INTRODUCTION


I get many questions asking what resistor values to use with LEDs.  The answer is not obvious.  This article is devoted entirely to that topic - Jim


TECHNICAL NOTE


LED Resistor Selection:  This is a complex issue and the answer depends on many things.  However, for high brightness Golden White and Sunny White LEDs, my best simple answer is “1000 ohms”.


While keeping the answer simple, it would be a bit more helpful to say “Start with 1000 ohms and go up or down from there based on personal preference”.  A wonderful thing about LEDs is that their intensity can be varied over an extremely wide range by simply varying their current, and that can be done by varying the series resistor.


Selecting the Resistor:  The goal of resistor selection for use with an LED is achieving a desirable observed level of brightness.  An LED has virtually no inherent ability to limit its own current.  The resistor used with an LED has two main functions:  (1) to prevent the LED from being burned out by drawing too much current, and (2) to control the LED’s brightness.


Helpful Hint:  If you connect power to an LED and see its color changing gradually, DISCONNECT IT QUICKLY.  This generally means it is overheating and is about to burn out.


Suggestion:  NEVER use a resistor below 330 ohms with an LED in a DC locomotive, or below 470 ohms with a decoder, to avoid excessive currents.


DISCUSSION


An LED’s perceived brightness is affected by its current, color, efficiency, package shape, and the optical path between the LED and the observer.


Typically, the model railroader selects the color and package of an LED to fit a specific application.  Final selection of one LED among alternatives may depend on what is readily available and their costs.  Once chosen, the LED’s maximum recommended brightness is determined by its color, efficiency, and package.  The actual brightness desired is typically much less than the maximum for today’s high brightness LEDs, and the observed brightness can be adjusted by varying the current and the optical path.


LED Brightness:  The Luminous Flux specification (total photon output) of an LED, normally expressed in lumens (lm) at some current, reports its maximum brightness.  The ratio of Luminous Flux to current can be used as a measure of the LED’s efficiency in using current to generate photons.


The LED’s Luminous Intensity (Iv) specification (photon output within a given solid angle) may be easier to find on a specification sheet than its Luminous Flux.  In the Digi-Key catalog, for example, the Iv is generally given as some number of millicandles (mcd) at some number of milliamps, and often the next column reports the Viewing Angle or beam width (the angle measured from the axis at which the light intensity drops to half the value measured along the axis.).


LED “Efficiency” (Brightness vs. Current).  Examination of the data sheet for a typical LED shows that the LED’s luminous flux (rate of emission of photons) is quite a linear function of the current.  Some electrons give up their energy in the form of heat rather than by creating a photon, but ignoring this inefficiency (which can be a large percentage), some percentage of the electrons crossing the junction will generate a photon.


In case you were wondering, the rate of emission (brightness) of a tungsten filament (incandescent lamp) varies with the fourth power of its absolute temperature (T4).  This means its brightness is a highly nonlinear function of its current.


Through the years, LED manufacturers have steadily improved the “efficiency” of their LEDs.  One electron passing through a 2006 LED is probably much more likely to create a photon than an electron passing through a 1990 LED.  This is why two different LEDs from different production runs might need different resistors to create the same luminous flux when operating from the same voltage source.


LED Package Considerations:  Two identical LED chips (the tiny semiconductors barely visible inside the LED package) may emit identical numbers of photons, but the brightness we perceive is strongly controlled by the LED’s epoxy package.


Most conventional 3 mm and 5 mm LEDs have integral lenses to focus the light into a narrow beam.  When viewed along the axis of the lens, these LEDs can be painfully bright.  When viewed off-axis, they are far less bright because the lens is directing the photons to exit along the axis.  A 3 mm LED with a 23 degree beam width will appear brighter along its axis than an otherwise identical 3 mm LED with a 30 degree beam width.


Typical surface mount LEDs don’t have lenses, so the photons coming out of the LED die exit in all directions, possibly excepting the bottom.  Viewed from the side, a surface mount LED might be far brighter than a 3 mm LED with the same LED die operating at the same current and viewed from the same angle.  Viewed along the axis, however, the surface mount LED will not be as bright since there is no lens present to concentrate the photon stream.


A narrow beam angle is probably best for model railroad headlights.  A very wide beam angle is probably best for lighting interiors of models.


Optical Path Considerations:  In a model railroad locomotive, the optical path existing between the light source and the outside observer has a major effect on the light source’s perceived brightness.  The simplest optical path exists when the observer is looking directly at the light source, with no intervening lens or light guide.  Inserting anything into this optical path generally reduces the observed light intensity.  Inserting a lens introduces reflections from both surfaces, reducing the amount of light getting through.  Inserting a lens into a light beam that is already focused cannot further increase the brightness.  Light guides and fiber optics reduce observed intensity, first by not capturing much of the available light, then by losing much of what is captured at internal bends and out the sides.


LED Characteristics:  A visible LED is a diode that has been optimized to emit visible light when current is passed through its diode junction (an internal interface between slightly different materials).  Like all other diodes, an LED has an intrinsic forward voltage drop that is determined by the specific materials forming this diode junction.  Consequently, the wavelength (the color) of the photons emitted from an LED is determined by these materials, it is nearly monochromatic (one color), and it is directly correlated to forward voltage drop across the LED.  (There is also a small resistive voltage drop within the LED which can generally be ignored.)


Photon Physics:  Red photons may typically have a wavelength around 660 nM (nanometers), while blue photons may have a wavelength around 470 nM.  I’m sure we all remember from our physics courses that a photon’s energy and its wavelength are inversely proportional, according to the equation E = hc / (, where E is the energy, h is Planck’s constant,  c  is the speed of light, and ( is the wavelength.  When you work out the numbers, that 470 nM blue photon has an energy of 2.63 electron-volts.  (An “electron-volt” is the energy an electron gains when experiencing a voltage potential difference of 1 volt.  The energy of a visible photon is generally expressed in units of electron-volts.)  


Since the photon-generation process inside an LED is not perfectly efficient, an electron passing through and experiencing the junction voltage there will need to start with more than the desired photon energy in order to be able to lose a bit of energy to inefficiency and still create a photon.  That is why a blue LED’s junction needs a voltage drop of almost 3 volts before it can emit blue 2.63 ev photons.  (“White” LEDs are essentially modified blue LEDs, so the same is true of “white” LEDs.)


The 660 nM photons from the red LED have an energy of about 1.88 ev.  That is why the voltage drop across a typical red LED needs to reach about 2 volts before it can emit red photons.


Bringing It All Together (An Example):  To calculate a resistor value, you need to start by knowing the available voltage, LED color, LED efficiency, optical path, and desired brightness.  With a high brightness, high efficiency Golden White or Sunny White LED with a lens, I recommend you assume that 3 mA (milliamps) will give you a good level of brightness when there is nothing in the optical path beyond the LED lens.  Use twice that current for the same LED in a surface mount package with no lens.  Double the current when the optical path includes a light guide or fiber optics.


The resistance needed is determined by Ohm’s Law, VR = I * R, where VR is the resistor voltage (not the applied voltage), I is the current in Amps ( NOT milliamps! ), and R is the resistance in Ohms.  The resistor voltage is simply the applied voltage minus the LED’s voltage (which is approximately constant and dependent on the LED’s color), or VR = VA - VLED.  For example, if the applied voltage is 12 volts and the LED is any shade of “white”, VR = VA - VLED = 12 - 3 = 9 volts.  What resistor drops 9 volts at 3 mA?  R = VR / I = 9 / 0.003 = 3000 ohms.  The closest standard resistor values are 2700 ohms and 3300 ohms.


What about the resistor’s wattage rating?  With LEDs, you can generally ignore it.  The power dissipation in the resistor is given by PR = I * VR = 0.003 * 9 = 0.027 watt in this example.  Even a 1/8 watt (0.125 watt) resistor has more than enough power dissipation capability.


Give it a try.  If you don’t like the resulting brightness, change the resistance.  And don’t be reluctant to just pick a value and try it.
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