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Abstract—This work presents a system-level thermal simulator,
Phone-nomenon, to predict the thermal behavior of smartphone.
First, we study the nonlinearity of internal and external heat
transfer mechanisms and propose a compact thermal model.
After that, we develop an iterative framework to handle the
nonlinearity. Compared with a commercial tool, ANSYS Icepak,
Phonenomenon can achieve two and three orders of magnitude
speedup with 3.58% maximum error and 1.72°C difference for
steady-state and transient-state simulations, respectively. Mean-
while, Phone-nomenon also fits the measured data of a built
thermal test vehicle pretty well.

I. Introduction

As handheld devices become more powerful, the power con-
sumed by application processors (APs) increases dramatically.
This might lead to higher temperatures of APs and degrade
their performance. Meanwhile, the power/thermal management
relies on accurate temperatures reported by thermal sensors
that need a well-designed allocation. Therefore, the thermal-
aware design in pre-silicon stages brings more attention, and to
save the design time, an effective thermal analyzer is needed.

The external heat flow of a handheld device is dissipated by
two heat transfer modes, free convection and thermal radiation.
Free convection is a fluid motion dynamics due to density
gradients, and thermal radiation is the energy released by
oscillations of electrons in matter. On the other hand, though
the internal heat dissipation of a handheld device is dominated
by thermal conduction that the heat transfers between touched
solids, the influence of temperature-dependent convection and
radiation might also need to be investigated [1].

Though commercial computational fluid dynamics (CFD)
tools can perform the detail thermal simulation, their runtimes
are huge, and up to now, most of research works focus on
chip-level thermal analysis. For example, [2] predicted the
transient peak temperatures of chips. Recently, [3] applied
the finite difference method (FDM) to simulate steady-state
temperatures for smartphones. To avoid handling the compli-
cated heat transfer mechanism outside the phone, [3] used pre-
specified effective heat transfer coefficients (HTCs) to model
it. However, to determine the effective HTCs, the temperatures
at the boundary surface of smartphone need to be known
in advance. This relation between cause and effect makes it
hard to work. Furthermore, the system-level transient thermal
analysis is needed for the dynamic thermal management.

This work will build an efficient system-level thermal simu-
lator for smartphones, Phone-nomenon. Our contributions are:

• By studying internal and external heat flows, we model
internal air with equivalent thermal conductivities (ETCs),
formulate effective HTCs at boundaries, and build a
system-level compact thermal model for smartphones.

• To consider the nonlinear temperature dependence of in-
ternal/external heat transfer, we build an iterative thermal
analysis framework. It can automatically adjust effective
ETCs of internal air and effective HTCs at boundaries of
a smartphone, and perform the thermal simulation.

• Compared with a commercial CFD tool, ANSYS
Icepak [4], the maximum error of Phone-nomenon for
steady-state analysis is less than 3.58%, and its speedup
can be two orders of magnitude. Comparing with the
measured data, its maximum error is under 11.64%.
Furthermore, it can get accurate transient temperatures
of APs. The results from Phone-nomenon can fit the real
measured data pretty well, and it can achieve more than
three orders of magnitude speedup over Icepak.

This paper is organized as follows. Section II presents the
problem formulation. Then, Section III details the developed
thermal simulator, Phone-nomenon. Finally, Section IV shows
the experimental results, and Section V concludes this work.

II. Problem Formulation of System-Level Thermal
Simulation for Smartphones

Fig. 1 shows the structure of a smartphone. The top layer
is composed of light emitting diode cover and screen. The
central layer consists of chips, the printed circuit board, and
the battery. The bottom layer contains back cover. Its heat
transfer governing equations [1] are

ρ(r)c(r)
∂T (r, t)
∂t

+∇ · (κ̂(r)∇T (r, t))

+ρ(r)c(r)u(r)∇T (r, t) = p(r, t),
(1a)

∂I(r, ~s)
∂~s

+ (a + α~s)I(r, ~s) = an2αT 4(r, t)
π

+

α~s
4π

∫ 4π

0
I(r, ~s′)Φ(~s · ~s′)dΩ′,

(1b)

subject to the boundary condition,

κ̂(rb)
∂T (rb)
∂~nb

+ hb(Tb)T (rb, t) = fb(rb). (2)

Here, r=(x, y, z) is any position inside the phone, ρ(r), c(r),
κ̂(r), u(r), and p(r, t) are the material density, specific heat,



Fig. 1. Schematic diagram of a smartphone.

thermal conductivity, velocity, and power density at r, re-
spectively. I(r, ~s) is the intensity, ~s and ~s′ are the direction
and scattering direction vectors, respectively, and a is the gas
absorption coefficient. α is the Stefan Boltzmann constant, α~s
is the scattering Stefan Boltzmann constant, n is the refractive
index, Φ is the phase function, and Ω′ is the solid angle. b is a
boundary surface, rb is any position on b, fb(rb) is an arbitrary
function, hb(Tb) is the heat transfer coefficient of b, Tb=T (rb, t)
is the temperature at rb, and ~nb is the outward normal to b.

The goal of this work is to provide the thermal profile of a
smartphone by solving (1) and (2).

III. Phone-nomenon

It will take too much time to directly solve the nonlin-
ear system equation (1). Hence, first, we will approximate
internal heat transfer effects to be equivalent temperature-
dependent thermal conduction effects that will be detailed in
Section III-A. After the approximation, (1) becomes to

ρ(r)c(r)
∂T (r, t)
∂t

+ ∇ · (κ(r)∇T (r, t)) = p(r, t), (3)

where κ(r) is the equivalent thermal conductivity of material.
To spatially discretize the system into many control vol-

umes [5], (3) becomes to the following equation for each
interior control volume Vi, j,k (i, j, and k are indices along
the x−, y−, and z−directions.),

Ci, j,k
∂Ti, j,k(t)
∂t

+ gx−
i, j,kTi−1, j,k(t) + gx+

i, j,kTi+1, j,k(t)

+ gy−

i, j,kTi, j−1,k(t) + gy+

i, j,kTi, j+1,k(t) + gz−
i, j,kTi, j,k−1(t)

+ gz+

i, j,kTi, j,k+1(t) − gi, j,kTi, j,k(t) = −pi, j,k(t), (4)

where

gi, j,k = gx−
i, j,k + gx+

i, j,k + gy−

i, j,k + gy+

i, j,k + gz−
i, j,k + gz+

i, j,k. (5)

Here, Ti, j,k(t) is the temperature of Vi, j,k, and pi, j,k(t) is
the power of Vi, j,k. gx−

i, j,k, gx+

i, j,k, gy−

i, j,k, gy+

i, j,k, gz−
i, j,k, and gz+

i, j,k
are the thermal conductances between Vi, j,k and Vi−1, j,k,
Vi+1, j,k, Vi, j−1,k, Vi, j+1,k, Vi, j,k−1, Vi, j,k+1, respectively. Ci, j,k =

∆xi, j,k∆yi, j,k∆zi, j,kρi, j,kci, j,k is the heat capacity of Vi, j,k. ∆xi, j,k,
∆yi, j,k, and ∆zi, j,k are the lengths of Vi, j,k along the x−, y−,
and z−directions, respectively. ρi, j,k and ci, j,k are the material
density and specific heat of Vi, j,k, respectively.
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Fig. 2. The thermal effect of internal air in the smartphone. All results are
obtained by Icepak.

Using (4) and the duality between thermal and electrical
quantities, (3) can be written as the matrix form

GT + C
dT
dt

= p. (6)

Here, G is the thermal conductance matrix, C is the thermal
capacitance matrix, and p is the vector of power consumption
and ambient temperature.

Since Phone-nomenon focuses on the system-level thermal
analysis, the non-uniform grid mesh strategy is adopted to
enhance its efficiency. The relative finer grids are used to
increase the resolution for more concerned components, such
as APs, and the coarser grids are used for those noncritical
components. The thermal conductance between two adjacent
grids can be calculated as the similar form shown above.

According to the boundary condition (2), to handle the
nonlinearity between hb(Tb) and Tb, we develop a compact
model for it that will be shown in Section III-B.

After building the compact models for (1) and (2), we
propose an iterative procedure to solve them in Section III-C.

A. Modeling of Internal Heat Transfer Effects

A smartphone consists of solid and air blocks. The thermal
conduction mechanism is the major heat transfer process in
solid blocks. Though air blocks contain thermal conduction,
convection, and radiation mechanisms, generally, the existing
works, for simplicity, only consider the thermal conduction
in air blocks. To study convection and radiation effects in
air blocks, we use Icepak [4] to calculate the temperature
at the center of SoC in Fig. 1. The columns 2-3 of Table I
list the steady-state power sets (detailed in Section IV-A), and
Fig. 2 shows the results. SoCcond only considers the conduction
effect in air blocks, SoCcond+conv considers both conduction
and convection effects in air blocks, and SoCcond+conv+rad fully
includes conduction, convection, and radiation effects in air
blocks. SoCκair−eff

is the temperature obtained by modeling air
blocks to be solid blocks with our developed ETCs κair−eff ,
which will be described in this section, to approximate the
heat transfer mechanisms of internal air blocks. It can be



observed that the temperature of SoC is overestimated as we
only consider the thermal conduction effect in air blocks.

1) Thermal Conduction Effect: The thermal conductivity of
an air block is temperature dependent [6] and is equal to

κair−cond = −4.66 · 10−3 +1.68 · 10−4Tair,K−3.73 · 10−7T 2
air,K

+ 6.94 · 10−10T 3
air,K−6.13 · 10−13T 4

air,K +1.97 · 10−16T 5
air,K ,

(7)

where Tair,K = Tair + 273.15 is the air temperature in Kelvin.
Since κair−cond at Tair,K = 80°C can be 14% more than that

at Tair,K = 25°C, we apply (7) to adjust κair−cond.
2) Natural Convection Effect: Though the natural convec-

tion is one possible heat transfer mode for free air, however, it
is negligible if the Rayleigh number (RaL), which can describe
the free convection effect, is less than 1708 [1].

RaL =
1β (Ts − T∞) L3

να
, (8)

where 1 is the gravity constant, β is the thermal expansion
coefficient, Ts is the surface temperature, T∞ is the quiescent
temperature, L is the characteristic length, ν is the kinematic
viscosity, and α is the thermal diffusivity.

RaL is much less than 1708 in most smartphones and scenar-
ios. For example, in the extreme case, when the temperature
on the cover is T∞ = 40°C, Ts = 120°C (the hottest chip
temperature), and L = 0.2963 cm (the air block size inside the
phone), RaL is only 167.11. Hence, we will ignore the natural
convection effect inside the phone. Fig. 2 also validates this
property since SoCcond+conv and SoCcond are almost the same.

3) Thermal Radiation Effect: According to [1], we develop
a thermal resistive network to consider the thermal radiation
of internal air. For simplicity, the emissivity is set to 1. First,
we cut the internal air into many air blocks and approximate
the heat flow between each pair of surfaces induced by the
thermal radiation to be

qi j = σAiFi j

∣∣∣T 4
i,K − T 4

j,K

∣∣∣ . (9)

Here, qi j is heat flow between surfaces si and s j, Ai is the area
of si, Fi j is the view factor from si to s j, and Ti,K /T j,K is the
temperature of si/s j in Kelvin.

We also approximate qi j by using the thermal conduction
heat flow as

qi j = gi j

∣∣∣Ti,K − T j,K

∣∣∣ , (10)

where gi j is the equivalent thermal conductance between si

and s j.
By equalizing (9) and (10), we have gi j as

gi j = σAiFi j(T 2
i,K + T 2

j,K)(Ti,K + T j,K). (11)

Each air block contains fifteen thermal resistors, and twelve
of them are inclined as shown in Fig. 3. We orthogonalize each
of them to two thermal resistors having approximated thermal
conductances along x-, y-, or z-directions. For example, the
thermal conductance of the purple thermal resistor in Fig. 3
is g. To equalize its two decomposed thermal conductances
in series to be g, we model their thermal conductances to be
g sec2 θ and g csc2 θ along the x- and z-directions, respectively.

Fig. 3. The approximated thermal resistance network for an internal air block
induced by thermal radiation.
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Fig. 4. Chip temperature versus effective HTCs. The power values of SoC
and PMIC are 1.8W and 1.0W, respectively.

Here, θ is the angle between the thermal resistor and the near
plane. We, then, calculate the approximated thermal conduc-
tances along the x-, y-, and z-directions by the combination of
series and parallel circuits, and transfer them to related thermal
conductivities κair−rad’s.

4) ETCs of Air Blocks: From the above discussion, we
model each internal air block to be a solid block with the
ETC by including thermal conduction and radiation effects as

κair−eff = κair−cond + κair−rad. (12)

As shown in Fig. 2, the temperatures of SoC obtained by
utilizing the proposed κair−eff’s can fit those obtained by using
the real heat transfer modes of free air pretty well.

B. Effective HTCs for Boundary Conditions

We set the power values of SoC and PMIC to be 1.8W and
1.0W, respectively, and use Icepak to perform the thermal sim-
ulation with different effective HTCs on boundaries. Clearly,
as the results show in Fig. 4, chips’ temperatures are sensitive
to effective HTCs. Hence, they should be well determined.

1) External Free Convection: To consider the external
free convection on boundaries, first, we calculate the average
Nusselt number that represents the strength of heat transfer ca-
pability for different kinds of boundary surfaces as follows [1].

NuL,v = 0.68 +
0.67 4√RaL(

1 + (0.492/Pr)9/16)4/9 , (13)

NuL,t = 0.54 4
√

RaL, (14)

NuL,b = 0.27 4
√

RaL. (15)
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Fig. 5. The influence of external thermal radiation effect for five test cases.

Here, NuL,v, NuL,t, and NuL,b are the average Nusselt numbers
of four vertical sides, top screen, and back cover, respectively.
Pr is the Prandtl number of air.

Consequently, the effective HTC for a specific boundary
surface induced by free convection, hb,conv, is calculated as

hb,conv =
κair

L
NuL. (16)

Here, κair is the thermal conductivity of air, and NuL is the
average Nusselt number of that boundary surface. Since NuL is
temperature dependent, hb,conv is also temperature dependent.

2) External Thermal Radiation: Fig. 5 illustrates the in-
fluence of external thermal radiation on simulation results by
Icepak. It shows that the simulated temperatures obtained by
ignoring the external thermal radiation could be overestimated
about 12–25°C, and, hence, it should be included. The empir-
ical temperature-dependent formula of effective HTC on the
boundary surface induced by the external thermal radiation is

hb,rad = αe(Tb,K + T∞,K) · (T 2
b,K + T 2

∞,K). (17)

Here, Tb,K = Tb + 273.15, T∞,K = T∞ + 273.15, and e is the
emissivity of phone surface.

3) Effect HTCs on Boundary Surfaces: Combining the
above two heat transfer modes, the overall effective HTC for
a boundary surface b is calculated as

hb = hb,conv + hb,rad. (18)

According to (8) and (13)–(17), (18) is a nonlinear function
of the boundary surface temperature Tb. We will utilize an
iterative procedure to deal with this nonlinear situation.

C. The Iterative Framework of Phone-nomenon

1) Steady-State Thermal Simulation: Considering the
steady-state thermal analysis, (6) becomes to

GT = p. (19)

To consider the temperature dependent model of ETCs for
internal air and the temperature dependent effective HTCs on
boundaries, we develop an iterative framework for steady-state
simulation shown in Fig. 6. Given the geometry structure and
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Thermal Analysis
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and Eff. HTCs
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Die Temperature

Geometry File Material File Initial Eff. HTCsPower File

Fig. 6. The steady-state thermal simulation flow of Phone-nomenon.

power profile of a phone, its material file, and reasonable
initial effective HTCs, firstly, we employ a matrix solver,
SuperLU [7], to calculate its steady-state thermal profile T.
Next, we apply T to update ETCs and effective HTCs. Then,
we resolve T and check whether the results are converged.
If not, we repeatedly do the above procedure until they are
converged, and report the thermal profile.

2) Transient-State Thermal Simulation: By applying the
FDM to temporally discretize (6), we have(

G +
1
∆t

C
)

T(n) = p(n) +
1
∆t

CT(n−1). (20)

Here, ∆t is the time step, T(n−1) and T(n) are the temperature
distribution at the sampling times tn−1 and tn, respectively. p(n)

is the power consumption vector of control volumes at tn.
Equation (20) can be solved by employing the LU decom-

position mode of SuperLU [7]. At each sampling time, similar
with the steady-state thermal simulation, the transient-state
simulation performs the updating and checking procedures,
and, then, advances to the next sampling time.

IV. Experimental Results

We implement Phone-nomenon in C++ language, and test
it on an Intel Processor i7-3770 3.40GHz CPU with 20GB
memory. We also fabricate a thermal test phone shown in

Fig. 7. The settlement of thermal test phone.



TABLE I
Steady-State Results Comparison ofMeasurement, Icepak, and Phone-nomenon.

Measurement Icepak Phone-nomenonPower
Temperature Temperature Temperature Error (%)Case (W)

(°C) (°C)
Time

(°C) #Iter.
Time

Measurement Icepak
Speedup

SoC PMIC SoC PMIC SoC PMIC
(s)

SoC PMIC
(s)

SoC PMIC SoC PMIC
(×)

S1 1.0 0.0 50.20 NA 51.62 38.68 1347 51.34 38.19 2 5.26 4.52 NA 1.04 3.58 256.23
S2 0.0 0.5 NA 55.00 32.05 56.45 1360 31.91 57.18 2 5.40 NA 7.27 2.02 2.33 251.99
M1 1.5 0.7 69.20 81.10 72.83 87.34 1330 72.26 87.63 2 5.30 6.92 11.64 1.18 0.46 250.94
M2 1.8 1.0 80.30 104.30 83.64 108.68 1335 82.61 108.94 2 5.05 4.18 5.85 1.76 0.31 264.15
M3 2.0 0.5 78.60 75.60 82.80 81.20 1364 81.94 80.78 2 5.12 6.23 10.24 1.49 0.75 266.61

NA: the temperature is not measured as the chip does not consume power.

Fig. 7 to collect measured data. It consists of two ball-grid-
array package thermal test vehicles, which we name them SoC
(11.8 × 11.8 mm2) and PMIC (7.8 × 7.4 mm2), on the test
board to create heat sources. The size of phone mock-up is
133×69.3×10.08 mm3. With the specific design of chips, each
chip power can be controlled, and its junction temperature can
be recorded simultaneously [8].

The test cases include steady-state tests and transient-state
tests. We compare the results of Phone-nomenon with those
obtained by Icepak and the measured data to validate its
accuracy and efficiency. The numbers of grids used in Phone-
nomenon and Icepak are 38, 479 and 1, 882, 355, respectively.
For the boundary conditions, the smartphone is put in a nature
convection JEDEC box for Icepak [9], and the effective HTCs
stated in Section III-B are used for Phone-nomenon.

A. Steady-State Results

The steady-state cases include two single heat-source cases
and three multiple heat-source cases. Table I shows their power
values and the results obtained by the measurement, Icepak,
and Phone-nomenon. The columns 13−16 list the errors of
Phone-nomenon that are defined and calculated as [3]

ePhone−nomenon =

∣∣∣∣∣TPhone−nomenon − Tref

Tref − T∞

∣∣∣∣∣ × 100%. (21)

Here, TPhone−nomenon is the die temperature calculated by
Phone-nomenon, Tref is the die temperature obtained from
either measurement or Icepak, and T∞ is 25°C.

Compared with Icepak, the maximum error of Phone-
nomenon is less than 3.58% shown in the columns 15−16,
and its speedup is over 250.94× since its grid number can be
largely reduced. The die temperature maps of Case M2 from
Icepak and Phone-nomenon are plot in Fig. 8. It shows that
Phone-nomenon can accurately calculate temperatures of dies.

To further validate the correctness of Phone-nomenon, the
columns 4−5 show the measured temperatures. Compared with
the measured data, the maximum error of Phone-nomenon is
less than 11.64% as listed in the columns 13−15.

B. The Robustness of Iterative Framework

To demonstrate the robustness of proposed iterative frame-
work, we simulate steady-state cases with three different
boundary settings. Table II shows the error comparison. “Iter.”
and “Iter. w/o Rad.” determine the effective HTCs by using the

(a) (b)

(c) (d)
Fig. 8. Temperature maps of SoC and PMIC for Case M2. SoC: (a) Icepak,
(b) Phone-nomenon. PMIC: (c) Icepak, (d) Phone-nomenon.

TABLE II
Error Comparison of Effective HTCs.

Iter. Fixed Iter. w/o Rad.
Case Error (%)

SoC PMIC SoC PMIC SoC PMIC
S1 1.04 3.58 6.37 14.18 19.33 36.19
S2 2.02 2.33 16.34 1.29 44.92 13.46
M1 1.18 0.46 5.95 3.39 19.54 16.79
M2 1.76 0.31 5.44 2.44 19.30 15.41
M3 1.49 0.75 5.18 4.75 17.85 19.50

Avg. 1.50 1.49 7.86 5.21 24.19 20.27

iterative decision and the iterative decision without including
external thermal radiation, respectively. “Fixed” sets the effec-
tive HTCs to be a fixed value 11.5 W/m2K [10]. The error is
calculated by (21) with Tref’s being the results of Icepak.

The results show that both of the maximum error and the
average error of the iterative framework are less than those
obtained with fixed effective HTCs. In addition, its accuracy
level does not vary too much for different cases. However, the
accuracy disturbs drastically by using fixed effective HTCs,
and this implies that its accuracy strongly depends on the
heat source configuration. Moreover, without considering the



TABLE III
Transient-State Results Comparison of Icepak and Phone-nomenon.

Icepak Phone-nomenonPower
Maximum error (°C)Case (W) Time Time
Icepak Measurement

Speedup

SoC PMIC
(s) (s)

SoC PMIC SoC PMIC
(×)

C1 1.600 0.000 41524 32.17 0.96 1.10 1.65 NA 1290.89
C2 0.000 1.025 40918 29.72 0.66 0.92 NA 3.50 1376.97
P1 3.000 0.000 34967 8.72 1.44 1.03 3.90 NA 4011.36
P2 0.000 1.160 37578 6.50 1.72 1.05 NA 3.65 5779.45

NA: the temperature is not measured as the chip does not consume power.

thermal radiation in boundary conditions, the temperatures of
dies are overestimated. Hence, the thermal radiation effect
outside the enclosure cannot be neglected.

In summary, with the iterative framework, Phone-nomenon
can have well correlations on all steady-state cases.

C. Transient-State Results

Table III presents the comparison of Icepak and Phone-
nomenon for different transient-state cases. C1 and C2 are
constant workload cases, and their workload intervals are 900
seconds. P1 and P2 are periodic workload cases, and their
on/off intervals are 10 seconds and 8.4 seconds, respectively.
The runtimes of Icepak and Phone-nomenon are shown in the
columns 4 and 5, respectively. Compared with Icepak, the
maximum errors of Phone-nomenon are shown in columns
6-7. We can observe that Phone-nomenon can achieve three
orders of magnitude speedup over Icepak with the maximum
error being less than 1.72°C. Besides, compared with the
measured data, as shown in the columns 8-9, Phone-nomenon
can capture the rising trend of chip temperature pretty well.
Their maximum temperature difference is less than 3.90°C.

Fig. 9 draws the temperature waveforms of SoC for case P1
obtained by Icepak, Phone-nomenon, and the measurement.
The waveform obtained by Phone-nonemon is in good ac-
cordance with that of Icepak. Moreover, compared with the
measured data, Phone-nomenon can capture the rising trend
of chip temperature pretty well.

Fig. 10 illustrates a real case on varied power values of
SoC and PMIC. Phone-nomenon takes 79 seconds to finish the
simulation, and the temperatures of SoC and PMIC are with
great consistency on their power waveforms. Icepak might take
18 days to simulate this case.

V. Conclusion

This work has developed an efficient thermal simulator for
smartphones, Phone-nomenon. The results have demonstrated
that it can not only estimate the steady-state temperature
accurately but also capture the transient-state thermal behavior
well. Comparing with the commercial CFD tool, Phone-
nomenon can achieve more than two orders of magnitude
speedup for the steady-state analysis and three orders of
magnitude speedup for the transient-state analysis.
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Fig. 9. Transient results of SoC for Case P1.
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Fig. 10. Transient results of Phone-nomenon for a real case.


