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Features
• Generation of Sine Waves Using PWM (Pulse-Width Modulation)
• Combine Different Sine Waves to DTMF Signal
• AT94K Top-Module Design
• 260 Bytes Code Size and 128 Bytes Constants Table Size
• Use of Look-Up Tables

Introduction
This application note describes how Dual-Tone Multiple Frequencies (DTMF) signaling
can be implemented using the FPSLIC™ embedded AVR® microcontroller with PWM
and SRAM. Applications such as phones are using DTMF signals for transmitting dial-
ing information. There are two frequencies added together to generate a valid DTMF
signal, a low frequency (fb) and a high frequency (fa). Table 1 shows how the different
frequencies are mixed to form DTMF tones. The Assembly code with the DTMF Gen-
erator routines can be found in the FPSLIC Software section of the Atmel web site
(http://www.atmel.com), under the 2816.asm archive.

Figure 1. DTMF Generator
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The rows of the matrix shown in Table 1 represent the low frequencies while the col-
umns represent the high frequency values. For example, this matrix shows that digit 5 is
represented by a low frequency of fb = 770 Hz and a high frequency of fa = 1336 Hz.
The two frequencies are transformed to a DTMF signal using equation 1:

where the ratio between the two amplitudes should be:

Theory of Operation Starting from a general overview about the usage of the PWM, it will be shown how the
PWM allows to generate Sine waves. In the next step, an introduction is given in how
frequencies that are different from the ground frequency of the PWM can be generated.
After closing the theoretical introduction with the DTMF signal itself, the implementation
will be described.

Generating Sine Waves According to the relation between high level and low level at the output pin of the PWM,
the average voltage at this pin varies. Keeping the relation between both levels constant
generates a constant voltage level. Figure 2 shows the PWM output signal.

Figure 2. Generation of a Constant Voltage Level

Table 1. DTMF Tone Matrix

fb/fa 1209 Hz 1336 Hz 1477 Hz 1633 Hz

697 Hz 1 2 3 A

770 Hz 4 5 6 B

852 Hz 7 8 9 C
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DTMF Generator
Equation 3 shows how to calculate the voltage level:

A sine wave can be generated if the average voltage generated by the PWM is changed
every PWM cycle. The relation between high and low level has to be adjusted according
to the voltage level of the sine wave at the respective time. Figure 3 visualizes this
scheme. The values for adjusting the PWM can be calculated every PWM cycle or
stored in a look-up table (LUT).

Figure 3 also shows the dependency between frequency of the ground sine wave and
the amount of samples. The more samples (Nc) are used, the more accurate the output
signal gets. At the same time the frequency sinks. Equation 4 shows this correlation:

f: Sine wave frequency (1/T)
fL PWM frequency (fCK / 510)
T: Period of ground sine wave
fCK: Timer Clock
Nc: Number of samples (12 in Figure 3)

The PWM frequency is dependent on the PWM resolution. For an 8-bit resolution, the
Timer TOP value is 0xFF (255). Because the timer counts up and down this value has to
be doubled. In dividing the Timer Clock fCK by 510 the PWM frequency can be calcu-
lated. According to this coherence a Timer Clock of 8 MHz generates a PWM frequency
of 15.6 kHz.

Modifying the Frequency
of the Sine Wave

Figure 3. Generating a Sine Wave with PWM
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The sinusoid samples for adjusting the PWM are not read in a sequentially manner from
the look-up table (LUT), but just every second value. At the same sample frequency an
output signal with twice the frequency is generated, see Figure 4.

Figure 4. Doubling the Output Frequency (XSW = 2)

In using not every second sample but every third, fourth, fifth... it is possible to generate
Nc different frequencies in the range from [1/T Hz .. 0 Hz].

Note: For high frequencies it will not be a sine wave anymore.

The step-width between samples is specified by XSW. Equation 5 describes this relation:

Equation 6 shows how to calculate the value with which the PWM has to be adjusted
every PWM cycle (Timer overflow). Based on the value of the previous cycle (X'LUT) the
new value (XLUT) is calculated in adding the step-width (XSW).

X'LUT: Old position in look-up table

XLUT: New position in look-up table

Adding the Two
Different Frequencies
to a DTMF Signal

A DTMF signal has to be generated according to equations (1) and (2). Since this is
easy to obtain with simple shift register operations a K-Factor of K = 3/4 has been
chosen. Equation 6 shows how to calculate the look-up table position for adjusting the
PWM.
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DTMF Generator
Implementation of
the DTMF Generator

In this application a DTMF tone generator is built using one of the 8-bit PWM outputs
(OC1A) and a sinusoid table with Nc = 128 samples each with n = 7 bits. The following
equations show this dependency and shows how the elements of the LUT are
calculated:

The advantage in using 7 bits is that the sum of the high- and low-frequency signals fits
in one byte. To support the whole DTMF tone set, we have to calculate eight XSW val-
ues, one for each DTMF frequency, and place them in a table.

To achieve a higher accuracy, the following solution has been implemented: The XSW
values calculated after equation 5 need only five bytes. To use all eight bytes to have a
lower rounding error, this value is multiplied by eight. The pointer to the look-up table is
saved in the same manner. But here two bytes are needed to store the actual value
times eight. This means that three right shifts and a module operation with Nc have to
be executed before using them as pointers to the sine values in the look-up table. Equa-
tion 10 shows the complete dependencies:

XLUTa,b: Current position of element in LUT (actual format)

X'LUTa,bExt: Previous position of element in LUT (extended format)
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Figure 5. Schematics of the ATSTK94 Top-Module

The PWM signal is put out on the OC1A pin (PE6). An additional output filter will help to
achieve a good sinusoid. If the PWM frequency is decreased, it can be necessary to
implement a steeper filter to obtain a good result.

The connection with the keypad is shown in Figure 1. The functionality of the keypad
determines how the pressed key has to be evaluated. It has to be done in two steps:

1. Detecting the row of the pressed key
- define low nibble of PORTD as output/zero value
- define high nibble of PORTD as input/pull up
- low bit in high nibble determines row

2. Detecting the column of the pressed key
- define high nibble of PORTD as output/zero value
- define low nibble of PORTD as input/pull up
- low bit in low nibble determines column
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DTMF Generator
Figure 6 visualizes the functionality of the routine to detect a pressed key. The pressed
key conditions the step width value. The interrupt routine uses this values to calculate
the PWM settings for the two Sine Waves of the DTMF tone. The interrupt routine is
shown in Figure 7 and Figure 8.

The interrupt routine calculates the output compare value for the next PWM cycle. The
interrupt routine first calculates the position of the next sample value in the LUT and
read the value stored there.

The position of the sample in the LUT is determined by the step-width. The step-width
itself is determined by the frequency which is to be generated.

Combining the sample values of the both DTMF frequencies using formula 7 gives the
final output compare value of the PWM.

Figure 6. Main Function
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Figure 7. Interrupt Service Routine Timer Overflow

Figure 8. Function “GetSample”

ISR Timer1_OVF

Return

XLUTaEXT   =  XLUTaEXT ' + XSW

OCR = OCR_RelVala + 3/4 OCR_RelValb

OCR_RelVala = GetSample (XLUTaEXT )

XLUTbEXT  =  XLUTbEXT' + XSW

OCR_RelValb = GetSample (XLUTbEXT)

GetSample

Return

XLUTa,b = (XLUTa,bExt + 4) / 8

OCR_RelVal = f(XLUTa,b)

XLUTa,b < 128
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