableCounter(TIM2); 
LL_TIM_GenerateEvent_UPDATE(TIM2); 
LL_SPI_Enable(SPI1); 
LL_DMA_EnableChannel(DMA1, LL_DMA_CHANNEL_2); 

 

 

 
/* USER CODE END 2 */ 

 
/* Infinite loop */ 
/* USER CODE BEGIN WHILE */ 
while (1) 
{ 
/* USER CODE END WHILE */ 

 
/* USER CODE BEGIN 3 */ 

 

} 
/* USER CODE END 3 */ 

 
} 

 
static void LL_Init(void) 
{ 
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LL_APB2_GRP1_EnableClock(LL_APB2_GRP1_PERIPH_SYSCFG); 
LL_APB1_GRP1_EnableClock(LL_APB1_GRP1_PERIPH_PWR); 

 
NVIC_SetPriorityGrouping(NVIC_PRIORITYGROUP_4); 

  
  /* System interrupt init*/ 
  /* MemoryManagement_IRQn interrupt configuration */ 
  NVIC_SetPriority(MemoryManagement_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
  /* BusFault_IRQn interrupt configuration */ 
  NVIC_SetPriority(BusFault_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
  /* UsageFault_IRQn interrupt configuration */ 
  NVIC_SetPriority(UsageFault_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
  /* SVCall_IRQn interrupt configuration */ 
NVIC_SetPriority(SVCall_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
/* DebugMonitor_IRQn interrupt configuration */ 
NVIC_SetPriority(DebugMonitor_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
/* PendSV_IRQn interrupt configuration */ 
NVIC_SetPriority(PendSV_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
/* SysTick_IRQn interrupt configuration */ 
NVIC_SetPriority(SysTick_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 

 
} 

 
/** System Clock Configuration 
*/ 
void SystemClock_Config(void) 
{ 

 
LL_FLASH_SetLatency(LL_FLASH_LATENCY_1); 

 
if(LL_FLASH_GetLatency() != LL_FLASH_LATENCY_1) 
{ 
Error_Handler(); 
} 
LL_PWR_SetRegulVoltageScaling(LL_PWR_REGU_VOLTAGE_SCALE1); 

 
LL_RCC_MSI_Enable(); 

 
/* Wait till MSI is ready */ 
while(LL_RCC_MSI_IsReady() != 1) 
{ 

 
} 
LL_RCC_MSI_EnableRangeSelection(); 

 
LL_RCC_MSI_SetRange(LL_RCC_MSIRANGE_10); 

 
LL_RCC_MSI_SetCalibTrimming(0); 
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LL_RCC_SetAHBPrescaler(LL_RCC_SYSCLK_DIV_1); 

 

LL_RCC_SetAPB1Prescaler(LL_RCC_APB1_DIV_1); 

 
LL_RCC_SetAPB2Prescaler(LL_RCC_APB2_DIV_1); 

 
LL_RCC_SetSysClkSource(LL_RCC_SYS_CLKSOURCE_MSI); 

 
/* Wait till System clock is ready */ 
while(LL_RCC_GetSysClkSource() != LL_RCC_SYS_CLKSOURCE_STATUS_MSI) 
{ 

 
} 
LL_Init1msTick(32000000); 

 
LL_SYSTICK_SetClkSource(LL_SYSTICK_CLKSOURCE_HCLK); 

 
LL_SetSystemCoreClock(32000000); 

 
/* SysTick_IRQn interrupt configuration */ 
NVIC_SetPriority(SysTick_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
} 

 
/* SPI1 init function */ 
static void MX_SPI1_Init(void) 
{ 

 
LL_SPI_InitTypeDef SPI_InitStruct; 

 
LL_GPIO_InitTypeDef GPIO_InitStruct; 

 
/* Peripheral clock enable */ 
LL_APB2_GRP1_EnableClock(LL_APB2_GRP1_PERIPH_SPI1); 

 
/**SPI1 GPIO Configuration 
PA1   ------> SPI1_SCK 
PA7   ------> SPI1_MOSI 
*/ 
GPIO_InitStruct.Pin = LL_GPIO_PIN_1|LL_GPIO_PIN_7; 
GPIO_InitStruct.Mode = LL_GPIO_MODE_ALTERNATE; 
GPIO_InitStruct.Speed = LL_GPIO_SPEED_FREQ_VERY_HIGH; 
GPIO_InitStruct.OutputType = LL_GPIO_OUTPUT_PUSHPULL; 
GPIO_InitStruct.Pull = LL_GPIO_PULL_NO; 
GPIO_InitStruct.Alternate = LL_GPIO_AF_5; 
LL_GPIO_Init(GPIOA, &GPIO_InitStruct); 

 
SPI_InitStruct.TransferDirection = LL_SPI_FULL_DUPLEX; 
SPI_InitStruct.Mode = LL_SPI_MODE_MASTER; 
SPI_InitStruct.DataWidth = LL_SPI_DATAWIDTH_16BIT; 
SPI_InitStruct.ClockPolarity = LL_SPI_POLARITY_LOW; 
SPI_InitStruct.ClockPhase = LL_SPI_PHASE_1EDGE; 
SPI_InitStruct.NSS = LL_SPI_NSS_SOFT; 
SPI_InitStruct.BaudRate = LL_SPI_BAUDRATEPRESCALER_DIV2; 
SPI_InitStruct.BitOrder = LL_SPI_MSB_FIRST; 
SPI_InitStruct.CRCCalculation = LL_SPI_CRCCALCULATION_DISABLE; 
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SPI_InitStruct.CRCPoly = 7; 
LL_SPI_Init(SPI1, &SPI_InitStruct); 

 
LL_SPI_SetStandard(SPI1, LL_SPI_PROTOCOL_MOTOROLA); 

 
LL_SPI_EnableNSSPulseMgt(SPI1); 

 
} 

 
/* TIM2 init function */ 
static void MX_TIM2_Init(void) 
{ 

 
LL_TIM_InitTypeDef TIM_InitStruct; 
LL_TIM_OC_InitTypeDef TIM_OC_InitStruct; 

 

LL_GPIO_InitTypeDef GPIO_InitStruct; 

 
/* Peripheral clock enable */ 
LL_APB1_GRP1_EnableClock(LL_APB1_GRP1_PERIPH_TIM2); 

 
/* Peripheral DMA init*/ 

 
LL_DMA_SetPeriphRequest(DMA1, LL_DMA_CHANNEL_2, LL_DMA_REQUEST_4); 

 
LL_DMA_SetDataTransferDirection(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_DIRECTION_MEMORY_TO_PERIPH); 

 
LL_DMA_SetChannelPriorityLevel(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_PRIORITY_LOW); 

 
LL_DMA_SetMode(DMA1, LL_DMA_CHANNEL_2, LL_DMA_MODE_NORMAL); 

 
LL_DMA_SetPeriphIncMode(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_PERIPH_NOINCREMENT); 

 
LL_DMA_SetMemoryIncMode(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_MEMORY_INCREMENT); 

 
LL_DMA_SetPeriphSize(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_PDATAALIGN_HALFWORD); 

 
LL_DMA_SetMemorySize(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_MDATAALIGN_HALFWORD); 

 
LL_DMA_ConfigAddresses(DMA1, LL_DMA_CHANNEL_2, 

(uint32_t)dataTx8,LL_SPI_DMA_GetRegAddr(SPI1), 

LL_DMA_DIRECTION_MEMORY_TO_PERIPH); 

 
LL_DMA_SetDataLength(DMA1, LL_DMA_CHANNEL_2, 43); 

 
DMA1->IFCR = 0x00; 

 
TIM_InitStruct.Prescaler = 0; 
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TIM_InitStruct.CounterMode = LL_TIM_COUNTERMODE_UP; 
TIM_InitStruct.Autoreload = 44; 
TIM_InitStruct.ClockDivision = LL_TIM_CLOCKDIVISION_DIV1; 
LL_TIM_Init(TIM2, &TIM_InitStruct); 

 
LL_TIM_SetClockSource(TIM2, LL_TIM_CLOCKSOURCE_INTERNAL); 

 
LL_TIM_OC_EnablePreload(TIM2, LL_TIM_CHANNEL_CH1); 

 
TIM_OC_InitStruct.OCMode = LL_TIM_OCMODE_PWM1; 
TIM_OC_InitStruct.OCState = LL_TIM_OCSTATE_DISABLE; 
TIM_OC_InitStruct.OCNState = LL_TIM_OCSTATE_DISABLE; 
TIM_OC_InitStruct.CompareValue = 8; 
TIM_OC_InitStruct.OCPolarity = LL_TIM_OCPOLARITY_HIGH; 
LL_TIM_OC_Init(TIM2, LL_TIM_CHANNEL_CH1, &TIM_OC_InitStruct); 

 
LL_TIM_OC_DisableFast(TIM2, LL_TIM_CHANNEL_CH1); 

 
LL_TIM_SetOCRefClearInputSource(TIM2, LL_TIM_OCREF_CLR_INT_NC); 

 
LL_TIM_DisableExternalClock(TIM2); 

 
LL_TIM_ConfigETR(TIM2, LL_TIM_ETR_POLARITY_NONINVERTED, 

LL_TIM_ETR_PRESCALER_DIV1, LL_TIM_ETR_FILTER_FDIV1); 

 
LL_TIM_SetTriggerOutput(TIM2, LL_TIM_TRGO_RESET); 

 
LL_TIM_DisableMasterSlaveMode(TIM2); 

 
/**TIM2 GPIO Configuration 
PA5   ------> TIM2_CH1 
*/ 
GPIO_InitStruct.Pin = LL_GPIO_PIN_5; 
GPIO_InitStruct.Mode = LL_GPIO_MODE_ALTERNATE; 
GPIO_InitStruct.Speed = LL_GPIO_SPEED_FREQ_LOW; 
GPIO_InitStruct.OutputType = LL_GPIO_OUTPUT_PUSHPULL; 
GPIO_InitStruct.Pull = LL_GPIO_PULL_NO; 
GPIO_InitStruct.Alternate = LL_GPIO_AF_1; 
LL_GPIO_Init(GPIOA, &GPIO_InitStruct); 

 
} 

 
static void MX_TIM2_Init2(void) 
{ 

 
LL_TIM_InitTypeDef TIM_InitStruct; 
LL_TIM_OC_InitTypeDef TIM_OC_InitStruct; 

 
LL_GPIO_InitTypeDef GPIO_InitStruct; 

 
/* Peripheral clock enable */ 
LL_APB1_GRP1_EnableClock(LL_APB1_GRP1_PERIPH_TIM2); 

 
/* Peripheral DMA init*/ 
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LL_DMA_SetPeriphRequest(DMA1, LL_DMA_CHANNEL_2, LL_DMA_REQUEST_4); 

 

LL_DMA_SetDataTransferDirection(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_DIRECTION_MEMORY_TO_PERIPH); 

 
LL_DMA_SetChannelPriorityLevel(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_PRIORITY_LOW); 

 
LL_DMA_SetMode(DMA1, LL_DMA_CHANNEL_2, LL_DMA_MODE_CIRCULAR); 

 
LL_DMA_SetPeriphIncMode(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_PERIPH_NOINCREMENT); 

 
LL_DMA_SetMemoryIncMode(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_MEMORY_INCREMENT); 

  

  LL_DMA_SetPeriphSize(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_PDATAALIGN_HALFWORD); 

  
  LL_DMA_SetMemorySize(DMA1, LL_DMA_CHANNEL_2, 

LL_DMA_MDATAALIGN_HALFWORD); 

 
LL_DMA_ConfigAddresses(DMA1, LL_DMA_CHANNEL_2, 

(uint32_t)dataTx4,LL_SPI_DMA_GetRegAddr(SPI1), 

LL_DMA_DIRECTION_MEMORY_TO_PERIPH); 

 
LL_DMA_SetDataLength(DMA1, LL_DMA_CHANNEL_2, 35); 

 
DMA1->IFCR = 0x00; 

 
TIM_InitStruct.Prescaler = 0; 
TIM_InitStruct.CounterMode = LL_TIM_COUNTERMODE_UP; 
TIM_InitStruct.Autoreload = 44; 
TIM_InitStruct.ClockDivision = LL_TIM_CLOCKDIVISION_DIV1; 
LL_TIM_Init(TIM2, &TIM_InitStruct); 

 
LL_TIM_SetClockSource(TIM2, LL_TIM_CLOCKSOURCE_INTERNAL); 

 
LL_TIM_OC_EnablePreload(TIM2, LL_TIM_CHANNEL_CH1); 

 
TIM_OC_InitStruct.OCMode = LL_TIM_OCMODE_PWM1; 
TIM_OC_InitStruct.OCState = LL_TIM_OCSTATE_DISABLE; 
TIM_OC_InitStruct.OCNState = LL_TIM_OCSTATE_DISABLE; 
TIM_OC_InitStruct.CompareValue = 8; 
TIM_OC_InitStruct.OCPolarity = LL_TIM_OCPOLARITY_HIGH; 
LL_TIM_OC_Init(TIM2, LL_TIM_CHANNEL_CH1, &TIM_OC_InitStruct); 

 
LL_TIM_OC_DisableFast(TIM2, LL_TIM_CHANNEL_CH1); 

 
LL_TIM_SetOCRefClearInputSource(TIM2, LL_TIM_OCREF_CLR_INT_NC); 

 
LL_TIM_DisableExternalClock(TIM2); 

 
LL_TIM_ConfigETR(TIM2, LL_TIM_ETR_POLARITY_NONINVERTED, 

LL_TIM_ETR_PRESCALER_DIV1, LL_TIM_ETR_FILTER_FDIV1); 
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LL_TIM_SetTriggerOutput(TIM2, LL_TIM_TRGO_RESET); 

 
LL_TIM_DisableMasterSlaveMode(TIM2); 

 
/**TIM2 GPIO Configuration 
PA5   ------> TIM2_CH1 
*/ 
GPIO_InitStruct.Pin = LL_GPIO_PIN_5; 
GPIO_InitStruct.Mode = LL_GPIO_MODE_ALTERNATE; 
GPIO_InitStruct.Speed = LL_GPIO_SPEED_FREQ_VERY_HIGH; 
GPIO_InitStruct.OutputType = LL_GPIO_OUTPUT_PUSHPULL; 
GPIO_InitStruct.Pull = LL_GPIO_PULL_NO; 
GPIO_InitStruct.Alternate = LL_GPIO_AF_1; 
LL_GPIO_Init(GPIOA, &GPIO_InitStruct); 

 
} 

 
/** 
* Enable DMA controller clock 
*/ 
static void MX_DMA_Init(void) 
{ 
/* Init with LL driver */ 
/* DMA controller clock enable */ 
LL_AHB1_GRP1_EnableClock(LL_AHB1_GRP1_PERIPH_DMA1); 

 
/* DMA interrupt init */ 
/* DMA1_Channel2_IRQn interrupt configuration */ 
NVIC_SetPriority(DMA1_Channel2_IRQn, 

NVIC_EncodePriority(NVIC_GetPriorityGrouping(),0, 0)); 
NVIC_EnableIRQ(DMA1_Channel2_IRQn); 

 
} 

 
/** Configure pins as 
* Analog 
* Input 
* Output 
* EVENT_OUT 
* EXTI 
*/ 
static void MX_GPIO_Init(void) 
{ 

 
GPIO_InitTypeDef GPIO_InitStruct; 

 

/* GPIO Ports Clock Enable */ 
__HAL_RCC_GPIOA_CLK_ENABLE(); 

 
/*Configure GPIO pin : PA8 */ 
GPIO_InitStruct.Pin = GPIO_PIN_8; 
GPIO_InitStruct.Mode = GPIO_MODE_IT_FALLING; 
GPIO_InitStruct.Pull = GPIO_PULLUP; 
HAL_GPIO_Init(GPIOA, &GPIO_InitStruct); 
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/* EXTI interrupt init*/ 
HAL_NVIC_SetPriority(EXTI9_5_IRQn, 0, 0); 
HAL_NVIC_EnableIRQ(EXTI9_5_IRQn); 

 
} 

 
/* USER CODE BEGIN 4 */ 

 
/* USER CODE END 4 */ 

 
/** 
* @brief  This function is executed in case of error occurrence. 
* @param  None 
* @retval None 
*/ 
void _Error_Handler(char * file, int line) 
{ 
  /* USER CODE BEGIN Error_Handler_Debug */ 
  /* User can add his own implementation to report the HAL error 

return state */ 
  while(1)  
  { 
  } 
  /* USER CODE END Error_Handler_Debug */  
} 

  
#ifdef USE_FULL_ASSERT 

  
/** 
   * @brief Reports the name of the source file and the source line 

number 
   * where the assert_param error has occurred. 
   * @param file: pointer to the source file name 
   * @param line: assert_param error line source number 
   * @retval None 
   */ 
void assert_failed(uint8_t* file, uint32_t line) 
{ 
  /* USER CODE BEGIN 6 */ 
  /* User can add his own implementation to report the file name and 

line number, 
    ex: printf("Wrong parameters value: file %s on line %d\r\n", 

file, line) */ 
  /* USER CODE END 6 */ 

  
} 

  
#endif 

  
/** 
  * @} 
  */  

  
/** 
  * @} 
*/  
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/************************ (C) COPYRIGHT STMicroelectronics *****END 

OF FILE****/ 

 

 Joanthan McKendry’s 

   

% Using the script % 
%%%%%%%%%%%%%%%%%%%% 

  
% Data required to be imported: 
% - Time stamps: import as "Times" 
% SCLK: import as SCLK 
% Electrical MISO: import as MISO_elec 
% Optical MISO: import as MISO_opt 

  
% You will also need to adjust the value of "sample_offset" in the 

script 
% below. This can be estimated by manually observing the electrical 

and 
% optical MISO signals. 

  
% OUTPUTS: 
%--------- 

  
% nerr: total number of errors 
% BER: bit-error ratio 
% individual_errors: the location of each error is marked as a "1" 

in this 
% array 

  
%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Find SCLK rising edges % 
%%%%%%%%%%%%%%%%%%%%%%%%%% 
i = 1; 
j = 1; 

  
while i < length(SCLK) 
 if (SCLK(i) == 0) && (SCLK(i+1) == 1); % If you find a rising edge 
     edges(j,:) = (i+1); % Then record the sample number for the 

rising edge 
     edge_times(j,:) = Times(i,:); % And the corresponding time 

value 
     j = j + 1; % Increment j counter 
     i = i + 1; % Increment i counter 
 else 
     i = i + 1; % Increment i counter 
 end 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Find places to sample the electrical and optical signals % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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sample_offset = 7; % Sample offset between electrical and optical 

signals 

  
elec_test = MISO_elec(edges,:); % Electrical samples to BER test 
opt_test = MISO_opt(edges+sample_offset,:);  % Optical samples to 

BER test 

  
[nerr,BER,individual_errors] = biterr(elec_test,opt_test); % BER 

test 

  
BER_print = horzcat('Bit-error-ratio is ',num2str(BER)); 
NERR_print = horzcat('Total number of ',num2str(nerr),' errors out 

of ',num2str(length(edges)),' transmitted bits.'); 

  
% Print results to command window 
disp(' '); 
disp('==============================================================

======='); 
disp('***BER results***'); 
disp('==============================================================

======='); 
disp(BER_print); 
disp(NERR_print); 
disp('==============================================================

======='); 

 

4.3 Jonathan McKendry’s BER analysis script used based on the transmitted clock signal, 

chip select (CS) 

% Using the script % 
%%%%%%%%%%%%%%%%%%%% 

  
% Data required to be imported: 
% - Time stamps: import as "Times" 
% Electrical SCLK: import as SCLK 
% Electrical MISO: import as MISO_elec 
% Optical MISO: import as MISO_opt 
% Optical CS: import as CS_opt 

  
% You will also need to adjust the value of "sample_offset" in the 

script 
% below. This can be estimated by manually observing the electrical 

and 
% optical MISO signals. 

  
% OUTPUTS: 
%--------- 

  
% nerr: total number of errors 
% BER: bit-error ratio 
% individual_errors: the location of each error is marked as a "1" 

in this 
% array 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 1) Find SCLK rising edges % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
i = 1; 
j = 1; 

  
while i < length(SCLK) 
 if (SCLK(i) == 0) && (SCLK(i+1) == 1); % If you find a rising edge 
     SCLK_edges(j,:) = (i+1); % Then record the sample number for 

the rising edge 
     SCLK_edge_times(j,:) = Times(i+1,:); % And the corresponding 

time value 
     j = j + 1; % Increment j counter 
     i = i + 1; % Increment i counter 
 else 
     i = i + 1; % Increment i counter 
 end 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 2) Find places to sample the electrical MISO signal % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%sample_offset = 2; % Sample offset between electrical and optical 

signals 

  
elec_test = MISO_elec(SCLK_edges,:); % Electrical samples to BER 

test 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 3) Find CS (optical) rising edges % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
i = 1; 
j = 1; 

  
while i < length(CS_opt) 
 if (CS_opt(i) == 0) && (CS_opt(i+1) == 1); % If you find a rising 

edge 
     CS_edges(j,:) = (i+1); % Then record the sample number for the 

rising edge 
     CS_edge_times(j,:) = Times(i+1,:); % And the corresponding time 

value 
     j = j + 1; % Increment j counter 
     i = i + 1; % Increment i counter 
 else 
     i = i + 1; % Increment i counter 
 end 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 4) Determine the times at which to sample optical MISO % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Bit1prompt = 'Please specify the time offset between each rising 

edge of Optical CS signal and the first bit (s): '; 
B1offset = input(Bit1prompt); 

  
Bitprompt = 'Please specify the bit period (s): '; 
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Bitoffset = input(Bitprompt); 

  

offset_matrix = 

[B1offset;B1offset+Bitoffset;B1offset+(2*Bitoffset);B1offset+(3*Bito

ffset);B1offset+(4*Bitoffset);B1offset+(5*Bitoffset);B1offset+(6*Bit

offset);B1offset+(7*Bitoffset);B1offset+(8*Bitoffset);B1offset+(9*Bi

toffset);B1offset+(10*Bitoffset);B1offset+(11*Bitoffset);B1offset+(1

2*Bitoffset);B1offset+(13*Bitoffset);B1offset+(14*Bitoffset);B1offse

t+(15*Bitoffset);]; 

  
Opt_sample_times = zeros(16*length(CS_edge_times),1); 
i = 1; 
j = 1; 

  
while i < length(CS_edge_times+1) 
Opt_sample_times(j:j+15,1) = offset_matrix + CS_edge_times(i,1); 
i = i + 1; 
j = j + 16; 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 
% 5) Determine the logic levels of optical MISO at these sample 

times % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 
i = 1; 
j = 1; 

  
%Opt_MISO_output = zeros((length(Opt_sample_times)),1); 
%(Times(i) <= Opt_sample_times(j,1)) && (Times(i+1) >= 

Opt_sample_times(j,1)); 

  
while i < length(Times)-1; 
 if Times(i,1) >= Opt_sample_times(j,1); 
     Opt_MISO_output(j,1) = MISO_opt(i-1,1); 
     i = i + 1; 
     j = j + 1; 
 else 
     i = i + 1; % Increment i counter 
 end 
end 

  
%%%%%%%%%%%%%%% 
% 6) Test BER % 
%%%%%%%%%%%%%%% 

  
Discard_prompt = 'Please specify the number of bits to skip: '; 
discard = input(Discard_prompt); 

  
ELEC_TEST = elec_test((discard+1):end,1); 
OPT_TEST = Opt_MISO_output(1:length(ELEC_TEST),1); 

  

  
[nerr,BER,individual_errors] = biterr(ELEC_TEST,OPT_TEST); % BER 

test 
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BER_print = horzcat('Bit-error-ratio is ',num2str(BER)); 
NERR_print = horzcat('Total number of ',num2str(nerr),' errors out 

of ',num2str(length(SCLK_edges)),' transmitted bits.'); 

  
% Print results to command window 
disp(' '); 
disp('==============================================================

======='); 
disp('***BER results***'); 
disp('==============================================================

======='); 
disp(BER_print); 
disp(NERR_print); 
disp('==============================================================

======='); 
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%%% SiPM OOK BER calculator %%% 
%%%      See Hamza 2016  and - Khalighi et al., IEEE Photonics 

Journal, 9 (2017).   %%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%% Parameter specifications %%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%a = 0.0516; % Absorption coefficient 
%b = 0.0872; % Scattering coefficient 
C = 0;%a + b; % Overall attenuation coefficient (estimate from 

quarry) 

  
% Constants % 
%-----------% 
h = 6.626e-34; % Planck's constant 
c = 3e8; % Speed of light 
z = 0:0.01:5; % Distance between Tx & Rx; 

  
% SiPM % 
%------% 
% Data for C series 10020 % 

  
PDE = 0.0967; % PDE of SiPM at wavelength of interest (0.45 @ 450nm) 
A =(1e-6); % Area of SiPM (m^2) 
fDCR = 0 %(1e6)*(96e3)*(A); % SiPM dark count rate (Hz) 
td = 23e-9; % SiPM cell dead time (s) 
NSPAD = 1296; % # of cells in the SiPM 
PCT = 0; % Probability of cross talk 
PAP = 0; % Probability of after-pulsing 

  
% Tx % 
%----% 
P1 = 10e-3; % Total power transmitted for bit = 1; 
P0 = 0e-3; % Total power received for bit = 0; 
theta = deg2rad(60); % LED half angle 
m = -log(2) / log(cos(theta)); 
Pt1 = P1 * ((m+1)/(2*pi)) * (cos(theta)^m); % Useful power 

transmitted for bit = 1; 
Pt0 = P0 * ((m+1)/(2*pi)) * (cos(theta)^m); % Useful power 

transmitted for bit = 0; 

  
lambda = 625e-9; % Tx wavelength (m) 
Eph = (c*h)/lambda; % Photon energy (J) 

  

f = 16e6; % Bit rate 
T = 1/f; % Bit period 

  
%%% Calculations %%% 
%%%%%%%%%%%%%%%%%%%% 
Pr1 = Pt1.*exp(-C*z).*(A./(z.^2)); % Received power versus distance 

(W), logic 1 - Khalighi et al., IEEE Photonics Journal, 9 (2017). 
Pr0 = Pt0.*exp(-C*z).*(A./(z.^2)); % Received power versus distance 

(W), logic 0 - Khalighi et al., IEEE Photonics Journal, 9 (2017). 
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Pr_dBm = (20*log10(Pr1/1e-3)) / log10(10);  

  
mu_1 = ((PDE*Pr1)/Eph + fDCR) * (1 + PAP + PCT)*T; % Average # 

counts for bit = 1 - Khalighi et al., IEEE Photonics Journal, 9 

(2017). 
mu_0 = ((PDE*Pr0)/Eph + fDCR) * (1 + PAP + PCT)*T; % Average # 

counts for bit = 0 - Khalighi et al., IEEE Photonics Journal, 9 

(2017). 

  
mu_th = (mu_1 + mu_0) / 2; % Threshold counts 

  
Pe = 0.5*(1-

(cdf('Poisson',mu_th,mu_0))+(cdf('Poisson',mu_th,mu_1))); % - 

Khalighi et al., IEEE Photonics Journal, 9 (2017). 
LOGBER = -log10(Pe); 

  
%%% Plot %%% 
%%%%%%%%%%%% 
semilogy(z,Pe); 
xlabel('Transmission distance (m)'); 
ylabel('P_e, probability of error'); 
grid on; 
axis([0 max(z) 1e-6 1]); 
set(gca, 'FontSize', 16); 

 



 

182 
 

 
Appendix 5.1: A brief summary of the proposed replacement LEDs. The radiant intensity at 2 mA was deduced from the graphs in the datasheet which show that it is near linear with 
respect to input current. 

 

 
APPENDIX 5.1 

LED COMPARISON 

LED Model Number 
Lumileds 

L1I0-0850150000000 
Lumileds 

L1I0-0940150000000 
Lite-On 

LTE-R38386A-ZF-U 
Osram 

LH CPDP-3T4T-1-0-350-R18 
Kingbright 

APETD3528SEC/J3-PRV 
Osram 

Radiant Intensity at 1A (mW/sr) 335 350 200 *Radiant Flux 355 mW at 350 mA 4200 mcd @ 20 mA 780 

Approximate Radiant Intensity  
at 2 mA (mW/sr) 0.67 0.7 0.4 ~1.1 mW 420 mcd 1.56 

Viewing Angle (Degrees) 150 150 150 130 60 90 

Rise Time (ns) at 2 mA 22 22 ? ? ~40 ? 11 @ 350 mA 

Fall Time (ns) at 2 mA 36 36 ? ? ~40 ? 14 @ 350 mA 

Wavelength (nm) 850 940 850 660 640(625) 860(850) 
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