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A
Boundary-Condition-Independent
(BCI)
Compact
Thermal Model (CTM) was generated for an opto-electronic
transceiver package called SFP (Small Form-factor Pluggable
device). The SFP has four internal power dissipating sources
and the BCI CTM for the SFP was developed using the
DELPHI methodology.
This paper presents a detailed
validation of the BCI CTM of the SFP in real-time applications
using Flotherm, a Computational Fluid Dynamics (CFD)-based
thermal analysis software package. The results show excellent
agreement between the results predicted by the SFP CTM with
the data from the detailed model and from the experiments.
The SFP CTM predicts the junction temperature of the four
power dissipating components and the heat flows through the
sides with relative error less than 10%. In addition to accurate
thermal characterization of the SFP, the SFP CTM facilitates a
large order reduction (105 to 1) in the CFD-based
computations. Advantages and limitations on using the
DELPHI methodology for generation of CTM for the SFP are
also discussed.

I.

method cannot be used for packages with multiple heat
sources where the package surface does not adhere to the
similarity condition. But as discussed in an earlier work
[10], the DELPHI method can be used for modeling
packages such as the SFP. Many approaches [11-16] have
been suggested for modeling of components with multiple
heat sources. But most of these methods cannot be used to
readily represent the SFP in a commercial CFD-software
because of the presence of four heat sources and the
presence of radiation heat transfer within the package. A
detailed introduction to the functions of the SFP and the
need for its compact thermal model has been discussed in
[10]. The study also presented a BCI CTM for the SFP
(referred to as SFP CTM henceforth) that was developed
using the DELPHI (DEvelopment of Libraries of PHysical
models for an Integrated design) methodology.

INTRODUCTION

The Small Form-factor Pluggable device (SFP) [1], shown
in Fig. 1, is an optical transceiver used in telecommunication and data-communication equipment such as
routers and switches.
The package has a detailed
construction, and typically has four heat-generating sources
as shown in Fig.2: Laser Diode (LD), Trans-impedance
Amplifier (TIA), Laser Diode Driver (LDD) and Transceiver
IC (Post Amp IC). Because of the presence of a laser diode,
the component is thermally sensitive to its environment.
Accurate CFD-based thermal analysis is necessary in order
to design systems that use these optical transceivers. To
capture the complete thermal characteristics accurately,
detailed modeling of the SFP with hundreds of thousands of
grid points are used. Therefore, it becomes impossible to
have detailed SFP models within systems that use multiple
SFPs. This creates a need to represent the SFP by a
simplified model. The DELPHI (DEvelopment of Libraries
of PHysical models for an Integrated design) project [2-8]
was started to primarily address similar issues of single-heat
source IC packages and to provide better thermal
characterization. It has been used for multiple (two) heat
sources by Assoud [9]. As discussed by Lasance [8], the
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Fig.1. Small Form Factor Pluggable Optical Transceiver
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not an issue [8], it is important to understand the
performance of the SFP CTM for thermal analysis in realThe CTM for the SFP was generated using the DELPHI
time situations. Therefore, the CTM is validated within
methodology using Matlab 7 codes [18]. In house codes
Flotherm, a CFD-based design and analysis tool [17] for
were developed for solving the conservation equations of the
study of heat transfer in electronic packages.
network topology and for interfacing with the optimization
II.

DEVELOPMENT OF CTM FOR SFP

algorithm [21][22]. The codes were validated with
experimental data from Aranyosi et al. [19][20]. Network
topology was not constructed by reducing a fully connected
network as suggested in [2]; rather, it was built from the
bottom up by constructing simple networks and increasing
their complexity. Many network topologies were analyzed
and the resulting network topology used for representing the
SFP is shown in Fig. 3. In this figure, nodes 1, 2, 3 and 4
represent the four power dissipating components. The sides
are represented by nodes 6, 7, 8 and 9. Node 5 represents a
floating node used for redirecting heat flow. The front and
back sides are insulated and are not represented by nodes.
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III.

VALIDATION OF CTM FOR SFP

The CTM for the SFP is validated with results from the
detailed model for three environments representative of its
wide application in the field; natural convection, natural
convection with heatsink and forced convection.
A. Case 1- Natural Convection
Since the SFP dissipates low power (0.54 W), they are
used in some systems without any forced cooling. In these
systems, the SFPs are strategically placed so that they can be
cooled by natural convection. The SFP CTM is first
validated in a natural convection environment because the
grid density requirement for a natural convection simulation
is more stringent than one for the forced convection case.
This is due to the small scales involved. Therefore, the first
case is the simulation of a natural convection environment.
For this simulation, the SFP is placed inside a vertical
computational duct such that the left side of the detailed SFP
model faces downward. Figure 4 shows the isometric view
of the setup for simulating natural convection. Gravity is
specified in the negative-X direction. There is no flow inlet.
The details of the numerical setup are discussed in the latter
sections.
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Fig.3. Network topology for the SFP CTM

This SFP CTM has been validated with multiple boundary
conditions that are applied on the sides of the SFP by
specifying heat transfer coefficients (h=1 to h=1000
W/m2K)[10]. The CTM predicted results with relative
errors less than 10% on the junction temperature of all the
four heat generating sources. A maximum relative error of
20% occurred on the heat flows predicted through the sides
for unrealistic extreme cases. Although a stand-alone
validation of the SFP CTM help validate the performance,
the boundary conditions used were not representative of the
practical situations in which the SFP CTM will be used. In
practical applications, the sides of the SFP do not face
uniform heat transfer coefficient on its sides. While this is
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Fig. 4 Isometric View showing the Setup of the SFP inside the Duct for
Natural Convection

B. Case 2- Natural Convection with Heat Sink
For the second case, a heat sink is fixed on to the top
face of the SFP as shown in Fig. 5. The heatsink has inplane base dimensions equal to the top face of the SFP (13.4
mm x 37 mm) that is inside the duct with 2 mm thickness.
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The fins are 1 mm thick and there are ten fins. The heat sink
is made of anodized aluminum with conductivity of 201
W/m K. The design of the heatsink is done loosely based on
W
Inlet
commercially available SFP heatsinks.
C. Case 3- Forced Convection
The SFP is setup inside the duct for simulation of
forced convection. In this setup, the inlet is specified with
fixed flow velocities. The flow velocities that are simulated
are 0.5, 1, 2, 3 and 4 m/s. The setup is shown in Fig. 6.

Fig. 5 Side view showing the Setup of the SFP with Heat Sink inside the
Duct for Natural Convection

5W

Outlet
10W

Fig. 7 Setup of the SFP inside the Duct

Fig. 8 Side View showing the Setup of the SFP inside the Duct

Fig. 6 View showing the Setup of the SFP inside the Duct for Forced
Convection

III.

NUMERICAL METHODOLOGY

In Cases 1 through 3, the detailed model of the SFP is
placed inside a computational duct with an ambient
temperature of 20˚C. The front part of the SFP model
protrudes outside of the duct on the side where the duct is
fitted with a 5 mm thick bezel. This resembles the actual
usage of the SFP where the front part of the SFP protrudes
outside the bezel of the switch or router. The SFP model sits
on the PCB which has a thickness of 1.65 mm. The
upstream distance from the SFP model is five times the
width of the SFP. The downstream distance is ten times the
width of the SFP. This is shown in Fig. 7. A side view of the
setup can be seen in Fig. 8. The detailed model sits on the
evaluation board which has orthotropic conductivities of 33
W/m K (in-plane) and 0.38 W/m K (normal). All the other
elements in the model such as the walls of the duct and the
bezel are considered to be non-conducting. Of the three
cases, natural convection cases require the most attention
while generating the mesh. ‘Regions’ in Flotherm allow for
localized dense meshing with gradual increase in mesh size
as it moves away from the object. ‘Region’ surrounding the
detailed SFP model is used for both mesh control and for
post processing the results. In post processing, they provide
the heat flow through each side of the SFP.
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(b) Side View
Fig. 9 Mesh for Natural Convection Case
(a) Top View

The top view of the mesh for the natural convection
simulation is shown in Fig. 9a and the side view is shown in
Fig. 9b. The side view clearly shows the use of localized
meshing for the components within the SFP as well as in the
environment surrounding the SFP. A similar mesh is used
for the natural convection case with the heatsink. The heat
sink has four grid cells between the fins in order to resolve
the flow passing through the fins. The mesh used for the
natural convection case is used for the forced convection
case. Each case is checked for grid independency.
The objective of the cases (Case 1 through 4) is to
validate the CTM of the SFP in real-time situations. So far,
only the use of detailed model of the SFP is mentioned. This
is because meshing requirements for the detailed model is
more complicated than for the SFP CTM. The SFP CTM
does not require any meshing within the cuboid that
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represents the CTM. It can be imagined to be a black box
IV. RESULTS AND DISCUSSIONS
with four nodes on each side and the remaining five nodes to
The three cases are simulated with the detailed SFP
be inside.
In order to ensure that the environment does
model. This is followed by deactivating the detailed SFP
not change between the SFP CTM and the detailed SFP
model and simulating the cases with the SFP CTM activated.
model, the same mesh is used for the SFP CTM. The
No parameter is changed between the two simulations. All
number of nodes inside the SFP CTM is not changed at all
simulations are initialized to an ambient temperature of
even though it can be significantly reduced.
20˚C. The predicted junction temperatures and heat flows are
In order to do this, the SFP CTM is included in the
obtained using ‘Tables’, a Flotherm feature. Results for each
same “Assembly” in Flotherm and is placed at the exact
of the cases are discussed below.
location of the detailed SFP. By doing this the detailed
model can either be activated or deactivated. This feature is
A. Case 1- Natural Convection
shown in Figs. 10a and b. In Flotherm, when a model is
deactivated, although the object is removed from
Junction temperature and heat flow through the sides
computations, the mesh does not change. By taking
are compared between the detailed and compact models of
advantage of this feature, it is ensured that there is no change
the SFP in Table 1. As seen from this table, the SFP CTM
in external parameters for both the detailed SFP model and
predicts the junction temperature for the active components
the SFP CTM.
and heat flow through the sides with a relative error of less
than 2% of the results predicted by the detailed SFP model.
TABLE I
COMPARISON OF RESULTS PREDICTED BY SFP CTM AND SFP DETAILED MODEL FOR SIMULATION
OF NATURAL CONVECTION

Junction Temperature
(˚C)

CTM

Detailed

Error %

Laser Diode

30.8

31.0

0.7

TIA

128.9

129.9

0.8

Laser Driver

32.4

32.1

-0.8

Post Amp IC

39

38.7

-0.9

Top

0.0450

0.0454

0.8

Bottom

0.4520

0.4494

-0.6

Left

0.0285

0.0288

1.1

Right

0.0151

0.0150

-0.6

Heat Flow (W)

(a) Detailed Model Deactivated

(b) SFP CTM Deactivated

Fig. 10 Screenshot of Flotherm showing Activation and Deactivation of
Models

The complete set of Navier Stokes equations are solved
with second order accuracy.
The natural convection cases are done with a laminar
model as the Rayleigh Number for the flow is 3.3e5. The
forced convection cases are solved with the K-Epsilon
turbulence model available in Flotherm. Radiative heat
exchange is considered only between the surfaces of the SFP
models to the ambient. None of the other surfaces (duct wall,
bezel and PCB) participate in the radiation heat transfer.
Modeling radiation in these components has minimal effect
on the validation process and avoiding it significantly
reduces the time consumed in solving the problem. Multigrid double precision solver is used for solving the
equations. When the SFP CTM is activated instead of the
detailed model, though the number of grid cells within the
SFP CTM is large, the solver considers only conduction
between the 9 nodes used to represent the SFP CTM.
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Apart from the above results, an analysis of the flow and
temperature fields is necessary because of the close coupling
between the two in the case of natural convection. The plots
show that the error from the SFP CTM is significantly low.
The temperature field and velocity field is compared at a
plane passing through the middle of the SFP. This plane is
shown in Fig. 11.
Plane

Fig. 11 Plane at which the Flow and Temperature Fields are analyzed

The flow field is compared in Fig. 12. Figure 12a shows
the velocity vectors plotted for the detailed SFP model and
Fig. 12b shows the velocity vectors plotted for the SFP
CTM. A comparison shows that the flow field predicted by
the detailed SFP model and the SFP CTM is identical. A
comparison of the temperature field from Figs. 13a and b
shows that the maximum temperature in the plane is 31.5˚C
for the detailed model while it is 32.4˚C in the case of the
SFP CTM. The error in prediction of the surrounding flow
and temperature field by the compact model is almost

ISBN:

7-9 October 2009, Leuven, Belgium
detailed model is simulated first by keeping the SFP CTM
deactivated. The junction temperature of the components and
the heat flow through the sides are noted. The detailed model
is deactivated now and the SFP CTM is activated. The results
are recorded, and compared in Table 2. The table shows that
the maximum error occurs in the junction temperature which is
about 1.5 % deviant from the results predicted by the detailed
model.

negligible.

TABLE II
COMPARISON OF RESULTS PREDICTED BY SFP CTM AND SFP DETAILED MODEL FOR SIMULATION OF
NATURAL CONVECTION WITH SFP HEATSINK

(a) Detailed SFP Model

Junction
Temperatures (˚C)

CTM

Detailed
Model

Error
%

Laser Diode

29.9

30.3

1.1

TIA

128.1

129.1

0.8

Laser Driver

31.6

31.4

-0.4

Post Amp IC

38.2

37.9

-0.8

Top

0.1080

0.1084

0.4

Bottom

0.4000

0.3998

-0.1

Left

0.0212

0.0214

1.3

Right

0.0102

0.0101

-0.7

Heat Flow (W)

(a) SFP CTM
Fig. 12 Comparison of Flow Fields Predicted by the Detailed and Compact
Models for Simulation of Natural Convection

For this case, the flow and temperature fields are compared at a
plane passing through the middle of the heatsink. The location
of the plane is shown in Fig.14
Plane

Fig. 14 Plane at which the Flow and Temperature Fields are analyzed for SFP
with Heatsink

(a) Detailed SFP Model

Figs. 15a and b compare the flow fields on the plane passing
through the middle of the SFP heatsink. The figures show that
the detailed model predicts a slightly higher maximum velocity
(0.132 m/s) than the maximum velocity predicted by the
compact model (0.127 m/s). The error is about 4%. Figs.16a
and b compare the temperature fields on the same plane for the
detailed and compact SFP models. There is a maximum of 1%
relative error seen in the temperature field predicted by the SFP
CTM.

(b) SFP CTM
Fig. 13 Comparison of Temperature Fields Predicted by the Detailed and
Compact Models for Simulation of Natural Convection

B. Case 2- Natural Convection with Heat Sink
In this case, the SFP was fitted with a heatsink on its
top surface. This increases the heat flow through the top. The
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(a) Detailed SFP Model
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and compact model for velocities of 0.5, 1, 2, 3 and 4 m/s
respectively. In Table 3, the maximum error of 6.3% occurs
on the heat flow prediction only when the SFP model is
exposed to a low forced convection environment of 0.5 m/s.
In all other cases, the maximum error is less than 4% on the
heat flow prediction.
The junction temperatures are
predicted with errors less than 2%. Detailed analysis of flow
and temperature fields is not necessary as small variations in
temperature do not change the flow field prediction in forced
convection environments.
TABLE III

(b) SFP CTM
Fig. 15 Comparison of Flow Fields Predicted by the Detailed and Compact
Models for Simulation of Natural Convection with SFP Heatsink

COMPARISON OF RESULTS FOR FIXED FLOW VELOCITY OF 0.5 M/S

Junction
Temperatures (˚C)

CTM

Detailed
Model

Error
%

Laser Diode

26.7

27.1

1.5

TIA

124.8

126.0

0.9

Laser Driver

28.3

28.2

-0.5

Post Amp IC

35.0

34.7

-0.8

Top

0.0560

0.0568

1.4

Bottom

0.4232

0.4182

-1.2

Left

0.0469

0.0485

3.2

Right

0.0145

0.0137

-6.3

Heat Flow (W)

(a) Detailed SFP Model

TABLE IV
COMPARISON OF RESULTS FOR FIXED FLOW VELOCITY OF 1 M/S

Junction
Temperatures (˚C)

CTM

Detailed
Model

Error
%

Laser Diode

25.7

26.0

1.3

TIA

123.8

124.9

0.9

Laser Driver

27.3

27.1

-0.7

Post Amp IC

33.95

33.7

-0.7

Top

0.0579

0.0589

1.7

Bottom

0.4085

0.4027

-1.4

Left

0.0560

0.0581

3.7

Right

0.0183

0.0182

-0.6

Heat Flow (W)
(b) SFP CTM
Fig. 16 Comparison of Temperature Fields Predicted by the Detailed and
Compact Models for Simulation of Natural Convection with SFP Heat Sink

TABLE V

C. Case 3- Forced Convection
The detailed SFP model is now placed inside the duct
with a fixed flow inlet. Flow inlet velocities of 0.5, 1, 2, 3
and 4 m/s are simulated and the data is recorded. After
replacing the detailed model with the SFP CTM, the flow is
simulated for the four velocities. The data between the SFP
CTM and the detailed model is tabulated for each flow
velocity. The flow pattern causes impingement on the left
face of the SFP, recirculation on the right face of the SFP,
and separating flow over the top face of the SFP. The
convective heat transfer coefficient varies considerably from
one point to another point on the surface of the SFP on all
sides. Tables 3 through 7 show the comparison of the
junction temperature and heat flow predicted by the detailed
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COMPARISON OF RESULTS FOR FIXED FLOW VELOCITY OF 2 M/S

Junction
Temperatures (˚C)

CTM

Detailed
Model

Error
%

Laser Diode

24.9

25.2

1.3

TIA

123.0

124.1

0.9

Laser Driver

26.5

26.3

-0.8

Post Amp IC

33.2

32.8

-1.1

Top

0.0664

0.0677

2.0

Bottom

0.3829

0.3763

-1.8

Left

0.0672

0.0695

3.3

Right

0.0243

0.0248

1.9

Heat Flow (W)

ISBN:

TABLE VI
COMPARISON OF RESULTS FOR FIXED FLOW VELOCITY OF 3 M/S

Junction
Temperatures (˚C)

CTM

Detailed
Model

Error
%
1.3

Laser Diode

24.5

24.8

TIA

122.6

123.7

0.9

Laser Driver

26.1

25.9

-0.9

Post Amp IC

32.8

32.4

-1.1

Top

0.0733

0.0749

2.2

Bottom

0.3638

0.3567

-2.0

Left

0.0734

0.0756

2.9

Right

0.0303

0.0312

2.9

Heat Flow (W)
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of the current research. One of the limitations of the
methodology is the trial and error method used for laying out
the network topology. Although many different network
topologies were experimented, the network topology
suggested for the SFP CTM in the current work does not
have to be the final best network possible. There can be any
other types of network topologies, especially ones that have
multiple internal nodes, which can provide better redirection of heat flow. The CTM is obtained through the
optimization of the cost function. It was found that the CTM
obtained was sensitive to initial start values of the resistors,
the upper and lower bounds on the resistors and the error
constraints. The authors realize that some of these limitations
can be overcome using the commercial code
DOTCOMP[23] which will be a subject for later study.

TABLE VII

VI.

COMPARISON OF RESULTS FOR FIXED FLOW VELOCITY OF 4 M/S

Junction
Temperatures (˚C)

CTM

Detailed
Model

Error
%
1.4

Laser Diode

24.3

24.6

TIA

122.4

123.5

0.9

Laser Driver

25.9

25.7

-0.8

Post Amp IC

32.5

32.2

-1.1

Top

0.0834

0.0848

1.6

Bottom

0.3445

0.3377

-2.0

Left

0.0777

0.0798

2.6

Right

0.0351

0.0363

3.1

Heat Flow (W)

V. ADVANTAGES AND LIMITATIONS OF
GENERATING CTM FOR SFP BY DELPHI
METHODOLOGY
From the results, the DELPHI approach to generate CTMs
for SFP has proved to be very successful. This study shows
the obvious advantage of the DELPHI methodology – the
CTM for the SFP can be readily implemented for thermal
design and analysis of systems that use SFPs. Apart from
this, the results have shown that CTMs can be generated for
SFPs and SFP-like packages which have multiple-heat
sources using the DELPHI methodology.
Also, the
methodology allows for better thermal characterization of
the SFP package by identifying junction temperatures as an
important quantity (as opposed to specifying case
temperatures of SFPs). The DELPHI-type CTM for the
SFP allows representation of the component using nine
nodes instead of hundreds of thousands of grid cells greatly
simplifying CFD-based computations to a matter of seconds
than hours. This type of reduction also allows accurate
analysis of system-level models that employ a huge number
of SFPs. Also, the CTM generated by this method is highly
portable; CTMs can be distributed in the form of library
models in CFD-based software such as Icepak and Flotherm.
Although there are significant advantages of the
application of DELPHI methodology to generate CTM for
the SFP, some limitations were identified during the course
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CONCLUSION

The CTM for the SFP has been generated using the
DELPHI Methodology. It has been validated up to the point
of end-user usage, which is usage in CFD codes for thermal
design and analysis in practical applications. The SFP CTM
is validated in real-time situations such as natural
convection, natural convection with heat sink fitted on the
SFP and forced convection for different velocities. In all
cases the SFP CTM predicted the junction temperature of all
its four active components with relative error of less than
10%. The errors on the heat flows through the sides were
also less than 10%. Thus, the SFP CTM can be used in
detailed system-level models for accurate prediction with a
large reduction in computational resources.
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