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Abstract: Temperature is an essential factor affecting the operation of light-emitting diodes (LEDs),
which are often used in circuits containing multiple devices influencing each other. Therefore,
the thermal models of such circuits should take into account not only the self-heating effects, but also
the mutual thermal influences among devices. This problem is illustrated here based on the example of
amodule containing six LEDs forming on the substrate a hexagon. This module is supposed to operate
without any heat sink in the natural convection cooling conditions, hence it has been proposed to
increase the thermal pad area in order to lower the device-operating temperature. In the experimental
part of the paper, the recorded diode-heating curves are processed using the network identification
by deconvolution method. This allows for the computation of the thermal time constant spectra and
the generation of device-compact thermal models. Moreover, the influence of the thermal pad surface
area on the device temperature and the thermal coupling between LEDs is investigated.

Keywords: multi-LED lighting modules; device thermal coupling; compact thermal models

1. Introduction

Nowadays, light-emitting diodes (LEDs) have replaced traditional incandescent light bulbs in
virtually all everyday applications, becoming the most frequently used light source [1-3]. Taking into
account that their operation involves physical phenomena of different natures, such as electrical,
optical or thermal ones, the modeling of these devices calls for a truly multi-domain approach [4-6].
Beyond any doubt, among the main factors influencing the performance of LEDs and affecting their
parameters is temperature. Therefore, the accurate prediction of LED junction temperature is crucial for
the stability of their lighting parameters and the long life of these light sources [7-11]. Thus, the design
and the thermal management of luminaires containing LED light sources requires accurate thermal
models [12-16]. Moreover, LED light sources are often manufactured also as modules including
drivers consisting of power transistors on the same substrate, hence thermal models of these devices
should accurately reflect both self- and mutual heating effects [17-24]. Unfortunately, in most cases,
the detailed models of LED modules are not readily available or they have unacceptably long simulation
times. Thus, these models are usually realized in a reduced SPICE-like compact form, which could be
then easily included in some standard electrical or multi-domain simulators [7,25].

In this paper, the authors present a methodology to generate such compact thermal models based
on the practical example of a module containing six power LEDs, which are soldered to an metal core
printed circuit board (MCPCB) in the shape of a regular hexagon. This module was developed for
specific customer needs and it will serve for the lighting of a worker’s operating field at an assembly line,
where the intensity of light will be automatically controlled depending on the available daylight [26].
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In such applications, the use of multi-LED modules is beneficial because it allows a more accurate
distribution of light intensity for lower currents flowing through multiple LEDs. Moreover, taking into
account that, because of the limited space, this module in its end-use application is to be cooled only
by the means of natural convection without any heat sink, two versions of the module, differing in
the size of the thermal pads under the LED packages, were considered.

The following section of this paper introduces the prototype modules, measurement equipment
and the adopted research methodology. Then, the temperature measurement results are presented in
detail. The acquired experimental data allowed the computation of the thermal structure functions
and time constant spectra, hence rendering possible the generation of compact thermal models, which
were obtained in the form of Cauer RC ladders. These models were used for the simulations of device
heating curves taking into account thermal couplings between the devices. The simulation results
were validated against measurements. Finally, the Cauer ladders were converted into their Foster
counterparts and their element values were analyzed, demonstrating the important influence of an
increased thermal pad area on device temperature.

2. Research Methodology

2.1. Prototype Modules and Measurement Euqipment

The test modules analyzed throughout this paper contained six LEDs forming on the substrate,
as presented in Figure 1la, a hexagonal circle with the diameter equal to 27 mm. The investigated
white diodes of the XREWHT-L1-0000-006F8 type belonged to the XLamp® family manufactured by
Cree. Their maximal forward current value is 0.7 A and their viewing angle is 90°. The dimensions of
the MCPCB used for these modules were 50 mm X 50 mm X 1.5 mm. These substrates are dedicated
for LED applications and according to the datasheet provided by the manufacturer, their thermal
conductivity value is equal to 2 W/(m-K). In order to investigate the influence of the thermal pad area
on the LED temperature, the modules were fabricated in two different versions. The first one had
the standard size of diode thermal pads, i.e., equal to 6.46 mm X 5.60 mm. Their dimensions, as visible
in Figure 1b, were delimited by the LED package width and the spacing between the diode electrodes.
The other version of the module had the pad width doubled to 12.92 mm. These large pads are visible
in Figure 1a as the light rectangles extending outside the package perimeter.
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Figure 1. Dimensions of the investigated multi-, light-emitting diodes (LEDs) test module:
(a) the photograph of the circuit layout; (b) the LED electrode layout at the bottom side of the package.

Taking into account the prospective application of the modules, the main goal of the research
was to determine the mutual influences between the devices. Looking at the circuit layout, it could
be concluded that there existed three possible distances between the devices: 14.1 mm, 24.2 mm or
27.0 mm, therefore it would be enough to include only four LEDs in the thermal coupling analyses.
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Thus, the diode D2 was initially used as a heat source and the temperature values were measured in
the diodes D1-2 and D5-6, but it soon turned out that the responses in the two latter devices were very
similar. Hence, the analyses presented in the remainder of this paper will be limited only to the LEDs
marked in Figure 1a with black circles. This solution allowed to keep the figures legible without any
significant loss of the analysis depth.

The thermal couplings between the devices were investigated based on the results of dynamic
temperature measurements, which were taken with the T3Ster® transient thermal tester produced by
Mentor®. This piece of equipment renders possible the registration of the system’s thermal responses
with microsecond time resolution [27]. During the measurements, the diode cathode and anode
terminals were soldered to the standard measurement cables provided together with the tester and
the MCPCB was placed horizontally in thermally insulated clamps.

2.2. Theoretical Backgound

The entire research methodology employed throughout this paper can be summarized as shown
in Figure 2. First, the temperature sensitivity of all LEDs has to be determined and then their thermal
responses to the power step thermal excitations have to be recorded. Then, according to the principles
of the network identification by deconvolution (NID) method, these responses have to be numerically
differentiated so as to obtain the responses to the Dirac delta function and then the deconvolution
operation produces the thermal time constant spectra [28], which after segmentation, according to
the later described procedure, yield initial compact thermal model element values. Finally, these values
are further optimized so as to minimize the simulation errors with respect to the measurements [29].

. Numerical Segmentation L
Device ) Thermal differentiation of time Optimisation
temperature impedance of CTM
callibration measurement and constant I t val
deconvolution spectra element values

Figure 2. The flowchart illustrating the research methodology employed throughout this paper.

3. Experimental Results

3.1. Device Callibration

Before the actual measurements, each of the investigated devices was calibrated on a cold plate
for the forward current of 10 mA. The measured dependencies of diode voltage on temperature are
presented in Figure 3a. The black markers and lines correspond to the module having the thermal pads
of standard size (STP), whereas the lighter ones to the module with double size thermal pads (DTP).
As can be seen in the chart, for each diode this dependence is fairly linear but the measured sensitivity
values vary, substantially falling in the range of 1.46+2.23 mV/K. This result suggests thermal models
should be developed independently for each device.

3.2. Transient Thermal Response Measuremnts

This paper will illustrate in detail how the compact thermal model was derived for the diode
D2. A similar procedure should be applied for the other LEDs. Initially, during the measurements
the constant current of 700 mA was forced through this diode until the thermal steady state was
reached, and then, after switching it off, transient temperature responses were measured in the heating
device and in the diodes D1 and D6. The measurement current was the same as during the calibration,
ie., 10 mA.

The measurement results are represented in Figure 3b as heating curves, which were obtained by
subtracting the recorded diode cooling curves from the respective steady state temperature rise values.
The black color in this figure denotes the module with the standard thermal pads. The solid, dashed
and double lines are used for the diodes D2, D1 and D6, respectively. The forced LED heating current
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value was equal to 700 mA, and the measured electrical power was 2.23 W with the standard pad, and
2.18 W with the double one.
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Figure 3. LED measurement results: (a) the LED voltage temperature sensitivity; (b) the diode heating
curves at 700 mA current.

The thermal response in the heating device, as can be seen in the figure, develops almost
immediately. The heat diffuses to the other diodes already within a few seconds, reaching 10% of
the final temperature rise value in remote devices after more than 20 s. Although the thermal responses
in these devices are visibly attenuated, their steady state temperature rise values amount to at least 40%
of the maximal temperature rise in the heating diode, hence indicating the existence of the important
thermal coupling between the diodes. The measured steady state temperature values in the devices
with the larger thermal pads are always at least 10% lower and the influence of the pad in the heating
diode becomes visible already after 100 ms. The effect of a larger thermal pad becomes visible already
when heat diffuses into the MCPCB in less than a second. This is probably due to the fact that
the thermal pad works similarly as the traditional heat spreader, which facilitates the heat removal
from the package.

3.3. Computation of Thermal Structure Functions and Time Constant Spectra

According to the JEDEC standards [30,31], all thermal analyses should be always carried out using
the real heating power as the input quantity, which can be found by subtracting from the measured
electrical power the value of the optical power emitted in the form of light. Thus, it was also necessary
to determine the value of the LED optical power, which could be computed using the method described
in [32], based on the knowledge of the measured light intensity at a known distance directly over
the diode and the spatial light distribution curve provided by the manufacturer in the datasheet.
For the LED heating current considered here, the measured optical and real heating power values
were equal to 0.4 W and 1.8 W. Unfortunately, without the information concerning the internal diode
structure, it was not possible to evaluate how much heat was dissipated in the semiconductor structure
itself and how much was dissipated during the wavelength conversion in phosphorus.

Once knowing the LED heating power, the measured curves were processed using the network
identification by deconvolution (NID) method offering the entire set of different thermal analysis
tools [28]. The thermal cumulative structure functions and the time constant spectra computed using
this method are presented in Figure 4. The cumulative thermal structure functions in Figure 4a show
the entire heat flow path from the junction (the origin of the co-ordinate system) to the ambient
(the steep vertical line at the end). The deflection points in these curves indicate the heat diffusion to
another material, and the horizontal plateaus indicate the total accumulated thermal capacitance.
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Figure 4. Thermal analysis results: (a) the cumulative structure functions; (b) the time constant spectra.

Normally, the structure functions are computed only for the driving point thermal impedance,
i.e., diode D2 in this case, but here we also included the curves computed for the remote diodes, which
have only the large plateau corresponding to the PCB capacitance. The curves for the heating diode
D2 have three distinct flat sections, which most probably correspond to the LED die, package and
board capacitances. The influence of the larger thermal pad only becomes visible when heat diffuses
into the substrate, i.e., for the thermal capacitance over 1 mJ/K and for a resistance of around 8 K/W.
All the lighter curves at their ends are shifted visibly to the left of their black counterparts, what
confirms the earlier observation that the use of a large thermal pad can effectively reduce the total
thermal resistance.

The time constant spectra of the thermal responses computed using the NID method are presented
in Figure 4b. In order to expose the short time constant components, the spectra presented here
were initially integrated over time. As can be seen, the spectra in the figure contain large thermal
time constant components related to the heat exchange with ambient, visible large peaks located
around 200 s. Short-time constants are present only in the temperature responses of the heating diode.
This part of the heat flow path can be analyzed by dividing the spectra into individual sections in
the locations of the minima. These sections are additionally indicated in the figure by the text labels.
Consequently, the low thermal resistance section from just below a second to around half a minute
reflects the conduction of the heat through the MCPCB. Furthermore, the peaks with the maxima in
the range of 10+30 ms correspond to the interface between the package and the board. The remaining
part of the spectra below the minima located at a couple of milliseconds describe the heat flow
inside the LED package, except for the narrow peaks visible at tens of microseconds, which are just
the artefacts after the removal of the electrical transients from thermal responses.

3.4. Foster RC Ladder Compact Thermal Models

For the generation of the circuit compact thermal models (CTMs), the time constant spectra for
the heating LED were divided, as previously discussed, into four individual segments corresponding
to the diode package, the interface to the MCPCB, the conduction through the board and the heat
exchange with the ambient. This procedure yielded CTMs in the form of four stage Foster RC ladder
models. In the case of other LEDs, the models had only one RC stage, which will then be used for
the computation of mutual thermal couplings.

Consistent with the method described in [29], initially, the thermal resistor values in all the CTM
stages were determined by separately accumulating the respective thermal resistances in each section.
Then, the time constant values were found by minimizing the simulation errors with respect to
the measured temperature values within each time constant range. Finally, the capacitor values were
computed by dividing the respective time constant and resistor values. The heating curves obtained
with these models for all the considered diodes in the case of the test module with the standard size
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thermal pads are compared with the measured values in Figure 5. The lighter lines (simulated (SIM))
are used for the simulated values whereas the measured ones (MES) are represented by the black ones.
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Figure 5. Comparison of measured (MES) and simulated (SIM) heating curves for the LED module
with the standard size thermal pads: (a) in the different diode locations when only diode D2 is heating;
and (b) in diode D2 for the different number of heating diodes.

When power was dissipated only in the diode D2, see Figure 5a, the simulation results were very
accurate for the time instants over 1 s, where the errors did not exceed 0.7 K. These differences in
the time range from 0.1 ms to 1 ms even reached 2.5 K, but the simulation accuracy could be further
improved by dividing the first section of the CTM into more segments corresponding to the two
distant peaks in the time constant spectra in this region, or by changing the method used to remove
the electrical transients from the registered thermal responses. The generated CTMs were also used for
simulations when the module was heated by more than one diode, i.e., diodes D2 and D1 (denoted in
Figure 5b as D21), and then with the diode D6 (marked as D216) as the third heat source. As can be
seen, the thermal coupling between the devices becomes visible only after a few seconds, but the two
remote LEDs contribute 50 K to the overall temperature rise of diode D2, which is almost the same
value as due to the self-heating.

Generally, the diode heating curves presented in Figure 5 can be generated employing the formula
given in Equation (1), where the first component represents the four stage RC model of the k-th diode
and the second component describes the mutual heating by neighboring devices with the one-stage
CTMs. P denotes here the respective heating powers of each device:

4 5
Te(t) = Py | Ris(1—exp(~t/7i1)) + Y, PiR;(1~ exp(~t/7;) M
i=1 j=1

3.5. Cauer Element Values

The previously presented heating curves were obtained with the Foster ladder CTMs because
of the straightforward implementation of the mathematical formulas to compute thermal responses.
However, as demonstrated in [33], the element values of these models cannot have any physical
interpretation because they contain a chain of capacitors linking the diode junction to the ambient, which
implies an immediate propagation of thermal responses through the entire module. Therefore, the CTMs
were converted to the mathematically equivalent Cauer ladders, which have all their capacitors
connected to the thermal ground, so their element values can have some physical interpretation.
The conversion was carried out using the algorithm proposed in [34]. The CTM element values for
the modules with the standard thermal pad and the doubled one are given in Tables 1 and 2 respectively.
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Table 1. Cauer ladder element values for the standard thermal pad.

Device T (s) Rth (K/W) Cth (J/K)

1.951 x 10~ 6.837 x 100 2.853 x 10°
2.326 x 102 6.403 x 100 3.633 x 1073

b2 2.020 x 10° 3.851 x 100 5.245 x 1071

1.759 x 102 1.347 x 10! 1.306 x 101
D1 1.805 x 102 1.597 x 101 1.131 x 101
D6 1.960 x 102 1.224 x 101 1.601 x 101

Table 2. Cauer ladder element values for the double thermal pad.

Device T (s) Rth (K/W) Cth (J/K)

1.819 x 10~ 6.676 x 100 2.725 x 107°
2.090 x 102 6.063 x 100 3.446 x 1073

b2 1.181 x 10° 3.259 x 10° 3.623 x 1071

1.714 x 102 1.218 x 10! 1.407 x 101
D1 1.716 x 102 1.366 x 10! 1.256 x 101
D6 1.896 x 102 1.105 x 101 1.716 x 101

The largest time constants of around 3 min contribute over 40% of the thermal resistance in
the heating device, and they correspond to the heat exchange with the ambient. These time constants
are the only ones present in the responses of the remote diodes, and as mentioned before, the one-stage
CTMs generated for these remote diodes can be used for simulations of the thermal couplings between
the heating diode and other LEDs, as it was proposed for multi-chip modules in [35]. The time constant
around a couple of seconds reflects the heat conduction through the MCPCB and it contributes the least
portion to the total thermal resistance. The time constant of just over 20 ms models the interface between
the package and the board and the thermal capacitance of this stage equal to around 3.5 mJ/K could
be possibly attributed to the diode package. Finally, the shortest time constant of just below 200 us
can be associated with the semiconductor die. Then, the resistance is the junction to the solder point
one, given in the datasheets (typically 8 K/W for this device), and the thermal capacitance of the die is
equal to almost 30 uJ/K. This value corresponds well to the plateau in the thermal structure functions
presented in Figure 4a. Comparing the tables for the standard size thermal pad and the doubled one,
it is visible that the major difference arises for the time constants around a few seconds, where both
the resistance and capacitance values are noticeably lower for the module with the larger thermal pads,
hence confirming that the generated heat is more effectively evacuated from the package to the board.

4. Conclusions

The research results presented in this paper demonstrated the existence of important thermal
couplings in the modules containing multiple LEDs and cooled by natural convection without a heat
sink. In particular, it was experimentally shown that when cooling is poor the diode self-heating
can contribute only a small portion to the total device junction temperature rise over the ambient.
Thus, the heating by neighboring devices might become more important than the temperature rise
due to the heat generated in a particular device. Therefore, the CTMs used for the simulations of such
modules should take into account the mutual thermal interactions between the devices when applied
cooling is poor. Obviously, this problem will not be so severe, when a proper heat sink is attached,
but sometimes this might not be possible because of various design constraints. Another important
contribution of this research was to demonstrate that the thermal pad area noticeably influences
the junction-to-board thermal resistance.

From the theoretical point of view, this paper illustrated the methodology to derive compact
thermal models when power is dissipated in multiple devices. This methodology turned out to be
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effective and the thermal simulations carried out with the resulting dynamic compact models were
accurate. However, it should be underlined that in the considered case, the geometry of the circuit
layout was symmetrical and the circuit contained devices of the same type. Thus, in the general case,
the reciprocity of mutual thermal influences would not hold. The main limitation of the proposed
methodology was that the compact model element values depend on the device operating conditions
and that they also vary among individual devices. Therefore, the compact models have to be derived
separately for each LED. These differences result not only from different LED temperature sensitivities,
but also from different LED soldering thermal resistances and other factors. Another interesting
observation from the system designer point of view is that increasing the area of LED thermal pads
can effectively reduce the device temperature rise already after a second. In the steady state, it was
possible to lower the temperature even by 10% when only one device was active. This effect could be
increased when more devices are dissipating power. In further investigations, a more in-depth study
of the thermal pad area should be carried out.
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