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5G (5th generation mobile networks or 5th generation wireless systems) is a term used in some

research papers and projects to denote the next major phase of mobile telecommunications standards

beyond the current 4G/IMT-Advanced standards. 5G is also referred to as beyond 2020 mobile

communications technologies. 5G does not describe any particular specification in any official

document published by any telecommunication standardization body.

Although updated standards that define capabilities beyond those defined in the current 4G standards

are under consideration, those new capabilities are still being grouped under the current 4G

standards.

Li-Fi, or light fidelity, is a 5th generation visible light communication network. Li-Fi uses light-

emitting diodes to transmit data, rather than radio waves like Wi-Fi.
[1]
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Background of 5G

A new mobile generation has appeared approximately every 10th year since the first 1G system,

Nordic Mobile Telephone, was introduced in 1981. The first 2G system started to roll out in 1992,

the first 3G system first appeared in 2001 and 4G systems fully compliant with IMT Advanced were

standardised in 2012. The development of the 2G (GSM) and 3G (IMT-2000 and UMTS) standards

took about 10 years from the official start of the R&D projects, and development of 4G systems

started in 2001 or 2002.
[2][3]

 Predecessor technologies have occurred on the market a few years

before the new mobile generation, for example the pre-3G system CdmaOne/IS95 in the US in 1995,

and the pre-4G systems Mobile WiMAX in South-Korea 2006, and first release-LTE in Scandinavia

2009.

Mobile generations typically refer to non–backwards-compatible cellular standards following

requirements stated by ITU-R, such as IMT-2000 for 3G and IMT-Advanced for 4G. In parallel with

the development of the ITU-R mobile generations, IEEE and other standardisation bodies also

develop wireless communication technologies, often for higher data rates and higher frequencies but

shorter transmission ranges.

Debate
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Based on the above observations, some sources suggest that a new generation of 5G standards may

be introduced approximately in the early 2020s.
[4][5]

 However, still no transnational 5G development

projects have officially been launched, and there is still a large extent of debate on what 5G is exactly

about. Prior to 2012, some industry representatives have expressed skepticism towards 5G
[6]

 but the

trends clearly changed since 2012.
[citation needed]

New mobile generations are typically assigned new frequency bands and wider spectral bandwidth

per frequency channel (1G up to 30 kHz, 2G up to 200 kHz, 3G up to 20 MHz, and 4G up to

100 MHz), but skeptics argue that there is little room for larger channel bandwidths and new

frequency bands suitable for land-mobile radio.
[6]

 From users' point of view, previous mobile

generations have implied substantial increase in peak bitrate (i.e. physical layer net bitrates for short-

distance communication).

If 5G appears, and reflects these prognoses, the major difference from a user point of view between

4G and 5G techniques must be something else than increased maximum throughput; for example

higher system spectral efficiency (data volume per area unit), lower battery consumption, lower

outage probability (better coverage), high bit rates in larger portions of the coverage area, lower

latencies, higher number of supported devices, lower infrastructure deployment costs, higher

versatility and scalability or higher reliability of communications. Those are the objectives in several

of the research papers below.

In Europe, Neelie Kroes, the European Commissioner, committed in 2013 50 million euros for

research to deliver 5G mobile technology by 2020.
[7]

 In particular, The METIS 2020 Project aims at

reaching world-wide consensus on the future global mobile and wireless communications system.

The METIS overall technical goal is to provide a system concept that supports 1000 times higher

mobile system spectral efficiency as compared with current LTE deployments.
[5]

 In addition, in 2013

another project has started, called 5GrEEn,
[8]

 linked to project METIS and focusing on the design of

Green 5G Mobile networks. Here the goal is to develop guidelines for the definition of new

generation network with particular care of energy efficiency, sustainability and affordability aspects.

Research

Key concepts suggested in scientific papers discussing 5G and beyond 4G wireless communications

are:

Massive Dense Networks also known as Massive Distributed MIMO providing green flexible

small cells 5G Green Dense Small Cells. A transmission point equipped with a very large

number of antennas that simultaneously serve multiple users. With massive MIMO multiple

messages for several terminals can be transmitted on the same time-frequency resource,

maximising beamforming gain while minimising interference.
[9][10]

Advanced interference and mobility management, achieved with the cooperation of different

transmission points with overlapped coverage, and encompassing the option of a flexible usage

of resources for uplink and downlink transmission in each cell, the option of direct device-

to-device transmission and advanced interference cancellation techniques.
[11][12][13]

Efficient support of machine-type devices to enable the Internet of Things with potentially

higher numbers of connected devices, as well as novel applications such as mission critical

control or traffic safety, requiring reduced latency and enhanced reliability.
[citation needed]
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MASSIVE INCREASE IN WIRELESS TRAFFIC 
AND IN NUMBER OF CONNECTED DEVICES 



§  Smartphones 
§  The Cloud 
§  M2M 

×1000 
Traffic 

   ×100 
Devices 

Vast Range of Bit Rate 
& Latency Requirements 

www.qualcomm.com/1000x 
www.ericsson.com/res/docs/whitepapers/wp-5g.pdf‎ 



 Can we improve the utilization of radio 
resources by 1000?!

bits/s

Km2 =
bits/s

Hz · node · node
Km2 ·Hz

Massive 
MIMO Extreme 

Densification 
(Including D2D) 

New Spectrum 
(including mm-Wave) 

Interference Management 
New Signal Waveforms 
Full-Duplex Relays 
Data Caching 

Etc… 



 EU 
– Framework Program 7, e.g. METIS and 5GNow projects 
– 5G PPP in Horizon 2020 

 UK – 5G Innovation Centre (5GIC) at University of Surrey 
 US 

– Intel Strategic Research Alliance (ISRA) 
– NYU Wireless Research Center 

 China 
– 863 Research Program 
– Future Forum 
– IMT-2020 (5G) Promotion Group 

 Japan – 2020 and Beyond Ad-Hoc  Group  under  ARIB‘s  Advanced  Wireless  
Communications Study Committee 

 Korea – 5G Forum as PPP 
 Taiwan –  Ministry of Economic Affairs, National Science Council  
 Russia – 5GRUS  by  Russia’s  Icom-Invest 
 NGMN – White paper on future requirements 
• Company internal research 

 

International activities on 5G getting momentum 

Source:  5G Infrastructure Association. 



What is the challenge? 

The European telecommunications industry has been 
historically in the forefront of the global competition since 
the early days of the GSM technology, and still represents 
approximately 40% of the worldwide market of nearly €200 
billion in 2012 in terms of network infrastructure supply.
The challenge for the 5G Public-Private Partnership (5G PPP) 
is to secure Europe’s leadership in the particular areas where 
Europe is strong or where there is potential for creating new 
markets such as smart cities, e-health, intelligent transport, 
education or entertainment & media.
The 5G PPP will deliver solutions, architectures, technologies 
and standards for the ubiquitous next generation 
communication infrastructures of the coming decade. It 
will provide such advancements as 1 000 times increase 
in wireless capacity serving over 7 billion people (while 
connecting 7 trillion “things”), save 90% of energy per service 
provided, and create a secure, reliable and dependable 
Internet with zero perceived downtime for services.

What is the PPP in 5G Infrastructure about? 

The 5G PPP brings together a broad range of stakeholders 
from the communications technology sector and from its 
extended value chain including the user industries or actors 
from the microelectronics and IT sectors. Together they 
have created a shared vision for the next generation of 
communications infrastructure beyond 2020, a multiannual 
strategic roadmap for research & innovation which will be 
updated yearly until 2020. Its objectives include actions  

for leveraging 5G research to improve competitiveness and 
innovation with the ultimate aim of stimulating economic 
growth and more job creation in other industrial sectors. 
The 5G PPP brings a long term commitment from both the 
private and the public actors to invest in achieving these 
objectives and the PPP will play a key role in formulating the 
research and innovation priorities to be supported in Horizon 
2020.

What results and benefits do we expect? 

The 5G PPP will result in a stronger, more competitive and 
more innovative telecommunications industry through 
a closer cooperation between all key actors including the 
research and academic institutions and the end-users. The 
ultimate benefits are to provide solutions to important 
societal challenges as identified in the Digital Agenda for 
instance drastic energy reduction in network operations 
and optimised radio frequency usage. This will make the 
European society and economy smarter and more efficient 
for the benefits of European citizens and beyond.
Results of this collaboration will be: 

A competitive portfolio of technologies and solutions 
meeting the anticipated changes, based on global 
standards and generating a significant amount of 
intellectual property. It should also foster the new skills 
required to compete in the 21st century. 
The introduction of innovative business models based on 
more powerful and open networks.
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5G Infrastructure PPP: The next generation of 
communication networks will be “Made in EU”.

Building the foundations of the next 

decade communications networks

Addressing the future “connectivity” 

needs in key societal and economic 

domains

Boosting European industrial 

leadership in telecommunications 

Digital Agenda 
for Europe

§  IEEE Communications Magazine, Special Issue on “5G Wireless Communication 
Systems: Prospects and Challenges,” Feb. 2014 

§  IEEE Signal Processing Magazine, Special Issue on “Signal Processing for the 5G 
Revolution,” Nov. 2014 

§  IEEE JSAC, Special Issue on “5G Wireless Communication Systems,” Dec. 2014 



 5 Research Reflections 
(Inspired by 5G) 

①  Beware of hype 
②  Interference is not the problem 
③  Embrace messiness 
④  Virtualization is coming to town 
⑤  Cutting the wireless wire 

 



①  Beware of Hype 

“It is a good morning exercise for a researcher to discard 
a pet hypothesis every day before breakfast” 

      K. Lorenz 



①  Beware of Hype 



①  Beware of Hype 



§  The choice of modeling assumptions should illuminate the problem and 
maximize insight, avoiding nuisances that would otherwise be 
distracting 

§  Only distractions that have no significant impact on the result can be 
avoided! 

“Everything should be made as simple as possible, but not simpler” 
     Albert Einstein 

 

①  Beware of Hype 



Tractability Relevance 

①  Beware of Hype 



①  Beware of Hype 

§  Massive MIMO? 
§  Mm-Wave Communication? 



②  Interference is not the Problem 



②  Interference is not the Problem 
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Interference Mitigation Through Limited
Transmitter Cooperation

I-Hsiang Wang, Student Member, IEEE, and David N. C. Tse, Fellow, IEEE

Abstract—Interference limits performance in wireless networks
and cooperation among receivers or transmitters can help miti-
gate interference by forming distributed MIMO systems. Earlier
work [1] shows how limited receiver cooperation helps mitigate
interference. The scenario with transmitter cooperation, however,
is more difficult to tackle. In this paper we study the two-user
Gaussian interference channel with conferencing transmitters
to make progress towards this direction. We characterize the
capacity region to within 6.5 bits/s/Hz, regardless of channel
parameters. Based on the bounded-gap-to-optimality result, we
show that there is an interesting reciprocity between the scenario
with conferencing transmitters and the scenario with conferencing
receivers and their capacity regions are within a bounded gap to
each other. Hence, in the interference-limited regime, the behavior
of the benefit brought by transmitter cooperation is the same as
that by receiver cooperation.

Index Terms—Capacity to within a bounded gap, dis-
tributed MIMO system, interference management, transmitter
cooperation.

I. INTRODUCTION

I N modern wireless communication systems, interference
has become the major factor that limits performance. Inter-

ference arises whenever multiple transmitter-receiver pairs are
present and each receiver is only interested in retrieving infor-
mation from its own transmitter. Due to the broadcast and super-
position nature of wireless channels, one user’s information-car-
rying signal causes interference to other users. The interference
channel is the simplest information theoretic model for studying
this issue, where each transmitter (receiver) is assumed to be
isolated from other transmitters (receivers). In various practical
scenarios, however, they are not isolated and cooperation among
transmitters or receivers can be induced. For example, in down-
link cellular systems, base stations are connected via infrastruc-
ture backhaul networks.

In our previous work [1], we have studied the two-user
Gaussian interference channel with conferencing receivers to

Manuscript received April 29, 2010; revised September 16, 2010; accepted
January 12, 2011. Date of current version April 20, 2011. This work was sup-
ported in part by the National Science Foundation under Grant CCF-0830796
and in part by a gift from Qualcomm Corporation. The material in this paper was
presented at the IEEE International Symposium on Information Theory, Austin,
TX, June 2010.

The authors are with the Wireless Foundations, Department of EECS, Univer-
sity of California at Berkeley, Berkeley, CA 94720 USA (e-mail: ihsiang@eecs.
berkeley.edu; dtse@eecs.berkeley.edu).
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“Interference Networks”.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
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understand how limited receiver cooperation helps mitigate
interference. We proposed good coding strategies, proved tight
outer bounds and characterized the capacity region to within 2
bits/s/Hz. Based upon the bounded-gap-to-optimality result, we
identify two regions regarding the gain from receiver coopera-
tion: linear and saturation regions. In the linear region, receiver
cooperation is efficient, in the sense that the growth of each
user’s over the air data rate is roughly linear with respect to the
capacity of receiver-cooperative links. The gain in this region
is the degrees-of-freedom gain that distributed MIMO systems
provide. In the saturation region, receiver cooperation is inef-
ficient in the sense that the growth of user data rate becomes
saturated as one increases the rate in receiver-cooperative links.
The gain is the power gain which is bounded, independent
of the channel strength. Furthermore, until saturation the de-
gree-of-freedom gain is either one cooperation bit buys one
over-the-air bit or two cooperation bits buy one over-the-air
bit.

In this paper, we study its reciprocal problem, the two-user
Gaussian interference channel with conferencing transmitters,
to investigate how limited transmitter cooperation helps miti-
gate interference. A natural cooperative strategy between trans-
mitters is that, prior to each block of transmission, two trans-
mitters hold a conference to tell each other part of their mes-
sages. Hence the messages are classified into two kinds: 1) co-
operative messages, which are those known to both transmit-
ters due to the conference; and 2) noncooperative ones, which
are those unknown to the other transmitter since the cooperative
link capacities are finite. On the other hand, messages can also
be classified based on their target receivers: 1) common mes-
sages, which are those aimed at both receivers; and 2) private
ones, which are those aimed at their own receiver. Hence in total
there are four kinds of messages for each user and seven codes
for the whole system.1 Now the question is, how do we encode
these messages?

Generally speaking, Gaussian interference channels with
transmitter cooperation are more difficult to tackle than
Gaussian interference channels with receiver cooperation. Take
the following extreme case. When transmitters can cooperate
in an unlimited fashion, the scenario reduces to the MIMO
Gaussian broadcast channel. When receivers can cooperate in
an unlimited fashion, the scenario reduces to MIMO Gaussian
multiple access channel. The capacity region of the latter is
fully characterized in the 1970’s [2], [3], while that of the
former has not been solved until recently [4]. This is due to
difficulties both in achievability and outer bounds.

1There is only one cooperative common code carrying both cooperative
common messages.

0018-9448/$26.00 © 2011 IEEE
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Degrees of Freedom of MIMO Cellular

Networks: Decomposition and Linear

Beamforming Design
Gokul Sridharan and Wei Yu

Abstract

This paper investigates the symmetric degrees of freedom (DoF) of multiple-input multiple-output (MIMO) cellular
networks with G cells and K users per cell, having N antennas at each base station (BS) and M antennas at each
user. In particular, we investigate achievability techniques based on either decomposition with asymptotic interference
alignment or linear beamforming schemes, and show that there are distinct regimes of (G,K,M,N) where one
outperforms the other. We first note that both one-sided and two-sided decomposition with asymptotic interference
alignment achieve the same degrees of freedom. We then establish specific antenna configurations under which the
DoF achieved using decomposition based schemes is optimal by deriving a set of outer bounds on the symmetric
DoF. Using these results we completely characterize the optimal DoF of any G-cell network with each user having a
single antenna. For linear beamforming schemes, we first focus on small networks and propose a structured approach
to linear beamforming based on a notion called packing ratios. Packing ratio describes the interference footprint
or shadow cast by a set of transmit beamformers and enables us to identify the underlying structures for aligning
interference. Such a structured beamforming design can be shown to achieve the optimal spatially normalized DoF
(sDoF) of two-cell two-user/cell network and the two-cell three-user/cell network. For larger networks, we develop an
unstructured approach to linear interference alignment, where transmit beamformers are designed to satisfy conditions
for interference alignment without explicitly identifying the underlying structures for interference alignment. The main
numerical insight of this paper is that such an approach appears to be capable of achieving the optimal sDoF for
MIMO cellular networks in regimes where linear beamforming dominates asymptotic decomposition, and a significant
portion of sDoF elsewhere. Remarkably, polynomial identity test appears to play a key role in identifying the boundary
of the achievable sDoF region in the former case.

I. INTRODUCTION

Cellular networks are fundamentally limited by inter-cell interference. In this context, degrees of freedom (DoF)

has emerged as a useful yet tractable metric in quantifying the extent to which interference can be mitigated through

The authors are with the The Edward S. Rogers Sr. Department of Electrical and Computer Engineering, University of Toronto, Toronto, ON
M5S4G4, Canada e-mail: (gsridharan@comm.utoronto.ca, weiyu@comm.utoronto.ca).
This work was supported by the Natural Science and Engineering Research Council (NSERC) of Canada. The material in this paper has been

presented in part at Canadian Workshop Inf. Theory, Jun. 2013, IEEE Int. Symp. Inf. Theory, Jul. 2013, and IEEE Global Commun. Conf.,
Dec. 2013. Manuscript submitted to IEEE Transactions on Information Theory on December 10, 2013.
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Abstract—Distributed cooperation schemes such as Interfer-
ence Alignment hold the promise of an increased number of
spatial degrees of freedom and, with that, of substantially higher
spectral efficiencies. Most results available to date, however, have
been obtained in simplified settings featuring a small number of
transmitters and receivers in isolation. While such controlled
settings are excellent platforms to develop ideas and build
intuition, they also conceal important aspects that are inherent
to actual wireless systems. Chief among these is the fact that
any small set of cooperating transmitters and receivers is bound
to be embedded within a large system featuring many other
transmitters and receivers. This paper studies the fundamental
performance of IA, in the context of a large cellular network,
and contrasts it with that of non-cooperative MIMO.

Index Terms—Distributed cooperation, Interference alignment,
Interference management, Spatial multiplexing.

I. INTRODUCTION

Intercell interference is arguably the most severe impairment
in contemporary wireless systems, and its mitigation has long
been a favorite research theme. Of late, base station cooper-
ation has gained the perception of being best way to counter
intercell interference. Among the various cooperation schemes
being considered stands IA (interference alignment), which has
the advantage of admitting distributed implementations [1],
[2]. In a nutshell, IA ensures that the interference at each
receiver aligns along a certain subspace leaving the remaining
dimensions interference-free. At the expense of instantaneous
CSI (channel state information) at both transmitters and
receivers, IA promises a spectral efficiency that can grow
without bound within the confines of the interference-free
subspace.

Enter the real world. Depending on the number of antennas,
only a limited number of users can participate in the IA
process. With two antennas, for example, only three users
can participate. This necessarily leads to the formation of
relatively small IA clusters that are inevitably exposed to
interference emanating from all the out-of-cluster transmitters
in the system. Thus, even the subspaces that IA protects within
each cluster are bound to have interference [3]. In addition,
IA restricts the spatial dimensionality of the transmit signals.
In the two-antenna three-user example, the spatial dimen-
sionality of the signals cannot exceed one (single stream);
without IA, in contrast, two signal streams could instead be

transmitted applying standard MIMO (multiple-input multiple-
output). Altogether then, IA can create subspaces with reduced
interference in exchange for a sacrifice of signal dimensions.
Naturally, the question arises of whether this tradeoff is
justified in the context of modern cellular networks. This is
precisely the topic of this paper.

We set out to compare the system-level performance of
IA relative to non-cooperative MIMO. For notational clarity,
the subscripts ”IA” and ”NC” are applied to denote given
quantities, e.g., SINR (signal-to-interference-plus-noise ratio),
respectively with IA and with non-cooperative MIMO.

In order to keep the comparison fundamental, assumptions
that are highly favorable to IA are made. Specifically, (i) per-
fect transmit and receive CSI is assumed, with the correspond-
ing overheads neglected, and (ii) instantaneous availability of
the optimum IA precoders is also assumed, neglecting the
iterative processes or the additional CSI that would be required
to actually compute such precoders.

II. SYSTEM MODEL

We consider a wireless network with K̃ cells. Each transmit-
ter is equipped with Nt transmit antennas and each receiver
is equipped with Nr receive antennas, and each transmitter-
receiver link supports d ≤ min(Nt, Nr) signal streams. The
signal yk ∈CNr×1 at receiver k is

yk =
K̃∑

j=1

√
P

d
Hk,jxj + zk, (1)

where xj ∈ CNt×1 is the signal emitted by transmitter j,
Hk,j ∈ CNr×Nt is the channel matrix from transmitter j
to receiver k, known perfectly at both ends of the link, and
P is the transmit power. We assume equal power allocation
for all the streams, which is asymptotically optimal at high
SNR (signal-to-noise-ratio) values. The additive white noise
at receiver k is zk ∼ CN (0, N0INr), where CN (m,R)
denotes a complex Gaussian random vector with mean m
and covariance R. The entries of Hk,j are IID (independent
identically distributed), drawn from CN (0, gk,j) where gk,j
the long-term channel power gain of the corresponding link.
The signal vector at transmitter k is xk = Vkbk where
Vk = [vk,1, . . . ,vk,d] ∈ CNt×d is the unitary precoding
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Company Increase in 
Traffic 

Report 

Qualcomm ≤ 20% CTW 2011 Keynote 

Alcatel-Lucent ≤ 10% ICC 2012 Keynote 

Huawei ≤ 8% [2013] 

Interference is a problem 
but it’s not the problem!
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Interference!
Management!
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“We should join the noise, rather than fight it” 
      Tom Cover 



“For every complex problem there is a simple solution, 
and it’s wrong” 

      U. Eco 

③  Embrace Messiness 



③  Embrace Messiness 

Dozens of new base stations would have
to be installed and cut into service at
the same moment. Hundreds of radios
in the old base stations would have to
be moved and retuned. It was a costly,
labor intensive process and promised to
be very difficult logistically.

While drawing such a configuration,
it occurred to me that this massive dis-
ruption was being created to achieve an
incremental increase in system capacity.
At that moment, the larger cells were
serving almost the entire traffic
demand. If we retained the existing
cells as a continuous “underlaid” grid
providing almost all the needed capaci-
ty, we could add a few “overlaid” small-
er cells “here and there,” with only a
few channels, to provide the small
amount of incremental capacity we
needed. Those few channels could con-
tinue to be used at the original base
stations for mobiles that were in the
inner portion of the cell (in effect, for a
smaller cell that was co-sited with the
larger cell). Calls that left these new
isolated cells could be handed off to the
underlaid grid, which would still pro-
vide geographically continuous cover-
age. Over time, more new base stations
would be added, and more channels
would gradually be moved into those
new base stations until the old grid was
finally replaced, but the process would
be gradual and manageable. This elimi-
nated the logistic problems of cell split-

ting and reduced the number of cells
that were needed at most points in
growth rather dramatically. Simulations
using Jim O’Brien’s MultiCell simula-
tion showed that the average number of
cells in a growing system (and thus the
average system cost) were reduced by
more than 50 percent. That simple idea
later became one of AT&T’s most
sought after patents in cross-licensing
agreements [10].

SYSTEM TRIALS AND
COMPATIBILITY STANDARDS

As the system design progressed toward
completion, it became necessary to
demonstrate that AMPS would provide
both the excellent service and the spec-
trum efficiency that had been promised.
This sort of demonstration would be a
feature of any development program,
but amid the political debates of the
time it led to new controversies and
delays. To demonstrate real service, we
would need a large coverage area, and
to demonstrate the proper working of
the system for the largest capacity we
would need to use small cells. Putting
the two objectives together would cre-
ate a trial with hundreds of cells, which
was economically infeasible, so AT&T
proposed to separate the demonstration
into two trials. The Chicago Service
Trial would demonstrate real service in
a startup configuration, with production
equipment and several thousand sub-
scribers. A cellular testbed in Newark

would simulate operation in a few 1-mi
cells, surrounded by six interfering cells
several miles away. The coverage maps
for the Chicago and Newark trials are
shown in Fig. 3.

Objections were raised to the pro-
posed trials, in particular because they
would not demonstrate production
equipment in the smallest cells. The
FCC agreed with the objectors and
denied permission for the trials. AT&T
appealed, and the FCC eventually
reversed their decision, granting
approval for the Chicago and Newark
trials on March 10, 1977, but a full year
was lost in the appeal process.

The FCC also granted approval to
Motorola to operate a trial in the Wash-
ington, DC/Baltimore area. A Motorola
team led by Marty Cooper had created
the first truly portable handheld cell
phone, called Dyna-TAC, and service
for portable handsets would be the
focus of that trial. Dyna-TAC was large
and heavy by modern standards (about
the size and weight of a brick), but it
represented a significant breakthrough
in portability. It was a major step in the
evolution of cellular from a telephone
in a car to the truly “personal” commu-
nication service we enjoy today.

Installation of the equipment and
facilities for AT&T’s Chicago trial
[11–13] was the responsibility of a large
team led by Jim Troe. The system used
10 cells to cover 3000 mi2, with a switch-
ing center at Oak Park and an opera-
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Figure 3. Coverage maps for the Chicago and Newark trials.

Cellular Service Trial — Chicago Cellular testbed — Newark

(Continued on page 24)

(Continued from page 20)
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③  Embrace Messiness 

Figures courtesy of Prof. Jeff Andrews (UT Austin) 
and Prof. Martin Haenggi (U. of Notre Dame) 

§  HetNets: macrocells, microcells, picocells, femtocells… 
§  CoMP 
§  Separate uplink/downlink routes 
§  Direct D2D 
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Computational Geometry Lecture 13: More on Voronoi diagrams
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Embrace Messi-ness 

③  Embrace Messiness 



④  Virtualization is Coming to Town 

“He that will not apply new remedies 
must expect new evils: 

   for time is the greatest innovator ” 
      Francis Bacon 



④  Virtualization is Coming to Town 

§  Extreme densification 
§  Massive MIMO 
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④  Virtualization is Coming to Town 

Cloud 
RAN 

Antennas 

Amplifiers 

DSP 



④  Virtualization is Coming to Town 

Massive MIMO 
Radio Head + Antenna 

Indoor 
Radio Head 
+ Antenna 

Cloud RAN 

Outdoor Low-Power 
Radio Head + Antenna 

Outdoor High-Power 
Radio Head + Antenna 

Cloud RAN 

§  Physical structures get blurred 
§  Virtual structures rule  



     How fast can we reconfigure? 
  (Average Google query < 200 ms) 

④  Virtualization is Coming to Town 



Cloud 
RAN 

Caching at 
the Edges 



⑤  Cutting the Wireless Wire 
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§  A solution to the “perfect storm”? 
§  The “curse” of Moore’s Law  

⑤  Cutting the Wireless Wire 

§  A solution to the “perfect storm”? 



⑤  Cutting the Wireless Wire 

High energy efficiency 
 
 
 
 

Low spectral efficiency 

bits/s =
bits/s

Hz · antenna
· antennas · Hz

Mobile User Perspective 

 Careful with the high-SNR infatuation… 

Eb

N0
(dB)

b/s
Hz



 Final Remarks 



§  Watch out for hype 
§  Let’s not lose sleep over interference 
§  There are no cells, only nodes 
§  Think messy, think virtual 
§  Energy efficiency also matters 
§  Our results are only as relevant as our models 



“Cum grano salis” 
(Don't believe the 33rd order consequences of a 1st order model) 

“Use only as directed” 
(Don't apply any model till you understand the simplifying 

assumptions on which it’s based, and can test their ability) 

“Don't go off the deep end” 
(Don't extrapolate beyond the region of fit) 

“Don't beat a dead horse” 
(Don't retain a discredited model) 

      Solomon W. Golomb, 1970 

 

DON’Ts of Mathematical Modeling 


