Micro R/C Receiver


A low cost, lightweight receiver for remote control applications.


I needed an extremely lightweight Remote-Controlled (R/C) receiver for a slow flying, electric, indoor R/C aircraft that I was building.  The receiver needed to be as light as possible so that my airplane could fly very slowly.  It wasn’t until I started building my aircraft that I realize I would need to designing and building my own R/C receiver.  The cost of the lightest receivers were out of my price range.  I was able to build a receiver that was as light as any commercially available receiver at a fraction of the cost of purchasing one.  This delayed the completion of my aircraft by a few months.  However, it was a process that turned out to be interesting and rewarding.  


Once images and specifications of my receiver and aircraft were posted at www.tcrobots.org, I received a flood of e-mail inquires for more details.  The details presented here will enable many to build their own lightweight R/C receiver.  Furthermore, the details of the R/C communication protocols and detailed functionality of the circuit components presented here will enable the interested reader to modify this design to meet the requirements of their specific applications.  The requirements that I placed on my design were:


	1.  Weight: Light as possible... about 2 grams (0.07 ounce).


	2.  Size: Make it small... this in turn will help keep it light, the No. 1 priority!


	3.  Functions: At least 3 (Throttle, Rudder, Elevator), preferably more.


	4.  Operating Voltage: 5 VDC +/-0.5 volts.


	5.  Operating Range: At least 100’... after all, it is intended mainly for indoor use.


To keep the receiver light, I selected the smallest components I thought I could handle.  This allowed the circuit board to be small.  The bare circuit board accounted for about half the weight of the receiver, with the components accounting for the other half of the weight.  To keep things really light I decided not to use connectors, but rather to hard-wire the R/C servo and power wires directly to the receiver.  Besides, I would never need to remove this receiver from my airplane for use in another project... I could just make another one!


Radio Receiver


I started out by researching the various frequency modulated (FM) radio receiver integrated circuits (IC) that were available.  I eventually decided that the TDA7021 was the best choice.  It required relatively few additional components.  Also, it could be used with a light-weight LC oscillator instead of a relatively heavy and expensive crystal, while still having adequate frequency stability.  Another important attribute of the TDA7021 is its lightweight, small outline surface mount package.


R/C Servo Signals


Next I had to understand how the information for several servos is encoded into the RF signal sent by the R/C transmitter, and how the receiver should decode and distribute the control signals to the appropriate servos.  Having used R/C servos for other hobby projects in the past, I observed that the position of a single servo was controlled by the pulse width of a signal that repeats at about a 40 Hz rate.  I learned that this control pulse could be any width between about 1.0 ms to 2.0 ms.  A pulse width of 1.5 ms commands the servo to go to the center, or neutral position.  A pulse width of 1.0 ms commands the servo to rotate to a position about 30 degrees counter clockwise from the center position, and a pulse width of about 2.0 ms commands the servo to rotate to a position about 30 degrees clockwise from the center position.  


In the process of studying any information I could find regarding various R/C receivers and servo controllers, I concluded that the pulses of a multi-servo system were back-to-back as shown in figure 1a.  I also learned that some R/C transmitters used positive shift and others used negative shift frequency modulation.  


First I built the FM receiver portion of this project using the TDA7021 so that I could observe the encoded control signal.  Once I had the RF portion of my receiver operational, I was able to observe that its output signal looked like the trace shown in figure 1b.  I was using a 5 function positive shift FM transmitter.  The output signal from the FM receiver was a pulse train consisting of 6 tiny pulses that repeated at about a 40 Hz rate.  


By fiddling with the control sticks on the R/C transmitter, I learned that the pulse widths did not change, but the pulse positions did change.  I reasoned that the relationship between the pulses in figure 1a and figure 1b could be correlated as shown in figure 1.  Although my R/C transmitter used positive shift modulation, I suspect that a transmitter that used negative shift modulation would result in a signal as shown in figure 1c. 


 If it wouldn’t add much weight, I wanted to make my receiver capable of working with both positive and negative shift transmitters.  I also realized that if I had an 8-function transmitter, there would still be about a 9 ms pause between the pulse trains even if all 8 functions were using a full 2.0 ms pulse.  I decided to use this pause to synchronize the receiver with the transmitter.  The logic circuitry could use this pause to determine which is the first pulse and route the first output pulse following this pause to the first servo output connection.  The next output pulse would be routed to the second servo output connection, and so-forth.  


I was tempted to use a small microcontroller (such as one of Microchip’s 8 pin surface mount PICs) for the pulse decoding and distribution, but I was concerned that its internal clock might generate enough RF interference that it would render the RF receiver useless.  Therefore I opted to implement the digital decoding process with a few discrete logic chips.  This way I could observe the intermediate waveforms and verify that the design was working as intended, rather than wonder if I had a firmware error in a microcontroller, or if noise from the microcontroller was jamming the RF circuitry.  I built a breadboard of the decoder circuitry just to be sure that it would work once I had it miniaturized.


Miniaturization


I chose to use small components because of their light weight.  Almost all of the resistors and capacitors that I used were of the 0603 package size.  I chose this package size because of the large selection of components available, and because they were about as small as I cared to handle.  The TDA7021 comes in only a fine pitch surface mount package.  Unfortunately, it is not available in a DIP package, which would have made building a quick prototype possible.  


Nothing other than a printed wiring board (PWB) seemed like it would be a reliable and compact enough method of assembling the surface-mount components.  Of course I was not about to spend money having a PWB made.  That was more than I cared to spend, and typical PWB materials weigh quite a bit.  I realized that I would have to revive and refine a method of making my own PWBs that I had experimented with years ago.  


I ended up making PWBs by drawing etch-resist onto a copper clad board, then etching off the unwanted copper.  I could not draw the circuit pattern by hand because of the precision and detail needed to create a compact circuit using miniature surface-mount components.  I laid the circuit out with a CAD software package that could output the circuit pattern to a plotter.  This way I could precisely plot the etch resist pattern directly onto the copper clad board.  Instead of using standard plotter pens, I used an ultra-fine-point Sharpie permanent marker because they have a point that is fine enough for the level of detail required, and the ink is fairly etch resistant.  I plotted the circuit pattern onto a small scrap of material that was intended to become a flex circuit.  It was the lightest circuit board material that I could find.  This resulted in a circuit board that was somewhat flexible. However, because of the small size of the circuit, it was reasonably stiff. 


 Because I wanted a double-sided circuit board, I made two small circuit boards this way and glued them back-to-back.  I used double sided material for the RF circuitry so that it would have a continuous internal ground plane.  


I designed the two circuits in a way that required a minimal number of inter-connects between the top and bottom PWBs.  I then hard wired the required inter-connects with short jumper wires.  To keep the layout compact, I also opted to eliminate a few long winding traces by adding a few short jumper wires.  All of the jumpers are shown as bold lines on the schematic in Figure 2.  Figure 3 shows the circuit layout.  An HPGL plot file (micorx.hpg) is available that can be used to plot your own PWBs.


Circuit Details


My receiver needed to receive the radio signals sent by my R/C transmitter on channel 24.  Channel 24 R/C transmitters use a center frequency in the 72 MHz radio band.  The frequency of any of the R/C channels in the 72 MHz band can be calculated by:





f = 71.99 MHz  + 0.02 MHz * (X-10).						eq. 1





where X is any R/C channel number from 11 to 60 and f is the center frequency.  From equation 1 it can bee seen that the channels are separated by 20 kHz.  This indicates that each channel has a band of +/-10 kHz over which it can modulate the center frequency.  The receiver IC that I decided to use has a bandwidth of +/-75 kHz and an intermediate frequency (IF) of 76 kHz.  To get the 72.27 MHz RF signal of channel 24 down to the IF frequency of 76 kHz, it must be mixed with a local oscillator (LO) frequency of 72.194 MHz, as shown in equation 2,





fRF - fLO = fIF										eq. 2





where fRF is the transmitter center frequency, fLO is the local oscillator frequency and fIF is the intermediate frequency.  To generate the required LO frequency, I had to select an inductor L1 and capacitors C4 and C5 that would resonate at 72.194 MHz, as calculated by equation 3,





f = (L*C)-1/2*(2*pi)-1									eq. 3





where L is the inductance L1, and C is the total capacitance of C4 plus C5.  I selected a standard inductor value of 56 nH, because this resulted in a reasonable value for C4 and C5 at the LO frequency that I needed.  I allowed only a small portion of the total capacitance to be variable, making it easier to tune and making the LO more stable.  I selected the variable capacitor type because of its reasonably temperature stability, lightweight and small size.  I selected an inductor that was very small, lightweight, and reasonably temperature stable.  Because the receiver has a bandwidth of +/-75 kHz, and the signal it needs to receive is only +/-10 kHz, then even if the LO frequency varies by a much as +/-65 kHz from its intended 72.194 MHz, all of the needed signal would still be received.  This allows for some amount of mis-tuning and thermal drifting of the LO frequency.  L2, C11 and C12 also form a circuit that is resonate at 72 MHz.  The function of this resonate circuit is to filter out unwanted RF signals.  The resonate frequency of this circuit can also be calculated using equation 3, but Cequivilant must be substituted for C.  Cequivilant can be calculated as shown in equation 4.





Cequivilant = 1/(1/C11+1/C12)								eq. 4





These components can also perform an impedance matching function, matching the output impedance of the antenna to the input impedance of U1 at pin 12.  The input impedance of pin 12 is about 700 ohms, but he resistance of a thin antenna wire would probably be less than 700 ohms.  The impedance transform of this resonate circuit is approximated by equation 5,





N = Rinput/Rantenna = (C12/C11+1)2							eq. 5





where N is the impedance transform ratio, and Rantenna is the antenna impedance and Rinput is the input impedance of pin 12.  Not really knowing what antenna length I would use or what its impedance would be, I simply let C12 equal C11 as a first guess of what might work well.  C13 was selected to approximate a short circuit at RF frequencies, keeping pin 13 of U1 at RF ground while not disturbing the IC’s internal DC biasing at pin 13.  The impedance, ZC, of C13 at 72 MHz can be calculated to be about 0.7 ohms, using equation 6.





ZC = (2*pi*f*C)-1									eq. 6





R3 is to keep a static charge from building up on the antenna.  R3 was selected to be a low enough resistance to drain static charge from the antenna to ground, while also being large enough to prevent attenuation of the RF signals on the antenna.  The other components surrounding U1 are as shown in the TDA7021 data sheet.  These components provide the coupling, biasing and bandwidths for proper operation of this integrated circuit.  R21 and C21 were included in the schematic and layout to be used if additional signal filtering would be needed.  The circuit worked well without the additional filtering, so I used a 10 ohm resistor as a jumper for R21, and C21 was not used.  The signal output of U1 is on pin 14.  This signal is very small, and riding on a DC bias provided by U1.  Because this DC bias is not stable, it must be removed and a more stable bias used.  C22 blocks out the unstable DC bias while passing the signal of interest.  C22 and R22 determine the lowest frequency that will get passed un-attenuated to U3a as determined by equation 7.





fMIN = (2*pi*R*C)-1									eq. 7





Based on the knowledge that servo pulses are on the order of 1 ms, I suspected that much of the signal energy would be in the 1 kHz frequency band, but to allow for fast rise times, I chose to let frequencies as high as 10 kHz pass through the filters.  To find a lower frequency limit, I used the fact that servo signals repeat at about a 40 Hz rate, thus the design allows frequencies at least this low to pass though the filters.  A stable low impedance bias voltage is generated by R40, R41 and U4.  The source resistance of this bias voltage is 1.3k ohms, as determined by equation 8.





Reffective = 1/(1/R40+1/R41)								eq. 8





This source resistance must be much smaller than the resistance of R22 or R23.  The values of R40 and R41 were selected to produce a bias voltage of 2.45 volts, which is about midway between ground and U3a’s operating voltage of 5 volts.  The resultant bias voltage, VBIAS, is calculated using equation 9.





VBIAS = 3.3 volts * R41/(R40+R41)							eq. 9





This bias voltage is applied to R22 and R24 to properly bias U3a.  The circuit configuration about U3a is designed to amplify the signal coming from U1 pin 14, without amplifying any of the DC bias voltages.   The voltage gain, AV, of U3a is determined by





AV = R23/R24										eq. 10





yielding a gain of 100.  R23 was chosen to be large so that the current required by U3a would be minimized.  R23 also works with C23 and U1 to limit the bandwidth to which this amplification is applied, minimizing noise from unwanted signals.  The maximum signal frequency, fMAX, passed by this configuration is 10.6 kHz, as found using equation 11.





fMAX = (2*pi*R*C)-1									eq. 11





The signal from U3a pin 1 is amplified sufficiently to be detected as a logical 0 or 1, but has slow rise and fall times and is offset by VBIAS.  The circuitry about U7a is designed to accurately detect and classify the signal as a logic high or low.  The signal from U3a is passed on to U7a pin 3 through a low pass filter created by R25 and C26.  This filter is used to further minimize any noise on this signal.  The maximum frequency that this filter allows to pass can be found using equation 12 to be 10.6 kHz.  Again R25 was chosen to be large to minimize the current required by U3a, and C26 was then selected to pass the required signal frequencies.  U2, C24, C25, R26, R27 and C30 generate a reference voltage used by comparator U7a to convert the input signal at pin 3 to a logic output. This reference voltage is approximately midway between the minimum and maximum voltage swings of the signal coming from U3a.  Diode U2a allows C24 to charge up to the maximum signal voltage, and U2b allows C25 to charge to the minimum signal voltage.  R26 and R27 form a voltage divider, producing a reference voltage midway between the minimum and maximum signal voltages.  C30 ensures that there is minimum ripple on this reference voltage. The values of C24, C25, C30, R26 and R27 are all relatively large to produce a long time constant so that the reference voltage cannot vary quickly.  This makes it quite stable.  This midrange reference voltage provides a good reference against which to compare the signal, and yields a consistent and stable stream of logic pulses. R28 and C31 were included in the schematic and layout to filter out any glitches on the clock line.  No filtering was required, so I used a 10 ohm resistor as a jumper for R28 and C31 was not used.   Now that a clean stream of pulses has been recovered from the RF signal, it needs to be processed into individual servo control signals by U6 and U5.  U6 is used to reset U5 at the proper time.  A reset pulse from U6 causes output Q0 of U5 to go high and clears all other U5 outputs.  U6a is configured such that pin 13 will go low if U7a is inactive for more than 8.2 ms, as calculated using equation 12, where R29 is 82,000 ohms and C32 is 0.1 microfarad.





t = R*C										eq. 12





When U6a pin 13 goes low, it causes U6b to output a short 100 us reset pulse to U5.  The duration of this pulse is determined by R30 and C33, using equation 12.  Following the reset pulse, the series of quick signal pulses from U7a prevent U6 from generating a reset pulse to U5, and also clocks U5.  This causes U5 to increment through the outputs until another pause causes U6 to send a reset pulse to U5, and the cycle repeats.  Standard values for C32 and C33 were chosen so that they would result in high resistance values for R29 and R30, reducing the current required by U6.  U4 is a 3.3 volt regulator used to power U1 and also to derive a stable bias voltage.  C29 is to ensure a stable 3.3 volt supply.  R34 and C28 form a low pass filter, to ensure that any noise on the host +5 volt power supply does not disturb the operation of the receiver.  R34 was chosen to be 10 ohms so that it would result in a small voltage drop based on the current required by the receiver.  The voltage drop caused by this resistor is 


	


V = I*R.										eq. 13





Thus if the host supplies 5.0 volts, and if the receiver draws 20 mA, then the voltage drop across R34 would be 0.2 volts, and the receiver IC would actually be operating on 5.0 volts - 0.2 volts = 4.8 volts.  Because I didn’t know if I would need to use U7b, I left it unconnected in the layout.  Once I determined that it was not needed, I jumpered pin 5 to ground, and jumpered pins 6 and 7 together.  This ensured that this component would not oscillate.  If it were to oscillate, it would draw additional current and generate unwanted noise.  I should have treated U3b in the same way, but I didn’t realize that I forgot to do this until I was going through the details of writing this article.  Additional component details can be found in Table 1.


Tuning


First I checked pin 5 of U1 with an oscilloscope to make sure that it was oscillating at about the right frequency.  Next I added about a 3 foot length of thin insulated wire for an antenna, connected as shown on the schematic.  Then I connected a digital volt meter (DVM) to pin 9 of U1, the received signal strength indicator (RSSI).  The lower the voltage at this pin, the better the receiver is tuned to a transmitter.  Next I turned on my R/C transmitter and placed it a few feet away.  I then very very slowly adjusted C5 in one direction until the DVM indicated a voltage dip and then just began to rise.  I then shut off my transmitter to see if the receiver was tuned to it or some other RF source, such as a radio or television station.  If the receiver was tuned to the transmitter, then the RSSI voltage would rise when the R/C transmitter was turned off.  If the receiver was tuned to some other source of RF, then turning of my transmitter would have little effect on the RSSI voltage.  When I finally had the receiver tuned to my transmitter, and turning off the transmitter would cause the RSSI voltage to rise, I then hooked a servo to the receive at U5 pin 2.  I verified that the servo worked properly and it could be controlled by the joysticks on the transmitter.   A quick range test revealed that the receiver had a range of about 1000 feet!  I was able to get it working with only a DVM and an oscilloscope!


Conclusions


I had made a very lightweight and inexpensive R/C receiver that worked very well, and weighed in at only 2.0 grams (0.07 ounce)!  Front and back images of it can be seen in Figure 4.  I was fortunate to have first pass success with this project, but certainly it could be optimized.  The areas of improvement that I am most inclined to investigate are antenna length, impedance matching (eq. 5.) and replacing U5 and U6 with a single 8 pin surface mount microcontroller.  I wonder if I could make a R/C receiver that would be even lighter if it were to use infrared signals instead of RF signals?
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Table 1.  Micro R/C Receiver Parts List�
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68pF�
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C4    C11   C12�
Note 1.�
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$0.10�
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�
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�
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2�
C23   C26�
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PCC151ACVCT-ND�
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1�
C13�
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�
�
820pF�
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1�
C8�
Note 1.�
PCC821BVCT-ND�
$0.10�
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�
�
�
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�
�
�
�
�
�
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0603�
1�
C33�
Note 1.�
PCC1762CT-ND�
$0.10�
$0.10�
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�
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1�
C7�
Note 1.�
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1�
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�
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�
�
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�
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1�
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�
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�
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2�
C1    C3�
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�
�
�
�
�
0.1uF�
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11�
C2    C6    C9    C15   C22   C24�
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�
�
�
�
C25   C28   C29   C30   C32�
�
�
�
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�
�
$0.00�
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�
�
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�
1�
C5�
Note 1.�
SG2015CT-ND�
$1.50�
$1.50�
�
�
�
�
�
�
�
�
�
�
56nH�
�
1�
L1�
Note 1.�
TKS2658CT-ND�
$1.50�
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�
�
�
�
�
�
�
�
�
�
150nH�
�
1�
L2�
Note 1.�
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$1.50�
$1.50�
�
�
�
�
�
�
�
�
�
�
10W�
0603�
3�
R21   R28   R34�
Note 1.�
P10GCT-ND�
$0.02�
$0.06�
�
�
�
�
�
�
�
�
�
�
1KW�
0603�
1�
R24�
Note 1.�
P1.OKGCT-ND�
$0.02�
$0.02�
�
�
�
�
�
�
�
�
�
�
1.8KW�
0603�
1�
R40�
Note 1.�
P1.8KGCT-ND�
$0.02�
$0.02�
�
�
�
�
�
�
�
�
�
�
3.3KW�
0603�
1�
R33�
Note 1.�
P3.3KGCT-ND�
$0.02�
$0.02�
�
�
�
�
�
�
�
�
�
�
5.2KW�
0603�
1�
R41�
Note 1.�
P5.2KGCT-ND�
$0.02�
$0.02�
�
�
�
�
�
�
�
�
�
�
8.2KW�
0603�
1�
R2�
Note 1.�
P8.2KGCT-ND�
$0.02�
$0.02�
�
�
�
�
�
�
�
�
�
�
10KW�
0603�
2�
R1    R3�
Note 1.�
P10KGCT-ND�
$0.02�
$0.04�
�
�
�
�
�
�
�
�
�
�
82KW�
0603�
1�
R29�
Note 1.�
P82KGCT-ND�
$0.02�
$0.02�
�
�
�
�
�
�
�
�
�
�
100KW�
0603�
5�
R23   R25   R26   R27   R30�
Note 1.�
P100KGCT-ND�
$0.02�
$0.10�
�
�
�
�
�
�
�
�
�
�
310KW�
0603�
1�
R22�
Note 1.�
P310KGCT-ND�
$0.02�
$0.02�
�
�
�
�
�
�
�
�
�
�
CD4017�
SO16�
1�
U5�
Note 1.�
CD4017BMC-ND�
$0.60�
$0.60�
�
�
�
�
�
�
�
�
�
�
74HC123�
SO16�
1�
U6�
Note 1.�
74VHC123AM-ND�
$0.70�
$0.70�
�
�
�
�
�
�
�
�
�
�
LM3480+3.3�
SOT23�
1�
U4�
Note 1.�
LM3048IM3-3.3CT-ND�
$1.00�
$1.00�
�
�
�
�
�
�
�
�
�
�
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SO8�
1�
U7�
Note 1.�
LM393M-ND�
$0.70�
$0.70�
�
�
�
�
�
�
�
�
�
�
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SO8�
1�
U3�
Note 1.�
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$1.00�
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�
�
�
�
�
�
�
�
�
�
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SO16�
1�
U1�
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$2.90�
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�
�
�
�
�
�
�
�
�
�
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1�
U2�
Note 1.�
BAT54SCT-ND�
$0.60�
$0.60�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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$14.74�
�
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�
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�
Note 1. Digi-Key, www.digikey.com, 1-800-344-4539�
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�
Note 2.  Future Electronics, www.futureelectronics.com, 1-800-655-0006�
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Table 1 shows the source and part number for each of the required components.  It also includes a price analysis showing that the receiver can be built for less than $20.�
Figure 1 shows the relationship between the servo control pulses and the radio signal modulation.
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Figure 2.  Schematic for Micro R/C Receiver.





Figure 2 shows the details of the schematic, with bold lines representing jumper wires.
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Figure 3.  Circuit Layout and Component Placement for Both Sides of the Printed Wiring Board.





Figure 3 shows the copper traces and the component placement for both of the printed wiring boards.  The larger PWB is 1.0” by 1.3” and the smaller board is 0.8” by 0.75”.  An HPGL file is included that can be used to plot etch-resist directly onto a copper clad board.  Table 1 provides component details.
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Figure 4a.  The Digital Decoder


�


Figure 4b.  The FM Radio Receiver





Figure 4.  Front and Back Sides of the Micro R/C Receiver





The blue wires are short jumpers that were used to eliminate long winding traces.  The purple wires are jumpers to inter-connect the two side of the receiver.  In Figure 4b, the back side of the digital decoder’s traces can be seen through the thin circuit board material.
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Figure 1.  Servo Signals and FM Receiver Signals for Positive and Negative Shift Frequency Modulation.





Figure 1C.


Receiver Pulse Train


Negative Shift Modulation





Figure 1B.


Receiver Pulse Train


Positive Shift Modulation








Figure 1A. Servo 1
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