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Abstract

This paper presents a method of thermal characterization of
heat-sinks aimed at cooling socketable LED modules. The sug-
gested measurement procedure resembles the transient dual in-
terface method of the JEDEC JESDS51-14 standard: two transi-
ent measurements are performed with different qualities of the
thermal interface of the heat-sink surface mating the LED mod-
ules. The structure functions section identified with such a
measurement represents solely the measured heat-sink. Step
wise approximation of the obtained structure function section
is used to create DCTMs of the heat-sinks, aimed at fast system
level simulations of LED modules.

Keywords
socketable LED module, heat-sink compact modeling, test
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1. Introduction

The concept of compact thermal modeling of semiconduc-
tor device packages as well as heat-sinks based on thermal tran-
sient measurements of power transistors and CPUs, using struc-
ture functions was introduced about a decade ago [1]. Though
the method outlined in this early paper provided quantified re-
sults to describe heat-sinks, no standardized method was pro-
vided to separate the device package, the TIM and the heat-sink
in the structure functions. A recent report discussed the design
optimization of heat-sinks aimed at cooling of CoB LED arrays
[2], but the results presented in this paper are based mostly on
simulation and are characteristic to the entire LED array + heat-
sink assembly; do not provide quantified characteristics for the
heat-sinks separately.

The so called transient dual interface method (TDM) de-
fined in the JEDEC JESD 51-14 standard [3] provides well re-
peatable means of separating sections of the junction-to-ambi-
ent heat-removal path of packaged semiconductor devices. The
standard is aimed at the measurement of the Ry, c junction-to-
case thermal resistance of power semiconductor packages. This
method, e.g. with the help of structure functions is used to find
the initial part of the heat-conduction path: from the junction
until a “virtual boundary” of the package characterized by the
single Ry.c value. The “rest” of the structure functions used in
the method is disregarded. Essential part of the JESD 51-14 test
method is to perform the thermal transient measurements of the

DUT on a cold-plate, therefore the discarded part of the struc-
ture functions — in terms of the corresponding cumulative ther-
mal resistance — is short; it is characteristic mostly to the ther-
mal interface between the package and the cold-plate as illus-
trated in Figure 1.
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Figure 1: Structure functions of a test module measured
on a cold-plate with and without applying TIM at the
module — cold-plate interface. The separation point of the
two curves is defined as Rumuc.

2. Measurements

To characterize heat-sinks aimed at the cooling of socketa-
ble LED modules such as GE’s Infusion family [4], we built a
thermal dummy module which mimics the behavior of the LED
modules at the module — heat-sink mechanical interface
properly [5]. All the examples presented here are based on test
results obtained with this test module. The heat-sinks we char-
acterized are shown in Figure 2.

The benefit of using a thermal dummy of the socketable
LED module was that we could avoid the difficulty arising
from the need of measuring the module + heat-sink assemblies
under natural convection conditions while existing LED ther-
mal testing standards (JESD 51-5x series) require light output
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measurements of LEDs at a controlled temperature. As in the
thermal dummy of the LED module a conventional silicon de-
vice was used, we could adhere to the simpler thermal testing
standard (JESD 51-1), see further details in [5]. As described
in [5] the thermal dummy module was constructed such that the
heat-flow pattern close to the modules cooling surface (the so
called thermal interface according to the Zhaga terminology
[6]) the heat-flow pattern is the same as in the original LED
module.

As shown in Figure 1, the test module was characterized on
a cold-plate with a procedure based on the JEDEC JESD51-14
standard [3]. This way we identified a junction-to-case thermal
resistance value (denoted by Ryyc in Figure 1) which we con-
sidered as an overall characteristic of the module representing
the steady-state behavior of the heat-flow path of the module
between the pn-junction of the module’s active device and the
bottom surface of the module which under normal operating
conditions mates with the central circular surface of the heat-
sink (see Figure 2a). The thermal transient measurements of the
heat-sinks were carried out in a natural convection environment
resembling a JEDEC standard 1 ft® still-air chamber. The test
module was attached to the heat-sinks with the help of a LED
module socket assembled to the heat-sink (as shown in Figure
2b). The clamping force between the test module and the heat-
sink was provided by the springs inside the socket.

Mating
surfaces

Heat-sink #1

Heat-sink #3 =
Heat-sink #2

a)

b)

Figure 2: a) Three different heat-sinks which were charac-
terized by a thermal dummy of a socketable LED module
b) The thermal dummy module in the socket attached to

heat-sink #1.
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Figure 3: Comparison of structure functions of Figure 1
and a structure function identified when the test module
was equipped with heat-sink #1.
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Figure 4: Comparison of structure functions of three dif-
ferent heat-sinks measured in a natural convection envi-
ronment and the base line test setup of the dummy module
measured on cold-plate.

Under normal operating conditions the bottom of the sock-
etable LED modules (their thermal interface) is covered by a
thermal pad — an elastic thermal interface material. During our
tests the thermal pad was removed and no TIM was applied or
ordinary thermal grease was used as TIM to realize a second
boundary condition recommended by the JEDEC JESD51-14
standard [3].

With further measurements where the quality of the thermal
interface between the heat-sink and the test module (in our case
a thermal dummy of a LED module) is changed and the result-
ing structure functions are matched at their ends (at the singu-
larity) the contribution of the TIM and the contribution of the
heat-sink to the total thermal resistance is separated.
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2.1. Measurement results

The thermal resistance values indicated as Ry in Figure 1
provides the interfacial thermal resistance at the module’s cool-
ing surface.

The thermal boundary conditions provided by the three dif-
ferent heat-sinks clamped to the test module with thermal
grease as TIM provide worse cooling than TIM cold-plate +
TIM setup but provide still better cooling compared to the case
when the test module was attached to a cold-plate without any
TIM (referred to as “cold-plate dry” setup in all Figures). To
demonstrate this, in Figure 3 a third structure function is in-
cluded along with the cold-plate measurement results. This
structure function was identified when the test module was
equipped with a heat-sink and was measured in a natural con-
vection environment. All structure function sections represent-
ing the heat-flow still inside the test module completely over-
lap. The green structure function section seen in Figure 3 char-
acterizes the applied heat-sink. In Figure 4 results for further
two heat-sinks are shown.

As expected, the largest heat-sink (heat-sink #1) provides
the smallest thermal resistance but it has the largest thermal ca-
pacitance (see the height of the flat green section) — see seen
Figure 4. Heat-sinks #2 and #3 provide almost the same cooling
performance with the same thermal capacitances and only with
a small difference (roughly 0.1 K/W) in the overall thermal re-
sistance. Resistances denoted by Rumus.i, Rius-2 and Ruus.z in
Figure 4provide additional the thermal resistance of the module
— heat-sink thermal interface and the heat-sink. All these meas-
urement results were obtained for a setup when TIM was ap-
plied between the mating surfaces of the test module and the
heat-sinks.

Figure 5 presents results of the measurements of heat-sink
#2 when the heat-sink was measured without applying TIM at
the interface mating with the test module.
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Figure 5: Close-up view of the structure functions already
shown in Figures 1, 2 and 3 with thermal resistance of
heat-sink #2 indicated. The plot of the structure function
representing the thermal impedance when no TIM was ap-
plied between the test module and the heat-sink is also in-
cluded.
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Figure 6: Modified version of Figure 5 — the structure
function representing the heat-sink + TIM setup is
matched at the ambient with the structure function of the
heat-sink + no TIM setup. The divergence point of these
curves on the left corresponds to the mating surface of the
heat-sink.

In Figure 5 the numerical value of the Ryps.2> thermal re-
sistance is also indicated (1.82 K/W) Note in Figure 5 that the
structure function of the “dry” setup also starts diverging from
the other structure functions at the “case” location (indicated
by Ru.c in the figure) but now providing worse cooling than the
“dry” interface at the cold-plate setup. As expected, due to the
poor quality of the thermal interface at the heat-sink the overall
thermal resistance is increased. This excess resistance is de-
noted by ARups2 in the figure and its value is roughly 1.13
K/W.

2.2. Application of the transient dual interface principle
to the characterization of heat-sinks

In Figure 7 the original structure function of the test module
+ TIM + heat-sink setup was shifter to the right to match the
structure function of the “dry” setup at the singularity corre-
sponding to the ambient. The structure functions measured with
the heat-sink almost perfectly at the initial sections correspond-
ing to heat-spreading still within the body of the heat sink; the
difference on the left hand side of the middle thick vertical in-
dicator line are due to the drastic differences in the quality of
the thermal interface between the heat-sink and the test module
(TIM applied vs. “dry” interface). The distance of this diver-
gence point from the ambient is equal to the Ruus.> value. We
had similar findings for the other two heat-sinks as well.

Form this result we can conclude that the philosophy of the
transient dual interface method for the measurement of the
junction-to-case thermal resistance of the power semiconductor
device packages with a single heat-flow path between their
junction and their exposed cooling surface can also be applied
for the characterization of heat-sinks as well. A plausible con-
dition for this is that the heat-flow entering the heat-sink at the
mating surface with the device to be cooled should still be an
essentially one-dimensional one. (Further away from the mat-
ing surface inside the body of a heat-sink when more complex
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heat-spreading patterns exist and at the fin-air interfaces were
natural convection starts, the structure functions provide only
an equivalent model of the thermal impedance. This corre-
sponds only to the last, very small section of the structure func-
tion.)

This means that it is sufficient to carry out thermal transient
measurements of the test module with a heat-sink attached in a
natural convection test environment twice: once with a poor
quality of the thermal interface (“dry” mating surface, i.e. no
TIM applied) and once with a good quality of the thermal in-
terface (TIM applied). The difficulty is to provide identical test
conditions for both measurements. Then the measured thermal
impedances have to be converted into (cumulative) structure
functions and their need to be matched at the ambient side (at
the singularity at the right hand side) and the divergence point
between the two curves need to be identified. The structure
function section between this divergence point and the singu-
larity is characteristic to the heat-sink; the distance between this
divergence point and the singularity is equal to the overall ther-
mal resistance (denoted by Ruus.2 in Figure 6) of the heat-sink.
This value of course depends on the test conditions, for exam-
ple it is influenced by the orientation of the heat-sink (normal
position, upside-down or tilted — as it may vary especially in
case of LED modules when used in different luminaires).
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Figure 7: LED pn-junction multi-domain model com-
pleted with test based package and heat-sink compact
thermal model [8], [9].

3. Dynamic compact modeling of heat-sinks

The step-wise approximation of the structure functions first
suggested to model MCPCB based LED assemblies [7] can
also be applied to the structure function sections representing
heat-sinks. This way more advanced and more accurate heat-
sink compact models can be created than first suggested in [1].
Though structure functions are primarily aimed to represent
essentially 1D heat-conduction cases they can also be used as
black-box equivalent models for complex 3D heat-transfer like
heat-sinks.

As suggested in [8] and [9] dynamic compact thermal
models of cooling assemblies such as heat-sinks can be
attached to the multi-domain models of LED pn-junctions
completed by compact thermal models of the LED packages,
aimed at Spice-like simulation. This also applies to socketable
LED modules: the LED package compact thermal model can
be extended with RC stages representing additional structural
elements of an LED module (MCPCB, module heat-slug, etc.).
Figure 7 illustrates this application of heat-sink models, though,
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as seen both in Figure 4 and in Figure 5, a single RC stage
would not be appropriate for the actual heat-sinks presented
here.

Compared to first attempt to structure function based com-
pact modeling of heat-sinks briefly described in an early paper
of our team [1] the “transient dual interface method” like test
procedure presented in section 2.2 provides now a well-defined
method of locating the “beginning” of the heat-sinks along the
heat-flow path.

The method already provided a single thermal resistance
value (see Ryus-2in Figure 5 and in Figure 6) which can be used
for steady-state simulations.
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Figure 8: Partial thermal resistances of the thermal inter-
face and the heat-sink can be identified with the help of
the differential structure functions (plotted with thinner

lines using lighter colors).
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Figure 9: Step-wise approximation of the cumulative
structure function at the section corresponding to the
heat-sink results in a dynamic thermal compact model of
the heat-sink. The interface thermal resistance between
the LED module and the heat-sink denoted by Rr is also
identified.

In case of LED modules and complete luminaires however,
a major parameter of interest for lighting designers is the time
needed to reach the final, stable value of the luminous flux
which is the time to reach thermal steady-state of the LED’s
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pn-junction. To calculate this time by simulation needs a dy-
namic thermal model of both the LED package or LED module
and the applied heat-sink.

3.1. Step-wise approximation of the cumulative structure
function

As seen in the structure function sections representing the
heat-sinks we measured, there are multiple steps. This suggests
that there are multiple characteristic parts of the heat-sinks. The
first step in creating a multiple stage RC model of the heat-
sinks is to identify the partial thermal resistances: the peaks of
the differential structure functions help in this. These peaks rep-
resent steep transitions in the cumulative structure functions.

In Figure 8 we plotted both the cumulative structure func-
tions and the differential structure functions corresponding to
the two base-line setups (test module measured on a cold-plate
with and without applying TIM) and corresponding to the setup
when the test module was attached to the heat-sink #2 with the
application of thermal grease at the mating surfaces.

Starting with the location denoted by R..sc in Figure 8, be-
fore the singularity representing the ambient we have 3 peaks
in the differential structure function of heat-sink #2 (plotted
with a thin, light pink line in the presented diagram), thus we
can distinguish 3 different sections. The first one is the thermal
interface, its resistance is denoted by Ry,r. The further two sec-
tions correspond to the heat-spreading in the central part of the
heat-sink (described by the thermal resistance value Ry;) and
the heat-spreading in the fins and the heat-transfer from the fins
to the surrounding air (represented by the equivalent thermal
resistance R.)

The next step is to identify the thermal capacitance values
corresponding to the above parts of the heat-sink. These corre-
spond to the heights of the flat sections of the cumulative struc-
ture functions (plotted by a thick, pink line in Figure 8). The
best matching approximation can be found by a straight hori-
zontal line crossing the cumulative structure function at the in-
flection points of these flat sections. These points can be found
at the minima of the differential structure functions. The dis-
tances between these straight horizontal lines provide the re-
quired thermal capacitance values for the compact model (see
Cuy and Cyp in Figure 9).

Based on this approximation method element values of the
RC compact model of heat-sink #3 are shown in Figure 9. The
differences between the thermal resistance values of heat-sink
#2 and #3 are explained by the difference in the quality of the
mating surfaces and the slight geometry differences of the two
heat-sinks (see also Figure 2a).

This step-wise approximation of the structure function rep-
resenting the heat-sinks is the generalization of the test based
compact modeling method first suggested for the test based
compact thermal modeling power LED packages [7].

3.2. Application example

System level simulation using LED compact models is
among the possible applications of the dynamic compact ther-
mal models of the heat-sinks. In the example below the com-
pact model of a real socketable LED module was created from
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measurements. The Ry c junction-to-case thermal resistance of
the module was 1.75 K/W (without the thermal pad attached to
the module). This value was identified with the transient dual
interface method of the JESD51-14 standard based in two
measurements compliant with the JESD51-51 and JESD51-52
LED thermal testing standards. The measured structure func-
tions and the identified LED module dynamic thermal compact
model (DCTM) are shown in Figure 10.
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@SUBCIRCUIT LED MODULE (CASE)=POWER;
CO: THCAP(J,GND)=1.360840e-004;
RO: THRES (J,N1)=9.602051e-003;
Cl: THCAP(N1,GND)=5.120376e-004;
R1: THRES (N1,N2)=2.251920e-002;
C2: THCAP (N2,GND)=9.342327e-004;
R2: THRES (N2,N3)=3.348633e-002;
C3: THCAP (N3,GND)=1.488764e-003;
R3: THRES (N3,N4)=5.324765e-002;
C4: THCAP(N4,GND)=1.011053e-003;
R4: THRES (N4,N5)=7.358012e-002;
C5: THCAP(N5,GND)=3.340653e-003;
R5: THRES (N5,N6)=2.099345e-002;
C6: THCAP(N6,GND)=1.131491e-002;
R6: THRES (N6,N7)=9.502891e-002;

C7: THCAP(N7,GND)=3.297544e-002;

R7: THRES (N7,N8)=3.234656e-001;

C8: THCAP (N8,GND)=2.452578e-002;

R8: THRES (N8,N9)=3.404372e-001;

C9: THCAP (N9,GND)=1.654788e-001;
R9: THRES (N9,CASE)=7.776395e-001;
S1: HEATFLUX (GND, J) =POWER;

@END;

Figure 10: Measured structure functions (cumulative and
differential) and the 10 stage thermal RC ladder model
(DCTM) of a socketable LED module.

For the simulation the THERMAN program was used
which is aimed at fast thermal simulation of homogeneous lam-
inated structures and is extended with the capability of using
DCTMs of semiconductor device packages and heat-sinks [10].
In the simulation example a material layer representing the
module’s thermal pad was used a “substrate”. The DCTM of
the heat-sink was attached to it at the top while the DCTM of
the LED module was attached to it at the bottom, describing the
thermal behavior of the LED module + heat-sink assembly used
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as a down-light luminaire. The DCTMs were executed by the
built-in network solver of THERMAN

The heat-sink DCTM is a boundary condition dependent
model. The netlist of such a model created for down-light ap-
plications is provided in Figure 11; the element values were ob-
tained from the structure function shown in Figure 8. Figure 12
presents the junction temperature transient measured with the
module attached to a cold-plate and the simulated transient of
the module using the DCTM of heat-sink #2 assuming a phys-
ical arrangement of a down-light application. According to the
simulation the time needed for reaching thermal steady-state is
about 6200 s.

@SUBCIRCUIT HS2 (CONTACT) ;
RTHIF: THRES (CONTACT,N1)=0.254;

CTH1: THCAP (N1,GND)=273;

RTH1: THRES (N1,N2)=1.15;

CTH2: THCAP (N2,GND)=692;

RTH1: THRES (N2,GND)=0.491;
@END;

Figure 11: The netlist of the dynamic compact thermal
model of heat-sink #2 in the format used by the
THERMAN program [10].
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Figure 12: Comparison of the step response of the LED
module measured on a cold-plate and simulated with the
heat-sink model. In the simulation the measured actual
LED heating power was used.

4. Conclusions

In this paper we presented a method to characterize heat-
sinks aimed at the cooling of socketable LED modules. The ac-
tual thermal transient measurements of the heat-sinks took
place in a natural convection environment using a thermal
dummy module representing the original LED modules. In this
test module a conventional silicon device was used as an active
device. We applied the transient dual interface principle to
identify location of the heat-sinks in the measured structure
functions. The step-wise approximation of the structure func-
tion section representing the heat-sinks was used to create a
multi-stage RC ladder model as a DCTM of heat-sinks aimed
at system level simulations. Simulation of a free hanging down-
light application was used to demonstrate the application of
such heat-sink models.
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