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Abstract
In recent years, the use of the electrical test method (ETM)
has become more common to measure the temperature of
semiconductor junctions. This method makes use of
correlating the relationship of the semiconductor forward
voltage to the temperature of the device, which is often linear
but is always a unique correlation. This method has been
recognized by JEDEC, and in particular for LEDs in 2012
when standards were issued (JESD 51‒50 through 53).
The device under test (DUT) must be calibrated, or the VfTj relationship must be determined to use this method. This is
a straightforward method, and after completion the DUT may
be used in an assembly to fully characterize a system’s thermal
performance.
However, one issue that may occur is that of an assembly
where the DUT may not be easily removed for calibration or,
where for various reasons, it is not desired to do so. Without
having the DUT calibrated, the unanswered questions are how
one may find the junction temperature of the device and to
what uncertainty, if at all. This paper attempts to answer these
questions for a sample LED population and make some
generalizations through the use of population statistics and
voltage bins of LEDs.
Two voltage bins of LEDs were obtained from a major
LED manufacturer, each populated with 15 LEDs. The LEDs
were mounted on small metal core printed circuit boards
(MCPCBs) and first calibrated individually. Per the ETM, the
calibrations were conducted with low input currents (5 mA);
this was significantly lower than the normal current used for
Vf bin determination and became significant in the statistical
analysis. The results show that when an LED population has a
Vf spread of under 0.06 VDC at the 5 mA forward current, the
Tj of the LEDs is known to a 12 °C band with 95% confidence
and 7 °C with 75% confidence. A tighter bin spread less than
0.035 VDC provides lower bands of 8 °C and 5 °C with 95%
and 75% confidence, respectively. The Vf spread at 5 mA
drive current is the key factor in determining how close the Tj
may be known with reasonable confidence.
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Nomenclature
Vf: forward voltage
Tj: junction temperature
P: probability mass function, or PMF

ki: LED sub-bins
c: number of different LEDs
mi: number of LEDs in sub-bin ki
N: total number of LEDs
1. Background
As light emitting diodes (LEDs) continue to be adopted in
many lighting categories, manufacturers of bulbs and
luminaires must continue to design for best performance and
minimum cost to meet market requirements and gain customer
acceptance. While some light sources are sold without any
assurance of meeting high standards, many manufacturers
have adopted industry and government standards to ensure
their customers that the bulb or luminaire is tested to or meets
performance or quality goals. Examples of these are the IES
standard LM-79, “Approved Method: Electrical and
Photometric Measurements of Solid-State Lighting Products”,
and the US government ENERGY STAR program for light
bulbs, “ENERGY STAR® Program Requirements Product
Specification for Lamps (Light Bulbs)”.
Manufacturers tailor the designs to control the LED
junction temperature (Tj) at appropriate levels to help control
light output, light variations, and overall reliability. In doing
so, a method must be used to measure Tj of the LEDs within
the lamp or luminaire. Some standard temperature
measurement methods have been used to infer Tj (such as
measuring the underlying printed circuit board (PCB)
temperature or using a thin thermocouple to measure a point
on the LED package, but such methods have inherent
weaknesses and uncertainties. From these issues, the electrical
test method (ETM) came into significant use within the
lighting industry, especially with the development of the
JEDEC standards for these measurements [1].
The ETM is a method that correlates the forward voltage
of the LED, a temperature sensitive parameter (TSP), to the
actual junction temperature. This relationship is frequently
linear but some devices may exhibit curvature in the function.
By heat soaking an LED or LED assembly at appropriate
temperatures, the forward voltage may be measured with a
small sensing current to find this correlation.
However, the one requirement that may not be easy under
some circumstances is characterizing the LEDs in a given
assembly. LEDs are mounted to PCBs or, in some rare
instances, to a circuit printed on a structural member. It may
not be easy or desired to remove the LED PCB assembly from
the lamp/luminaire assembly and perform the characterization
test. The construction of the Cree LED lamp in Figure 1 is an
example. Removing a single board from this assembly would
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be fairly involved because it is an integrated assembly. Some
integrated luminaires have a similar problem where removing
an LED PCB assembly requires extensive tear down and
perhaps permanent damage to the assembly if the PCB is
removed (e.g., it is secured via permanent adhesive to the
fixture).
Figure 1: Integrated lamp
assembly.
The issue leads to whether
there is a method that might be
suitable for finding Tj via the
ETM, but without having to
characterize the internal board. Given that LEDs are chosen
from bins and put onto PCBs, it is worthwhile to investigate if
selecting LEDs from those bins could provide a
characterization that is close enough for Tj determination, and
at what limits and confidence level.
2. Method
A suitable plan for using alternate LEDs to characterize a
system was developed. First, the bins used to create the LED
PCBs in the original assembly are to be used as a source for
the alternate LEDs. It is best if these are from the same
purchase and lot as before because distributions within a lot
may be different for different shipments. Second, the alternate
LEDs must be characterized so that each Vf corresponds to a
temperature. Finally, the LEDs in the lamp or luminaire are
then tested, and the Vf found from this test is converted to a
temperature from the alternate LED characterization.
In this study, two bins of a mid-power LED were supplied
by a major LED manufacturer [2]— white LEDs in a 3030
package, operating nominally at 6 V and 120 mA. Fifteen
LEDs from each bin were characterized for Vf at 25 °C and
120 mA. The two bins were next to each other in the
manufacturer’s bin measurements (Bin G, at 5.8 to 6.0 V
nominal, and Bin H, at 6.0 to 6.2 V nominal). The
manufacturer’s datasheet also showed a tolerance on the bin
voltages of ±0.1 V, so each bin had a maximum range of 0.4 V
and overlapped 50% into each bin on either side.
The LEDs were supplied by the
manufacturer mounted individually to
aluminum
metal
clad
PCBs
(MCPCBs). Lead wires were then
soldered to each MCPCB (see Figure
2). Each LED was supplied with a
unique serial number identifier, and
Figure 2: Typical test LED.
this was used to track each LED individually for use in test
matrix creation.
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A configuration of four LEDs in series was used as the
basis of the test to create a realistic test for this sample size.
This would simulate a PCB with four LEDs soldered in series
on the board and would be the item of interest in a luminaire
or lamp. Because each LED produces approximately 80‒100
lumens at rated current and 85 °C, four LEDs simulate a light
output a bit below a conventional 40 W incandescent lamp.
Sixteen LEDs in a luminaire would produce the light output
near a 100 W incandescent lamp, so using four LEDs is
similar to choosing one PCB with one-quarter of the LEDs in
a typical indoor light.
With this test configuration, a series of tests was set up for
testing the hypothesis that choosing four alternate LEDs could
work for predicting the Tj of an unknown PCB in a luminaire.
First, the Vf characteristics of each LED must be found so the
characteristics of the population are known. The LED
manufacturer already supplied the Vf rating for 120 mA, so a
similar test must be performed for low sense currents (for this
test, 5 mA was used). The thermal characterization using the
ETM was tested from 25 to 75 °C in 10 °C increments. This
allows the key parameters of Vf at 5mA to be found at various
temperatures, along with the sensitivity or “k-factor” of the
LED (the slope of the Vf curve at 5 mA versus temperature,
and measured in mV/K). From these tests, the LEDs were
sufficiently characterized for statistical analysis.
Furthermore, tests of strings of four LEDs were conducted.
For this case, the LEDs were mounted on a cold plate and
connected in series (Figure 3). The cold plate temperature was
controlled by a commercially available cryo-chiller using
water as the working fluid. In these tests, the LED string Vf
was measured at 5 mA of current to allow comparisons and
predictions.

Figure 3: Cold-plate test setup.
The tests were conducted using the Mentor Graphics
T3Ster measurement system. This commercially available
system allows the ETM tests to be automated and collects the
necessary data.
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The
key
to
understanding if testing an
alternate group of LEDs
from the same bin(s) is
suitable is found using a
statistical
approach
to
analyzing the data. There are
different scenarios which
could be used, but in this
study the assumption of a
fixed bin population was
made.
Because
several
combinations of four LEDs
can be drawn from such a
bin, resulting in various
forward voltages for the
LED string, a statistical
method
to
determine
probabilities
of
each
possible Vf must be used.
The statistical method
when members from two
categories are drawn from a
population
is
the
hypergeometric distribution,
Figure 4: Base LED data.
and the method is for finding
probabilities
of
a
distribution when the elements are picked without replacement
(suitable for a fixed population). The more generalized case,
called the generalized or multivariate hypergeometric
distribution, is used for drawing from several (more than two)
selections in a population, again without replacement [3, 4].
The general formula of the probability mass function
(PMF) for a multivariate hypergeometric distribution is given
as [3]:
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Here, P is the probability of the LED combination
occurring. The number of different LEDs is c, and mi is the
number of LEDs in sub-bin i, and n is number of LEDs
chosen. The LED sub-bins are k. N is the total number of
LEDs and defined by
c
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There are various ways to easily solve this, including
specialized functions in some available programs such as the
statistical program Mini-Tab or general math programs such
as Mathematica. For this paper, a simple program was written
in the program Mathcad to solve for the matrix of all LED
combinations and the corresponding probabilities. This data
was then copied into a spreadsheet for final analysis and
results plotting.
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The LED sub-bins are created by obtaining the 5 mA Vf
for each LED and then looking at this population and creating
a new group of sub-bins for each overall bin G and H. In
general, the Vf distribution at full rated current (120 mA) will
not be the same compared to the smaller 5 mA sense Vf
distribution. Not only are the voltages quite different
(approximately 6 V versus 5.2 V), but the higher Vf at full
rated current may not be a higher Vf at the lower 5 mA
current.
Two Tj values were evaluated in this work. The PMF for
various LED groups was found for Tj of 25 °C and 65 °C.
From these PMF graphs, the confidence factor and
temperature range expected from testing alternate LEDs are
found.
3. Results
The LEDs of bins G and H were each individually
characterized using the T3Ster system and the automated
calibration unit, which is a thermoelectric cooler (TEC) based
system for characterization of small and low power LEDs
(under 5 W). Of interest is that the LEDs supplied by the
manufacturer had two different population characteristics; bin
G was more scattered, and the rated current Vf was above the
nominal band for 11 of the 15 LEDs (but within the 0.1 V
tolerance). Bin H was much tighter and fit within half the bin
range allotted to it. Figure 4 shows the base data collected.
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Figure 5: 5mA Vf sub-bins.

Figure 6: Portion of Bin G distribution table.
Figure 7: PMF distribution Bin G 65 °C.

The following sub-bins were created after sorting the 5 mA
Vf for each G and H bin.
six to eight sub-bins and that the bins change between the
25 °C and 65 °C condition (since Vf changes as temperature
changes).
From this data, all the combinations of four LEDs is found
using the multivariate hypergeometric distribution and the
subsequent forward voltage at 5 mA for the four LED string.
Figure 6 shows a portion of the distribution table for bin G at
65 °C.
From this, each summed Vf is then totaled across the
distribution; Figure 7 shows this again for bin G at 65 °C, and
Figure 8 shows the plot of this distribution.
This type of analysis was done for each bin (G and H) at
the 25 °C and 65 °C temperatures.
Finally, using the PMF distribution plots and the overall
sensitivity of the LED sets of four LEDs, one can find the
temperature ranges and the confidence levels for those
predictions.
Across the bar plot in Figure 8, one can
find a voltage range, and summing the
probabilities of those bars gives the total
probability of that range occurring.
Dividing that voltage range by the sensitivity
of the LED set corresponds to a temperature
range with that confidence level. Thus, one can
find the predictability or temperature
uncertainty from using an alternate set of
LEDs. Figures 9 through 12 show the results
for both bins at both temperatures, with the
95% and 75% confidence levels plotted.
4. Conclusions
Based on the results of Figures 9 through 12, one can see that
for a 95% confidence factor, the temperature bands are quite
high, especially for bin G. This is explained by the Vf range
for the LEDs being tested.
In Figure 4, the Vf range for bin G in the 5 mA current is
0.0572 V and 0.0576 V at 25 °C and 65 °C, respectively. This
is a large variation and leads to a wide voltage variation across
the PMF.
For bin G, the 95% confidence level voltage spread is
approximately 0.10 V. When this is compared to the LED set
sensitivity, which varies from -8.5 to -8.75 mV/K, this results
in nearly a 12 °C band.
Similarly, bin H is tighter and the 95% voltage range is
from 0.070 to 0.075 V. This causes a smaller temperature
range for the 95% and 75% confidence levels of
approximately 8 °C and 5 °C, respectively.
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Figure 8: PMF distribution plot.

Figure 9:

LED sensitivity. For typical LEDs with a sensitivity of -2
to -2.5 mV/K, a Vf range of 0.025 V at 5mA will produce
acceptable results of 3‒4 °C temperature bands for 95%
confidence levels. If the LED sensitivities are larger, the
Vf range can be proportionately larger. However, a Vf
range of 0.035 V (bin H) is probably the limit of
acceptability, as the 95% confidence level is now quite
high (8‒9 °C) though the 75% band is better around 5 °C.
And at the 0.05‒0.06 V Vf range, the results are rather
poor with temperature bands approaching 12 °C for the
95% confidence level.
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Figure 11:

Figure 10:

Figure 12:

The question that results from this is what type of LED Vf
distribution would one need to see to have a reasonable
assurance of close temperature predictions using alternate
LEDs. From this study, and a previous unpublished study
made by the author, the key is Vf band at 5 mA versus the
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