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AbstrAct

Tomorrow’s society will see hosts of people 
constantly on the move, commuting between 
home and work, meeting up with family and 
friends or visiting shopping centers and lei-
sure facilities. While on their way, these people 
use mobile devices to connect to the Internet, 
utilizing journey time for work-related tasks, 
entertainment, or socializing in online commu-
nities. Current fourth generation cellular net-
works are, however, not designed to efficiently 
serve large numbers of comparatively high-mo-
bility users, often causing insufficient service 
quality while on the move. Machine-type com-
munication will cause further aggravation, with 
wirelessly connected sensors that constantly 
monitor/record our environment, and vehi-
cles that autonomously exchange traffic- and 
safety-relevant information. In this article, we 
highlight challenges that must be addressed 
by future mobile communications to enable 
efficient support of large numbers of highly 
mobile users in networks that are crowded with 
quasi-static (nomadic) users. We survey exist-
ing solutions and put special emphasis on open 
issues and competing priorities.

IntroductIon
We envision tomorrow’s society as a Society in 
Motion. Hosts of people are constantly on the 
move, commuting between home and work, 
attending leisure events, meeting friends and 
family, and visiting shopping promenades and 
malls. Most such activities are concentrated in 
urban agglomerations, since urbanization is pre-
dicted to incorporate more than 80 percent of 
the developed world’s population by 2025 [1]. 
However, at the same time, commuter traf-
fic from rural areas is rising, since most work-
places are in and around cities. The European 
Environment Agency reported in 2013 that typ-
ical commuting times within larger cities are not 
unlikely to exceed one hour per trip; commuters 
from rural areas have to endure even longer trip 
durations. To make the most of this time spent 
in public and private transportation, people uti-
lize mobile devices, such as smartphones and 
tablets, for entertainment (watching video clips, 
reading news and e-books, listening to music and 

audio books), shopping in online stores, prepar-
ing work, scheduling appointments, socializing 
on web platforms, and so on. All such services 
require Internet access, in some cases just for 
a few bytes while in other cases for entire data 
streaming, and thus depend on wireless connec-
tivity.

Wireless connectivity while on the move is 
not restricted to people though; machine-type 
communication will add a significant portion of 
mobile data traffic if not even the majority . Fric-
tionless functioning of the Society in Motion is 
supported by connected sensors and transporta-
tion vehicles (cars, trains, buses), autonomously 
exchanging monitoring and control informa-
tion among themselves and with the cloud, and 
relaying Internet traffic of their users. Fleets of 
commuter trains, buses, and individual cars, for 
example, are nowadays equipped with wireless 
communication devices to enable monitoring of 
the vehicle’s internal state, facilitating finding 
weak points early on before causing severe dam-
age. Connected in-vehicle entertainment systems 
that support online video streaming and Internet 
access are increasingly recognized as important 
revenue drivers by car manufacturers. Addition-
ally, road safety applications require reliable and 
low-latency exchange of safety-relevant infor-
mation to enable realization of global road 
fatality reduction goals; for example, the Euro-
pean Union targets 50 percent reduction of road 
fatalities by 2020 compared to 2010 (more than 
31,000 deaths on Europe’s roads in 2010 ). As 
soon as wireless communications is employed to 
support safety-critical applications, such as driver 
assistance systems or even automated driving, 
dependability of the transmission link becomes 
a must, guaranteeing reliable low-latency com-
munication under strict packet delay deadlines 
(timeliness) [2]. Even though dependability can-
not be guaranteed by current mobile communi-
cations, vehicular communications strategies of 
companies and manufacturers still promote such 
technology, since it is cheaply available off the 
shelf and because mobile networks are almost 
ubiquitously accessible. In response, the Third 
Generation Partnership Project (3GPP) recent-
ly initiated a new study item within Release 14 
of Universal Mobile Telecommunications Sys-
tem (UMTS) Long Term Evolution (LTE) on 
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vehicular communications: Study item on LTE 
support for V2X services (V2XLTE); the goal is to 
develop a set of LTE specifications for vehicular 
environments (LTE-V). Notice that vehicle to X 
(V2X) communication encompasses connectivi-
ty between vehicles — vehicle to vehicle (V2V) 
— to roadside infrastructure — vehicle to infra-
structure (V2I) — and to people in proximity of 
connected cars — vehicle to pedestrian (V2P). 
Such connectivity can be achieved either directly, 
using device-to-device (D2D) transmission, or 
indirectly by employing base stations as transmis-
sion hubs. These developments will lead to a new 
situation in the future, where a significant por-
tion of wireless users (people and machines) are 
permanently moving through the network, and 
where best effort entertainment services as well 
as applications with strict dependability require-
ments compete for the same resources. Future 
mobile communications will thus basically face 
two distinct groups of users:
• Masses of quasi-static/nomadic best effort 

users that (mostly indoors) require virtually 
bandwidth-unlimited wireless connectivity

• Large numbers of mobile (moving) users 
with varying quality of service (QoS) 
requirements demanding seamless mobility
3GPP LTE is designed to provide basic point-

to-point connectivity even at very high mobility 
of up to 500 km/h. However, the promised giga-
bit-per-second data throughput with latency not 
exceeding 10 ms can only be sustained for very 
few static users; large numbers of highly mobile 
users lead to inefficiencies on the physical layer 
(PHY) as well as the signaling plane of LTE [3]. 
Even more, many current fifth generation (5G) 
proposals focus purely on the first group of qua-
si-static/nomadic users, hardly accounting for the 
impact of novel technological concepts, such as 
massive multiple-input multiple-output (MIMO), 
millimeter-wave (mmWave) transmission, and 
ultra high network densification, on high-mobil-
ity users. This is, on one hand, justified by the 
ever increasing demand for higher “static” net-
work capacity; on the other hand, however, when 
carelessly deployed, such technologies can even 
worsen the performance of this second group of 
mobile users. The purpose of this article, hence, 
is to reveal shortcomings of the current LTE 
standard in the context of a Society in Motion and 
to provide potential solutions for the evolution of 
LTE as well as for 5G mobile communications. 
We address techniques that are readily appli-
cable within LTE by enhancing network nodes 
and/or user equipment, as well as methods that 
require introduction of a new standard. Future 
mobile networks will likely comprise a variety 
of possibilities for access to the network as well 
as for direct communication between subscrib-
ers, as sketched in Fig. 1; this article attempts to 
shed light on the impact of such technologies on 
mobile users.

PhysIcAL LAyEr chALLEngEs
AcquIsItIon of chAnnEL stAtE InformAtIon

Accurate channel state information (CSI) at the 
receiver (CSIR) and the transmitter (CSIT) is 
a critical prerequisite for the exploitation of the 
spatial degrees of freedom provided by MIMO 
systems. Especially at high mobility, obtaining 

the necessary CSI accuracy can be challenging, as 
detailed below.

Channel Estimation and Pilot Designs: LTE 
employs pilot-symbol-based channel estimation 
with different pilot patterns in up- and down-
link directions as illustrated in Fig. 2a. The pilot 
pattern for downlink homogeneously fills a por-
tion of the time and frequency grid, thus equal-
ly supporting channels with varying delay and 
Doppler spread. In the uplink direction pilots fill 
the full bandwidth at fixed times, to conserve the 
favorable peak-to-average-power ratio (PAPR) 
of single carrier frequency-division multiplex-
ing (SC-FDM) transmission; the density of pilots 
along the time axis, however, is reduced, making 
them less suitable for high-velocity scenarios.

As shown in Fig. 2b, LTE’s downlink pilot 
pattern with Nt  {1, 2} transmit antennas and 
applying least squares channel estimation sup-
ports velocities up to 325 km/h at 2 GHz center 
frequency, corresponding to a Doppler frequency 
of fd  600 Hz, with minimal performance degra-
dation. With Nt = 4 transmit antennas the pilot 
density along the time axis is reduced, explaining 
the performance drop already at fd = 300 Hz. 
Above these Doppler frequencies throughput 
deteriorates due to increasing channel estimation 
errors and inter-carrier interference (ICI).

Several 5G proposals promote highly flexible 
multi-carrier waveform designs that adapt sub-
carrier spacing, cyclic prefix, prototype pulse, and 
so on, to support varying channel characteris-
tics and traffic demands. A first step toward such 
flexibility can already be taken without requiring 
a novel PHY, by adapting pilot symbols accord-
ing to channel characteristics. In [4], the authors 
propose to adapt the pilot distance in time and 
frequency (Dt and Df in Fig. 2a) as well as the 
pilot power according to channel delay/Doppler 
spread and signal-to-noise ratio (SNR), to max-
imize the achievable throughput of the system. 
The performance of this scheme is shown in Fig. 
2b, demonstrating substantial performance gains, 
especially for larger antenna configurations. 
Notice that performance can be improved even 
at low Doppler frequency, since the pilot density 
can be reduced compared to the LTE pattern, 
and thus, the reference symbol overhead can be 
decreased. Large parts of these gains can be con-

Figure 1. Illustration of a future mobile network in an urban area comprising 
various access technologies to efficiently support static and mobile users.
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served by employing a small number of different 
pilot patterns optimized for different regimes of 
channel characteristics, enabling pilot adaptation 
with minimal feedback overhead from the receiv-
ers. Since channel delay and Doppler spread do 
not vary quickly with the carrier frequency, feed-
back information can even be avoided by adapt-
ing downlink pilot patterns according to uplink 
measurements, provided the frequency-division 
duplex (FDD) distance is not too large. Such a 
scheme can in principle readily be incorporat-
ed into a future release of LTE by enhancing 
user-specific reference symbols, without impair-
ing backward compatibility.

Inter-Carrier Interference: At high velocity, 
multi-carrier transmissions suffer from increas-
ing ICI due to the Doppler spread introduced by 
the channel, deteriorating the quality of channel 
estimation and symbol detection. Such effects 
are especially pronounced in orthogonal frequen-
cy-division multiplexing (OFDM) due to poor 
spectral confinement of the applied rectangular 
transmit pulse. One approach to alleviate perfor-
mance degradation is ICI mitigation, for exam-
ple, employing iterative approaches [5] where, 
in each decoding round, the ICI contributions 
are estimated in parallel to channel estimation 
and successively cancelled. Recent developments 

in [6] achieve almost perfect ICI-free OFDM 
transmission by iteratively estimating the dou-
bly dispersive wireless channel and equalizing 
its distortions. The authors demonstrate that 
already three iterations are sufficient for veloc-
ities up to 400 km/h at 2 GHz center frequency 
(fd  740 Hz), even without incorporating for-
ward-error-correction coding into the iterations; 
hence, the incurred processing delay is practi-
cally negligible. Since such methods only require 
enhancement of the user equipment, they can 
be implemented without any modification of the 
LTE standard. Alternatively, novel multi-car-
rier waveforms can be incorporated into a new 
standard that inherently provide robustness with 
respect to channel Doppler spread, as discussed 
further below.

CSI Feedback in FDD Systems: Over the last 
years, significant research effort was dedicated to 
the exploitation of the spatial degrees of freedom 
provided by multiple antenna systems, whether 
it be in the context of antenna arrays controlled 
by single transmitters (single- and multi-user 
MIMO) or for coordination of multiple spatially 
distributed transmitters within coordinated mul-
tipoint (CoMP) transmission concepts.

Simple codebook-based precoding schemes, 
restricting spatial pre-processing of the transmit 
signal to limited sets of precoders, are successful-
ly established for single-user MIMO transmission 
in LTE and provide valuable performance gains 
with reasonable complexity and signaling over-
head. The required CSIT in FDD systems can be 
obtained with minimal feedback from the receiv-
ers, whereas time-division duplex (TDD) systems 
might even rely on channel reciprocity. However, 
such schemes fall short of delivering noticeable 
capacity improvements in multi-user MIMO and 
CoMP, due to low spatial resolution provided by 
the limited codebook size. Furthermore, already 
such a seemingly simple task as transmission rate 
adaptation through limited feedback can utterly 
fail at high velocity, in case the feedback infor-
mation is not delivered in time, as illustrated in 
Fig. 3. This figure demonstrates the impact of 
feedback delay on LTE’s channel quality indica-
tor (CQI) dependent on the user mobility given 
in terms of the maximum Doppler shift of the 
signal. Without channel prediction and at 1 ms 
feedback delay, the throughput degrades already 
at 50 km/h (fd   93 Hz) by more than 20 percent 
due to deteriorating block error ratio (BLER). If 
the receiver is able to perform complex channel 
prediction, employing the recursive least squares 
(RLS) algorithm, feedback delay can be partly 
compensated. If this is not feasible, due to com-
plexity restrictions, rate adaptation should be 
based on channel statistics instead of instanta-
neous CSI to keep the BLER acceptably low; but 
such an approach prohibits exploitation of chan-
nel and multi-user diversity. The minimal feed-
back delay achievable in FDD communications is 
practically limited by the length of the transmis-
sion time interval (TTI) (1 ms in LTE). Hence, 
future mobile communication systems may have 
to provide the option for reduced frame length 
to improve the efficiency of high-mobility users.

To accommodate more complex multi-us-
er MIMO and CoMP schemes, LTE provides 

Figure 2. Optimization of pilot power and distance in dependence of the 
delay and Doppler spread introduced by the channel: a) pilot patterns 
as employed in LTE up- and downlink; b) comparison of the downlink 
throughput at 2 GHz center frequency dependent on the maximum chan-
nel Doppler frequency achieved with the LTE pilot pattern and with opti-
mized pilot designs according to [4].
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basic support of non-codebook-based precoding 
relying on explicit CSIT to optimally design pre-
coders. Such methods, however, only perform 
well with accurate CSIT, otherwise suffering 
from residual interference. In FDD, this implies 
enhancing the feedback algorithms supported by 
LTE. Corresponding differential and predictive 
feedback schemes that operate on manifolds to 
minimize the required overhead are available; 
see, for example, [7, references therein], where 
the performance of multi-user MIMO with 
predictive limited feedback is analyzed. These 
existing methods, however, achieve gains over 
memoryless CSI quantization only at low to mod-
erate user mobility, efficiently supporting static 
users and pedestrians. Nevertheless, we do see 
potential for differential/predictive methods even 
at high velocity: imagine a highway situation with 
many cars traversing the same stretch of road. 
At a given position on the road, the preferred 
transmission rate and beamforming direction of 
consecutive vehicles will not vary much. Thus, 
if each vehicle provides only little differential 
update information on the preferred rate and 
beamformer, gradually the transmitter will obtain 
an accurate picture about optimal transmit pro-
cessing along the highway. Differential/predictive 
CSI feedback enhancements in principle can be 
incorporated within a future release of LTE; but 
it does require standardization efforts to imple-
ment a common predictor structure, similar to 
modern video codecs.

Impact on Massive MIMO: Massive MIMO 
promises order of magnitude spectral efficiency 
gains by employing hundreds of antennas at the 
base stations to spatially multiplex tens of users. 
A major requirement to achieve such gains is the 
availability of accurate CSI to avoid multi-user 
interference, which is especially pronounced in 
massive MIMO due to the high spatial resolu-
tion achievable with large antenna arrays. The 
common consensus is that channel reciprocity 
in TDD systems will intrinsically provide the 
required CSIT; however, pilot contamination 
puts deterministic limits on the signal-to interfer-
ence-plus-noise ratio (SINR) and the achievable 
rate. Several methods to mitigate such effects 
have been proposed, frequently employing 
not only pilot signals but also data symbols to 
improve channel estimates. Pilot contamination 
becomes even more pronounced in high-mobil-
ity situations, since the channel coherence time 
is short, thus restricting the length of pilot sig-
nals. This, in turn, limits the number of avail-
able orthogonal pilot sequences, reducing the 
pilot reuse distance between interfering base 
stations. Furthermore, channel aging in TDD-
based massive MIMO systems, implying outdated 
CSI during transmission, causes enormous per-
formance losses at high mobility [8]. In the long 
run, full duplex transmission might alleviate such 
issues, provided up- and downlink signal pro-
cessing chains can be calibrated with sufficient 
accuracy.

Most existing LTE deployments, however, 
employ FDD. Since such systems have to rely on 
explicit CSI feedback to obtain channel estimates 
at the transmitter, the situation is even more chal-
lenging. Current three-dimensional (3D) beam-

forming and full dimension MIMO (FD-MIMO) 
developments discussed within 3GPP foresee a 
combination of codebook-based precoding and 
semi-static beamforming to extend the standard 
to large-scale antenna arrays; this approach is 
denoted transceiver unit (TXRU) virtualization, 
and is illustrated in Fig. 4. The method basical-
ly partitions the large-scale antenna array into 
several sub-arrays and applies semi-static beam-
forming weights along the vertical and horizontal 
directions of these sub-arrays to generate distinct 
radiation patterns. Based on CSI feedback from 
the users, reporting preferred baseband beam-
formers/precoders, the transmitter opportunisti-
cally selects a set of users that can be served in 
parallel with minimal interference. The achiev-
able multiplexing gain is limited by the number 
of available TXRUs. At high user mobility, the 
spatial resolution of the baseband beamformer/
precoder codebook will have to be reduced to 
ensure that the (delayed) CSI feedback is still 
valid during transmission; this, in turn, limits the 

Figure 3. Impact of CSI feedback delay on throughput performance employ-
ing LTE’s closed-loop spatial multiplexing at 2 GHz center frequency.
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number of non-overlapping beams that can be 
generated and thus the multiplexing capabilities. 
Alternatively, especially along predetermined 
paths of motion, such as, streets, highways and 
railroads, predictive beam-steering approaches, 
which predict beamforming directions based on 
users’ trajectories, can enable higher resolution. 
Furthermore, location information (e.g., provid-
ed by GPS) can be helpful to achieve more accu-
rate beam-steering [9].

muLtI-cArrIEr moduLAtIon WIth AdAPtIvE 
trAnsmIssIon PArAmEtErs

The advantages of non-orthogonal pulse-shapes 
for multi-carrier transmission over doubly disper-
sive channels compared to OFDM were already 
recognized by Kozek and Molisch in the 1990s 
[10]. Cyclic prefi x (CP)-OFDM, as employed by 
most state-of-the-art wireless communication 
systems, can be designed robustly with respect 
to inter-symbol interference (ISI), caused by 
the delay spread of the wireless channel, by 
appending a CP of suffi cient length. This, how-
ever, implies reduced spectral efficiency since 
only part of the symbol carries useful informa-
tion. Furthermore, the rectangular pulse-shape 
employed by OFDM is prone to ICI caused by 
the frequency dispersion of the channel, which 
is especially problematic at high user mobility. 
Optimal pulse-shaping has thus gained attention 
in recent years, with the goal of fi nding effi cient 
and robust successor waveforms for 5G wireless 
communications. Several modulation formats 
and multi-carrier waveforms currently com-
pete for the succession of OFDM/SC-FDM as 
employed by LTE [11]. Arguments put forward 
for such novel waveform designs include, among 
others, spectral effi ciency gains, enabled by omis-
sion of cyclic-prefi x and by reduction of out-of-
band emission; latency reduction, as required for 
real-time monitoring/control in the tactile Inter-
net; and reduction of time/frequency synchro-
nization sensitivity, supporting energy efficient 
machine-type-communications.

Introducing novel multi-carrier waveforms in 
future 5G mobile communication is an opportu-
nity to enhance the performance of high-mobility 
users. Below we highlight some important design 
aspects and considerations for parameter-adap-
tive multi-carrier modulation that are imposed by 
the envisioned Society in Motion.

•Indoor and outdoor users with varying 
mobility will observe different channel disper-
sion characteristics (delay and Doppler spread). 
Hence, filter-bank parameters, such as the 
sub-carrier spacing and the applied prototype 
pulse, should be adaptable to the time-frequency 
dispersion of the channel. This allows matching 
waveform parameters to channel conditions to 
achieve a favorable trade-off between residual 
ICI/ISI and spectral effi ciency.

•The TTI length should be adjustable to sup-
port different types of traffic with varying QoS 
demands. For the highest effi ciency and robust-
ness with respect to microscopic fading, chan-
nel coding over long blocks of data is required. 
However, for applications such as the tactile 
Internet, ultra low-latency transmission is essen-
tial to achieve the desired instantaneous remote 
response. Vehicular communications adds an 

extra dimension between these two, requiring 
reliable data transmission within certain hard 
deadlines (timeliness).

•The parameters addressed in the previous 
two bullets should be modifiable for individu-
al users or groups of users with similar channel 
conditions, to enhance multi-user support with 
diverse channel and traffic characteristics. The 
most challenging is to accommodate a broad 
range of requirements, enabling efficient sup-
port of static indoor users with almost fl at chan-
nels as well as high-mobility outdoor users with 
highly variable channels in time and frequen-
cy. In practice, certain discrete sets of compati-
ble parameters will have to be applied to cover 
several ranges of dispersion characteristics with 
minimal extra signaling overhead for parameter 
adaptation.

mILLImEtEr-WAvE trAnsmIssIon

Wireless communications in the mmWave band 
is of interest for 5G mobile networks, since 
large amounts of untapped spectrum are avail-
able in this regime, promising multi-gigabit-per-
second transmission and substantially increased 
cell capacities. However, transmission in the 
mmWave band comes with its own challenges, 
such as hardware complexity constraints impact-
ing beamforming and precoding algorithms; the 
requirement for highly directive beams to com-
pensate for increased path loss; and significant 
probability of signal outages due to shadowing 
and reduced multipath propagation. Especially 
the latter two issues require careful investigation 
in the context of high-mobility and dependable 
communications, since accurate beamforming 
is challenging in highly time-variant scenarios, 
and signal outages cannot be tolerated in safe-
ty-relevant applications. To reduce signal outage 
probability, macro-diversity has to be enhanced 
through multi-connectivity approaches, as 
described below.

WIrELEss chAnnEL modELs

In many scenarios of interest for highly mobile 
users, for example, on highways and along rail-
roads, the wireless channel behaves markedly 
different as compared to prevailing wireless 
channel models, which are utilized for evalua-
tion of signal processing techniques within 3GPP 
and other standardization bodies. In vehicular 
environments, propagation is characterized by 
shadowing through other vehicles, high Doppler 
shifts with usually only few dominant scatterers 
(other vehicles, road signs, and other structures 
along the road) and inherent nonstationarity 
of the channel statistics [12]. Channel models 
for such scenarios exist and are utilized mostly 
within the community of IEEE 802.11p research-
ers and engineers. However, to the best of our 
knowledge, there are no such channel models 
available to date that cover novel techniques 
such as mmWave transmission, 3D beamform-
ing, and FD-MIMO. Furthermore, it must be 
mentioned that the geometry-based stochastic 
3GPP 3D channel model, presented in 3GPP 
Technical Report TR 36.873, is not well suit-
ed for investigation of high-mobility scenarios. 
Imagine a user who moves along a street; large-
scale channel fading parameters, such as the azi-
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muth and elevation spreads of the signal’s arrival 
and departure angles, are generated in this 3D 
channel model based on the network geometry 
and the user’s position. These parameters are 
thus correlated between consecutive user posi-
tions. Based on the large-scale fading parame-
ters, small-scale fading parameters, such as the 
actual arrival and departure angles, are randomly 
generated. As long as the position of the user 
stays constant, the obtained small-scale chan-
nel realizations vary smoothly over time and fre-
quency. However, as soon as the position of the 
user changes, new random realizations of small-
scale fading parameters are generated, leading to 
unrealistic non-smoothness of the channel reali-
zations over time. Thus, this model in its current 
form is not applicable for the investigation, for 
example, of CSI feedback delay and predictive 
beamforming techniques, which can be a critical 
factor for the evaluation of future LTE-V. Such 
investigations are only meaningful if the channel 
varies smoothly over time, calling for revision of 
the 3GPP 3D channel model.

systEm-LEvEL chALLEngEs
In this section, we discuss system-level challenges 
imposed by high-mobility users. We do not treat 
the important use case of high-speed trains here; 
the interested reader is referred to the corre-
sponding recent Feature Topic on Future Rail-
way Communications in IEEE Communications 
Magazine [13].

LtE-bAsEd vEhIcuLAr communIcAtIons

The goal of 3GPP’s V2XLTE study item is to 
provide LTE support of vehicular communica-
tions. Such V2X specifications allow generating 
revenue via high-bandwidth infotainment appli-
cations for in-car users and proximity services, 
as well as through support of traffic telematics 
and intelligent transport systems (ITS), comple-
menting or even replacing IEEE 802.11p-based 
dedicated short-range communications (DSRC). 
Currently three technologies are considered as 
central for the realization of LTE-based vehicu-
lar communications:
• Dual connectivity to support high user 

mobility in dense heterogeneous networks 
(HetNets)

• LTE-based broadcast services (public warn-
ing system, PWS, and enhanced multime-
dia broadcast/multicast service, eMBMS) 
for efficient distribution of messages among 
vehicles

• Proximity service (ProSe) including D2D 
communication to realize connectivity 
between vehicles as well as between con-
nected cars and handheld terminals (pedes-
trians)
In cooperative ITS (C-ITS), vehicles commu-

nicate with each other and with roadside infra-
structure to exchange information about vehicles’ 
status, their locations, and the road environment 
(active road safety). For this purpose the Euro-
pean Telecommunications Standard Institute 
(ETSI) defined two basic types of messages: 
cooperative awareness messages (CAMs) and 
decentralized environmental notification mes-
sages (DENMs) . DENMs are event-driven and 
thus generated only sporadically, for example, 

in case of a traffic accident to warn upcoming 
vehicles; their distribution in certain notifica-
tion areas is most efficiently handled through 
PWS, which allows geographical information to 
be considered. CAMs are periodically generat-
ed messages utilized to exchange vehicle status 
information with cars in the vicinity; the equiv-
alent message in the U.S. Society of Automo-
tive Engineers (SAE) J2735 standard is denoted 
basic safety message (BSM). CAMs/BSMs can be 
exchanged either directly via DSRC or indirectly 
utilizing the cellular network; both approaches 
have been shown to require substantial amounts 
of bandwidth to guarantee timely packet delivery 
(see, e.g., reports of the EU FP7 METIS proj-
ect), more than is currently foreseen for road 
safety-critical communication in the assigned 5.9 
GHz band.

To improve the performance of CAM/BSM 
delivery employing LTE, eMBMS should be 
extended to support multiple-antenna trans-
mission. Several beamforming techniques for 
multiple-input single-output (MISO) multicast 
transmission have been proposed over the last 
decade. The latest developments are published in 
[14], where the so-called MISO multicast inter-
ference channel is considered, containing several 
multicast transmitters that interfere with each 
other. The authors of [14] propose leakage-based 
multicast (LBM) beamforming, a method that 
maximizes the minimum SINR of the intended 
multicast users while controlling the amount of 
interference leaked to users of other base sta-
tions. With an iterative optimization of interfer-
ence leakage parameters among base stations, 

Figure 5. Achievable rate tuples of different transmission schemes for the 
multiple-input single-output multicast interference channel; two equally 
strong base stations, each equipped with eight antennas, serve six users 
each [14].
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the achievable rate region of the involved base 
stations can be expanded as shown in Fig. 5; 
LBM outperforms existing alternatives such as 
block diagonalization and signal-to-leakage-plus-
noise ratio (SLNR) precoding. However, the 
method is not well suited for high-mobility sce-
narios, since it applies iterative optimization and 
exhibits comparatively slow convergence speed; 
thus, further improvements are required.

smALL cELL EnhAncEmEnts

Small cells are currently mostly deployed indoors 
to improve capacity at user hotspot locations. 
More recently, though, outdoor rollouts have 
garnered industry interest to complement 
existing macrocell infrastructure; for example, 
Swisscom is currently testing in-house devel-
oped underground microcells for cable con-
duits. These microcells are connected to existing 
fixed network conduits that are buried in cable 
shafts below streets and public places in urban 
areas. Such developments enable large network 
capacities, by minimizing the distance to users 
and enabling ultra-dense deployments; however, 
they face diffi culties in providing user mobility, 
since small cell sizes imply frequent handovers, 
increasing the signaling load of the network 
and degrading dependability of the wireless 
connection due to handover failures. To tackle 
such issues, the concept of macro-assisted small 
cells, or phantom cells, has been proposed for 
LTE, splitting the control plane and user plane 
of the network among macro and small cells to 
improve handover performance. This concept 
was standardized in Release 12 of LTE as dual 
connectivity. Further enhancement to multi-con-
nectivity, maintaining multiple parallel connec-
tions to several macro/small cells, is expected in 
future releases of LTE and 5G; this promises 
increased data throughput over multiple parallel 
data streams, improved reliability due to addi-
tional macro-diversity, and enhanced robustness 
with respect to mobility, since hard handovers 
can be avoided. However, it comes at the cost of 
requiring sophisticated coordination of multiple 
transmission points to maintain effi ciency of the 
network, implying substantial backhaul signal-
ing overhead. In this context of self-organizing 
network functionalities, reinforcement learning 
techniques have gained interest, since they pro-
vide signifi cant improvements in network capaci-
ty and mobility support with minimal information 
exchange among base stations(e.g., see [15]). 
Mobility management and network optimization 
in future mobile networks will additionally be 
complicated by vehicle mounted mobile relay 
nodes and vehicular small cells, which promise to 
offer premium wireless connectivity to their pas-
sengers even at highest velocities; vehicular small 
cells are currently being pushed into the market 
by all major car manufacturers.

dIstrIbutEd AntEnnAs

Distributed antenna systems (DASs) were orig-
inally proposed for indoor coverage improve-
ment of cellular networks, but they also proved 
instrumental for reducing outage probability and 
increasing network capacity in outdoor environ-
ments. In contrast to small cells, which act as 
autonomous network entities, DASs are com-

posed of several remote radio heads (RRHs) 
that are controlled by a single base station, com-
monly over radio-over-fiber links or dedicated 
mmWave connections. DASs are well suited to 
support highest mobility whenever users follow 
predetermined paths; hence, they find applica-
tion in wireless communication systems for high-
speed railways and highway scenarios. Here, they 
can reduce the amount of handovers between 
cells by virtually moving cells along with a user, 
radiating the associated signal from the near-
est RRH. Further throughput gains are possible 
by coordinating transmissions from two or more 
neighboring RRHs to enhance signal quality 
[16]. Future mobile networks will likely blur the 
boundaries between small cells and DASs, since 
backhaul connections are becoming increasingly 
powerful, and CoMP schemes facilitate removing 
cell edges. Especially in the context of mmWave 
transmission, we see large potential in DASs for 
improving dependability of the wireless connec-
tion: via on-demand mmWave backhaul links 
spatially distributed RRHs can dynamically form 
DASs in order to provide macro-diversity for the 
otherwise outage-susceptible user connection.

concLusIon
In a future society, where constantly large num-
bers of wirelessly connected people and machines 
are on the move, providing satisfactory QoS, 
even at the highest velocities, will demand careful 
design and validation of prospective mobile net-
working technologies. Specifi cally, if the scope of 
mobile communications is to be extended beyond 
best effort connections and entertainment ser-
vices, to support even critical information 
exchange, such as for road safety applications, 
dependability (timeliness and reliability) of data 
transmission is imperative. Despite the com-
monly agreed 5G targets of enhancing network 
capacity and reducing transmission latency, we 
thus view provisioning of dependable wireless 
connectivity for a Society in Motion as one of the 
major challenges and enablers of future mobile 
communications.
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