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    An easy and inexpensive altimeter with included thermometer and barometer is described in this article. It operates on a physical law that says atmospheric pressure decreases with increasing altitude. This altimeter can be used for trips, hiking, biking and other hobbies. The altimeter can also show you ambient temperature and actual pressure. Moreover it has memory for 10 hours of data and when you return from a trip you can download the accumulated data to a PC and see a profile of your trip. The resolution of the altimeter is around 1m. It recognizes if you lift it from the floor to your desktop! This short time required to make a calculation is better than with GPS techniques and in addition it doesn’t need a signal from satellites. One possible disadvantage is that it could be affected by a barometric pressure change during a trip. Practical experience show that this is not a problem. 

Semiconductor kit & PCB & charger kit are available now! 
Click here for kit of semiconductors and PCB information! 

Result of your work with the kit should look like here. 
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Comming soon - cheap altimeter for your airplane! 
New version with bigger display, better box and with fly layer tracking will be published soon. 
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NEW: AD7888 AD converter was replaced by TLV2548, SW and PCB was changed. 

Complete doc in PDF file is here. 

    The altimeter is based on a AT89C52 microcontroller, which collects and calculates data from the temperature and pressure sensors. A block diagram of the altimeter is shown in Fig.1. 
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Fig.1. Block diagram of the altimeter. 

Technical parameters 

Resolution of altimeter: 1 meter 
Usable altitude: 0 – 2000m 
Barometer range: 700 to 1100 hPa 
Thermometer range: -30 to 30? C 
Thermometer accuracy: 1deg C 
Memory: 24 hours of data 
Power supply: 2.4 – 3.0V,  AAA size batteries 
Power consumption @5V: 26mA, 15mA, 9mA, see text 
DC/DC converter efficiency: 70 - 80% 

Circuit description 

     The altimeter uses a basic natural law that says atmospheric pressure decreases with increasing altitude. The basic formula is: 

D= -ln(p/p1).R.T/g   (1) 

Three variables have to be measured: 
T - average temperature in degrees Kelvin 
p1 - atmospheric pressure at ‘zero’ level 
p - atmospheric pressure at current level 

Remaining values are fixed constants: 
R – universal gas constant = 286 
g – gravitational acceleration = 9.81 

The described altimeter measures T and P and then recalculates: 
- actual pressure (It is one of direct measured values.) 
- actual altitude, based on shown formula (1) 
- ambient temperature (It is also measured directly. This temperature could easily be replaced by a standard value of 0.8? C decrease per 100m but I think that temperature is also useful information during a trip. Moreover, the analog to digital converter has 8 inputs which are available for use. 
A similar principle can be used in airplanes to measure speed using a Pittot tube but that was not the purpose of this design. 
     The basic component in the altimeter is a MPX4115 absolute pressure sensor. It provides calibrated output voltage directly proportional to atmospheric pressure [1]. Output voltage is described by: 

Vout = Vs (0.009*P – 0.095)   (2) 

where Vs is the supply voltage and the P pressure in kPa. 
    The sensitivity of this component is one of the main parameters that determines the resultant resolution of the altimeter. It is about 4.9mV/hPa for the MPX4115. Using formula (1) and elementary mathematics we can see that at a normal temperature 1hPa drop is equal to about 8 meters. Conversely, 1 meter change in altitude causes about 0.6mV change in output voltage. 
    All that remains is to determine the necessary resolution of the analog to digital converter. The common reference voltage is 5V, divided by 0.6mV (for 1 meter resolution) gives 8333 levels. This can be provided by a 13 bit converter because 2^13 = 8192. 
    Today there are a lot of cheap 12 bit converters and I decided to use one from Texas Instruments – the TLV2548. If we use a 16 bit AD converter we will obtain theoretically resolution of about 14cm. We have to remember that there are much more strict requirements for the reference voltage stability, grounding, blocking etc. Also prices of these converters are higher. 
    Another solution for better resolution is to amplify signal from the sensor using an operational amplifier. I use this method in the altimeter. The available power supply is a limitation for this solution. With +5V supply and the required altitude range we can use a maximum amplification factor of 2.2. 
    We have to think about the whole range of common atmospheric pressure (750 - 1100hPa) and its drop at an altitude of 2000 meters, see Fig.2. The final range is from 600, that is the lowest pressure at 2000 meters with low atmospheric pressure, to 1100hPa that is the highest pressure at 0 meters and with high atmospheric pressure. Using formula (2) we have to process voltages from 2.3 - 4.6V. 
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Fig.2. Pressure dependence on the altitude. 

    A complete diagram is shown in Fig. 3. The altimeter uses a MC33502 operational amplifier IC6b. It is a rail-to-rail type with very a high input impedance. Its output voltage can swing within 50mV of each power supply rails. Amplification is given by R7/R6 = 2.2. The output is DC shifted by the voltage from the R3, R2 divider at the non-inverting input of IC6b.     The output is inverted but it is not a factor because formula (1) can be easy modified. 
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Fig.3. Schematic diagram of the altimeter. (click here for better resolution) 

     The resolution of the AD converter is increased by repeated measurement and averaging of all values. The current program version uses 256 cycles. Low pass filter R14 and C5 [2] is decreases the noise of the sensor and maintains the stability of the displayed value. 
    The output is connected to the first input of the AD converter IC2. The AD converter uses a reference voltage equal to 4.6V. The 4.6 volt level is due to the level  of the altimeter’s power supply. Since we need a few milivolts above the reference voltage to ensure good stabilization, a 2.5V programmable reference TL431 (D1) is used with amplifier IC6a. 
    The second input of the AD converter is used for temperature measurement. I used a KTY81 (R13) sensor which forms divider with R12. The resistance of R13 is 2000 ohms at 25? C. The divider is biased from the voltage reference. The output voltage is proportional to ambient temperature. The basic resistance dependence on temperature was approximated by second order polynomial, which is calculated by microprocessor IC1 [3]. 
The third input is used for the sensing the 2.4V power supply voltage. If the battery voltage goes too low, then the 5V power supply voltage will also go below 5V. Values under 5V will distort all measured data. If the voltage is under this limit, the altimeter will display a battery warning. 
     The AD converter sends data through a 4 wire bus to the microcontroller IC1 (AT89C52) which processes and calculates all formulas. Formula (1) is easy to process on a calculator but is not easy to run on a microcontroller. The programming was really difficult if you only use an assembler. Fortunately, today there are compilers available to convert the C language to binary code and therefore the implementation of a logarithm function is much easier to perform. 
     I also used C language for the main program in combination with assembler routines for communication with the display, memory and AD converter. A simplified flow chart is shown in Fig.4. 
     All calculated data are displayed on IC8 a 1x16 character display, which is controlled through a 4 bit data bus and a 2 wire control bus. These wires are also shared with the AD converter bus. The display is the biggest component in the altimeter and could be replaced by similar smaller types. The advantage of using a common 1x16 display is its availability and price. 
     The altimeter provides these values: 
- actual temperature 
- actual atmospheric pressure 
- altitude 
- free memory in % 
- trip duration in minutes 
    These outputs are measured every 2 seconds and can be periodically changed by pressing MODE button. Pressing SET button from any displayed value will set zero altitude. Then the altimeter switchs to showing altitude, see Fig.5. 
    The altimeter also stores altitude information to memory and can download data to your PC. Data are stored in EEPROM memory IC9 that is controlled via the I2C bus. Altitude data is stored every 16 sec and with 2kbytes of memory it can store 9 hours of trip data. The sample rate can be changed to a shorter period, decreasing the capacity but providing better resolution. 
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Fig.4. Simplified flow chart of program. 

    The MEM button is used to start storing data to the memory. At any time you can interrupt or stop this storing by pressing MEM. If data is being stored an apostrophe “ ‘ “ is shown on the display’s last position. Also shown is the amount of free memory. After exceeding maximum memory capacity, the microprocessor automatically stops data storing. 
Data can be simply transferred to a PC. T2 inverts the serial output from the microprocessor to 0 and 5V. All common serial ports are able to receive data with levels 5/0V instead of 12/-12V. This is an important fact, since it saves one integrated circuit (for example MAX232). 
    Pressing the MEM button during powerup initiates the transfer data to the PC. After the termination of the transfer, the altimeter switches to its common function. Data format and data processing will be described later. 
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Fig.5. Basic functions of MODE, SET and MEM button. 

    Two displayed values need calibration. The first one is temperature where we need to calculate the right value of R12. The second parameter is atmospheric pressure because sensor IC7 varies from unit to unit from the factory. The altimeter offers a special calibration menu, which is started by pressing MODE button during powerup of the altimeter. 
    The calibration constants are in integer format. We can increase or decrease values by pressing MODE (+1) or SET (-1) button. When the correct value appears, the MEM button will switch us to pressure calibration. Next pushing the MEM button will save data to EEPROM memory and will switch the altimeter to common operation. 
    These constants are reloaded after each start and are used for all calculations. The advantage of using EEPROM is that we do not need to modify master program or to program EEPROM in a special programmer. 
    The best way how to the determine constant values is to set them to zero, switch on the altimeter and write down the difference between displayed values and correct values down to piece of paper. Then switch power off and on and store these values in the altimeter’s memory. 

     The whole altimeter can be powered by a voltage in the 2.4V-3.0V range. IC3 is a DC to DC converter MC33463 with a variable frequency [4]. It uses accumulating coil TL1 and filtering capacitor C6. This converter functions as an up converter that does not function with input voltages over 5V. 
     I use 2 rechargeable NiMH batteries in AAA size but you can also use AA size, depending on box size. New types of these batteries have capacity as high as 550mAh. 
     The resistance of TL1 determines final efficiency. A common SMCC choking coil could be used. It gives about 75% efficiency while some special coils with low DC resistance give about 80%. Previous versions of the altimeter used a converter with internal switch with about 60% efficiency. 
     Of course power consumption of the altimeter is very important. I measured these values (no power management was used): 

DEVICE CURRENT CONSUMPTION 
AD converter     0.5mA 
LCD display      1mA 
Opamp + sensor   8mA 
Microcontroller  10mA 
  

    We see that the sensor and opamp a take big portion of the total energy but we do not need them powered over all the time. This is why I chose to implement P MOS switch T1 and simple power management. The opamp, pressure sensor and reference are powered only during measurement every 2 seconds. Delay loops are implemented in the program to avoid bad readings from the sensor. Also, the microcontroller is set to the IDLE mode when it is possible. 
    T1 is TMOS P channel transistor with very low resistance and can be controlled directly from microcontroller. +5V closes transistor and 0V from pin is opening transistor. 
    Fig.6. shows the current consuption of the altimeter at 5V. It well shows three phases of the work of the altimeter. During the phase 1 the altimeter powers also the pressure sensor and collect all the data from the AD converter. The current consumption is about 26mA. The sensor is not biased during the phase 2, the processor is in active regime and calculates all data. It takes about 130ms and 15mA from 5V power supply. The phase 3 is the last one when the processor is in the idle mode and the internal timer wakes it every 50ms. During this short time the processor is checking for pressed buttons. These short spikes are not visible in the picture. The current consumption is about 9mA. The cycle is repeated every 2 sec. 
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Fig.6. Current consuption of the altimeter at 5V. 

Data processing 

    The altimeter sends data to the serial port in standard format 8N1 (8 bits, no parity, 1 stop bit) at a speed of 9600Bd. Data can be received by any terminal program. I use Hyperterminal that is one of the accessories in Windows NT (or 95 or 2000). The altimeter sends data separated by CR char (ASCII code 13). Set the terminal to add a LF (ASCII code 10) so you will have data separated in lines.  Save it to file. 
    The altimeter sends only the difference between the current value and the last measurement because it saves memory. Each difference value is 7bits long and the 8th bit is the sign. This means that the altimeter can recognize a change between last two measurements from –127 to +127 meters. 
     As I mentioned, I use Microsoft Excel to process all data. Currently, I am working on a macro which will automatically process data and create a chart. This macro will be free to download from my page. For now we have to do it manually. 

 There is an example of data from my first trip: 

Value from altimeter +/- difference Absolute altitude 
255             -1         368 
1                1         369 
0                0         369 
0                0         369 
2                2         371 
253             -3         368 
0                0         368 

    There are 2 easy formulas implemented in the columns above: 

“+/- difference” =IF(A1>127,(YES)A1-256,(NO)A1), where A1 is cell with value from the altimeter 
“Absolute altitude” =C0+B1, where C0 is the previous altitude and B1 is calculated difference 

    The last column can easily be used to prepare chart. There is an example of profile of my first trip with the altimeter. 
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Fig.7. Profile of my first trip with the altimeter. 

Recommended battery charger 

     I also developed easy to construct fast charger for NiCd and NiMH batteries used in the altimeter. I looked for the simplest solution. The schematic is shown in Fig.8. The charger is based on a MC33340, which was designed for quick charges. This device uses ‘negative slope’ detection for the end of charging. NiCd and NiMH batteries show small drop in the output voltage when they are 100% charged. The MC33340 controls charging by detecting this decrease. 
     There is also a backup solution for stopping the charging in case the batteries are damaged. The solution is an independent timer, which is controlled by pins T1, T2 and T3 and can be set up to 283 minutes. Another possibility of how to stop fast charging is detecting a high temperature of the battery. I do not use this option in my design. 
     The charger has two operating modes. The first one is a fast charging mode that is terminated by the methods described above. A blinking LED diode signals this mode. The charger is switched to the “maintain” mode when the batteries are powered with a small current and the LED glows steadily. This current covers the self-discharging of batteries so they are 100% ready for your use. 
     The MC33340 can control the LM317voltage regulator that is very useful because you do not need a stabilized power supply with an exact output voltage. A power supply that supplies 18V is enough. 
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Fig.8. Fast battery charger 

     A few calculations have to be done to determine the values of resistors. It is very easy to do and could also be used for other applications. I prepared easy macro in Excel which will calculate you all values for charger. It is ready to download here. 
     Resistor R6 determines fast charging current and its value is R6=1.25/If, where If is charging current and 1.25 is reference voltage of LM317. It should be chosen for a power dissipation of P=1.25*If. I selected 2 hours charging with a current If=300mA. It gives R6=4 ohms at 0.4Watts. 
     R1 and R2 have to divide the voltage from the battery down to between 1V and 2V. A voltage outside this range at pin 1 of MC33340 will not allow the start of fast charging. This protects against bad batteries. I selected R1=10k and R2=15k. It will divide the 2.4V from the battery to about 1.4V. 
     Current drawn in the maintain mode should be about 0.03-0.05 of battery capacity. I used cells with 500mAh and I chose a current of 20mA. This current is given by the formula Im=(Vin-0.5-Vbat)/R5, where Vin is the input voltage, Vbat is the voltage of the battery (2.4V for my case). Then with Vin=12V R5=455 ohms and we can use a 470 ohm resistor. 
     A diagram of the PCB is shown in Fig.9. I used a common DC connector with one contact for the charger connection to the altimeter. This contact unplugs the altimeter’s electronics from the battery during charging. 
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Fig.9. PCB of the fast charger. 

Assembly and debugging 

     The PCB is double sided with a few big holes for mounting it in a BOPLA BOS-400 box. At first adjust mechanical dimmension to the box by a file. Also box needs few mechanical adjustments, cut by knife short protrusions around holes for screws then PCB will exactly match the box. Next step is to cut out or mill out window for display, for buttons and connectors. Dimmensions depend on used types. 
    Then you can solder all the parts to the PCB at one time but without microcontroller. LCD display can be connected via golden pins and precise socket (see photos) or with short cable. If you use socket for the microcontroller sometimes you need to bend metal holders at display, but it is not problem. 
     Because of small dimmension there is not a lot of space in the box. I used small audio “Jack 2.5 mono” connectors for charging  and serial output. This connector has contact which disconnect the altimeter from battery during charging. 
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Fig.10. PCB drawing  (93x56mm) BOTTOM and TOP. 

Checkout 

    Connect the altimeter to a power supply through an ampermeter and check current consumption. It shouldn’t exceed 50mA at 2.4V. Then check voltage at the output of the DC DC converter which should be 5V. Another important voltage is reference 4.6V at pin 1 of IC6. Before measurement temporarily ground gate of T1. 
If everything is OK, solder the microcontroller or place it to the precision socket. After switching on power supply you will see the temperature displayed and all functions of the altimeter will work. Next you should perform the calibration as described above. 
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Fig.11. Components placement TOP and BOTTOM. 

Conclusions and software 

     I developed this altimeter for a hobby, not to compete with professionally made  products. They are smaller but much more expensive than my altimeter.  Moreover I enjoyed constructing it and seeing it work properly.  The altimeter is easy to build and to debug and can easily be constructed by electronic beginners. 
     The parameters of the altimeter are very accurate. Output values are stable and I achieved 1 meter resolution on all units. Data storage is a very interesting option which enables us to see the profile of the last trip.  There are visible breaks where I stopped in some pubs. GPS will give you more accurate values but price is more than 4 times higher. 
     Another functions could be implemented into the programm. I’m working on implementing infrared port which enables wireless transfer of data to PC. The next option will also process data from magnetic sensor on bicycle and will enable to have profiles based on travelled distance. 
     The latest version can show altitude in feets, temperature in Fahrenheits and pressure in mmHg. You can activate it by grounding pin P3.6 of the microcontroller. Calibration has to be done with standard units otherwise software will be difficult. It also has extended setup menu where you can set your home altitude and then the altimeter will show you absolute altitude. You can also input estimated duration of the trip and the altimeter will recalculate internal constants for better using EEPROM memory. In result you will get much better resolution of your trip because altimeter will store the altitude more often. 

For last update and free download please check this link. 

All new versions of SW requires 8kB programm memory and using 89C52 microcontroller instead of 89C51. 
     The altimeter is a very popular item at our local cycle club because they can compare achieved performance. I have started another project based on this altimeter.  It is a ‘flying altimeter’ for use in model airplanes.  It transmits data down to the modeler. It is the subject of another article. 

Please remember that I developed it for hobby not for business. Everything is free if it is not for commercial purpose. Any comments and suggestions are welcome. 
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Fig.12. Photo of the altimeter dismounted from the plastic box. 
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Used components 

Altimeter 
Capacitors: 
C1,2       27p 
C3,5,8       100n 
C4       4u7/6V 
C6       220u/6V 
C7       10n 
C9 100n SMD 1206 (or use common leaded type with cutted leads) 

Resistors: 
P1       10k, adjustable 
R1,9,11,12       2k2 
R2,4,6,10,15,16       10k 
R3,7       22k 
R5       12k 
R8      330 
R14      750 
R13      KTY81-210, Philips 

Semiconductors: 
D1       TL431A, ON Semiconductor 
D2       MBRD520, Shottky diode 
T1       MGSF1P02LT, ON Semiconductor 
T2       BC307, PNP 
T3       BC237, NPN 

IC1      AT89C52 DIP40, Atmel 
IC2      TLV2548CDW Texas Instruments 
IC3      MC33463H-50LT1, ON Semiconductor 
IC6      MC33502P, ON Semiconductor 
IC7      MPX4115A, Motorola 
IC8      CM1610, standard 1x16 matrix display (connector must be left, upper) 
IC9      24C16 

Others: 
MEM, MODE, SET button 
TL1      150u, SMCC 
Q1       11.0592MHz, quartz, low profile 
1x14 jumper pinheads (male), 1x14 female for display connection 
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