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Abstract

Recently, mobile applications have gradually become
performance and resource intensive, which result in a
massive battery power drain and high surface temperature,
and further degrade the user experience. Thus, high
power consumption and surface over-heating have been
considered as a severe challenge to smartphone design.

In this paper, we propose DTEHR, a mobile Dynamic
Thermal Energy Harvesting Reusing framework to tackle
this challenge. The approach is sustainable in that it
generates energy using dynamic Thermoelectric
Generators (TEGs). The generated energy not only powers
Thermoelectric Coolers (TECs) for cooling down hot-spots
but also recharges micro-supercapacitors (MSCs) for
extended smartphone wusage. To analyze thermal
characteristics and evaluate DTEHR across real-world
applications, we build MPPTAT (Multi-comPonent Power
and Thermal Analysis Tool), a power and thermal
analyzing tool for Android. The result shows that DTEHR
reduces the temperature differences between hot areas
and cold areas up to 15.4°C (internal) and 7°C (surface).
With TEC-based hot-spots cooling, DTEHR reduces
temperatures of the surface and internal hot-spots by an
average of 8°C and 12.8°C respectively. With dynamic
TEGs, DTEHR generates 2.7-15mW power, more than
hundreds of times of power that TECs need to cool down
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hot-spots. Thus, extra-generated power can be stored into
MSCs to prolong battery life.
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1 Introduction

Performance- and resource-intensive applications are
gradually becoming the trend of smartphone apps,
resulting in considerable energy drain along with high
surface temperature. For example, Pokémon Go, one of
the most popular apps, consumes 15 percent of battery
usage within 30 minutes of play [1,2]. This high power
drain app with high heat dissipation makes users quickly
feel hot within ten minutes [3]. As a result, thermal and
energy management is a critical part of mobile device
design.

Traditionally, thermal and energy management
techniques (e.g., fetch toggling, frequency throttling,
dynamic thread migration and dynamic voltage and
frequency scaling) work at the expense of performance.
Among them, dynamic voltage and frequency scaling
(DVFS) is the most widely used method to control the chip
temperature to avoid hot-spots [4-6]. DVES throttles the
CPU frequency to reduce the input power, thus decreases
the generated heat and avoids the high temperature.

However, due to the rapid increase of performance
demand, the performance-intensive apps, such as deep-
learning based apps [7], require high power consumption
to achieve an acceptable user experience. The high power
consumption then heats up the internal temperature
quickly and continuously. Because these apps require high
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CPU frequency for performance demand, the default
thermal management cannot reduce the generated heat
through frequency scaling. Thus, the default thermal
management is not suitable for these performance-
intensive apps. Currently, backup batteries [8], active
cooling fans [9] and PCM-based cooling methods [10] are
applied to smartphones trying to solve these problems.
However, this kind of cooling and charging methods
significantly affect the user experience due to the space
limitation of the smartphone. Furthermore, active cooling
requires more power, which further lowers energy
efficiency of the mobile device. Therefore, existing
methods are the sub-optimal solution for smartphones to
reduce surface temperature and prolong battery life.

To address the thermal issue of smartphones, we first
build MPPTAT (Multi-comPonent Power and Thermal
Analysis Tool) [11], a fine-grained real-time power and
thermal analyzing tool based on Android, to evaluate the
temperature maps of smartphones across different popular
applications. We then analyze the internal and surface
temperature distributions with MPPTAT and obtain
several significant observations, as follows:

First, hot-spots, which exceed the human tolerable
threshold (45°C) [12,13] and directly lower the user
experience, appear on the smartphone surface while
running camera-intensive applications. Second, the
smartphone’s internal temperature differences between
the hot areas and the cold areas are typically tens of
degrees, which lead to an average temperature difference
of 6.7°C in the smartphone surface. Third, the chip
temperature exceeds 70°C, when running resource-
intensive applications. This high chip temperature would
affect the lifespan of the chip.

Based on the above observations, we propose a mobile
Dynamic Thermal Energy Harvesting Reusing (DTEHR)
framework that exploits (1) Thermoelectric Generators
(TEGs) [14] for waste heat harvesting, (2) Thermoelectric
Coolers (TECs) [15] for hot-spots cooling, and (3) micro-
supercapacitors (MSCs) [16] for energy storage. Different
from conventional static TEGs, we include a dynamic
TEGs module (3-dimensionally mounted between the rear
case and chip metal) in our DTEHR framework. The
dynamic TEGs can manipulate the direction of heat
transfer flow. Specifically, the dynamic TEGs can not only
transfer heat from chip to ambient air but also transfer the
heat from hot areas (e.g. the CPU) to cold components
(e.g. the battery). Because hot-spots only appear at the
CPU and camera, we mount Thermoelectric Coolers
(TECs) behind the camera and the CPU to cool hot-spots
below the human tolerable threshold. Moreover, since the
number of our dynamic TEG pairs is much more than that
of the TEC pairs, the power needed for cooling is much
less than generated power from TEGs. Thus, we leverage
one MSCs battery to store the extra-generated energy.

We deploy our TEGs, TECs and MSCs battery in the
existing air block of the smartphone. Therefore, our
DTEHR does not need extra space for deployment.
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Moreover, the additional weight is only 2g. Overall, the

physical overhead of our DTEHR is negligible.

To evaluate our DTEHR framework, we integrate
DTEHR within MPPTAT. The results show that DTEHR
reduces temperatures of both the internal and the surface
hot-spots and keeps temperatures of the internal and the
surface below 70°C and 41°C, respectively. Thus, DTEHR
improves the user experience and avoids affecting the chip
lifespan. The temperature differences between hot areas
and cold areas are reduced up to 15.4°C (internal) and 7°C
(surface). Moreover, the overall smartphone temperatures
are decreased by an average of 12.8°C (internal) and 8°C
(surface) as well. In addition, the generated power from
dynamic TEGs not only powers TECs for hot-spots
cooling but also recharges the MSCs battery. We
summarize our contributions as follows:

1. We build MPPTAT, a power and thermal analyzing tool
for Android. Based on this tool, we conduct the thermal
characterization of the smartphone and motivate the
opportunity for waste heat harvesting and hot-spots
cooling.

2. To the best of our knowledge, this is the first work to
introduce dynamic TEGs to balance the temperature
difference while generating power.

3. Our proposed DTEHR is enough to power TECs to cool
down the hot-spots, which greatly improve the user
experience.

4. We deploy an MSCs battery in DTEHR to store the
extra-generated energy from dynamic TEGs, which
extends the battery life.

The rest of this paper is organized as follows: Section 2
provides background on MSCs, TEGs, and TECs. Section 3
presents the benchmark scenarios and thermal analysis
with MPPTAT. We discuss the design of DTEHR in
Section 4 and provide the evaluation results in Section 5.
Section 6 discusses related work, and Section 7 concludes
our paper.

2 Background

In this Section, we briefly introduce some background
information about Thermoelectric Generators (TEGs),
Thermoelectric Coolers (TECs) and micro-supercapacitors
(MSCs). Section 2.1 presents the conception of MSCs.
Section 2.2 presents the principle and mathematical model
of TEGs and TECs.

2.1 Micro-supercapacitors

Traditionally, supercapacitors (SCs) are electrochemical
devices, which store electrical charges based on the
electrochemical double layer effect [17,18]. Typical SCs
have higher power density and longer life while
exhibiting similar electrical properties with other
batteries. SCs have been used to replace or complement
batteries in various macro-scale applications.

Recently, rapidly increasing demand for the
development of miniaturized electronic devices has led to
the high potential of micro-supercapacitors (MSCs)



Session 3B: Mobile Applications

Mental
Interconnect

Mental
Interconnect

N-type

() (b) (©)

Figure 1 (a) Schematic of a TEG. (b) Schematic of a TEC. (c)
Tvpical construction of TEGs or TECs.

[16][19-21]. The MSCs battery, fabricated by
nanostructured materials with thin-film manufacture
technology and device architecture, is an important on-
chip micro-scale energy storage for miniaturized devices.

2.2 Thermoelectric Generators and Thermoelectric
Coolers

The thermoelectric effect, as the underlying working
mechanism of TEGs and TECs, can directly create an
open-circuit voltage from a temperature difference
between two sides of thermoelectric transformation
materials, and vice versa. When a temperature difference
is subject to a thermoelectric transformation material, the
heat transfer leads to an open-circuit voltage. Then a flow
of electron current can be generated if the circuit is
connected. This phenomenon, called the Seebeck effect, can
be used as an electricity generator. Conversely, if a
current flow through the material, the current then creates
a temperature difference, called the Peltier effect, which
can be used as a cooler.

One thermocouple (one TEG or TEC is shown in Fig. 1)
means two electrically semiconductor materials: one p-
type (blue bar) and the other n-type (yellow bar)
connected in series using metal interconnectors (grey bar).
Fig. 1 (a) shows a schematic of a TEG pair. When a
temperature difference occurs between two sides of the
thermocouple, it absorbs heat from the hot side and
releases the heat to the cold side. With the heat transfer,
the positively charged electrons in the p-type material and
the negatively charged electrons in the n-type flow from
the interconnection to the base. Thus, a voltage difference
between two base electrodes is generated. A large number
of TEG pairs are connected in series to form a device as
shown in Fig. 1 (c) to generate a larger voltage. When a
current flows through the semiconductor as Fig. 1 (b)
shows, the electrons in both types of semiconductor
materials flow the same way as above, resulting in the
cooling of the interconnection. TECs are also connected in
series as shown in Fig. 1 (c) for quicker cooling.

As shown in Fig. 2, TEGs and TECs described above are
inserted in an equivalent thermal circuit model,
illustrating their thermal and electrical characteristics. In
the case of Fig. 2 (a), On, Qc, and Qpower indicate the heat
absorbed from the hot side, the heat released to the cold
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Figure 2 (a) Thermal circuit
model of  thermocouple
elements. (b) Electric circuit
model of TEGs. (c) Electric
circuit model of TECs.

Figure 3 A simply part of the
thermal RC network.

side, and the energy generated from TEGs or received by
TECs, respectively.

2.2.1 Thermoelectric Generators

To evaluate the amount of energy generated by TEGs, we
first calculate the open-circuit voltage of the TEGs:

(1)

where n is the number of TEG pairs; AT presents the
temperature difference between the hot and cold
interconnections of TEGs; and arg; is the Seebeck
coefficient of TEGs, calculated as arg; = ap — ay (ap, ay
represent the Seebeck coefficients of the p-type and n-type
semiconductors respectively).

With the external load resistance (Rioqd), an electric
current (Ireg) output from the TEGs in Fig. 2 (b) is
calculated as:

VOC = naTEGAT

VOC - VTEG

@)

Itgg Rrrc
The generated current changes with varying TEGs
output voltage (Vreg). In this circuit shown in Fig. 2 (b),
the matching load point occurs when the output voltage
equals the half of open-circuit voltage. In addition, the
generated electric power of TEGs (Prxc) is calculated as:

Voc — VTEG)Z _ (narggAT)?
—5 ) Rrege =—5——

Rrze Rppg O)

Prgg = I%EGRTEG = (

2.2.2 Thermoelectric Coolers
While applying a voltage to the TECs device, a current
flows through the device. The current carries heat from
the cooling side to the ambient side (as Fig. 1 (b) shows).
According to Newton’s law of heat transfer, the heat flux
of TECs is shown as follows:

Qx = —kGAT (4)

where G is the geometrical factor of TECs which is equal
to the cross-sectional area over the length of each TEC
pair, and k is the thermal conductivity of TEC elements.

According to the definition of Joule heat flux and Peltier
effect, the Joule heat flux (Qj), the heat absorbed from
cooling side (Qcooling) and the heat released to ambient side
(Qumbient) present as follows:
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Table 1 Description of chosen benchmark scenarios

Type Benchmark |Description Operations on the App
Firefox A widely used web browser. Launching the app, loading one pre-downloaded web
page, and scrolling over it at a pre-set speed.
Browsers It can scan publications and generates Launching the app, scanning the magazine
Layar [27] multimedia information including videos, downloaded from the Layar website, and switching
graphs, etc. pages every 20 seconds.
. - Launching app, playing one chosen video for 20
Video Plavers MXplayer A video playback application. seconds, and pausing for 1 second after 10 seconds.
Y YouTube An online video- sharing application Launching app, playing one chosen video for 20
g app : seconds, and pausing for 1 second after 10 seconds.
Google gsct(;rr?:n IILllgSC:gtll(r)lg avpiglelgag}ll(;r; gﬁtslgfll&‘des Launching the app, sending a text message, and
. .. | Hangout ’ ’ initiating a 30-second video call.
Communication| VOIP features.
Facebook An online social media and social Launching the app, scrolling feeds, opening up one
networking application. picture, and leaving a message.
. . Launching the app, clicking to start loading coloring
Quiver [28] A 3D MAR app that brings flat coloring page, and capturing a 20-second video from the
pages to 3D animation. - :
generated animation.
] Launching the app, capturing “portals’ at a pre-
Games Ingress[29] A location-based game. selected place, and linking them to create a virtual
triangle as a controlling symbol.
A puzzle video game, using a slingshot to . . ~
Angrybirds launch birds to kill all pigs within various Launching the app, enterin 1% the pre-selected stage,
structures and shooting two birds with one miss and one hit.
A visual discovery app to unlock contents . . . .
Blippar [30] | users are curious about, which works like a Lﬁpn(t:hmgdthe app, tapping thde slgyeetn to 1d§nt1fy
human eye. objects, and scanning prepared objects one by one.
Tools Google ggﬁs{g?eci}i’;‘ggggzgcfngggstﬁrtgés }t10the Launching the app and translating an academic paper
Translate [31] camera g in AR mode.
5
Q; = IfgcRrec ) . .
3 Thermal Characterization
6
Qcooting = ArecITECTC00lINgG ©) This Section provides the thermal characterization of
@) mobile applications. We first present our power and

Qambient = arecIrecTambient

where Itgc is the assumed current applied to the TECs;
argc is the Seebeck coefficient of TECs, and Tcooling and
Tambien: represent the temperature at the cooling and
ambient sides of the TECs respectively.

According to Fourier’s Law [22], heat absorbed from
the TECs (composed by n TEC pairs) cooling side and
released to the ambient side can be assumed as follows:

Q
QCooling =2n (QCooling + 0k — 7)
I%ECRTEC (8)
=2n <0~'TECITECTC001L'ng — kGAT — 7)

2

_ Q
Qambient =2n (Qambient + QK + 7) (9)

IgcRrec
=2n <aTECITECTambient — kGAT + ——

2

Combining with equations (8) and (9), the input
electrical energy can be calculated as:
Qpower = Qambient — QCooling
= 2n[argclrec(Tampient — Teooting) + 1#ecRrec] (10)
= 2n(arpclrecAT + IfgcRric)
Equations (3) and (10) reflect the relationship between
electric power and the temperature difference of the TEGs

and TECs, which are used below to build our DTEHR
framework.
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thermal analyzing tool MPPTAT in Section 3.1 and then
introduce our benchmark in Section 3.2. In Section 3.3, we
analyze the thermal characterization across our
benchmark, to motivate our study.

3.1 MPPTAT

MPPTAT is designed to analyze the power consumption
and temperature distribution at the granular level of
device hardware components, single app, and thread level.
Based on the activity states of hardware components, we
build our power model. We adopt an event-driven method
to trace power related events from kernel and device
drivers of each hardware component. We store all power
related events in the buffer of Ftrace [23] using the
trace_printk APL. The information in Ftrace is from the
lowest level close to the hardware. This obtained
information ensures MPPTAT to acquire the power state
changes within a minimum time delay, thus provides high
power estimation accuracy. We then build our thermal
model using compact thermal modeling (CTM) [24], a
popular thermal behavior simulating technique that
provides accurate thermal temperature estimation of
critical points. To speed up the computation, we adopt
Cholesky’s decomposition method [25] in our MPPTAT,
which receives the physical device model description file.
Moreover, the outputs are simulated thermal maps of the
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Table 2 Hardware and Software Specifications

CPU 4x2.0 GHz Cortex-A53 + 4x1.5 GHz Cortex-A53
GPU Mali-T628 Mp4

Memory 3GB RAM

Display 5.2 inches, 1080 x 1920 pixels

Android Lollipop 5.0.1

Linux Kernel| 3.10.61

Front case

PCB with chips

1
RF Tl“ans 1
|

(a)
Figure 4 Schematic of smartphone.

device components, which is represented by one matrix
each.

Fig. 3 shows a typical device component. After a time
At, the temperature of the typical part is described as
follows:
T'=T+AT

PAt At (Tiwre Trgne Trome  Toacr T
=T+_+_<ﬁ+_9hf+#+ﬂ+ﬂ
c c Rleft Rright Rfrant Rbuck Rtup
At ( 1 1 1 1 1 1

T
+ buttom)(ll)

Rbuttum

- xT
c

Rleft Rright Rfront Rback Rmp Rbuttum

where P and C are the electrical power consumption and
the thermal capacitance of this component, respectively.
Rueft, Rright, Rfront, Rback, Riop, and Rponom are the thermal
resistances between this component and its left, right,
front, back, top and bottom side components respectively;
and Tlefl, Tright, Tfrant, Thacks Ttop; Thottom represent the
temperature of its surrounding components.

We use DAQ-USB-2408 [26] to validate our MPPTAT
thermal model. Specifically, we measured three points on
the smartphone (the CPU, the rear case under the CPU,
and the midpoint of the screen) and then compare them
with our simulation results. The test results show the
error of our MPPTAT thermal model is less than 2°C.

3.2 Benchmark

In this paper, 11 real-world Android applications
(including browsers, video players, communication apps,
games, social networks, and tools) are chosen based on
popularity, with an emphasis on the emerging
performance-intensive apps. We run each app based on
real user behaviors, as described in Table 1. Each app is
played for a fixed amount of time and repeated five times
to avoid deviation.

3.3 Thermal Analysis

Table 2 lists the software and hardware specifications of
our smartphone. Typically, the smartphone is composed
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Figure 5 Temperature distributions on the both covers of
smartphone (a) Front cover running Layar, (b) Back cover
running Layar, (c) Front cover running Angrybirds, (d) Back
cover running Angrybirds. (e) Front cover with cellular-only
running Layar, (f) Back cover with cellular-only running Layar.

of different components: screen, camera, battery,
CPU/GPU, DRAM, etc.. In other words, a smartphone can
be divided into several layers by analyzing the spatial
distribution of the individual components. Fig. 4 gives the
simple schematic diagram of the smartphone in our
analysis.

In Fig. 4 (a), we consider the screen protector and
display as the first layer. In the second layer, chips are
mounted on the PCB (Printed Circuit Board), which is
located adjacent to the battery for reducing the thickness
of the smartphone. The third layer is the rear case (the
back plate) which acts as a battery holder. The significant
components, mounted in the second layer, are shown in
Fig. 4 (b).

The tests, measured by MPPTAT, are carried out to
observe the temperature maps running various
applications. The ambient temperature is 25°C. We report



Session 3B: Mobile Applications

ASPLOS’18, March 24-28, 2018, Williamsburg, VA, USA

Table 3 Overall temperature result obtained from smartphone

Browsers Video Player Social Media Games Tools
Applications | Layar] Firefox | MXplayer | YouTube | Hangout | Facebook | Quiver | Ingress | Angrybirds | Blippar | Translate
Temperature of back cover surface
Thack,max{°C) 52.9 41.1 41.6 41.8 39.5 35.7 47.6 40.6 38.4 46.7 49.9
T back,min(°C) 40.0 353 35.6 35.6 34.2 32 394 35.0 33.7 38.4 41.4
Thack,avg(°C) 44.0 37.0 37.6 37.6 35.8 33.1 42.3 36.7 35.1 41.0 44.2
Spots areaback | 30.3% 0% 0% 0% 0% 0% 15% 0% 0% 7% 31.3%
Temperature of internal components
Tinternal,max(°C) 77.3 71.1 70.0 70.3 66.2 55.4 82.9 69.8 62.1 71.6 91.6
Tinternal,min(°C) 39.3 35.1 35.5 37.0 34.2 32.1 39.2 34.9 33.7 38.6 41.5
Tinternal,avg(°C) 50.4 42.6 43 44.7 42.6 36.3 49.3 42.1 39.6 46.6 54.6
Temperature of front cover surface
T front,max(°C) 51.0 40.2 40.7 41.1 38.6 35.2 46.3 39.7 37.7 45.2 48.6
T front,min(°C) 38.8 34.7 35.1 35.8 33.6 31.7 38.7 34.5 33.3 37.8 40.6
T front,avg(°C) 42.2 36.5 36.9 37.8 35.3 33.2 414 36.2 34.8 40.4 43.6
Spots areafom | 15% | 0% 0% 0% 0% 0% 6% 0% 0% 03% | 223%

temperatures of the surface (both back cover and front
cover of the smartphone) and of the internal components
in Table 3. Each column of Table 3 refers to the execution
of one mobile application. Typically, human skin can
tolerate temperature up to 45°C for sustained use [12,13].
Thus, we also show the percentages of the area that
exceed the threshold of human tolerance (Spots area in
Table 3).

We notice that both sides of smartphone surfaces
have a similar temperature distribution. Figs. 5 (a) to
(d) show the temperature maps on both front and back
surfaces of the smartphone while running Layar and
Angrybirds with Wi-Fi. It is evident that front and back
covers have a similar surface temperature distribution.
The high power consumption of internal components
(such as the CPU, camera, and Wi-Fi) not only heat-up
themselves but also dissipate the heat to their surrounding
areas. The temperature of both front and back surfaces
increase from the heat dissipation of the internal layer. As
the internal chips are mounted closer to the back cover,
the average temperature of the back surface is a little
higher than that of the front.

Figs. 5 (e) and (f) show the temperature maps of both
front and back surfaces with cellular-only while running
Layar. The temperature distribution with cellular-only is
slightly different from that with Wi-Fi. While using the
smartphone with cellular-only, the surface of RT-
Transceiver 1 and 2 show an average higher
temperature of 4C than that running with Wi-Fi.
Cellular consumes around 0.1 W more power than that
running with Wi-Fi, resulting in a higher temperature at
RT-Transceiver. Though RT-Transceiver show a higher
temperature with cellular-only, the hot-spots occur the
same place (the CPU and the camera) as that with Wi-Fi.
Moreover, the average temperature with cellular-only is
almost same as that with Wi-Fi.

While running camera-intensive apps, the surface
temperature of hot-spots exceeds human tolerance. The
existing thermal governor, dynamic voltage and frequency
scaling (DVFS), changes CPU frequency to control the
chip temperature. It throttles the CPU frequency to avoid
hot spots and keeps the temperature below 45°C. However,
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camera-intensive apps (Layar, Quiver, Blippar, and Google
Translate) continually occupy the camera and other
system resources, which result in the quick and
continuous heat-up in the internal components. Because
these apps require high CPU frequency for performance
demand, the existing thermal governor is not suitable for
these apps. The maximum surface temperature of camera-
intensive apps exceed 45°C, and among all chosen apps,
Google Translate with AR mode shows the maximum
percentage of the Spots areas (31.3% on the back cover and
22.3% on the front cover).

One more observation about surface temperature
distribution is that the temperature differences between
the hot and cold areas are as much as 12.9C and
12.2C in the back and front surfaces respectively. The
sizeable temperature difference directly affects the user
experience, which is a severe challenge for the future
design of smartphones.

We also show the summary of significant internal
components’ temperature in Table 3. The maximum
internal temperature all exceeds 70°C while running
resource-intensive applications, such as video
processing apps (MXplayer and YouTube), apps with
frequent use of Wi-Fi (Layar, Firefox, and Blippar) and
camera-intensive apps (Quiver and Google Translate, etc.).
The high temperatures caused by such apps consume
more power and result in higher heat generation.
Moreover, the temperature differences between
different internal components are typically tens of
degrees. The internal temperature differences between
significant components range from 23.3°C (Facebook) to
50.1°C (Google Translate) and show an average difference
of 35.2°C. The large internal temperature difference gives
an opportunity for us to design the dynamic TEGs for
waste heat harvesting.

4 Design of DTEHR

In this Section, we discuss DTEHR framework in both

dynamic TEGs and the generated energy reusing in detail.
We first present the layout of TEGs, TECs and MSCs on
the baseline architecture and then discuss the design for
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Figure 6 Self-cooling architecture (a) additional layer sits in between rear case and PCB, (b) temperature map of the additional layer, (c)
the placement of TEGs, TECs and MSCs, (d) structure of the dynamic TEGs module, (e) structure of the TECs module, (f) structure of the

MSCs module.

power-generating and energy-reusing, respectively.
Finally, we introduce the operating modes in DTEHR.

4.1 The Layout of DTEHR

In our DTEHR framework, we use dynamic TEGs to
harvest smartphone waste heat from the temperature
differences between the internal components. The
generated power can be used for two purposes. One is the
cooling power (sustaining the power requirement of hot-
spots cooling by TECs) and the other is recharging power
(recharging the MSCs battery to prolong the battery life).
Fig. 6 (a) depicts the layout of the DTEHR framework. An
additional thermoelectric material layer is applied under
PCB board and battery, replacing half of the original air
block.

Fig. 6 (b) shows the temperature map of the additional
layer with an ambient temperature of 25°C while running
Layar. The temperature difference between different
components goes up to 38°C. The temperature of the hot
areas (near the CPU, camera, and Wi-Fi) are all higher
than 75°C, whereas that of the cold spots (behind the
battery and speaker) are all lower than 40°C.

Based on this thermal distributional characterization,
we choose the locations of TEGs and TECs modules and
MSCs battery in DTEHR. Fig. 6 (c) illustrates the
placement of TEGs and TECs, which consume 7000 mm?
and 50mm? respectively. The diagonal-striped blocks
represent the functional units related with TECs, grey
blocks represent units related with TEGs, square-striped
blocks represent the placement of the MSCs battery, and
the white blocks are left for the connection between TEGs
and TECs. As discussed in Section 3.3, the hot-spots occur
at the CPU and the camera (while running camera-
intensive apps). Therefore, these two components are
considered as our cooling targets and mounted with TECs
for active cooling. On the other hand, Wi-Fi, eMMC,
AudioCODEC, PMIC, ISP, RF Transceiver, and battery are
placed with TEGs for generating power due to their lower
temperatures.
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4.2 Power-Generating using TEGs

The grey blocks in Fig. 6 (c) represent the units mounted
with TEGs. [32-34], and [6] have shown that the
temperature of each component in the smartphone only
increases rapidly in the first tens of seconds after the
current is fluxed through the component. After that, the
temperature shows little change, and the internal
temperature distribution almost keeps steady. Based on
this conclusion, we assume that the temperature
distribution of both sides of the additional layer keeps
constant. When an application is started, the internal
temperature of smartphone keeps constant after several
seconds; it is possible that TEGs generate a stable power
until usage changes (e.g., killing the app or opening
another app).

Based on the significant internal temperature
difference, DTEHR determines the dynamic TEGs module.
Fig. 6 (d) shows the detailed structure of the proposed
dynamic TEGs. The yellow and blue cubes represent the
n-type and p-type TEG tiles, respectively. The balls
represent the switches that control the connection of
TEGs. The top and bottom substrates, mounted with metal
wire, connect to Layer 2 and Layer 4 in Fig. 6 (a),
respectively. Figs. 7 (a) and (b) illustrate the top view of
two layers of the TEGs block in Fig. 6 (d).

Our proposed DTEHR has more freedom for TEG pairs.
Different from conventional TEGs (shown in Fig. 1 (c)),
our proposed dynamic TEGs could change their hot and
cold connection points and paths. Eight thermal
acquisition point (four at the top substrate and four at the
bottom substrate) constitute one TEG block. The switches
are mounted at each point and the center of the block. Fig.
7 (c) shows the detail of how switches are connected. Hj,
Hj, and Hj3 are the hot sides of different TEG pairs; Cy, Ca,
Cs, and C4 are the cold sides of different TEG pairs. In
other words, (Hi, C1), (Hz, C2), (Hs, C3) are three TEG
pairs. (PU, PLZ), (Pzg, P2, Pas, P274), and (P371, Pu) are their
internal paths, respectively. At the hot side, the n- and p-
type tiles connect each other; and at the cold side, tiles
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Figure 7 (a) top view of top layer of the dynamic TEGs block, (b) top view of bottom layer of the dynamic TEGs block, (c) different

switch connection modes of dynamic TEGs.

connect to the other type tile of their neighbor TEGs; at
the internal paths, tiles connect to the same type tiles. The
different connection modes of switches are shown below:

Mode 1: At the hot side of one TEG pair (e.g., H; in Fig.
7 (c)), the switches of n- and p-type tiles all turn to
terminal ‘a’ so that the n- and p-type tiles connect to each
other.

Mode 2: At the cold side of one TEG pair (e.g., Ci, Ca,
Cs, C4in Fig. 7 (c)), the n- and p-type tiles connect to other
TEG pairs in series. The switches of both n- and p-type
tiles turn to terminal ‘b’. Thus, the n-type tile can connect
with the p-type tile of the neighbor TEG pair, and the p-
type tile can connect with the n-type tile of another
neighbor TEG pair.

Mode 3: At the internal path of one TEG pair (e.g., Py
and P; in Fig. 7 (c)), the switch of the p-type tile turns to
terminal ‘b’, while the switch of the n-type tile turns to
terminal ‘a’. Thus, the p-type tile connects with the next
p-type tile, and so is the n-type tile, resulting in a longer
path of TEG pair.

According to the above modes, every TEG pair absorbs
heat from the hot side and transfers to the cold side
through their paths. The main idea of our method is to
switch the operating modes to find the optimal trade-off
between generated power and increasing temperature of
the cold components. The algorithm is equipped with the
following optimization:

Objective: Prp; = max Z?:Tf“ areAT;
4R,

AT; > 10°C

Tihot > Ticold

i €[1: Npgel

(12)

Constrains:

where Prec is the power generated from TEGs; Nrxg is the
number of TEG pairs; opg is the Seebeck coefficient of
TEGs; AT;and R; are the temperature difference and
electrical conductivity of is TEG pair, respectively; T;
and T;

lecold
TEG pair. When the temperature difference is less than

10°C, the generated power decreases to a low level that is
not worth performing the dynamic computation.
Therefore, we set the minimum threshold of temperature
difference as 10°C.

Our dynamic TEGs module generates energy caused by
the temperature difference between different components
or components with the ambient air. It can manipulate the
direction of heat transfer flow. In other words, the

hot
are temperatures of the hot and cold sides of i
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dynamic TEGs can not only transfer heat from chip up to
ambient air but also transfer the heat from hot areas (e.g.
the CPU) to cold components (e.g. the battery). Thus, they
can significantly reduce the temperature difference.

4.3 Energy Reusing for TECs and MSCs

Although our dynamic TEGs can reduce the temperature
difference among different components, temperatures of
hot-spots still increases with the substantial power usage
while running performance-intensive applications.

To tackle this issue, we use TECs as an active cooling
method to cool down hot-spots. By cooling hot-spots
selectively, a smartphone can be used with power-
intensive apps for a long time without ‘burning’ the
surface, leading to a reduction in internal temperature
without affecting chip lifespan. Since hot-spots appear
around the camera and the CPU, TEC pairs are placed
behind the camera and the CPU (shown in Fig. 6 (e)).
These TEC pairs are designed in two modes, as follows:

Mode 1: (Power generating mode) TECs are connected
with TEGs in series to generate power while running low
power consumption apps or common usages such as
calling or messaging.

Mode 2: (Spot cooling mode) When the hot-spots
temperature exceeds 65°C (Thope, the threshold of
activating the TECs module), TECs disconnect with TEGs
and a flow of current applied to TECs to power them for
spot cooling.

In spot cooling mode, electrical energy is used to power
TECs to cool down the hot-spots. The reduced
temperature is proportional to the input power. The
optimization goal of TECs is to find the trade-off between
the input power and decreasing temperature of the hot-
spots. The objective is derived as:

Objective: min Prgc

Nrgc . . 2
= Z 2 (aTECIi (Tambient(l) — Tcooling (L)) + I Ri)
i=1
PTEC < PTEG
Thope < TCooling (l) < Tdie
Tambient < 45°C
i€ [1' NTEC]

(13)
Constrains: i

where Prec is the power TECs required for hot-spots
cooling; Nrpc is the number of TEC pairs; argc is the
Seebeck coefficient of TECs. I; and R; are the input current
and electrical conductivity of the ixn TEC pair,
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respectively; Tambient(i) and Tcooling(i) are temperatures of
the ambient and cooling sides of the i TEC pair.

We use the power generated from TEGs to power the
TECs for hot-spots cooling. The power supply for TECs
should be lower than the generated power provided by
TEGs. TECs absorb heat from internal chips and release it
to the ambient air at the hot-spots. The surface
temperature, which is directly affected by the heat
released from TECs, should be kept under the threshold of
the tolerable temperature of human (45°C). When the
internal temperature exceeds 65°C, the temperature of the
surface would reach the human tolerable limit. Therefore,
we set the threshold to power TECs as 65°C (Thope). Tuie is
the temperature threshold that may cause dielectric
breakdown. The cooling side temperature should remain
below Tgi to avoid phone crashes.

In conclusion, TECs first stay in Mode 1. Then while
running power-intensive apps, the power consumption
jumps up to a high level and temperatures of the camera,
and the CPU then quickly increase, making temperatures
of the internal hot-spots exceed Thope. At this time, TECs
turn into Mode 2 to cool down the internal temperature of
hot-spots and keep the surface temperature under 45°C.
The reduced temperature of hot-spots is monitored during
runtime. When the hotspots’ temperature is under the
temperature of other units placed with TEGs, TECs turn
into Mode 1.

As shown in Fig. 6 (c), the units of TEGs is hundreds of
times larger than that of TECs. Besides, DTEHR only
powers TECs for hot-spots cooling when the temperature
exceeds Thope. Thus, the power needed for TEC-based
cooling is much lower than the power generated from
TEG-based energy harvesting. Then the extra-generated
power is stored in the MSCs battery for extended usage of
the smartphone. We choose MSCs battery instead of
traditional tiny coin battery because of its high power
density and longer life. The high recharging frequency in
DTEHR challenges the traditional battery’s lifetime.

In this work, the MSCs battery is used as the energy
storage for DTEHR for continuous waste heat harvesting.
As the mobile phone is usually designed with an input
voltage of 3.7V, the MSCs battery is connected to two
DC/DC converters. One DC/DC converter serves as a
charger to the MSCs from the TEGs. The other DC/DC
converter is used to match MSCs voltage with the mobile
phone requirement of 3.7V.
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4.4 Operating Modes of DTEHR

Fig. 8 illustrates the hardware structure of our DTEHR
framework, which consists of one thermoelectric charger
(power generated from TEGs), one utility charger, one
TEGs module, one TECs module, one Lithium-ion battery,
one MSCs battery with two DC/DC converters and several
relays (S0-S3). In this subsection, we primarily introduce
the six operating modes in DTEHR controlled by four
relays (S0-S3):

Mode 1: When the bypass switch SO turns on, the
smartphone is in a normal charging mode. The
conventional utility power is used to charge the battery
and support smartphone’s usage.

Mode 2: In this mode, the bypass switch SO turns on,
and S1 connects to terminal ‘a’. The conventional utility
power is used to charge the Lithium-ion battery as
existing smartphones.

Mode 3: In this case, relay S2 connects to terminal ‘a’.
The smartphone charged the MSCs battery using TEGs,
which leads to an extended battery life before recharging.

Mode 4: When one battery is used to supply power to
the smartphone, relay S1 or S2 (which relates to the power
supplying battery) switches to terminal ‘b’. That battery
supports smartphone’s use until it is empty.

Mode 5: In this mode, in which temperatures of the
internal hot-spots stays under our given threshold (Thope),
the TECs stay in power generating mode. Relay S3
switches to terminal ‘b’, the TECs module connects with
the TEGs module in series for power generation.

Mode 6: When temperatures of the internal hot-spots
exceed Thope, relay S3 is switched to terminal ‘a’ to power
the TECs for cooling the hot-spots. TECs module
continues to cool down hot-spots until the spots’
temperatures under temperatures of other TEGs mounted
units or below our given threshold.

The above operating modes can be combined
depending on the power demand and temperatures of the
internal hot-spots (the CPU and the camera). We propose
a power management policy to determine the working
combination of these operating modes.

When the smartphone connects to the USB cable, the
priority is to estimate the power demand of the
smartphone. If the utility cannot meet the demand, and
batteries are not empty, DTEHR works in Mode 1
(smartphone powered by the utility), Mode 4 (smartphone
powered by batteries), while the MSCs battery keeps
charging (Mode 3) until it is full. Apart from this, the
utility is the only power supply for the smartphone (Mode
1). At this time, Lithium-ion battery is charged using USB
cable (Mode 2) and MSCs battery is charged from TEGs
(Mode 3) until they are fully charged.

When no utility power supplied or USB is disconnected
from the smartphone, batteries are the only power
supplement (Mode 4). The MSCs battery keeps charging
(Mode 3) until it is full or the Lithium-ion battery is
empty.
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Table 4 Physical parameters of TEGs and TECs modules

TEGs TECs
Thermal Conductivity (W/mXxK) 1.5 17
Electrical Conductivity (S/m) 1.22X10°  925.93
Specific Heat (7/kgX K) 544.28 162.5
Seebeck Coeftficient (uV/K) 432.11 301
Density (kg/m? 7528.6 7100

Moreover, TECs turn to spot cooling mode (Mode 6)
when the internal hot-spots temperature exceeds Thope.
Otherwise, it works in Mode 5.

5 Evaluation Results

In this Section, we present the evaluation results of
DTEHR by comparing it with two baseline strategies:
statically TEG-based hot-spots cooling (baseline 1) and
non-active cooling (baseline 2).

Statically TEG-based hot-spots cooling exploits only
static TEGs (the stationary TEGs structure like Fig. 1(c)),
which is fixed in the additional layer. The static TEGs
transfer heat from the chip to ambient air to generate
electrical energy. TEC-based hot-spots cooling (structured
like Fig. 6(e)) placed the same as DTEHR. Non-active
cooling is an ordinary smartphone without any active
cooling method, utilizing DVFS as the only cooling
method to avoid hot-spots.

5.1 DTEHR Simulation Setup

We integrate DTEHR model into MPPTAT and add the
additional information (including position, size and
material properties of TEGs, TECs, and MSCs) into the
input description file. Thus, the updated description file
and MPPTAT simulated power trace act as the input of
DTEHR thermal model. Then the generated power of
TEGs, power consumption of TECs as well as power input
of MSCs is calculated to update the power trace for the
thermal result of DTEHR.

We simulate an additional layer hosting one MSCs
module, 6 TEC pairs and 704 pairs TEG tiles. To model the
effects of TEGs and TECs, we first compute the
temperature map according to the power consumption of
different components. The second step is calculating the
generated power from TEGs as well as that supplied to
TECs and MSCs. We run a background process on the
smartphone to perform the calculation. Since we only
need to calculate the power generated between one point
and its neighboring points, the additional power
consumption of this process is negligible. After that, the
calculated power is added to the TEGs, TECs and MSCs
modules, and updating the temperature in the first step
until the calculated power converges.

MSCs have a power density of 200 W/cm?. The physical
parameters of TEGs and TECs, shown in Table 4, are used
in our simulation experiments. The TEGs and TECs
modules are based on Bi;Tes compounds [35,36] and
Bi;Tes/ SboTes [37,38] compounds, respectively. The
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Figure 9 Cooling power consumption of the TECs and the
corresponding hot-spots temperature reduction under DTEHR.
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Figure 10 Temperature and the corresponding temperature
reduction of hot-spots under baseline 2 and DTEHR. (a) the back
cover, (b) the internal components, (c) the front cover.

additional layer occupies half of the existing air block
between PCB and rear case. Thus, no additional thickness
is needed for DTEHR. Moreover, the additional weight is
2g, which is acceptable.

5.2 Evaluation Results for DTEHR

The temperature distribution when the smartphone is
operating with cellular-only is similar to when it is
operating with Wi-Fi. Therefore, we compare DTEHR with
baselines based on the simulation results with Wi-Fi in
this Section.

DTEHR can efficiently reduce temperatures of the
internal hot-spots by an average of 12.8C. Fig. 9 shows
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Figure 12 Temperature difference between the hot-spots and
cold area under baseline 2 and DTEHR. (a) the back cover, (b) the
internal components, (c) the front cover.

the amounts of TECs power consumption and the
corresponding internal hot-spots’ temperature reductions
across the benchmarks chosen in this paper. It shows that
the cooling power cost by each app is around 29 uW, while
temperature reductions of the internal hot-spots range
from 4.4°C to 23.8°C. The different reductions are caused by
their different cooling time, based on our cooling policy.
Fig. 10 shows the comparison of the hot-spots’
temperatures between baseline 2 and DTEHR. The hot-
spots’ temperatures are shown in the left y-axis and the
reductions normalized to baseline 2 are shown in the right
y-axis. Fig. 10 (b) shows temperatures of the internal hot-
spots. Significant hot-spots’ temperatures reductions are
achieved with our DTEHR, which keep internal hot-spots
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Figure 13 Temperature distributions on the back cover with
Angrybirds (a) under the baseline 2, (b) under DTEHR.

under 70°C to avoids chip lifespan. Figs. 10 (a) and (c)
show the hot-spots’ temperatures of the back and the
front surfaces while running various apps under baseline
2 and DTEHR. The maximum surface temperature
remaining below 41°C under DTEHR, which improves
the user experience.

Fig. 11 shows the different power generations when
running various applications under DTEHR and baseline
1. It shows that power generated by DTEHR is three
times that of static TEGs across the benchmarks, and
the generated power is more than hundreds of times
that TECs cost. The extra energy then is stored in MSCs
battery to extend the usage of the smartphone.

Fig. 12 (b) shows the temperature differences between
the internal hot-spots and cold areas under baseline 2 and
DTEHR. In the non-active cooling design, the differences
between hot-spots and the cold areas are from 23.3°C
(Facebook) up to 50.1°C (Google Translate). Our dynamic
TEGs absorb heat from hot areas and release to the cold
areas to balance the smartphone temperature. The result
shows DTEHR reduces the internal temperature
differences by an average of 9.6C. Since temperatures of
internal components directly affects temperatures of the
smartphone surface, the decrease of the internal
temperature difference leads to a smaller surface
temperature difference. Figs. 12 (a) and (c) show the
temperature difference between the surface hot-spots and
cold areas under baseline 2 and our proposed DTEHR. It
illustrates that the surface temperature difference stays
below 6 C under DTEHR design across the chosen apps.

Fig. 13 illustrates the temperature maps on the back
cover while running Angrybirds under baseline 2 and
DTEHR. It shows that the temperature of the back cover
stays below 37°C with DTEHR, which significantly
improve the user experience.

Overall, the maximum temperature in both surface
covers and internal components under DTEHR is
significantly lower than that of baseline 2. Moreover, the
temperature difference under DTEHR is reduced to an
acceptable level. Comparing with baseline 1 of statically
TEG-based hot-spots’ cooling, DTEHR generates much
more power.
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6 Related Work

Our work focuses on the thermal issue of over-heating
and massive temperature difference on the smartphone
surface, which significantly affects the user experience.
Research areas in this study include dynamic TEGs, hot-
spots management, and the reusing with the MSCs
battery. In this Section, we describe prior work in these
domains and compare them to DTEHR.

Electricity generator with TEGs: A promising
research on small-scale TEGs has been conducted
recently. As TEGs becomes flexible and printable, there
are some prior studies utilizing TEGs for body heat
harvesting on wearable smart devices [39-42]. Moreover,
nanomaterials have been used to optimize TEG material
with nanotechnologies for TEG fabrication [43-48].
Traditional TEGs are mounted statically on the generator
device, can only transfer heat from one side of the device
to another side. Different from prior works, our work
proposed (1) a dynamic TEGs module, and (2) the option
to transfer internal heat from a hot area to cold
components. Our dynamic TEGs can not only transfer
heat from chip to ambient air but also from one hot
component to one cold component. Thus, our dynamic
TEGs can efficiently balance the smartphone temperature.

Hot-spots management with TECs: As more and
more performance-intensive applications are running on
smartphones, hot-spots management has been a critical
part of smartphone design. Current smartphones often use
DVFS to control the chip temperature of the smartphone
to avoid hot-spots.

With the increase of smartphone performance
requirements, passive cooling, including thermal pads
[49,50][32] and phase-change material (PCM) [51-53] have
been proposed to slow down the heat transmission
process and avoid hot-spots. Recently, an active cooling
method with an active cooling fan [9] has been applied to
the smartphone. However, this active cooling method
significantly affects user experience due to its huge space
requirement. Compared with above methods, our TEC-
based active cooling is a feasible solution to avoid high
temperature because it's negligible size and weight [37,38]
[54,55]. It focuses on hot-spots and the cooling power is
supplied from our dynamic TEGs.

MSCs-based energy reusing: As an emerging
technology, MSCs have been integrated with active
microsystems [16] [21] [56]. Wu et al. [21] demonstrated
graphene-based in-plane interdigital MSCs, leading to a
better result in area capacitance and stack capacitance.
Kyeremateng et al. [16] showed how the three-
dimensional architecture could be developed to improve
MSCs energy-storage capacity. We build our reusing
system with MSCs to store the power generated from our
dynamic TEGs for extending the battery life.
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7 Conclusions

This paper proposes DTEHR, a mobile thermal energy
harvesting reusing framework that exploits dynamic TEGs
to generate power by transferring heat from hot areas to
cold components. When running power-intensive
applications, DTEHR powers TECs for hot-spots cooling
to avoid surface hot-spots. What is more, an MSCs battery
is integrated for storing extra-generated power from
TEGs.

We further use MPPTAT to characterize the thermal
dissipation of DTEHR. Evaluation results show that: (1)
DTEHR ensures the surface temperature staying below
the human tolerance limitation. Moreover, DTEHR avoids
internal smartphone chip damage as the internal hot-
spots’ temperatures remain below 70°C. (2) DTEHR
reduces the temperature difference between different
components, which improves the user experience. (3)
Power generated from DTEHR can not only be used for
supplying hot-spots cooling but also be wused for
recharging the MSCs battery. To sum up, we believe that
DTEHR provides a feasible hardware solution for future
smartphone power and thermal management.
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