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The Future of Computing

“By 2100, our destiny is to become like the gods we once 
worshipped and feared. But our tools will not be magic 
wands and potions but the science of computers, 
nanotechnology, artificial intelligence, biotechnology, 
and most of all, the quantum theory.”
― Michio Kaku, Physics of the Future: How Science Will 
Shape Human Destiny and Our Daily Lives by the Year 
2100

http://www.goodreads.com/author/show/18800.Michio_Kaku
http://www.goodreads.com/work/quotes/13358451
http://www.goodreads.com/work/quotes/13358451
http://www.goodreads.com/work/quotes/13358451


Pervasive Mobile Devices
• “In many parts of the world, more people have access to a mobile 

[wireless] device than to a toilet or running water.” [Time Aug. 2012]

• Many industrial countries reach at least 90% mobile phone subscription 
penetration rate
– [see phone penetration rates sheet]

• PEW Internet and American Life Project: 
– “The mobile device will be the primary connection tool to the Internet for most 

people in the world in 2020”
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Mobile Device Usage
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Daily time spent with the internet per capita 
worldwide from 2011 to 2021, by device
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© Statista 2021



Mobile Traffic Growth
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Source: Cisco&Ericsson



Mobile Computing Changing Our Lives 

8Source: TIME mobility survey



Mobile Computing 
Features
with Larger Effects
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Source: TIME survey



Mobile Computing Changing Our Lives 
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Mobile Computing Changing Our Lives 
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Source: TIME survey
http://www.time.com/time/interactive/0,31813,2122187,00.html



Use Case: Home Networks
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Use Case: Mesh Networks
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Urban Mesh Networks
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Use Case: Mesh Network for Disaster 
Recovery/Military
• 9/11, Tsunami, Hurricane, Ukraine War…
• Wireless communication and

mobile computing capability
can make a difference 
between life and death !
– rapid deployment
– efficient resource and energy usage
– flexible: unicast, broadcast, multicast, anycast
– resilient: survive in unfavorable and untrusted environments
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http://www.att.com/ndr/



Use Case: Seamless Handoff--Always 
Best Connected
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LTE 5G

LTE 5G, WiFi

LAN,
WLAN, LTE, 
Satellite

LTE 4G, WiFi

LTE & WiFi

LTE
Bluetooth

LTE or WLAN

LAN, WLAN
Low Datarate



Use Case: Traffic Signal Advisor

17http://www.princeton.edu/~ekoukoum/SignalGuru.html



Use Case: Vehicular Networks
• Traffic crashes resulted in more 

than 41,000 lives lost/year

• Establishing 
– vehicle-to-vehicle (V2V), vehicle-to-

infrastructure (V2I) and 
– vehicle-to-hand-held-devices (V2D) 

communications 
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More info: http://www.its.dot.gov/intellidrive/index.htm



Collision Avoidance : V2V Networks
Stalled vehicle warning
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http://www.gm.com/company/gmability/safety/news_issues/releases/sixthsense_102405.html

Blind spots



Google Glass
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GLASS ENTERPRISE EDITION
A hands-free device for smarter 
and faster hands-on work.
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Use Case: Habitat Monitoring
Patch 
Network

Transit Network

Basestation

Gateway

A 15-minute human visit leads to 20% 
petrel offspring mortality



Wireless and Mobile Computing

• Driven by technology and vision
– Mobile device capabilities and platforms
– Global communication infrastructures

• The field is moving fast
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Enabling Infrastructures

• Development and deployment of wireless infrastructures
– networking: in-room, in-building, on-campus, in-the-field, MAN, 

WAN

• Development and deployment of localization 
infrastructures
– location: GPS, AGPS, …

• Development and deployment of sensor networks
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Wireless Bit Rates
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Enabling Infrastructure: Networks
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Standard Peak Downlink Peak Uplink Tech
GSM GPRS Class 10 0.0856 0.0428
GSM EDGE Evolution 1.6 0.5 TDMA/FDD
CDMA EV-DO Rev. 0 2.458 0.1536 CDMA/FDD
CDMA EV-DO Rev. A 3.1 1.8 CDMA/FDD
CDMA EV-DO Rev. B 4.9 1.8 CDMA/FDD
WiFi: 802.11b 11 11 DSSS
Flash-OFDM: Flash-OFDM 15.9 5.4 Flash-OFDM
WiFi: 802.11g 54 54 OFDM
WiFi: 802.11a 54 54 OFDM
LTE 300 75 OFDMA/MIMO
WiMAX: 802.16m 365 376 MIMO/SOFDMA
WiFi: 802.11n 600 600 OFDM/MIMO
HSPA+ 672 168 CDMA/FDD/MIMO
LTE Advanced (Cat 8) 2998.6 1497.8 MIMO
WiFi: 802.11ac (8aAP; 4a ST) 3470 3470 MU-MIMO

A
ll units are M

bps



Improving Infrastructure: Power 
Efficiency
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Power? Duration Periodicity
(mW) (ms) (ms)

Screen off (base) 11.4±0.4 N/A N/A
Screen 100% on 847.2±2.7 N/A N/A

LTE promotion 1210.7±85.6 Tpro: N/A260.1±15.8
LTE Short DRX On 1680.2±15.7 Ton: Tps:
RRC_CONNECTED 1.0±0.1 20.0±0.1
LTE Long DRX On 1680.1±14.3 Ton: Tpl:
RRC_CONNECTED 1.0±0.1 40.1±0.1

LTE tail base 1060.0±3.3 Ttail: N/A11576.0±26.1
LTE DRX On 594.3±8.7 Toni: Tpi:
RRC_IDLE 43.2±1.5 1280.2±7.1

3G promotion 659.4±40.4 582.1±79.5 N/A
3G DCH tail base 803.9±5.9 8088.2±149.6 N/A
3G FACH tail base 601.3±6.4 824.2±148.1 N/A

3G DRX (idle) 374.2±13.7 55.4±1.5 5112.4±37.7
WiFi promotion 124.4±2.6 79.1±15.1 N/A
WiFi tail base 119.3±2.5 238.1±9.2 N/A

WiFi beacon (idle) 77.2±1.1 7.6±0.1 308.2±1.0

Table 3: LTE, 3G, and WiFi power model.
?All power readings in this table include the base power (screen off),

which has negligible impact on total energy.

ble 3. The LTE parameter values are validated by the network-
based measurement in §4.2. For simplicity, we ignore the WiFi AP
scanning and association, assuming UE is already connected with
an AP.

First, we observe that LTE reduces the promotion delay (Tpro)
from 3G’s 582.06ms to 260.13ms. However, the power level is
almost doubled, i.e., 1210.74mW (LTE) v.s. 659.43mW (3G). WiFi
has the most lightweight state promotion with smaller Tpro and
much lower power level.

Secondly, LTE appears to have longest tail (11.576 seconds) with
highest tail base power (1060.04 mW). Summing up DCH and
FACH tail, 3G’s total tail time (8.9 seconds) is smaller than LTE’s
Ttail of 11.6 seconds. Even 3G DCH’s tail base power is 24.17%
lower than LTE’s tail base power, and the gap becomes 25.25% if
we consider LTE DRX in RRC_CONNECTED with a high on dura-
tion power (1680.20mW). WiFi is much more power efficient, with
shorter tail and much lower base power.

We also compare LTE DRX in RRC_IDLE with 3G DRX and
WiFi beacon in the idle state. LTE has the highest on power and
slightly smaller On Duration than 3G, while WiFi has smallest on
power and On Duration. The cycle of LTE (1.28 seconds) is in
between 3G and WiFi.

Based on these observations, LTE is less energy efficient during
idle state and for transferring smaller amount of data. For exam-
ple, if only one packet is transferred, the energy usage considering
both promotion and tail energy for LTE, 3G and WiFi is 12.76J,
7.38J and 0.04J, respectively. One possible reason for LTE’s higher
power states is that devices must incorporate multiple-input and
multiple-output (MIMO) to support LTE network, e.g., the test de-
vice we use has 1 transmit antenna and 2 receive antennas, which
contributes to higher power consumption.

5.2 Power model for data transfer
Previous work on 3G UMTS power modeling either treats DCH

power state to have a fixed power value [35, 28], or assumes en-
ergy per bit to be the same constant for both uplink and down-

↵u (mW/Mbps) ↵d (mW/Mbps) � (mW) ↵u/↵d

LTE 438.39 51.97 1288.04 8.44
3G 868.98 122.12 817.88 7.12

WiFi 283.17 137.01 132.86 2.07

Table 4: Data transfer power model.

link [18]. These assumptions might be reasonable given that 3G
has relatively low data rates. However, for LTE, we observe that
device power is much higher during high speed data transmission
(up to 3300mW for uplink) relative to the base power (1060mW)
in RRC_CONNECTED, and there is significant difference between
downlink and uplink power levels at the same data rate. In this
paper, we propose a new comprehensive power model for LTE em-
pirically derived in a commercial LTE network.

We start with measuring device power states with controlled up-
link or downlink throughput. The impact of TCP ACK packets,
which are small in size, is minor, thus ignored.

Figures 9 and 10 present the power-throughput curve for LTE,
3G, and WiFi. The curves are limited by the peak data rate we
can achieve at the test location. We observe that for all networks, a
linear model fits well for both uplink and downlink. Assume uplink
throughput is tu (Mbps) and downlink throughput is td (Mbps), the
power level (mW) for uplink is Pu = ↵utu + � and for downlink
Pd = ↵dtd + �. The best fit parameters are listed in Table 4.

By looking at ↵u/↵d, we notice that uplink power increases
faster than downlink for all three networks types. This is expected
because sending data requires more power than receiving data for
wireless data access [21]. LTE has the largest gap of ↵u/↵d =
8.44 among three network types. This is largely because ↵d for
LTE is quite small. For 3G, both ↵u and ↵d are larger than LTE. �
is the base power when throughput is 0, with the ranking of LTE >
3G > WiFi. This is consistent with the tail base power comparison
in Table 3. We notice that � is slightly higher than the tail base
for all networks types. This is possibly because of the overhead of
switching transmitters or receivers into high speed mode.

For simultaneous uplink and downlink transfers, given that trans-
mitters and receivers are separate, we conjecture that the power
level (mW) is given by the following formula:

P = ↵utu + ↵dtd + �

To validate this conjecture, we measure the power levels for con-
current uplink and downlink transfers in Figure 11. Assume total
throughput t = tu+td and the ratio of uplink throughput ✏ = tu

�
t:

P = ↵utu + ↵dtd + � = (↵u � ↵d)t✏+ ↵dt+ �

When t is a constant, P grows linearly with ✏ and the slope is (↵u�
↵d)t. Figure 11 shows two curves of t = 1Mbps and t = 2Mbps,
both having a strong linear pattern and the slope is less than 5% off
the expected value.

5.3 Energy efficiency for bulk data transfer
To compare the power efficiency of different networks in the

wild, we use bulk data transfer experiments to measure energy per
bit. Perrucci et al. [26] measure energy per bit for 3G and WiFi
with a fixed bulk size. In addition to taking LTE into consider-
ation, we vary the bulk size to cover more possible network us-
age scenarios. Figure 12 shows the measured energy per bit in
µJ/bit (10�6Joule/bit) with different bulk data size. All data is
randomly generated so that there is no chance for caching. We do
not include promotion or tail energy but instead focus on data trans-
fer energy. Given that signal strength and peak data rate on wireless

Source: A Close Examination of Performance and Power Characteristics of 4G LTE; Mobisys’12



Sensing Capabilities
*Regular Smartphone
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Why is the Field Challenging?
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Challenge 1: Unreliable and Unpredictable 
Wireless Coverage

*Cerpa, Busek et. al

Wireless links are not reliable: they may vary over time and 
space

Reception v. Distance Reception vs. Power



Challenge 2: Open Wireless Medium
• Wireless interference

• Hidden terminals

• Exposed terminal

• Wireless security
– eavesdropping, denial of service, …

30

S1
S2
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S1 R1 R2
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Challenge 3: Mobility
• Mobility causes poor-quality wireless links

• Mobility causes intermittent connection
– under intermittent connected networks, 

traditional routing, TCP, applications all break

• Mobility changes context, e.g., location
31



Challenge 4: Portability
• Limited battery power
• Limited processing, display and storage
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Wearables
IoT devices

Mobile phones
• voice, data
• simple graphical displays
• GSM/3G/4G/5G

Smart phone
• data
• small graphical displays
• 802.11/3G

Tablet/Laptop

Performance/Weight/Power Consumption



Challenge 5: Changing Regulation and 
Multiple Communication Standards
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Challenge 5: Changing Regulation and 
Multiple Communication Standards

cellular phones satellites wireless 
LAN

cordless
phones

1992:
GSM

1994:
DCS 1800

2001:
IMT-2000

1987:
CT1+

1982:
Inmarsat-

A

1992:
Inmarsat-B
Inmarsat-M

1998:
Iridium

1989:
CT 2
1991:
DECT

199x:
proprietary

1997:
IEEE 802.11

1999:
802.11b, Bluetooth

1988:
Inmarsat-

C

analogue

digital

1991:
D-AMPS

1991:
CDMA

1981:
NMT 450

1986:
NMT 900

1980:
CT0

1984:
CT1

1983:
AMPS

1993:
PDC

2000:
GPRS

2000:
IEEE 802.11a

Fourth 
Generation

(Internet 
based)



Wireless Communication Standards

https://en.wikipedia.org/wiki/Mobile_telephony



What Will We Cover?



Class Goals
•  Learn both fundamentals and applications of wireless 

networking and mobile computing
• Obtain hands-on experiences on developing on wireless, 

mobile devices
– wireless networking, sensor nodes

• Discuss challenges and opportunities in wireless 
networking and mobile computing



The Layered Reference Model

Application

Transport

Network

Data Link

Physical

Medium

Data Link

Physical

Application

Transport

Network

Data Link

Physical

Data Link

Physical

Network Network

Radio

Often we need to implement a function across multiple layers.



Course Topics

Communications Sensing Security

OS / Application Platform



Class Materials
• Chapters of reference books

• Selected conference and journal papers

• Other resources
– MOBICOM, SIGCOMM, Mobisys proceedings
– IEEE Network, Communications, Pervasive magazines



Suggested Reference Books
“802.11 Wireless Networks: the 

Definitive Guide” by Matthew Gast, 
O’Reilly (available online) 
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“Fundamentals of Wireless 
Communication”, by David Tse 

and Pramod Viswanath, 
Cambridge University Press 

(available online)



THE Book
Protocols and Architectures for 
Wireless Sensor Networks
Holger Karl, Andreas Willig



Class Project
• Goal: obtain hands-on experience
• I’ll suggest potential topics
• You may also choose your own topic
• Initial proposal + midterm progress report + final report 

+ [presentation]
• We provide help in obtaining

– Mobile devices
– Sensor Nodes



Grading

More important is what you build / learn than the grades!

Project 50%

Exam 50%

Mandatory Class/Lab
Participation 

10%


