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Controla el flujo en la manguera sin contacto directo entre el flvido y la valvula

Répido tiempo de respuesta

98302-40
Bajo consumo de energia y mayor duracién de los ciclos
Excelentes para aplicaciones sanitarias y farmacéuticas
Elementos incluidos: Cables conductores de plomo recubiertos de PTFE, de 15" e
y calibre 26 Las valvulas de dos vias incluyen mangueras de silicona de 12" de largo;
las vélvulas de tres vias incluyen dos mangueras de 6" (15.2 cm) de largo con un
conector en “Y". Vea las paginas 905-924 para mangueras adicionales. c€
Tamafio de la Presion it 12VCC 24vVce ¥ ‘
manguera (DI x DE) maxima Niimero de catalogo | Precio | Nimero de catalogo | Precio ’ -
Valvulas de estrangulacion de dos vias; normalmente cerradas A
Var' x ¥ar" 15 psi (1 bar) 26 JZ-98302-00 $ 81.50 JZ-98302-10 $ 87.50
Vie" x 1" 15 psi (1 bar) 26 JZ-98302-02 81.50 JZ-98302-12 87.50
V' x " 20 psi (1.4 bares) | 4.0 JZ-98302-06 145.00 JZ-98302-16 145.00
Valvulas de estrangulacion de dos vias; normalmente abiertas Pinza de montaje Reborde de
Vo' x Y2 15 psi (1 bar) 26 JZ-98302-20 92.50 JZ-98302-30 92,50 01540-50 montaje 01540-55
Vie' x 4" 15 psi (1 bar) 26 JZ-98302-22 92.50 JZ-98302-32 92.50
— :/a xd%” Izo psi ( [} Abares) | 4.0 | Jz-ss:a;)oz-ze 153|.00 sz-al(;;lg-sﬁ 153.00 Accesorios
alvulas de estrangulacion de tres vias; una normalmente abierta, una normalmente cerrada - - -
Var' x ¥ar" 15 psi (1 bar) 26 JZ-98302-40 107.00 JZ-98302-48 103.00 ﬁrgl!::gsso Pinza de montaje para vlvulas de dos $4.40
Vie" x 1" 15 psi (1 bar) 26 JZ-98302-42 108.00 JZ-98302-50 10700 VY O e "
WX 20 psi (1.4 bares) | 4.0 Jz-98302-46 159.00 JZ-98302-54 159.00 J{-m 540-55 Reborde de montaje para valvulas de dos
YATES VIS . oot

Vélvulas de estrangulacion de dos y tres vias
operadas por solenoide

El operador manual incorporado
permite cambiar facilmente las
mangueras

Excelente para aplicaciones
de tipo aislamiento; el Unico
componente humectado es la
manguera

Bobinas desmontables
con conectores eléctricos
tipo DIN

: 01340-63
Se incluye soporte de .
montaje en panel
Tamario de| Presion | Tiempo de 12vee 24VCC
manguera| méaxima | respuesta | Watts | Namero de . Nimero de .
(DIxDE) | (psi) (mseg) catalogo Breci catalogo Rrecio
Valvulas de estrangulacion de dos vias; normalmente cerradas
V6" x %" | 15 (1 bar) 20 4.0 JZ-01340-52 | $155.00 | JZ-01340-53 $112.00
%" x%e" | 15(1 bar) 20 9.0 JZ-01340-54 162.00 | JZ-01340-55 178.00
Ya'x %" | 15(1 bar) 20 13 JZ-01340-56 282.00 | JZ-01340-57 282.00
Valvulas de estrangulacion de dos vias; normalmente abiertas
Yie'x 4" | 15 (1 bar) 20 4.0 JZ-01340-58 112.00 | JZ-01340-59 102.00
%" x¥6" | 15(1 bar) 20 9.0 JZ-01340-60 140.00 | JZ-01340-61 140.00
Ya'x %" | 15(1 bar) 20 13 JZ-01340-62 268.00 | JZ-01340-63 295.00
Valvulas de estrangulacion de tres vias; una normalmente abierta, una normalmente cerrada (NC)
Vi'x ' | 15(1bar) | 20 | 80 | JZ-01340-64 | 134.00 | JZ-01340-65 | 134.00
Y'x%e' | 15(1bar) | 20 | 90 | JZ-01340-66 | 297.00 | JZ-01340-67 | 297.00
JZ-95802-02 Mangueras de silicona platino Cole-Parmer;
DI V16" x DE ¥8". Paquete de 7.6 M. ........oovuiniiiiiii e $35.00
JZ-95802-04 Mangueras de silicona platino Cole-Parmer;
DI 8" x DE %¢". Paquete de 7.6 M. .......oovveeiiii i $52.50
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Vélvulas de estrangulacion
de dos y tres vias operadas
por solenoide

Excelente opcion para liquidos viscosos

Use las valvulas de estrangulacion con liquidos
mas dificiles de manejar para las valvulas
solenoide tradicionales, tales como los liquidos
Vviscosos

Ideales para aplicaciones de control
de inicio y detencién de flujo,

y en casos donde es necesario
cambiar frecuentemente las

piezas humectadas

Valvula de dos

Compatible con mangueras de silicona,

C-FLEX®y BPT PharMed®: vea las péginas vias
905-924 para pedidos 98305-02
Las valvulas de dos vias estan disponibles en
configuraciones de normalmente cerrada y
normalmente abierta
Las valvulas de tres vias aceptan dos
mangueras; la inferior es normalmente abierta,
la superior, normalmente cerrada
Tamafio de la Watts 12VCC 24\VCC
manguera (DE) N°decat. | Precio N°decat. | Precio
Valvulas de estrangulacion de dos vias; normalmente cerradas
10mm 13 JZ-98305-10 $143.00 JZ-98305-11 $143.00
13 mm 60 JZ-98305-12 309.00 JZ-98305-13 309.00
19 mm 60 JZ-98305-14 352.00 JZ-98305-15 352.00
Valvulas de estrangulacion de dos vias; normalmente abiertas
10 mm 13 JZ-98305-02 149.00 JZ-98305-03 149.00
13mm 60 JZ-98305-04 324.00 JZ-98305-05 324.00
19 mm 60 JZ-98305-06 375.00 JZ-98305-07 375.00
Valvulas de estrangulacion de tres vias; una normalmente abierta, una normalmente cerrada (NC)
2.4 mm | 44 | Jz-98305-00 | 15500 | JZ-98305-01 |  155.00
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GWS Model SNO3N 2BB Specs:
Size: 39.5 mm X 20.0 mm X 39.6 mm

Weight: 41g, 1.44 0z

Speed: 0.23 sec/60°

Torque: 2.40 kg-cm, 47 0z-in

APPLICATION NOTE FOR RPV SERVO MOTOR

A. Operating voltage : D. C. 4.8V - 7.5V Max. (Optional system : 12.0-
15.0V;24.0-28.V)
We have voltage regulator build inside the servo Amp chip itself. That makes the
rotating angle accurate under full range of working voltage
B. Speed : Fast than 0.05;0.05-0.15;0.15-0.30;0.30-0.60;Over 0.60 sec/60 degrees
Torque : Up to 1.0;1.0-3.0;3.0-10.0;10-49;50-100;100-300;300-1000 KG/CM
e Above is the spec. of small sized motors designed to be used in r/c models. We
accept OEM to produce all kinds of torque and speed to fit all customers'
purposes.

C. Operating temperature : -20°C ~ +60°C

D. Pulse width range (Frame time : 16-23 ms)
Max : 2.1 ms
Min : 0.9 ms
INPUT SIGNAL TIMING

Pulse width

o

B [

I-c- Frame time +|

o Exceeding these parameters can cause the servo to jitter or run slowly.

E. Horn position (rotate angle)

The relationship between the income pulse width (time pulse) and probe position is

as follows :
Pulse width Horn position
0.8-0.9 ms Safety zone for CW
0.9 ms +60 degrees + 10° CW
1.5ms 0 degree(center position)
2.1 ms -60 degree £ 10° CCW
2.1-2.2 ms Safety zone for CCW
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NTC thermistors for
temperature measurement

Glass-encapsulated sensors,
standard type

Series/Type: B57560G, B57560G1
The following products presented in this data sheet are being withdrawn.
Ordering Code Substitute Product |Date of Deadline Last |Last Shipments
Withdrawal Orders
B57560G0145* B57560G1104* 2012-03-23 2012-06-28 2012-09-28

For further information please contact your nearest EPCOS sales office, which will also support
you in selecting a suitable substitute. The addresses of our worldwide sales network are
presented at www.epcos.com/sales.

© EPCOS AG 2009. Reproduction, publication and dissemination of this publication, enclosures hereto and the
information contained therein without EPCOS' prior express consent is prohibited.
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560
Applications Dimensional drawing

= Temperature measurement

Features +952.310.2
B Glass-encapsulated, heat-resistive and ‘
highly stable gl |
= For temperature measurement up to H i
300 °C Y As
u Leads: dumet wires (copper-clad FeNi) 4 ‘ 20.3
Options E
® Leads: nickel-plated dumet wires .
= Alternative dimensions available on request 1
Delivery mode TNT0281-E
Bulk

Dimensions in mm

General technical data

Climatic category (IEC 60068-1) 55/300/56

Max. power (at 25 °C) Pys 50 mwW
Resistance tolerance ARR/Rg | 1, £2, 3 %
Rated temperature Tk 25 °C
Dissipation factor (in air) O approx. 1.3 mW/K
Thermal cooling time constant (in air) Tc approx. 15 S
Heat capacity Ci approx. 20 mJ/K
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560

Electrical specification and ordering codes

Rys No. of RIT Basiss Bor1oo Basio0 Ordering code
Q characteristic | K K K
2Kk 8401 3420 3390 +1% 3436 B57560G0202+000
2k 8401 3420 3390 +1% 3436 B57560G0202+002
5k 8402 3480 3450 +1% 3497 B57560G0502+000
5k 8402 3480 3450 +1% 3497 B57560G0502+002
10k 7003 3612 3586 3625 £1% B57560G1103+005
10 k 7003 3612 3586 3625 +1% B57560G1103+007
10k 8307 3478 3450 3492 +1% B57560G1103+000
10 k 8307 3478 3450 3492 +1% B57560G1103+002
20 k 8415 3992 3970 1% 4006 B57560G0203+000
20k 8415 3992 3970 +1% 4006 B57560G0203+002
30k 7002 3973 3944 3988 +1% B57560G1303+005
30k 7002 3973 3944 3988 +1% B57560G1303+007
50 k 8403 3992 3970 1% 4006 B57560G0503+000
50 k 8403 3992 3970 +1% 4006 B57560G0503+002
100 k 8304 4072 4036 4092 +1% B57560G1104+000
100 k 8304 4072 4036 4092 1% B57560G1104+002
1400 k 8406 4557 5133 +2%" | 4581 B57560G0145+000
1400 k 8406 4557 5133 +2%" | 4581 B57560G0145+002
+ = Resistance tolerance
F=%1%
G =+2%
H=+3%

The last three digits of the ordering code denote:
000 and 005 = dumet wires
002 and 007 = nickel-plated wires
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B57560G, B57560G1

Glass-encapsulated sensors G560/G1560
Reliability data
Test Standard Test conditions AR5/R 5 Remarks
(typical)
Storage in IEC Storage at upper <3% No visible
dry heat 60068-2-2 | category temperature damage
T: 300 °C
t: 1000 h
Storage in damp IEC Temperature of air: 85 °C <2% No visible
heat, steady state | 60068-2-67 | Relative humidity of air: 85% damage
Duration: 56 days
Rapid temperature |IEC Lower test temperature: —55 °C | <2% No visible
cycling 60068-2-14 | Upper test temperature: 200 °C damage

Number of cycles: 1000
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560

R/T characteristics

R/T No. | 7002 7003 8304
T(°C) Bas/100 = 3988 K Basiio0 = 3625 K Bas100 = 4092 K
R+/Rys o (%/K)| Ri/Rys o (%/K)| Ri/Rzs a (%/K)

—55.0 [96.33 7.4 63.225 6.7 100.11 7.4
—-50.0 |66.866 7.2 45.46 6.5 69.56 7.2
—45.0 | 47.037 6.9 33.07 6.3 48.945 6.9
—40.0 |33.508 6.7 24.324 6.0 34.853 6.7
—35.0 | 24.156 6.4 18.081 5.8 25.102 6.5
—30.0 [17.613 6.2 13.575 5.6 18.275 6.2
—25.0 [12.98 6.0 10.29 54 13.443 6.0
—20.0 | 9.6643 5.8 7.8716 5.3 9.9853 5.9
—-15.0 | 7.2656 5.6 6.0739 51 7.4867 5.7
—-10.0 | 5.5129 5.4 4.7258 4.9 5.6636 5.5
-5.0 | 4.22 5.3 3.7062 4.8 4.3212 5.3
0.0 | 3.2575 5.1 2.9287 4.6 3.324 5.2
5.0 | 2.5348 4.9 2.3311 4.5 2.5769 5.0
10.0 1.9876 4.8 1.8684 4.4 2.0127 4.9
15.0 1.5699 4.6 1.5075 4.2 1.5834 4.7
20.0 1.2488 4.5 1.224 4.1 1.2542 4.6
25.0 1.0000 4.4 1.0000 4.0 1.0000 4.5
30.0 | 0.80594 4.3 0.82176 3.9 0.80239 4.3
35.0 | 0.65355 4.1 0.67909 3.8 0.64776 4.2
40.0 | 0.53312 4.0 0.56422 3.7 0.52598 4.1
450 | 0.43735 3.9 0.47122 3.6 0.4295 4.0
50.0 | 0.36074 3.8 0.3955 3.5 0.35262 3.9
55.0 | 0.29911 3.7 0.33355 3.4 0.291 3.8
60.0 | 0.24925 3.6 0.2826 3.3 0.24136 3.7
65.0 | 0.20872 3.5 0.24049 3.2 0.20114 3.6
70.0 | 0.17558 3.4 0.20553 3.1 0.16841 3.5
75.0 | 0.14837 3.3 0.17637 3.0 0.14164 3.4
80.0 | 0.12592 3.2 0.15195 29 0.11963 3.3
85.0 | 0.10731 3.2 0.13141 29 0.10147 3.3
90.0 | 0.091816 3.1 0.11406 2.8 0.086407 3.2
95.0 | 0.078862 3.0 0.099352 2.7 0.073867 3.1
100.0 | 0.067988 2.9 0.086837 2.7 0.063383 3.0
105.0 | 0.058824 2.9 0.076149 2.6 0.054584 3.0
110.0 | 0.051071 2.8 0.066989 2.5 0.04717 2.9
115.0 | 0.044489 2.7 0.059112 25 0.040901 2.8
120.0 | 0.03888 2.7 0.052316 2.4 0.035581 2.8
125.0 | 0.034084 2.6 0.046433 2.4 0.03105 2.7
130.0 | 0.02997 2.5 0.041327 2.3 0.027179 2.6
135.0 | 0.02643 2.5 0.03688 2.3 0.023861 2.6
140.0 | 0.023373 2.4 0.032998 2.2 0.021008 2.5
145.0 | 0.020727 24 0.029598 2.2 0.018548 2.5
150.0 | 0.018429 2.3 0.026612 2.1 0.016419 2.4
155.0 | 0.016427 2.3 0.023984 2.1 0.014573 2.4
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Temperature measurement B57560G, B57560G1

Glass-encapsulated sensors G560/G1560

R/T No. | 7002 7003 8304

T (°C) B.si100 = 3988 K Bosi100 = 3625 K Bos/100 = 4092 K

R+/Rys o (%/K)| Ri/Rzs o (%/K)| Ri/Rzs a (%/K)

160.0 | 0.014679 22 0.021665 2.0 0.012967 [2.3
165.0 | 0.013149 2.2 0.019613 2.0 0.011566 2.3
170.0 | 0.011806 21 0.017793 1.9 0.010341 2.2
175.0 | 0.010623 2.1 0.016176 1.9 0.0092664 (2.2
180.0 | 0.0095804 2.0 0.014735 1.8 0.0083224 | 2.1
185.0 | 0.0086582 2.0 0.013448 1.8 0.0074907 | 2.1
190.0 | 0.0078408 |[2.0 0.012297 1.8 0.0067564 |2.0
195.0 | 0.0071148 |[1.9 0.011265 1.7 0.0061064 |2.0
200.0 | 0.0064685 1.9 0.010338 1.7 0.0055299 |2.0
205.0 | 0.005892 1.8 0.009504 1.7 0.0050175 (1.9
210.0 | 0.0053767 |[1.8 0.0087516 | 1.6 0.0045611 [1.9
215.0 | 0.0049152 1.8 0.0080718 1.6 0.0041537 | 1.9
220.0 | 0.0045011 1.7 0.0074567 1.6 0.0037895 |1.8
225.0 | 0.0041287 |[1.7 0.0068989 | 1.5 0.0034631 [1.8
230.0 | 0.0037934 1.7 0.0063925 1.5 0.0031701 |1.8
235.0 | 0.0034908 1.6 0.0059318 1.5 0.0029067 |1.7
240.0 | 0.0032173 |[1.6 0.005512 1.5 0.0026693 1.7
245.0 | 0.0029697 |[1.6 0.005129 1.4 0.0024551 (1.7
250.0 | 0.0027451 1.6 0.004779 1.4 0.0022615 |1.6
255.0 | 0.0025412 (1.5 0.0044586 | 1.4 0.0020862 |1.6
260.0 | 0.0023556 1.5 0.004165 1.4 0.0019273 | 1.6
265.0 | 0.0021865 1.5 0.0038955 1.3 0.0017829 |1.5
270.0 | 0.0020323 1.5 0.0036478 1.3 0.0016516 | 1.5
275.0 | 0.0018913 (1.4 0.0034199 |1.3 0.0015319 (1.5
280.0 | 0.0017623 14 0.0032098 1.3 0.0014228 | 1.5
285.0 | 0.0016441 1.4 0.003016 1.2 0.0013231 (1.4
290.0 | 0.0015357 |[1.4 0.002837 1.2 0.0012319 |14
295.0 | 0.001436 1.3 0.0026714 |1.2 0.0011483 (1.4
300.0 [ 0.0013444 1.3 0.002518 1.2 0.0010716 |14
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560

R/T characteristics

RIT No. | 8307 8401 8402
T(°C) |Basioo = 3492K Boroo = 3390 K Boroo = 3450 K
Ri/Ras o (%/K)| R/Rzs o (%/K)| Ri/Ras a (%/K)

~55.0 [52.624 64 (48237 62 [51.991 6.4
~50.0 |38.452 6.2 [35488 6.0 [37.989 6.2
—~45.0 |28.401 6.0 |26.39 58 |28.07 5.9
~40.0 21.194 58 [19.825 56 |20.96 5.7
~35.0 | 15.972 56  [15.037 54  [15.809 5.5
~30.0 | 12.149 54 [11.511 53 (12037 54
~250 | 9.3246 52 | 88893 5.1 9.2484 5.2
~20.0 | 7.2181 5. 6.9218 49 | 7.1668 5.0
~15.0 | 5.6332 49 | 54326 48 | 55993 49
~10.0 | 4.4308 47 | 42961 46 | 4.4087 47
~5.0 | 3.5112 46 | 3422 45 | 34971 46
0.0 | 2.8024 44 | 27445 43 | 27936 44
50 | 2.252 43 | 22158 42 | 22468 43
10.0 | 1.8216 4.2 1.8002 4.1 1.8187 42
15.0 | 1.4827 4.1 14714 40 14813 40
20.0 | 1.2142 3.9 1.2097 3.9 1.2136 3.9
25.0 | 1.0000 3.8 1.0000 38 1.0000 3.8
300 | 0.82818  [3.7 | 0.8311 36 | 082845 |37
350 | 068954 |36 | 069427 (35 | 0.68991 36
400 | 057703 |35 | 058282 |35 | 057742 |35
450 | 048525 |34 | 049158 |34 | 04856 34
50.0 | 0.41 33 | 041652 |33 | 041026 |33
550 | 0.34798 |32 | 0.35446  [32 | 034816 |32
60.0 | 029663 |32 | 0.30292  [3.1 029673  |3.2
65.0 | 025392  |3.1 025994 |30 | 025393 3.1
700 | 021824 |30 | 022392 |29 | 021817  |3.0
75.0 | 0.1883 29 | 019363 |29 | 018816 |29
80.0 | 0.16307 |28 | 0.16805 |28 | 0.16288 |28
850 | 0.14174 |28 | 014636 |27 | 0.1415 2.8
90.0 | 012362 |27 | 0.1279 27 | 012335 |27
950 | 010818 |26 | 011214 |26 | 010788 |26
100.0 | 0.094973 |26 | 0.098635 |25 | 0.094659 |2.6
1050 | 008364 |25 | 0087023 |25 | 0083313 |25
110.0 | 0073881 |25 | 0077007 |24 | 0073547 |25
1150 | 006545 |24 | 006834 |24 | 0065114 |24
120.0 | 0.058144 |23 | 0060818 |23 | 005781 |24
1250 | 0051794 |23 | 005427 |23 | 0051464 |23
130.0 | 0.046259 |22 | 0048554 |22 | 0045936 |2.2
1350 | 004142 |22 | 0043551 |22 | 0041106 |22
140.0 | 0.037179 |21 0.039159  |2.1 0.036875 | 2.1
1450 | 0.033451 |21 0035294  |2.1 0.033159 | 2.1
150.0 | 0.030166 |20 | 0.031885 |20 | 0.029886 |2.1
155.0 | 0.027264 2.0 | 0.02887 2.0 | 0.026998 _|2.0
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Temperature measurement B57560G, B57560G1

Glass-encapsulated sensors G560/G1560

R/T No. |8307 8401 8402

T(C) |Basio = 3492 K Boioo = 3390 K B0 = 3450 K

R+/Rys o (%/K)| Ri/Rzs o (%/K)| Ri/Rzs a (%/K)

160.0 | 0.024694 2.0 0.026197 1.9 0.024442 2.0
165.0 | 0.022414 1.9 0.023822 1.9 0.022175 1.9
170.0 | 0.020385 1.9 0.021707 1.8 0.02016 1.9
175.0 | 0.018577 1.8 0.01982 1.8 0.018365 1.8
180.0 | 0.016961 1.8 0.018132 1.8 0.016762 1.8
185.0 | 0.015514 1.8 0.016619 1.7 0.015328 1.8
190.0 | 0.014216 1.7 0.01526 1.7 0.014043 1.7
195.0 | 0.013049 1.7 0.014038 1.7 0.012888 1.7
200.0 | 0.011999 1.7 0.012936 1.6 0.011849 1.7
205.0 | 0.011051 1.6 0.011941 1.6 0.010913 1.6
210.0 | 0.010194 1.6 0.011041 1.6 0.010067 1.6
215.0 | 0.0094181 1.6 0.010225 15 0.0093013 1.6
220.0 | 0.0087144 1.5 0.0094848 1.5 0.0086075 15
225.0 | 0.0080751 1.5 0.0088113 | 1.5 0.0079777 |[1.5
230.0 | 0.0074933 1.5 0.0081978 1.4 0.007405 1.5
235.0 | 0.0069631 1.5 0.0076382 1.4 0.0068833 14
240.0 | 0.0064791 1.4 0.0071268 1.4 0.0064075 1.4
245.0 | 0.0060366 |1.4 0.006659 1.3 0.0059728 (1.4
250.0 | 0.0056316 14 0.0062302 1.3 0.0055751 14
255.0 | 0.0052602 |[1.4 0.0058368 | 1.3 0.0052107 (1.3
260.0 | 0.0049193 1.3 0.0054753 1.3 0.0048764 1.3
265.0 | 0.0046059 1.3 0.0051426 1.2 0.0045692 1.3
270.0 | 0.0043173 1.3 0.004836 1.2 0.0042866 1.3
275.0 | 0.0040514 (1.3 0.0045532 | 1.2 0.0040263 (1.2
280.0 | 0.003806 1.2 0.004292 1.2 0.0037862 1.2
285.0 | 0.0035793 |[1.2 0.0040504 | 1.1 0.0035645 (1.2
290.0 | 0.0033696 |[1.2 0.0038266 | 1.1 0.0033595 (1.2
295.0 | 0.0031753 |[1.2 0.0036192 | 1.1 0.0031697 (1.2
300.0 [ 0.0029952 1.2 0.0034267 1.1 0.0029938 1.1
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560

R/T characteristics

R/T No. | 8403 8406 8415
T(°C) |Boum = 3970 K Baoosoo = 5133 K Boroo = 3970 K
R+/Rys o (%/K)| Ri/Rys o (%/K)| Ri/Ras o (%/K)

—55.0 | 103.29 7.6 183.3 8.5 103.29 7.6
-50.0 | 71.079 7.3 120.69 8.2 71.079 7.3
—45.0 | 49.619 7.1 80.721 7.9 49.619 7.1
—40.0 | 35.108 6.8 54.792 7.6 35.108 6.8
-35.0 | 25.158 6.5 37.713 7.3 25.158 6.5
~-30.0 | 18.245 6.3 26.301 7.1 18.245 6.3
—25.0 | 13.383 6.1 18.571 6.8 13.383 6.1
—20.0 | 9.9221 5.9 13.269 6.6 9.9221 5.9
-15.0 | 7.4316 5.7 9.5865 6.4 7.4316 5.7
-10.0 | 5.6202 5.5 6.9997 6.2 5.6202 55
50 | 4.2894 5.3 5.1625 6.0 4.2894 5.3
0.0 | 3.3024 5.2 3.844 5.8 3.3024 5.2
5.0 | 25607 5.0 2.8884 5.6 2.5607 5.0
10.0 | 2.0017 4.8 2.1892 55 2.0017 438
15.0 | 15768 47 1.673 5.3 1.5768 47
200 | 1.2513 46 1.2886 5.1 1.2513 46
250 | 1.0000 44 1.0000 5.0 1.0000 44
30.0 | 080451 |4.3 0.78164  |4.9 0.80451 |4.3
350 | 065139 [4.2 0.61516  |4.7 0.65139 |4.2
400 | 053064 |4.0 0.48734 |4.6 0.53064 | 4.0
450 | 0.43481 3.9 0.38851 |4.5 0.43481 3.9
50.0 | 0.35828 |3.8 0.3116 44 0.35828 |3.8
550 | 0.29681 3.7 0.25136  |4.2 0.29681 3.7
60.0 | 024715 |3.6 0.2039 4.1 024715 |36
650 | 0.20682 |35 0.16629 |4.0 0.20682 |35
700 | 017389 |34 0.1363 3.9 017389 |34
750 | 0.14687 |33 0.11228 |3.8 0.14687 |3.3
80.0 | 0.12459 |3.2 0.092932 |3.7 0.12459  |3.2
850 | 0.10614 |[3.2 0.077268 |3.6 0.10614 |3.2
90.0 | 0.09078 |3.1 0.064527 |3.6 0.09078 | 3.1
95.0 | 0.077949 |3.0 0.054116 |3.5 0.077949 |3.0
100.0 | 0.067183 |[2.9 0.045571 |3.4 0.067183 |29
105.0 | 0.058113 |[2.9 0.038526 |3.3 0.058113 |29
110.0 | 0.050443 |2.8 0.032694 |3.2 0.050443 |2.8
115.0 | 0.043932 |27 0.027847 |3.2 0.043932 |27
120.0 | 0.038386 |27 0.023803 | 3.1 0.038386 |2.7
125.0 | 0.033645 |2.6 0.020416 |3.0 0.033645 |26
130.0 | 0.029579 |25 0.017569 | 3.0 0.029579 |25
135.0 | 0.02608 |25 0.015167 |2.9 0.02608 |25
140.0 | 0.02306 |2.4 0.013135 |2.8 0.02306 |2.4
145.0 | 0.020446 |24 0.011409 |2.8 0.020446 |24
150.0 | 0.018176 |2.3 0.0099385 |2.7 0.018176 |23
155.0 | 0.016199 [2.3 0.0086821 | 2.7 0.016199 |2.3
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R/T No. |8403 8406 8415
T(C) |Byuoo=3970K Baoosoo = 5133 K B0 = 3970 K
R1/Ros o (%/K)| R/Rys o (%/K)| Ri/Rqs a (%/K)

160.0 0.014473 2.2 0.0076052 |2.6 0.014473 2.2

165.0 0.012962 2.2 0.0066796 | 2.6 0.012962 2.2

170.0 0.011636 21 0.0058817 | 2.5 0.011636 2.1

175.0 0.010469 | 2.1 0.005192 |25 0.010469 | 2.1

180.0 0.0094395 | 2.0 0.0045943 |24 0.0094395 |2.0

185.0 0.0085294 | 2.0 0.0040749 |24 0.0085294 | 2.0

190.0 0.0077229 |2.0 0.0036225 (2.3 0.0077229 (2.0

195.0 0.0070067 |1.9 0.0032274 (2.3 0.0070067 |1.9

200.0 0.0063691 | 1.9 0.0028817 | 2.2 0.0063691 |1.9

205.0 0.0058005 |1.9 0.0025783 | 2.2 0.0058005 |1.9

210.0 0.0052924 (1.8 0.0023116 |2.2 0.0052924 1.8

215.0 0.0048373 | 1.8 0.0020766 |2.1 0.0048373 | 1.8

220.0 0.004429 1.7 0.0018691 | 2.1 0.004429 1.7

225.0 0.004062 |1.7 0.0016854 | 2.0 0.004062 |[1.7

230.0 0.0037315 | 1.7 0.0015226 |2.0 0.0037315 |1.7

235.0 0.0034333 (1.6 0.001378 2.0 0.0034333 | 1.6

240.0 0.0031639 (1.6 0.0012492 (1.9 0.0031639 |[1.6

245.0 0.00292 1.6 0.0011344 (1.9 0.00292 1.6

250.0 0.0026988 | 1.6 0.0010318 | 1.9 0.0026988 |1.6

255.0 0.002498 |15 0.00094005 | 1.8 0.002498 (1.5

260.0 0.0023153 (1.5 0.00085777 (1.8 0.0023153 | 1.5

265.0 0.0021489 (1.5 0.00078388 | 1.8 0.0021489 (1.5

270.0 0.0019971 |1.5 0.00071742| 1.8 0.0019971 |1.5

275.0 0.0018584 |1.4 0.00065754 | 1.7 0.0018584 |1.4

280.0 0.0017316 |14 0.00060352 | 1.7 0.0017316 |1.4

285.0 0.0016153 |1.4 0.0005547 |1.7 0.0016153 [1.4

290.0 0.0015087 |1.4 0.00051051 | 1.6 0.0015087 |1.4

295.0 0.0014107 (1.3 0.00047047 | 1.6 0.0014107 (1.3

300.0 0.0013207 |1.3 0.00043412]1.6 0.0013207 |1.3
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560

Mounting instructions

1 Soldering
1.1 Leaded NTC thermistors
Leaded thermistors comply with the solderability requirements specified by CECC.

When soldering, care must be taken that the NTC thermistors are not damaged by excessive
heat. The following maximum temperatures, maximum time spans and minimum distances have
to be observed:

Dip soldering Iron soldering
Bath temperature max. 260 °C max. 360 °C
Soldering time max. 4 s max.2s
Distance from thermistor min. 6 mm min. 6 mm

Under more severe soldering conditions the resistance may change.

1.2 Leadless NTC thermistors

In case of NTC thermistors without leads, soldering is restricted to devices which are provided
with a solderable metallization. The temperature shock caused by the application of hot solder
may produce fine cracks in the ceramic, resulting in changes in resistance.

To prevent leaching of the metallization, solder with silver additives or with a low tin content
should be used. In addition, soldering methods should be employed which permit short soldering
times.

2 Clamp contacting

Pressure contacting by means of clamps is particularly suitable for applications involving frequent
switching and high turn-on powers.

3 Robustness of terminations (leaded types)
The leads meet the requirements of IEC 60068-2-21. They may not be bent closer than 4 mm
from the solder joint on the thermistor body or from the point at which they leave the feed-
throughs. During bending, any mechanical stress at the outlet of the leads must be removed. The
bending radius should be at least 0.75 mm.
Tensile strength:  Test Ua1:
Leads 0<025mm= 10N

0.25< [0 <0.35mm 25N

0.35< [0 <0.50 mm 50N

0.50< 0 <0.80mm= 10.0N

0.80< O<1.25mm= 20.0N
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560

Bending strength: Test Ub:
Two 90°-bends in opposite directions at a weight of 0.25 kg.

Torsional strength: Test Uc: severity 2
The lead is bent by 90° at a distance of 6 to 6.5 mm from the thermistor body.
The bending radius of the leads should be approx. 0.75 mm. Two torsions of
180° each (severity 2).

When subjecting leads to mechanical stress, the following should be observed:

Tensile stress on leads
During mounting and operation tensile forces on the leads are to be avoided.

Bending of leads

Bending of the leads directly on the thermistor body is not permissible.

A lead may be bent at a minimum distance of twice the wire's diameter +2 mm from the solder
joint on the thermistor body. During bending the wire must be mechanically relieved at its outlet.
The bending radius should be at least 0.75 mm.

Twisting of leads

The twisting (torsion) by 180° of a lead bent by 90° is permissible at 6 mm from the bottom of the
thermistor body.

4 Sealing and potting

When thermistors are sealed, potted or overmolded, there must be no mechanical stress caused
by thermal expansion during the production process (curing / overmolding process) and during
later operation. The upper category temperature of the thermistor must not be exceeded. Ensure
that the materials used (sealing / potting compound and plastic material) are chemically neutral.

5 Cleaning

If cleaning is necessary, mild cleaning agents such as ethyl alcohol and cleaning gasoline are
recommended. Cleaning agents based on water are not allowed. Ultrasonic cleaning methods are
permissible.

6 Storage
In order to maintain their solderability, thermistors must be stored in a non-corrosive atmosphere.
Humidity, temperature and container materials are critical factors.

Do not store SMDs where they are exposed to heat or direct sunlight. Otherwise, the packing ma-
terial may be deformed or SMDs may stick together, causing problems during mounting. After
opening the factory seals, such as polyvinyl-sealed packages, use the SMDs as soon as possible.
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Glass-encapsulated sensors G560/G1560

The components should be left in the original packing. Touching the metallization of unsoldered
thermistors may change their soldering properties.

Storage temperature: —-25°Cupto45°C

Relative humidity (without condensation): <75% annual mean

<95%, maximum 30 days per annum
Solder the thermistors listed in this data book after shipment from EPCOS within the time speci-

fied:
SMDs: 12 months
Leaded components: 24 months
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Glass-encapsulated sensors G560/G1560

Cautions and warnings General

See "Important notes" at the end of this document.

Storage

u Store thermistors only in original packaging. Do not open the package prior to storage.

m Storage conditions in original packaging: storage temperature —25 °C ... +45 °C, relative
humidity <75% annual mean, <95% maximum 30 days per annum, dew precipitation is
inadmissible.

= Do not store thermistors where they are exposed to heat or direct sunlight. Otherwise, the
packing material may be deformed or components may stick together, causing problems during
mounting.

= Avoid contamination of thermistor surface during storage, handling and processing.

u Avoid storage of thermistors in harmful environments like corrosive gases (SO,, Cl etc).

u Use the components as soon as possible after opening the factory seals, i.e. the
polyvinyl-sealed packages.

m Solder thermistors within the time specified after shipment from EPCOS.

For leaded components this is 24 months, for SMDs 12 months.

Handling

H NTC thermistors must not be dropped. Chip-offs or any other damage must not be caused
during handling of NTCs.

= Do not touch components with bare hands. Gloves are recommended.

® Avoid contamination of thermistor surface during handling.

Bending / twisting leads

u A lead (wire) may be bent at a minimum distance of twice the wire’s diameter plus 4 mm from
the component head or housing. When bending ensure the wire is mechanically relieved at the
component head or housing. The bending radius should be at least 0.75 mm.

u Twisting (torsion) by 180° of a lead bent by 90° is permissible at 6 mm from the bottom of the
thermistor body.

Soldering

u Use resin-type flux or non-activated flux.

u Insufficient preheating may cause ceramic cracks.

= Rapid cooling by dipping in solvent is not recommended.
u Complete removal of flux is recommended.
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Temperature measurement B57560G, B57560G1
Glass-encapsulated sensors G560/G1560
Mounting

u Ensure that no thermo-mechanical stress occurs due to production processes (curing or
overmolding processes) when thermistors are sealed, potted or overmolded or during their
subsequent operation. The maximum temperature of the thermistor must not be exceeded.
Ensure that the materials used (sealing/potting compound and plastic material) are chemically
neutral.

u Electrodes/contacts must not be scratched or damaged before/during/after the mounting
process.

u Contacts and housing used for assembly with the thermistor must be clean before mounting.

u Ensure that adjacent materials are designed for operation at temperatures comparable to the
surface temperature of the thermistor. Be sure that surrounding parts and materials can
withstand the temperature.

® Avoid contamination of the thermistor surface during processing.

u The connections of sensors (e.g. cable end, wire end, plug terminal) may only be exposed to

an environment with normal atmospheric conditions.

Tensile forces on cables or leads must be avoided during mounting and operation.

= Bending or twisting of cables or leads directly on the thermistor body is not permissible.

Avoid using chemical substances as mounting aids. It must be ensured that no water or other

liquids enter the NTC thermistors (e.g. through plug terminals). In particular, water based

substances (e.g. soap suds) must not be used as mounting aids for sensors.

Operation

= Use thermistors only within the specified operating temperature range.

u Use thermistors only within the specified power range.

= Environmental conditions must not harm the thermistors. Only use the thermistors under
normal atmospheric conditions or within the specified conditions.

u Contact of NTC thermistors with any liquids and solvents should be prevented. It must be
ensured that no water enters the NTC thermistors (e.g. through plug terminals). For
measurement purposes (checking the specified resistance vs. temperature), the component
must not be immersed in water but in suitable liquids (e.g. Galden).

® Avoid dewing and condensation unless thermistor is specified for these conditions.

® Bending or twisting of cables and/or wires is not permissible during operation of the sensor in
the application.

= Be sure to provide an appropriate fail-safe function to prevent secondary product damage
caused by malfunction.

This listing does not claim to be complete, but merely reflects the experience of EPCOS AG.
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Symbol English German

A Area Flache

AWG American Wire Gauge Amerikanische Norm flr Drahtquerschnitte

B B value B-Wert

Bs/100 B value determined by resistance B-Wert, ermittelt durch Widerstands-
measurement at 25 °C and 100 °C messungen bei 25 °C und 100 °C

Ci Heat capacitance Warmekapazitat

| Current Strom

N Number (integer) Anzahl (ganzzahliger Wert)

Pas Maximum power at 25 °C Maximale Leistung bei 25 °C

Puiss Power dissipation Verlustleistung

Pq Electrical power Elektrische Leistung

Pmax Maximum power within stated Maximale Leistung im
temperature range angegebenenTemperaturbereich

ARg/Rg Resistance tolerance caused by Widerstandstoleranz, die durch die
spread of B value Streuung des B-Wertes verursacht wird

Rins Insulation resistance Isolationswiderstand

Rp Parallel resistance Parallelwiderstand

Rr Rated resistance Nennwiderstand

ARR/Rg Resistance tolerance Widerstandstoleranz

Rs Series resistance Serienwiderstand

R Resistance at temperature T Widerstand bei Temperatur T
(e.g. Rys = resistance at 25 °C) (z.B. Ry5 = Widerstand bei 25 °C)

T Temperature Temperatur

AT Temperature tolerance Temperaturtoleranz

t Time Zeit

Ta Ambient temperature Umgebungstemperatur

Tinax Upper category temperature Obere Grenztemperatur

(Kategorietemperatur)
Trin Lower category temperature Untere Grenztemperatur
(Kategorietemperatur)

Top Operating temperature Betriebstemperatur

Tr Rated temperature Nenntemperatur

Teurt Surface temperature Oberflachentemperatur

\ Voltage Spannung

Vins Insulation test voltage Isolationsprifspannung

Voo Operating voltage Betriebsspannung

V. Test voltage Priifspannung
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Symbol English German

a Temperature coefficient Temperaturkoeffizient

A Tolerance, change Toleranz, Anderung

O Dissipation factor Warmeleitwert

Te Thermal cooling time constant Thermische Abkuhlzeitkonstante
T, Thermal time constant Thermische Zeitkonstante

Abbreviations / Notes

Symbol English German

SMD Surface-mounted devices Oberflachenmontierbares Bauelement

* To be replaced by a number in ordering | Platzhalter fir Zahl im Bestellnummern-
codes, type designations etc. code oder fur die Typenbezeichnung.

+ To be replaced by a letter. Platzhalter firr einen Buchstaben.

All dimensions are given in mm.

The commas used in numerical values
denote decimal points.

Alle Maf3e sind in mm angegeben.

Verwendete Kommas in Zahlenwerten
bezeichnen Dezimalpunkte.

Tesis publicada con autorizacion del autor

No olvide citar esta wesis




Ny

PONTIFICIA
TESIS PUCP o EE%EL'}?;?‘“’

0y

DEL PERU

Important notes

The following applies to all products named in this publication:

1. Some parts of this publication contain statements about the suitability of our products for
certain areas of application. These statements are based on our knowledge of typical re-
quirements that are often placed on our products in the areas of application concerned. We
nevertheless expressly point out that such statements cannot be regarded as binding
statements about the suitability of our products for a particular customer application.
As a rule, EPCOS is either unfamiliar with individual customer applications or less familiar
with them than the customers themselves. For these reasons, it is always ultimately incum-
bent on the customer to check and decide whether an EPCOS product with the properties de-
scribed in the product specification is suitable for use in a particular customer application.

2. We also point out that in individual cases, a malfunction of electronic components or
failure before the end of their usual service life cannot be completely ruled out in the
current state of the art, even if they are operated as specified. In customer applications
requiring a very high level of operational safety and especially in customer applications in
which the malfunction or failure of an electronic component could endanger human life or
health (e.g. in accident prevention or lifesaving systems), it must therefore be ensured by
means of suitable design of the customer application or other action taken by the customer
(e.g. installation of protective circuitry or redundancy) that no injury or damage is sustained by
third parties in the event of malfunction or failure of an electronic component.

3. The warnings, cautions and product-specific notes must be observed.

4. In order to satisfy certain technical requirements, some of the products described in this
publication may contain substances subject to restrictions in certain jurisdictions (e.g.
because they are classed as hazardous). Useful information on this will be found in our Ma-
terial Data Sheets on the Internet (www.epcos.com/material). Should you have any more de-
tailed questions, please contact our sales offices.

5. We constantly strive to improve our products. Consequently, the products described in this
publication may change from time to time. The same is true of the corresponding product
specifications. Please check therefore to what extent product descriptions and specifications
contained in this publication are still applicable before or when you place an order. We also
reserve the right to discontinue production and delivery of products. Consequently, we
cannot guarantee that all products named in this publication will always be available. The
aforementioned does not apply in the case of individual agreements deviating from the fore-
going for customer-specific products.

6. Unless otherwise agreed in individual contracts, all orders are subject to the current ver-
sion of the "General Terms of Delivery for Products and Services in the Electrical In-
dustry" published by the German Electrical and Electronics Industry Association
(ZVEI).

7. The trade names EPCOS, BAOKE, Alu-X, CeraDiode, CSMP, CSSP, CTVS, DSSP,
MiniBlue, MKK, MLSC, MotorCap, PCC, PhaseCap, PhaseCube, PhaseMod, SIFERRIT,
SIFl, SIKOREL, SilverCap, SIMDAD, SIMID, SineFormer, SIOV, SIP5D, SIP5K, ThermoFuse,
WindCap are trademarks registered or pending in Europe and in other countries. Further
information will be found on the Internet at www.epcos.com/trademarks.
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Extended Range Infrared
Temperature Probe

Instruction Sheet

Introduction

The Fluke 80T-IR/E Extended Range Infrared
Temperature Probe (the probe) is a noncontact
temperature measurement accessory for use with a test
instrument capable of measuring DC volts in the
millivolt range such as a digital multimeter (DMM). The
probe has a temperature range of 32°F to 1000°F, with
a basic accuracy of 3% of reading, and an output of 1
mV dc per °F.

Temperature is measured by pointing the probe at the
surface to be measured, and reading the temperature
on the test instrument display.

Box Contents
Temperature Probe, Battery (installed), Instruction
Sheet, and Warranty Card.
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1990 including Amendment 1, CSA C22.2 No. 231,
ANSI/ISA-S82.01 and .03 Safety Standards.

W WARNING

IF TARGET EMMISSIVITY IS LESS THAN 0.95, THE
PROBE CAN INDICATE A TEMPERATURE LOWER
THAN THE ACTUAL TARGET TEMPERATURE.
AVOID TOUCHING THE TARGET; THERMAL BURNS
COULD RESULT.

CAUTION
Do not place the probe on or around hot objects (70°C
/158°F). It will damage the probe case.

If the probe is exposed to significant changes in
ambient temperature (hot to cold or cold to hot),
allow 20 minutes for temperature stabilization,
before taking measurements.

Do not operate the probe near large electrical or
magnetic fields such as arc welders and
induction heaters. These fields can cause
measurement errors.

Condensation may form on the lens when going
from a cold to hot environment - wait 10 minutes
for condensation to dissipate before taking
measurements.

Connectors must only be plugged into voltage
measurement input jacks of the test instruments.

Do not touch or hold by the front cone.
Temperature readings can be affected by heat
from the hand.

Equipment use not specified by manufacturer
may impair safety.
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instruments that have a minimum of 1 MW input
impedance and accept safety shrouded, standard
diameter 0.16 in. (4 mm) banana plugs.

Operation
To take a measurement, perform the following steps:

1. Plug the red connector into the VW dc input jack
and the black connector into the common or
ground input jack on the test instrument.

Select mV dc on the test instrument.

Slide the probe switch forward to the "ON"
position.

4. Point the tip of the probe as close as possible to
the object being measured without touching the
object.

5. Read the test instrument display.
Additional considerations are:

After 10 minutes of use the probe will
automatically shift to Sleep mode (the display will
show O°F). It can be restarted by sliding the
switch to "OFF" and then to "ON" (see Table 1).

Sleep mode extends battery life. However, for
maximum battery life, switch the probe to the
"OFF" position.

If the test instrument displays an overload
condition, switch the DMM range from mV dc to V
dc. Increasing the range to V dc moves the
decimal position three places to the left (1000°F
displays as 1.000V dc).
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Figure 1.

Display Codes
Under the conditions shown in Table 1, the meter will
alternate between displaying a reading and Display Code.

Emissivity

All objects emit invisible infrared energy. This ability,
called emissivity, is based upon the material that the
object is made of and its surface finish. Emissivity
values typically range from 0.10 for a very reflective
object to 0.98 for a near perfect black body. The probe
senses this energy assuming that the target has an
emissivity value of 0.95. This value is factory set in the
probe. If the actual target emissivity is less than 0.95,
the indicated temperature could be less than the actual
target surface temperature. To correct for this, apply
masking tape or a coat of matte paint to the target. The
resulting target will have an emissivity of approximately
0.95.
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1041°F Target temperature Select target within
is over range. probe's specified
temperature range.
-135°F The temperature of Ensure that the
the probe is near probe is within the
the low ambient specified ambient
operating range operating range.
lirmit. >
-192°F Battery power islow. [ Replace the
battery.
0°F Sleep mode or Restart the probe
battery is dead. by sliding switch to

"OFF" and then to
"ON", or replace
battery.

* All values are nominal.

** Although a display code may be present, the displayed
reading is valid if the probe is within the specified ambient
operating range.

Distance to Spot Size Ratio

Distance to Spot Size Ratio (or Field of View) refers to the
diameter of the spot that the probe is sensing at a given
distance. The closer you are to the object (or target), the
smaller the area (or spot) the probe is sensing. For
example when the probe is held at a 200 mm (8 in.)
distance from the target, the spot size is approximately 50
mm (2 in.); at 100 mm (4 in.) the spot size is
approximately 25 mm (1 in.), and with the probe held at a
50 mm (2 in.) distance from the target, the spot size is
approximately 13 mm (1/2 in.). Hot spots can be missed if
too large an area is included in the field of view, so get as
close as possible! (See Figure 2.)
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the surface (no more than 50 mm (2 in.) away).

If the surface to be measured is covered by frost
or other material, clean it to expose the surface.

If the surface to be measured is highly reflective
such as polished metal, apply masking tape or a
matte finish paint to the surface.

If the probe seems to be giving incorrect readings
check the front of the probe. There may be
condensation or debris obstructing the sensor;
clean per instructions in the maintenance section.

Quick Check

For a quick check of the probe, point it directly at ice
immersed in water (slush), the meter should read,

within  specifications
specifications).

Specifications
Temperature Range:
Operating Temperature:

Accuracy for 1 year:
(Operating temperature
64°F to 82°F)

Temperature Coefficient:

Response Time:
Spectral Response:
Emissivity:
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32°F (see Accuracy

32°F to 1000°F
32°F to 122°F

32°F to 180°F: +5.4°F
>180°F : +3% of reading

+0.3% of reading or
+0.7°F, whichever is
greater, change in
accuracy per 1.8°F
change in ambient
operating temperature
above 82°F or below
64°F.

1 second

8 to 14 microns nominal

pre-set 0.95
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noncondensing, Temp.

Coef. applies
Storage Temperature: -13° to 158°F without
battery
Power: 9V battery; (NEDA
1604A, 6F22, 006P)
Battery life (Alkaline): 50 hours typical, @ 73°F
33% duty cycle
Dimensions: (LxWxH) 180 mm x

30 mm x 50 mm (7.11in.)
x (1.2in.) x (2in.)

Weight: 180 gm (6.4 0z)

Maintenance

Battery Replacement
Remove battery door (See Figure 1.) and replace with a
9V Alkaline battery (ANSI/NEDA 1604A, IEC 6LR61).

Front-Window Cleaning (as necessary)
1. Blow off loose particles using clean compressed
air.

2. Gently brush remaining debris away with a camel
hair brush or Q-tip.

3. Carefully wipe the surface with a moist Q-tip. The
swab may be moistened with water or a water-
based glass cleaner. Allow to air dry. (Do not use
solvents to clean the window.)

Case Cleaning

To clean the exterior housing, simply use soap and
water or a mild commercial cleaner. Wipe with a damp
sponge or soft rag.
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workmanship under normal use and service. The warranty period is one
year and begins on the date of shipment. Parts, product repairs, and
services are warranted for 90 days. This warranty extends only to the
original buyer or end-user customer of a Fluke authorized reseller, and
does not apply to fuses, disposable batteries, or to any product which, in
Fluke's opinion, has been misused, altered, neglected, contaminated, or
damaged by accident or abnormal conditions of operation or handling.
Fluke warrants that software will operate substantially in accordance with
its functional specifications for 90 days and that it has been properly
recorded on non-defective media. Fluke does not warrant that software will
be error free or operate without interruption.

Fluke authorized resellers shall extend this warranty on new and unused
products to end-user customers only but have no authority to extend a
greater or different warranty on behalf of Fluke. Warranty support is
available only if product is purchased through a Fluke authorized sales
outlet or Buyer has paid the applicable international price. Fluke reserves
the right to invoice Buyer for importation costs of repair/replacement parts
when product purchased in one country is submitted for repair in another
country.

Fluke's warranty obligation is limited, at Fluke's option, to refund of the
purchase price, free of charge repair, or replacement of a defective
product which is returned to a Fluke authorized service center within the
warranty period.

To obtain warranty service, contact your nearest Fluke authorized service
center to obtain return authorization information, then send the product to
that service center, with a description of the difficulty, postage and
insurance prepaid (FOB Destination). Fluke assumes no risk for damage
in transit. Following warranty repair, the product will be returned to Buyer,
transportation prepaid (FOB Destination). If Fluke determines that failure
was caused by neglect, misuse, contamination, alteration, accident, or
abnormal condition of operation or handling, including overvoltage failures
caused by use outside the product's specified rating, or normal wear and
tear of mechanical components, Fluke will provide an estimate of repair
costs and obtain authorization before commencing the work. Following
repair, the product will be returned to the Buyer transportation prepaid and
the Buyer will be billed for the repair and return transportation charges
(FOB Shipping Point).

THIS WARRANTY IS BUYER?S SOLE AND EXCLUSIVE REMEDY AND
IS IN LIEU OF ALL OTHER WARRANTIES, EXPRESS OR IMPLIED,
INCLUDING BUT NOT LIMITED TO ANY IMPLIED WARRANTY OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
FLUKE SHALL NOT BE LIABLE FOR ANY SPECIAL, INDIRECT,
INCIDENTAL, OR CONSEQUENTIAL DAMAGES OR LOSSES,
INCLUDING LOSS OF DATA, ARISING FROM ANY CAUSE OR
THEORY.

Since some countries or states do not allow limitation of the term of an
implied warranty, or exclusion or limitation of incidental or consequential
damages, the limitations and exclusions of this warranty may not apply to
every buyer. If any provision of this Warranty is held invalid or
unenforceable by a court or other decision-maker of competent
jurisdiction, such holding will not affect the validity or enforceability of any
other provision

Fluke Corporation Fluke Europe B.V.
P.O. Box 9090 P.O. Box 1186
Everett, WA 98206-9090 5602 BD Eindhoven
USA The Netherlands
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4711. Outside the U.S.A., contact the nearest Fluke
Service Center. To locate an authorized service center,
visit us on the World Wide Web: www.fluke.com or call
Fluke using the phone numbers listed below:

USA: 1-888-99-FLUKE (1-888-993-5853)
Canada: 1-800-36-FLUKE (1-800-363-5853)
Europe: +31 402-678-200

Japan: +81-3-3434-0181

Singapore: +65-738-5655

Anywhere in the world: +1-425-446-5500

Calibration

Fluke recommends that the user return the probe
annually to a Fluke Service Center for calibration,
starting one year after purchase.

Replacement Part
Battery (Alkaline) - PN 614487

Calibration Procedures - PN 650900

PN 601788

February 1996 Rev. 3, 4/00
01993,1994,1996,1997,2000 Fluke Corporation.

All rights reserved. Printed in U.S.A.

All product names are trademarks of their respective companies.
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DHT11 Humidity &
Temperature Sensor

D-Robotics UK (www.droboticsonline.com)

DHT11 Temperature & Humidity Sensor features a
temperature & humidity sensor complex with a
calibrated digital signal output.

D-Robotics
7/30/2010
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DHT 11 Humidity & Temperature
Sensor

1. Introduction

This DFRobot DHT11 Temperature & Humidity Sensor features a temperature & humidity sensor
complex with a calibrated digital signal output. By using the exclusive digital-signal-acquisition
technique and temperature & humidity sensing technology, it ensures high reliability and
excellent long-term stability. This sensor includes a resistive-type humidity measurement
component and an NTC temperature measurement component, and connects to a high-
performance 8-bit microcontroller, offering excellent quality, fast response, anti-interference
ability and cost-effectiveness.

Page | 2
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Each DHT11 element is strictly calibrated in the laboratory that is extremely accurate on
humidity calibration. The calibration coefficients are stored as programmes in the OTP memory,
which are used by the sensor’s internal signal detecting process. The single-wire serial interface
makes system integration quick and easy. Its small size, low power consumption and up-to-20
meter signal transmission making it the best choice for various applications, including those
most demanding ones. The component is 4-pin single row pin package. It is convenient to
connect and special packages can be provided according to users’ request.

2. Technical Specifications:

Overview:

Iltem Measurement | Humidity Temperature | Resolution Package
Range Accuracy Accuracy

DHT11 20-90%RH +5%RH +2C 1 4 Pin Single
0-50 C Row

Page | 3
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Detailed Specifications:

Parameters ‘ Conditions Minimum Typical Maximum
Humidity
Resolution 1%RH 1%RH 1%RH
8 Bit

Repeatability +1%RH
Accuracy 25C +4%RH

0-50C +5%RH
Interchangeability | Fully Interchangeable
Measurement 0C 30%RH 90%RH
Range 25°C 20%RH 90%RH

50C 20%RH 80%RH
Response Time 1/e(63%)25°C, 6S 10S 15S
(Seconds) 1m/s Air
Hysteresis +1%RH
Long-Term Typical +1%RH/year
Stability
Temperature
Resolution 1C 1C 1C

8 Bit 8 Bit 8 Bit

Repeatability +1C
Accuracy +1C +2C
Measurement 0C 50°C
Range
Response Time 1/e(63%) 6S 30S
(Seconds)
Page | 4
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3. Typical Application (Figure 1)
VDD VDD

| s« 1Pin

MCU |=——+222—22 | DHT 11

4Pin

GND

Figure 1 Typical Application
Note: 3Pin — Null; MCU = Micro-computer Unite or single chip Computer

When the connecting cable is shorter than 20 metres, a 5K pull-up resistor is recommended;
when the connecting cable is longer than 20 metres, choose a appropriate pull-up resistor as
needed.

4. Power and Pin

DHT11’s power supply is 3-5.5V DC. When power is supplied to the sensor, do not send any
instruction to the sensor in within one second in order to pass the unstable status. One
capacitor valued 100nF can be added between VDD and GND for power filtering.

5. Communication Process: Serial Interface (Single-Wire Two-Way)
Single-bus data format is used for communication and synchronization between MCU and
DHT11 sensor. One communication process is about 4ms.

Data consists of decimal and integral parts. A complete data transmission is 40bit, and the
sensor sends higher data bit first.
Data format: 8bit integral RH data + 8bit decimal RH data + 8bit integral T data + 8bit decimal T

data + 8bit check sum. If the data transmission is right, the check-sum should be the last 8bit of
"8bit integral RH data + 8bit decimal RH data + 8bit integral T data + 8bit decimal T data".

Page | 5
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5.1 Overall Communication Process (Figure 2, below)

When MCU sends a start signal, DHT11 changes from the low-power-consumption mode to the
running-mode, waiting for MCU completing the start signal. Once it is completed, DHT11 sends a
response signal of 40-bit data that include the relative humidity and temperature information to
MCU. Users can choose to collect (read) some data. Without the start signal from MCU, DHT11
will not give the response signal to MCU. Once data is collected, DHT11 will change to the low-
power-consumption mode until it receives a start signal from MCU again.

—! MCUSendsout fb— —w| DHTSends |jg— —pn Output Data: e [ transr]rlussmtr: c?mplf,ted;
l Start Sigal | | out response | | 1-bit “0” | | resistor pulls ug l}s § voltage
for next transmission

L 1{o] A i T ) ] S| ignal _______ | ST

[ : Pull up & | l| Pull up voltagc| | | i
SINGLE-BUS wait for and get ready Sensor P
OUTPUT | sensor o forsensors - - Output Data; 1-bit “1” « dol‘:’: bus's
voltage
t
response outpu (50
Lines .
explaination s
[———1 { B
MCU Signal DHT Signal

Figure 2 Overall Communication Process

5.2 MCU Sends out Start Signal to DHT (Figure 3, below)

Data Single-bus free status is at high voltage level. When the communication between MCU and
DHT11 begins, the programme of MCU will set Data Single-bus voltage level from high to low
and this process must take at least 18ms to ensure DHT’s detection of MCU's signal, then MCU
will pull up voltage and wait 20-40us for DHT’s response.

MCU pulls up volt- DHT pulls up
age and waits for
| —] —a| Voltage and  |up—
| IDHT response | Keeps it for |
T - ! QOA0uS) | s 80U, Start data
’ transmission
o N e—— N
| Seads am sart s [ DHT sends out response | |
SINGLE-BUS and pulls down voltage for i 5
SIGNAL at least 18ms to let DHT11 MIGAATS: ke i i B |
detect the signal
Lines explanation
MCU Signal DHT Signal

Figure 3 MCU Sends out Start Signal & DHT Responses
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5.3 DHT Responses to MCU (Figure 3, above)

Once DHT detects the start signal, it will send out a low-voltage-level response signal, which
lasts 80us. Then the programme of DHT sets Data Single-bus voltage level from low to high and
keeps it for 80us for DHT’s preparation for sending data.

When DATA Single-Bus is at the low voltage level, this means that DHT is sending the response
signal. Once DHT sent out the response signal, it pulls up voltage and keeps it for 80us and
prepares for data transmission.

When DHT is sending data to MCU, every bit of data begins with the 50us low-voltage-level and
the length of the following high-voltage-level signal determines whether data bit is "0" or "1"
(see Figures 4 and 5 below).

26-28us

| o= voltage-length e
| means data "0" Start to transmit
RIS ey - Y R oo

1 next bit data

4 2 T S ]
GND---<-==cmmecemy | e

| start to trans- I
NGLER US—-I mit 1-bit data |=—

SIGNAL
(50us)
Signal Lines
explanation: o @
MCU Signal DHT Signal
Figure 4 Data "0" Indication
Page | 7
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| ——awi 70us voltage-length means 1-bit jus—
“ln
| | i | Start to transmit next

bit data

GND e

SINGLE-BUS
SIGNAL

| Start to trans- | |

-' mit 1-bit data - |

(50us)

Signal Lines
Explanation:

N =
L

DHT Signal

——
MCU Signal

Figure 5 Data "1" Indication

If the response signal from DHT is always at high-voltage-level, it suggests that DHT is not
responding properly and please check the connection. When the last bit data is transmitted,
DHT11 pulls down the voltage level and keeps it for 50us. Then the Single-Bus voltage will be
pulled up by the resistor to set it back to the free status.

6. Electrical Characteristics
VDD=5V, T =25°C (unless otherwise stated)

Conditions Minimum Typical Maximum
Power Supply | DC 3V 5V 5.5V
Current Measuring 0.5mA 2.5mA
Supply

Average 0.2mA 1mA

Standby 100uA 150uA
Sampling Second 1
period

Note: Sampling period at intervals should be no less than 1 second.

7. Attentions of application

(1) Operating conditions

Applying the DHT11 sensor beyond its working range stated in this datasheet can result in 3%RH
signal shift/discrepancy. The DHT11 sensor can recover to the calibrated status gradually when
it gets back to the normal operating condition and works within its range. Please refer to (3) of

Page | 8

Tesis publicada con autorizacién del autor

No olvide citar esta tesis




PONTIFICIA

TESIS PUCP T 22}‘3‘{:2?““

DEL PERU

this section to accelerate its recovery. Please be aware that operating the DHT11 sensor in the
non-normal working conditions will accelerate sensor’s aging process.

(2) Attention to chemical materials

Vapor from chemical materials may interfere with DHT’s sensitive-elements and debase its
sensitivity. A high degree of chemical contamination can permanently damage the sensor.

(3) Restoration process when (1) & (2) happen

Step one: Keep the DHT sensor at the condition of Temperature 50~60Celsius, humidity <10%RH
for 2 hours;

Step two:K keep the DHT sensor at the condition of Temperature 20~30Celsius, humidity
>70%RH for 5 hours.

(4) Temperature Affect

Relative humidity largely depends on temperature. Although temperature compensation
technology is used to ensure accurate measurement of RH, it is still strongly advised to keep the
humidity and temperature sensors working under the same temperature. DHT11 should be
mounted at the place as far as possible from parts that may generate heat.

(5) Light Affect
Long time exposure to strong sunlight and ultraviolet may debase DHT’s performance.

(6) Connection wires

The quality of connection wires will affect the quality and distance of communication and high
quality shielding-wire is recommended.

(7) Other attentions

* Welding temperature should be bellow 260Celsius and contact should take less than 10
seconds.

* Avoid using the sensor under dew condition.

* Do not use this product in safety or emergency stop devices or any other occasion that failure
of DHT11 may cause personal injury.

* Storage: Keep the sensor at temperature 10-40°C, humidity <60%RH.

Declaim:

This datasheet is a translated version of the manufacturer’s datasheet. Although the due care
has been taken during the translation, D-Robotics is not responsible for the accuracy of the
information contained in this document. Copyright © D-Robotics.

D-Robotics: www.droboticsonline.com

Email contact: d_robotics@hotmail.co.uk
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www.ti.com SNOSBR7D —MAY 2000—REVISED APRIL 2013

LM78XX Series Voltage Regulators

Check for Samples: LM7805C, LM7812C, LM7815C

FEATURES

e Output Current in Excess of 1A

» Internal Thermal Overload Protection

* No External Components Required

e Output Transistor Safe Area Protection

* Internal Short Circuit Current Limit

e Available in the Aluminum TO-3 Package

DESCRIPTION

The LM78XX series of three terminal regulators is
available with several fixed output voltages making
them useful in a wide range of applications. One of
these is local on card regulation, eliminating the
distribution problems associated with single point
regulation. The voltages available allow these
regulators to be used in logic systems,
instrumentation, HiFi, and other solid state electronic
equipment. Although designed primarily as fixed
voltage regulators these devices can be used with
external components to obtain adjustable voltages
and currents.

Connection Diagrams

OUTPUT — GND

INPUT—

Figure 1. Metal Can Package
TO-3
Aluminum
Bottom View

The LM78XX series is available in an aluminum TO-3
package which will allow over 1.0A load current if
adequate heat sinking is provided. Current limiting is
included to limit the peak output current to a safe
value. Safe area protection for the output transistor is
provided to limit internal power dissipation. If internal
power dissipation becomes too high for the heat
sinking provided, the thermal shutdown circuit takes
over preventing the IC from overheating.

Considerable effort was expanded to make the
LM78XX series of regulators easy to use and
minimize the number of external components. It is not
necessary to bypass the output, although this does
improve transient response. Input bypassing is
needed only if the regulator is located far from the
filter capacitor of the power supply.

For output voltage other than 5V, 12V and 15V the
LM117 series provides an output voltage range from
1.2V to 57V.

VOLTAGE RANGE
* LM7805C: 5V

* LM7812C: 12V

* LM7815C: 15V

‘ OUTPUT
GND

C———— wrur

g

Figure 2. Plastic Package
TO-220 (NDE)
Top View
See Package Number NDEOOO3B

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

All trademarks are the property of their respective owners.
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A These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘Y '\ during storage or handling to prevent electrostatic damage to the MOS gates.

ABSOLUTE MAXIMUM RATINGS®®
Input Voltage (Vo =5V, 12V and 15V)
Internal Power Dissipation®

35V
Internally Limited
0°C to +70°C

Operating Temperature Range (Ta)

. . (TO-3 Package) 150°C
Maximum Junction Temperature
(NDE Package) 150°C
Storage Temperature Range -65°C to +150°C
. TO-3 Package 300°C
Lead Temperature (Soldering, 10 sec.)
TO-220 Package NDE 230°C

(1) Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. For ensured specifications and the test
conditions, see Electrical Characteristics.

(2) If Military/Aerospace specified devices are required, please contact the Texas Instruments Sales Office/Distributors for availability and
specifications.

(3) Thermal resistance of the TO-3 package is typically 4°C/W junction to case and 35°C/W case to ambient. Thermal resistance of the TO-
220 package (NDE) is typically 4°C/W junction to case and 50°C/W case to ambient.

ELECTRICAL CHARACTERISTICS LM78XXC®

0°C £ T, £ 125°C unless otherwise noted.

Output Voltage 5V 12v 15v
Input Voltage (unless otherwise noted) 10v 19v 23V Units
Symbol Parameter Conditions Min | Typ | Max | Min | Typ | Max | Min | Typ | Max
Vo Output Voltage Tj=25°C,5mA<ip< 1A 4.8 5 52 | 115 | 12 | 125|144 | 15 | 156 \
Pp<15W,5 mA < lp < 1A 4.75 525 | 114 12.6 | 14.2 15.7 \
5 5
VuiN £ Vin £ Vvax (7.5 V) £20) (14.5= V)N £27) (17.5= V) £30) \
AVg Line Regulation lo = 500 Tj=25°C 3 50 4 120 4 150 mV
i AV (7= V)y£25) 14.5 < V|y < 30) (17.5= V) £30) \
0°C < Tj < +125°C 50 120 150 mV
AV (8=V)y<20) (A5=V|N=27) (18.5= V) £30) \
lo < 1A Tj=25°C 50 120 150 mV
AV (7.5 V)= 20) (14.6 = V)N £27) (7.7 = V)N £ 30) \
0°C < Tj < +125°C 25 60 75 mV
AV 8=V)=12) (16=VN=22) (20 = VN £ 26) \
AVg Load Regulation Tj=25°C 5mA<ip<15A 10 50 12 | 120 12 | 150 mV
250 mA < I £ 750 25 60 75 mV
mA
BEMA<Ipg<1A0°C<Tj< 50 120 150 mV
+125°C
19) Quiescent Current lo < 1A Tj=25°C 8 8 8 mA
0°C < Tj < +125°C 8.5 8.5 8.5 mA
Alg Quiescent Current 5mMA<Ipg<1A 0.5 0.5 0.5 mA
Change Tj=25°C, Ig < 1A 1.0 1.0 1.0 | mA
VMmN £ Vin £ Vvax (7.5 V) £20) (14.8 = VNS 27) (17.9 = V) £ 30) \
lo £500 mA, 0°C < Tj £ +125°C 1.0 1.0 1.0 mA
VMmN £ Vin £ Vvax (7=V)y<25) (14.5 < V)< 30) (17.5=V)y £ 30) \

(1) All characteristics are measured with capacitor across the input of 0.22 yF, and a capacitor across the output of 0.1uF. All
characteristics except noise voltage and ripple rejection ratio are measured using pulse techniques (t,, < 10 ms, duty cycle < 5%).
Output voltage changes due to changes in internal temperature must be taken into account separately.
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ELECTRICAL CHARACTERISTICS LM78XXCWY (continued)
0°C = T, < 125°C unless otherwise noted.

Output Voltage 5V 12v 15v
Input Voltage (unless otherwise noted) 1ov 19v 23V Units

Symbol Parameter Conditions Min | Typ | Max | Min | Typ | Max | Min | Typ | Max
VN Output Noise Ta =25°C, 10 Hz < f < 100 kHz 40 75 90 uv

Voltage

Ripple Rejection f=120Hz Ip<1A, Tj=25°C 62 80 55 72 54 70 dB

or
AVN/A lo <500 mA 62 55 54 dB
Vout .
0°C < Tj<+125°C
Vuin £ Vin € Viax (8<Vy<18) (15<V|y<25) | (18.5<V)y<28.5) %

Ro Dropout Voltage Tj=25°C, loyt = 1A 2.0 2.0 2.0 Y

Output Resistance | f=1kHz 8 18 19 mQ

Short-Circuit Current | Tj = 25°C 2.1 15 1.2 A

Peak Output Current | Tj = 25°C 2.4 2.4 2.4 A

Average TC of Vgoyt | 0°C £ Tj < +125°C, Io =5 mA 0.6 15 1.8 mV/°C
VN Input Voltage

Required to Tj=25°C, lIp £ 1A 7.5 14.6 17.7 \Y

Maintain

Line Regulation
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TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS (continued)
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Changes from Revision C (April 2013) to Revision D Page

e Changed layout of National Data Sheet t0 TI fOMMAL .........cooiiiiiiiii e 6
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
o Drawing Qty 0) (6) ®3) (415)
LM7805CT ACTIVE TO-220 NDE 3 45 TBD Call Tl Call TI 0to 70 LM340T5
7805 P+ _—
LM7805CT/NOPB ACTIVE TO-220 NDE 3 45  Pb-Free (RoHS CU SN Level-1-NA-UNLIM 0to 70 LM340T5
Exempt) 7805 P+ - =
LM7815CT NRND TO-220 NDE 3 45 TBD Call Tl Call Tl 0to 70 LM340T15
7815 P+
LM7815CT/NOPB ACTIVE TO-220 NDE 3 45 Green (RoHS CU SN Level-1-NA-UNLIM 0to 70 LM340T15
& no Sb/Br) 7815 P+ s

@ The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sh/Br) - please check http://www.ti.com/productcontent for the latest availability
information and additional product content details.

TBD: The Pb-Free/Green conversion plan has not been defined.

Pb-Free (RoHS): TI's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, Tl Pb-Free products are suitable for use in specified lead-free processes.
Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based die adhesive used between
the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.

Green (RoHS & no Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight
in homogeneous material)

® MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
@ There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.

® Lead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.
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Important Information and Disclaimer: The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by Tl for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class IlI (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Products Applications
Audio www.ti.com/audio Automotive and Transportation  www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com Computers and Peripherals

www.dlp.com Consumer Electronics
dsp.ti.com Energy and Lighting
www.ti.com/clocks Industrial

interface.ti.com Medical

logic.ti.com Security

power.ti.com Space, Avionics and Defense

microcontroller.ti.com Video and Imaging

www.ti-rfid.com
www.ti.com/omap Tl E2E Community
www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265

Copyright © 2014, Texas Instruments Incorporated
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Features

* High performance, low power Atmel® AVR® 8-bit microcontroller
* Advanced RISC architecture
— 131 powerful instructions — most single clock cycle execution
- 32 x 8 general purpose working registers
— Fully static operation
— Up to 20 MIPS throughput at 20MHz
— On-chip 2-cycle multiplier
* High endurance non-volatile memory segments
— 4/8/16 Kbytes of in-system self-programmable flash program memory
— 256/512/512 bytes EEPROM
— 512/1KH1 Kbytes internal SRAM
— Write/erase cyles: 10,000 flash/100,000 EEPROM
— Data retention: 20 years at 85°C/100 years at 25°C0
- Optional boot code section with independent lock bits
In-system programming by on-chip boot program
True read-while-write operation
— Programming lock for software security
e QTouch?® library support
— Capacitive touch buttons, sliders and wheels
— QTeuch and QMatrix acquisition
— Up to 64 sense channels

¢ Peripheral features
— Two 8-hit timer/counters with separate prescaler and compare mode
One 16-bit timer/counter with separate prescaler, compare mode, and capture mode
— Real time counter with separate oscillator
— Six PWM channels
— B-channel 10-bit ADC in TQFP and QFN/MLF package
— 6-channel 10-bit ADC in PDIP Package
— Programmable serial USART
— Master/slave SPI serial interface
— Byte-oriented 2-wire serial intertace (Philips I°C compatible)
- Programmable watchdog timer with separate on-chip oscillator
— On-chip analog comparator
— Interrupt and wake-up on pin change
Special microcontroller features
— DebugWIRE on-chip debug system
— Power-on reset and programmakle brown-out detection
— Internal calibrated oscillator
External and internal interrupt sources
— Five sleep modes: Idle, ADC noise reduction, power-save, power-down, and standby
1/O and packages
— 23 programmable I/O lines
— 28-pin PDIP, 32-lead TQFP, 28-pad QFN/MLF and 32-pad QFN/MLF
Operating voltage:
— 1.8V - 5.5¥ for Atmel ATmegad8V/88V/168Y
— 2.7V - 5.5¥ for Atmel ATmegad8/88/168
Temperature range:
- -40°C to 85°C
Speed grade:
— ATmegad8V/88V/168Y: 0 - 4MHz @ 1.8V - 5.5¥, 0 - 10MHz @ 2.7V - 5.5V
— ATmegad8/88/168: 0 - 10MHz @ 2.7V - 5.5V, 0 - 20MHz @ 4.5V - 5.5V
Low power consumption
— Active mode:
250pA at TMHz, 1.8V
15pA at 32kHz, 1.8V {including oscillator)
— Power-down mode:
0.1pA at 1.8V
Note: 1. See "Data retention” on page 8 for details.

AIMEL

®

Tesis publicada con autorizacién del autor

No olvide citar esta tesis

PONTIFICIA
UNIVERSIDAD

CATOLICA
DEL PERU

I ®

8-bit Atmel
Microcontroller
with 4/8/16K
Bytes In-System
Programmable
Flash

ATmegad8/V
ATmega88/V
ATmega168/V

Rev. 2545 T-AVRA-06/11




1ENE,
NNy

PONTIFICIA
TESIS PUCP 0 UNIVERSIDAD

DEL PERU

s A T Mega48/88/168
1. Pin configurations

Figure 1-1.  Pinout Atmel ATmega48/88/168.
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1.1  Pin descriptions

1.1.1 vcce
Digital supply voltage.

11.2 GND
Ground.

11.3 Port B (PB7:0) XTAL1/XTAL2/TOSC1/TOSC2
Port B is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The
Port B output buffers have symmetrical drive characteristics with both high sink and source
capability. As inputs, Port B pins that are externally pulled low will source current if the pull-up
resistors are activated. The Port B pins are tri-stated when a reset condition becomes active,
even if the clock is not running.

Depending on the clock selection fuse settings, PB6 can be used as input to the inverting Oscil-
lator amplifier and input to the internal clock operating circuit.

Depending on the clock selection fuse settings, PB7 can be used as output from the inverting
Oscillator amplifier.

If the Internal Calibrated RC Oscillator is used as chip clock source, PB7..6 is used as TOSC2..1
input for the Asynchronous Timer/Counter2 if the AS2 bit in ASSR is set.

The various special features of Port B are elaborated in “Alternate functions of port B” on page
78 and “System clock and clock options” on page 27.

1.1.4 Port C (PC5:0)
Port C is a 7-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The
PC5..0 output buffers have symmetrical drive characteristics with both high sink and source
capability. As inputs, Port C pins that are externally pulled low will source current if the pull-up
resistors are activated. The Port C pins are tri-stated when a reset condition becomes active,
even if the clock is not running.

115 PC6/RESET
If the RSTDISBL Fuse is programmed, PC6 is used as an 1/O pin. Note that the electrical char-
acteristics of PC8 differ from those of the other pins of Port C.

If the RSTDISBL Fuse is unprogrammed, PC6 is used as a Reset input. A low level on this pin
for longer than the minimum pulse length will generate a Reset, even if the clock is not running.
The minimum pulse length is given in Table 29-3 on page 307. Shorter pulses are not guaran-
teed to generate a Reset.

The various special features of Port C are elaborated in “Alternate functions of port C* on page
81,

1.1.6 Port D (PD7:0)
Port D is an 8-bit bi-directional /O port with internal pull-up resistors {selected for each bit). The
Port D output buffers have symmetrical drive characteristics with both high sink and source
capability. As inputs, Port D pins that are externally pulled low will source current if the pull-up
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resistors are activated. The Port D pins are tri-stated when a reset condition becomes active,
even if the clock is not running.

The various special features of Port D are elaborated in “Alternate functions of port D" on page

84,

117 AV
AV is the supply voltage pin for the A/D Converter, PC3:0, and ADCT:6. It should be externally
connected to V., even if the ADC is not used. If the ADC is used, it should be connected to V..
through a low-pass filter. Note that PC6..4 use digital supply voltage, V.

1.1.8 AREF

AREF is the analog reference pin for the A/D Converter.

11.9 ADC7:6 (TQFP and QFN/MLF package only)
In the TQFP and QFN/MLF package, ADC7:6 serve as analog inputs to the A/D converter.
These pins are powered from the analog supply and serve as 10-bit ADC channels.
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2. OQverview

The Atmel ATmega48/88/168 is a low-power CMOS 8-bit microcontroller based on the AVR
enhanced RISC architecture. By executing powerful instructions in a single clock cycle, the
ATmegadB/88/168 achieves throughputs approaching 1 MIPS per MHz allowing the system
designer to optimize power consumption versus processing speed.

2.1 Block diagram

Figure 2-1.  Block diagram.
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The AVR core combines a rich instruction set with 32 general purpose working registers. All the
32 registers are directly connected to the Arithmetic Logic Unit (ALU), allowing two independent
registers to be accessed in one single instruction executed in one dock cycle. The resulting
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architecture is more code efficient while achieving throughputs up to ten times faster than con-
ventional CISC microcontrollers.

The Atmel ATmegad8/88/168 provides the following features: 4K/8K/1 6K bytes of In-System
Programmable Flash with Read-While-Write capabilities, 256/512/512 bytes EEPROM,
512/1 K/ K bytes SRAM, 23 general purpose /O lines, 32 general purpose working registers,
three flexible Timer/Counters with compare modes, internal and external interrupts, a seral pro-
grammable USART, a byte-oriented 2-wire Serial Interface, an SPI serial port, a 6-channel 10-bit
ADC (8 channels in TQFP and QFN/MLF packages), a programmable Watchdog Timer with
internal Oscillator, and five software selectable power saving modes. The Idle mode stops the
CPU while allowing the SRAM, Timer/Counters, USART, 2-wire Serial Interface, SFI port, and
interrupt system to continue functioning. The Power-down mode saves the register contents but
freezes the Oscillator, disabling all other chip functions until the next interrupt or hardware reset.
In Power-save mode, the asynchronous timer continues to run, allowing the user to maintain a
timer base while the rest of the device is sleeping. The ADC Noise Reduction mode stops the
CPU and all IO modules except asynchronous timer and ADC, to minimize switching noise dur-
ing ADC conversions. In Standby mode, the crystal/resonator Oscillator is running while the rest
of the device is sleeping. This allows very fast start-up combined with low power consumption.

Atmel offers the QTouch Library for embedding capacitive touch buttons, sliders and wheels
functionality into AVR microcontrollers. The patented charge-transfer signal acquisition offers
robust sensing and includes fully debounced reporting of touch keys and includes Adjacent Key
Suppression® (AKS®) technology for unambigiuous detection of key events. The easy-to-use
QTouch Suite toolchain allows you to explore, develop and debug your own touch applications.

The device is manufactured using the Atmel high density non-volatile memory technology. The
On-chip ISP Flash allows the program memory to be reprogrammed In-System through an SPI
serial interface, by a conventional non-volatile memory programmer, or by an On-chip Boot pro-
gram running on the AVR core. The Boot program can use any interface to download the
application program in the Application Flash memory. Software in the Boot Flash section will
continue to run while the Application Flash section is updated, providing true Read-While-Write
operation. By combining an 8-bit RISC CPU with In-System Self-Programmable Flash on a
monolithic chip, the Atmel ATmegad8/88/168 is a powerful microcontroller that provides a highly
flexible and cost effective solution to many embedded control applications.

The ATmegad8/88/168 AVR is supported with a full suite of program and system development
tools including: C Compilers, Macro Assemblers, Program Debugger/Simulators, In-Circuit Emu-
lators, and Evaluation kits.

2.2 Comparison between Atmel ATmega48, Atmel ATmega88, and Atmel ATmegal68
The ATmegad8, ATmega88 and ATmegal 68 differ only in memory sizes, boot loader support,
and interrupt vector sizes. Table 2-1 summarizes the different memory and interrupt vector sizes
for the three devices.

2545T-AVR-06M1

Table 2-1. Memory size summary.
Device Flash EEPROM RAM Interrupt vector size
AlTmega48 AKbytes 256Byies 512Byies 1 instruction wordfvector
ATmegass 8Kbytes 512Bytes 1Kbytes 1 instruction wordivector
Almegal68 16Kbyles 512Byies 1Kbyles 2 instruction words/vector
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ATmega88 and ATmegal 68 support a real Read-While-Write Self-Programming mechanism.
There is a separate Boot Loader Section, and the SPM instruction can only execute from there.
In ATmegad48, there is no Read-While-Write support and no separate Boot Loader Section. The
SPM instruction can execute from the entire Flash.
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3. Resources

A comprehensive set of development tools, application notes and datasheets are available for
download on http://www.atmel.com/avr.

4. Data retention

Reliability Qualification results show that the projected data retention failure rate is much less
than 1 PPM over 20 years at 85°C or 100 years at 25°C.

5. About code examples

This documentation contains simple code examples that briefly show how to use various parts of
the device. These code examples assume that the part specific header file is included before
compilation. Be aware that not all C compiler vendors include bit definitions in the header files
and interrupt handling in C is compiler dependent. Please confirm with the C compiler documen-
tation for more details.

For /O Registers located in extended /O map, “IN”, “OUT”, “SBIS”, “SBIC”, “CBI”, and “SBI”
instructions must be replaced with instructions that allow access to extended I/O. Typically
“LDS" and “STS" combined with “SBRS”, “SBRC”, “SBR”, and “CBR".

6. Capacitive touch sensing

The Atmel QTouch Library provides a simple to use solution to realize touch sensitive interfaces
on most Atmel AVR microcontrollers. The QTouch Library includes support for the QTouch and
QMatrix acquisition methods.

Touch sensing can be added to any application by linking the appropriate Atmel QTouch Library
for the AV R Microcontroller. This is done by using a simple set of APls to define the touch chan-
nels and sensors, and then calling the touch sensing API's to retrieve the channel information
and determine the touch sensor states.

The QTouch Library is FREE and downloadable from the Atmel website at the following location:
www.atmel.com/gtouchlibrary. For implementation details and other information, refer to the
Atmel QTouch Library User Guide - also available for download from the Atmel website.
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7. AVR CPU core

7.1  Overview
This section discusses the AVR core architecture in general. The main function of the CPU core
is to ensure correct program execution. The CPU must therefore be able to access memories,
perform calculations, control peripherals, and handle interrupts.

7.2  Architectural overview

Figure 7-1.  Block diagram of the AVR architecture.
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In order to maximize performance and parallelism, the AVR uses a Harvard architecture — with
separate memories and buses for program and data. Instructions in the program memory are
executed with a single level pipelining. While one instruction is being executed, the next instruc-
tion is pre-fetched from the program memory. This concept enables instructions to be executed
in every clock cycle. The program memory is In-System Reprogrammable Flash memory.
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The fast-access Register File contaings 32 x 8-bit general purpose working registers with a single
clock cycle access time. This allows single-cycle Arithmetic Logic Unit (ALU) operation. In a typ-
ical ALU operation, two operands are output from the Register File, the operation is executed,
and the result is stored back in the Register File — in one clock cycle.

Six of the 32 registers can be used as three 16-bit indirect address register pointers for Data
Space addressing — enabling efficient address calculations. One of the these address pointers
can also be used as an address pointer for look up tables in Flash program memory. These
added function registers are the 16-bit X-register, Y-register, and Z-register, described later in
this section.

The ALU supports arithmetic and logic operations between registers or between a constant and
a register. Single register operations can also be executed in the ALU. After an arithmetic opera-
tion, the Status Register is updated to reflectinformation about the result of the operation.

Program flow is provided by conditional and unconditional jump and call instructions, able to
directly address the whole address space. Most AVR instructions have a single 16-bit word for-
mat. Every program memory address contains a 16-bit or 32-bit instruction.

Program Flash memory space is divided in two sections, the Boot Program section and the
Application Program section. Both sections have dedicated Lock bits for write and read/write
protection. The SPM instruction that writes into the Application Flash memory section must
reside in the Boot Program section.

During interrupts and subroutine calls, the return address Program Counter (PC) is stored on the
Stack. The Stack is effectively allocated in the general data SRAM, and consequently the Stack
size is only limited by the total SRAM size and the usage of the SRAM. All user programs must
initialize the SP in the Reset routine (before subroutines or interrupts are executed). The Stack
Pointer (SP) is read/write accessible in the YO space. The data SRAM can easily be accessed
through the five different addressing modes supported in the AVR architecture.

The memory spaces in the AVR architecture are all linear and regular memory maps.

A flexible interrupt module has its control registers in the I/O space with an additional Global
Interrupt Enable bitin the Status Register. All interrupts have a separate Interrupt Vector in the
Interrupt Vector table. The interrupts have priority in accordance with their Interrupt Vector posi-
tion. The lower the Interrupt Vector address, the higher the priority.

The I/O memory space contains 64 addresses for CPU peripheral functions as Control Regis-
ters, SPI, and other I/O functions. The I/O Memory can be accessed directly, or as the Data
Space locations following those of the Register File, 0x20 - 0x5F. In addition, the
ATmegad8/88/168 has Extended I/O space from 0x80 - OxFF in SRAM where only the
ST/STS/STD and LD/LDS/LDD instructions can be used.

7.3  ALU - Arithmetic Logic Unit

The high-performance AVR ALU operates in direct connection with all the 32 general purpose
working registers. Within a single dock cycle, arithmetic operations between general purpose
registers or between a register and an immediate are executed. The ALU operations are divided
into three main categories — arithmetic, logical, and bit-functions. Some implementations of the
architecture also provide a powerful multiplier supporting both signed/unsigned multiplication
and fractional format. See “Instuction set summary” on page 347 for a detailed description.
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7.4  Status register
The Status Register contains information about the result of the most recently executed arithme-
tic instruction. This information can be used for altering program flow in order to perform
conditional operations. Note that the Status Register is updated after all ALU operations, as
specified in the Instruction Set Reference. This will in many cases remove the need for using the
dedicated compare instructions, resulting in faster and more compact code.

The Status Register is not automatically stored when entering an interrupt routine and restored
when returmning from an interrupt. This must be handled by software.

741 SREG — AVR Status Register
The AVR Status Register —- SREG — is defined as:

Bit 7 3 5 4 3 2 1 0

0x3F (0x5F) I | | T | H | E] | v N Z C | SREG
Readinrite ALY RAY R R R RAY A R

Initial value 0 0 0 0 0 0 0 0

¢ Bit 7 —I: Global interrupt enable

The Global Interrupt Enable bit must be set for the interrupts to be enabled. The individual inter-
rupt enable control is then performed in separate control registers. If the Global Interrupt Enable
Reqgister is cleared, none of the interrupts are enabled independent of the individual interrupt
enable settings. The I-bit is cleared by hardware after an interrupt has occurred, and is set by
the RETI instruction to enable subsequent interrupts. The I-bit can also be set and cleared by
the application with the SEl and CLI instructions, as described in the instruction set reference.

+ Bit 6 — T: Bit copy storage

The Bit Copy instructions BLD (Bit LoaD} and BST (Bit STore) use the T-bit as source or desti-
nation for the operated bit. A bit from a register in the Register File can be copied into T by the
BST instruction, and a bitin T can be copied into a bit in a register in the Register File by the
BLD instruction.

+ Bit 5—H: Half carry flag
The Half Carry Flag H indicates a Half Carry in some arithmetic operations. Half Carry Is useful
in BCD arithmetic. See the “Instruction Set Description” for detailed information.

¢ Bit4-S8:Signbit, S=NDV
The S-bit is always an exclusive or between the Negative Flag N and the Two's Complement
Overflow Flag V. See the “Instruction Set Description” for detailed information.

+ Bit 3-V: Two’s complement overflow flag
The Two's Complement Overflow Flag V supports two's complement arithmetics. See the
“Instruction Set Description” for detailed information.

* Bit 2 — N: Negative flag
The Negative Flag N indicates a negative result in an arithmetic or logic operation. See the
“Instruction Set Description” for detailed information.

* Bit1-Z: Zero flag
The Zero Flag Z indicates a zero result in an arithmetic or logic operation. See the “Instruction
Set Description” for detailed information.
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* Bit 0— C: Carry flag
The Carry Flag C indicates a carry in an arithmetic or logic operation. See the “Instruction Set
Description” for detailed information.

7.5 General purpose register file
The register file is optimized for the AVR enhanced RISC instruction set. In order to achieve the
required performance and flexibility, the following input/output schemes are supported by the
register file:
* One 8-bit output operand and one 8-bit result input
¢ Two 8-bit output operands and one 8-bit result input
¢ Two 8-bit output operands and one 16-bit result input
* One 16-bit output operand and one 16-bit result input
Figure 7-2 shows the structure of the 32 general purpose working registers in the CPU.

Figure 7-2.  AVR CPU general purpose working registers.

7 0 Addr
RO 0:00
R1 001
R2 0x02
A3 0x0D
General RA14 0x0E
purpose Ri15 0x0F
working Rig 0x10
registers Ri17 0xid
R25 Ox1A X-register low byte
R27 0x1B Xeregister high byte
R28 0xiC Y-register low byte
R29 0x1D Y-register high byte
R30 Ox1E Zregister low byte
A3 0x1F Z-register high byte

Most of the instructions operating on the register file have direct access to all registers, and most
of them are single cycle instructions.

As shown in Figure 7-2, each register is also assigned a data memory address, mapping them
directly into the first 32 locations of the user Data Space. Although not being physically imple-
mented as SRAM locations, this memory organization provides great flexibility in access of the
registers, as the X-, Y- and Z-pointer registers can be set to index any register in the file.
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7.5.1 The X-register, Y-register, and Z-register
The registers R26..R31 have some added functions to their general purpose usage. These reg-
isters are 16-bit address pointers for indirect addressing of the data space. The three indirect
address registers X, Y, and Z are defined as described in Figure 7-3.

Figure 7-3. The X-, Y-, and Z-registers.
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Ra1 (0x1F) 20 (01 E)

In the different addressing modes these address registers have functions as fixed displacement,
automatic increment, and automatic decrement (see the instruction set reference for details).

7.6  Stack pointer

The Stack is mainly used for storing temporary data, for storing local variables and for storing
retum addresses after interrupts and subroutine calls. The Stack Pointer Register always points
to the top of the Stack. Note that the Stack is implemented as growing from higher memory loca-
tions to lower memory locations. This implies that a Stack PUSH command decreases the Stack
Pointer.

The Stack Pointer points to the data SRAM Stack area where the Subroutine and Interrupt
Stacks are located. This Stack space in the data SRAM must be defined by the program before
any subroutine calls are executed or interrupts are enabled. The Stack Pointer must be set to
point above 0x0100, preferably RAMEND. The Stack Pointer is decremented by one when data
is pushed onto the Stack with the PUSH instruction, and it is decremented by two when the
retumn address is pushed onto the Stack with subroutine call or interrupt. The Stack Pointer is
incremented by one when data is popped from the Stack with the POP instruction, and itisincre-
mented by two when data is popped from the Stack with return from subroutine RET or return
from interrupt RETI.

The AVR Stack Pointer is implemented as two 8-bit registers in the /O space. The number of
bits actually used is implementation dependent. Note that the data space in some implementa-
tions of the AVR architecture is so small that only SPL is needed. In this case, the SPH Register
will not be present.
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7.6.1 SPH and SPL - Stack pointer high and stack pointer low register

Bit 15 14 13 12 1 10 g ]
e e
0x3E (0x5E) SP15 SP14 SP13 SP12 SP11 SP10 SP9 SP8 SPH
0x3D (0x5D) SPT SPE 555 SP4 SP3 SP2 SP1 SPO SPL
T [ 5 4 El 2 1 0

Readfnrite R Ry R R FA R R RAY

R Ry RAN Ry RAY R R RAW
Initial value RAMEND RAMEND RAMEND RAMEND RAMEND RAMEND RAMEMD RANMEND

RAMEND RAMEMD FAMEND RAMEND RAMEND RAMEMD RAMEMD RAMEND

7.7  Instruction execution timing
This section describes the general access timing concepts for instruction execution. The AVR
CPU is driven by the CPU clock clk.p, directly generated from the selected clock source for the
chip. No internal clock division is used.

Figure 7-4 shows the parallel instruction fetches and instruction executions enabled by the Har-
vard architecture and the fast-access Register File concept. This is the basic pipelining concept
to obtain up to 1 MIPS per MHz with the corresponding unique results for functions per cost,
functions per clocks, and functions per power-unit.

Figure 7-4.  The parallel instruction fetches and instruction executions.
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Figure 7-5 shows the internal timing concept for the Register File. In a single clock cycle an ALU
operation using two register operands is executed, and the result is stored back to the destina-
fion register.

Figure 7-5.  Single cycle ALU operation.
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7.8  Reset and interrupt handling

The AVR provides several different interrupt sources. These interrupts and the separate Reset
Vector each have a separate program vector in the program memory space. All interrupts are
assigned individual enable bits which must be written logic one together with the Global Interrupt
Enable bit in the Status Register in order to enable the interrupt. Depending on the Program
Counter value, interrupts may be automatically disabled when Boot Lock bits BLBOZ2 or BLB12
are programmed. This feature improves software security. See the section “Memory program-
ming” on page 285 for details.

The lowest addresses in the program memory space are by default defined as the Reset and
Interrupt Vectors. The complete list of vectors is shown in “Interrupts” on page 56. The list also
determines the priority levels of the different interrupts. The lower the address the higher is the
priority level. RESET has the highest priority, and nextis INTO — the External Interrupt Request
0. The Interrupt Vectors can be moved to the start of the Boot Flash section by setting the [VSEL
bitin the MCU Control Register (MCUCR). Refer to “Interrupts” on page 56 for more information.
The Reset Vector can also be moved to the start of the Boot Flash section by programming the
BOOTRST Fuse, see “Boot loader support — Read-while-write self-programming, Atmel
ATmegad8 and Atmel ATmegal68” on page 269.

When an interrupt occurs, the Global Interrupt Enable I-bit is cleared and all interrupts are dis-
abled. The user software can write logic one to the |-bit to enable nested interrupts. All enabled
interrupts can then interrupt the current interrupt routine. The |-bit is automatically set when a
Return from Interrupt instruction — RETI —is executed.

There are basically two types of interrupts. The first type is triggered by an event that sets the
Interrupt Flag. For these interrupts, the Program Counter is vectored to the actual Interrupt Vec-
tor in order to execute the interrupt handling routine, and hardware clears the corresponding
Interrupt Flag. Interrupt Flags can also be cleared by writing a logic one to the flag bit position{s)
to be cleared. If an interrupt condition occurs while the corresponding interrupt enable bit is
cleared, the Interrupt Flag will be set and remembered until the interrupt is enabled, or the flag is
cleared by software. Similarly, if one or more interrupt conditions occur while the Global Interrupt
Enable bit is cleared, the corresponding Interrupt Flag(s) will be set and remembered until the
Gilobal Interrupt Enable bitis set, and will then be executed by order of priority.

The second type of interrupts will trigger as long as the interrupt condition is present. These
interrupts do not necessarily have Interrupt Flags. If the interrupt condition disappears before the
interrupt is enabled, the interrupt will not be triggered.

When the AVR exits from an interrupt, it will always return to the main program and execute one
more instruction before any pending interrupt is served.

Note that the Status Register is not automatically stored when entering an interrupt routine, nor
restored when returning from an interrupt routine. This must be handled by software.

When using the CLI instruction to disable interrupts, the interrupts will be immediately disabled.
No interrupt will be executed after the CLI instruction, even if it occurs simultaneously with the
CLlinstruction. The following example shows how this can be used to avoid interrupts during the
timed EEPROM write sequence.
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Assembly code example

in rlé, SREG ; store SREG value

cli ; disgsakle interrupts during timed seduence
sbl EECR, EEMPE ¢ start EEPROM write

sbl EECR, EEFPE

out SREG, rlé ; restore SREG value (I-bit)

C code example

char cSREG:
cSREG = SREG; /* store SREG valua */

/* disable interrupts during timed seguence */

_CLI{};
EECR |= (1<<EEMPE}; /* start EEPROM write */
EECR |= (1<<EEPE];

SREG = cSREG; /¥ restore SREF value (I-hit) #/

When using the SEl instruction to enable interrupts, the instruction following SEI will be exe-
cuted before any pending interrupts, as shown in this example.

Assembly code example

sel ; set Flobzal Interrupt Enable
sleap,; anter glesp, waiting for interrupt

; note: will enter gleep before any pending interrupt(s)

C code example

__enable interrupt{); /% set Global Interrupt Enable */
_ sleep(}); /* enter slesp, walting for interrupt */

/¥ note: will enter slesp hefore any pending interruptis) */

781 Interrupt response time

The interrupt execution response for all the enabled AVR interrupts is four clock cycles mini-
mum. After four clock cycles the program vector address for the actual interrupt handling routine
is executed. During this four clock cycle period, the Program Counter is pushed onto the Stack.
The vector is normally a jump to the interrupt routine, and this jump takes three cock cycles. If
an interrupt occurs during execution of a multi-cycle instruction, this instruction is completed
before the interrupt is served. If an interrupt occurs when the MCU isin sleep mode, the interrupt
execution response time is increased by four clock cycles. This increase comesin addition to the
start-up time from the selected sleep mode.

A return from an interrupt handling routine takes four clock cycles. During these four clock
cycles, the Program Counter (two bytes) is popped back from the Stack, the Stack Pointer is
incremented by two, and the |-bitin SREG is set.
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8. AVR memories

81 Overview
This section describes the different memories in the Atmel ATmega48/88/168. The AVR archi-
tecture has two main memory spaces, the Data Memory and the Program Memory space. In
addition, the ATmega48/88/168 features an EEPROM Memory for data storage. All three mem-
ory spaces are linear and regular.

8.2 In-system reprogrammable flash program memory

The ATmega48/88/168 contains 4K/8K/16K bytes On-chip In-System Reprogrammable Flash
memory for program storage. Since all AVR instructions are 16 or 32 bits wide, the Flashis orga-
nized as 2K/4K/8K x 16. For software security, the Flash Program memory space is divided into
two sections, Boot Loader Section and Application Program Section in ATmega88 and
ATmega168. ATmegad8 does not have separate Boot Loader and Application Program sec-
tions, and the SPM instruction can be executed from the entire Flash. See SELFPRGEN
description in section “SPMCSR — Store program memory control and status register’ on page
267 and page 283for more details.

The Flash memory has an endurance of at least 10,000 write/erase cycles. The
ATmegad8/88/168 Program Counter (PC) is 11/12/13 bits wide, thus addressing the 2K/4K/8K
program memory locations. The operation of Boot Program section and associated Boot Lock
bits for software protection are described in detail in “Self-programming the flash, Atmel
ATmegad8” on page 262 and “Boot loader support — Read-while-wiite self-programming, Atmel
ATmegad8 and Atmel ATmegal 68" on page 269. “Memory programming” on page 285 contains
a detailed description on Flash Programming in SPI- or Parallel Programming mode.

Constant tables can be allocated within the entire program memory address space (see the LPM
— Load Program Memory instruction description).

Timing diagrams for instruction fetch and execution are presented in “Instruction execution tim-
ing” on page 14.

ATMEL L

2545T-AVR-06M1 a

Tesis publicada con autorizacién del autor

No olvide citar esta tesis




t @.% | UNIVERSIDAD
TESIS PUCP CATOLICA

DEL PERU

s A T Mega48/88/168

Figure 8-1.  Program memory map, Atmel ATmega48.

Program memory

0x0000

Application flash section

Ox7FF

Figure 8-2.  Program memory map, Atmel ATmega88 and Atmel ATmegal168.
Program memory

OX0000
Application flash section
Boot flash section
OXOFFF/Ox1FFF
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8.3 SBAM data memory
Figure 8-3 shows how the Atmel ATmega48/88/168 SRAM Memory is organized.

The ATmega48/88/168 is a complex microcontroller with more peripheral units than can be sup-
ported within the 64 locations reserved in the Opcode for the IN and OUT instructions. For the
Extended I/O space from 0x60 - OxFF in SRAM, only the ST/STS/STD and LD/LDS/LDD instruc-
tions can be used.

The lower 768/1280/1280 data memory locations address both the Register File, the /O mem-
ory, Extended /O memory, and the internal data SRAM. The first 32 locations address the
Register File, the next 64 location the standard 1/O memory, then 160 locations of Extended I/O
memory, and the next 512/1024/1024 |locations address the internal data SRAM.

The five different addressing modes for the data memory cover: Direct, Indirect with Displace-
ment, Indirect, Indirect with Pre-decrement, and Indirect with Post-increment. In the Register
File, registers R26 to R31 feature the indirect addressing pointer registers.

The direct addressing reaches the entire data space.

The Indirect with Displacement mode reaches 63 address locations from the base address given
by the Y-register or Z-register.

When using register indirect addressing modes with automatic pre-decrement and post-incre-
ment, the address registers X, Y, and Z are decremented or incremented.

The 32 general purpose working registers, 64 /O Registers, 160 Extended I/O Registers, and
the 512/1024/1024 bytes of internal data SRAM in the ATmega48/88/168 are all accessible
through all these addressing modes. The Register File is described in “General purpose register
file” on page 12.

Figure 8-3. Data memory map.

Data memory

32 registers 0x0000 - 0x001F
54 1/0 registers | 0x0020 - 0x005F
160 Ext. 'O registers] 0x0060 - 0x00FF
0x0100

Internal SRAM
(512/1024/1024 x 8)

Ox02FF/0x04FF/0x04FF

8.3.1 Data memory access times
This section describes the general access timing concepts for internal memory access. The
internal data SRAM access is performed in two clk., cycles as described in Figure 8-4 on page
20.
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Figure 8-4.  On-chip data SRAM access cydles.
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8.4 EEPROM data memory
The Atmel ATmegad8/88/168 contains 256/512/512 bytes of data EEPROM memory. It is orga-
nized as a separate data space, in which single bytes can be read and written. The EEPROM
has an endurance of at least 100,000 write/erase cycles. The access between the EEPROM and
the CPU is described in the following, specifying the EEPROM Address Registers, the EEPROM
Data Register, and the EEPROM Control Register.

“Memory programming” on page 285 contains a detailed description on EEPROM Programming
in SPI or Parallel Programming mode.

841 EEPROM read/write access
The EEPROM Access Registers are accessible in the I/O space.

The write access time for the EEPROM is given in Table 8-2 on page 24. A self-timing function,
however, lets the user software detect when the next byte can be written. If the user code con-
tains instructions that write the EEPROM, some precautions must be taken. In heavily filtered
power supplies, Vi, is likely to rise or fall slowly on power-up/down. This causes the device for
some period of time to run at a voltage lower than specified as minimum for the clock frequency
used. See “Preventing EEFROM corruption” on page 20 for details on how to avoid problems in
these situations.

In order to prevent unintentional EEPROM writes, a specific write procedure must be followed.
Refer to the description of the EEPROM Control Register for details on this.

When the EEPROM is read, the CPU is halted for four clock cycles before the nextinstruction is
executed. When the EEPROM is written, the CPU is halted for two clock cycles before the next
instruction is executed.

842 Preventing EEPROM corruption
During periods of low V. the EEPROM data can be corrupted because the supply voltage is
too low for the CPU and the EEPROM to operate properly. These issues are the same as for
board level systems using EEPROM, and the same design solutions should be applied.
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An EEPROM data corruption can be caused by two situations when the voltage is too low. First,
a regular write sequence to the EEPROM requires a minimum voltage to operate correctly. Sec-
ondly, the CPU itself can execute instructions incorrectly, if the supply voltage is too low.

EEPROM data corruption can easily be avoided by following this design recommendation:

Keep the AVR RESET active (low) during periods of insufficient power supply voltage. This can
be done by enabling the intemal Brown-out Detector (BOD). If the detection level of the internal
BOD does not match the needed detection level, an external low V. reset Protection circuit can
be used. If a reset occurs while a write operation is in progress, the write operation will be com-
pleted provided that the power supply voltage is sufficient.

85 /O memory

The I/O space definition of the Atmel ATmegad8/88/168 is shown in “Register summary” on
page 343.

All ATmegad8/88/168 1/0s and peripherals are placed in the I/O space. All I/O locations may be
accessed by the LD/LDS/LDD and ST/STS/STD instructions, transferring data between the 32
general purpose working registers and the /O space. I/O Registers within the address range
0x00 - 0x1F are directly bit-accessible using the SBl and CBl instructions. In these registers, the
value of single bits can be checked by using the SBIS and SBIC instructions. Refer to “Instruc-
tion set summary” on page 347 for more details. When using the I/O specific commands IN and
OUT, the I/0O addresses 0x00 - Ox3F must be used. When addressing 1/O Registers as data
space using LD and ST instructions, 0x20 must be added to these addresses. The
ATmegadB/88/168 is a complex microcontroller with more peripheral units than can be sup-
ported within the 64 location reserved in Opcode for the IN and OUT instructions. For the
Extended I/O space from 0x60 - OxFF in SRAM, only the ST/STS/STD and LD/ALDS/LDD instruc-
tions can be used.

For compatibility with future devices, reserved bits should be written to zero if accessed.
Reserved /O memory addresses should never be written.

Some of the Status Flags are cleared by writing a logical one to them. Note that, unlike most
other AYRs, the CBIl and SBl instructions will only operate on the specified bit, and can therefore
be used on registers containing such Status Flags. The CBl and SBI instructions work with reg-
isters Ox00 to 0x1F only.

The IO and peripherals control registers are explained in later sections.

8.5.1 General purpose /O registers
The ATmega48/88/168 contains three General Purpose /O Registers. These registers can be
used for storing any information, and they are particularly useful for storing global variables and
Status Flags. General Purpose /O Registers within the address range 0x00 - 0x1F are directly
bit-accessible using the SBI, CBI, SBIS, and SBIC instructions.
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8.6 Register description

8.6.1 EEARH and EEARL — The EEPROM address register

Bit 15 14 13 12 11 10 9 g
c—
0x22 (0x42) - - - - - - - EEARS EEARH
0x21 (Ox41) EEAR7 EEARB EEARS EEAR4 EEAR3 EEAR2 EEAR1 EEARO EEARL
7 3 5 4 3 2 1 0
Readfurite R R R R R R R R
B i AN R R R R R
Initial value 0 0 0 0 0 0 0 X
X X X X X X X X

+ Bits 15..9 — Hes: RHeserved bits
These bits are reserved bits in the Atmel ATmega48/88/168 and will always read as zero.

+ Bits 8..0 — EEARS..0: EEPROM address

The EEPROM Address Registers — EEARH and EEARL specify the EEPROM address in the
256/512/512 bytes EEPROM space. The EEPROM data bytes are addressed linearly between 0
and 255/511/511. The initial value of EEAR is undefined. A proper value must be wiitten before
the EEPROM may be accessed.

EEARS is an unused bitin ATmega48 and must always be written to zero.

862 EEDR - The EEPROM data register

Bit 7 5 5 4 3 2 1 0

0x20(0xd0) | MSB | Ls8 | EEDR
Readfrite R R RN Rl R RAAS RS R

Initial value 0 0 0 0 0 ] 0 0

¢ Bits 7..0 — EEDR7.0: EEPROM data

For the EEPROM write operation, the EEDR Register contains the data to be written to the
EEPROM in the address given by the EEAR Register. For the EEPROM read operation, the
EEDR contains the data read out from the EEPROM at the address given by EEAR.

8.6.3 EECR - The EEFROM control register

Bit 7 5 5 4 3 2 1 0

0x1F (0x3F) I - | - EEPM1 EEPMO EERIE EEMPE EEPE EERE I EECR
Readfwrite R R R Ry R R By RAY

Initial value 0 0 X X 0 0 X 0

+ Bits 7..6 — Res: Reserved bits
These bits are reserved bits in the ATmegad8/88/168 and will always read as zero.

+ Bits 5, 4 - EEPM1 and EEPM0: EEPROM programming mode bits

The EEPROM Programming mode bit setting defines which programming action that will be trig-
gered when writing EEPE. Itis possible to program data in one atomic operation (erase the old
value and program the new value) or to split the Erase and Write operations in two different
operations. The Programming times for the different modes are shown in Table 8-1 on page 23.
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While EEPE is set, any write to EEPMn will be ignored. During reset, the EEPMn bits will be
reset to Ob0O0 unless the EEPROM is busy programming.

Table 8-1. EEPROM mode bits.

Programming
EEPM1 EEPMO time Operation
1] o] 3.4ms Erase and write in one operation {atomic operation)
o] 1 1.8ms Erase only
1 8] 1.8ms Write only
1 1 = Reserved for future use

+ Bit 3 — EERIE: EEPROM ready interrupt enable

Writing EERIE to one enables the EEPROM Ready Interrupt if the |-bitin SREG is set. Writing
EERIE to zero disables the interrupt. The EEPROM Ready interrupt generates a constant inter-
rupt when EEPE is cleared. The interrupt will not be generated during EEPROM write or SPM.

« Bit 2 - EEMPE: EEPROM master write enable

The EEMPE bit determines whether setting EEPE to one causes the EEPROM to be written.
When EEMPE is set, setting EEPE within four clock cycles will write data to the EEPROM at the
selected address If EEMPE is zero, setting EEPE will have no effect. When EEMPE has been
written to one by software, hardware clears the bit to zero after four clock cycles. See the
description of the EEPE bit for an EEPROM write procedure.

+ Bit 1 — EEPE: EEPROM write enable

The EEPROM Write Enable Signal EEPE is the write strobe to the EEPROM. When address
and data are correctly set up, the EEPE bit must be written to one to write the value into the
EEPROM. The EEMPE bit must be written to one before a logical one is written to EEPE, other-
wise no EEPROM write takes place. The following procedure should be followed when writing
the EEPROM (the order of steps three and four is not essential):

Wait untl EEPE becomes zero.

Wait untl SELFPRGEN in SPMCSR becomes zero.

Write new EEPROM address to EEAR (optional).

Write new EEPROM data to EEDR (optional).

Write a logical one to the EEMPE bit while writing a zero to EEPE in EECR.

Within four clock cycles after setting EEMPE, write a logical one to EEPE.

e o

The EEPROM can not be programmed during a CPU write to the flash memory. The software
must check that the Flash programming is completed before initiating a new EEPROM write.
Step two is only relevant if the software contains a Boot Loader allowing the CPU to program the
Flash. If the Flash is never being updated by the CPU, step two can be omitted. See “Boot
loader support — Read-while-write self-programming, Atmel ATmega88 and Atmel ATmegal68”
on page 269 for details about Boot programming.

Caution: An interrupt between step five and step six will make the write cycle fail, since the
EEPROM Master Write Enable will time-out. If an interrupt routine accessing the EEFPROM is
interrupting another EEPROM access, the EEAR or EEDR Register will be modified, causing the
interrupted EEPROM access to fail. It is recommended to have the Global Interrupt Flag cleared
during all the steps to avoid these problems.
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When the write access time has elapsed, the EEPE bit is cleared by hardware. The user soft-
ware can poll this bit and wait for a zero before writing the next byte. When EEPE has been set,
the CPU is halted for two cycles before the nextinstruction is executed.

« Bit 0 — EERE: EEPROM read enable

The EEPROM Read Enable Signal EERE is the read strobe to the EEFROM. When the correct
address is set up in the EEAR Register, the EERE bit must be written to a logic one to trigger the
EEPROM read. The EEPROM read access takes one instruction, and the requested data is
available immediately. When the EEPROM is read, the CPU is halted for four cycles before the
next instruction is executed.

The user should poll the EEPE bit before starting the read operation. If a write operation is in
progress, it is neither possible to read the EEPROM, nor to change the EEAR Register.

The calibrated Oscillator is used to time the EEPROM accesses. Table 8-2 lists the typical pro-
gramming time for EEPROM access from the CPU.

Table 8-2. EEPROM programming time.

Symbol Number of calibrated RC oscillator cycles Typical programming time
EEPROM write
(fram CPU) 26,368 3.3ms

The following code examples show one assembly and one C function for writing to the
EEPROM. The examples assume that interrupts are controlled (for example by disabling inter-
rupts globally) so that no interrupts will occur during execution of these functions. The examples
also assume that no Flash Boot Loader is present in the software. If such code is present, the
EEPROM write function must also wait for any ongoing SPM command to finish.
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Assembly code example

EEPROM write:
; Wait for completion of previcus write
sbic EECR, EEPE
rijmp EEPROM write
; &2t up address (ri8:ri17) in addrass register
out EEARH, rlg
out EEARL, rl7
; Write data (rls) to Data Register
out EEDR,rlé
; Write logical one to EEMPE
sbl EECR, EEMPE
; Start eeprom write by setting EEFPE
sbl EECE, EEPE

rat

C code example

vold EEPROM write (unsigned int uiAddress, unsigned char ucData)
1
f* Wait for completion of previous write */
while{EECR & (1<<EEPE))
/* Set up address and Data Reglsters */
EEAR = uilAddress;
EEDR = ucData;
/* Write logical one to EEMPE #*/
EECR |= (1<<EEMPE);
A% Start eeprom write by setting EEPE */
EECE |= (1<<EEPE):
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The next code examples show assembly and C functions for reading the EEPROM. The exam-
ples assume that interrupts are controlled so that no interrupts will occur during execution of
these functions.

Assembly code example

EEPROM_read:
; Walt for completion of previous write
sbic EECE, EEPE
rijmp EEPROM read
; Sat up address (rif8:ri17) in address register
out EEARH, rl8
out EEARL, rl7
; Start eeprom read by writing EERE
sbl EECE, EERE
; Read data from Data Register
in rl1é, EEDR

rat

C code example

unsigned char EEPROM_read{unsigned int uiiddress)
1

A% Walt for completion of previous write */

while (EECR & (l1<<EEFE]))

f* get up address register */

EEAR = uiAddress;

f* Start eeprom read by writing EERE #/

EECR |= (1<<EERE);:

A% Return data from Data Register */

return EEDE:

8.6.4 GPIOR2 - General purpose IfO register 2

Bit 7 & 5 4 3 2 1 0

0x2B(0xdB) | MSB | | LsE | aPIOR2
Readfurite R R R R AW RAN Rt R

Initial value 0 0 ] 0 0 0 a a

865 GPIOR1 - General purpose l/O register 1

Bit 7 & 5 4 El 2 1 0

Ox2A (Ox4A) I MSB | | LsB I GPIOR1
Readinrite AW R RAY RAW R RAY R PR

Initial value 0 0 0 0 0 0 0 0

8.6.6 GPIORO - General purpose l/O register 0

Bit 7 3 5 4 3 2 1 0
ot (xsE) [ MSE | | [ Lse ] aPioRo
Readfnrite AW U R FUY RV U P U
Initial value 0 0 ] 0 0 ] 0 0
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9. System clock and clock options

9.1 Clock systems and their distribution
Figure 8-1 presents the principal clock systems in the AVR and their distribution. All of the clocks
need not be active at a given time. In order to reduce power consumption, the clocks to modules
not being used can be halted by using different sleep modes, as described in “Power manage-
ment and sleep modes” on page 38. The clock systems are detailed below.

Figure 9-1.  Clock distribution.

Asynehron ous General VO Flash and
timer/counter modules | ARG | el ore || Ra | | EEPROM |
F L b A )
dkﬂDO
L AVR clock olkgpy
contral unit
Glkgy sy
| System clock Reset logle | Watchdog timer
prescaler
; T3
Source clock Wwatchdog dock
Clock Viatchdog
muttiplexer oscillator
L A A % ‘
Timer/counter Crystal Low-frequency Calibrated RG
asillator Exelmaliclosk escllator erystal osoillator ascillator

9.1.1 CPU clock — clkgp,
The CPU clock is routed to parts of the system concerned with operation of the AVR core.
Examples of such modules are the General Purpose Register File, the Status Register and the
data memory holding the Stack Pointer. Halting the CPU clock inhibits the core from performing
general operations and calculations.

912 /0 clock — clk;,q
The l/O clock is used by the majority of the /O modules, like Timer/Counters, SPI, and USART.
The /O clock is also used by the Extemnal Interrupt module, but note that some external inter-
rupts are detected by asynchronous logic, allowing such interrupts to be detected even if the /O
clock is halted. Also note that start condition detection in the US| module is carried out asynchro-
nously when clk . is halted, TWI address recognition in all sleep modes.

91.3 Flash clock — clkg asy

The Flash clock controls operation of the Flash interface. The Flash clock is usually active simul-
taneously with the CPU clock.
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914 Asynchronous timer clock — clk, oy
The Asynchronous Timer clock allows the Asynchronous Timer/Counter to be docked directly
from an external clock or an external 32kHz clock crystal. The dedicated clock domain allows
using this Timer/Counter as a real-time counter even when the device is in sleep mode.

91.5 ADC clock — clk, e

The ADC is provided with a dedicated clock domain. This allows halting the CPU and /O clocks
in order to reduce noise generated by digital circuitry. This gives more accurate ADC conversion
results.

9.2 Clock sources
The device has the following clock source options, selectable by Flash Fuse bits as shown
below. The clock from the selected source is input to the AVR clock generator, and routed to the
appropriate modules.

Table 9-1.  Device clocking options select!.
Device clocking option CKSEL3..0
Low power crystal oscillator 1111 - 1000
Full swing crystal oscillator 0111 - 0110
Low frequency crystal oscillator 0101 - 0100
Internal 128kHz RC oscillator 0011
Calibrated internal RC oscillator 0010
External clock 0000
Reserved 0001

Note: 1. For all fuses “1” means unprogrammed while “0” means programmed.

921 Default clock source
The device is shipped with internal RC oscillator at 8.0MHz and with the fuse CKDIV8 pro-
grammed, resulting in 1.0MHz system clock. The startup time is set to maximum and time-out
period enabled. (CKSEL = "0010", SUT ="10", CKDIV8 ="0"). The default setting ensures that
all users can make their desired clock source setting using any available programming interface.

9.2.2 Clock startup sequence

Any clock source needs a sufficient V... to start oscillating and a minimum number of oscillating
cycles before it can be considered stable.

To ensure sufficient V.., the device issues an internal reset with a time-out delay (t; ;) after
the device reset is released by all other reset sources. “System control and reset” on page 45
describes the start conditions for the internal reset. The delay (t;o 1) is imed from the Watchdog
Oscillator and the number of cycles in the delay is set by the SUTx and CKSELXx fuse bits. The
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selectable delays are shown in Table 8-2. The frequency of the Watchdog Oscillator is voltage
dependent as shown in “Typical characteristics” on page 315.

Table 9-2. Number of watchdog oscillator cycles.

Typical time-out (V.. = 5.0V)

Typical time-out (V.. = 3.0V)

Number of cycles

oms oms 0
4.1ms 4.3ms 4K {4.0986)
65ms 69ms 8K (8.,192)

Main purpose of the delay is to keep the AVR in reset until it is supplied with minimum V.. The
delay will not monitor the actual voltage and it will be required to select a delay longer than the
Wi rise time. If this is not possible, an internal or extermnal Brown-Out Detection circuit should be
used. A BOD circuit will ensure sufficient V. before it releases the reset, and the time-out delay
can be disabled. Disabling the time-out delay without utilizing a Brown-Out Detection circuit is
not recommended.

The oscillator is required to oscillate for a minimum number of cycles before the clock is consid-
ered stable. An internal ripple counter monitors the oscillator output clock, and keeps the internal
reset active for a given number of clock cycles. The reset is then released and the device will
start to execute. The recommended oscillator start-up time is dependent on the clock type, and
varies from 6 cycles for an externally applied clock to 32K cycles for a low frequency crystal.

The start-up sequence for the clock includes both the time-out delay and the start-up time when
the device starts up from reset. When starting up from Power-save or Power-down mode, V¢ is
assumed to be at a sufficient level and only the start-up time is included.

9.3 Low power crystal oscillator
Pins XTAL1 and XTAL2 are input and output, respectively, of an inverting amplifier which can be
configured for use as an On-chip Oscillator, as shown in Figure -2 on page 30. Either a quartz
crystal or a ceramic resonator may be used.

This Crystal Oscillator is a low power oscillator, with reduced voltage swing on the XTALZ2 out-
put. It gives the lowest power consumption, but is not capable of driving other clock inputs, and
may be more susceptible to noise in noisy environments. In these cases, refer to the “Full swing
crystal oscillator” on page 31.

C1 and C2 should always be equal for both crystals and resonators. The optimal value of the
capacitors depends on the crystal or resonator in use, the amount of stray capacitance, and the
electromagnetic noise of the environment. Some initial guidelines for choosing capacitors for
use with crystals are given in Table 8-3 on page 30. For ceramic resonators, the capacitor val-
ues given by the manufacturer should be used.
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Figure 9-2.

Crystal oscillator connections.

c2
— XTAL2

¢t
LS 1 xTAL
GND

The Low Power Oscillator can operate in three different modes, each optimized for a specific fre-
quency range. The operating mode is selected by the fuses CKSEL3..1 as shown in Table 9-3.

Table 9-3.  Low power crystal oscillator operating modes™.
Frequency range Recommended range for
{MHz) capacitors G1 and C2 (pF) CKSEL3..1"
04-09 - 1001
09-30 12-22 101
30-8.0 12-22 110
8.0-16.0 12-22 111

MNotes: 1. This is the recommended CKSEL settings for the different frequency ranges.
2. This option should not be used with crystals, only with ceramic resonators.
3. It 8MHz irequency exceeds the specification of the device (depends on V), the CKDIV8
Fuse can be programmed in order 1o divide the internal frequency by eight. It must be ensured
that the resulting divided clock meets the frequency specification of the device.

The CKSELO Fuse together with the SUT1..0 Fuses select the start-up times as shown in Table

-4,
Table 9-4. Start-up times for the low power crystal oscillator clock selection.
Start-up time from Additional delay
Oscillator source/ power-down and from reset
power conditions power-save (Ve =5.0V) CKSELO | SUT1.0
fe'a!“!c IESanAlGE 258CK 14CK + 4 1ms!! 0 00
ast rising power
Ceramic resonator, 580K 14CK + 85ms 0 o1
slowly rising power
Ceramic resonator, @
BOD enablod 1KCK 14CK 0 10
SHRITI YGOSR 1KCK 14CK + 4 1ms? 0 1
ast rising power
Gerarmic fesonalor, 1KCK 14CK + 65ms® 1 00
slowly rising power
30
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Table 9-4. Start-up times for the low power crystal oscillator clock selection. (Continued)
Start-up time from Additional delay

Oscillator source/ power-down and from reset
power conditions power-save (Ve =b.0V) CKSELO SUT1..0
Crystal Oscillator,
BOD enabled 16KCK 14CK 1 01
Crypstal Crallalen 16KCK 14CK + 4.1ms 1 10
fast rising power
Cryotal Osoillator 16KCK 14CK + 85ms 1 11

slowly rising power

Notes: 1. These options should only be used when not operating close to the maximum frequency of the
device, and only if frequency stability at start-up 1s not important for the application. These
oplions are nol suitable for crystals.

2. These options are intended for use with ceramic resonators and will ensure frequency stability
at start-up. They can also be used with crystals when not operating close to the maximum fre-
quency of the device, and it frequency stability at start-up is not important for the application.

9.4 Full swing crystal oscillator
Pins XTAL1 and XTAL2 are input and output, respectively, of an inverting amplifier which can be
configured for use as an On-chip Oscillator, as shown in Figure 9-2 on page 30. Either a quartz
crystal or a ceramic resonator may be used.

This Crystal Oscillator is a full swing oscillator, with rail-to-rail swing on the XTAL2 output. This is
useful for driving other clock inputs and in noisy environments. The current consumption is
higher than the “Low power crystal oscillator” on page 29. Note that the Full Swing Crystal Oscil-
lator will only operate for V... = 2.7V - 5.5V.

C1 and C2 should always be equal for both crystals and resonators. The optimal value of the
capacitors depends on the crystal or resonator in use, the amount of stray capacitance, and the
electromagnetic noise of the environment. Some initial guidelines for choosing capacitors for
use with crystals are given in Table 8-6 on page 32. For ceramic resonators, the capacitor val-
ues given by the manufacturer should be used.

The operating mode is selected by the fuses CKSEL3..1 as shown in Table 9-5.

Table 9-5.  Full swing crystal oscillator operating modes(".
Recommended range for
Frequency range (MHz) capacitors C1 and C2 (pF) CKSEL3..1
04-20 12-22 011

Notes: 1. I 8MHz irequency exceeds the specification of the device (depends on Vi), the CKDIV8
Fuse can be programmed in order 1o divide the internal frequency by eight. t must be ensured
that the resulting divided clock meets the frequency specification of the device.
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Figure 9-3.  Crystal oscillator connections.

c2
— |—17 XTALZ2
O
+ S XTAL1
GND
Table 9-6. Start-up times for the full swing crystal oscillator clock selection.
Start-up time from Additional delay
Oscillator source/ power-down and from reset
power conditions power-save Ve =5.0V) CKSELO SUT1..0
CEe feeondlor 258CK 140K + 4 1ms!" 0 00
ast rising power
Ceramic resonator, 258K 14CK + 65ms!? o o1
slowly rising power
Ceramic resonalor,
. @
BOD enablod 1KCK 14CK 0 10
Ceral_‘n_lc resonator, 1KCK 14CK + 4 1ms@ o 11
fast rising power
Ceramlc_; resonalor, 1KCK 14CK + 65ms@ i 00
slowly rising power
Crystal Oscillator,
BOD snabled 16KCK 14CK 1 o1
crystal Deollator 16KCK 14CK +4.1ms 1 10
fast rising power
L K 16KCK 14CK + 65ms 1 1
slowly rising power

MNotes: 1. These options should only be used when not operating close to the maximum frequency of the
device, and only if frequency stability at start-up is not important for the application. These
options are not suitable for crystals.

2. These oplions are intended for use with ceramic resonators and will ensure frequency stability
at start-up. They can also be used with crystals when nol operating close to the maxamum fre-
quency of the device, and i frequency stability at start-up 1s not impoertant for the application.

AIMEL %2

2545T-AVR-06M1 o

Tesis publicada con autorizacién del autor

No olvide citar esta tesis




PONTIFICIA

TESIS PUCP T gz_:_\ésﬁg?\n

DEL PERU

s A T Mega48/88/168

9.5 Low frequency crystal oscillator
The device can utilize a 32.768kHz watch crystal as clock source by a dedicated low frequency
crystal oscillator. The crystal should be connected as shown in Figure 9-2 on page 30. When this
oscillator is selected, start-up times are detemined by the SUT fuses and CKSELO as shown in

Table 9-7.
Table 9-7. Start-up times for the low frequency crystal oscillator clock selection.
Start-up time from Additional delay
power-down and from reset
Power conditions power-save (Ve =5.0V) CKSELO SUT1..0
BOD enabled 1KCK 14CK™ 0 00
Fasl rising power 1KCK 14CK + 4. 1ms!! 0 o1
Slowly rising power 1KCK 14CK + 85ms!" 0 10
Reserved 0 11
BOD enabled 32KCK 14CK 1 00
Fast nising power 32KCK 14CK + 4. 1ms 1 ol
Slowly rising power 32KCK 14CK + 65ms 1 10
Reserved 1 11

Note: 1. These options should only be used if frequency stability at start-up is not important for the
application.

9.6 Calibrated internal RC oscillator
By default, the internal RC oscillator provides an approximate 8.0MHz clock. Though voltage
and temperature dependent, this clock can be very accurately calibrated by the user. The device
is shipped with the CKDIV8 fuse programmed. See “System clock prescaler” on page 36 for
more details.

This clock may be selected as the system clock by programming the CKSEL fuses as shown in
Table 9-8 on page 34. If selected, it will operate with no extermal components. During reset,
hardware loads the pre-programmed calibration value into the OSCCAL Register and thereby
automatically calibrates the RC Osdillator. The accuracy of this calibration is shown as Factory
calibration in Table 29-1 on page 306.

By changing the OSCCAL register from SW, see “OSCCAL — Oscillator calibration register” on
page 37, it is possible to get a higher calibration accuracy than by using the factory calibration.
The accuracy of this calibration is shown as user calibration in Table 28-1 on page 306.

When this oscillator is used as the chip clock, the Watchdog Oscillator will still be used for the
watchdog timer and for the reset time-out. For more information on the pre-programmed calibra-
tion value, see the section “Calibration byte” on page 288.
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Table 9-8. Internal calibrated RC oscillator operating modes!" @
Frequency range (MHz) CKSEL3..0
73-8.1 0010
Notes: 1. The device is shipped with this option selected.

2. If 8MHz frequency exceeds the specification of the device (depends on Vi), the CKDIV3
Fuse can be programmed in order to divide the internal frequency by 8.

When this Oscillator is selected, start-up times are determined by the SUT Fuses as shown in

Table 9-9.
Table 9-9. Start-up times for the internal calibrated RC Oscillator clock selection.
Start-up time from Additional delay from
Power conditions power-down and power-save reset (V. = 5.0V) SUT1..0
BOD enabled BCK 14CK 00
Fast rising power 6CK 14CK + 4.1ms ol
Slowly rising power BCK 14CK + 85ms™! 10
Reserved 11

Note: 1. Ifthe RSTDISBL fuse is programmed, this start-up time will be increased to

14CK + 4.1ms to ensure programming mode can be entered.
2. The device is shipped with this option selected.

9.7 128kHz internal oscillator
The 128kHz intemal oscillator is a low power oscillator providing a clock of 128kHz. The fre-
quency is nominal at 3V and 25°C. This clock may be select as the system clock by
programming the CKSEL fuses to “11” as shown in Table 9-10.
Table 9-10.  128kHz internal oscillator operating modes.
Nominal frequency CKSEL3..0
128kHz 0011
MNote: 1. MNote that the 128kHz oscillator is a very low power clock source, and is not designed for a high
accuracy.
When this clock source is selected, start-up times are determined by the SUT Fuses as shown in
Table 9-11.
Table 9-11.  Start-up times for the 128kHz internal oscillator.
Start-up time from Additional delay from
Power conditions power-down and power-save reset SUT1..0
BOD enabled 6K 14K 00
Fast rising power 6CK 14CK + 4ms 01
Slowly rising power B6CK 14CK + 64ms 10
Reserved 11
Note: 1. Ifthe RSTDISBL fuse is programmed, this start-up time will be increased to
14CK + 4.1ms 1o ensure programming mode can be entered.
AIMEL 4
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9.8 External clock
To drive the device from an external clock source, XTAL1 should be driven as shown in Figure
9-4. To run the device on an external clock, the CKSEL fuses must be programmed to “0000”
(see Table 8-12).
Table 9-12.  Crystal oscillator clock frequency.
Frequency CKSEL3..0
0 -20MHz 0000

Figure 9-4.  External clock drive configuration.

NC/PBf ———— XTAL2
EXTERNAL
CLOCK —] XTALA
SIGNAL
GND

I

When this clock source is selected, start-up times are determined by the SUT Fuses as shown in
Table 9-13.

Table 9-13.  Start-up times for the external clock selection.

Start-up time from Additional delay from
Power conditions power-down and power-save reset (V. = 5.0V) SUT1.0
BOD enabled 6CK 14CK 00
Fast rising power 6CK 14CK + 4. 1ms o1
Slowly rising power 6CK 14CK + 65ms 10
Reserved 1

When applying an extemal clock, it is required to avoid sudden changes in the applied clock fre-
quency to ensure stable operation of the MCU. A variation in frequency of more than 2% from
one clock cycle to the next can lead to unpredictable behavior. If changes of more than 2% is
required, ensure that the MCU is kept in Reset during the changes.

Note that the system clock prescaler can be used to implement run-time changes of the intemal
clock frequency while still ensuring stable operation. Refer to “System clock prescaler” on page
36 for details.

9.9 Clock output buffer
The device can output the system clock on the CLKO pin. To enable the output, the CKOUT
Fuse has to be programmed. This mode is suitable when the chip clock is used to drive other cir-
cuits on the system. The clock also will be output during reset, and the normal operation of /O
pin will be overridden when the fuse is programmed. Any clock source, including the intemal RC
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oscillator, can be selected when the clock is output on CLKO. If the System Clock Prescaler is
used, itis the divided system clock that is output.

9.10 Timer/counter oscillator
The device can operate its Timer/Counter2 from an external 32.768kHz watch crystal or a exter-
nal clock source. The Timer/Counter Oscillator Pins (TOSC1 and TOSC2) are shared with
XTAL1 and XTAL2. This means that the Timer/Counter Oscillator can only be used when an
internal RC Oscillator is selected as system clock source. See Figure 9-2 on page 30 for crystal
connection.

Applying an extemal clock source to TOSC1 requires EXTCLK in the ASSR Register written to
logic one. See “Asynchronous operation of Timer/Counter2” on page 151 for further description
on selecting external clock as input instead of a 32kHz crystal.

9.11 System clock prescaler
The Atmel ATmegad48/88/168 has a system clock prescaler, and the system clock can be
divided by setting the “CLKPR — Clock prescale register’ on page 37. This feature can be used
to decrease the system clock frequency and the power consumption when the requirement for
processing power is low. This can be used with all clock source options, and it will affect the
clock frequency of the CPU and all synchronous peripherals. clkq, clk,pe, clkepy, and clke q o,
are divided by a factor as shown in Table 8-14 on page 38.

When switching between prescaler settings, the System Clock Prescaler ensures that no
glitches occurs in the clock system. It also ensures that no intermediate frequency is higher than
neither the clock frequency corresponding to the previous setting, nor the clock frequency corre-
sponding to the new setting. The ripple counter that implements the prescaler runs at the
frequency of the undivided clock, which may be faster than the CPU's clock frequency. Hence, it
is not possible to determine the state of the prescaler - even if it were readable, and the exact
ime it takes to switch from one clock division to the other cannot be exactly predicted. From the
time the CLKPS values are written, it takes between T1 + T2 and T1 + 2 ¥ T2 before the new
clock frequency is active. In this interval, two active clock edges are produced. Here, T1 is the
previous clock period, and T2 is the period corresponding to the new prescaler setting.

To avoid unintentional changes of clock frequency, a special write procedure must befollowed to
change the CLKPS bits:

1. Write the Clock Prescaler Change Enable (CLKPCE) bit to one and all other bits in
CLKPR to zero.
2. Within four cycles, write the desired value to CLKPS while writing a zero to CLKPCE.

Interrupts must be disabled when changing prescaler setting to make sure the write procedure is
notinterrupted.
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9.12 Register description

9121 OSCCAL - Oscillator calibration register

Bit 7 § 5 4 d 2 1 0

(OxB6) I CAL7 | CALG | CALS CAL4 CAL3 CAL2 CAL1 CALO I 0OSCCAL
Readfrite AW R R RAY R RAY ALY P

Initial value Device specific calibration value

¢ Bits 7..0 - CAL7..0: Oscillator calibration value

The oscillator calibration register is used to trim the calibrated internal RC oscillator to remove
process variations from the oscillator frequency. A pre-programmed calibration value is automat-
ically written to this register during chip reset, giving the factory calibrated frequency as specified
in Table 29-1 on page 306. The application software can write this register to change the oscilla-
tor frequency. The oscillator can be calibrated to frequencies as specified in Table 29-1 on page
306. Calibration outside that range is not guaranteed.

Note that this oscillator is used to time EEPROM and flash write accesses, and these write times
will be affected accordingly. If the EEPROM or flash are written, do not calibrate to more than
8.8MHz. Otherwise, the EEPROM or flash write may fail.

The CAL7 bit determines the range of operation for the oscillator. Setting this bit to O gives the
lowest frequency range, setting this bit to 1 gives the highest frequency range. The two fre-
quency ranges are ovetlapping, in other words a setting of OSCCAL = 0x7F gives a higher
frequency than OSCCAL = 0x80.

The CALS..0 bits are used to tune the frequency within the selected range. A setting of 0x00
gives the lowest frequency in that range, and a setting of 0x7F gives the highest frequency in the
range.

9122 CLKPR — Clock prescale register

Bit 7 5 7 4 g 2 1 0

(0x61) J CLKPCE | - - CLKPSZ | CLKPSZ | CLKPSi CLKPSO |  CLKPR
Readfarite AN A R A LAY AN AAY RAY

Initial value 0 0 0 0 See hit description

¢ Bit 7 — CLKPCE: Clock prescaler change enable

The CLKPCE bit must be written to logic one to enable change of the CLKPS bits. The CLKPCE
bit is only updated when the other bits in CLKPR are simultaneously written to zero. CLKPCE is
cleared by hardware four cycles after it is written or when CLKPS bits are written. Rewriting the
CLKPCE bit within this time-out period does neither extend the time-out period, nor clear the
CLKPCE bit.

+ Bits 3.0 —- CLKPS3..0: Clock prescaler select bits 3 - 0

These bits define the division factor between the selected cdlock source and the internal system
clock. These bits can be written run-time to vary the clock frequency to suit the application
requirements. As the divider divides the master clock input to the MCU, the speed of all synchro-
nous peripherals is reduced when a division factor is used. The division factors are given in
Table 9-14 on page 38.
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The CKDIV8 fuse determines the initial value of the CLKPS bits. If CKDIV8 is unprogrammed,
the CLKPS bits will be reset to “0000". If CKDIV8 is programmed, CLKPS bits are reset to
“0011”, giving a division factor of eight at start up. This feature should be used if the selected
clock source has a higher frequency than the maximum frequency of the device at the present
operating conditions. Note that any value can be written to the CLKPS bits regardless of the
CKDIV8 Fuse setting. The Application software must ensure that a sufficient division factor is
chosen if the selected clock source has a higher frequency than the maximum frequency of the
device at the present operating conditions. The device is shipped with the CKDIVS fuse
programmed.

Table 9-14.  Clock prescaler select.

CLKPS3 CLKPS2 CLKPS1 CLKPS0 Clock division factor

0 0 0 0 1

0 0 0 1 2

0 0 1 0 4

0 ¢} 1 1 8

0 1 0 0 18

0 1 0 1 32

0 1 1 0 64

0 1 1 1 128

1 0 0 0 256

1 o] o] 1 Reserved
1 0 1 0 Reserved
1 4] 1 1 Reserved
1 1 0] 0 Reserved
1 1 0] 1 Reserved
1 1 1 0 Reserved
1 1 1 1 Reserved
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10. Power management and sleep modes
Sleep modes enable the application to shut down unused modules in the MCU, thereby saving
power. The AVR provides various sleep modes allowing the user to tailor the power consump-
tion to the application’s requirements.

10.1 Sleep modes
Figure 9-1 on page 27 presents the different clock systems in the Atmel ATmega48/88/168, and
their distribution. The figure is helpful in selecting an appropriate sleep mode. Table 10-1 shows
the different sleep modes and their wake up sources.

Table 10-1.  Active clock domains and wake-up sources in the different sleep modes.

Active clock domains Oscillators Wake-up sources
= =t L =
rEIERIR YN 2 .
b o2 —1 =
Bl 2 2| Bl Z|o5|32| 22|88 8 |aT|R|E]s
2|l g2 || Lo |25 |52 £ |LE|E|2|E
? | = Sl e|l2e|gf| |28 F |=F g
=2 |E|E5|E z
Sleep mode A= = &
Idle X | X | X | x | x@ X X X X | X|[X]|X
ALk X[ X | X [ x| x® | x | x@| x |[x|x
reduction
Powier-down X@ X X
Power-save X X@ | x@ X X X
Standby" X X X X

MNotes: 1. Only recommended with external crystal or resonator selected as clock source.
2. It Timer/Counter2 is running in asynchronous mode.
3. ForINT1 and INTO, only level interrupt.

To enter any of the five sleep modes, the SE bit in SMCR must be written to logic one and a
SLEEP instruction must be executed. The SM2, SM1, and SMO bits in the SMCR Register select
which sleep mode (ldle, ADC Noise Reduction, Power-down, Power-save, or Standby) will be
activated by the SLEEP instruction. See Table 10-2 on page 43 for a summary.

If an enabled interrupt occurs while the MCU is in a sleep mode, the MCU wakes up. The MCU
is then halted for four cycles in addition to the start-up time, executes the interrupt routine, and
resumes execution from the instruction following SLEEP. The contents of the Register File and
SRAM are unaltered when the device wakes up from sleep. If a reset occurs during sleep mode,
the MCU wakes up and executes from the reset vector.

10.2 Idle mode
When the SM2..0 bits are written to 000, the SLEEP instruction makes the MCU enter Idle
mode, stopping the CPU but allowing the SPI, USART, analog comparator, ADC, 2-wire serial
interface, timer/counters, watchdog, and the interrupt system to continue operating. This sleep
mode basically halts ¢k, and dkg .oy, while allowing the other clocks to run.
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Idle mode enables the MCU to wake up from external triggered interrupts as well as intemal
ones like the timer overflow and USART transmit complete interrupts. If wake-up from the ana-
log comparator interrupt is not required, the analog comparator can be powered down by setting
the ACD bitin the analog comparator control and status register — ACSR. This will reduce power
consumption in Idle mode. If the ADC is enabled, a conversion starts automatically when this
mode is entered.

10.3 ADC noise reduction mode
When the SM2..0 bits are written to 001, the SLEEP instruction makes the MCU enter ADC
Noise Reduction mode, stopping the CPU but allowing the ADC, the external interrupts, the 2-
wire Serial Interface address watch, Timer/Counter2'"!, and the Watchdog to continue operating
(if enabled). This sleep mode basically halts clk, clkapy, and clky s, while allowing the other
clocks to run.

This improves the noise environment for the ADC, enabling higher resolution measurements. If
the ADC is enabled, a conversion starts automatically when this mode is entered. Apart from the
ADC Conversion Complete interrupt, only an Extemal Reset, a Watchdog System Reset, a
Watchdog Interrupt, a Brown-out Reset, a 2-wire Serial Interface address match, a
Timer/Counter2 interrupt, an SPM/EEPROM ready interrupt, an extemal level interrupt on INTO
or INT1 or a pin change interrupt can wake up the MCU from ADC Noise Reduction mode.

Note: 1. Timer/Counter2 will only keep running in asynchronous mode, see “8-bit Timer/Counter2 with
PWM and asynchronous operation” on page 140 for details.

10.4 Power-down mode

When the SM2..0 bits are written to 010, the SLEEP instruction makes the MCU enter power-
down mode. In this mode, the external oscillator is stopped, while the external interrupts, the 2-
wire serial Interface address watch, and the Watchdog continue operating (if enabled). Only an
external reset, a watchdog system reset, a watchdog interrupt, a brown-out reset, a 2-wire serial
interface address match, an external level interrupt on INTO or INT1, or a pin change interrupt
can wake up the MCU. This sleep mode basically halts all generated clocks, allowing operation
of asynchronous modules only.

Note that if a level triggered interrupt is used for wake-up from power-down mode, the changed
level must be held for some time to wake up the MCU. Refer to “External interrupts” on page 66
for details.

When waking up from power-down mode, there is a delay from the wake-up condition occurs
until the wake-up becomes effective. This allows the clock to restart and become stable after
having been stopped. The wake-up period is defined by the same CKSEL fuses that define the
reset time-out period, as described in “Clock sources” on page 28.

10.5 Power-save mode
When the SM2..0 bits are written to 011, the SLEEP instruction makes the MCU enter power-
save mode. This mode is identical to power-down, with one exception:

If Timer/Counter2 is enabled, it will keep running during sleep. The device can wake up from
either timer overflow or output compare event from Timer/Counter2 if the corresponding
Timer/Counter2 interrupt enable bits are setin TIMSK2, and the global interrupt enable bit in
SREG is set.
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If Timer/Counter2 is not running, power-down mode is recommended instead of power-save
mode.

The Timer/Counter2 can be clocked both synchronously and asynchronously in power-save
mode. If Timer/Counter2 is not using the asynchronous clock, the timer/counter oscillator is
stopped during sleep. If Timer/Counter2 is not using the synchronous clock, the clock source is
stopped during sleep. Note that even if the synchronous clock is running in power-save, this
clock is only available for Timer/Counter2.

10.6 Standby mode
When the SM2..0 bits are 110 and an external crystal/resonator clock option is selected, the
SLEEP instruction makes the MCU enter standby mode. This mode is identical to power-down
with the exception that the oscillator is kept running. From standby mode, the device wakes up in
six clock cycles.

10,7 Power reduction register
The power reduction register (FRR), see “PRR — Power reduction register’ on page 44, provides
a method to stop the clock to individual peripherals to reduce power consumption. The current
state of the peripheral is frozen and the I/O registers can not be read or written. Resources used
by the peripheral when stopping the clock will remain occupied, hence the peripheral should in
most cases be disabled before stopping the clock. Waking up a module, which is done by clear-
ing the bitin PRRA, puts the module in the same state as before shutdown.

Module shutdown can be used in ldle mode and Active mode to significantly reduce the overall
power consumption. See “Power-down supply current” on page 323 for examples. In all other
sleep modes, the clock is already stopped.

10.8 Minimizing power consumption
There are several possibilities to consider when trying to minimize the power consumption in an
AVR controlled system. In general, sleep modes should be used as much as possible, and the
sleep mode should be selected so that as few as possible of the device’s functions are operat-
ing. All functions not needed should be disabled. In particular, the following modules may need
special consideration when trying to achieve the lowest possible power consumption.

10.8.1 Analog to digital converter
If enabled, the ADC will be enabled in all sleep modes. To save power, the ADC should be dis-
abled before entering any sleep mode. When the ADC is turned off and on again, the next
conversion will be an extended conversion. Refer to “Analog-to-digital converter” on page 244
for details on ADC operation.

10.8.2 Analog comparator

When entering Idle mode, the analog comparator should be disabled if not used. When entering
ADC noise reduction mode, the analog comparator should be disabled. In other sleep modes,
the analog comparator is automatically disabled. However, if the analog comparator is set up to
use the intemal voltage reference as input, the analog comparator should be disabled in all
sleep modes. Otherwise, the internal voltage reference will be enabled, independent of sleep
mode. Refer to “Analog comparator” on page 241 for details on how to configure the analog
comparator.
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10.8.3

10.84

10.8.5

10.8.6

108.7

Brown-out detector
If the brown-out detector is not needed by the application, this module should be tumed off. If the
brown-out detector is enabled by the BODLEVEL Fuses, it will be enabled in all sleep modes,
and hence, always consume power. In the deeper sleep modes, this will contribute significantly
to the total current consumption. Refer to “Brown-out detection” on page 47 for details on how to
configure the brown-out detector.

Internal voltage reference
The internal voltage reference will be enabled when needed by the brown-out detection, the
analog comparator or the ADC. If these modules are disabled as described in the sections
above, the internal voltage reference will be disabled and it will not be consuming power. When
turned on again, the user must allow the reference to start up before the output is used. If the
reference is kept on in sleep mode, the output can be used immediately. Refer to “Intemal volt-
age reference” on page 48 for details on the start-up time.

Watchdog timer
If the watchdog timer is not needed in the application, the module should be turned off. If the
watchdog timer is enabled, it will be enabled in all sleep modes and hence always consume
power. In the deeper sleep modes, this will contribute significantly to the total current consump-
tion. Refer to “Watchdog timer” on page 49 for details on how to configure the watchdog timer.

Port pins

When entering a sleep mode, all port pins should be configured to use minimum power. The
most important is then to ensure that no pins drive resistive loads. In sleep modes where both
the /O clock (clk,) and the ADC clock (clk,p) are stopped, the input buffers of the device will
be disabled. This ensures that no power is consumed by the input logic when not needed. In
some cases, the input logic is needed for detecting wake-up conditions, and it will then be
enabled. Refer to the section “Digital input enable and sleep modes” on page 75 for details on
which pins are enabled. If the input buffer is enabled and the input signal is left floating or have
an analog signal level close to V,/2, the input buffer will use excessive power.

For analog input pins, the digital input buffer should be disabled at all times. An analog signal
level close to V../2 on an input pin can cause significant current even in active mode. Digital
input buffers can be disabled by writing to the digital input disable registers (DIDR1 and DIDRO).
Refer to “DIDR1 — Digital input disable register 1” on page 243 and “DIDRO — Digital Input Dis-
able Register 0" on page 258 for details.

On-chip debug system
If the on-chip debug system is enabled by the DWEN Fuse and the chip enters sleep mode, the
main clock source is enabled and hence always consumes power. In the deeper sleep modes,
this will contribute significantly to the total current consumption.
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10.9 Register description

10.9.1 SMCR - Sleep mode control register
The sleep mode control register contains control bits for power management.

Eit 7 5 5 4 3 2 1 0
odaesny - | - [ - [ - [ sm2 [ smi | smo [ sE ] smcr
Readfnrite R R R R RN RAAS RS R

Initial value 0 0 ] 0 0 0 0 0

¢ Bits 7..4 Res: Reserved bits
These bits are unused bits in the Atmel ATmega48/88/168, and will always read as zero.

+ Bits 3.1 — SM2..0: Sleep mode selectbits 2, 1, and 0
These bits select between the five available sleep modes as shown in Table 10-2.

Table 10-2.  Sleep mode select.

SM2 ShH SMO Sleep mode
0 0 0 Idle
o] 0 1 ADC noise reduction
0] 1 0 Power-down
o} 1 1 Power-save
1 4] 0 Reserved
1 0 1 Reserved
1 1 0 Standby("
1 1 1 Reserved

Note: 1. Standby mode is only recommended for use with external crystals or resonators.

¢ Bit 0 — SE: Sleep enable

The SE bit must be written to logic one to make the MCU enter the sleep mode when the SLEEP
instruction is executed. To avoid the MCU entering the sleep mode unless it is the programmer’s
purpose, it is recommended to write the sleep enable (SE) bit to one just before the execution of
the SLEEP instruction and to clear it immediately after waking up.
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10.9.2 PRR — Power reduction register

Bit 7 8 5 4 3 2 1 0
— —
(OxB4) I PRTWI PRTIM2 PRTIMO | - PRTIMA PRSPI | PRUSARTO PRADC I PRR
Readfrite RAN RAY RAY R R RAY RAW RAR
Initial value 0 0 0 0 0 0 0 0

« Bit 7 - PRTWI: Power reduction TWI

Writing a logic one to this bit shuts down the TWI by stopping the clock to the module. When
waking up the TWI again, the TWI| should be re initialized to ensure proper operation.

¢ Bit 6 - PRTIM2: Power reduction Timer/Counter2

Writing a logic one to this bit shuts down the Timer/Counter2 module in synchronous mode (AS2
is 0). When the Timer/Counter2 is enabled, operation will continue like before the shutdown.

¢ Bit 5- PRTIMO: Power reduction Timer/Counter0
Writing a logic one to this bit shuts down the Timer/Counterd module. When the Timer/CounterQ
is enabled, operation will continue like before the shutdown.

« Bit 4 - Res: Reserved bit
This bit is reserved in Atmel ATmega48/88/168 and will always read as zero.

¢ Bit 3 - PRTIM1: Power reduction Timer/Counteri
Writing a logic one to this bit shuts down the Timer/Counterl module. When the Timer/Counteri
is enabled, operation will continue like before the shutdown.

¢ Bit 2 - PRSPI: Power reduction serial peripheral interface
If using debugWIRE On-chip Debug System, this bit should not be written to one.

Writing a logic one to this bit shuts down the Serial Peripheral Interface by stopping the clock to
the module. When waking up the SPI again, the SPI should be re initialized to ensure proper
operation.

+ Bit 1 - PRUSARTO: Power reduction USARTO
Writing a logic one to this bit shuts down the USART by stopping the clock to the module. When
waking up the USART again, the USART should be re initialized to ensure proper operation.

« Bit 0- PRADC: Power reduction ADC
Writing a logic one to this bit shuts down the ADC. The ADC must be disabled before shut down.
The analog comparator cannot use the ADC input MUX when the ADC is shut down.
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11. System control and reset

11.1 Resetting the AVR

During reset, all 1/O registers are set to their initial values, and the program starts execution from
the reset vector. For the Atmel ATmegal168, the instruction placed at the reset vector mustbe a
JMP — absolute jump — instruction to the reset handling routine. For the Atmel ATmega48 and
Atmel ATmega88, the instruction placed at the reset vector must be an RJMP - relative jump —
instruction to the reset handling routine. If the program never enables an interrupt source, the
Interrupt Vectors are not used, and regular program code can be placed at these locations. This
is also the case if the reset vector is in the application section while the interrupt vectors are in
the boot section or vice versa (ATmega88/168 only). The circuit diagram in Figure 11-1 on page
46 shows the reset logic. Table 29-3 on page 307 defines the electrical parameters of the reset
circuitry.

The I/O ports of the AVR are immediately reset to their initial state when a reset source goes
active. This does not require any clock source to be running.

After all reset sources have gone inactive, a delay counter is invoked, stretching the internal
reset. This allows the power to reach a stable level before normal operation starts. The time-out
period of the delay counter is defined by the user through the SUT and CKSEL Fuses. The dif-
ferent selections for the delay period are presented in “Clock sources” on page 28.

11.2 Reset sources

The ATmega48/88/168 has four sources of reset:

* Power-on reset. The MCU is reset when the supply voltage is below the power-on reset
threshold (Vnqr)

¢ External reset. The MCU is reset when a low level is present on the RESET pin for longer than
the minimum pulse length

¢ Watchdog system reset. The MCU is reset when the watchdog timer period expires and the
watchdog system reset mode is enabled

+ Brown-out reset. The MCU is reset when the supply voltage V. is below the Brown-out Reset
threshold (V1) and the brown-out detector is enabled

ATMEL e

2545T-AVR-06M1 a

Tesis publicada con autorizacién del autor

No olvide citar esta tesis




t @.% | UNIVERSIDAD
TESIS PUCP CATOLICA

DEL PERU

s A T Mega48/88/168

Figure 11-1. Reset logic.
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11.3 Power-on reset

A power-on reset (POR) pulse is generated by an On-chip detection circuit. The detection level
is defined in “System and reset characteristics” on page 307. The POR is activated whenever
¥ is below the detection level. The POR circuit can be used to trigger the start-up Reset, as
well as to detect a failure in supply voltage.

A power-on reset (POR) circuit ensures that the device is reset from power-on. Reaching the
power-on reset threshold voltage invokes the delay counter, which determines how long the
device is kept in RESET after V., rise. The RESET signal is activated again, without any delay,
when V., decreases below the detection level.

Figure 11-2. MCU start-up, RESET tied to V.
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Figure 11-3. MCU start-up, RESET extended externally.
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11.4 External reset
An extemnal reset is generated by a low level on the RESET pin. Reset pulses longer than the
minimum pulse width (see “System and reset characteristics” on page 307) will generate a reset,
even if the clockis not running. Shorter pulses are not guaranteed to generate a reset. When the
applied signal reaches the reset threshold voltage — Vgt — on its positive edge, the delay coun-
ter starts the MCU after the time-out period — t; ;1 —has expired. The external reset can be
disabled by the RSTDISBL fuse, see Table 28-6 on page 287.

Figure 11-4. External reset during operation.
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11.5 Brown-out detection

The Atmel ATmega48/88/168 has an on-chip brown-out detection (BOD) circuit for monitoring
the V. level during operation by comparing it to a fixed trigger level. The trigger level for the
BOD can be selected by the BODLEVEL Fuses. The trigger level has a hysteresis to ensure
spike free brown-out detection. The hysteresis on the detection level should be interpreted as
Yao1s = Yao1 + Yuve1/2 and Vagr. = Vot - Vhve/2. When the BOD is enabled, and V.
decreases to a value below the trigger level (Vgg1 in Figure 11-5 on page 48}, the brown-out
reset is immediately activated. When V.. increases above the trigger level (V1 in Figure 11-5
on page 48), the delay counter starts the MCU after the Time-out period t7,, 1 has expired.

The BOD circuit will only detect a drop in V., if the voltage stays below the trigger level for lon-
ger than tpsp, given in “System and reset characteristics” on page 307.
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Figure 11-5. Brown-out reset during operation.
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11.6 Watchdog system reset

When the watchdog times out, it will generate a short reset pulse of one CK cycle duration. On
the falling edge of this pulse, the delay timer starts counting the Time-out peried t;, ;. Refer to
page 49 for details on operation of the watchdog timer.

Figure 11-6. Watchdog system reset during operation.
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11.7 Internal voltage reference

The Atmel ATmega48/88/168 features an intemal bandgap reference. This reference is used for
brown-out detection, and it can be used as an input to the analog comparator or the ADC.

11.7.1 Voltage reference enable signals and start-up time
The voltage reference has a start-up time that may influence the way it should be used. The
start-up time is given in “System and reset characteristics” on page 307. To save power, the ref-
erence is not always turned on. The reference is on during the following situations:

1. When the BOD is enabled (by programming the BODLEVEL [2:0] Fuses).

2. When the bandgap reference is connected to the analog comparator {(by setting the
ACBG bitin ACSR).

3. When the ADC is enabled.
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Thus, when the BOD is not enabled, after setting the ACBG bit or enabling the ADC, the user
must always allow the reference to start up before the output from the analog comparator or
ADC is used. To reduce power consumption in power-down mode, the user can avoid the three
conditions above to ensure that the reference is tumed off before entering power-down mode.

11.8 Watchdog timer

11.8.1 Features
¢ Clocked from separate on-chip oscillator
* Three operating modes
— Interrupt
— System reset
— Interrupt and system reset
* Selectable time-out period from 16ms to 8s
* Possible hardware fuse watchdog always on (WDTON) for fail-safe mode

Figure 11-7. Watchdog timer.
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The Atmel ATmegad8/88/168 has an enhanced watchdog timer (WDT). The WDT is a timer
counting cycles of a separate on-chip 128kHz oscillator. The WDT gives an interrupt or a system
reset when the counter reaches a given time-out value. In normal operation mode, it is required
that the system uses the WDR - watchdog timer reset - instruction to restart the counter before
the time-out value is reached. If the system doesn't restart the counter, an interrupt or system
reset will be issued.

In interrupt mode, the WDT gives an interrupt when the timer expires. This interrupt can be used
to wake the device from sleep-modes, and also as a general system timer. One example is to
limit the maximum time allowed for certain operations, giving an interrupt when the operation
has run longer than expected. In system reset mode, the WDT gives a reset when the timer
expires. This is typically used to prevent system hang-up in case of runaway code. The third
mode, Interrupt and system reset mode, combines the other two modes by first giving an inter-
rupt and then switch to system reset mode. This mode will for instance allow a safe shutdown by
saving critical parameters before a system reset.
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The watchdog always on (WDTON) fuse, if programmed, will force the watchdog timer to system
reset mode. With the fuse programmed the system reset mode bit (WDE) and Interrupt mode bit
(WDIE) are locked to 1 and O respectively. To further ensure program security, alterations to the
Watchdog setup must follow timed sequences. The sequence for clearing WDE and changing
time-out configuration is as follows:

1. Inthe same operation, write a logic one to the watchdog change enable bit WDCE) and
WDE. A logic one must be written to WDE regardless of the previous value of the WDE
bit.
2. Within the next four clock cycles, write the WDE and watchdog prescaler bits (WDP) as
desired, but with the WDCE bit cleared. This must be done in one operation.
The following code example shows one assembly and one C function for turning off the watch-
dog timer. The example assumes that interrupts are controlled (for example by disabling
interrupts globally) so that no interrupts will occur during the execution of these functions.
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Assembly code example!

WDT_off:
; Turn off glokal interrupt
cli
; Reset Watchdog Timer
wdr
; Clear WDRF in MCUSE
in rlée, MCUSR

andil rlé, (O0xff & (0<<WDRF))

out MCUSR, rlé

; Write logical one to WDCE and WDE
; Keep old prescaler setting to prevent unintentional time-out
1lds rle, WDTCSR

orli rlé, (1<<WDCE) | (l<<WDE)

sts WDTCSR, rlé

; Turn off WDT

1di rlé, (0<<WDE)

sts WDTCSR, rlé

; Turn on glokal interrupt

seil

ret

C code examplel!

vold WDT_off (void)

1
__disable interrupti():
__watchdog_reset () :
f* Clear WDRF in MCUSRE */
MCUSR &= ~ ({l<<WLCRF) ;
/* Write logical one to WDCE and WDE */
/* EKeep old prescaler setting to prevent unintentional time-out */
WDTCSR |= (1<<WDCE) | (1<<WDE);
/% Turn off WDT */
WDTCSR = 0x00;

__enable_interrupt{):

Note: 1. See "About code examples” on page 8.

Note: If the watchdog is accidentally enabled, for example by a runaway pointer or brown-out
condition, the device will be reset and the watchdog timer will stay enabled. If the code is not set
up to handle the watchdog, this might lead to an eteral loop of ime-out resets. To avoid this sit-
uation, the application software should always clear the watchdog system reset flag (WDRF)
and the WDE control bit in the initialisation routine, even if the watchdog is notin use.
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The following code example shows one assembly and one C function for changing the time-out
value of the watchdog timer.

Assembly code example!”

WDT_Prescaler_Change:
; Turn off glokal interrupt
cli
; Reset Watchdog Timer
wdr
; Start timed =sequence
1ds rlé, WDTCSE
ori  rlé, (1<<WDCE] | (1l<<WDE}
sts WDTCSR, rlé
; -- Got four ovcles to set the new values from here -
; Seb new prescaler({time-out) wvalue = 64K cycles (~0.5 8)
1di rl6, (l<<WDE) | (1<<WDPZ) | (l<<WDPO
sts WDTCSR, rlé
; -- Finished setting new values, used 2 cycles -
: Turn on global interrupt
sal

rat

C code example!!

vold WDT_Prescaler Change{void)
{
_ disable interrupt():
__watchdog_reset():
S* Start timed equence */
WDTCSE |= (1<<WDCE) | (1<<WDE);
/* Set new prescaler(time-out) wvalue = 64K cycles (~0.5 s) */
WDTCSR = (1l<<WDE] | (l<<WDP2Z) | (1<<WDPO]:
__enable interrupt{);

Note: 1. See "Aboul code examples” on page 8.

Note: The watchdog timer should be reset before any change of the WDP bits, since a change in
the WDP bits can resultin a ime-out when switching to a shorter time-out period.
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11.9 Register description

11.9.1 MCUSR — MCU status register
The MCU status register provides information on which reset source caused an MCU reset.

Eit 7 5 5 4 El 2 1 0

masioesy | - [ - | - ] - | worF | BORF | EXTRF [ PORF | mcusr
Readfnrite R R R R R RN R RAN

Initial value 0 0 0 0 See Bit Description

¢ Bit 7..4: Res: Reserved bits
These bits are unused bits in the Atmel ATmega48/88/168, and will always read as zero.

+ Bit 3 — WDRF: Watchdog system reset flag
This bit is set if a watchdog system reset occurs. The bitis reset by a power-on reset, or by writ-
ing a logic zero to the flag.

+ Bit 2 - BORF: Brown-out reset flag
This bit is set if a brown-out reset occurs. The bit is reset by a power-on reset, or by writing a
logic zero to the flag.

+ Bit 1 — EXTRF: External reset flag
Thisbitis set if an external reset occurs. The bitis reset by a power-on reset, or by writing a logic
zero to the flag.

* Bit 0 — PORF: Power-on reset flag
This bit is set if a power-on reset occurs. The bit is reset only by writing a logic zero to the flag.

To make use of the reset flags to identify a reset condition, the user should read and then reset
the MCUSR as early as possible in the program. If the register is cleared before another resst
oceurs, the source of the reset can be found by examining the reset flags.

11.9.2 WDTCSR - Watchdog timer control register

Bit 7 5 5 4 3 2 1 0

{0x60) | WDIF | WDEE | wDPz | WDCE WDE WDF2 WDP1 WDPO | WDTCSR
Readfrite R R Rl Rl R RAAS R R

Initial value ] 0 0 0 x 0 0 0

+ Bit 7 - WDIF: Watchdog interrupt flag

This bit is set when a time-out occurs in the watchdog timer and the watchdog timer is config-
ured for interrupt. WDIF is cleared by hardware when executing the corresponding interrupt
handling vector. Alternatively, WDIF is cleared by writing a logic one to the flag. When the I-bitin
SREG and WDIE are set, the Watchdog time-out interrupt is executed.

+ Bit 6 - WDIE: Watchdog interrupt enable

When this bit is written to one and the I-bit in the status register is set, the watchdog interrupt is
enabled. If WDE is cleared in combination with this setting, the watchdog timer is in interrupt
mode, and the corresponding interrupt is executed if time-out in the watchdog timer occurs.
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If WDE is set, the watchdog timer is in interrupt and system reset mode. The first time-out in the
watchdog timer will set WDIF. Executing the corresponding interrupt vector will clear WDIE and
WDIF automatically by hardware (the watchdog goes to system reset mode). This is useful for
keeping the watchdog timer security while using the interrupt. To stay in interrupt and system
reset mode, WDIE must be set after each interrupt. This should however not be done within the
interrupt service routine itself, as this might compromise the safety-function of the watchdog sys-
tem reset mode. If the interrupt is not executed before the next time-out, a system reset will be

applied.
Table 11-1.  Watchdog timer configuration.
WDTON'"! WDE WDIE Mode Action on time-out
1 6] 0 Stopped None
1 6] 1 Interrupt mode Interrupt
1 1 0 System reset mode Reset
. . 1 Interrupt and system reset Interrupt. then go to system
mode reset mode

0 X X System reset mode Reset

Note: 1. WDTON fuse sel to “0" means programmed and “1“ means unprogrammed.

+ Bit 4 - WDCE: Watchdog change enable
This bit is used in timed sequences for changing WDE and prescaler bits. To clear the WDE bit,
and/or change the prescaler bits, WDCE must be set.

Once written to one, hardware will clear WDCE after four clock cycles.

+ Bit 3 - WDE: Watchdog system reset enable

WDE is overridden by WDRF in MCUSR. This means that WDE is always set when WDRF is
set. To clear WDE, WDRF must be cleared first. This feature ensures multiple resets during con-
ditions causing failure, and a safe start-up after the failure.
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+ Bit 5, 2.0 - WDP3..0: Watchdog timer prescaler 3, 2, 1, and 0

The WDP3..0 bits determine the watchdog timer prescaling when the watchdog timer is running.
The different prescaling values and their corresponding time-out periods are shown in Table 11-
2.

Table 11-2.  Watchdog timer prescale select.

Number of Typical time-out at
WDP3 | WDP2 | WDP1 | WDPO WDT oscillator cycles Vee =50V

0 0 0 0 2K (2048) cycles 16ms

0 0 0 1 4K (4096) cycles 32ms

0 0 1 4] 8K (8192) cycles B64ms

0 0 1 1 16K (16384) cycles 0.12bs
0 1 0 0 32K (32768) cycles 0.25%

0 1 o] 1 64K (65538) cycles 053

0 1 1 0 128K (131072) cycles 108

0 1 1 1 256K (262144) cycles 2.0s

1 0 0 0 512K (524288) cycles 408

1 ) 0 1 1024K (1048576) cycles 8.0

1 0 1 0

1 0 1 1

1 1 0 0

Reserved

1 1 0 1

1 1 1 0

1 1 1 1
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12. Interrupts

121 OQverview

This section describes the specifics of the interrupt handling as performed in the Atmel
ATmegad8/88/168. For a general explanation of the AVR interrupt handling, refer to “Reset and
interrupt handling” on page 15.

The interrupt vectors in ATmegad8, ATmega88 and ATmegal68 are generally the same, with
the following differences:

¢ Each interrupt vector occupies two instruction words in ATmega168, and one instruction word
in ATmega48 and ATmega83

¢ ATmegad8 does not have a separate boot loader section. In ATmega88 and ATmega168, the
reset vector is affected by the BOOTRST fuse, and the interrupt vector start address is affected
by the IVSEL bitin MCUCR
12.2 Interrupt vectors in ATmegad8

Table 12-1. Reset and interrupt vectors in ATmega48.

Vector no. | Program address | Source Interrupt definition
1 Ox000 RESET External pin, power-on reset, brown-out reset and watchdog system reset
2 0x001 INTQ External interrupt request O
3 0x002 INT1 BExternal interrupt request 1
4 0x003 PCINTO Pin change interrupt request &
5 0x004 PCINTA Pin change interrupt request 1
6 0x005 PCINTZ2 Pin change interrupt request 2
7 Ox006 WDT Watchdog time-out interrupt
a Ox007 TIMER2 COMPA Timer/Counter2 compare match A
9 0x008 TIMER2 COMPB Timer/Counter2 compare match B
10 0x009 TIMER2 OVF Timer/Counter2 overflow
11 Ox00A TIMER1 CAPT Timer/Counterl capture event
12 0x00B TIMER1 COMPA Timer/Counter1 compare maich A
13 0x00C TIMER1 COMPB Timer/Coutner1 compare maich B
14 Ox00D TIMER1 CWVF Timer/Counter1 overilow
15 Ox00E TIMERO COMPA Timer/Counterd compare match A
16 0x00F TIMERO COMPB Timer/Counterd compare maich B
17 o010 TIMERO OVF Timer/Counterd averflow
18 ox011 SPI, STC SPI senal transfer complete
19 ox012 USART, RX USART Bx complete
20 ox013 USART, UDRE USART, data register empty
21 ox014 USART, TX USART, Tx complete
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Table 12-1.  Reset and interrupt vectors in ATmega48. (Continued)

Vector no. | Program address | Source Interrupt definition
22 ox015 ADC ADC conversion complete
23 0x016 EE READY EEPROM ready
24 ox017 ANALOG COMP Analog comparator
25 0x018 TWI 2-wire serial interface
26 ox019 SPM READY Store program memory ready

The most typical and general program setup for the reset and interrupt vector addresses in the
Atmel ATmegad8 is:

Address Labels Code Comments

0x000 rimp RESET ; Reget Handler

0x001 rimp EXT_INTO ; IRQOD Handler

0x002 rimp EXT INT1 ; IRQl Handler

02003 rimp PCINTO ; PCINTO Handler

0x004 rimp PCINTL ; PCINT1 Handler

0006 rimp PCINTZ ; PCINTZ Handler

0x006 rimp WDT ; Watchdog Timer Handler

0x007 rimp TIMZ_COMPA ; Timeri Compare A Handler

0x008 rimp TIMZ_CCOMPB ; Timer2 Compare B Handler

0x009 rimp TIMZ_OVEF ; Timeri Overflow Handler

0x00A rimp TIM]l_CAET ; Timerl Capture Handler

0x00B rimp TIML_COMPA ; Timerl Compare A Handler

0x00C rijmp TIML_COMPE ; Timerl Compare B Handler

0x00D rimp TIM]l_OVF ; Timerl Overflow Handler

0x00E rimp TIMO_ COMPA ; Timerd Comparse A Handler

0x00F rimp TIMO_CCOMPB ; TimerQd Compare B Handler

0x010 rimp TIMO_OVE ; TimerQ Overflow Handler

0x011 rimp SPI_.ST¢C ; SPI Tranafer Complete Handler
0x012 rijmp USART_RXC ; USART, RX Complete Handler
0x013 rijmp USART_UDRE ; USART, UDE Empty Handler

0x014 rimp USART THC ; USART, TX Complete Handler
0x015 rimp ADC ; ADC Conversion Complete Handler
0x016 rimp EE_RDY ; EEFROM Ready Handler

0x017 rimp AME_COMP ; Analog Comparator Handler

0x018 rimp TWI ; Z-wire Serial Interface Handler
02019 rimp SPM_ROY ; Store Program Memory Ready Handler
0x01ARESET: 1di rlé, high(RAMEND); Main program start

0x01B out SPH, rlé : Set Stack Polnter to top of RAM
0x01C 1di rlé, low(RAMEND)

0x01D out SPL, rlé

0x01E zel ; Enable interrupts

0x01F <instr» XXX
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12.3 Interrupt vectors in Atmel ATmega88

Table 12-2.  Reset and interrupt vectors in ATmega88.

Program
Vector no. address® Source Interrupt definition
1 ox000( RESET External pin, power-on reset, brown-out reset and watchdog system reset
2 0x001 INTO Bdernal interrupt request 0
3 0x002 INT1 External interrupt request 1
4 0x003 PCINTO Pin change interrupt request 0
5 0x004 PCINTA Pin change interrupt request 1
6 0x005 PCINTZ2 Pin change interrupt request 2
7 0x006 WDT Watchdog time-out interrupt
8 %007 TIMER2 COMPA Timer/Counter2 compare match A
L2} 0x008 TIMER2 COMPB Timer/Counter2 compare match B
10 0x009 TIMER2 OVF Timer/Counter2 overflow
11 OxO0A TIMER1 CAPT Timer/Counter1 caplure event
12 0x00B TIMER1 COMPA Timer/Counter1 compare match A
13 0x00C TIMER1 COMPB Timer/Coutner1 compare maich B
14 0x00D TIMER1 OVF Timer/Counter1 overflow
15 O0x00E TIMERO COMPA Timer/Counterd compare match A
18 Ox00F TIMERO COMPB Timer/Counterd compare match B
17 o010 TIMERO OV Timer/CounterQ overflow
18 ox011 SPI, STC SPI serial transter complete
19 ox012 USART, RX USART BRx complete
20 0x03 USART, UDRE USART, data register empty
21 ox014 USART, TX USART, Tx complete
22 ox015 ADC ADC conversion complete
23 0x016 EE READY EEPROM reacdy
24 ooy ANALOG COMP Analog comparator
25 o018 TwI 2-wire senal interface
26 ox019 SPM READY Store program memary ready
MNotes: 1. When the BOOTRST fuse 1s programmed, the device will jJump to the boot loader address at
resel, see "Bool loader support — Read-while-write seli-programming, Atmel ATmega88 and
Atmel ATmegal68” on page 269.

2. When the VSEL bit in MCUCR is set, interrupt vectors will be moved to the start of the boot
flash section. The address of each Interrupt Vector will then be the address in this table added
to the start address of the boot flash section.

Table 12-3 on page 58 shows reset and interrupt vectors placement for the various combina-
tions of BOOTRST and IVSEL settings. If the program never enables an interrupt source, the
Interrupt Vectors are not used, and regular program code can be placed at these locations. This
is also the case if the reset vector is in the application section while the interrupt vectors are in
the boot section or vice versa.
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Table 12-3.  Reset and interrupt vectors placement in Atmel ATmegag8!).

BOOTRST IVSEL Reset address Interrupt vectors start address
1 0 0x000 ox001
1 1 0000 Boot reset address + 0x001
0 0 Boot reset address 0x001
4] 1 Boat reset address Boot reset address + 0x001

Note: 1. The boot reset address is shown in Table 27-6 on page 281 For the BOOTRST Fuse “17
means unprogrammed while “0” means programmed.

The most typical and general program setup for the reset and interrupt vector addresses in

ATmega88 is:
Address Labels Code Comments
0x000 rimp RESET ; Reget Handler
0x001 rimp EXT INTO ; IRQO Handler
0x002 rimp EXT INT1 ; IRQl Handler
0x003 rimp PCINTO ; PCINTO Handler
0x004 rimp PCINTL ; PCINT]1 Handler
02005 rimp PCINTZ ; PCINTZ Handler
0x006 rimp WDT ; Watchdog Timer Handler
0x007 rimp TIMZ_COMPA ; TimerZ Compare A Handler
0X008 rimp TIMZ_CCOMPB ; Timer2 Compare B Handler
0x009 rimp TIM2_ OVF ; Timer2 overflow Handler
0x00A rimp TIM]1 CAET ; Timerl Capture Handler
0x00B rimp TIM]_COMPA ; Timerl Compare A Handler
0x00C rimp TIM1_ COMPE ; Timerl Compare E Handler
0x00D rimp TIM1 OVF ; Timerl Overflow Handler
0x00E rimp TIMO_ COMPA ; Timerd Compare A Handler
0x00F rimp TIMO_COMPB ; TimerQd Compare B Handler
0x010 rimp TIMO_OVE ; TimerQ Overflow Handler
0x011 rimp SPI_STC ; SPI Transfer Complete Handler
0x012 rimp USART RXC ; USART, R¥ Complete Handler
0x013 rimp USART_UDRE ; USART, UDE Empty Handler
0x014 rimp USART_ TXC ; USART, TX Complete Handler
0x015 rimp ADC ; ADC Conversion Complete Handler
0x016 rimp EE_RDY : EEPROM Ready Handler
0x017 rimp AME_COMP ; Analog Comparator Handler
0x018 rimp TWI ; Z-wire Serial Interface Handler
0x019 rimp SPM_RDY ; Btore Program Memory Ready Handler
0x01ARESET: 1di rlé, high(RAMEND); Main program start
0x01B out SPH, rlé ; Set Stack Pointer to top of RAM
0x01C 1di rle, low(RAMEND)
0x01D out SPL, rle
0x01E gel ; Enable interrupts
0x01F <instr> xxXxX
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When the BOOTRST fuse is unprogrammed, the boot section size set to 2Kbytes and the [VSEL
bit in the MCUCR register is set before any interrupts are enabled, the most typical and general
program setup for the reset and interrupt vector addresses in Atmel ATmega88 is:

Address Labels Code Comments
02000 RESET: 1d4i rl6, high (RAMEND) ; Main program start

0x001 out SPH, rlé ; Set stack Polnter to top of RAM
0x002 1di rlé, low { RAMEND)

0x003 out SPL, rlé

0x004 sei ; Enable interrupts

0x006 <instr> xxx

Lorg 0xCc0l

0xCol rimp EXT_INTO ; IRQD Handler

0xC02 rimp EXT_INT1 ; IRQl Handler

0xCle rimp SPM_RDY ; Store Program Memory Ready Handler

When the BOOTRST fuse is programmed and the boot section size set to 2Kbytes, the most
typical and general program setup for the reset and interrupt vector addresses in ATmega88 is:

Addreszs Labels Code Conments

.org 0x001

0x001 rijmp EXT_INTO ; IRQO Handler

0x002 rimp EXT_INT1 ; IRgl Handler

0x019 rijmp SPM_RDY ; Store Program Memory Ready Handler
.org 0xC00

0xC00 RESET: 1ldi rlé, high (RAMEND) ; Main program start

0xC0l out SPH, rlé ; Set Stack Polnter to top of RAM
0xCo2 1di rlée, low (RAMEND)

0xC03 out SPL, rle

0xCco4 sel ; Enable interrupts

0xCob <instr>» xXxx

When the BOOTRST fuse is programmed, the boot section size set to 2Kbytes and the [VSEL
bit in the MCUCR register is set before any interrupts are enabled, the most typical and general
program setup for the reset and interrupt vector addresses in ATmega88 is:

Address Labels Code Comments

Lorg 0xC00

0xC00 rimp RESET : Reget handler

0xC01 rimp EXT INTO ; IRQO Handler

0xC02 rimp EXT INT1 ; IRQl Handler

0xC189 rimp SPM_ROY ; Store Program Memory Ready Handler
0xClh RESET: 14i rlé,high (RAMEND) ; Main program start

0xClB out SPH, rlé : Bet Stack Pointer to top of RAM
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oxclc 1di rlé, low (RAMEND)

0xClD out SPL, rlé

0xClE sei ; Enable interrupts
0xC1lF <instr» XXX

12.4 Interrupt vectors in Atmel ATmegal168

Table 12-4. Reset and interrupt vectors in ATmega168.

Program
Vector no. address'® Source Interrupt definition
1 ox0000l) RESET External pin, power-on reset, brown-out reset and watchdog system reset
2 0x0002 INTO External interrupt request 0
3 0x 0004 INT1 External interrupt request 1
4 0x0006 PCINTO Pin change interrupt request 0
5 0x0008 PCINTA Pin change interrupt request 1
6 Ox000A PCINT2 Pin change interrupt request 2
7 0x000C WDT Watchdog time-out interrupt
8 OxQ00E TIMER2 COMPA Timer/Counter2 compare match A
9 0x0010 TIMER2 COMPB Timer/Counter2 compare match B
10 Ox0012 TIMERZ CWVF Timer/Counter 2 overlow
11 0x0014 TIMER1 CAPT Timer/Counter1 capture event
12 0x0016 TIMER1 COMPA Timer/Counter 1 compare match A
13 00018 TIMER1 COMPB Timer/Coutner 1 compare match B
14 OO0 A TIMER1 OVF Timer/Counter1 overlow
15 0x001C TIMERO COMPA Timer/Counter® compare match A
16 Ox001E TIMERO COMPB Timer/Counter0 compare match B
17 0x0020 TIMERO OVF Timer/Counter0 overflow
18 0x0022 SPI, STC SPI serial transter complete
19 0x0024 USART, RX USART Rx complete
20 0x0026 USART, UDRE USART, data register empty
21 0x0028 USART, TX USART, Tx complete
22 Ox002A ADC ADC conversion complete
23 0x002C EE READY EEPROM ready
24 O02E ANALOG COMP Analog comparator
25 0x0030 TWI 2-wire serial interface
26 0x0032 SPM READY Store program memary ready
Motes: 1. When the BOOTRST fuse 1s programmed, the device will jJump to the boot loader address at
resel, see "Boot loader support — Read-while-wnte seli-programming, Atmel ATmega88 and
Atmel ATmegal68” on page 269.

2. When the IVSEL bit in MCUCR is set, interrupt vectors will be moved to the start of the boot
flash section. The address of each Interrupt Vecior will then be the address in this table added
to the start address of the boot flash section.
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Table 12-5 shows reset and interrupt vectors placement for the various combinations of
BOOTRST and IVSEL settings. If the program never enables an interrupt source, the interrupt
vectors are not used, and regular program code can be placed at these locations. This is also
the case if the reset vector is in the application section while the interrupt vectors are in the boot
section or vice versa.

Table 12-5. Reset and interrupt vectors placement in Atmel ATmegat 88",

BOOTRST IVSEL Reset address Interrupt vectors start address
1 0 0x000 0x001
1 1 %000 Boot reset address + Ox0002
0 Boot resel address Ox001
0 1 Boot resel address Boot reset address + Ox0002

Note: 1. The boot resel address is shown in Table 27-6 on page 281. For the BOOTRST fuse “17
means unprogrammed while “0” means programmed.

The most typical and general program setup for the reset and interrupt vector addresses in

ATmegalb8is:

Address Labels Code Comments

0x0000 Jjmp RESET ; Reset Handler

0x0002 Jmp EXT_INTO ; IRQOD Handler

0x0004 Jmp EXT_INT1 ; IRgl Handler

0x0006 Jmp PCINTO ; PCINTO Handler

0x0008 Jmp PCINTL ; PCINT1 Handler

0x0008 Jmp PCINTZ ; PCINTZ Handler

0x=000C Jjmp WDT ; Watchdog Timer Handler

0x000E Jjmp TIM2 COMPA ; TimerZ Comparse A Handler

020010 Jjmp TIMZ COMPE ; TimerZ Comparse B Handler

0x0012 Jmp TIMZ_OVEF ; Timeri Overflow Handler

020014 Jmp TIML_CAPT ; Timerl Capture Handler

0x0016 Jjmp TIML_COMPA ; Timerl Comparse A Handler

0x0018 Jmp TIML_COMPE ; Timerl Compare B Handler

0x001a Jmp TIML_OVE ; Timerl Overflow Handler

0x001C Jjmp TIMO_ COMPA ; Timerd Compare A Handler

0x001E Jjmp TIM0O_COMPE ; Timerd Comparse B Handler

0x0020 Jjmp TIMO_OVFE ; Timerd Ooverflow Handler

0x0022 Jmp SPIETe ; SPI Tranafer Complete Handler
020024 Jmp USART_R¥C ; USART, RX Complete Handler
0x0026 Jmp USART_UDRE ; USART, UDE Empty Handler

0x0028 Jjmp USART_TXC ; USART, TX Complete Handler
0x0028 Jmp ADC ; ADC Convergion Complete Handler
0x002C Jjmp EE_RDY ; EEFROM Ready Handler

0x002E Jjmp ANA COMP ; Analog Comparator Handler
0x0030 Jmp TWI ; Z-wire Serial Interface Handler
0x0032 Jmp SPM_RDY ; Store Program Memory Ready Handler
0x0033RESET - 1di rlé, high(RAMEND): Main program start
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0x0034 out SPH, rlé ; Set Stack Pointer to top of RAM
0x0035 1di rlé, low (RAMEND)

0x0036 out SPL, rlé

0x0037 2ei ; Enable interrupts

0x0038 <instr> XX

When the BOOTRST fuse is unprogrammed, the boot section size set to 2Kbytes and the IVSEL
bitin the MCUCR Register is set before any interrupts are enabled, the most typical and general
program setup for the reset and interrupt vector addresses in Atmel ATmegal68is:

Address Labkels Code Comments

0x0000 RESET: 1di rlé, high (RAMEND) ; Main program start

020001 out SPH, rlé ; Set Stack Polnter to top of RAM
0x0no2 1di rle, low (RAMEND)

0x0003 out SPL, rl6

0x0004 sel ; Enable interrupts

0x0005 <instr> XXX

.org 0xC02

0xlcoz Jjmp EXT INTO ; IRQO Handler

0x1co4d Jmp EXT_INTL1 ; IEgl Handler

0x1C32 Jmp SPM_RDY ; Btore Program Memory Ready Handler

When the BOOTRST fuse is programmed and the boot section size set to 2Kbytes, the most
typical and general program setup for the reset and interrupt vector addresses in ATmegal168 is:

Address Labels Code Comments

Lorg 0x0002

020002 Jmp EXT INTO ; IRQO Handler

0x0004 Jmp EXT INT1 ; IRQl Handler

0x0032 Jmp SPM_RLOY ; Store Program Memory Ready Handler
.org 0x1CO00

Ozx1co0 RESET: 14i rl6,high (RAMEND) ; Main program start

Ox1lc0l out SPH, rlé ; Bet sStack Polnter to top of RAM
0x1co2 1di rlée, low (RAMEND)

0x1Ca3 out SPL, rlé

0xl1co4d 2el ; Enable interrupts

0x1cob <instr» XXX
When the BOOTRST fuse is programmed, the boot section size set to 2Kbytes and the IVSEL
bit in the MCUCR register is set before any interrupts are enabled, the most typical and general
program setup for the reset and interrupt vector addresses in ATmegal68 is:
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Address Labels Code Comments

.org 0x1C00

0x1C00 Jmp RESET ; Reget handler

0x1C02 Jmp EXT_INTO ; IRQO Handler

0x1co4d Jmp EXT_INT1 ; IRQl Handler

0x1C32 Jmp SPM_RDY ; Store Program Memory Ready Handler
0x1C33 RESET: 14di rl6,high (RAMEND) ; Main program start

0xl1c34 out SPH, rle ; Set Stack Pointer to top of RAM
0x1C35 1di rle, low (RAMEND)

0x1C3e out SPL, rlée

0x1C37 zel ; Enable interrupts

0x1C38 <instr> xxx

1241 Moving interrupts between application and boot space, Atmel ATmega8s8 and Atmel ATmega168
The MCU control register controls the placement of the interrupt vector table.

12.5 Register description

12.5.1 MCUCR - MCU control register

Bit 7 5 5 4 El 2 1 0

as(oesy P - ] - - PUD - - IVSEL IVCE ]| MCUCR
Feadinrite R R R R R R AW RN

Initial value 0 ] ] ] 0 0 0 0

+ Bit 1 —IVSEL: Interrupt vector select

When the IVSEL bit is cleared (zero), the interrupt vectors are placed at the start of the flash
memory. When this bit is set {one), the interrupt vectors are moved to the beginning of the boot
loader section of the flash. The actual address of the start of the boot flash section is determined
by the BOOTSZ fuses. Refer to the section “Boot loader support — Read-while-write self-pro-
gramming, Atmel ATmega88 and Atmel ATmegal68” on page 269 for details. To avoid
unintentional changes of interrupt vector tables, a special write procedure must be followed to
change the IWSEL bit

a. Wirite the interrupt vector change enable {IVCE) bit to one.

b. Within four cycles, write the desired value to IVSEL while writing a zero to IVCE.
Interrupts will automatically be disabled while this sequence is executed. Interrupts are disabled
in the cycle IVCE is set, and they remain disabled until after the instruction following the write to
IVSEL. If IVSEL is not written, interrupts remain disabled for four cycles. The I-bitin the status
register is unaffected by the automatic disabling.

Note: It interrupt vectors are placed in the boot loader section and boot lock bit BLBO2 is programmed,
interrupts are disabled while executing from the Application section_ If interrupt vectors are placed
in the Application section and boot lock bit BLB12 is programmed, interrupis are disabled while
executing from the Boot Loader section. Refer to the section “Boot loader support — Read-while-
wrile self-programming, Atmel ATmega88 and Atmel ATmega168” on page 269 for details on
Boot Lock bits.

This bit is not available in Atmel ATmega48.
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¢ Bit 0 — IVCE: Interrupt vector change enable

The IVCE bit must be written to logic one to enable change of the IVSEL bit. VCE is cleared by
hardware four cycles after it is written or when IVSEL is written. Setting the [VCE bit will disable
interrupts, as explained in the IVSEL description above. See code example below.

Assembly code example

Move_interrupts:
; Gat MOUCR
in rlé, MCUCR
mov rl17, rlé
; Enable change of Interrupt Vectors
orl rlé, (1<<IVCE)
out MCUCR, rlé
; Move Iinterrupts to Boot Flash section
1di1 rl17, (1<<IVSEL)
out MCUCR, rl7

rat

C code example

vold Move interrupts(vold)

1

uchar temp;
f* Gat MCUCR*/
temp = MCUCR
/* Enakle change of Interrupt Vectors */
MCUCR = temp| (l<<IVCE);
/* Move interrupts to Boot Flash section */
MCUCR = temp|({l<<IVSEL) ;

'

This bit is not available in Atmel ATmega48.
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13. External interrupts

The external interrupts are triggered by the INTO and INT1 pins or any of the PCINT23..0 pins.
Observe that, if enabled, the interrupts will trigger even if the INTO and INT1 or PCINT23..0 pins
are configured as outputs. This feature provides a way of generating a software interrupt. The
pin change interrupt PCI2 will trigger if any enabled PCINT23..16 pin toggles. The pin change
interrupt PCH will trigger if any enabled PCINT14..8 pin toggles. The pin change interrupt PCIO
will trigger if any enabled PCINT7..0 pin toggles. The PCMSK2, PCMSK1 and PCMSKO regis-
ters control which pins contribute to the pin change interrupts. Pin change interrupts on
PCINT23..0 are detected asynchronously. This implies that these interrupts can be used for
waking the part also from sleep modes other than idle mode.

The INTO and INT1 interrupts can be triggered by a falling or rising edge or a low level. This is
set up as indicated in the specification for the external interrupt control register A — EICRA.
When the INTO or INT1 interrupts are enabled and are configured as level triggered, the inter-
rupts will trigger as long as the pin is held low. Note that recognition of falling or rising edge
interrupts on INTO or INT1 requires the presence of an /O clock, described in “Clock systems
and their distribution” on page 27. Low level interrupt on INTO and INT1 is detected asynchro-
nously. This implies that this interrupt can be used for waking the part also from sleep modes
other than Idle mode. The I/O clock is halted in all sleep modes except Idle mode.

Note that if a level triggered interrupt is used for wake-up from power-down, the required level
must be held long enough for the MCU to complete the wake-up to trigger the level interrupt. If
the level disappears before the end of the start-up time, the MCU will still wake up, but no inter-
rupt will be generated. The start-up time is defined by the SUT and CKSEL Fuses as described
in “System clock and clock options” on page 27.

13.1 Pin change interrupt timing
An example of iming of a pin change interrupt is shown in Figure 13-1.

Figure 13-1. Timing of pin change interrupts.
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13.2 Register description

13.2.1 EICRA - External interrupt control register A
The external interrupt control register A contains control bits for interrupt sense control.

Bit 7 & 5 4 ) 2 1 0

(Ox89) l - | - | - | - | 1SCi1 | 1SC10 | 1SCo1 | 1SC00 I EICRA
Readinrite R R R R R A R PR

Initial value 0 0 ] 0 0 0 0 0

¢ Bit 7..4 — Res: Reserved bits
These bits are unused bits in the Atmel ATmegad8/88/168, and will always read as zero.

¢ Bit3, 2-ISC11, ISC10: Interrupt sense control 1 bit 1 and bit 0

The extemal interrupt 1 is activated by the extemnal pin INT1 if the SREG I-flag and the corre-
sponding interrupt mask are set. The level and edges on the external INT1 pin that activate the
interrupt are defined in Table 13-1. The value on the INT1 pin is sampled before detecting
edges. If edge or toggle interrupt is selected, pulses that last longer than one clock period will
generate an interrupt. Shorter pulses are not guaranteed to generate an interrupt. If low level
interrupt is selected, the low level must be held until the completion of the currently executing
instruction to generate an interrupt.

Table 13-1. Interrupt 1 sense control.

ISC11 ISC10 Description
0 o] The low level of INT1 generates an interrupt request
0 1 Any logical change on INT1 generates an interrupt request
1 0 Thefalling edge of INT1 generates an interrupt request
1 1 The rising edge of INT1 generaies an interrupl request

¢ Bit 1, 0-ISCO01, ISC00: Interrupt sense control 0 bit 1 and bit 0

The extemal interrupt O is activated by the extemnal pin INTO if the SREG I-flag and the corre-
sponding interrupt mask are set. The level and edges on the external INTO pin that activate the
interrupt are defined in Table 13-2. The value on the INTO pin is sampled before detecting
edges. If edge or toggle interrupt is selected, pulses that last longer than one clock period will
generate an interrupt. Shorter pulses are not guaranteed to generate an interrupt. If low level
interrupt is selected, the low level must be held until the completion of the currently executing
instruction to generate an interrupt.

Table 13-2.  Interrupt O sense control.

15001 15000 Description
0 o] The low level of INTO generates an interrupt request
0 1 Any logical change on INTO generates an interrupt request
1 0 The falling edge of INTO generates an interrupl request
1 1 The rising edge of INTO generates an interrupt request
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13.2.2 EIMSK — External interrupt mask register

Bit 7 & 5 4 3 2 1 o
o) o= 1 = ] - = = - INTT | INTO | EmMsK
Readfurite A R R R R R R RN

Initial value 0 0 0 ] 0 0 0 0

+ Bit 7..2 — Res: Reserved bits
These bits are unused bits in the Atmel ATmegad8/88/168, and will always read as zero.

¢ Bit 1 —INT1: External interrupt request 1 enable

When the INT1 bit is set (one) and the |-bit in the status register (SREG) is set (one), the exter-
nal pin interrupt is enabled. The interrupt sense controll bits 1/0 (ISC11 and ISC10) in the
external interrupt control register A (EICRA) define whether the external interrupt is activated on
rising and/or falling edge of the INT1 pin or level sensed. Activity on the pin will cause an inter-
rupt request even if INT1 is configured as an output. The corresponding interrupt of external
interrupt request 1 is executed from the INT1 interrupt vector.

* Bit 0 —INTO: External interrupt request 0 enable

When the INTO bit is set (one) and the |-bit in the status register (SREG) is set (one), the exter-
nal pin interrupt is enabled. The interrupt sense Control0 bits 1/0 (ISCO1 and ISC00) in the
external interrupt control register A (EICRA) define whether the external interrupt is activated on
rising and/or falling edge of the INTO pin or level sensed. Activity on the pin will cause an inter-
rupt request even if INTO is configured as an output. The corresponding interrupt of external
interrupt request 0 is executed from the INTO interrupt vector.

13.23 EIFR — External interrupt flag register

Bit 7 6 5 4 3 2 1 o
oo oesy [oe e - - - - INTFT | INTFO | EIFR
Readfwrite R R R R R R R Ry

Initial value 0 0 0 0 0 0 0 o

+ Bit 7..2 — Res: Reserved bits
These bits are unused bits in the ATmegad8/88/168, and will always read as zero.

¢ Bit 1 —INTF1: External interrupt flag 1

When an edge or logic change on the INT1 pin triggers an interrupt request, INTF1 becomes set
{one). If the |-bitin SREG and the INT1 bitin EIMSK are set (one), the MCU will jump to the cor-
responding interrupt vector. The flag is cleared when the interrupt routine is executed.
Alternatively, the flag can be cleared by writing a logical one to it. This flag is always cleared
when INT1 is configured as a level interrupt.

¢ Bit 0 —INTFO: External interrupt flag 0

When an edge or logic change on the INTO pin triggers an interrupt request, INTFO becomes set
{one). If the I-bitin SREG and the INTO bitin EIMSK are set (one), the MCU will jump to the cor-
responding interrupt vector. The flag is cleared when the interrupt routine is executed.
Alternatively, the flag can be cleared by writing a logical one to it. This flag is always cleared
when INTO is configured as a level interrupt.
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13.24 PCICR - Pin change interrupt control register

Bit 7 5 5 4 3 2 1 0

(0x58) I - |1 - 1 - - - PCIE2 PCIE1 PCiE0 | PcicR
Readfurite R R R R R R R R

Initial value a 0 0 0 a 0 0 0

+ Bit 7.3 - Res: Reserved bits
These bits are unused bits in the Atmel ATmega48/88/168, and will always read as zero.

¢ Bit 2 - PCIE2: Pin change interrupt enable 2

When the PCIE2 bit is set (one) and the |-bit in the status register (SREG) is set (one), pin
change interrupt 2 is enabled. Any change on any enabled PCINT23..16 pin will cause an inter-
rupt. The corresponding interrupt of pin change interrupt request is executed from the PCI2
interrupt vector. PCINT23..16 pins are enabled individually by the PCMSK2 register.

¢ Bit 1 - PCIE1: Pin change interrupt enable 1

When the PCIE1 bit is set (one) and the |-bit in the status register (SREG) is set (one), pin
change interrupt 1 is enabled. Any change on any enabled PCINT14..8 pin will cause an inter-
rupt. The corresponding interrupt of pin change interrupt request is executed from the PCI1
interrupt vector. PCINT14..8 pins are enabled individually by the PCMSK1 register.

¢ Bit 0 - PCIEO: Pin change interrupt enable 0

When the PCIEO bit is set (one) and the |-bit in the status register (SREG) is set (one), pin
change interrupt 0 is enabled. Any change on any enabled PCINT7..0 pin will cause an interrupt.
The corresponding interrupt of pin change interrupt request is executed from the PCIO interrupt
vector. PCINT7..0 pins are enabled individually by the PCMSKO register.

13.25 PCIFR - Pin change interrupt flag register

Bit 7 3 5 4 3 2 1 1]
e s
0x1B [(0x3B) I - | - | - - - PCIF2 PCIF1 | PCIFO PCIFR
Readfwrite 3] R R R R RN R R
Initial value 0 0 0 0 0 o 0 0

+ Bit 7..3 - Hes: RHeserved bits
These bits are unused bits in the ATmegad8/88/168, and will always read as zero.

¢ Bit 2 - PCIF2: Pin change interrupt flag 2

When a logic change on any PCINT23..16 pin triggers an interrupt request, PCIF2 becomes set
(one). If the I-bit in SREG and the PCIEZ2 bit in PCICR are set (one), the MCU will jump to the
corresponding Interrupt Vector. The flag is cleared when the interrupt routine is executed. Alter-
natively, the flag can be cleared by writing a logical one to it

« Bit 1- PCIF1: Pin change interrupt flag 1

When a logic change on any PCINT14..8 pin triggers an interrupt request, PCIF1 becomes set
{one). If the I-bit in SREG and the PCIE1 bit in PCICR are set (one), the MCU will jump to the
corresponding Interrupt Vector. The flag is cleared when the interrupt routine is executed. Alter-
natively, the flag can be cleared by writing a logical one to it
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+ Bit 0 - PCIFO: Pin change interrupt flag 0

When a logic change on any PCINT7..0 pin triggers an interrupt request, PCIFO becomes sat
(one). If the |-bit in SREG and the PCIEO bit in PCICR are set (one), the MCU will jump to the
corresponding Interrupt Vector. The flag is cleared when the interrupt routine is executed. Alter-
natively, the flag can be cleared by writing a logical one to it

13.26 PCMSK2 — Pin change mask register 2

Bit 7 g 5 4 3 2 1 0

[0x6D) PCINTZ23 PCINT22 PCINT21 PCINT20 PCINT19 PCINT18 PCINTi17 PCINTi6 PCISK2
Readfarite RAA R RAN RAY RAY R RAY RAW

Initial value 0 0 0 0 0 0 0 0

¢ Bit 7..0— PCINT23..16: Pin change enable mask 23..16
Each PCINT23..16-bit selects whether pin change interrupt is enabled on the corresponding /O
pin. If PCINT23..16 is set and the PCIE2 bit in PCICR is set, pin change interrupt is enabled on

the corresponding I/O pin. If PCINT23..16 is cleared, pin change interrupt on the corresponding
1/O pin is disabled.

13.2.7 PCMSK1 - Pin change mask register 1

Bit 7 6 5 4 3 2 1 0
(0x6C) [ = | PciNTia | PCINTiZ | PCINTiZ | PCINTIT | PGINTIO | PGINTS | PONTE | PCMSK
Readfarite ] W R W FOW P FUM FUW
Initial value 0 0 0 0 0 0 0 0

+ Bit 7 — Res: Reserved bit
This bit is an unused bitin the Atmel ATmega48/88/168, and will always read as zero.

* Bit 6..0 — PCINT14..8: Pin change enable mask 14..8
Each PCINT14..8-bit selects whether pin change interrupt is enabled on the corresponding /O
pin. If PCINT14..8 is set and the PCIE1 bitin PCICR is set, pin change interrupt is enabled on

the corresponding /O pin. If PCINT14..8 is cleared, pin change interrupt on the corresponding
/0 pin is disabled.

13.28 PCMSKO — Pin change mask register 0

Bt 7 6 5 4 3 2 i 0

{0X6E) [FCINTT ] FCINTE | PCINTS | PCINTA | PCINTE ] PCINTZ ] PCINTT ] PCINTO ] PCMSKO
Readinrite R R Fow Fow R R R R

Initial value 0 0 0 0 0 0 0 0

¢ Bit 7..0— PCINT7..0: Pin change enable mask 7..0
Each PCINT?..0 bit selects whether pin change interrupt is enabled on the corresponding /O
pin. If PCINT7..0 is set and the PCIEOQ bitin PCICR is set, pin change interrupt is enabled on the

corresponding I/O pin. If PCINT7..0 is cleared, pin change interrupt on the corresponding I/0 pin
is disabled.
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14. /O-ports

141 Overview

All AVR ports have true Read-Modify-Write functionality when used as general digital /O ports.
This means that the direction of one port pin can be changed without unintentionally changing
the direction of any other pin with the SBI and CBI instructions. The same applies when chang-
ing drive value {if configured as output) or enabling/disabling of pull-up resistors (if configured as
input). Each output buffer has symmetrical drive characteristics with both high sink and source
capability. The pin driver is strong enough to drive LED displays directly. All port pins have indi-
vidually selectable pull-up resistors with a supply-voltage invariant resistance. All /O pins have
protection diodes to both V., and Ground as indicated in Figure 14-1. Refer to “Electrical char-
acteristics” on page 303 for a complete list of parameters.

Figure 14-1. /O pin equivalent schematic.

pu

&

Logic

See figure
"General Digital 1/O" for
details

Cpin I
All registers and bit references in this section are written in general form. A lower case “X” repre-
sents the numbering letter for the port, and a lower case “n” represents the bit number. However,
when using the register or bit defines in a program, the precise form must be used. For example,
PORTB3 for bit no. 3 in Port B, here documented generally as PORTxn. The physical I/O Regis-
ters and bit locations are listed in “Register description” on page 87.

Three /O memory address locations are allocated for each port, one each for the Data Register
— PORTZx, Data Direction Register — DDRx, and the Port Input Pins — PINx. The Port Input Pins
/O location is read only, while the Data Register and the Data Direction Register are read/write.
However, writing a logic one to abitin the PINx Register, will resultin a toggle in the correspond-
ing bit in the Data Register. In addition, the Pull-up Disable — PUD bit in MCUCR disables the
pull-up function for all pins in all ports when set.

Using the /O port as General Digital /O is described in “Ports as general digital 'O on page 72.
Most port pins are multiplexed with alternate functions for the peripheral features on the device.
How each alternate function interferes with the port pin is described in “Altermate port functions”
on page 76. Refer to the individual module sections for a full description of the alternate
functions.
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Note that enabling the alterate function of some of the port pins does not affect the use of the
other pins in the port as general digital /O.

14.2 Ports as general digital I/O

The ports are bi-directional I/O ports with optional internal pull-ups. Figure 14-2 shows a func-
tional description of one I/O-port pin, here generically called Pxn.

Figure 14-2. General digital /O

A

0
=l 2
L m
=
=
=
- WDx.  WRITEDDRx
PUD PULLUP DISABLE R READ DDFx
SIEEP:  SLEEP GONTROL WRe  WRTEPORTx
otk 70 GLOGK Afse READ POFTx REGISTER
APx READ POFT PIN
WPx WRITE PlNx REGISTER

Note: 1. WRx, WPx, WDx, RRx, RPx, and RDx are common to all pins within the same port. clk o,
SLEEP. and PUD are common 1o all ports.

14.21 Configuring the pin
Each port pin consists of three register bits: DDxn, PORTxn, and PINxn. As shown in “Register
description” on page 87, the DDxn bits are accessed at the DDRx /O address, the PORTxn bits
at the PORTx I/O address, and the PINxn bits at the PINx /O address.

The DDxn bit in the DDRx Register selects the direction of this pin. If DDxn is written logic one,
Pxn is configured as an output pin. If DDxn is written logic zero, Pxn is configured as an input
pin.

If PORTxn is written logic one when the pin is configured as an input pin, the pull-up resistor is
activated. To switch the pull-up resistor off, PORTxn has to be written logic zero or the pin has to
be configured as an output pin. The port pins are tri-stated when reset condition becomes active,
even if no clocks are running.
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If PORTxn is written logic one when the pin is configured as an output pin, the port pin is driven
high (one). If PORTxn is written logic zero when the pin is configured as an output pin, the port
pin is driven low (zero).

14.2.2 Toggling the pin
Writing a logic one to PINxn toggles the value of PORTxn, independent on the value of DDRxn.
Note that the SBl instruction can be used to toggle one single bitin a port.

14.23 Switching between input and output
When switching between tri-state ({DDxn, PORTxn} = 0b00) and output high ({DDxn, PORTxn}
=0b11), an intermediate state with either pull-up enabled {DDxn, PORTxn} = 0b01) or output
low ({DDxn, PORTxn} = 0b10) must occur. Normally, the pull-up enabled state is fully accept-
able, as a high-impedance environment will not notice the difference between a strong high
driver and a pull-up. If this is not the case, the PUD bit in the MCUCR Register can be set to dis-
able all pull-ups in all ports.

Switching between input with pull-up and output low generates the same problem. The user
must use either the tri-state ({DDxn, PORTxn} = 0b00) or the output high state ({DDxn, PORTxn}
=0b11) as an intermediate step.

Table 14-1 summarizes the control signals for the pin value.

Table 14-1.  Port pin configurations.

DDxn PORTxn {in hﬁgSCR) 110 Pull-up | Comment
0 o] X Input Nao Tri-state (Hi-Z)
0 1 0 Input Yes Pxn will source current it ext. pulled low
0 1 1 Input No Tri-state (Hi-Z)
1 o] X Qutput Na Output low (sink)
1 1 X Qutput No Cutput high {source)

14.2.4 Reading the pin value

Independent of the setting of Data Direction bit DDxn, the port pin can be read through the
PINxn Register bit. As shown in Figure 14-2 on page 72, the PINxn Register bit and the preced-
ing latch constitute a synchronizer. This is needed to avoid metastability if the physical pin
changes value near the edge of the internal clock, but it also introduces a delay. Figure 14-3 on
page 74 shows a timing diagram of the synchronization when reading an externally applied pin
value. The maximum and minimum propagation delays are denoted t and t
respectively.

pd,max pd.min
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Figure 14-3. Synchronization when reading an externally applied pin value.

SYSTEMCLK __| | | | L
INSTRUCTIONS :)( HEX g X M nnrene
SYNC LATCH V7
PINxn
r7 000 M oxFE
o Lpd, mae o
. ‘m-m‘"'

Consider the clock period starting shortly after the first falling edge of the system clock. The latch
is closed when the clock is low, and goes transparent when the clock is high, as indicated by the
shaded region of the “SYNC LATCH” signal. The signal value is latched when the system clock
goes low. Itis clocked into the PINxn Register at the succeeding positive clock edge. As indi-
cated by the two arrows tpd,max and tpd,min, a single signal transition on the pin will be delayed
between 'z and 12 system clock period depending upon the time of assertion.

When reading back a software assigned pin value, a nop instruction must be inserted as indi-
cated in Figure 14-4. The out instruction sets the “SYNC LATCH” signal at the positive edge of
the clock. In this case, the delay tpd through the synchronizer is one system clock period.

Figure 14-4. Synchronization when reading a software assigned pin value.

SYSTEM CLK _| | L

rié OxFF
INSTRUCTIONS —__» owrortarie K rop K mrrpime
SYNC LATCH
PINxn
r17 %00 M mFF

The following code example shows how to set port B pins 0 and 1 high, 2 and 3 low, and define
the port pins from 4 to 7 as input with pull-ups assigned to port pins 6 and 7. The resulting pin
values are read back again, but as previously discussed, a nop instruction is included to be able
to read back the value recently assigned to some of the pins.
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Assembly code example'!

; Dafine pull-ups and set outputs high
; Dafine directions for port ping
1dil rl6, (1<<PE7) | (1<<PB6&) | {(1<<PEl) | (1<<PEO)
lai r17, (1<<DDB3} | {1<<DDB2) | (1<<DDB1} | (1<<DDE0)
out PORTE, rlé
out DLCRE, rl7
Insert nop for synchronization
nop
; Read port pins
in rlé,PINB

C code example

unsigned char i:

/* Dafine pull-ups and set outputs high */

f* Define directions for port ping */7

PORTB = (1<<PB7)|{1<<PB6) | (1<<PBl} | (1<<PB0);
DDRB = (1<<DDB3) | {1<<DDB2) | {1<<DLE1) | (1<<DDBO) ;
J* Insert nop for synchronizatiom*/
__no_operation();

/* Read port pins */
i = PINB;

Note: 1. For the assembly program, two temporary registers are used to minimize the time from pull-
ups are set on pins 0, 1,6, and 7, until the direction bits are correcily set, defining bit 2 and bit
3 aslow and redefining bits 0 and 1 as strong high drivers.

14.25 Digital input enable and sleep modes
As shown in Figure 14-2 on page 72, the digital input signal can be clamped to ground at the
input of the Schmitt Trigger. The signal denoted SLEEP in the figure, is set by the MCU Sleep
Controller in Power-down mode, Power-save mode, and Standby mode to avoid high power
consumption if some input signals are left floating, or have an analog signal level close to V../2.

SLEEP is overridden for port pins enabled as extemnal interrupt pins. If the external interrupt
request is not enabled, SLEEP is active also for these pins. SLEEP is also overridden by various
other alternate functions as described in “Alternate port functions” on page 76.

If a logic high level (“one’) is present on an asynchronous external interrupt pin configured as
“Interrupt on Rising Edge, Falling Edge, or Any Logic Change on Pin” while the extemal interrupt
is not enabled, the corresponding External Interrupt Flag will be set when resuming from the
above mentioned Sleep mode, as the clamping in these sleep mode produces the requested
logic change.

14.2.6 Unconnected pins
If some pins are unused, it is recommended to ensure that these pins have a defined level. Even
though most of the digital inputs are disabled in the deep sleep modes as described above, float-
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ing inputs should be avoided to reduce current consumption in all other modes where the digital
inputs are enabled (Reset, Active mode and Idle mode).

The simplest method to ensure a defined level of an unused pin, is to enable the intemal pull-up.
In this case, the pull-up will be disabled during reset. If low power consumption during reset is
important, itis recommended to use an external pull-up or pull-down. Connecting unused pins
directly to V. or GND is not recommended, since this may cause excessive currents if the pin is
accidentally configured as an output.

14.3 Alternate port functions
Most port pins have alternate functions in addition to being general digital I/Os. Figure 14-5
shows how the port pin control signals from the simplified Figure 14-2 on page 72 can be over-
ridden by alternate functions. The overriding signals may not be present in all port pins, but the
figure serves as a generic description applicable to all port pins in the AVR microcontroller
family.

Figure 14-5. Alternate port functions'!.

PUOExn A

PUOW=n

DDOExn

. DDCKsn
b . oo
Do
B

PUOEsn

F FUCxn

1]

w
e
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[P <J 0
=
54

DIECE:=n Pl
o<} DIECHn
RR=
SLEEP r
SYNCHRONIZER
‘] [z
= P Dbxn
> AIOxn

PUCExn:  Pxn PULL-UP CWERRIDE ENABLE PUD PULLUP DISABLE

FUCAn  Pxn PLLL-UP OV ERAIDE YaLUE WD WRITE DR

DDOE:n:  Pxn DATA DIRECTION OVERRIDE ENAELE RO READ DDRx

DDOVsn:  Pxn DATA DIRECTION QVERRIDE VALLE RRx: READ PORTx REGI STER

PWOExn:  Pxn PORT WALLE OVERRIDE EMNABLE iR WRITE PORT:

PYOVxn:  Pyn PORT WALUE OVERFIDE VALUE FiPx READ PORTx PIN

DIEDEm: Pan DIGITAL INPUTFENABLE OVERRIDE ENABLE = WRITE PiNz

DIEQWxn:  Pon DIGITAL INPUT-ENABLE OVERRIDE VALUE cli, 110 CLOCK

SLEER.  SLEEP CONTROL Dixn: DIGITAL INPUT PIN n ON FORT:

PTOExn P, PORT TOGGLE OVERRIDE ENABLE AlO:zn: ANALOG INPUTIOUTPUT FIN n ON PORTx

Note: 1. WRx, WPx, WDx, RRx, RPx, and RDx are common to all pins within the same port. clk g,
SLEEP, and PUD are common 1o all ports. All other signals are unique for each pin.
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Table 14-2 summarizes the function of the overriding signals. The pin and portindexes from Fig-
ure 14-5 on page 76 are not shown in the succeeding tables. The overriding signals are

generated internally in the modules having the alternate function.

Table 14-2.  Generic description of overriding signals for alternate functions.
Signal name Full name Description
Pl oviarride If this signal is set, the pull-up enable is controlled by the PUCY
PUCOE enabIE signal. If this signal is cleared, the pull-up is enabled when
{DDxn, PORTxn, PUD} = 0bo10.
Piillis svsiides It PUCE i1s set, the pull-up is enabled/disabled when PUCV 1s
PUOV sl P sel/cleared, regardless of the selting of the DDxn, PCRTxn,
and PUD Register bits.
o If this signal is set, the Cutput Driver Enable is controlled by the
Data direction ! bR ; R
DDOE Serde erable DD signal. f this signal is cleared, the Output driver is
enabled by the DDxn Register bit.
o If DDOE is set, the Output Driver is enabled/disabled when
Data direction . -
DDOV : DDOV i1s set/cleared. regardless of the setting of the DDxn
overnde value : g
Register bit.
If this signal is set and the Output Driver is enabled, the port
PVOE Port value override | value is controlled by the PYOV signal. It PYOE is cleared, and
enable the Cutput Driver 1s enabled, the port Value is controlled by the
PORTxn Register bit.
PVOV Port value override | If PVOE is set, the port value i1s set to PVOV, regardless of the
value setting of the PORTxn Register bit.
PTOE Raritegale If PTOE is set, the PORTxn Register bit is inverted.
averride enable
Digital input enable I this bit is sel, the Digital Input Enable 1s controlled by the
DIEQE ovgerride ';nable DIECA signal. Ii this signal is cleared, the Digial Input Enable
1s determined by MCU statle {(Normal mode, sleep mode).
(ETT A" If DIECE is set, the Digital Input is enabled/disabled when
DIECY gal inp DIECW is seticleared, regardless of the MCLU state (Normal
override value
mode, sleep mode).
This is the Digital Input to alternate functions. In the figure, the
signal is connected to the output of the Schmitt Trigger but
DI Digital input belore the synchronizer. Unless the Digital Input 1s used as a
clock source, the module with the alternate function will use 1ts
own synchronizer.
ARE This 1s the Analog Input/output tofrom alternate functions. The
AlO . g signal 1s connecied directly 1o the pad, and can be used bi-
input/output S
directionally.

The following subsections shortly describe the alternate functions for each port, and relate the
overriding signals to the alternate function. Refer to the alternate function description for further

details.
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14.3.1 Alternate functions of port B
The port B pins with alternate functions are shown in Table 14-3.

Table 14-3.  Port B pins alternate functions.

Port pin Alternate functions

XTALZ {chip clock oscillator pin 2)
PBY TOSC2 (timer oscillator pin 2)
PCINT? (pin change interrupt 7)

XTAL1 (chip clock oscillator pin 1 or external clock input)
PB& TOSCA (timer oscillator pin 1)
PCINTS (pin change interrupt 6)

SCK {SPI bus master clock Input)

ki PCINTS (pin change interrupt 5)

MISC (SPI bus master input/slave output)

Fes PCINT4 (pin change interrupt 4)

MOSI (SPI bus master output/slave input)
PB3 QC2A ( Timer/Counter? output compare maich A output)
PCINT3 (pin change interrupt 3)

55 (SPI bus masler slave select)
PB2 OC1B ( Timer/Counter1 output compare maich B output)
PCINTZ (pin change interrupt 2)

COC1A (Timer/Counter1 output compare match A output)

EE PCINT1 {pin change interrupt 1)

ICP1 (Timer/Counterl input capture input)
PBO CLKO (divided system clock output)
PCINTO (pin change interrupt 0)

The alternate pin configuration is as follows:

¢ XTALZTOSC2/PCINT7 — Port B, bit7

XTAL2: Chip clock oscillator pin 2. Used as clock pin for crystal Oscillator or Low-frequency
crystal Oscillator. When used as a clock pin, the pin can not be used as an I/O pin. When exter-
nal clock is connected to XTAL1 this pin can be used as an /O pin.

TOSC2: Timer Oscillator pin 2. Used only if internal calibrated RC Oscillator is selected as chip
clock source, and the asynchronous timer is enabled by the correct setting in ASSR. When the
AS2 bitin ASSR is set (one) and the EXCLK bit is cleared (zero) to enable asynchronous clock-
ing of Timer/Counter2 using the Crystal Oscillator, pin PB7 is disconnected from the port, and
becomes the inverting output of the Oscillator amplifier. In this mode, a crystal Oscillator is con-
nected to this pin, and the pin cannot be used as an /O pin.

PCINT7: Pin Change Interrupt source 7. The PB7 pin can serve as an external interrupt source.
If PB7 is used as a clock pin, DDB7, PORTB7 and PINB7 will all read 0.
e XTALV/TOSCA/PCINTG — Port B, bit6

XTAL1: Chip clock oscillator pin 1. Used for all chip clock sources except internal calibrated RC
Oscillator. When used as a clock pin, the pin can not be used as an /O pin.
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TOSCA: Timer Oscillator pin 1. Used only if internal calibrated RC Oscillator is selected as chip
clock source, and the asynchronous timer is enabled by the correct setting in ASSR. When the
AS2 bitin ASSR is set (one) to enable asynchronous clocking of Timer/Counter2, pin PB& is dis-
connected from the port, and becomes the input of the inverting Oscillator amplifier. In this
mode, a crystal Oscillator is connected to this pin, and the pin can not be used as an I/O pin.

PCINT&: Pin Change Interrupt source 6. The PB6 pin can serve as an external interrupt source.

If PB6 is used as a clock pin, DDB&, PORTB6 and PINB& will all read 0.

¢ SCK/PCINTS5 — Port B, bit 5

SCK: Master Clock output, Slave Clock input pin for SPI channel. When the SPl is enabled as a
Slave, this pin is configured as an input regardless of the setting of DDB5. When the SPl is
enabled as a Master, the data direction of this pin is controlled by DDBS. When the pin is forced
by the SPI to be an input, the pull-up can still be controlled by the PORTBS bit.

PCINT5: Pin Change Interrupt source 5. The PB5 pin can serve as an external interrupt source.

¢ MISO/PCINT4 — Port B, bit4

MISO: Master Data input, Slave Data output pin for SPI channel. When the SPl is enabled as a
Master, this pin is configured as an input regardless of the setting of DDB4. When the SPl is
enabled as a Slave, the data direction of this pin is controlled by DDB4. When the pin is forced
by the SPI to be an input, the pull-up can still be controlled by the PORTB4 bit.

PCINT4: Pin Change Interrupt source 4. The PB4 pin can serve as an external interrupt source.

¢« MOSKFOC2/PCINTS — Port B, bit 3

MOSI: SPI Master Data output, Slave Data input for SPI channel. When the SPI is enabled as a
Slave, this pin is configured as an input regardless of the setting of DDB3. When the SPlis
enabled as a Master, the data direction of this pin is controlled by DDB3. When the pin is forced
by the SPI to be an input, the pull-up can still be controlled by the PORTB3S bit.

OC2, Output Compare Match Output: The PB3 pin can serve as an external output for the
Timer/Counter2 Compare Match. The PB3 pin has to be configured as an output (DDB3 set
(one)) to serve this function. The OC2 pin is also the output pin for the PWM mode timer
function.

PCINT3: Pin Change Interrupt source 3. The PB3 pin can serve as an external interrupt source.

« SS/0C1B/PCINT2 - Port B, bit 2

S85: Slave Select input. When the SPl is enabled as a Slave, this pin is configured as an input
regardless of the setting of DDB2. As a Slave, the SPI is activated when this pin is driven low.
When the SPIlis enabled as a Master, the data direction of this pin is controlled by DDB2. When
the pin is forced by the SPI to be an input, the pull-up can still be controlled by the PORTB2 bit.

OC1B, Output Compare Match output: The PB2 pin can serve as an external output for the
Timer/Counterl Compare Match B. The PB2 pin has to be configured as an output (DDB2 set
(one)) to serve this function. The OC1B pin is also the output pin for the PWM mode timer
function.

PCINTZ2: Pin Change Interrupt source 2. The PB2 pin can sere as an external interrupt source.
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¢ OC1A/PCINT1 - Port B, bit 1

OC1A, Output Compare Match output: The PB1 pin can serve as an external output for the
Timer/Counterl Compare Match A. The PB1 pin has to be configured as an output (DDB1 set
(one)) to serve this function. The OC1A pin is also the output pin for the PWM mode timer
function.

PCINT1: Pin Change Interrupt source 1. The PB1 pin can serve as an external interrupt source.

¢ ICP1/CLKO/PCINTO — Port B, bit 0
ICP1, Input Capture Pin: The PBO pin can act as an Input Capture Pin for Timer/Counter1.
CLKO, Divided System Clock: The divided system clock can be output on the PBO pin. The

divided system clock will be output if the CKOUT Fuse is programmed, regardless of the
PORTBO and DDBO settings. It will also be output during reset.

PCINTO: Pin Change Interrupt source 0. The PBO pin can serve as an external interrupt source.

Table 14-4 and Table 14-5 on page 81 relate the alternate functions of Port B to the overriding
signals shown in Figure 14-5 on page 76. SPI MSTR INPUT and SPI SLAYE OUTPUT consti-
tute the MISO signal, while MOSI is divided into SPIMSTR OUTPUT and SPI SLAVE INPUT.

Table 14-4.  Overriding signals for alternate functions in PB7..PB4.
Signal PB7/XTAL2/ PBG/XTAL1/ PB5/SCK/ PB4/MISO/
name TOSC2PCINT7( TOSC1/PCINTG!" PCINTS PCINT4
PUOE ES;RC. EXTCK+ INTRC + AS2 SPE + MSTR SPE+MSTR
PUOV 0 0 PORTBS ¢« PUD PORTB4 « PUD
DDCE LI‘\\IS;RC. EXTCH INTRC + AS2 SPE + MSTR SPE+MSTR
DDOV 0 0 0 0
PVOE 0 0 SPE + MSTR SPE+MSTR
SPISLAVE

PVOV 0 0 SCK OUTPUT QUTPUT

INTRG « EXTCK + ——
DIEQE AS2 + PCINT7 » [HIRG Ao PCINTS5« PCIEO PCINT4 « PCIEO

PCINT6 « PCIEQ

PCIEO
piEoy | INTRC+ BXTCK)* | \nyTRe + AS2 1 1

AS2

PCINTS INPUT PCINT4 INPUT
DI PCINT? INPUT PCINT6 INPUT SCK INPUT SPIMSTR INPUT
AlD Oscillator Output IOSC'"‘“O” Clisck - -
nput
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Notes: 1. INTRC means that one of the internal RC Oscillators are selected (by the CKSEL fuses),
EXTCK means that exiernal clock 1s selecied {(by the CKSEL fuses).

Table 14-5.  Overriding signals for alternate functions in PB3..PBO.

Signal | PBIMOSY PB2/SS! PB1/OC1A/ PBOACP1/
name | OCZPCINTS OC1B/PCINT2 PCINT1 PCINTO
PUOE | SPE+MSTR SPE - MSTR 0 0
PUOY | PORTB3+ PUD PORTE2 « PUD 0 )
DDOE | SPE«MSTR SPE+MSTR 0 0
Doy | o 0 0 0
SPE+MSTR+
BYOE | Leoi Cabi GG1B ENABLE GC1A ENABLE 0
SPIMSTR OUTPUT
Bl | Piens GGIB GC1A 0
DIEOE | PCINT3 + PCIED PCINT2 « PCIED PCINT1 « PCIEO PCINTG » PCIED
DIEGY | 1 1 1 1
PCINT3 INPUT PCINT2 INPUT PCINTG INPUT
Rl SPISLAVE INPUT | SPISS ERINTL IR, ICP1 INPUT
AlD - - - =

14.3.2 Alternate functions of portC
The port C pins with alternate functions are shown in Table 14-6.

Table 14-6.  Port C pins alternate functions.

Port pin Alternate function

RESET (reset pin)
PCINT14 {pin change interrupt 14)

ADCS5 (ADC input channel 5)
PC5 SCL {2-wire senal bus clock line)
PCINT13 {pin change interrupt 13)

ADC4 (ADC input channel 4)
PC4 SDA (2-wire serial bus data input/output line)
PCINT12 {pin change interrupt 12)

ADC3 (ADC Input Channel 3)

PCe

RS PCINT11 {Pin Change Interrupt 11}
P2 ADGC2 (ADC input channel 2)
PCINT14 {pin change interrupt 10)
PCA ADC1 (ADC input channel 1)
PCINT® (pin change interrupt 9)
PCO ADCO (ADC input channel 0)

PCINTS (pin change interrupt 8)

The alternate pin configuration is as follows:
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« RESET/PCINT14 - Port C, bit 6

RESET, Reset pin: When the RSTDISBL Fuse is programmed, this pin functions as a normal /0
pin, and the part will have to rely on Power-on Reset and Brown-out Reset as its reset sources.
When the RSTDISBL Fuse is unprogrammed, the reset circuitry is connected to the pin, and the
pin can notbe used as an I/O pin.

If PC6 is used as a reset pin, DDC6, PORTCS and PINC& will all read 0.

PCINT14: Pin Change Interrupt source 14. The PC86 pin can serve as an external interrupt
source.

« SCL/ADCS/PCINT13 — Port C, bit 5

SCL, 2-wire Serial Interface Clock: When the TWEN bitin TWCR is set (one) to enable the 2-
wire Serial Interface, pin PC5 is disconnected from the port and becomes the Serial Clock /0
pin for the 2-wire Serial Interface. In this mode, there is a spike filter on the pin to suppress
spikes shorter than 50ns on the input signal, and the pin is driven by an open drain driver with
slew-rate limitation.

PCS can also be used as ADC input Channel 5. Note that ADC input channel 5 uses digital
power.

PCINT13: Pin Change Interrupt source 13. The PCS pin can serve as an external interrupt
source.

¢« SDA/ADCA/PCINT12 - Port C, bit 4

SDA, 2-wire Serial Interface Data: When the TWEN bitin TWCR is set (one) to enable the 2-wire
Serial Interface, pin PC4 is disconnected from the port and becomes the Serial Data 1/O pin for
the 2-wire Serial Interface. In this mode, there is a spike filter on the pin to suppress spikes
shorter than 50ns on the input signal, and the pin is driven by an open drain driver with slew-rate
limitation.

PC4 can also be used as ADC input Channel 4. Note that ADC input channel 4 uses digital
power.

PCINT12: Pin Change Interrupt source 12. The PC4 pin can serve as an external interrupt
source.

¢ ADC3/PCINT11 - Port C, bit3
PC3 can also be used as ADC input Channel 3. Note that ADC input channel 3 uses analog
power.

PCINT11: Pin Change Interrupt source 11. The PC3 pin can serve as an external interrupt
source.

¢« ADC2/PCINT10 - Port C, bit 2
PC2 can also be used as ADC input Channel 2. Note that ADC input channel 2 uses analog
power.

PCINT10: Pin Change Interrupt source 10. The PC2 pin can serve as an external interrupt
source.

¢ ADCA/PCINTS - Port C, bit 1
PC1 can also be used as ADC input Channel 1. Note that ADC input channel 1 uses analog
power.
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PCINT9: Pin Change Interrupt source 9. The PC1 pin can serve as an external interrupt source.

¢ ADCO/PCINTS — Port C, bit 0
PCO can also be used as ADC input Channel 0. Note that ADC input channel 0 uses analog

power.

PCINT8: Pin Change Interrupt source 8. The PCO pin can serve as an external interrupt source.

Table 14-7 and Table 14-8 relate the alternate functions of Port C to the overriding signals
shown in Figure 14-5 on page 76.

Table 14-7.  Overriding signals for alternate functions in PC8..PC4l1!
Signal
name PC6/RESET/PCINT14 PC5/SCL/ADCS/PCINT13 PC4/SDA/ADCA4/PCINT12
PUGE RSTDISBL TWEN TWEN
PUDY 1 PORTCS » PUD PORTC4 + PUD
DDOE RSTDISBL TWEN TWEN
DDOV 0 SCL_ouT SDA_QUT
PVOE 4} TWEN TWEN
PVOV 0 0 0
DIEGE E(S:;EISBL gy PCINT13 « PCIE1 + ADC5D PCINT12 « PCIE1 + ADC4D
DIEQY | RSTDISBL PCINT13 « PCIE1 PCINT12+ PCIE1
DI PCINT14 INPUT PCINT13 INPUT PCINT12 INPUT
AlO RESET INPUT ADCS5 INPUT /SCL INPUT ADC4 INPUT / SDA INPUT
Note: 1. When enabled, the 2-wire Senal Interface enables slew-raie controls on the output pins PC4
and PC5. This 1s not shown in the figure. In addition, spike filters are connected between the
Al outputs shown in the port figure and the digital logic of the TWI module.
Table 14-8.  Overriding signals for alternate functions in PC3..PCO.
Signal | PC3/ADC3/ PC2/ADC2/ PC1/ADC1/ PCO/ADCO/
hame PCINT11 PCINT10 PCINTS PCINT8
PUOE 0 0 0 0
PUDV ¢} 0 0 0
DDOE 0 0 0 [0}
DDOV 0 0 0 0
PVOE 0 0 0 0
PV 0 0 0 0
DIEQE PCINT11+PCIE1 + | PCINT10+« PCIE1+ | PCINTS « PCIET + PCINT8+ PCIET +
ADC3D ADC2D ADC1D ADCOD
DIEQY | PCINT11 « PCIE1 PCINT10« PCIE1 PCINT9 « PCIE1 PCINT8 « PCIE1
DI PCINT11 INPUT PCINT10 INPUT PCINTS INPUT PCINT8 INPUT
AlO ADC3 INPUT ADC2 INPUT ADC1 INPUT ADCO INPUT
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14.3.3  Alternate functions of port D
The port D pins with alternate functions are shown in Table 14-9.

Table 14-9.  Port D pins alternate functions.

Port pin Alternate function

AIN1 (analog comparator negative input)

FDz PCINT23 (pin change interrupt 23)

AINO (analog comparator positive input)
PDs oA (Timer/Counterd output compare match A output)
PCINTZ22 {pin change interrupt 22)

T1 {Timer/Counter 1 external counter input)
PD5 OCOB (Timer/Counterd output compare maich B output)
PCINT21 {pin change interrupt 21}

XCK (USART exdernal clock input/output)
PD4 To {Timer/Counter0 external counter input)
PCINT20 (pin change interrupt 20)

INT1 (external interrupt 1 input)
PD3 0OC2B (Timer/Counter?2 output compare match B output)
PCINT19 {pin change interrupt 19)

INTO (external interrupt O input)

PR PCINT18 {pin change interrupt 18}
PD1 TXD (USART output pin)

PCINT17 (pin change interrupt 17)
PDO RXD (USART input pin}

PCINT16 {pin change interrupt 16)

The alternate pin configuration is as follows:

* AIN1/OC2B/PCINT23 — Port D, bit 7

AIN1, Analog Comparator Negative Input. Configure the port pin as input with the internal pull-up
switched off to avoid the digital port function from interfering with the function of the Analog
Comparator.

PCINT23: Pin Change Interrupt source 23. The PD7 pin can serve as an external interrupt
source.

¢ AINO/OCOA/PCINT22 — Port D, bit 6

AINO, Analog Comparator Positive Input. Configure the port pin as input with the internal pull-up
switched off to avoid the digital port function from interfering with the function of the Analog
Comparator.

OCOA, Output Compare Match output: The PD6 pin can serve as an external output for the
Timer/Counter0 Compare Match A. The PD6 pin has to be configured as an output (DDD6& set
{one)) to serve this function. The OCOA pin is also the output pin for the PWM mode timer
function.

PCINT22: Pin Change Interrupt source 22. The PD6 pin can serve as an external interrupt
source.
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¢« T1/OCOB/PCINT21 — Port D, bit 5
T1, Timer/Counteri counter source.

QOCOB, Output Compare Match output: The PD5 pin can serve as an external output for the
Timer/CounterQd Compare Match B. The PD5 pin has to be configured as an output (DDD5 set
(one)) to serve this function. The OCOB pin is also the output pin for the PWM mode timer
function.

PCINT21: Pin Change Interrupt source 21. The PDS pin can serve as an external interrupt
source.

e XCKITOPCINT20 - Port D, bit 4
XCK, USART extemal clock.

T0O, Timer/Counter0 counter source.

PCINT20: Pin Change Interrupt source 20. The PD4 pin can serve as an external interrupt
source.

¢ INT1/OC2B/PCINT19 — Port D, bit 3
INT1, External Interrupt source 1: The PD3 pin can serve as an external interrupt source.

OC2B, Output Compare Match output: The PD3 pin can serve as an external output for the
Timer/Counterd Compare Match B. The PD3 pin has to be configured as an output (DDD3 set
(one)) to serve this function. The OC2B pin is also the output pin for the PWM mode timer
function.

PCINT19: Pin Change Interrupt source 18. The PD3 pin can serve as an external interrupt
source.

e INTO/PCINT18 — Port D, bit 2

INTO, External Interrupt source 0: The PD2 pin can serve as an extemal interrupt source.
PCINT18: Pin Change Interrupt source 18. The PD2 pin can serve as an external interrupt
source.

¢ TXD/PCINT17 - Port D, bit 1

TXD, Transmit Data {Data output pin for the USART). When the USART Transmitteris enabled,
this pin is configured as an output regardless of the value of DDD1.

PCINT17: Pin Change Interrupt source 17. The PD1 pin can serve as an external interrupt
source.

¢ RXD/PCINT16 — Port D, bit 0

RXD, Receive Data (Data input pin for the USART). When the USART Receiver is enabled this
pin is configured as an input regardless of the value of DDDO. When the USART forces this pin
to be an input, the pull-up can still be controlled by the PORTDO bit.

PCINT186: Pin Change Interrupt source 16. The PDO pin can serve as an external interrupt
source.

Table 14-10 on page 86 and Table 14-11 on page 86 relate the altemate functions of Port D to
the overriding signals shown in Figure 14-5 on page 76.
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Table 14-10. Overriding signals for alternate functions PD7..PD4.

Signal | PD7/AIN1 PDG/AINO/ PD5T1/0GOBY PDAXCKS
name | /PCINT23 OCOA/PCINT22 PCINT21 TO/PCINT20
PUDE |o 0 0 0
PUD 0 0 0 0
DDOE | o 0 0 0
pbov | o 0 0 0
PVOE | o OGoA ENABLE (C0B ENABLE UMSEL
pvav | o OC0A 0coB XCK QUTPUT
DIEGE | PCINT23 - PCIE2 PCINT22 » PGIE2 PCINT21 » PCIE2 PGINT20 » PCIE2
DIECY | 1 1 1 1
DI PCINT23 INPUT PCINT22 INPUT ?ﬂﬁ;ﬁ}'” REIT )F;g:(N kgﬂpm

To INPUT
Al AINTINPUT AINO INPUT . -

Table 14-11. Overriding signals for alternate functions in PD3..PDO.

Signal | PD3/OC2BANT1/ PD2NTO/ PDA/TXDS PDO/RXD/
hame | PCINT19 PCINT18 PCINT17 PCINT16

PUDE |[o 0 TXEN RXEN

PUO 0 0 0 PORTDO « PUD
DDOE | o 0 TXEN RXEN

obov | o 0 1 0

PVOE | OG2B ENABLE 0 TXEN 0

PVOV | oCzB 0 ™D 0

DIEQE :E(JI‘NE:\];F'F;E@ p&gfﬁ;%gl’h PCINT17+PCIEZ | PCINT16+ PGIE2
DIECY | 1 1 1 1
R L
AlD = = = -
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14.4 Register description

14.4.1 MCUCR - MCU control register

Bit 7 5 5 4 3 2 1 0

0x35 (0x55) I - | - - FUD - - IVSEL IVCE I MCUCR
Readfarite R R A AN A A ALY RAY

Initial value 0 0 0 0 0 0 0 0

¢ Bit 4 — PUD: Pull-up disable

When this bit is written to one, the pull-ups in the |/O ports are disabled even if the DDxn and
PORTxn Registers are configured to enable the pull-ups ({DDxn, PORTxn} = 0b01). See “Con-
figuring the pin® on page 72 for more details about this feature.

14.4.2 PORTB — The port B data register

Bit T 6 g 4 g 2 1 0
0x05 (0x25) I PORTB? | PORTBE PORTBES PORTE4 PORTB3 PORTB2 PORTE1 PORTBO I PORTB
Readwrite RV R R R R R RAW RAW
Initial value o o o 0 0 0 0 0

1443 DDRB - The port B data direction register

Bit 7 i1 ] 4 3 2 1 0
0x04 (0x24) I DDB? | DDEB6 | DDBS DDB4 DDB3 DDB2 DDB1 DDBO I DDRB
Readfwrite Ry RAY RAY R R R R R
Initial value 0 0 0 0 0 0 0 0

14.4.4 PINB - The port B input pins address

Bit 7 B 5 4 3 2 1 0

0x03 (0%23) I PINB? | PINBE PINBS PINB4 PINB3 PINB2 PINB1 | PINBO PINB
Readiwrite [ [ [ [ R R R R

Initial value N/A N/A N/A NAA MAA K MiA MiA

1445 PORTC - The port C data register

Bit 7 B 5 4 3 2 1 0
008 (0x28) I = | PORTCE PORTCS PORTC4 PORTC3 PORTC2 PORTC1 PORTCO I PORTC
Readfwrite [ RAY RAY RAWY RAW RAW RAW RAWY
Initial value o o o ] 0 ] ] ]

14.4.6 DDRC - The port C data direction register

Bit 7 & 5 4 3 2 1 0

0x07 (0x27) I - | DDCs | DDCS DDC4 DDC3 DDC2 DDCA1 DDCO I DDRC
Readfwrite [ RAY RAY RAW RAR RAW RAW RAW

Initial value 0 0 0 0 0 0 0 0

14.4.7 PINC — The port C input pins address

Bit 7 i} g 4 3 2 1 0
D06 (0x28) I - | PINCS PINCS PINC4 | PINC3 PINC2 | PINC1 | PINCO I PINC
Readiwrite R R R R R [ R R
Initial value ] N/A N/A MrA MAA MiA MiA MiA
AIMEL 87
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1448 PORTD - The port D data register
Bit 7 i} 5 4 3 2 1 0
0=0B (Dx2B) I PORTD? | PORTDE PORTDS PORTD4 PORTD3 PORTD2 PORTD1 PORTDO I PORTD
Readfwrite Ry RAY R Ry Ry Ry R R
Initial value o o o 0 0 0 0 0
1449 DDRD - The port D data direction register
Bit 7 8 5 4 3 2 1 b
0x0A(0x24) [ DDD7 | DDD6 DDD5 DDD4 DDD3 DDD2 DDD1 ppD0 | DDRD
Readiwrite RIW RIW RAW RN RN RAW RAW RAW
Initial value o o o 0 0 0 0 0
14.4.10 PIND - The port D input pins address
Bit 7 i} ) 4 3 2 1 0
0x09 (0x29) PIND7 | _PINDE PIND5 PIND4 PIND3 PIND2 PIND1_|_PINDO PIND
Readhvrite R R R R R R R R
Initial value Nias NiA NiA NiA NiA NiA NiA NiA
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15. 8-bit Timer/Counter0 with PWM

15.1 Features
* Two independent output compare units
* Double butfered output compare registers
¢ Clear timer on compare match (auto reload)
+ Glitch free, phase correct pulse width modulator (PWM)
* Variable PWM period
* Frequency generator
* Three independent interrupt sources (TOV0, OCFOA, and OCFOB)

15.2 Overview
Timer/Counter0 is a general pumpose 8-bit Timer/Counter module, with two independent Output
Compare Units, and with PWM support. It allows accurate program execution timing (event man-
agement) and wave generation.

A simplified block diagram of the 8-bit Timer/Counter is shown in Figure 15-1 on page 90. For
the actual placement of 1/0 pins, refer to “Pinout Atmel ATmega48/88/168." on page 2. CPU
accessible /O Registers, including IO bits and 1/O pins, are shown in bold. The device-specific
1/0 Register and bit locations are listed in the “Register description” on page 101.

The PRTIMO bitin “Minimizing power consumption” on page 41 must be written to zero to enable
Timer/Counter0 module.
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Figure 15-1. 8-bit timer/counter block diagram.
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15.2.1 Definitions

G

Many register and bit references in this section are written in general form. A lower case “n

iy, ®

replaces the Timer/Counter number, in this case 0. A lower case “X” replaces the Output Com-
pare Unit, in this case Compare Unit A or Compare Unit B. However, when using the register or
bit defines in a program, the precise form must be used, thatis, TCNTO for accessing
Timer/Counter0 counter value and so on.

The definitions in Table 15-1 are also used extensively throughout the document.
Table 15-1.  Definitions.
BOTTOM | The counter reaches the BOTTOM when it becomes 0x00.
MAX The counter reaches its MAXimum when it becomes OxFF (decimal 255).

TOP The counter reaches the TOP when it becomes equal to the highest value in the
count sequence. The TOP value can be assigned to be the fixed value OxFF
(MAX) or the value stored in the OCROA Register. The assignhment is depen-
dent on the mode of operation.

15.2.2 Registers
The Timer/Counter {TCNTO) and Output Compare Registers (OCROA and OCROB) are 8-bit
registers. Interrupt request (abbreviated to Int.req. in the figure) signals are all visible in the
Timer Interrupt Flag Register (TIFRO). All interrupts are individually masked with the Timer Inter-
rupt Mask Register (TIMSKO). TIFRO and TIMSKO are not shown in the figure.
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The Timer/Counter can be clocked internally, via the prescaler, or by an external clock source on
the TO pin. The Clock Select logic block controls which clock source and edge the Timer/Counter
uses to increment (or decrement) its value. The Timer/Counter is inactive when no clock source
is selected. The output from the Clock Select logic is referred to as the timer clock (clkyg).

The double buffered Output Compare Registers (OCROA and OCROB) are compared with the
Timer/Counter value at all times. The result of the compare can be used by the Waveform Gen-
erator to generate a PWM or variable frequency output on the Output Compare pins (OCOA and
OCOB). See “Using the output compare unit’ on page 118. for details. The compare match event
will also set the Compare Flag (OCFOA or OCFOB) which can be used to generate an Output
Compare interrupt request.

15.3 Timer/counter clock sources
The Timer/Counter can be clocked by an internal or an external clock source. The clock source
is selected by the Clock Select logic which is controlled by the Clock Select (CS02:0) bits
located in the Timer/Counter Control Register (TCCROB). For details on clock sources and pres-
caler, see “Timer/Counterd and Timer/Counter1 prescalers” on page 137.

15.4 Counter unit
The main part of the 8-bit Timer/Counter is the programmable bi-directional counter unit. Figure
15-2 shows a block diagram of the counter and its surroundings.

Figure 152. Counter unit block diagram.

TOVn

DATA BUS - fntreq)
’—' Clock seled
TCNTn CCT::: Control logic o dggg‘%r i
direction
[From prescaler)
bottomT Ttop
Signal description (intermal signals):

count Increment or decrement TCNTO by 1.
direction Select between increment and decrement.
clear Clear TCNTO (set all bits to zero).
clky, Timer/Counter clock, referred to as clky, in the following.
top Signalize that TCNTO has reached maximum value.
bottom Signalize that TCNTO has reached minimum value (zero).

Depending of the mode of operation used, the counter is cleared, incremented, or decremented
at each timer clock (clky,). clky; can be generated from an external or internal clock source,
selected by the Clock Select bits (CS502:0). When no clock source is selected (C502:0 = Q) the
timer is stopped. However, the TCNTO value can be accessed by the CPU, regardless of
whether clk; is present or not. A GPU write overrides (has priority over) all counter clear or
count operations.
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The counting sequence is determined by the setting of the WGMO01 and WGMOO bits located in
the Timer/Counter Control Register (TCCROA) and the WGMO2 bit located in the Timer/Counter
Control Register B (TCCROB). There are close connections between how the counter behaves
{counts) and how waveforms are generated on the Output Compare outputs OCOA and OCOB.
For more details about advanced counting sequences and waveform generation, see ‘Modes of
operation” on page 94.

The Timer/Counter Overflow Flag (TOVO0) is set according to the mode of operation selected by
the WGMO2:0 bits. TOVO can be used for generating a CPU interrupt.

15.5 Output compare unit

The 8-bit comparator continuously compares TCNTO with the Output Compare Registers
(OCROA and OCROB). Whenever TCNTO equals OCROA or OCROB, the comparator signals a
match. A match will set the Output Compare Flag (OCFOA or OCFOB) at the next timer clock
cycle. If the corresponding interrupt is enabled, the Output Compare Flag generates an Qutput
Compare interrupt. The Output Compare Flag is automatically cleared when the interrupt is exe-
cuted. Alternatively, the flag can be cleared by software by writing a logical one to its /O bit
location. The Waveform Generator uses the match signal to generate an output according to
operating mode set by the WGMO02:0 bits and Compare Output mode (COMO0x1:0) bits. The max
and bottom signals are used by the Waveform Generator for handling the special cases of the
extreme values in some modes of operation (‘Modes of operation” on page 84).

Figure 15-3 shows a block diagram of the Output Compare unit.

Figure 15-3. OQutput compare unit, block diagram.
DATA BUS
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The OCROx Registers are double buffered when using any of the Pulse Width Modulation
(PWM) modes. For the normal and Clear Timer on Compare (CTC) modes of operation, the dou-
ble buffering is disabled. The double buffering synchronizes the update of the OCROx Compare
Reqgisters to either top or bottom of the counting sequence. The synchronization prevents the
occurrence of odd-length, non-symmetrical PWM pulses, thereby making the output glitch-free.
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The OCROx Register access may seem complex, but this is not case. When the double buffering
is enabled, the CPU has access to the OCROx Buffer Register, and if double buffering is dis-
abled the CPU will access the OCROx directly.

15.5.1 Force output compare
In non-PWM waveform generation modes, the match output of the comparator can be forced by
writing a one to the Force Output Compare (FOCOx) bit. Forcing compare match will not set the
OCFOx Flag or reload/clear the timer, but the OCOx pin will be updated as if a real compare
match had occurred (the COMOx1:0 bits settings define whether the OCOx pin is set, cleared or
toggled).

15.5.2 Compare match blocking by TCNTO write
All CPU write operations to the TCNTO Register will block any compare match that occur in the
next timer clock cycle, even when the timer is stopped. This feature allows OCROx to be initial-
ized to the same value as TCNTO without triggering an interrupt when the Timer/Counter clock is
enabled.

15.5.3 Using the output compare unit
Since writing TCNTO in any mode of operation will block all compare matches for one timer clock
cycle, there are risks involved when changing TCNTO when using the Qutput Compare Unit,
independently of whether the Timer/Counter is running or not. If the value written to TCNTO
equals the OCROx value, the compare match will be missed, resulting in incorrect waveform
generation. Similarly, do not write the TCNTO value equal to BOTTOM when the counter is
downcounting.

The setup of the OCOx should be performed before setting the Data Direction Register for the
port pin to output. The easiest way of setting the OCOx value is to use the Force Qutput Com-
pare (FOCOx) strobe bits in Normal mode. The OC0x Registers keep their values even when
changing between Waveform Generation modes.

Be aware that the COMOx1:0 bits are not double buffered together with the compare value.
Changing the COMOx1:0 bits will take effect immediately.

15,6 Compare match output unit

The Compare Output mode (COMOx1:0) bits have two functions. The Waveform Generator uses
the COMOx1:0 bits for defining the Qutput Compare (OCOx) state at the next compare match.
Also, the COMO0x1:0 bits control the OCOx pin output source. Figure 15-4 on page 94 shows a
simplified schematic of the logic affected by the COMOx1:0 bit setting. The /O Registers, I/O
bits, and I/O pins in the figure are shown in bold. Only the parts of the general I/O port control
registers (DDR and PORT) that are affected by the COMOx1:0 bits are shown. When referring to
the OCOx state, the reference is for the internal OCOx Register, not the OCOx pin. If a system
reset occur, the OCOx Register is reset to “0”.
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Figure 15-4. Compare match output unit, schematic.
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The general I/O port function is overridden by the Output Compare (OCO0x) from the Waveform
Generator if either of the COMOx1:0 bits are set. However, the OCOx pin direction (input or out-
put) is still controlled by the Data Direction Register (DDR) for the port pin. The Data Direction
Register bit for the OCOx pin (DDR_OCO0x) must be set as output before the OCOx value is visi-
ble on the pin. The port override function is independent of the Waveform Generation mode.

The design of the Output Compare pin logic allows initialization of the OCOx state before the out-
put is enabled. Note that some COMOx1:0 bit settings are reserved for certain modes of
operation. See “Register description” on page 101.

15.6.1 Compare output mode and waveform generation
The Waveform Generator uses the COMOx1:0 bits differently in Normal, CTC, and PWM modes.
For all modes, setting the COMO0x1:0 = 0 tells the Waveform Generator that no action on the
OCOx Register is to be performed on the next compare match. For compare output actions in the
non-PWM modes refer to Table 15-2 on page 101. For fast PWM mode, refer to Table 15-3 on
page 101, and for phase correct PWM refer to Table 15-4 on page 102,

A change of the COMOx1:0 bits state will have effect at the first compare match after the bits are
written. For non-PWM modes, the action can be forced to have immediate effect by using the
FOCOx strobe bits.

15.7 Modes of operation

The mode of operation, thatis, the behavior of the Timer/Counter and the Output Compare pins,
is defined by the combination of the Waveform Generation mode (WGMO02:0) and Compare Out-
put mode (COMOx1:0) bits. The Compare Output mode bits do not affect the counting sequence,
while the Waveform Generation mode bits do. The COMOx1:0 bits control whether the PWM out-
put generated should be inverted or not (inverted or non-inverted PWM). For non-PWM modes
the COMOx1:0 bits control whether the output should be set, cleared, or toggled at a compare
match (See “Compare match output unit” on page 93.).

For detailed timing information refer to “Timer/counter timing diagrams” on page 99.
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15.7.1 Normal mode

The simplest mode of operation is the Normal mode (WGMO02:0 = 0). In this mode the counting
direction is always up (incrementing), and no counter clear is performed. The counter simply
overruns when it passes its maximum 8-bit value (TOP = 0xFF) and then restarts from the bot-
tom (0x00). In normal operation the Timer/Counter Overflow Flag (TOVO) will be set in the same
timer clock cycle as the TCNTO becomes zero. The TOVO Flag in this case behaves like a ninth
bit, except that it is only set, not cleared. However, combined with the timer overflow interrupt
that automatically clears the TOVO Flag, the timer resolution can be increased by software.
There are no special cases to consider in the Normal mode, a new counter value can be written
anytime.

The Output Compare unit can be used to generate interrupts at some given time. Using the Out-
put Compare to generate waveforms in Normal mode is not recommended, since this will
oceupy too much of the CPU time.

15.7.2 Clear timer on compare match (CTC) mode
In Clear Timer on Compare or CTC mode (WGMO02:0 = 2), the OCROA Register is used to
manipulate the counter resolution. In CTC mode the counter is cleared to zero when the counter
value (TCNTO) matches the OCROA. The OCROA defines the top value for the counter, hence
also its resolution. This mode allows greater control of the compare match output frequency. It
also simplifies the operation of counting external events.

The timing diagram for the CTC mode is shown in Figure 15-5. The counter value (TCNTO)
increases until a compare match occurs between TCNTO and OCROA, and then counter
(TCNTO) is cleared.

Figure 15-5. CTC mode, timing diagram.

T ——
TCNTR / / '/77_

ocn |
ttoggle) —

Period Il' 1 + 2 'Il' a—+—4—-|

An interrupt can be generated each time the counter value reaches the TOP value by using the
OCFOA Flag. If the interrupt is enabled, the interrupt handler routine can be used for updating
the TOP value. However, changing TOP to a value close to BOTTOM when the counter is run-
ning with none or a low prescaler value must be done with care since the CTC mode does not
have the double buffering feature. If the new value written to OCROA is lower than the current
value of TCNTO, the counter will miss the compare match. The counter will then have to count to
its maximum value (OxFF) and wrap around starting at 0x00 before the compare match can
oceur.

(G0N0 = 1)

For generating a waveform output in CTC mode, the OCOA output can be set to toggle its logical
level on each compare match by setting the Compare Output mode bits to toggle mode
{(COMOA1:0 =1). The OCOQA value will not be visible on the port pin unless the data direction for
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the pin is set to output. The waveform generated will have a maximum frequency of fony =
fo_1o/2 when OCROA is set to zero (0x00). The waveform frequency is defined by the following

(el
equation:

r - fc]kiUO
OCnx T 2. N.- (1 + OCRnx)

The M variable represents the prescale factor (1, 8, 64, 256, or 1024).

As for the Normal mode of operation, the TOVO0 Flag is set in the same timer clock cycle that the
counter counts from MAX to 0x00.

1573  Fast PWM mode

The fast Pulse Width Modulation or fast PWM mode (WGMO02:0 = 3 or 7) provides a high fre-
quency PWM waveform generation option. The fast PWM differs from the other PWM option by
its single-slope operation. The counter counts from BOTTOM to TOP then restarts from BOT-
TOM. TOP is defined as 0xFF when WGM2:0 = 3, and OCROA when WGM2:0 = 7. In non-
inverting Compare Output mode, the Output Compare (OCOX) is cleared on the compare match
between TCNTO and OCROx, and set at BOTTOM. In inverting Compare Output mode, the out-
put is set on compare match and cleared at BOTTOM. Due to the single-slope operation, the
operating frequency of the fast PWM mode can be twice as high as the phase correct PWM
mode that use dual-slope operation. This high frequency makes the fast PWM mode well suited
for power regulation, rectification, and DAC applications. High frequency allows physically small
sized extemal components (coils, capacitors), and therefore reduces total system cost.

In fast PWM mode, the counter is incremented until the counter value matches the TOP value.
The counter is then cleared at the following timer clock cyde. The timing diagram for the fast
PWM mode is shown in Figure 15-6. The TCNTO value is in the timing diagram shown as a his-
togram for illustrating the single-slope operation. The diagram includes non-inverted and
inverted PWM outputs. The small horizontal line marks on the TCNTO slopes represent compare
matches between OCROx and TCNTO.

Figure 15-6. Fast PWM Mode, timing diagram.
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The Timer/Counter Overflow Flag (TOVO0) is set each time the counter reaches TOP. If the inter-
ruptis enabled, the interrupt handler routine can be used for updating the compare value.
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In fast PWM mode, the compare unit allows generation of PWM waveforms on the OCOx pins.
Setting the COMOx1:0 bits to two will produce a non-inverted PWM and an inverted PWM output
can be generated by setting the COMOx1:0 to three: Setting the COMOA1:0 bits to one allows
the OCOA pin to toggle on Compare Matches if the WGMO2 bitis set. This option is not available
for the OCOB pin (see Table 15-6 on page 102). The actual OCOx value will only be visible on
the port pin if the data direction for the port pin is set as output. The PWM waveform is gener-
ated by setting (or clearing) the OCOx Register at the compare match between OCROx and
TCNTO, and clearing (or setting) the OCOx Register at the timer clock cycle the counter is
cleared (changes from TOP to BOTTOM).

The PWM frequency for the output can be calculated by the following equation:

_ fclkﬁUO
fOCnxPWM - N. 256

The M variable represents the prescale factor (1, 8, 64, 256, or 1024).

The extreme values for the OCROA Register represents special cases when generating a PWM
waveform output in the fast PWM mode. If the OCROA is set equal to BOTTOM, the output will
be a narrow spike for each MAX+1 timer clock cycle. Setting the OCROA equal to MAX will result
in a constantly high or low output {depending on the polarity of the output set by the COMOA1:0
bits.)

A frequency (with 50% duty cycle) waveform output in fast PWM mode can be achieved by set-
ting OCOx to toggle its logical level on each compare match (COMOx1:0 = 1). The waveform
generated will have a maximum frequency of fyoo = f. ,0/2 when OCROA is set to zero. This
feature is similar to the OCOA toggle in CTC mode, except the double buffer feature of the Out-
put Compare unitis enabled in the fast PWM mode.

15.74  Phase correct PWM mode
The phase correct PWM mode (WGMO02:0 =1 or 5) provides a high resolution phase correct
PWM waveform generation option. The phase correct PWM mode is based on a dual-slope
operation. The counter counts repeatedly from BOTTOM to TOP and then from TOP to BOT-
TOM. TOP is defined as 0xFF when WGM2:0 = 1, and OCROA when WGM2:0 = 5. In non-
inverting Compare Output mode, the Output Compare (OCOx) is cleared on the compare match
between TCNTO and OCROx while upcounting, and set on the compare match while downcount-
ing. In inverting Output Compare mode, the operation is inverted. The dual-slope operation has
lower maximum operation frequency than single slope operation. However, due to the symmet-
ric feature of the dual-slope PWM modes, these modes are preferred for motor control
applications.

In phase correct PWM mode the counter is incremented until the counter value matches TOP.
When the counter reaches TOP, it changes the count direction. The TCNTO value will be equal
to TOP for one timer clock cycle. The timing diagram for the phase correct PWM mode is shown
on Figure 15-7 on page 98. The TCNTO value is in the timing diagram shown as a histogram for
illustrating the dual-slope operation. The diagram includes non-inverted and inverted PWM out-
puts. The small horizontal line marks on the TCNTO slopes represent compare matches
between OCROx and TCNTO.
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Figure 15-7. Phase correct PWM mode, timing diagram.
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The Timer/Counter Overflow Flag (TOVO) is set each time the counter reaches BOTTOM. The
Interrupt Flag can be used to generate an interupt each time the counter reaches the BOTTOM
value.

In phase correct PWM mode, the compare unit allows generation of PWM waveforms on the
OCOx pins. Setting the COMOx1:0 bits to two will produce a non-inverted PWM. An inverted
PWM output can be generated by setting the COMOx1:0 to three: Setting the COMOAQ bits to
one allows the OCOA pin to toggle on Compare Matches if the WGMO2 bit is set. This option is
not available for the OCOB pin (see Table 15-7 on page 103). The actual OCOx value will only be
visible on the port pin if the data direction for the port pin is set as output. The PWM waveform is
generated by clearing (or setting) the OCOx Register at the compare match between OCROx and
TCNTO when the counter increments, and setting (or clearing) the OC0Ox Register at compare
match between OCROx and TCNTOQ when the counter decrements. The PWM frequency for the
output when using phase correct PWM can be calculated by the following equation:

P _ Jarvo
OCHxPCPWAM — N-510

The N variable represents the prescale factor (1, 8, 64, 256, or 1024).

The extreme values for the OCROA Register represent special cases when generating a PWM
waveform output in the phase correct PWM mode. If the OCROA is set equal to BOTTOM, the
output will be continuously low and if set equal to MAX the output will be continuously high for
non-inverted PWM mode. For inverted PWM the output will have the opposite logic values.

At the very start of period 2 in Figure 15-7 OCnx has a transition from high to low even though
there is no Compare Match. The point of this transition is to guarantee symmetry around BOT-
TOM. There are two cases that give a transition without Compare Match.

¢ OCRnx changes its value from MAX, like in Figure 15-7. When the OCROA value is MAX the
OCn pin value is the same as the result of a down-counting Compare Match. To ensure

ATMEL .

2545T-AVR-06M1 a

Tesis publicada con autorizacién del autor

No olvide citar esta tesis




Hew PONTIFICIA
TESIS PUCP g:_:_\éeag?nn

DEL PERU

s A T Mega48/88/168

symmetry around BOTTOM the OCnx value at MAX must correspond to the result of an up-
counting Compare Match

¢ The timer starts counting from a value higher than the one in OCRnx, and for that reason
misses the Compare Match and hence the OCnx change that would have happened on the
way up

15.8 Timer/counter timing diagrams
The Timer/Counter is a synchronous design and the timer clock (clk;;) is therefore shown as a
clock enable signal in the following figures. The figures include information on when interrupt
flags are set. Figure 15-8 contains timing data for basic Timer/Counter operation. The figure
shows the count sequence close to the MAX value in all modes other than phase correct PWM
mode.

Figure 15-8. Timer/counter timing diagram, no prescaling.
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Figure 15-9 shows the same timing data, but with the prescaler enabled.

Figure 15-9. Timer/counter timing diagram, with prescaler (f,, ,/8).
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Figure 15-10 on page 100 shows the setting of OCFOB in all modes and OCFOA in all modes
except CTC mode and PWM mode, where OCROA is TOP.
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Figure 15-10. Timer/counter timing diagram, setting of OCFOx, with prescaler (f.). /8).
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Figure 15-11 shows the setting of OCFOA and the clearing of TCNTO in CTC mode and fast
PWM mode where OCROA is TOP.

Figure 15-11. Timer/counter timing diagram, clear timer on compare match mode, with pres-
caler (., /8).
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15.9 Register description

15.9.1 TCCROA - Timericounter control register A
Bil 7 6 5 4 3 2 1 0
024 (Oxdd) COMOA1 COMOAD COMOB1 COMOBO | - - | WGMO1 WGHOoO I TCCROA
Readfnrile R R R RAN R R R AR
Initial value 0 0 0 0 0 ] 0 0

¢ Bits 7:6 — COMO0A1:0: Compare match output A mode

These bits control the Output Compare pin (OC0A) behavior. If one or both of the COMOA1:0
bits are set, the OCOA output overrides the normal port functionality of the /O pin itis connected
to. However, note that the Data Direction Register (DDR) bit corresponding to the OCOA pin
must be setin order to enable the output driver.

When OCOA is connected to the pin, the function of the COMOA1:0 bits depends on the
WGMO2:0 bit setting. Table 15-2 shows the COMOA1:0 bit functionality when the WGMO02:0 bits
are set to a normal or CTC mode (non-PWM).

Table 15-2. Compare output mode, non-PWM mode.
COMOA1 COMOAO Description
4] 0 Normal port operation, QCOA disconnected
0 1 Toggle (2COA on compare maich
1 0 Clear OCOA on compare match
1 1 Set OCOA on compare match

Table 15-3 shows the COMOA1:0 bit functionality when the WGMO1:0 bits are set to fast PWM

mode.
Table 15-3. Compare output mods, fast PWM mode!'.
COMOA1 COMOAO Description
0 0 Normal port operation, GCOA disconnected
0 1 WGEMO2 = 0: Normal port operation, OCOA disconnected
WGMO2 = 1: Toggle OCOA on compare match
1 0 Clear QCOA on compare match, set OCO0A at BOTTOM,
{non-inverting mode)
i . Set OCOA on compare match, clear OCOA at BOTTOM,
{inverting mode}
Note: 1. A special case occurs when OCROA equals TOP and COMOAT is set. In this case, the Com-
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Table 15-4 shows the COMOA1:0 bit functionality when the WGMO02:0 bits are set to phase cor-

rect PWM mode.
Table 15-4. Compare output mode, phase correct PWM modet’.
COMOA1 COMOAD Description
0 0 Normal port operation, QG0A disconnected
o 1 WGMO2 = 0: Normal Port Operation, GCOA Disconnected
WGMO2 = 1: Toggle GCOA on Compare Match
1 o Clear OC0A on Compare Match when up-counting
Set OCOA on Compare Match when down-counting
1 1 Set OCOA on Compare Match when up-counting
Clear ©@COA on Compare Match when down-counting

MNote: 1. A special case occurs when OCROA equals TOP and COMOAT is set. In this case, the Com-
pare Match is ignored, but the set or clear is done at TOP. See “Phase correct PWK mode” on
page 123 for more details.

¢ Bits 5:4 — COMO0B1:0: Compare match output B mode

These bits control the Output Compare pin (OC0B) behavior. If one or both of the COM0OB1:0
bits are set, the OCOB output overrides the normal port functionality of the IO pin itis connected
to. However, note that the Data Direction Register (DDR) bit corresponding to the OCOB pin
must be setin order to enable the output driver.

When OCOB is connected to the pin, the function of the COMOB1:0 bits depends on the
WGMO2:0 bit setting. Table 15-5 shows the COMOB1:0 bit functionality when the WGMO02:0 bits

are set to a normal or CTC mode (non-PWM).

Table 15-5. Compare output mode, non-PWM mode.
COMOB1 COMOBO Description
0 0 Normal port operation, (3COB disconnected
0 1 Toggle C0B on compare match
1 0 Clear C0B on compare match
1 1 Set (OCOB on compare match

Table 15-6 shows the COMOB1:0 bit functionality when the WGMO02:0 bits are set to fast PYWM

mode.
Table 15-6. Compare output mods, fast PWM mode!').
COMOB1 COMOBO Description
o] 0 Normal port operation, GCOB disconnected
o] 1 Reserved
i 0 Clear_ OCOB on compare match, set OCO0B at BOTTOM,
{non-inverting mode)
i 1 Sel OC()B on compare maich, clear DCOB at BOTTOM,
{inverting made)
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Note: 1. A special case occurs when OCROB equals TOP and COMOB1 1s set. In this case, the Com-
pare Maitch is ignored, but the set or clear is done at TOP. See “Fast PWM mode” on page 96
for more details.

Table 15-7 shows the COMOB1:0 bit functionality when the WGMO02:0 bits are set to phase cor-

rect PWM mode.

Table 15-7. Compare output mode, phase correct PWM mode!".

COMOB1 COMOBO Description

o] 0 MNormal port operation, OCO0B disconnected
0 1 Reserved
1 o Clear ©OCO0B on compare match when up-counting

Set OCOB on compare match when down-counting

Set OCOB on compare match when up-counting
Clear ©CO0B on compare match when down-counting

MNote: 1. A special case occurs when OCROB equals TOP and COMOBT is set. In this case, the Com-
pare Match is ignored, but the set or clear is done at TOP. See “Phase correct PWM mode” on
page 97 for more details.

« Bits 3, 2 — Res: Reserved bits
These bits are reserved bits in the Atmel ATmega48/88/168 and will always read as zero.

¢ Bits 1:0 - WGMO01:0: Waveform generation mode

Combined with the WGMO02 bit found in the TCCROB Reugister, these bits control the counting
sequence of the counter, the source for maximum (TOP) counter value, and what type of wave-
form generation to be used, see Table 15-8. Modes of operation supported by the Timer/Counter
unit are: Normal mode (counter), Clear Timer on Compare Match (CTC) mode, and two types of
Pulse Width Modulation (PWM) modes (see “Modes of operation” on page 94).

Table 15-8. Waveform generation mode bit description.

Timer/counter
mode of Update of TOV fla
Mode | WGMO2 | WGMO1 | WGMOO operation TOP OCRx at set on!!(?)
0 0 0 0 Normal oxFF Immediate MAX
1 0 0 1 PN, OxFF TOP BOTTCM
phase correct
0 1 0 cTC OCRA Immediate MAX
0 1 1 Fast PWM OxFF BOTTOM MAX
1 0 0 Reserved - - =
5 1 0 1 PMVHL, QCRA TOP BOTTCOM
phase correct
6 1 1 0 Reserved - - -
7 1 1 1 Fast PWM QCRA BOTTOM TOP
Notes: 1. MAX = OxFF

2. BOTTOM = tx00
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15.9.2 TCCROB - Timer/counter control register B

Bit 7 3 5 4 3 2 i 0

0x25 (0x45) | FocoA | Focoe | - - WGHM02 cs02 cs01 cso0 | Tccro
Readfnrite W W R R RAN RAN RAY AN

Initial value 0 0 ] 0 0 0 0 0

¢ Bit 7 — FOCOA: Force output compare A
The FOCOA bit is only active when the WGM bits specify a non-PWM mode.

However, for ensuring compatibility with future devices, this bit must be set to zero when
TCCROB is written when operating in PWM mode. When writing a logical one to the FOCOA bit,
an immediate Compare Match is forced on the Waveform Generation unit. The OCO0A outputis
changed according to its COMOA1:0 bits setting. Note that the FOCOA bit is implemented as a
strobe. Therefore itis the value present in the COMOA1:0 bits that determines the effect of the
forced compare.

A FOCOA strobe will not generate any interrupt, nor will it clear the timer in CTC mode using
OCROA as TOP.

The FOCOA bit is always read as zero.

+ Bit 6 — FOCOB: Force output compare B

The FOCOB bit is only active when the WGM bits specify a non-PWM mode.

However, for ensuring compatibility with future devices, this bit must be set to zero when
TCCROB is written when operating in PWM mode. When writing a logical one to the FOCOB bit,
an immediate Compare Match is forced on the Waveform Generation unit. The OCO0B outputis
changed according to its COMOB1:0 bits setting. Note that the FOCOB bit is implemented as a
strobe. Therefore itis the value present in the COMOB1:0 bits that determines the effect of the
forced compare.

A FOCOB strobe will not generate any interrupt, nor will it clear the timer in CTC mode using
OCROB as TOP.

The FOCOB bit is always read as zero.

+ Bits 5:4 — Res: Reserved bits
These bits are reserved bits in the Atmel ATmega48/88/168 and will always read as zero.

* Bit 3 - WGMo02: Waveform generation mode
See the description in the “TCCROA — Timer/counter control register A” on page 101.

+ Bits 2:0 — CS02:0: Clock select
The three Clock Select bits select the clock source to be used by the Timer/Counter.
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Table 15-9.  Clock select bit description.

Cs02 CS01 CS00 | Description
6] 0 o] No clock source {imer/counter siopped)
0 0 1 clk /(N0 prescaling)
0 1 0 clk /8 {from prescaler)
0 1 1 clk /64 (from prescaler)
1 0 0 clk /256 (from prescaler)
1 0 1 clk /1024 (from prescaler)
1 1 o] External clock source on T0O pin. Clock on falling edge.
1 1 1 External clock source on TO pin. Clock on nising edge.

If external pin modes are used for the Timer/Counter0, transitions on the TO pin will clock the
counter even if the pin is configured as an output. This feature allows software control of the
counting.

15.9.3 TCNTO — Timer/counter register

Bit 7 [ 5 4 3 2 1 0
—
0x28 (0x48) I TCNTO[7:0] I TCNTO
Readfrite RAW RAY RAW RAW R RAY R R
Initial value 0 0 ] 0 0 0 0 0

The Timer/Counter Register gives direct access, both for read and write operations, to the
Timer/Counter unit 8-bit counter. Writing to the TCNTO Register blocks (removes) the Compare
Match on the following timer clock. Modifying the counter (TCNTO) while the counter is running,
introduces a risk of missing a Compare Match between TCNTO and the OCROx Registers.

15.9.4 OCROA - Oufput compare register A

Bit 7 & 5 4 3 2 1 0

0x27 (0x47) I OCRDAF.’:O] I QOCROA
Readfrite AW R RAY R R A R P

Initial value 0 0 0 0 0 0 0 0

The Output Compare Register A containg an 8-bit value that is continuously compared with the
counter value (TCNTO). A match can be used to generate an Output Compare interrupt, or to
generate a waveform output on the OCOA pin.

15.9.5 OCROB - Output compate register B

Bit 7 & 5 4 3 2 1 0

0x20 (0x48) I OCROBF.’:O] I QCROB
Readnrite AW R RAY RAY R A R PR

Initial value 0 0 0 0 0 0 0 0

The Output Compare Register B contains an 8-bit value that is continuously compared with the
counter value (TCNTQ). A match can be used to generate an Output Compare interrupt, or to
generate a waveform output on the OCOB pin.
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15.9.6 TIMSKO — Timer/counter interrupt mask register

Bit 7 3 5 4 3 2 1 0
— —
(OxBE) I - | - | - | - - QOCIEOB QCIEDA | TOIED TIMSKO
Readfwrite R R R R R RAY R R
Initial value 0 0 0 0 0 0 0 0

+ Bits 7..3 — Res: Reserved bits
These bits are reserved bits in the Atmel ATmega48/88/168 and will always read as zero.

¢ Bit 2 - OCIEOB: Timer/counter output compare match B interrupt enable

When the OCIEOB bit is written to one, and the |-bit in the Status Register is set, the
Timer/Counter Compare Match B interrupt is enabled. The corresponding interrupt is executed if
a Compare Match in Timer/Counter occurs, that is, when the OCFOB bit is set in the
Timer/Counter Interrupt Flag Register — TIFRO.

* Bit 1 — OCIEOA: Timer/Counter0 output compare match A interrupt enable

When the OCIEOQA bit is written to one, and the |-bit in the Status Register is set, the
Timer/Counter0 Compare Match A interrupt is enabled. The corresponding interrupt is executed
if a Compare Match in Timer/CounterQ occurs, that is, when the OCFOA bit is set in the
Timer/Counter 0 Interrupt Flag Register — TIFRO.

+ Bit 0 — TOIEO: Timer/Counter0 overflow interrupt enable

When the TOIEOQ bit is written to one, and the |-bit in the Status Register is set, the
Timer/Counter0 Overflow interrupt is enabled. The corresponding interrupt is executed if an
overflow in Timer/Counter0 oceours, thatis, when the TOVO bitis setin the Timer/Counter O Inter-
rupt Flag Register — TIFRO.

15.9.7 TIFRO — Timer/Counter0 interrupt flag register

Bit 7 3 5 4 3 2 1 0

0x15 (0x35) I - | - | - - - OCFOB OCFOA TOVO I TIFRO
Readinrite R R R R 5] RAY ALY P

Initial value 0 0 0 0 0 0 0 0

+ Bits 7..3 — Res: Reserved bits
These bits are reserved bits in the ATmegad48/88/168 and will always read as zero.

¢ Bit 2 - OCFO0B: Timer/Counter( output compare B match flag

The OCFOB bitis set when a Compare Match occurs between the Timer/Counter and the data in
OCROB - Output Compare Register0 B. OCFOB is cleared by hardware when executing the cor-
responding interrupt handling vector. Alternatively, OCFOB is cleared by writing a logic one to
the flag. When the I-bit in SREG, OCIEOB (Timer/Counter Compare B Match Interrupt Enable),
and OCFOB are set, the Timer/Counter Compare Match Interrupt is executed.

+ Bit 1 — OCFO0A: Timer/Counter0 output compare A match flag

The OCFOA bitis set when a Compare Match occurs between the Timer/Counter0 and the data
in OCROA — Output Compare Register0. OCFOA is cleared by hardware when executing the cor-
responding interrupt handling vector. Alternatively, OCFOA is cleared by writing a logic one to
the flag. When the I-bitin SREG, OCIEOQA (Timer/CounterQ Compare Match Interrupt Enable),
and OCFOA are set, the Timer/Counter0 Compare Match Interrupt is executed.
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* Bit 0 — TOVO: Timer/Counter0 overflow flag

The bit TOVO is set when an overflow occurs in Timer/Counter). TOVQ is cleared by hardware
when executing the corresponding interrupt handling vector. Alternatively, TOVO is cleared by
writing a logic one to the flag. When the SREG I-bit, TOIEO (Timer/Counter0 Overflow Interrupt
Enable), and TOVO are set, the Timer/Counter0 Overflow interrupt is executed.

The setting of this flag is dependent of the WGMO2:0 bit setting. Refer to Table 15-8, “Waveform
generation mode bit description.” on page 103.
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16. 16-bit Timer/Counter1 with PWM

16.1 Features

True 16-bit design (that is, allows 16-bit PWM)

Two independent output compare units

Double butfered output compare registers

One input capture unit

Input capture noise canceler

Clear timer on compare maltch (auto reload)

Glitch-free, phase correct pulse width modulator {PWM)
Variable PWM period

Frequency generator

External event counter

Four independent interrupt sources (TOV1, OCF1A, OCF1B, and ICF1)

16.2 OQverview

The 18-bit Timer/Counter unit allows accurate program execution timing (event management),
wave generation, and signal timing measurement.

)

Most register and bit references in this section are written in general form. A lower case “n
replaces the Timer/Counter number, and a lower case “x” replaces the Output Compare unit
channel. However, when using the register or bit defines in a program, the precise form must be

used, that is, TCNT1 for accessing Timer/Counter1 counter value and so on.

A simplified block diagram of the 16-bit Timer/Counter is shown in Figure 16-1 on page 109. For
the actual placement of 1/O pins, refer to “Pinout Atmel ATmegad8/88/168.” on page 2. CPU
accessible /O Registers, including IO bits and 1/O pins, are shown in bold. The device-specific
/O Register and bit locations are listed in the “Register description” on page 130.

The PRTIM1 bitin “PRR — Power reduction register” on page 44 must be written to zero to
enable Timer/Counter! module.
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Figure 16-1. 16-bit imer/counter block diagram.
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Note: 1. Referto Figure 1-1 on page 2, Table 14-3 on page 78 and Table 14-S on page 84 for
Timer/Counter1 pin placement and description.

16.2.1 Registers

The Timer/Counter (TCNT1), Output Compare Registers (OCR1A/B), and inpuf Capture Regis-
ter (ICR1) are all 16-bit registers. Special procedures must be followed when accessing the 16-
bit registers. These procedures are described in the section “Accessing 16-bit registers” on page
110. The Timew/Counter Control Registers (TCCR1A/B) are 8-bit registers and have no CPU
access restrictions. Interrupt requests (abbreviated to Int.Req. in the figure) signals are all visible
in the Timer interrupt Flag Register (TIFR1). All interrupts are individually masked with the Timer
inferrupt Mask Register (TIMSK1). TIFR1 and TIMSK1 are not shown in the figure.

The Timer/Counter can be clocked internally, via the prescaler, or by an external clock source on
the T1 pin. The Clock Select logic block controls which clock source and edge the Timer/Counter
uses to increment (or decrement) its value. The Timer/Counter is inactive when no clock source
is selected. The output from the Clock Select logic is referred to as the timer clock (clky ).

The double buffered Output Compare Registers (OCR1A/B) are compared with the Timer/Coun-
ter value at all time. The result of the compare can be used by the Waveform Generator to
generate a PWM or variable frequency output on the Output Compare pin (OC1A/B). See “Out-
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put compare units” on page 116.. The compare match event will also set the Compare Match
Flag (OCF1A/B) which can be used to generate an Output Compare interrupt request.

The Input Capture Register can capture the Timer/Counter value at a given extemnal {edge trig-
gered) event on either the Input Capture pin (ICP1) or on the Analog Comparator pins (See
“Analog comparator” on page 241.) The Input Capture unit includes a digital filtering unit (Noise
Canceler) for reducing the chance of capturing noise spikes.

The TOP value, or maximum Timer/Counter value, can in some modes of operation be defined
by either the OCR1A Register, the ICR1 Register, or by a set of fixed values. When using
OCR1A as TOP value in a PWM mode, the OCR1A Register can not be used for generating a
PWM output. However, the TOP value will in this case be double buffered allowing the TOP
value to be changed in run time. If a fixed TOP value is required, the ICR1 Register can be used
as an alternative, freeing the OCR1A to be used as PWM output.

16.2.2 Definitions
The following definitions are used extensively throughout the section:

BOTTOM The counter reaches the BOTTOM when it becomes 0x0000.
MAX The counter reaches its MAXimum when it becomes OxFFFF (decimal 65535).

The counter reaches the 7OF when it becomes equal to the highest value in the count
sequence. The TOP value can be assigned to be one ofthe fixed values: Ox00FF, Ox01FF,
or Ox03FF, or to the value stored in the OCR1A or ICR1 register. The assignment is
dependent of the mode of operation.

TOP

16.3 Accessing 16-bit registers

The TCNT1, OCR1A/B, and ICR1 are 16-bit registers that can be accessed by the AVR CPU via
the 8-bit data bus. The 16-bit register must be byte accessed using two read or write operations.
Each 16-bit timer has a single 8-bit register for temporary storing of the high byte of the 16-bit
access. The same temporary register is shared between all 16-bit registers within each 16-bit
imer. Accessing the low byte triggers the 16-bit read or write operation. When the low byte of a
16-bit register is written by the CPU, the high byte stored in the temporary register, and the low
byte written are both copied into the 16-bit register in the same clock cycde. When the low byte of
a 16-bit register is read by the CPU, the high byte of the 16-bit register is copied into the tempo-
rary register in the same clock cycle as the low byte is read.

Not all 16-bit accesses uses the temporary register for the high byte. Reading the OCR1A/B 16-
bit registers does not involve using the tem porary register.

To do a 16-bit write, the high byte must be written before the low byte. For a 16-bit read, the low
byte must be read before the high byte.

The following code examples show how to access the 16-bit Timer Registers assuming that no
interrupts updates the temporary register. The same principle can be used directly for accessing
the OCR1A/B and ICR1 Registers. Note that when using “C”, the compiler handles the 16-bit
access.
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Assembly code examples!”

; 8at TenNTT to OxOIFF
1di rl7, 0x0l

1dd rl6, O0xFF

out TCHNT1H, r17

out TCHTIL, rlé

; Read TCHT1 inte ri17:rlé
in rl6, TCNTIL

in rl17, TCNT1H

C code examplest”

unsigned int i

/* Set TeNTT to OXOIFF */
TCHNT1 = 0x1FF;

f* Read TCNTT into 1 */
i = TCHTI:

MNote: 1. See "About code examples” on page 8.
For VO registers located in extended I/0 map, “IN”, “OUT’, “SBIS”, “SBIC”, “CBI”, and “SBI’
instructions must be replaced with instructions that allow access to extended /0. Typically
“DS” and “STS” combined with “SBRS”, “SBRC”, “SBR”, and “CBR”.

The assembly code example returns the TCNT1 value in the r17:r16 register pair.

It is important to notice that accessing 16-bit registers are atomic operations. If an interrupt
occurs between the two instructions accessing the 16-bit register, and the interrupt code
updates the temporary register by accessing the same or any other of the 16-bit Timer Regis-
ters, then the result of the access outside the interrupt will be corrupted. Therefore, when both
the main code and the interrupt code update the temporary register, the main code must disable
the interrupts during the 16-bit access.

The following code examples show how to do an atomic read of the TCNT1 Register contents.
Reading any of the OCR1A/B or ICR1 Registers can be done by using the same principle.
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Assembly code example!

TIM1l6_ReadTCMTI:
; Save global Iinterrupt flag
in rl8, SREG
; Disable interrupts
cli
; Read TCHNT1 inte r17:rlé
in rlé, TCNTI1L
in rl7, TCNT1H
; Regtore glokal interrupt flag
out SREG, rl8

rat

C code example!"

unsigned int TIM1é_ReadTCNT!( woid )
{

unsigned char sreqg;

unsignad int 1;

f* Save gleobal interrupt flag */

a2req = SREG;

/* Digable interrupts */

_CLI(};

J/* Read TCONTT into 1 */

I U

/* Restore global interrupt flag */

SREG = areq:

return i;

Note: 1. See "About code examples” on page 8.
For I/C registers located in extended 140 map, “IN”, “OUT”, “SBIS”, “SBIC”, “CBI”, and “SBI’
instructions must be replaced with instructions that allow access to extended 1O Typically
DS and “STS” combined with “SBRS”, “SBRC”, “SBR”, and “CBR”.

The assembly code example returns the TCNT1 value in the r17:r1 6 register pair.

The following code examples show how to do an atomic write of the TCNT1 Register contents.
Writing any of the OCR1A/B or ICR1 Registers can be done by using the same principle.
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Assembly code example!

TIMLl6_WriteTCHTT:
; Save global Iinterrupt flag
in rl8, SREG
; Disable interrupts
cli
; Set TCNTT to rl7:rlé
out TCNT1H, r17
out TCNTIL, r16
; Regtore glokal interrupt flag
out SREG, rl8

rat

C code example!"

vold TIM16_WriteTCHNT1{ unsigned int 1 )
{
unsigned char sreqg;
unsignad int 1;
/% Save global interrupt flag */
sreg = SREG:
/* Digable interrupts */

_CLI();
/* Set TeNTT to i */
TCNT] = 1;

/* Restore global interrupt flag */
SREG = areq:

MNote: 1. See "About code examples” on page 8.
For I/C registers located in extended 142 map, “IN”, “QUT”, “SBIS”, “SBIC”, “CBI”, and “SBI’
instructions must be replaced with instructions that allow access to extended /0. Typically
1DS" and “STS” combined with “SBRS”, “SBRC”, “SBR”, and “CBR”.

The assembly code example requires that the r17:r1 6 register pair contains the value to be writ-
ten to TCNT1.

16.3.1 Reusing the temporary high byte register
If writing to more than one 16-bit register where the high byte is the same for all registers written,
then the high byte only needs to be written once. However, note that the same rule of atomic
operation described previously also applies in this case.

16.4 Timer/counter clock sources
The Timer/Counter can be clocked by an internal or an external clock source. The clock source
is selected by the Clock Select logic which is controlled by the Clock Sefect (CS12:0) bits
located in the Timer/Counter control Register B (TCCR1B). For details on clock sources and
prescaler, see “Timer/Counter0 and Timer/Counter1 prescalers” on page 137.
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16.5 Counter unit

The main part of the 16-bit Timer/Counter is the programmable 186-bit bi-directional counter unit.
Figure 16-2 shows a block diagram of the counter and its surroundings.

Figure 16-2. Counter unit block diagram.

_ DATA BUS (a-biy -
E = Tovn
(Int.req)
Clock select
_ Gount Edge =3
| TowTnH sy [ TCNTL 2ty | Clear slky, detector
Control logic
TCNTn (16-bit counter) Directioiy
(From prascaler)
TTOP TBOTTONI
Signal description (intermnal signals):
Count Increment or decrement TCNT1 by 1.
Direction Select between increment and decrement.
Clear Clear TCNT1 (set all bits to zero).
clkqy Timer/Counter clock.
TOP Signalize that TCNT1 has reached maximum value.
BOTTOM Signalize that TCNT1 has reached minimum value (zero).

The 16-bit counter is mapped into two 8-bit |/O memory locations: Counter High (TCNT1H) con-
taining the upper eight bits of the counter, and Counter Low (TCNT1L) containing the lower eight
bits. The TCNT1H Register can only be indirectly accessed by the CPU. When the CPU does an
access to the TCNT1H /O location, the CPU accesses the high byte temporary register (TEMP).
The temporary register is updated with the TCNT1H value when the TCNT1L is read, and
TCNT1H is updated with the temporary register value when TCNT1L is written. This allows the
CPU to read or write the entire 16-bit counter value within one clock cycle via the 8-bit data bus.
It is important to notice that there are special cases of writing to the TCNT1 Register when the
counter is counting that will give unpredictable results. The special cases are described in the
sections where they are of importance.

Depending on the mode of operation used, the counter is cleared, incremented, or decremented
at each fimer clock (clk; ). The clky, can be generated from an external or internal clock source,
selected by the Clock Sefect bits (CS512:0). When no clock source is selected (CS12:0 = 0) the
timer is stopped. However, the TCNT1 value can be accessed by the CPU, independent of
whether clk;, is present or not. A CPU write overrides (has priority over) all counter clear or
count operations.

The counting sequence is determined by the setting of the Waveform: Generafion mode bits
{(WGM13:0) located in the Timer/Counter Controf Registers A and B (TCCR1A and TCCR1B).
There are close connections between how the counter behaves (counts) and how waveforms
are generated on the Output Compare outputs OC1x. For more details about advanced counting
sequences and waveform generation, see “Modes of operation” on page 119.

The Timer/Counter Overflow Flag (TOV1) is set according to the mode of operation selected by
the WGM13:0 bits. TOV1 can be used for generating a CPU interrupt.

AIMEL 14

2545T-AVR-06M1 .

Tesis publicada con autorizacién del autor

No olvide citar esta tesis




PONTIFICIA

TESIS PUCP T gz_:_\ésﬁg?\n

DEL PERU

s A T Mega48/88/168

16.6 Input capture unit
The Timer/Counter incorporates an Input Capture unit that can capture external events and give
them a time-stamp indicating time of occurrence. The extemal signal indicating an event, or mul-
tiple events, can be applied via the ICP1 pin or alternatively, via the analog-comparator unit. The
time-stamps can then be used to calculate frequency, duty-cycle, and other features of the sig-
nal applied. Alternatively the time-stamps can be used for creating a log of the events.

The Input Capture unit is illustrated by the block diagram shown in Figure 16-3. The elements of
the block diagram that are not directly a part of the Input Capture unit are gray shaded. The
small “n” in register and bit names indicates the Timer/Counter number.

Figure 16-3. Input capture unit block diagram.
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When a change of the logic level (an event) occurs on the Input Capture pin (ICP1), alternatively
on the Analeg Comparator cutputf (ACQO), and this change confirms to the setting of the edge
detector, a capture will be triggered. When a capture is triggered, the 16-bit value of the counter
(TCNT1) is written to the Input Capture Register (ICR1). The Input Capture Flag (ICF1) is set at
the same system clock as the TCNT1 value is copied into ICR1 Register. If enabled (ICIE1 = 1),
the Input Capture Flag generates an Input Capture interrupt. The ICF1 Flag is automatically
cleared when the interrupt is executed. Alternatively the ICF1 Flag can be cleared by software
by writing a logical one to its I/0 bit location.

Reading the 16-bit value in the Input Capture Register (ICR1) is done by first reading the low
byte (ICR1L) and then the high byte (ICR1H). When the low byte is read the high byte is copied
into the high byte temporary register (TEMP). When the CPU reads the ICR1H I/O location it will
access the TEMP Register.

The ICR1 Register can only be written when using a Waveform Generation mode that utilizes
the ICR1 Register for defining the counter's TOP value. In these cases the Waveform Genera-
tion mode (WGM13:0) bits must be set before the TOP value can be written to the ICR1
Register. When writing the ICR1 Register the high byte must be written to the ICR1H I/O location
before the low byte is written to ICR1L.

For more information on how to access the 16-bit registers refer to “Accessing 16-bit registers”
on page 110.
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16.6.1 Input capture trigger source
The main trigger source for the Input Capture unit is the Input Capture pin (ICP1).
Timer/Counteri can alternatively use the Analog Comparator output as trigger source for the
Input Capture unit. The Analog Comparator is selected as trigger source by setting the Anajog
Comparater Input Capture (ACIC) bit in the Anafog Comparator Controf and Status Regisfer
(ACSR). Be aware that changing trigger source can trigger a capture. The Input Capture Flag
must therefore be cleared after the change.

Both the Input Capture pin {ICP1) and the Analog Comparator output (ACO) inputs are sampled
using the same technique as for the T1 pin (Figure 17-1 on page 137). The edge detector is also
identical. However, when the noise canceler is enabled, additional logic is inserted before the
edge detector, which increases the delay by four system clock cycles. Note that the input of the
noise canceler and edge detector is always enabled unless the Timer/Counter is setin a Wave-
form Generation mode thatuses ICR1 to define TOP.

An Input Capture can be triggered by software by controlling the port of the ICP1 pin.

16.6.2 Noise canceler
The noise canceler improves noise immunity by using a simple digital filtering scheme. The
noise canceler input is monitored over four samples, and all four must be equal for changing the
output that in turn is used by the edge detector.

The noise canceler is enabled by setting the Input Capfure Noise Canceler (ICNC1) bit in
Timer/Counter Controf Register B (TCCR1B). When enabled the noise canceler introduces addi-
tional four system clock cycles of delay from a change applied to the input, to the update of the
ICR1 Register. The noise canceler uses the system clock and is therefore not affected by the
prescaler.

16.6.3 Using the input capture unit
The main challenge when using the Input Capture unit is to assign enough processor capacity
for handling the incoming events. The time between two events is critical. If the processor has
not read the captured value in the ICR1 Register before the next event occurs, the ICR1 will be
overwtitten with a new value. In this case the result of the capture will be incorrect.

When using the Input Capture interrupt, the ICR1 Register should be read as early in the inter-
rupt handler routine as possible. Even though the Input Capture interrupt has relatively high
priority, the maximum interrupt response time is dependent on the maximum number of clock
cycles it takes to handle any of the other interrupt requests.

Using the Input Capture unit in any mode of operation when the TOP value (resolution) is
actively changed during operation, is not recommended.

Measurement of an external signal’s duty cycle requires that the trigger edge is changed after
each capture. Changing the edge sensing must be done as early as possible after the ICR1
Register has been read. After a change of the edge, the Input Capture Flag (ICF1) must be
cleared by software (writing a logical one to the I/O bit location). For measuring frequency only,
the clearing of the ICF1 Flag is not required (if an interrupt handler is used).

16.7 Output compare units
The 16-bit comparator continuously compares TCNT1 with the Ouipuf Compare Register
{(OCR1x). If TCNT equals OCR1x the comparator signals a match. A match will set the Oufpuf
Compare Flag (OCF1x) at the next timer clock ¢ycle. If enabled (OCIE1x = 1), the Output Com-
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pare Flag generates an Qutput Compare interrupt. The OCF1x Flag is automatically cleared
when the interrupt is executed. Alternatively the OCF1x Flag can be cleared by software by writ-
ing a logical one to its /O bit location. The Waveform Generator uses the match signal to
generate an output according to operating mode set by the Waveform Generation mode
(WGM1 3:0) bits and Compare Output mode (COM1x1:0) bits. The TOP and BOTTOM signals
are used by the Waveform Generator for handling the special cases of the extreme values in
some modes of operation (See “Modes of operation” on page 119.)

A special feature of Output Compare unit A allows it to define the Timer/Counter TOP value {that
is, counter resolution). In addition to the counter resolution, the TOP value defines the period
time for waveforms generated by the Waveform Generator.

Figure 16-4 shows a block diagram of the Qutput Compare unit. The small “n” in the register and
bit names indicates the device number (n =1 for Timer/Counter 1), and the “x” indicates Output
Compare unit (A/B). The elements of the block diagram that are not directly a part of the Oufput
Compare unit are gray shaded.

Figure 16-4. OQutput compare unit, block diagram.
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The OCR1x Register is double buffered when using any of the twelve Pufse Width Modwlation
(PWM) modes. For the Normal and Clear Timer on Compare (CTC) modes of operation, the
double buffering is disabled. The double buffering synchronizes the update of the OCR1x Com-
pare Register to either TOP or BOTTOM of the counting sequence. The synchronization
prevents the occurrence of odd-length, non-symmetrical PWM pulses, thereby making the out-
put glitch-free.

The OCR1x Register access may seem complex, but this is not case. When the double buffering
is enabled, the CPU has access to the OCR1x Buffer Register, and if double buffering is dis-
abled the CPU will access the OCR1x directly. The content of the OCR1x (Buffer or Compare)
Register is only changed by a write operation (the Timer/Counter does not update this register
automatically as the TCNT1 and ICR1 Register). Therefore OCR1x is not read via the high byte
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temporary register (TEMP). However, it is a good practice to read the low byte first as when
accessing other 16-bit registers. Writing the OCR1x Registers must be done via the TEMP Reg-
ister since the compare of all 16 bits is done continuously. The high byte (OCR1xH) has to be
written first. When the high byte I/O location is written by the CPU, the TEMP Register will be
updated by the value written. Then when the low byte (OCR1xL) is written to the lower eight bits,
the high byte will be copied into the upper 8-bits of either the OCR1x buffer or OCR1x Compare
Register in the same system clock cycle.

For more information of how to access the 16-bit registers refer to “Accessing 16-bit registers”
on page 110.

16.7.1 Force output compare
In non-PWM Waveform Generation modes, the match output of the comparator can be forced by
writing a one to the Ferce Output Compare (FOC1x) bit. Forcing compare match will not set the
OCF1x Flag or reload/clear the timer, but the OC1x pin will be updated as if a real compare
match had occurred (the COM11:0 bits settings define whether the OC1x pin is set, cleared or
toggled).

16.7.2 Compare match blocking by TCNT1 write
All CPU writes to the TCNT1 Register will block any compare match that occurs in the next timer
clock cycle, even when the timer is stopped. This feature allows OCR1x to be initialized to the
same value as TCNT1 without triggering an interrupt when the Timer/Counter clock is enabled.

16.7.3 Using the output compare unit

Since writing TCNT1 in any mode of operation will block all compare matches for one timer clock
cycle, there are risks involved when changing TCNT1 when using any of the Output Compare
channels, independent of whether the Timer/Counter is running or not. If the value written to
TCNT1 equals the OCR1x value, the compare match will be missed, resulting in incorrect wave-
form generation. Do not write the TCNT1 equal to TOP in PWM modes with variable TOP
values. The compare match for the TOP will be ignored and the counter will continue to OxFFFF.
Similarly, do not write the TCNT1 value equal to BOTTOM when the counter is downcounting.

The setup of the OC1x should be performed before setting the Data Direction Register for the
port pin to output. The easiest way of setting the OC1x value is to use the Force Output Com-
pare (FOC1x) strobe bits in Normal mode. The OC1x Register keeps its value even when
changing between Waveform Generation modes.

Be aware that the COM1x1:0 bits are not double buffered together with the compare value.
Changing the COM1x1:0 bits will take effect immediately.

16.8 Compare match output unit

The Compare Ouiput mode (COM1x1:0) bits have two functions. The Waveform Generator uses
the COM1x1:0 bits for defining the Output Compare (OC1x) state at the next compare match.
Secondly the COM1x1:0 bits control the OC1x pin output source. Figure 16-5 on page 118
shows a simplified schematic of the logic affected by the COM1x1:0 bit setting. The I/0 Regis-
ters, /0 bits, and I/O pins in the figure are shown in bold. Only the parts of the general /O Port
Control Registers (DDR and PORT) that are affected by the COM1x1:0 bits are shown. When
referring to the OC1x state, the reference is for the internal OC1x Register, not the OC1x pin. If
a system reset occur, the OC1x Register is reset to “0”.
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Figure 16-5. Compare match output unit, schematic.

D

COMnx1
COMnx0 Waveform
D Q
FOCnX generator
C 1
OCnx
OCnx ” :> pin
4 L/
D Q
g [
m PORT
<t
=
o D Q
Y DDR
clk

The general IO port function is overridden by the Output Compare (OC1x) from the Waveform
Generator if either of the COM1x1:0 bits are set. However, the OC1x pin direction (input or out-
put) is still controlled by the Data Direction Register (DDR) for the port pin. The Data Direction
Register bit for the OC1x pin (DDR_OC1x) must be set as output before the OC1x value is visi-
ble on the pin. The port override function is generally independent of the Waveform Generation
mode, but there are some exceptions. Refer to Table 16-1 on page 130, Table 16-2 on page 130
and Table 16-3 on page 131 for details.

The design of the Output Compare pin logic allows initialization of the OC1x state before the out-
put is enabled. Note that some COM1x1:0 bit settings are reserved for certain modes of
operation. See “Register description” on page 130.

The COM1x1:0 bits have no effect on the Input Capture unit.

16.8.1 Compare output mode and waveform generation
The Waveform Generator uses the COM1x1:0 bits differently in normal, CTC, and PWM modes.
For all modes, setting the COM1x1:0 = 0 tells the Waveform Generator that no action on the
OC1x Registeris to be performed on the next compare match. For compare output actions in the
non-PWM modes refer to Table 16-1 on page 130. For fast PWM mode refer to Table 16-2 on
page 130, and for phase correct and phase and frequency correct PWM refer to Table 16-3 on
page 131.

A change of the COM1x1:0 bits state will have effect at the first compare match after the bits are
written. For non-PWM modes, the action can be forced to have immediate effect by using the
FOC1x strobe bits.

16.9 Modes of operation

The mode of operation, thatis, the behavior of the Timer/Counter and the Qutput Compare pins,
is defined by the combination of the Waveform Generation mode (WGM13:0) and Compare Out-
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put mode (COM1x1:0) bits. The Compare Output mode bits do not affect the counting sequence,
while the Waveform Generation mode bits do. The COM1x1:0 bits control whether the PWM out-
put generated should be inverted or not (inverted or non-inverted PWM). For non-PWM modes
the COM1x1:0 bits control whether the output should be set, cleared or toggle at a compare
match (See “Compare match output unit’ on page 118.)

For detailed timing information refer to “Timer/counter timing diagrams” on page 127.

16.9.1 Normal mode

The simplest mode of operation is the Normal mode (WGM13:0 = 0). In this mode the counting
direction is always up (incrementing), and no counter clear is performed. The counter simply
overruns when it passes its maximum 16-bit value (MAX = OxFFFF) and then restarts from the
BOTTOM (0x0000). In normal operation the Timei/Counter Overflow Flag (TOV1) will be set in
the same timer clock cycle as the TCNT1 becomes zero. The TOV1 Flag in this case behaves
like a 17th bit, except that it is only set, not cleared. However, combined with the timer overflow
interrupt that automatically clears the TOV{ Flag, the timer resolution can be increased by soft-
ware. There are no special cases to consider in the Normal mode, a new counter value can be
written anytime.

The Input Capture unit is easy to use in Normal mode. However, observe that the maximum
interval between the external events must not exceed the resolution of the counter. If the interval
between events are too long, the timer overflow interrupt or the prescaler must be used to
extend the resolution for the capture unit.

The Output Compare units can be used to generate interrupts at some given time. Using the
Qutput Compare to generate waveforms in Normal mode is not recommended, since this will
oceupy too much of the CPU time.

16.9.2 Clear timer on compare match (CTC) mode
In Clear Timer on Compare or CTC mode (WGM13:0 = 4 or 12), the OCR1A or ICR1 Register
are used to manipulate the counter resolution. In CTC mode the counter is cleared to zero when
the counter value (TCNT1) matches either the OCR1A (WGM13:0 = 4) or the ICR1 (WGM13:.0 =
12). The OCR1A or ICR1 define the top value for the counter, hence also its resolution. This
mode allows greater control of the compare match output frequency. It also simplifies the opera-
tion of counting external events.

The timing diagram for the CTC mode is shown in Figure 16-6 on page 121. The counter value
{TCNT1) increases until a compare match occurs with either OCR1A or ICR1, and then counter
{TCNT1)is cleared.
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Figure 16-6. CTC mode, timing diagram.
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An interrupt can be generated at each time the counter value reaches the TOP value by either
using the OCF1A or ICF1 Flag according to the register used to define the TOP value. If the
interrupt is enabled, the interrupt handler routine can be used for updating the TOP value. How-
ever, changing the TOP to a value close to BOTTOM when the counter is running with none or a
low prescaler value must be done with care since the CTC mode does not have the double buff-
ering feature. If the new value written to OCR1A or ICR1 is lower than the current value of
TCNTH1, the counter will miss the compare match. The counter will then have to count to its max-
imum value (OxFFFF) and wrap around starting at 0x0000 before the compare match can occur.
In many cases this feature is not desirable. An alternative will then be to use the fast PWM mode
using OCR1A for defining TOP (WGM13:0 = 15) since the OCR1A then will be double buffered.

For generating a waveform output in CTC mode, the OC1 A output can be set to toggle its logical
level on each compare match by setting the Compare Output mode bits to toggle mode
{(COM1A1:0 =1). The OC1A value will not be visible on the port pin unless the data direction for
the pin is set to output (DDR_OC1A = 1). The waveform generated will have a maximum fre-
quency of fooqs = fy 10/2 when OCR1A is set to zero (0x0000). The waveform frequency is
defined by the following equation:

7 _ f(:lkgfo
OCid T 3. N. (1 + OCRAA)

The M variable represents the prescaler factor (1, 8, 64, 256, or 1024).

As for the Normal mode of operation, the TOV1 Flag is set in the same timer clock cycle that the
counter counts from MAX to 0x0000.

16.9.3 Fast PWM mode

The fast Pulse Width Modulation or fast PAWM mode (WGM13:0 =5, 6, 7, 14, or 15) provides a
high frequency PWM waveform generation option. The fast PWM differs from the other PWM
options by its single-slope operation. The counter counts from BOTTOM to TOP then restarts
from BOTTOM. In non-inverting Compare Output mode, the Output Compare (OC1x) is cleared
on the compare match between TCNT1 and OCR1x, and set at BOTTOM. In inverting Compare
Output mode output is set on compare match and cleared at BOTTOM. Due to the single-slope
operation, the operating frequency of the fast PWM mode can be twice as high as the phase cor-
rect and phase and frequency correct PWM modes that use dual-slope operation. This high
frequency makes the fast PWM mode well suited for power regulation, rectification, and DAC
applications. High frequency allows physically small sized external components (coils, capaci-
tors), hence reduces total system cost.
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The PWM resolution for fast PWM can be fixed to 8-bit, 9-bit, or 10-bit, or defined by either ICR1
or OCR1A. The minimum resolution allowed is 2-bit (ICR1 or OCR1A set to 0x0003), and the
maximum resolution is 16-bit (ICR1 or OCR1A set to MAX). The PWM resolution in bits can be
calculated by using the following equation:

_log(ror+1)

R =
TP log(2)

In fast PWM mode the counter is incremented until the counter value matches either one of the
fixed values OxO0FF, 0x01FF, or OxO03FF (WGM13:0 =5, 6, or 7}, the value in ICR1 (WGM13:0 =
14), or the value in OCR1A (WGM13:0 = 15). The counter is then cleared at the following timer
clock cycle. The timing diagram for the fast PWM mode is shown in Figure 16-7. The figure
shows fast PWM mode when OCR1A or ICR1 is used to define TOP. The TCNT1 value is in the
timing diagram shown as a histogram for illustrating the single-slope operation. The diagram
includes non-inverted and inverted PWM outputs. The small horizontal line marks on the TCNT1
slopes represent compare matches between OCR1x and TCNT1. The OC1x Interrupt Flag will
be set when a compare match occurs.

Figure 16-7. Fast PWM mode, timing diagram.
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The Timer/Counter Overflow Flag (TOV1) is set each time the counter reaches TOP. In addition
the OC1A or ICF1 Flagis set at the same timer clock cycle as TOV1 is set when either OCR1A
or ICR1 is used for defining the TOP value. If one of the interrupts are enabled, the interrupt han-
dler routine can be used for updating the TOP and compare values.

When changing the TOP value the program must ensure that the new TOP value is higher or
equal to the value of all of the Compare Registers. If the TOP value is lower than any of the
Compare Registers, a compare match will never occur between the TCNT1 and the OCR1x.
Note that when using fixed TOP values the unused bits are masked to zero when any of the
OCR1x Registers are written.

The procedure for updating ICR1 differs from updating OCR1A when used for defining the TOP
value. The ICR1 Register is not double buffered. This means that if ICR1 is changed to a low
value when the counter is running with none or a low prescaler value, there is a risk that the new
ICR1 value written is lower than the current value of TCNT1. The result will then be that the
counter will miss the compare match at the TOP value. The counter will then have to count to the
MAX value (OxFFFF) and wrap around starting at 0x0000 before the compare match can occur.
The OCR1A Register however, is double buffered. This feature allows the OCR1A /O location
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to be written anytime. When the OCR1A 1/O location is written the value written will be put into
the OCR1A Buffer Register. The OCR1A Compare Register will then be updated with the value
in the Buffer Register at the next timer clock cycle the TCNT1 matches TOP. The update is done
at the same timer clock cycle as the TCNT1 is cleared and the TOV1 Flag is set.

Using the ICR1 Register for defining TOP works well when using fixed TOP values. By using
ICR1, the OCR1A Register is free to be used for generating a PWM output on OC1A. However,
if the base PWM frequency is actively changed (by changing the TOP value), using the OCR1A
as TOP is clearly a better choice due to its double buffer feature.

In fast PWM mode, the compare units allow generation of PWM waveforms on the OC1x pins.
Setting the COM1x1:0 bits to two will produce a non-inverted PWM and an inverted PWM output
can be generated by setting the COM1x1:0 to three (see Table on page 130). The actual OC1x
value will only be visible on the port pin if the data direction for the port pin is set as output
(DDR_OC1x). The PWM waveform is generated by setting (or clearing) the OC1x Register at
the compare match between OCR1x and TCNT1, and clearing {or setting) the OC1x Register at
the timer clock cycle the counter is cleared (changes from TOP to BOTTOM).

The PWM frequency for the output can be calculated by the following equation:

P _ Jukwo
OCRXFWIM ~ pr, (1+TOP)

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCR1x Register represents special cases when generating a PWM
waveform output in the fast PWM mode. If the OCR1x is set equal to BOTTOM (0x0000) the out-
put will be a narrow spike for each TOP+1 timer clock cycle. Setting the OCR1x equal to TOP
will result in a constant high or low output (depending on the polarity of the output set by the
COM1x1:0 bits.)

A frequency (with 50% duty cycle) waveform output in fast PWM mode can be achieved by set-
ting OC1A to toggle its logical level on each compare match (COM1A1:0 = 1). This applies only
if OCR1A is used to define the TOP value (WGM13:0 = 15). The waveform generated will have
a maximum frequency of fy., = fy 1o/2 when OCR1A is set to zero (0x0000). This feature is
similar to the OC1A toggle in CTC mode, except the double buffer feature of the Output Com-
pare unit is enabled in the fast PWM mode.

16.9.4 Phase correct PWM mode

The phase correct Pulse Width Modulation or phase correct PWM mode (WGM13:0=1, 2, 3,
10, or 11) provides a high resolution phase correct PWM waveform generation option. The
phase correct PWM mode is, like the phase and frequency correct PWM mode, based on a dual-
slope operation. The counter counts repeatedly from BOTTOM (0x0000) to TOP and then from
TOP to BOTTOM. In non-inverting Compare Qutput mode, the Output Compare {(OC1x) is
cleared on the compare match betwesn TCNT1 and OCR1x while upcounting, and set on the
compare match while downcounting. In inverting Output Compare mode, the operation is
inverted. The dual-slope operation has lower maximum operation frequency than single slope
operation. However, due to the symmetric feature of the dual-slope PWM modes, these modes
are preferred for motor control applications.

The PWM resolution for the phase correct PWM mode can be fixed to 8-bit, 8-bit, or 10-bit, or
defined by either ICR1 or OCR1A. The minimum resolution allowed is 2-bit (ICR1 or OCR1A set
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to 0x0003), and the maximum resolution is 16-bit (ICR1 or OCR1A set to MAX). The PWM reso-
lution in bits can be calculated by using the following equation:

R _log(FforP+1)
FCEWM T T og(2)

In phase correct PWM mode the counter is incremented until the counter value matches either
one of the fixed values OxO0FF, Ox01FF, or Ox03FF (WGM13:0 = 1, 2, or 3), the value in ICR1
{(WGM13:0 = 10), or the value in OCR1A (WGM13:0 = 11). The counter has then reached the
TOP and changes the count direction. The TCNT1 value will be equal to TOP for one timer clock
cycle. The timing diagram for the phase correct PWM mode is shown on Figure 16-8. The figure
shows phase correct PWM mode when OCR1A or ICR1 is used to define TOP. The TCNTH
value is in the timing diagram shown as a histogram for illustrating the dual-slope operation. The
diagram includes non-inverted and inverted PWM outputs. The small horizontal line marks on
the TCNT1 slopes represent compare matches between OCR1x and TCNT1. The OC1x Inter-
rupt Flag will be set when a compare match occurs.

Figure 16-8. Phase correct PWM mode, timing diagram.
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The Timer/Counter Overflow Flag (TOV1) is set each time the counter reaches BOTTOM. When
either OCR1A or ICR1 is used for defining the TOP value, the OC1A or ICF1 Flag is set accord-
ingly at the same timer clock cycle as the OCR1x Registers are updated with the double buffer
value (at TOP). The Interrupt Flags can be used to generate an interrupt each time the counter
reaches the TOP or BOTTOM value.

When changing the TOP value the program must ensure that the new TOP value is higher or
equal to the value of all of the Compare Registers. If the TOP value is lower than any of the
Compare Registers, a compare match will never occur between the TCNT1 and the OCR1x.
Note that when using fixed TOP values, the unused bits are masked to zero when any of the
OCR1x Registers are written. As the third period shown in Figure 16-8 illustrates, changing the
TOP actively while the Timer/Counter is running in the phase correct mode can result in an
unsymmetrical output. The reason for this can be found in the time of update of the OCR1x Reg-
ister. Since the OCR1x update occurs at TOP, the PWM period starts and ends at TOP. This
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implies that the length of the falling slope is determined by the previous TOP value, while the
length of the rising slope is determined by the new TOP value. When these two values differ the
two slopes of the period will differ in length. The difference in length gives the unsymmetrical
result on the output.

It is recommended to use the phase and frequency correct mode instead of the phase correct
mode when changing the TOP value while the Timer/Counter is running. When using a static
TOP value there are practically no differences between the two modes of operation.

In phase correct PWM mode, the compare units allow generation of PWM waveforms on the
OC1x pins. Setting the COM1x1:0 bits to two will produce a non-inverted PWM and an inverted
PWM output can be generated by setting the COM1x1:0 to three (See Table on page 131). The
actual OC1x value will only be visible on the port pin if the data direction for the port pin is set as
output (DDR_OC1x). The PWM waveform is generated by setting {(or clearing) the OC1x Regis-
ter at the compare match between OCR1x and TCNT1 when the counter increments, and
clearing (or setting) the OC1x Register at compare match between OCR1x and TCNT1 when
the counter decrements. The PWM frequency for the output when using phase correct PWM can
be calculated by the following equation:

_ Jacwo
JSocnrorwr = 2. N.TOP

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCR1x Register represent special cases when generating a PWM
waveform outputin the phase correct PWM mode. If the OCR1x is set equal to BOTTOM the
output will be continuously low and if set equal to TOP the output will be continuously high for
non-inverted PWM mode. For inverted PWM the output will have the opposite logic values. If
OCR1A is used to define the TOP value (WGM13:0 = 11) and COM1A1:0 =1, the OC1A oufput
will toggle with a 50% duty cycle.

16.9.5 Phase and frequency correct PWM mode

The phase and frequency correct Pulse Width Modufation, or phase and frequency correct PWM
mode (WGM13:0 = 8 or 9) provides a high resolution phase and frequency correct PWM wave-
form generation option. The phase and frequency correct PWM mode is, like the phase correct
PWM mode, based on a dual-slope operation. The counter counts repeatedly from BOTTOM
(0x0000) to TOP and then from TOP to BOTTOM. In non-inverting Compare Output mode, the
Qutput Compare (OC1x) is cleared on the compare match between TCNT1 and OCR1x while
upcounting, and set on the compare match while downcounting. In inverting Compare Output
mode, the operation is inverted. The dual-slope operation gives a lower maximum operation fre-
quency compared to the single-slope operation. However, due to the symmetric feature of the
dual-slope PWM modes, these modes are preferred for motor control applications.

The main difference between the phase correct, and the phase and frequency correct PWM
mode is the time the OCR1x Register is updated by the OCR1x Buffer Register, (see Figure 16-
8 on page 124 and Figure 16-9 on page 126).

The PWM resolution for the phase and frequency correct PWM mode can be defined by either
ICR1 or OCR1A. The minimum resolution allowed is 2-bit (ICR1 or OCR1A set to 0x0003), and
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the maximum resolution is 16-bit (ICR1 or OCR1A set to MAX). The PWM resolution in bits can
be calculated using the following equation:

R _logror+1)
PRCPEM = 092y

In phase and frequency correct PWM mode the counter is incremented until the counter value
matches either the value in ICR1 (WGM13:0 = 8), or the value in OCR1A (WGM13:0 = 8). The
counter has then reached the TOP and changes the count direction. The TCNT1 value will be
equal to TOP for one timer clock cycle. The timing diagram for the phase correct and frequency
correct PWM mode is shown on Figure 16-9. The figure shows phase and frequency correct
PWM mode when OCR1A or ICR1 is used to define TOP. The TCNT1 value is in the timing dia-
gram shown as a histogram for illustrating the dual-slope operation. The diagram includes non-
inverted and inverted PWM outputs. The small horizontal line marks on the TCNT1 slopes repre-
sent compare matches between OCR1x and TCNT1. The OC1x Interrupt Flag will be set when a
compare match occurs.

Figure 16-9. Phase and frequency correct PWM mode, timing diagram.
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The Timer/Counter Overflow Flag (TOV1) is set at the same timer clock cycle as the OCR1x
Registers are updated with the double buffer value (at BOTTOM). When either OCR1A or ICR1
is used for defining the TOP value, the OC1A or ICF1 Flag set when TCNT1 has reached TOP.
The Interrupt Flags can then be used to generate an interrupt each time the counter reaches the
TOP or BOTTOM value.

When changing the TOP value the program must ensure that the new TOP value is higher or
equal to the value of all of the Compare Registers. If the TOP value is lower than any of the
Compare Registers, a compare match will never occur between the TCNT1 and the OCR1x.

As Figure 16-9 shows the output generated is, in contrast to the phase correct mode, symmetri-
cal in all periods. Since the OCR1x Registers are updated at BOTTOM, the length of the rising
and the falling slopes will always be equal. This gives symmetrical output pulses and is therefore
frequency correct.
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Using the ICR1 Register for defining TOP works well when using fixed TOP values. By using
ICR1, the OCR1A Register is free to be used for generating a PWM output on OC1A. However,
if the base PWM frequency is actively changed by changing the TOP value, using the OCR1A as
TOP is clearly a better choice due to its double buffer feature.

In phase and frequency correct PWM mode, the compare units allow generation of PWM wave-
forms on the OC1x pins. Setting the COM1x1:0 bits to two will produce a non-inverted PWM and
an inverted PWM output can be generated by setting the COM1x1:0 to three (See Table on
page 131). The actual OC1x value will only be visible on the port pin if the data direction for the
port pin is set as output (DDR_OC1x). The PWM waveform is generated by setting {or clearing)
the OC1x Register at the compare match between OCR1x and TCNT1 when the counter incre-
ments, and clearing {or setting) the OC1x Register at compare match between OCR1x and
TCNT1 when the counter decrements. The PWM frequency for the output when using phase
and frequency correct PWWM can be calculated by the following equation:

P _ Jakwo
OCPFCPWY = 5 ar TOP

The N variable represents the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCR1x Register represents special cases when generating a PWM
waveform outputin the phase correct PWM mode. If the OCR1x is set equal to BOTTOM the
output will be continuously l