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WHAT DRIVES 5G?
Bigger, faster, higher? The appetite for broad-
band has clearly fueled the development of mobile
cellular networks. On the other hand, the success-
ful deployment of killer applications in the past
20 years has had a major impact on the markets
as well: First and foremost, the need for unteth-
ered telephony and, with it, wireless real-time
voice communication has dominated the success
of cordless phones, followed by the first genera-
tion (1G) of cellular communications. Soon,
incorporated in (2G), two-way paging implement-

ed by short message service (SMS) text messaging
became the second killer application. With the
success of wireless local area network (WLAN)
technology (i.e., IEEE 802.11) and the widespread
market adoption of laptop computers, Internet
data connectivity became interesting to anyone,
opening up the opportunity for creating a market
for the next killer application in 3G: wireless data
connectivity. The logical next step has been the
shrinkage of the laptop, merging it with the cellu-
lar telephone into today’s smartphones, offering
high bandwidth access to wireless users with the
world’s information at their fingertips everywhere
and at any time. This is the scenario of the cur-
rent 4G, so called Long Term Evolution-
Advanced (LTE-A). Smartphones are
undoubtedly the focus of service architectures for
future mobile access. Now, is there a killer appli-
cation for 5G on the horizon?

5G APPLICATION REQUIREMENTS
Fundamental research for 5G is well underway.1
The main drivers are:

•Internet of Things (IoT): The IoT will cer-
tainly play a key role, but business models have
not started off yet. The main challenge is the scal-
ability problem with more than, say, 100,000
machine-type communication (MTC) nodes in a
cell under the premises of low cost (below $10 per
radio module) and long lifetime (greater than 10
years). The IoT could change the way we see the
Internet as a human-to-human interface toward a
more general machine-to-machine platform.

•Gigabit wireless connectivity: For example,
users might request quick downloads of 3D
streaming content (e.g., from a wireless data
kiosk) with data rates on the order of ~100 Mb/s.
Thereby, download times are expected to be 100
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times faster, thus on the order of ~10 Gb/s.
Gigabit wireless connectivity is also expected in
large crowd gatherings with possibly interactively
connected devices (smartphones, tablets, etc.).

•Tactile Internet: It comprises a vast amount
of real-time applications with extremely low
latency requirements. Motivated by the tactile
sense of the human body, which can distinguish
latencies on the order of 1 ms accuracy, 5G can
then be applied to steering and control scenar-
ios, implying a disruptive change from today’s
content driven communications; popular ideas
range from virtual overlay of context information
on a display, through robotics and health care to
vehicle safety and smart city applications. As
derived in [1], a 1 ms round-trip time for a typi-
cal tactile interaction requires a time budget of
maximum 100 ms on the physical (PHY) layer.
This is far shorter than current wireless cellular
systems allow, missing the target by nearly two
orders of magnitude.

… and probably many more. The envisioned
5G service architecture is depicted in Fig. 1.

From a technical perspective, it seems to be
the utmost challenge to provide uniform service
experience to users under the premises of het-
erogeneous networking or future small cell sce-
narios. Not only must the network operators be
well prepared to take on the challenge of a much
higher per-user rate and increasing overall
required bandwidth, but also to realize service
differentiation with very different (virtually con-
tradictory) application requirements. Conse-
quently, the radio access has to be flexible ,
scalable, content-aware, robust, reliable, and effi-
cient in terms of energy and spectrum. Actually,
with the limitations of current 4G systems out-
lined below, the requirements will put further
pressure on the common value chains on which
the operators rely in order to compensate for
investment costs for future user services. Hence,
there is a clear motivation for an innovative and
in part disruptive redesign of the PHY layer.

Before we discuss in the following section
why LTE-A orthogonal frequency-division multi-
plexing (OFDM) waveforms fall short in view of
5G requirements, let us briefly comment on the
architectural view (which is not the focus here).
As schematically addressed in Fig. 1, a densifica-
tion of cellular systems as well as a deployment
of light base stations (BSs) together with
resource pooling and data aggregation (cloud
computing) will take place in the future. It is
important to note that 5G application require-
ments and cloud-based architectural elements
are not fully independent. For example, the tac-
tile Internet with its extremely low latency
requirements requires baseband processing
unit(s) relatively near the terminals with its real-
time app. This means that for such an applica-
tion the cloud cannot be in a remote area but
must be within a certain radius of the applica-
tion (hence, by the speed of light and the 100 ms
budget on the PHY layer, the real-time con-
straints results in a maximal cell radius of 30
km).

WHY DO WE NEED NEW
WAVEFORMS?

The main hypothesis of this article is that the
underlying design principles — synchronism and
orthogonality — of the PHY layer of today’s
LTE-A radio access network constitute a major
obstacle for the envisioned service architecture.
Synchronism means that the senders operate
with a common clock for their processing.
Orthogonality means that no crosstalk occurs in
the receivers’ waveform detection process. Often,
both are related such that some “rough” syn-
chronization is required to establish orthogonali-
ty. LTE-A OFDM modulation keeps the
subcarrier waveforms orthogonal even after the
channel, provided the discrete Fourier transform
(DFT) window can be properly adjusted by a

Figure 1. Exemplary 5G application scenario where the radio access must cope with very different require-
ments.
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suitable synchronization mechanism, which is
then near optimal processing in a single cell if a
capacity achieving scheme such as superposition
coding is used per subcarrier. However, as soon
as the orthogonality is destroyed (e.g., due to
random channel access or multi-cell operation),
the distortion accumulates without bounds in
OFDM. This is due to the so-called reproducing
Dirichlet kernel sin(Nx)/sin(x) of OFDM, which
quickly approaches the sin(x)/x kernel for large
N where N is the number of subcarriers. For
such a kernel, it is well known that the amplifi-
cation of small errors (e.g., due to sampling or
frequency offsets) is not independent of N and
can grow with order log(N). Hence, we believe it
is better to abandon strict orthogonality partially
or altogether and control the impairments
instead.

Let us discuss several intriguing examples.

SPORADIC TRAFFIC
Sporadic traffic generating devices (e.g., MTC
devices in the IoT) should not be forced to be
integrated into the bulky synchronization proce-
dure of LTE-A PHY layer random access, which
has been deliberately designed to meet orthogo-
nal constraints. Instead, ideally, they awake
occasionally, and then should transmit their mes-
sages right away and only coarsely synchronized.
By doing so, MTC traffic would be removed
from standard uplink data pipes with drastically
reduced signaling overhead. Therefore, alleviat-
ing the synchronism requirements can signifi-
cantly improve operational capabilities and
network performance as well as user experience
and lifetime of autonomous MTC nodes.

Interestingly, sporadic access poses another
significant challenge to mobile access networks
due to an operation known as fast dormancy.
Fast dormancy is used by smartphone manufac-
turers to save battery power by using the feature
that a mobile can break ties to the network indi-
vidually, and as soon as a data piece is delivered
the smartphone changes from active into idle
state. Consequently, when the mobile has to
deliver more pieces of data it will always go
through the complete synchronization procedure
again. Actually, this can happen several hundred
times a day resulting in significant control sig-
nalling growth and network congestion threat. A
rough estimation yields that 2000 control
resource elements (i.e., a subcarrier) can be nec-
essary to deliver one data resource element.

We conclude that sporadic traffic must be
carried by non-orthogonal waveforms for asyn-
chronous signaling in the uplink and specifically
in an uplink random access channel (RACH).
We outline later a suitable sparse signal process-
ing concept together with new waveforms to effi-
ciently deal with the sporadic traffic and control
signaling problem. In fact, the ratio of control
and data can actually be reversed by such a con-
cept to approach a value below 5 percent within
a single sub-frame.

SPECTRAL AND TEMPORAL FRAGMENTATION
Due to fragmentation, spectrum is scarce and
expensive but also underutilized: this is com-
monly referred to as the spectrum paradox .
Therefore, carrier aggregation will be imple-

mented to achieve much higher rates by variably
aggregating non-contiguous frequency bands [2].
Carrier aggregation implies the use of separate
RF front-ends accessing different channels,
thereby reinforcing the attraction of isolated fre-
quency bands such as the L-Band. Actually, the
search for new spectrum is very active in Europe
and the United States in order to provide mobile
broadband expansion. It includes the opportunis-
tic use of spectrum, which has been an interest-
ing research area in wireless communications in
the past decade. Moreover, techniques to detect
and assess channel vacancy using cognitive radio
could well make new business models possible in
the future. The first real implementation will
start with the exploration of TV white spaces in
the United States. Combined with the prepara-
tion of the ongoing regulatory framework in
Europe, opportunistic use of spectrum can
address a 5G market if it overcomes, with spec-
trum agility, the rigorous implementation
requirements of low out-of-band radiation for
protection of legacy systems [2].

The LTE-A waveform imposes generous
guard bands to other legacy networks to satisfy
spectral mask requirements, which either severe-
ly deteriorate spectral efficiency or even prevent
band usage at all, which is again an artefact of
strict orthogonality and synchronism constraints
within the PHY layer. Moreover, in a scenario
with uncoordinated interference from pico- or
femtocells and highly overlapping coverage, it
seems illusive to provide the degree of coordina-
tion to maintain synchronism and orthogonality
in the network calling for new waveforms as
well. In addition to spectral fragmentation, tem-
poral fragmentation is another key issue (e.g.,
due to sporadic access in the asynchronous
uplink RACH). Notably, asynchronous signaling
also matters in the downlink in the context of
cooperative multipoint (CoMP).

In conclusion, such 5G scenarios where multi-
ple users are allocated a pool of frequencies with
relaxed (or even no) synchronization in time
must be addressed by new waveforms. Such
waveforms must implement sharp frequency
notches and tight spectral masks in order not to
interfere with other legacy systems, and must be
robust to asynchronous signalling and handle un-
coordinated interference. Traditional OFDM
schemes are not suited due to the inflexible han-
dling of guard intervals (GIs) — cyclic prefixes
(CPs) or cyclic suffixes (CSs) — as well as poor
spectral localization. In a later section we discuss
waveforms achieving 100× better localization
(e.g., 35 dB side lobe with LTE-A OFDM com-
pared to 55 dB side lobe with filter bank multi-
carrier (FBMC) [8]), which thus makes a real
difference in fragmented spectrum and CoMP
scenarios.

REAL-TIME CONSTRAINTS
Fourth-generation systems offer latencies of
multiple 10 ms between terminal and BS that
originate from resource scheduling, frame pro-
cessing, retransmission procedures, and so on.
However, future application scenarios such as
the tactile Internet scenario require ultra-low
latency matched with the human tactile sense. In
such an environment, a massive number of dis-

Sharing the medium

becomes an addi-

tional challenge and

imposes short wake

up cycles on the

nodes and the use

of burst transmis-

sion. Instead of con-

suming spectrum

and power resources

by introducing

sophisticated algo-

rithms to reach syn-

chronism, an

asynchronous

approach appears

promising.

WUNDER_LAYOUT_Layout  1/30/14  1:41 PM  Page 99



IEEE Communications Magazine • February 2014100

tributed sensors and actuators will be connected
to enable real-time tactile interaction in an aug-
mented way. Sharing the medium becomes an
additional challenge and imposes short wake-up
cycles on the nodes and the use of burst trans-
mission. Instead of consuming spectrum and
power resources by introducing sophisticated
algorithms to reach synchronism, an asyn-
chronous approach appears promising.

In order to achieve ultra-low latency, each
and every element of the communication and
control chain must be optimized. Focusing on the
PHY layer, an LTE-A system supports different
granularity of scheduling resources in a fixed
transmission time interval (TTI) of 1 ms. TTI
represents an inherent lower bound of the LTE-
A system’s PHY latency. Clearly, as the time
budget on the PHY layer in the tactile Internet
scenario is 100 ms maximum, frame duration
must be reduced, and LTE-A with its OFDM
symbol duration of 67 ms is not an option. In
order to discuss possible alternatives, assume 20
ms symbol duration. This means that a frame is
composed of five symbols, allowing for an appro-
priate frame structure for random channel access.
Considering, say, a 1 km cell range, the expected
delay spread is around 3 ms; thus, 4 ms CP is
required to ensure an intersymbol interference
(ISI)-free scenario. Hence, use of conventional
OFDM entails 20 percent loss in spectral effi-
ciency. A non-orthogonal waveform that allows
for transmitting multiples symbols with a single
CP relaxes such strict time domain requirements.

Another major drawback caused by short
frames is the fixed bandwidth increment required

to keep a given throughput. A flexible non-
orthogonal multicarrier waveform also allowing
for intercarrier interference (ICI) can use non-
proportional subcarrier spacing to accommodate
the necessary bandwidth. Alternatively, non-con-
tiguous spectrum can be aggregated, again
enabled by the low out-of-band emissions of the
non-orthogonal waveform.

Short frames also have a positive impact on
mobility support and operational frequencies.
LTE-A has been designed to support Doppler
spread of 100 Hz caused by 50 km/h mobility. By
reducing the frame duration, it is possible to
either support higher mobility or operate in a
higher frequency range. Finally, a short frame
brings benefits to upper protocol layers: although
the latency requirements of real-time applica-
tions demand a robust PHY layer to avoid
retransmissions of the frame, applications may
desire acknowledged signaling. A short frame
will enable the implementation of less time-con-
suming retransmission algorithms.

Summarizing, although OFDM could be
tuned to address different granularity of schedul-
ing resources, there is no mode in the current
LTE-A standard that can adapt to the latency
requirements of real-time services running on
top. If the symbol duration is reduced to achieve
very short round-trip delays, the GIs cannot be
scaled accordingly without severely compromis-
ing spectral efficiency or cell size. Required flex-
ibility can only be achieved with new waveforms,
as shown in a later section.

ELEMENTS OF
5G PHYSICAL LAYER ARCHITECTURE

In this section, we describe selected PHY ele-
ments that can overcome the technological chal-
lenges.

UNIFIED UPLINK FRAME STRUCTURE VISION
A 5G approach must be able to efficiently sup-
port different traffic types, which all have to be
part of future wireless cellular systems. Our
vision of a unified frame structure concept,
depicted by Fig. 2, aims to handle the large set
of requirements in a single 5G system. A filtered
multicarrier approach will enable the mix of syn-
chronous/asynchronous and orthogonal/non-
orthogonal traffic types, where the reduced
side-lobe levels of the waveform seek to mini-
mize ICI and ISI. The classical bit pipe traffic
(type I) with high-volume data transmission and
high-end spectral efficiency still exploits orthogo-
nality and synchronism wherever possible (e.g.,
when serving cell center users). This bit pipe
might also be a potential real-time carrier. Verti-
cal layering at common time-frequency resources
generates a non-orthogonal signal format sup-
porting heterogeneous cell structures and cell
edge transmissions more efficiently. For high-
volume data applications in those cell areas
(type II), a multi-cell multi-user transceiver con-
cept is required. The principle of interleave-divi-
sion multiple access (IDMA), initially published
in [3], is a very appealing approach to generating
these signal layers, and an elegant receiver and
coding concept for it.

Figure 2. The 5G vision of a unified frame for different types of traffic. Types I
and II represent high rate data for video with possible non-orthogonal
advanced receiver processing for cell edge or CoMP users for the second type.
Type I possibly also carries real-time traffic. Types III and IV is sporadic
asynchronous MTC traffic, possibly containing an energy-efficient spreading
element, for example, for sensors in the case of Type IV, as schematically
indicated by the green shade.
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MTC is expected to be one dominant applica-
tion of 5G systems. For this sporadic traffic type
(type III), a contention-based access technique is
attractive, saving overhead by dropping the strict
synchronism requirement. For sensor-type traffic
(type IV), the open Weightless initiative
(http://www.weightless.org/) has shown that,
from an energy-efficiency perspective, it is bene-
ficial to stretch the transmissions in time by
spreading. This additional signal layer, again,
can be handled by an IDMA-like approach.

DEALING WITH HETEROGENEOUS TRAFFIC TYPES
Universal filtered multi-carrier (UFMC) is a
recently introduced technique [10] generalizing
filtered OFDM [8], where the filtering is done
over the entire frequency band, and FBMC
(staggered multitone, SMT) [8], where the filter-
ing is done on a subcarrier level. One of the
design criteria of UFMC is to collect the advan-
tages of filtered OFDM and FBMC while avoid-
ing the respective disadvantages, thereby trading
off the filtering functionality between the two
techniques. Typically, UFMC filtering is per-
formed per sub-band comprising multiple sub-
carriers, for example, per physical resource block
(PRB), which suppresses the spectral side-lobe
levels and thus the ICI between different
resource blocks stemming from, say, lack of syn-
chronism or carrier frequency offsets (CFOs).
Another advantageous effect of filtering per sub-
band instead of per subcarrier is that the filter
length may be significantly shorter than that of
FBMC due to the larger sub-band bandwidth
(e.g., in the order of the OFDM cyclic prefix).
Hence, the UFMC waveform is also an appeal-
ing technique for communication with short
bursts, as in MTC. Additionally, quadrature
amplitude modulation (QAM) may be efficiently
used instead of offset QAM, compulsively adopt-
ed by FBMC.

In the unified frame structure vision, illustrat-
ed in Fig. 2, different traffic types are served by
the network, both synchronous and asyn-
chronous. In order to effectively deal with ICI
and ISI at the allocation edges of those traffic
types, a new waveform and frame structure
approach beyond OFDM is required. For that
purpose, Fig. 3 provides simulation results for a
two-user (one is at the cell edge) uplink FDMA
scenario, demonstrating the superiority of
UFMC over OFDM for allocation edges with
different timings, as appear in the universal
frame structure. UFMC uses filters that are
Dolph-Chebyshev-shaped (with 40 dB side-lobe
attenuation which comes on top of the sinc-
shaped spectral side-lobe level attenuation). For
delays outside the CP, UFMC clearly outper-
forms OFDM. Furthermore, it has a symmetric
characteristic of MSE vs. delay. This allows, in
the absence of closed-loop timing control (which
costs energy and signaling overhead, being unde-
sirable e.g., for MTC) better support of open-
loop timing control mechanisms. The device uses
the downlink pilot signals by the BS for a rough
synchronization and applies further corrections
based, for example, on estimated cell size.
Device signals arriving “too early” cause much
less degradation in UFMC than in OFDM. Thus,
in this scenario at the allocation edge between

two traffic types, UFMC shows clear advantages
over OFDM. Furthermore, the UFMC tech-
nique was already successfully demonstrated in
an uplink CoMP scenario [10].

SPARSE SIGNAL PROCESSING
The application of sparse signal processing
methodology for detection and demodulation of
MTC traffic in the PHY layer RACH benefits
from the “bursty” nature of signals that are in a
mathematical sense “sparse,” that is, they can be
described by a small set of parameters within a
much larger set of observables [12, 13]. Similar
to the mobile channel, a typical realization of a
doubly dispersive channel is described by only a
limited number of time-frequency shifts. It is
then a fundamental question of how many
observables the BS needs to recover the MTC
message in a robust manner. Recent results in
compressed sensing show that this number is far
below the Nyquist rate exploited by suitably
reduced measurements in the digital domain
[11]. Moreover, recent results suggest that
beyond conventional thinking in compressed
sensing, joint “sparsity” of the messages and
channels is additive rather than multiplicative
[15]. One of the intriguing ideas is to make
sparse signal processing available for 5G RACH,
exploiting joint “sparsity” of messages, mobile
channels, and user activity.

In our system concept, RACH dimensioning
in the uplink can be basically the same as in
LTE-A (1.08 MHz of 20 MHz total bandwidth).
In contrast to LTE-A, the RACH performs ter-
minal identification, channel estimation, as well
as equalization and demodulation at the same
time within a single subframe. Thanks to the
sparse structure of channels, the underlay con-

Figure 3. Comparison of UFMC with different filter lengths (30–80) against
CP-OFDM: mean squared error (MSE) in the presence of two allocated
asynchronous users on adjacent bands, each using three PRBs, having a tim-
ing offset of Ndelay (in samples), with FFT length 1024. L denotes the UFMC
filter length in samples, LCP the OFDM cyclic prefix length.The MSE is
caused by both ISI and ICI.
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trol signaling over the whole uplink bandwidth,
and sparse signal processing at the receiver, the
BS is able to process all signals including the
payload traffic (of different classes; Fig. 2) over
the whole uplink bandwidth (Fig. 4). Indeed, our
results and analysis show that terminals can be
identified with very high probability (on the
order of LTE-A) and, additionally, can transmit
payload data within a single subframe over the
full bandwidth with reasonable “raw” symbol
error rates. The actual supported number of ter-
minals then depends on the cell size, actual
channel profiles, and actual user activity.

COMP ROBUSTNESS FRAMEWORK
In cellular systems, cell edge users suffer from
high distances from their serving BS and strong
interference from neighboring cells, drastically
impacting the total cell throughput. Cooperation
between neighboring cells (CoMP), where users
at the border of the cell are served by at least
two BSs, is an efficient way to deal with this

issue and allows exploiting the available spatial
degrees of freedom (DoF) more efficiently, lead-
ing to increased system capacity in future cellu-
lar wireless communication networks [4].
However, such an approach entails huge addi-
tional overhead in terms of backhaul message
sharing, BS synchronization, feedback of channel
state information (CSI), forwarding of control
information, and so on. On top, the approach is
known to lack robustness against the actual
extent to which the delivered information reflects
the current network state. In fact, it turns out
that the achieved gains by CoMP transmission
are still far away from the theoretical limits,
even constraining the potential services in the
network due to extensive uplink capacity use for
control signaling [4]. The CoMP robustness
framework for new waveforms is a means to
overcome current limitations.

Time and Frequency Synchronization — The
first major issue with CoMP is time and frequen-
cy synchronization between the serving BSs and
the user equipment (UE). Figure 5 describes the
problem with two BSs. We focus here on the
downlink, but the same kind of synchronization
issues arise in the uplink. The signal from BS2 is
received at the UE with a delay t compared to
the signal from BS1, reflecting the over-the-air
propagation delay. dDf is the carrier frequency
offset (CFO) between each BS and the UE. fi is
a random initial phase, and hij (t) is the channel
response (exponential decay model) between BS
antenna i and UE antenna j.

OFDM requires a CP at least as long as the
delay t to efficiently compute channel estimation
and perform equalization, leading to a loss of
spectral efficiency. By contrast, due to the length
of the prototype filter (typically several times the
length of the OFDM window), FBMC symbols
can deal with high delays without the use of a
CP. In [9], it was demonstrated that with the
LTE-A 10 MHz parameters and an overlapping
factor of 4, delays t up to 7.8 ms can be tolerated
with FBMC without loss of performance. To
reach such a performance, OFDM would require
a CP longer than 120 samples, which is 11.7 per-
cent of the symbol length! In order to deal with
longer delays, t must be estimated at the UE
and corrected at the BSs. For this aim, [9] pro-
poses a robust algorithm with very low feedback
that is able to manage delays up to 230 time
samples.

The estimation and compensation of the
CFO (i.e., frequency synchronization) can be
entirely realized at the receiver without any need
for feedback information to the BSs. Thanks to
the very good frequency localization of the
FBMC prototype filter, CFOs up to 15 times the
carrier spacing (considering an overlapping fac-
tor of 4) can be estimated in two steps [9]. The
first step is a low-complexity energy detection
mechanism performed on the carriers of the
received preamble; the second step schematically
consists of an estimation of the phase of the
scalar product of two vectors of N carriers. The
residual CFO after estimation and compensation
with this method was shown to be lower than
0.15 percent of the carrier spacing with N high
(N = 560) and lower than 0.3 percent with a

Figure 4. The unified frame structure shall be controlled by an advanced 5G
RACH that is able to “illuminate” the full available uplink bandwidth by
observing a small observation window and using underlay signaling as well as
sparse signal processing (schematically indicated by the red shade).
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smaller complexity (N = 140), even with high
delay t.

Imperfect CSI — Another major problem is the
limited feedback problem and corresponding
imperfect channel state information for CoMP
scenarios. The limited feedback problem has
been considered for multiuser multiple-input
multiple-output (MU-MIMO) communications
[5] as well as for joint transmission and interfer-
ence alignment [14], all of them in the infinite
signal-to-noise ratio (SNR) regime, thereby
essentially carrying out a system’s DoF analysis.
Even though analytic treatment has made signifi-
cant progress in the past, the DoF approach can-
not really account for the throughput
degradation experienced in practice. The main
reasons for this are:
1. Infinite SNR regime where achieving DoF

is optimal (in this operational regime inter-
ference mitigation instead of signal
enhancement is the primary goal)

2. No user selection (the optimal scheduling
decision is known)

3. Ideal link adaption (rate allocation is always
considered optimal)

Altogether, this renders the performance analy-
sis overly optimistic, motivating new waveform
analysis for the limited feedback problem.

In [5] a new direction is developed that bears
great potential for the envisioned robustness
framework. The main idea in this work is to
exploit the structure of the transmit signals (in
this case the spatial transmit codebook) and
incorporate as much information as possible in
the design of the control channels. The collec-

tion of all information is the key to tailor the
metrics used in the network to generate control
messages as close as possible to the underlying
performance indicators (rather than close to,
e.g., the mobile channel coefficients). This
approach has been proven to drastically increase
the rates [5] in a non-cooperative multicell net-
work. In [14] the work was generalized to CoMP,
introducing new metrics using non-standard (and
robust) alignment conditions better suited to
deal with the practical impairments of a 5G
PHY layer. In this generalization other MAC-
related “asynchronisms” (e.g., outdated CSI) can
be collected easily and incorporated as well.

ACHIEVING VERY SHORT LATENCY
Generalized frequency-division multiplexing
(GFDM) [6, 7] is a recent PHY layer scheme
designed to overcome the major broadband and
real-time challenges for 5G systems. The basic
idea of GFDM lies in the transmission of a block
frame composed by M time slots with K subcarri-
ers. Each subcarrier is filtered within a GFDM
block, and the filter impulse response plays an
important role in the system (Fig. 6). Since the
transmit filter impulse response is not restricted
to be rectangular, there might be ICI among
adjacent subcarriers, and ISI might arise if the
combined transmit and receive filters do not ful-
fill the Nyquist criteria. However, the proper
choice of the pulse shape and appropriate inter-
ference canceling algorithms in the receiver
enable GFDM to match the performance of
OFDM in additive white Gaussian noise
(AWGN) channels and even outperforms
OFDM in severe frequency-selective channels

Figure 6. View of the GFDM frame structure based on the self-contained block for four subcarriers and seven time slots. The left part
shows the transmit filter impulse responses for each subcarrier of the first time slot, while the right side shows the transmit matrix A
where it is possibe to observe the time slot blocks with K subcarriers. A contains all MK impulse responses used to transmit the data
symbols of the GFDM frame.
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when a frequency domain equalizer is employed.
In order to avoid long filter tails and keep the
GFDM frame contained within MN samples, a
technique called tail biting is employed. This
means that GFDM uses circular convolution in
the filtering process instead of the linear convo-
lution used by FBMC. This procedure leads to
several advantages. The block frame structure
allows adding cyclic prefix and suffix, relaxing
the requirement of time domain synchronization.
Also, a single CP protects the information con-
tained in M time slots and results in higher spec-
tral efficiency compared to OFDM.

The low latency requirement, which is the
major challenge in the tactile Internet scenario,
can be fulfilled by GFDM due its flexibility and
block structure, which can be seen as a data-
gram. Since the amount of information to be
transmitted in this scenario is small, a GFDM
frame can be designed to fit the 100 ms time
budget; and if the throughput must be increased,
non-continuous subcarrier allocation or non-pro-
portional subcarrier spacing can be used to
accommodate the extra data rate. It is important
to notice that GFDM can still efficiently employ
CP and CS even with a 100 ms time budget for
the frame duration. The use of CP and CS in
GFDM relaxes the frame synchronization
demands between multiple users and also in a
CoMP scenario. The GFDM block structure also
brings an important benefit in the random access
channel scenario. In an asynchronous real-time
network, the capacity to correctly detect when a
new communication process has started is
mandatory. Special sequences with impulse self-
correlation properties can be used as preamble
of the GFDM frame, allowing for an efficient
communication initialization procedure. There-
fore, GFDM is a key candidate for the PHY
layer of the next generation cellular system,
capable of addressing all types of communica-
tions foreseen for the 5G networks.

CONCLUSIONS
The basic concepts presented in this article dis-
miss the widely unquestioned credo of strict syn-
chronism and orthogonality in cellular networks,
and instead introduces a broader non-orthogonal
robustness concept incorporating the overall
required control signaling and the applied wave-
forms in a joint framework. The core of this
paradigm is the introduction of new non-orthog-
onal waveforms that carry the data on the physi-
cal layer. The idea is to abandon synchronism
and orthogonality altogether, thereby admitting
some crosstalk or interference, and control these
impairments by a suitable transceiver structure
and transmission technique. Several waveform
approaches such as UFMC, FBMC, and GFDM
— all of them with disruptive advantages over
OFDM — are presented and put in exemplary
scenarios such as service differentiation, spec-
trum agility, CoMP, and real-time transmission.
For these scenarios we have clearly outlined the
benefits of non-orthogonal asynchronous wave-
forms over conventional OFDM modulation.
Corresponding advanced sparse signal process-
ing and robustness framework complement the
new concepts.

We are aware that the technological chal-
lenges are manifold and require advanced and,
most likely, more complex transceiver designs.
Fortunately, due to the evolving silicon process-
ing capabilities, following Moore’s law, it is
self-evident that 5G inner receivers will have
plenty of headroom for complexity increases,
compared to 3.5G–4G, as needed for process-
ing non-orthogonal asynchronous signals. More-
over, from a base station point of view, new
dimensions of processing capabilities are
enabled by a change from mere transistor scal-
ing to 3D integration of chips with wireless
high-speed interconnection among the chips
outperforming today’s processing by a factor of
at least 10E5.

ACKNOWLEDGMENT
This research was supported by the Euro-
pean Commission under grant 318555 (FP7
Call 8), the 5GNOW project. We also kindly
acknowledge the great  and indispensable
support of Prof. G. Fettweis for the 5GNOW
project.

REFERENCES
[1] G. Fettweis, “A 5G Wireless Communications Vision,”

Microwave J., vol. 55, ed. 12; pp. 24–39, Dec. 2012,
http://www.microwavejournal.com/ articles/18751-a-5g-
wireless-communications-vision.

[2] D. Noguet, M. Gauthier, and V. Berg, “Advances in
Opportunistic Radio Technologies for TVWS,” EURASIP
J. Wireless Commun. and Net., Nov. 2011,
http://jwcn.eurasipjournals.com/content/pdf/1687-1499-
2011-170.pdf

[3] L. Ping, L. Liu, and W. K. Leung, “A Simple Approach to
Near-Optimal Multiuser Detection: Interleave-Division
Multiple-Access,” Proc. IEEE WCNC 2003, New Orleans,
LA, Mar. 2003, pp. 391–96.

[4] R. Irmer et al., “Coordinated Multipoint: Concepts, Per-
formance, and Feld Trial Results,” IEEE Commun. Mag.,
vol. 49, no. 2, Feb. 2011, pp. 102–11.

[5] G. Wunder, J. Schreck, and P. Jung, “Nearly Doubling
the Throughput of Multiuser MIMO Systems Using
Codebook Tailored Limited Feedback Protocol,” IEEE
Trans. Wireless Commun. , vol. 11, no. 11, 2012,
http://www.arxiv.org/pdf/1107.2101, pp. 3921–31.

[6] G. Fettweis, M. Krondorf, and S. Bittner, “GFDM — Gener-
alized Frequency Division Multiplexing,” Proc. IEEE 69th
VTC Spring, Barcelona, Spain, Apr. 2009, pp. 1–4.

[7] I. Gaspar et al., “Low Complexity GFDM Receiver Based
On Sparse Frequency Domain Processing,” Proc. 77th
IEEE VTC Spring, Dresden, Germany, June 2013.

[8] B. Farhang-Boroujeny, “OFDM Versus Filter Bank Multicarri-
er,” IEEE Sig. Proc. Mag., vol. 28, May 2011, pp. 92–112.

[9] N. Cassiau, D. Kténas, and J.-B. Doré, “Time and Fre-
quency Synchronization for CoMP with FBMC,” Proc.
ISWCS ’13, Ilmenau, Germany, August 2013

[10] V. Vakilian et al., “Universal Filtered Multi-Carrier Tech-
nique for Wireless Systems Beyond LTE,” 9th Int’l.
Wksp. Broadband Wireless Access, IEEE GLOBECOM
’13, Atlanta, GA, Dec. 2013.

[11] W. U. Bajwa et al., “Compressed Channel Sensing: A New
Approach to Estimating Sparse Multipath Channels,” Proc.
IEEE, vol. 98, no. 6, June 2010, pp. 1058–76.

[12] H. F. Schepker, C. Bockelmann, and A. Dekorsy: “Cop-
ing with CDMA Asynchronicity in Compressive Sensing
Multi-User Detection,” Proc. 77th IEEE VTC Spring,
Dresden, Germany, June 2013.

[13] H. Zhu and G. Giannakis: “Exploiting Sparse User
Activity in Multiuser Detection,” IEEE Trans. Commun.,
vol. 59, no. 2, 2011, pp. 454–65.

[14] J. Schreck, G. Wunder, and P. Jung, “Robust Iterative
Interference Alignment for Cellular Networks with Lim-
ited Feedback,” Int’l. Wksp. Emerging Technologies for
LTE-Advanced and Beyond-4G, IEEE GLOBECOM ’13,
Atlanta, GA, Dec. 2013, http://arxiv.org/abs/1308.6750

[15] P. Walk and P. Jung, “On a Reverse l2-Inequality for
Sparse Circular Convolution,” Proc. 38th IEEE ICASSP
’13, Vancouver, Canada, May 2013.

From a base station

point of view, new

dimensions of pro-

cessing capabilities

are enabled by a

change from mere

transistor scaling to

3D integration of

chips with wireless

high-speed intercon-

nection among the

chips outperforming

todays processing by

a factor of 

at least 10E5.

WUNDER_LAYOUT_Layout  1/30/14  1:41 PM  Page 104



IEEE Communications Magazine • February 2014 105

BIOGRAPHIES
GERHARD WUNDER [M] (gerhard.wunder@hhi.fraunhofer.de)
is currently with the Fraunhofer Heinrich Hertz Institute
Berlin. He received his graduate degree in electrical engi-
neering (with highest honors) and his Ph.D. degree (Summa
Cum Laude) from Technical University of Berlin, where he is
also a Privatdozent. He is leading a research group on 5G
related topics such as physical layer security (www.ict-pro-
phylaxe.de), network information theory, and energy effi-
ciency, which is also supported by the German national
research foundation (DFG). He is the author of a recent
article in IEEE Signal Processing Magazine on the PAPR
problem and serves as an Editor for IEEE Transactions on
Wireless Communications.

PETER JUNG [M] received his Dipl.-Phys. in physics in 2000 from
Humboldt University, Berlin, Germany. Since 2001 he has
been with the Department of Wireless Networks, Fraunhofer
Heinrich-Hertz-Institute. He received his Dr.-rer.nat (Ph.D.)
degree in 2007 at the Technical University of Berlin and is cur-
rently working under DFG grant JU 2795\/2 in the field of sig-
nal processing and information and communication theory.
His current research focuses on compressed sensing (CS) and
time-frequency analysis. He is a member of VDE/ITG and Edi-
tor of IEEE Transactions on Wireless Communications.

MARTIN KASPARICK received his Dipl.-Ing. degree in computer
engineering from TU Berlin in 2009. Since 2010 he has been
an research associate at TU Berlin, where he is currently work-
ing toward his Ph.D. degree. Since 2013 he has been with the
Fraunhofer Heinrich Hertz Institute (HHI). His research is
focused on the optimization and control of wireless networks.

THORSTEN WILD received his Dipl.-Ing. degree in electrical
engineering from the University of Karlsruhe in 2001, after
that joining Alcatel-Lucent as a research engineer. He par-
ticipated in several European/national research projects, like
WINNER and Easy-C. He authored many 3GPP LTE stan-
dardization technical documents and holds more than 40
filed patents in communications, being nominated for the
Bell Labs Inventors Award in 2011. Currently, he is the
technical manager of the 5GNOW research project.

FRANK SCHAICH received his Dipl.-Ing. degree in electrical
engineering from the University of Stuttgart, and worked
as a research assistant at the University’s Institute of Com-
munications working toward his doctorate. In 2007 he
joined Alcatel-Lucent’s wireless access physical layer group.
He served as work package leader for several European
Union’s FP7 projects. Currently his main focus is on devel-
oping solutions for the next generation of wireless cellular
communication systems (5G).

YEJIAN CHEN received his B.E. degree from Shanghai Jiao-
tong University, China, in 1998, his M.E. degree from the
University of Kaiserslautern, Germany, in 2001, and his
Ph.D. from University of Stuttgart, Germany, in 2006, all in
electrical engineering. Since August 2006, he has been a
research engineer in Alcatel-Lucent Bell Laboratories,
Stuttgart, Germany. His research interests are digital signal
processing, MIMO, channel estimation, and advanced
receiver design for next generation cellular systems.

STEPHAN TEN BRINK received his Dipl.-Ing. and Dr.-Ing. degree
in electrical engineering from the University of Stuttgart,
Germany. From 2000 to 2003 he was with Bell Laborato-
ries, Lucent Technologies, Holmdel, New Jersey, and from
2010 to 2013 with Bell Labs in Stuttgart, respectively. From
2003 to 2010, he was with Realtek Semiconductor Corp.,
Irvine, California, developing ASIC solutions for wireless
systems. Since July 2013, he is with the University of
Stuttgart, heading the Institute of Telecommunications.

IVAN SIMÕES GASPAR received his B.S.S.E. and M.Sc. degrees
in telecommunications from Inatel in 2003 and 2006,
respectively. From 2003 to 2011 he was a technical super-
visor and product manager in the Department of Research
and Development of Hitachi Kokusai Linear Electronic
Equipment S/A. From 2008 to 2011 he collaborated as an
auxiliary lecturer at INATEL. Since February 2012 he has
been a research associate at the Vodafone Chair/TU Dres-
den working on robust non-orthogonal modulation
schemes in the 5GNOW project and the RF Lead User Pro-
gram with National Instruments.

NICOLA MICHAILOW received the diploma degree (Dipl.-Ing.)
in electrical engineering with focus on wireless communi-

cations and information theory from TU Dresden in 2010.
Since September 2010, he is a research associate at the
Vodafone Chair TU Dresden, where his scientific interests
revolve around flexible multi-carrier systems for next gener-
ation cellular systems.

ANDREAS FESTAG is research group leader at the Technical
University of Dresden, Vodafone Chair Mobile Communica-
tion Systems since 2013. He received a diploma degree
(1996) and Ph.D. (2003) in electrical engineering from TU
Berlin. As a researcher, he worked with the Telecommuni-
cation Networks Group (TKN) at TU Berlin, HHI in Berlin,
and NEC Laboratories in Heidelberg.

LUCIANO LEONEL MENDES received his B.S.E.E. and M.Sc.
degrees in telecommunications from Inatel in 2001 and
2003, respectively. In 2007 he received his doctoral degree
in electrical engineering from Unicamp. He has been with
Inatel since 2001, acting as a researcher and professor.
Today he is also a postdoctoral researcher at TU Dresden
and is sponsored by Conselho Nacional Científico e Tec-
nológico — Brasil (Bolsista CNPq). His area of research is
multicarrier modulation for 5G networks.

NICOLAS CASSIAU graduated from a French engineering school,
Polytech' Nantes, in 2001. Since then he has been with CEA-
Leti in Grenoble. His fields of interest are digital wireless
communications and algorithm design. He has been working
in particular on multiple antenna systems (MIMO), the physi-
cal layer of OFDM/filter bank multicarrier (FBMC) systems,
and more recently on system-level simulations for wireless
communications of fourth generation and beyond.

DIMITRI KTÉNAS received his Dipl.-Ing. degree in electrical
engineering from the Ecole Nationale Supérieure d’Elec-
tronique et de Radioélectricité (ENSERG), Grenoble, France,
in 2001. Since then, he has worked as a research engineer
in the Wireless Laboratory at CEA-Leti. Since 2010, he has
led an R&D team within the Wireless laboratory.

MARCIN DRYJANSKI Marcin Dryjanski received his M.Sc.
degree in telecommunications from the Poznan University
of Technology in Poland in June 2008. He spent six months
at the Technische Universitaet Kaiserslautern in Germany
during his Erasmus studentship. Since May 2008 he serves
as an R&D engineer at IS-Wireless. He is responsible for
architecting of IS-Wireless’ software solutions. He is an
expert in PHY/MAC design, especially related to standards
such as 3GPP E-UTRAN (LTE/LTE-A).

SLAWOMIR PIETRZYK received his PhD in the area of wireless
access systems at Delft University of Technology in 2005.
He holds an M.Sc. in telecommunications (1997) from
Kielce University of Technology. He is an author of the
book OFDMA for Broadband Wireless Access (Artech
House, 2006). Currently, he acts as CEO at IS-Wireless
(www.is-wireless.com).

BERTALAN EGED is a manager of the pan-European Systems
Engineering Centre of Excellence made up of engineers
with expertise in RF communications and FPGA technolo-
gy for rapid prototyping and automated test applications.
He led several industr ial  R&D projects containing
microwave, high-frequency, and high-speed circuit and
equipment developments. In the last years he was active
in the field of development of communication equipment
and systems based on software defined radio technology
for the defense industry segment, targeting spectrum
monitoring, signal intelligence, and electronic warfare
applications.

PETER VAGO received his M.Sc. electrical engineering degree
in broadband communications at the Budapest University
of Technology and Economics in 2010. He started at
National Instruments in 2010 as an applications engineer;
in 2012 he joined the NI Pan-European Systems Engineer-
ing Centre of Excellence in Budapest, where he is a systems
engineer team leader role. He specializes in high-frequency
measurements, FPGA-based digital signal processing, soft-
ware defined radio technology, and embedded measure-
ment and control systems. 

FRANK WIEDMANN received his Dipl.-Ing. degree in electrical
engineering from the University of Braunschweig, Ger-
many, in 1994. He joined National Instruments in 1995 as
an application engineer. Currently he heads the European
Business Development team of National Instruments and
leading the SDR initiatives.

WUNDER_LAYOUT_Layout  1/30/14  1:41 PM  Page 105



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus settings for Acrobat Distiller 9)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (Cadmus_Flattener_Presert)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


