Using a Real-time Timer with Non-calibrated RC
Oscillator as a Real-time Clock

1. Introduction

The AT91SAM7S and AT91SAM7X microcontroller series embed a Slow Clock Oscil-
lator and its RC couple. The RC oscillator is the only clock source supplying the Real-
time Timer. Using the RC oscillator in the AT91SAM7S and AT91SAM7X series for
the Real-time Timer (or other peripherals) results in a frequency drift greater than
+30%. For applications where the user would like to use the Real-time Timer as a
Real-time Clock, this error becomes prohibitive.

The following Application Note describes a method to improve the accuracy of a Real-
time Timer when it is used as a Real-time Clock. A special hardware process, "Timing
Interval Acquisition" (TIA), has been developed and is embedded in AT91SAM7S and
AT91SAM7X products.
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2. Terminology

Table 2-1.
Code Description Category
Frc.osc Frequency of the embedded RC oscillator Rela}tlve to AT91SAM7S/AT91SAM7X Embedded
Oscillator
F Frequency of the embedded 3-20 MHz Oscillator called Main Relative to AT91SAM7S/AT91SAM7X Embedded
MO Oscillator Oscillator
Timing Interval Acquisition is the process which allows to count
TIA the number of event at Main Oscillator Frequency for 16 RC Relative to internal process
oscillator periods
RTT Real-time Timer Relative to internal Peripheral
PMC Power Management Controller Relative to internal Peripheral
PLL Phase Lock Loop Relative to analog cell
ppm Part Per Million Relative to unit
Thumb® 16-bit instruction set versus the 32-bit ARM® Mode Relative to ARM processor
2 Appllcatlon Note me————————s———
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3. RC Oscillator and Frequency Error Sources

The working frequency spread of the RC oscillator can be equal to +30% in
AT91SAM7S and AT91SAM7X microcontrollers. The parameters affecting the resulting
frequency are:

* manufacturing process spread
* supply voltage
e ambient temperature

3.1  Manufacturing Process Spread

Manufacturing process spread is the largest source of error. The inaccuracy due to this
spread is equivalent to +18% of the nominal working frequency. Although it is the largest
source of error, it is not the most limiting as it is an intrinsic and static parameter and
does not depend on application environment. This error is referred to as epggc-

3.2 Frequency Drift and Supply Voltage

The change in frequency due to a change in RC oscillator voltage supply is estimated to
be up to +3% of the nominal working frequency.

There are two classes of drift:

* The absolute supply voltage level puts the RC oscillator at a specific working point.
We are calling this error ey, 1

* The supply noise adds a jitter component, or modulates the working frequency point
around the previous point. In our application, the jitter component is not significant
and can be disregarded. Only the average frequency is taken into account.

3.3 Temperature

Most oscillators display some sort of frequency variation with temperature. In the case of
the RC oscillator, the drift parameter is estimated up to +10% of the nominal working
frequency.

The importance of temperature stability depends on the application. This is a dynamic
parameter and has an effect on the average frequency of the RC oscillator. This error is
referred to as €1gyp-

ATMEL ;

6148A—-ATARM-09-Dec-05



4.

4.1

4.2

ATMEL

Improving RTT Frequency Accuracy

RTT and Real-time Clock Function

The functionality of an RTT may approach that of a Real-time Clock (e.g., one second
event generation capability, continuous running mode, etc.) and there are software
applications that use the RTT to count the elapsed time between a fixed time starting
point and the present.

However, the condition for using an RTT as a Real-time Clock is that errors at source
clock level must be minimized. To achieve this, most applications use a crystal oscillator
due to its low frequency error, low cost and easy implementation.

The RTT in the AT91SAM7S and AT91SAM7X series uses on an on-chip RC oscillator
supplying a free-running 32-bit counter via a programmable 16-bit divider as shown in
Figure 4-1.

Figure 4-1. Real-time Timer Principle

RC-Oscillator

L

The use of an RC oscillator in this configuration appears inappropriate since, by adding
all stated error sources, it cannot be expected to provide levels of accuracy below +30%
(approximately), i.e., in the targeted application, +30 seconds after 100 seconds. Gener-
ally, this level of accuracy is not acceptable in most applications.

A\

16-bit Couinter |——— | 32-bit Event Counter

Error Compensation using Timing Interval Acquisition (TIA) in the PMC

In the AT91SAMY7S or AT91SAM7X products, the embedded Power Management Con-
troller (PMC) comprises a specific state machine that directly relates the two
microcontroller clock sources: the RC oscillator and the 3 - 20 MHz Main Oscillator.

Initially, with products containing a crystal-based low frequency oscillator and 3 - 20
MHz Main Oscillator, this state machine enables bootstrap software to determine crystal
frequency used on Main Oscillator. In our application, a specific process is used to know
the RC-Oscillator running frequency vs. known Main Oscillator frequency.

This process, called Timing Interval Acquisition (TIA), is started each time the main
oscillator is enabled (refer to the datasheet “Power Management Controller>Main Clock
Counter”). Timing Interval Acquisition consists of accumulating events at Main Clock fre-
quency over 16 RC oscillator clock periods.

Using this process, it is possible to evaluate the duration of the window (see Figure 4-2)
versus the Main Oscillator frequency and to establish a relationship between the two fre-
quencies and, thus, between the two different time bases with different levels of
accuracy.

Application Note m————
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Figure 4-2. Timing Interval Acquisition Relationship
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4.3 Starting the TIA Process

6148A—-ATARM-09-Dec-05

As stated above, starting the process for TIA requires that the Main Oscillator is
enabled: first, start the Main Oscillator at Power Management Controller level.

The cornerstone of this application note is based on the TIA result to correct the in front
RTT clock divider to correct its value according to its real working frequency. The same
argument could be applied to other peripherals that use the Slow Clock as clock source
(Timer/Counter, Pulse Width Modulation). In all cases, the user must determine whether
it is necessary to start the TIA process once or several times in his application. Two dif-
ferent cases can be established depending on environmental conditions:

¢ In the case of static temperature and regulated voltage, one TIA measurement is
required after a power-on of the system to compensate for eppgc, €yorr @and e1gpp-
(The frequency drift can be estimated as a constant static error valid over the entire
application time (with stable supply voltage))

* In the case of dynamic temperature, egyp must be compensated for several times in
parallel with the working application.

By default, all AT91SAM7S and AT91SAM7X products boot up from the slowest clock
source which is, in this case, the RC oscillator. We are sure that the Main Oscillator has
started in the application and a TIA result will be available. Therefore, in a static environ-
ment (static temperature, constant supply voltage), the TIA result can be used the whole
time the application is running.

In other cases with a dynamic environment (temperature, supply voltage variations), the
application is forced to restart the Main Oscillator in order to upgrade the TIA result. The
environmental parameters that vary over time, thus introducing a new parameter. With
this type of behavior, the user needs to make several TIA measurements while the
application is running. To carry out a TIA requires clock switching, stopping and starting
the Main Oscillator.
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Several cases are possible in terms of clock switching to update the TIA. Table 4-1 gives cases according to the three initial
master clock possibilities.

Table 4-1. TIA Measurement and Clock Switching
Current
Master
Clock Time and Consumption
Source Required Clock Switching Tasks for TIA Update Considerations
Time constraint: No lost time.
Starting the Main Oscillator can
. ) ) be performed in parallel with the
RC oscillator Main Oscillator Start/Stop application
Consumption: Main Oscillator
current consumption
Time Constraint: Clock
Main - . Mgm > Main SW|_tch|ng,_ starting time of the
Oscillator Switching to RC oscillator Oscillator Switching to Oscillator Main Oscillator
9 Stop/Start 9 Consumption: No more than the
application
Time Constraint: Clock
> Main > switching, starting time of the
PLL Switchi RC oscillator Oscillator Switchi PLL Source | Main Oscillator and PLL
witching to Stop/Start witching to Consumption: No more than the
application
6 Appllcatlon Note m————————————————————————
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5. Compensation Process

5.1

Figure 5-1.

R Divider Setting

From the RTT to the RTC

The Real-time Timer uses the RC oscillator clock as shown in Figure 4-1 on page 4. The
TIA gives the number of Main Oscillator events during 16 RC oscillator cycles. In order
to obtain 1 Hz after the 16-bit divider of the RTT, we need an R divider value equal to the
RC oscillator frequency as shown Figure 5-1.

Case (a)O

32.768 kHz: Theoreticalll

Frequency

Case (b)O

N(p,v, temp) : Real F

Case (c)O

N(p,v, temp): Real Frequency

—>

With N(p, v, temp) function of
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Case (a)

It is not realistic and represents the theoretical principle. In this case, the RC oscillator is
running at nominal frequency 32,768 Hz. If its working frequency is known, it becomes
easy to have a known and accurate time base via the RTT 16-bit divider.

Case (b)

This represents the actual setting without any compensation process. In this case, the
result cannot be equal to 1 Hertz (or other known frequency) while N is unknown. With a
constant denominator, the result depends on intrinsic and environment parameters
since N is a function of these parameters.

Case (c)

The R divider value depends on N at a given time (t, in the example). As described at
the beginning of the Application Note, process and voltage can be considered as static
parameters. On the other hand, temperature is often a physical parameter depending on
time. In this case, the user must adapt the sampling rate parameter R depending on N
(temperature) variation vs. time.
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5.2 Relationship between TIA Result and the RTT 16-bit Divider

In order to obtain 1 Hz frequency, the R divider value must be equal to the entry fre-
quency supplied from the RC oscillator. The TIA measurement result allows us to
compute this value.

The number of events Eq, is equal to:

Etia = Fmo X 16X Tpe_gsc (1]
where:

* Fuo is the Main Oscillator frequency
* Trc.osc s the RC oscillator period

By replacing Trc.osc bY 1/Frc.osc We deduce:

Fmox 16 _

Frc_osc = (2]

ETIA

where Fgc.osc is the RC oscillator frequency value.

The formula given as [2] provides the required value to set in the RTT frequency divider.
The software requires only one 16-bit division. The user knows the Main Oscillator fre-
quency and can perform Fyq x 16 by the pre-compiler in a define expression for
example.

5.3 Compensation Procedure Algorithm
The full procedure requires three steps in the application:

e Start a TIA measurement
* Modify the divider value
¢ Set an alarm for the next compensation task

The first step is described in Section 4.3. Then the software must modify the RTT divider
value using formula [2] above. At this level, the user is not free to modify the divider at
any time, but must do so at the end of counting RTT cycles. We are going to show how
modifying the RTT divider without taking certain precautions can generate other errors.
The final step and the most difficult is to set the next TIA measurement depending on
the RC temperature drift curve and maximum ambient temperature variation, whether
measured or estimated.

8 Application Note m————

6148A-ATARM-09-Dec-05



EE—————————ssssssssssmm A Pplication Note

Figure 5-2. Compensation Procedure Algorithm with PLL as Master Clock Source
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See note (2)

Write R value into RTT divider

4

Set an alarm in RTT for the next correction

End

Notes: 1. This step depends on application conditions. The switching shown in this flow chart is
an example where the application is running from the PLL clock source. In other
cases, refer toTable 4-1 on page 6.
2. This transition time has an impact on final accuracy error. The user must start this
update at full speed and avoid modifying the divider value during a counting in
progress.
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The resulting compiled C function uses 88 Thumb® Instructions. From the code size, it is
possible to obtain the necessary time required by this compensation task. Table 5-1
gives all cases and switching times.

Table 5-1. TIA Time Constraints
Current
Master Time and
Clock Consumption
Source Required Clock Switching Tasks for TIA Update Considerations
Time constraint: The TIA
measurement is not
1.RC Main Oscillator starting time TIA Measurement preponderant but only
dscillator depends on connected crystal 16 Slow Clock Cycles at 22 kHz in worst case the Main Oscillator start-
(approx. 14.5 ms for a 3 MHz crystal) (approx. 728 ps) up. Result: approx. 14.5
ms + 16 Slow Clock
Cycles
TIA Measurement
Switching Stop Main Oscillator, 16 Slow Clock gydfosxat?g: k':)z in worst case Time Constraint: As
. to RC resta_rt Mgln Oscillator. pprox. H abovg, Mgln Oscillator
2. Main oscillator Starting time depends Switching to the Main Oscillator starting time can be
Oscillator 4 x Slow on connected crystal 4 x Slow Clock taken into account.
Clock (approx. 14.5 ms fora 3 TIA Measurement Result: approx. 14.5 ms
MHz crystal) 16 Slow Clock Cycle at 22 kHz in worst case + 20 Slow Clock Cycles
(approx. 728 ps)
TIA Measurement
16 Slow Clock Cycles at 22 kHz in
) ) worst case (approx. 728 ps) . .
Switching Stop Main Oscillator, PLL Source o Time Constraint: Clock
to RC restart Main Oscillator. — X Switching | switching, Starting time
3 PLL oscilator | Starting time depends | Switching to the Main PLL to PLL of the Main oscillator,
' 5 x Slow on connected crystal Oscillator Start-up | 4XSlow | Result: approx. 14.5 ms
Clock (approx. 14.5 ms for a 3 4 x Slow Clock and Clock +[13 + PLL Settling
MHz crystal) TIA Measurement Settling Time] Slow Clock Cycles
16 Slow Clock Cycles time
at 22 kHz in worst case waiting
(approx. 728 ps)
5.4 Resulting Error

10

The resulting error of this method needs to be considered.

The goal is to use the accuracy of the Main Crystal Oscillator in order to evaluate the rel-
ative working frequency of the RC oscillator. By establishing a relationship between the
RC oscillator and Main Oscillator, we can establish the RC working point for a given
€procs EvoLTs and egyp after each TIA measurement.

In a perfect world (static temperature), the resulting error is attributed to the main oscilla-
tor frequency and TIA measurement errors:

¢ Absolute Main Oscillator error

* TIA absolute measurement error value can be equal to 2 missing Main Clock
periods. The relative generated error depends on the working frequency of the Main
and the RC Clock.

* The relationship between two frequencies is going to generate a rounded error due
to the use of integer values instead of real number.

Application Note m————
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5.4.1

5.4.2

5.4.3

Main Oscillator Error

* The error due to the counting discontinuity gives rise to the RTT divider update
shown on Figure 5-2 on page 9 and qualified in Note .

Main oscillator frequency depends on crystal specification depending on the hardware
around it (fitted load capacitance versus specified, ambient temperature). The user must
refer to the crystal manufacturer’s specification. In general, this error is equal to +50

Timing Interval Acquisition

Computing Error

6148A—-ATARM-09-Dec-05

The TIA process is a state machine which samples main oscillator events for 16 RC
oscillator cycles and asynchronously. At counting limits (at the beginning and the end),
two master clock events can be missed in worst case. The absolute error depends on
two parameters: the Main Oscillator frequency and RC frequency.

The number of main oscillator events for 16 slow clock periods can be expressed by:
Etia = 16X Fyo/ Fre_osc (9

where:

Frc.osc is the RC-Oscillator frequency value,

Fuo is the Main Oscillator Frequency,

Eqa the number of Main Oscillator events.

The absolute error is equal to:
e = 2x 10°%/ Etia inppm (4)

The smaller Eq,, the larger the absolute error. Thus a hardware constraint has been
introduced into error calculation. To minimize this error, the user must implement the
higher working frequency at main oscillator level. Table 5-2 gives some levels depend-
ing on the RC Oscillator frequency range and three main oscillator frequencies.

Table 5-2.
Fre.osc= 22 kHZ | Fre.ose=30kHz | Fpeoec= 42 kHz Unit
Fumo =3 MHz -916.6667 -1250 -1750
Fumo = 18.432 MHz -149.197 -203.4505 -284.8307 ppm
Fupo =20 MHz -137.5 -187.5 -262.5

The measurement error is going to reduce the denominator of equation [2] on page 8,
thus introducing an error by having a period higher than one second centered around
e/2.

The calculation of each new RTT divider may add a rounded one RTT step fewer errors.
The calculation of the 16-bit real divider (see equation [2] on page 8) and the use of inte-
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12

Software Error

ATMEL

ger value introduces a rounded error when results are not integer. The maximum
relative error is equal to one RTT period vs. one theoretical second.

Table 5-3.

Fre.osc= 22 kHz Frc.osc= 30 kHz Fre.osc= 42 kHz Unit

45.45 33.33 23.8 ppm

This error is centered close to half of maximum error.

In Section 5.4.2, we showed how the TIA measurement error is dependent on main
oscillator and RC oscillator frequencies and, as a result, introduces a hardware con-
straint in error calculation

There is also the case of the software that has to modify the RTT divider in the compen-
sation process. If no precautions are taken at this level, errors can occur during the
correction process: Updating the RTT divider before counting has completed can result
in the maximum error equal to one second, and, in this case, resulting in an error more
than the RC frequency inaccuracy equal to 100% error. Thus, the user must avoid mod-
ifying the divider value when the RTT counting is in progress.

Modifying the RTT divider in progress clears it and restarts counting.

For example, if the application is updating the RTT divider every 10 minutes and intro-
ducing a discontinuity when counting is equal to middle state (0.5 second), the
introduced error is approximately equal to 800 ppm.

Note ®) on page 9 specifies that the application must wait for a new event of the RTT
counter before performing the divider update and must have a minimum delay between
the event detection and the RTT divider update in order to obtain the smallest
discontinuity.

Thus, there are two constraints regarding the implementation of this process in an
application:
¢ An interruption running mode instead of polling mode is required.

* The application must be running at main oscillator frequency at least, or, better, from
the PLL output to minimize discontinuity counting for the RTT divider update.

Application Note m————
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