Digital generation of sine waves

It’s really pretty easy to make an integer output from a microcontroller into an analog sinewave output.

FROM WIKIPEDIA:
The sine wave or sinusoid is a mathematical curve that describes a smooth repetitive oscillation. It is named after the function sine, of which it is the graph. It occurs often in pure and applied mathematics, as well as physics, engineering, signal processing and many other fields.

If you imagine a wave traveling along, the height, or amplitude of the wave can be mathematically determined by assigning an angle to its travel rather than a distance.  Let’s say one wave is 10 cm long.  If we assume this one wavelength is equivalent to 360 degrees:

	Length along the wave, cm
	Angle equivalent degrees(radians)
	sine

	10
	360 (2p)
	0

	7.5
	270
	-1

	5.0
	180 (p)
	0

	2.5
	90 (p/2)
	1

	0
	0
	0



 2 is just 6.28 (2*3.14).  We take the SINE of the angle equivalent to make a sine curve.  We could just as well take the COSINE of the angle to make a cosine wave/curve.  Sine waves and Cosine waves look just the same, just offset each other in angle.  You can use degrees, but things will be a whole lot simpler computationally if we use radians instead of degrees.
Wavelength is usually notated as . The number of wavelengths produced per second is the signal’s frequency (cycles per second, or Hertz, usually called notated as f).  The angular rotation produced per second is the angular frequency (radians/second, or degrees/second) – usually notated as . The amount of time it takes for the signal to rotate once is the signal’s period, usually t, or .  
First, you have to decide on the resolution of wave, in terms of how many samples of it you are going to generate per wavelength, and how fine a resolution on the intensity of the output signal
I am going to present an example that splits up the sine wave into 32 chunks during one rotation.  That means we will generate one digital integer for every 1/32 of a wavelength

2/32=0.19635 radians
360 degrees/32 = 11.25 degrees

Below is a quick excel sheet that shows the result:
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It’s not really a sine wave – just an approximation of one.

Let’s imagine that we are going to use an 8-bit port of our hypothetical microcontroller to simulate this sine wave.
The port uses 8-lines … each representing one bit of an 8-bit byte we put out on the port.  There is a Most Significant Bit (MSb) and a Least Significant Bit (LSb).
We want to put out a byte on the port that represents one of the 32 chunks of the sine wave, waits some time, then puts out the next byte representing the next of the 32 chunks, in sequence, until all 32 chunks have appeared – whereupon we start all over again at the very first chunk.  The time between the bytes put on the port is 1/32 of the sinewave period we have chosen (we’ll use a timer on the microcontroller to time how long each byte stays up on the port).

Notice the sine values in the table above vary between -1.0 and +1.0, and they are floaters, not integers.  If you simply multiply the sine values by the number of bit values in our port, we can fix that.  An 8-bit byte can represent any number from 0-255 using its constituent bits.  
First, add one to all the numbers in the sine column above.  That will take care of the negative numbers and give you a list of 32 numbers going from a minimum of zero to a maximum of 2. Now multiply all those numbers by 127.5 .
Those operations should give you something like this:
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Now this has bumped up the value to a maximum of 255, and a minimum of 0.  However, we’re using floating point numbers.
We can chop off the right side of the decimal point simply by applying the INT() function, but that would be lightly less accurate than using a round() function to make integers out of our sine wave data.
Once we have integer values from 0 to 255, we can turn them to binary and assign each bit to a pin on the microcontroller port.


To extend this data (rounding it up or down to make integers out of the floats) we extend our calculations to the next level:
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The column “rounded value” is the set of decimal numbers we can use to represent a sine wave as a constant stream of integers out of our microcontroller port.
I highlight the value “255” as it is the maximum number.  If you go over to its binary representation, all the bits are 1.
When we write an 8-bit integer to a port, each pin comprising the port takes on the value of one bit of the integer.  The rounded value of “128” for instance, is comprised of seven “1’s”.  The most significant bit (MSB) of the port when representing that integer will be “off” (0).  In the “binary value” column the least significant bit (LSB) is the digit all the way to the right, while the MSB is all the way to the left.
  For some reason Microsoft Excel drops the zeros on the left side. 128 should be 01111111, not 1111111.   The rounded value of 37 is shown as 100101, but is actually 00100101 when showing the MSB’s.

NOW, HOW TO IMPLEMENT IT IN HARDWARE:
We are going to hook up each pin of the microcontroller port to a transistor.  We will arrange it so that each pin turns on its own transistor and permits just a known amount of current through the transistor.  That current is proportional to the currents through the other transistors turned on by the other pins of the port.

Consider this schematic:
[image: ]
Here we have our port pin connected to the gate of an N-channel MOSFET , Q1 (the resistor, R1 is just there to ensure we don’t exceed the current capabilities of our microcontroller pin).  If the pin is zero, nothing happens.  When the pin goes to one (which will be something like two, three, or even five volts on that pin), it turns on the MOSFET – causing current to flow through it to the resistor R2 and, hence, through the blue led, D1. If the voltage V1 is high enough and the resistance, R2 is low enough, there will be enough current to make the LED light up.  The values shown for the LED (20mA and 3.3 V are typical operating conditions for many blue led’s, not min or max values).
What to make R2?
To make the LED just turn on/off as the port pin goes on/off, it’s just R=V/I.   In this case 3.3V/0.02A=165 Ohms.  R2=165 Ohms
Actually, there is a little voltage drop across the MOSFET when it turns on, so if V+ = 3.3V, the voltage at R2 will be a few tenths of a volt less – which will drop the resistance absolutely required for R2.  However, it is safer to neglect the voltage drop across the MOSFET (at this time).  Don’t worry about it, yet.
This circuit just turns the LED on and off.  When it’s on, it puts out about 104 millicandella’s, when it’s off, it puts out nothing.
However, if we add another MOSFET and current-limiting resistor, we can make two port pins control the brightness of the same LED over four levels!  That’s 2-pins operating at 2-states (22, or 4).

Here is a circuit using 2 MOSFET’s:
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Port Pin A controls one MOSFET, and Port Pin B controls another.  To operate the LED at 104 mcd, the current through R2, combined with the current flowing through R4, must add up to 20mA at 3.3 V.  A simple way to do that is to ensure that both resistors contribute 10mA to the LED, which means R2 and R4 are both about 330 Ohms.  We now have four port configurations that can provide 3 brightness levels on the LED:
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To take it one step further, let’s divide one of these “current channels” even further to provide even more control.
Let’s take channel “B” which consists of Q2 and R4, and split it into two channels – both contributing 10mA/2 = 5 mA each.  To contribute 5 mA each to the LED current, R4 and our new resistor, R6, both have to be 660 Ohms:
[image: ]
And here is the state table:
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It’s nice, but redundant:  there are multiple port configurations that produce the same current through the LED.  We can eliminate those redundant configurations by sacrificing a little LED brightness.
If we made R6 1.32 KOhms instead of 660 Ohms:
[image: ]
Our table of LED currents becomes:
[image: ]
Now we have eight different levels of brightness out of three pins, with no redundant levels, but we lost 2.5 mA of LED current in the process.  We can get that 2.5 mA back by duplicating the last channel (add a channel “D” that duplicates the components of channel “C”).
Or, we can add a “D” channel with a current limiting resistance of 2.64 KOhms and buy an additional 1.25 mA (making us only 1.25 mA short of our 20 mA maximum for the LED).  We can continue to add channels and more brightness controls by adding more MOSFETS and doubling their current-limiting resistance on subsequent channels.
I’ve controlled just regular old LED’s with 14 bits in just this way (that’s controlling the brightness to one part in 16,384 – assuming brightness is linear with current [it’s not]).

Remember our 8-bit string of values representing a sine wave?  Well, if we extend this “one-pin/one-bit” principle further, we can use 8 MOSFET/resistor channels to provide all 256 levels of current control that will permit our LED to duplicate our sine wave using blue light.

Here the extended circuit:
[image: ]
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NEXT:   DRIVING THE ILLUMINATOR (LED) WITH THE SINE WAVE

image6.emf

image7.emf

image8.emf
MSb LSb LED

Port StatePort Pin BPort Pin A current

OO 0 0 0 mA

O1 0 1 10 mA

1O 1 0 10 mA

11 1 1 20 mA
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image10.emf
MSb LSb LED

Port StatePort Pin APort Pin BPort Pin C current

OOO 0 0 0 0 mA

OO1 0 0 1 5 mA

O1O 0 1 0 5 mA

O11 0 1 1 10 mA

1OO 1 0 0 10 mA

1O1 1 0 1 15 mA

11O 1 1 0 15 mA

111 1 1 1 20 mA

Port State = CBA


image11.emf

image12.emf
MSb LSb LED

Port StatePort Pin APort Pin BPort Pin C current

OOO 0 0 0 0 mA

OO1 0 0 1 2.5 mA

O1O 0 1 0 5 mA

O11 0 1 1 7.5 mA

1OO 1 0 0 10 mA

1O1 1 0 1 12.5 mA

11O 1 1 0 15 mA

111 1 1 1 17.5 mA

Port State = CBA
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image1.emf
degrees angle, radians sine

0 0 0 0.0000

11.25 1 0.196349541 0.1951

22.5 2 0.392699082 0.3827

33.75 3 0.589048623 0.5556

45 4 0.785398163 0.7071

56.25 5 0.981747704 0.8315

67.5001 6 1.178097245 0.9239

78.7501 7 1.374446786 0.9808

90.0001 8 1.570796327 1.0000

101.25 9 1.767145868 0.9808

112.5 10 1.963495408 0.9239

123.75 11 2.159844949 0.8315

135 12 2.35619449 0.7071

146.25 13 2.552544031 0.5556

157.5 14 2.748893572 0.3827

168.75 15 2.945243113 0.1951

180 16 3.141592654 0.0000

191.25 17 3.337942194 -0.1951

202.5 18 3.534291735 -0.3827

213.75 19 3.730641276 -0.5556

225 20 3.926990817 -0.7071

236.25 21 4.123340358 -0.8315

247.5 22 4.319689899 -0.9239

258.75 23 4.516039439 -0.9808

270 24 4.71238898 -1.0000

281.25 25 4.908738521 -0.9808

292.5 26 5.105088062 -0.9239

303.75 27 5.301437603 -0.8315

315 28 5.497787144 -0.7071

326.25 29 5.694136684 -0.5556

337.5 30 5.890486225 -0.3827

348.75 31 6.086835766 -0.1951

360 32 6.283185307 0.0000
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image3.emf
sine sine+1 127.5*(sine+1)

0.0000 1.0000 127.50

0.1951 1.1951 152.37

0.3827 1.3827 176.29

0.5556 1.5556 198.34

0.7071 1.7071 217.66

0.8315 1.8315 233.51

0.9239 1.9239 245.29

0.9808 1.9808 252.55

1.0000 2.0000 255.00

0.9808 1.9808 252.55

0.9239 1.9239 245.29

0.8315 1.8315 233.51

0.7071 1.7071 217.66

0.5556 1.5556 198.34

0.3827 1.3827 176.29

0.1951 1.1951 152.37

0.0000 1.0000 127.50

-0.1951 0.8049 102.63

-0.3827 0.6173 78.71

-0.5556 0.4444 56.66

-0.7071 0.2929 37.34

-0.8315 0.1685 21.49

-0.9239 0.0761 9.71

-0.9808 0.0192 2.45

-1.0000 0.0000 0.00

-0.9808 0.0192 2.45

-0.9239 0.0761 9.71

-0.8315 0.1685 21.49

-0.7071 0.2929 37.34

-0.5556 0.4444 56.66

-0.3827 0.6173 78.71

-0.1951 0.8049 102.63

0.0000 1.0000 127.50
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image5.emf
rounded binary

sine sine+1127.5*(sine+1) value value

0.0000 1.0000 127.5000 128 1111111

0.1951 1.1951 152.3740 152 10011000

0.3827 1.3827 176.2921 176 10110000

0.5556 1.5556 198.3352 198 11000110

0.7071 1.7071 217.6561 218 11011001

0.8315 1.8315 233.5124 234 11101001

0.9239 1.9239 245.2946 245 11110101

0.9808 1.9808 252.5501 253 11111100

1.0000 2.0000 255.0000 255 11111111

0.9808 1.9808 252.5501 253 11111100

0.9239 1.9239 245.2946 245 11110101

0.8315 1.8315 233.5124 234 11101001

0.7071 1.7071 217.6561 218 11011001

0.5556 1.5556 198.3352 198 11000110

0.3827 1.3827 176.2921 176 10110000

0.1951 1.1951 152.3740 152 10011000

0.0000 1.0000 127.5000 128 1111111

-0.1951 0.8049 102.6260 103 1100110

-0.3827 0.6173 78.7079 79 1001110

-0.5556 0.4444 56.6648 57 111000

-0.7071 0.2929 37.3439 37 100101

-0.8315 0.1685 21.4876 21 10101

-0.9239 0.0761 9.7054 10 1001

-0.9808 0.0192 2.4499 2 10

-1.0000 0.0000 0.0000 0 0

-0.9808 0.0192 2.4499 2 10

-0.9239 0.0761 9.7054 10 1001

-0.8315 0.1685 21.4876 21 10101

-0.7071 0.2929 37.3439 37 100101

-0.5556 0.4444 56.6648 57 111000

-0.3827 0.6173 78.7079 79 1001110

-0.1951 0.8049 102.6260 103 1100110

0.0000 1.0000 127.5000 128 1111111


