AVR314: DTMF Generator

Features

¢ Generation of Sine Waves Using PWM (Pulse-Width Modulation)
¢ Combine Different Sine Waves to DTMF Signal

¢ Assembler and C High-level Language Code

STK500 Top-Module Design

260 Bytes Code Size/128 Bytes Constants Table Size

Use of Lookup Tables

Introduction

This application note describes how DTMF (Dual-Tone Multiple Frequencies) signal-
ing can be implemented using any AVR microcontroller with PWM and SRAM.
Applications such as phones are using DTMF signals for transmitting dialing informa-
tion. There are two frequencies added together to generate a valid DTMF signal, a low
frequency (f,) and a high frequency (f,). Table 1 shows how the different frequencies
are mixed to form DTMF tones.

Figure 1. DTMF Generator
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Theory of Operation

Generating Sine Waves

ATMEL

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
941 Hz * 0 # D

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 f, = 770 Hz and a high frequency of f, = 1336 Hz.
The two frequencies are transformed to a DTMF signal using equation 1:

f(t) = A sin2r f,t)+A,sin(2r f;1)) 1)

where the ratio between the two amplitudes should be:

A/A, =K 0,7<K<0,9 (2)

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.

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
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While equation 3 shows how to calculate the voltage level:

xVy+yV,

Vav=—0y - ®

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 lookup 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:

5 fex/ 910
Ul i e
f: Sine wave frequency (1/T)
fL PWM frequency (fok / 510)
T: Period of ground sine wave
fok: 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 OxFF (255). Because the timer counts up and down this value has to
be doubled. In dividing the Timer Clock fcx 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 Figure 3. Generating a Sine Wave with PWM

of the Sine Wave
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Adding the Two
Different Frequencies
to a DTMF Signal

ATMEL

Let’s assume that the sinusoid samples for adjusting the PWM are not read in a sequen-
tially manner from the lookup table 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 (Xgy = 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 Xg.
Equation 5 describes this relation:

Nc _ fNc 510

= (5)
fi Feg

Xgw = [

How to calculate the actual value with which the PWM has to be adjusted every PWM
cycle (Timer overflow) is shown in equation 6. Based on the value of the previous cycle
(X'Luy7) the new value (X ;1) is calculated in adding the step-width (Xgy)-

Xrur = Xpur+ Xsw (6)
X' old position in lookup table
Xiut: new position in lookup table

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. By using equation (6) the lookup table position of the next value for adjusting
the PWM can be calculated as follows:

FXppp) = FXpypd + 2 Kpgm) (D)

with
Xrura = X'Lura * Xswa
Xeors = X'rure + Xsws
Y 3 e
fXpyp) = FXpyrat Xswa) + 7/ Xryry + Xswp) (8)

1982B-AVR-05/02



Implementation of
the DTMF Generator
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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:

F(x) = 63+63x sin(%‘) xe[0..127]  (9)

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 X, values,
one for each DTMF frequency, and place them in a table.

To achieve a higher accuracy, the following solution has been implemented: The Xgy
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 lookup 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 lookup table. Equa-
tion 10 shows the complete dependencies:

1

: 8 Nc f 510
XLuta,p = ROUND(g(XLUTa,bExﬁ'“fg;"‘)) (10)

X uTap: Current position of element in LUT (actual format)

XL utapExt- Previous position of element in LUT (extended format)

Figure 5. Schematics of the STK500 Top-Module
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The PWM signal is put out on the OC1A pin (PD5). 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.
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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. Determination of the row of the pressed key
- define low nibble of PORTB as output/zero value
- define high nibble of PORTB as input/pull up
- low bit in high nibble determines row

2. Determination of the column of the pressed key
- define high nibble of PORTB as output/zero value
- define low nibble of PORTB as input/pull up
- low bit in low nibble determines column
Note:  On the STK200 there are serial resistors between the PORTB header pins and the pins
BP5, PB6 and PB7 of the part itself (please see the schematics of the STK200 for more
details). This will cause problems if the keypad is connected to the PORTB header.

Figure 6 visualizes the functionality of the routine to detect a pressed key. Dependent on
which key is pressed it determines 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
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