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Abstract—This paper reports intermediate transceiver and 
frame structure concepts and corresponding results from the 
European FP7 research project 5GNOW. The core is the unified 
frame structure concept which supports an integrated 5G air 
interface, capable of dealing both with broadband data services 
and small packet services within the same band. It is essential for 
this concept to introduce waveforms which are more robust than 
OFDM, e.g., with respect to time-frequency misalignment. 
Encouraging candidate waveform technologies are presented and 
discussed with respective results. This goes along with the 
corresponding multiple access technologies using multi-layered 
signals and advanced multi-user receivers. In addition we 
introduce new (compressive) random access strategies to enable 
“one shot transmission” with greatly reduced control signaling 
particularly for sporadic traffic by orders of magnitude. Finally, 
we comment on the recent results on the 5GNOW networking 
interface. The intermediate results of 5GNOW lay the ground for 
the standardization path towards a new 5G air interface beyond 
LTE-A. 

Keywords—5G, waveforms, new air interface,unified frame 
structure, OFDM, FBMC, UFMC, GFDM, non-orthogonal, 
asynchronous 

I.  INTRODUCTION 
The advent of the Internet of Things (IoT) and its 

integration with high rate bit pipes for the content-driven 
Internet (fast video download, 3D video streaming etc.) 
imposes new, virtually contradicting requirements on next 
generation wireless air interfaces. While the former demands 
supporting a scalable (large) number of nodes (3GPP: >30k 

nodes per cell) under the premises of low cost and life time 
(>10 years) with particular traffic characteristics, e.g. sporadic 
transmissions; the latter demands Gigabit wireless connectivity. 
In addition, application visions like the Tactile Internet 
postulate the support of very low latencies (<1ms). The main 
paradigm of the European FP7 5GNOW project is that the 
underlying design principles–synchronicity and orthogonality–
of the PHY layer of today’s LTE-A radio access network 
constitute a major obstacle for such envisioned service 
architecture [1]. 

This paper provides a summary of intermediate 5GNOW 
results, leading to the intermediate 5GNOW transceiver and 
frame structure concept, which is able to address the wide 
range of application scenarios in future wireless systems. The 
main focus of 5GNOW work lies in the classical frequency 
ranges below 6 GHz, but the concepts derived may be well 
applicable to higher frequency ranges as well. 

II. 5GNOW UNIFIED FRAME STRUCTURE 
 Fig. 1 depicts the unified frame structure concept [1], 
aiming at handling the very heterogeneous service and device 
classes within one wireless access frame structure. Here, colors 
represent time-frequency resource elements of different traffic 
types and different classes of synchronicity. Radio resource 
control can adjust the assigned bandwidth semi-statically based 
on the respective service loads. The third dimension in this 
Unified Frame Structure is the usage of multiple superimposed 
signal layers (see section III.A for more details), High-volume 
broadband traffic (Type I), typically human-initiated, will 
operate as in LTE-A with synchronicity, whenever possible, 
using scheduled access. At cell edges, with Coordinated Multi-
Point (CoMP) transmission and reception, it is not always 
possible to establish synchronicity to all cells, so the system 
has to operate with relaxed synchronicity requirements (Type II 
traffic). For sporadic small packet services, as occurring in 
Machine-Type Communication (MTC), the general relaxation 
of time-frequency alignment reduces signaling overhead and 
battery consumption (Type III traffic). Multiple signal layers 
may superimpose, which is handled by advanced multi-user / 
multi-cell receivers. For low-end sensor devices, it may be 
helpful to spread the transmission over a longer time and to 
allow completely asynchronous transmission (Type IV) traffic. 
The unified frame concept shall be main part of the 
standardization processes to be initiated in the future. 
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In that context, an example multiple access schemes are 
defined as follows: 

a) Dynamic, channel adaptive resource scheduling for 
traffic Type I using standard resource scheduling mechanisms. 

b) Semi-static/persistent scheduling for traffic Type II. 
From MAC point of view it is necessary to decide on the 
amount of resources allocated for this type of traffic, since 
schedulers will not adapt to specific parts of the frequency 
(may also be used for high speed terminals). 

c) One shot transmission (low amount of data and pilots) 
with contention-like based approaches for random access (Type 
III and IV) enabling payload transmission in physical layer 
random access channel [2]. 
 Notably, traffic types II and III rely on open-loop 
synchronization. The device listens to the downlink and 
synchronizes itself coarsely, based on synchronization channel 
and/or reference symbols, similar to 4G systems. Furthermore, 
the devices may apply some autonomously derived timing 
advance which we call Autonomous Timing Advance (ATA) [3] 
relevant particularly for MTC in 5GNOW. 

III. 5GNOW WAVEFORM AND MULTIPLE ACCESSS 
APPROACHES 

The widely adopted OFDM waveform, used in 4G systems 
has high spectral side lobe levels, due to rectangular symbol 
shapes in time. This results in a high sensitivity to time-
frequency misalignment. However, for the unified frame 
structure concept which includes high spectral and temporal 
fragmentation, new waveform candidates for the simultaneous 
operation of synchronous and asynchronous traffic in the same 
frequency band are required. This leads to a much more 
flexible and scalable air interface, being able to support the 
very heterogeneous requirements of next generation systems. 

A. UFMC with multiple signal layers 
 The usage of multiple signal layers is part of the unified 
frame structure concept as it occurs at least in “collision” 
situations of contention-based access. Furthermore it is 
required to achieve the capacity of the multiple access channel 
[4], e.g., in the two-user rate region. In 3G systems, multiple 
signal layers could be supported by separation via code 
(CDMA). In beyond 3G systems, with the addition of MIMO, 
multiple signal layers were used in the spatial domain. A 
natural generalization of code and spatial layers, tailored to 
modern multi-user receiver strategies, is to separate multiple 

layers via coding and layer-specific interleavers. This concept 
is called Interleave Division Multiple Access (IDMA) [5]. This 
multi-layering approach can now be used in conjunction with 
multi-carrier waveforms in order to benefit further [4]. 
 The drawbacks of classic cyclic prefix (CP-) OFDM w.r.t. 
spectral properties have already been discussed before. A 
recent alternative, very close to OFDM, has been designed and 
investigated within 5GNOW: Universal Filtered Multicarrier 
(UFMC), which is also known as UF-OFDM, as it can be 
parameterized to OFDM. In contrast to Filter Bank Multicarrier 
(FBMC) (see below) that uses a per-subcarrier filter, UFMC 
filters bundles of subcarriers, shortening the filter length. This 
is motivated by the observation that temporal and spectral 
asynchronicities occur between bundles of subcarriers (as e.g. 
uplink allocations are carried out block-wise, i.e. physical 
resource blocks (PRB) in LTE terminology) while in between 
them the transmission remains orthogonal. In short-burst 
communication scenarios, e.g. required in applications with 
low latency and/or small packets, the advantages of UFMC 
over CP-OFDM and FBMC were shown in [6]. Due to its 
improved spectral properties over CP-OFDM, UFMC offers an 
increased robustness against sources of inter-carrier 
interference, like carrier frequency offset. Those advantages 
were demonstrated in an uplink CoMP joint multi-cell 
reception scenario [7]. Due to QAM-modulation and closed 
relationship with CP-OFDM, UFMC allows straightforward 
usage of all known MIMO techniques without notable addition 
of complexity. Further optimization of UFMC filters for 
different ranges of carrier frequency offsets can be made, 
where first results and optimization approaches are discussed in 
[8]. Interestingly, UFMC goes beyond classical Gabor 
signaling scheme due to block operation and different possible 
block filter characteristics. First indications discuss UFMC as 
an extension of Gabor signaling: An interpretation, roughly 
speaking, as a hierarchical concatenation of an inner Gabor 
scheme (the subcarriers inside each subband) and an outer 
Gabor scheme (the filters of the subbands) is for further 
studies. 
 5GNOW [9] has investigated combinations of the UFMC 
waveform with different multiple access strategies, namely 
FDMA and IDMA. As a benchmark, the same multiple access 
approaches are combined with the CP-OFDM waveform [4]. 
The comparison is made in a setting with relaxed synchronicity 
requirements. According to Fig. 2, with low-rate forward error 
correction (FEC) codes, IDMA is strongly outperforming 
FDMA. (Higher code rates in the range of RC=3/4 are outside 

 
Fig. 2. Uplink OFDM vs UFMC using either FDMA or IDMA multiple access. 
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Fig. 3. BER performance of MF-SIC GFDM receiver considering 
different number of iterations (with parameters M=5, K=128, g[n] is a 
raised cossine pulse with roll-off of 0.4, 64-QAM and Rayleigh multipath 
channel with exponential decaying profile between 0 dB and -10 dB). 

of typical IDMA working points and thus are not plotted for 
better lucidity.) In order to compare the schemes under the 
same maximum throughput conditions, two 16-QAM FDMA 
users occupy each half the allocation size as the two 
superimposed IDMA layers using QPSK. For higher values of 
Eb/N0, the benefits of UFMC get more visible (e.g. comparing 
the green curves with squares), especially in an asynchronous 
setting [3]. The combination of UFMC with both multiple 
access schemes is always better than pure CP-OFDM, and we 
see that the strengths of UFMC and IDMA are complementing 
each other well over different ranges of SINR. 
B. GFDM 
 Generalized Frequency Division Multiplexing (GFDM) 
[10] is a new multicarrier modulation scheme with OFDM and 
SC-FDE being corner cases of a more general concept. The 
GFDM signal is based on a block structure of KM total data 
symbols dk,m from a constellation mapping such as QAM, 
which are divided into K subcarriers and M subsymbols. Each 
subcarrier is shaped with a subcarrier filter gk,m[n] that is 
constructed by circularly shifting a prototype pulse g[n] in both 
the time and the frequency dimension as 

𝑔𝑘,𝑚[𝑛] = 𝑔[(𝑛.𝑚𝐾)mod𝑀𝐾] exp �𝑗2𝜋
𝑘
𝐾 𝑛 � ,              (1) 

where m and k are the subsymbols and the subcarrier indexes, 
respectively. The transmission signal is generated by summing 
all waveforms weighted by the data symbol dk,m. GFDM turns 
into OFDM when using M=1, while SC-FDE modulation is 
achieved with K=1. In the general case of M>1 and K>1, the 
circular definition of gk,m[n] eliminates convolution tails when 
applying the subcarrier filter. This cyclic structure requires 
adding only one CP for M subsymbols in GFDM, while every 
symbol has a CP in OFDM. Hence, CP-GFDM has a higher 
spectral efficiency than CP-OFDM. Moreover, the pulse 
shaping of the GFDM subcarriers guarantees well localized 
spectral properties with steep edges and shoulders that can 
achieve up to -65dBc attenuation [11]. Lastly, the very flexible 
block structure of the GFDM signal makes this modulation 
scheme a good candidate for a low latency PHY. The fact that 
subsymbols with duration in the order of 10 µs can be 
transmitted with a single CP for the entire block and then be 
detected independently on the receiver side is a big advantage 
over OFDM. In addition to that, subcarriers in GFDM have an 
M times higher spectrum resolution than OFDM, because each 
subsymbol contributes with one sample. Consequently, when 
increasing the number of subsymbols while reducing their 
duration it is still possible to equalize the channel, even if it is 
frequency selective per subcarrier. Such a configuration is not 
possible with OFDM. 
 On the receiver side, assuming that the channel is time-
invariant during the duration of the GFDM block and that the 
channel delay profile is shorter than the CP, the estimated data 
symbols can be retrieved from the equalized received sequence 
r[n] by matching with the receiver impulse response γk,m[n] for 
the mth subsymbol and kth subcarrier. If g[n] is identified as a 
discrete Gabor prototype window where the data symbols dk,m 
are the Gabor expansion coefficients, then, clearly, the GFDM 
signal is a critically sampled Gabor expansion [12] so that γ[n] 
is the corresponding dual window to g[n] (with the same time-

frequency cyclic shift structure) and the received filters 
represent the Gabor transform of the equalized received 
sequence. One important practical application of this theory is 
the computation of the prototype receiver filter. Since γ[n] is 
the dual to g[n], the prototype receiver filter can be obtained by 

𝛾[𝑛, 𝑘] = ((𝑍−1)(𝐾,𝑀))�
1

𝐾(𝑍(𝐾,𝑀)𝑔)∗[𝑛, 𝑘]
� ,               (2) 

where 

�𝑍(𝐾,𝑀)𝑔�[𝑛, 𝑘] = � 𝑔�
𝑛
𝐾 + 𝑙� 𝑒−𝑗2𝜋

𝑘𝑙
𝑀

𝑀−1

𝑙=0

                    (3) 

is the Discrete Zak Transform (DZT) of a periodic sequence 
g[n] and (𝑍−1)(𝐾,𝑀) is the inverse DZT. From (2) and (3), it is 
clear that the evaluation of the receiver filters does not require 
a large computation based on all possible waveforms, but the 
computationally efficient DZT transform pair can provide the 
prototype receiver filter only based on the transmit prototype 
filter. 
 The consequence of pulse shaping the GFDM subcarriers 
without offset QAM modulation or orthogonal pulses is that the 
data symbols within a GFDM block interfere with each other. 
While the zero-forcing receiver is an efficient tool to avoid this 
self-interference, it bears the drawback of noise enhancement. 
Due to the discrete Gabor setting this noise enhancement 
heavily depends on the system parameters: while the Balian-
Low theorem prohibits efficient operation it can be shown that 
for the discrete setting here in certain cases the Balian-Low 
theorem can be circumvented at least to avoid sampling the 
DZT at zeros [12]. Moreover, to avoid amplifying the noise in 
the reception process, a Matched Filter (MF) receiver can be 
used to maximize the SNR for the individual subcarriers, in 
combination with a subsequent Successive Interference 
Cancellation (SIC) stage to remove the non-orthogonal parts in 
the signal, before detection. In GFDM, SIC is particularly 
effective, because each subcarrier is well localized in frequency 
domain and only immediate neighbors interfere with each 
other. Results have shown that MF-SIC can effectively remove 
self-interference at the cost of a reasonable computational 
complexity [13]. 
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Fig. 4. SINR in dB as a function of carrier index and timing offset for 
OFDM and FBMC waveforms. 

 Fig. 3 shows the Bit Error Rate (BER) performance of the 
MF-SIC receiver for different number of iterations (l). The 
BER performance of the MF-SIC receiver approaches the 
theoretical lower bound as the number of iterations increase, 
which means that GFDM can practically achieve the same 
performance than OFDM in mobile communication channels.  
 
C. FBMC for asynchronous multiple access and fragmented 

spectrum 
 FBMC is a multicarrier modulation technique that is 
experiencing renewed interest [14], due to a significant 
increase in the processing capacity of electronic equipment. 
The prototype filter of FBMC can be designed with great 
flexibility: subcarrier filters can be built with arbitrarily low 
secondary lobes, making FBMC a good candidate for 
asynchronous multiple access and/or fragmented spectrum 
communications. Classical implementation of FBMC receivers 
thanks to polyphase networks [14] is suitable to multiuser 
reception. However, synchronization, channel estimation and 
equalization have then to be carried out in the time domain, at 
the cost of a high complexity. To cope with this issue, 
frequency-spreading FBMC is considered [15]: at the expense 
of a larger FFT size, all the above mentioned processes may be 
efficiently done in the frequency domain with low complexity 
and relaxed synchronizations constraints. 
 The scenario under consideration hereafter is fragmented 
spectrum access in the context of asynchronous uplink multi-
user transmissions [16]. In particular, below we consider a set 
of three users, where the user of interest is located in between 
the other users in frequency. The UEs are considered 
unsynchronized. We assume LTE-like parameters, the 
intercarrier spacing is set to 15 kHz, the cell coverage is 
assumed to be 5 km. We depict in Fig. 4 the SINR measured at 
the output of the equalizer for OFDM and FBMC waveforms. 
No guard carrier is inserted between the edges of each user 
spectrum band (24 carriers per user). The SINR has been 
computed for each carrier location and for each timing offset 
from 0 to 256 samples (16.67𝜇𝑠). For OFDM, thermal noise 
dominates the SINR when the timing offset is lower than the 
duration of the guard interval. In that case, the received signal 
is not affected by interference. However, as soon as the timing 
offset is larger than the guard interval, SINR is dominated by 
the interference. This clearly illustrates that the interference 
level is more important on the edges of the spectrum, when the 
OFDM signal is not synchronized within the guard interval of 
its adjacent signal. This is due to the sinc frequency shape of 
the OFDM waveform. For FBMC, the center of the spectrum is 
always dominated by thermal noise, while interference at the 
edges of the carrier is preponderant, whatever the timing offset. 
This is a direct consequence of the properties of the prototype 
filter which has been designed to minimize out of band 
interference. Interference affects the edges of the spectrum 
because the orthogonality of OQAM modulation is not 
preserved between asynchronous adjacent users. These results 
underline the benefit of FBMC over OFDM in this scenario. 
 Further simulations in above mentioned scenario show that, 
for 16-QAM modulation, FBMC gives a significantly better 
capacity, particularly in the range of 10 to 20 dB of SNR. Due 
to the better frequency localization, only the carriers located at 
the border of the user spectrum are affected by interference. 
For 64-QAM, the FBMC waveform clearly outperforms the 

OFDM waveform. Interference dominates the SINR in the 
OFDM case and consequently for a given capacity of 5 
bits/s/carrier, the SNR loss compared to FBMC is around 5dB. 

IV. 5GNOW RANDOM ACCESS STRATEGIES: ONE SHOT 
TRANSMISSION 

 Sporadic traffic due to MTC will dramatically increase in 
the 5G market and, obviously, cannot be handled with the 
bulky 4G random access procedures. Two major challenges 
must be addressed: 1) unprecedented number of devices 
asynchronously access the network over a limited resource and 
2) the same resource carries control signaling and payload [17]. 
Dimensioning the channel according to classical theory results 
in a severe waste of resources which even worse does not scale 
towards the requirements of the IoT. On the other hand, since 
typically user activity, channel profiles and message sizes are 
compressible within a very large receive space, sparse signal 
processing methodology is a natural framework to tackle the 
sporadic traffic. One of the main ideas is a common control 
channel to enable “one shot” transmission. 

A. Compressive Random Access 
 To explain the overall idea we start by considering first a 
generic single–user system model. Let 𝑝 ∈ ℂ𝑛 be a pilot 
(preamble) sequence which is unknown but from a given set 
𝒫 ⊂ ℂ𝑛  and 𝑥 ∈ ℂ𝑛  be an unknown (coded) data vector. Both 
are transmitted simultaneously and use potentially the same 
resource. We set 𝔼 1

𝑛
‖𝑝‖𝑙2

2 = 𝛼, and 𝔼 1
𝑛
‖𝑥‖𝑙2

2 = 1 − 𝛼. 
Hence, the control signalling fraction of the power is 𝛼 and, 
due to the random nature of x we have 𝔼 1

𝑛
‖𝑝 + 𝑥‖𝑙2

2 = 1, i.e. 
the total transmit power is unity. Note that in typical systems n 
is large, say n=24576 as in LTE/LTE-A with 20 Mhz 
bandwidth and 𝒫 represents the Frank-Zadoff-Chu sequence 
set and no data is transmitted.  The primary goal at the 
receiver is to estimate the data vector x from the observations y 
whereby also the vector h of channel coefficients is unknown. 
A possible strategy is to estimate separately first the channel 
coefficients ℎ� = 𝑄ℎ(𝑦|𝑥 ∈ 𝑋),  under certain assumptions on 
the data x. A simple approach here is for example to treat the 
data as noise. In a second phase then the data 𝑥� = 𝑄𝑥�𝑦�ℎ�� 
conditioned onto ℎ�  has to be estimated. Obviously, this 
procedure can then be iterated with or without data decoding.  
While for a classical receiver this procedure results in a huge 
interference for the channel estimation, a non-standard receiver 
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Fig. 5. Avg. BPSK SER in 5G “one-shot” random access (in 20MHz 
LTE-A setting) at SNR=20dB. Out of n=24576 dimensions, m=839 are 
used for CS. 

 
Fig. 6. 𝑃𝐹𝐷 over 𝑃𝑀𝐷 for the 5G “one-shot” random access with varying 
detection thresholds. The box illustrates the LTE feasible region. 

can make use of the reduced dimensionality of the problem 
beyond the classical Shannon setting: 1) The communication in 
random access is sporadic so that out of the total set only an 
unknown small subset of users are actually active. 
Alternatively, we can assert certain probabilities to each node. 
2) We assume to have a–priori support knowledge on h, i.e. 
𝑠𝑢𝑝𝑝(ℎ) ⊆ Τ with T denotes, e.g., a subset of [0, … ,𝑇𝑐𝑝] 
where 𝑇𝑐𝑝 represents the cyclic prefix of LTE-A (i.e. 
𝑇𝑐𝑝=8192). Moreover, we assume “sparsity” of channel profile 
with only six relevant paths and supp(h) < 300 (corresponding 
to a 1.5 km cell). 
 A key is the illumination and partial Fourier sampling 
concepts from [18] with the limitation to a relatively small 
observation frequency window, i.e. frequency indices in the set 
𝔅 of cardinality 𝑚 = |𝔅| so that the data noise floor is 
effectively suppressed. Let us denote with 𝑃𝐵 :ℂ𝑛 → ℂ𝑚 the 
corresponding projection matrix. It is known that fixed Fourier 
windowing has several drawbacks. To introduce certain 
randomization we consider pointwise multipliers 𝜉 ∈ ℂ𝑛 in 
time domain and we denote the corresponding 𝑛 × 𝑛 diagonal 
matrix as 𝑀𝜉 ≔ 𝑑𝑖𝑎𝑔(𝜉). Summarizing, the 𝑚 × 𝑛 sampling 
matrix Φ = 𝑃𝐵𝑊𝑀𝜉 will be considered. The 𝑚 × 𝑛 matrix 
𝑃𝐵 ⋅ 𝑐𝑖𝑟𝑐(𝜉), is usually called partial circulant matrix and it can 
be shown that it is applied to ĥ (instead of ℎ) so that ĥ is 
actually sparse in the inverse Fourier domain. Preferable for 
sparse channel vectors h (in whatever domain) is the 𝑙1–
penalized least square method or quite efficient greedy 
methods like CoSAMP with precise guarantees in 
reconstruction performance [18]. 
 Performance results are depicted in Fig. 5, where we show 
symbol error rates (SER) over the pilot-to-data power ratio 𝛼. 
Recall the extremely challenging scenario of only 839 
subcarriers in the measurement window versus almost 24k data 
payload subcarriers. Moreover, in Fig. 6, we show the false 
detection probability 𝑃𝐹𝐷  over the missed detection probability 
𝑃𝑀𝐷 . We observe that, although the algorithms do not yet 
capture the full potential of the idea, reasonable data detection 
performance can be achieved by varying 𝛼, cf. [18]. In the 4G 
LTE-A standard a minimum 𝑃𝐹𝐷 = 10−3 is required for any 
number of receive antennas, for all frame structures and for any 
channel bandwidth. For certain SNRs a minimum 𝑃𝑀𝐷 = 10−2 
is required. It can be observed from the simulations that the 
requirements can be achieved. Actually, compared to LTE-A 
where the control signalling can be up to 2000% [1] of a single 
resource element the control overhead is in the CS setting 
down to 5% (let alone the huge increase in latency)! 
Additionally, we have equipped the transmitter with the 
capability of sending information in ”one shot”. 

V. 5GNOW NETWORKING INTERFACES 
The original approach of 3GPP to CoMP mechanisms required 
huge additional overhead, e.g. backhaul message sharing, eNB 
synchronization, feedback of CSI and exchange of control 
information among CoMP cooperating nodes. Practical 
realizations of initial CoMP algorithms showed very low gains 
far away from theoretical limits [2]. 
 3GPP Release 12 dual connectivity with lean carrier and 
CoMP serve as framework for multi-cell / HetNet scenarios in 
which 5GNOW concepts may be implemented. These two 
features could be enhanced / complemented by such features as 

the unified frame structure and the robustness framework 
presented in [1][2] to overcome current limitations and to be 
utilized within the current 3GPP considerations for non-ideally 
backhauled scenarios. It is dedicated for CoMP/MU-MIMO 
processing, including delay insensitivity (or low sensitivity to 
backhaul delay) and limited feedback approach. Merging of 
mentioned 3GPP and 5GNOW ideas sets the intermediate 
HetNet concepts for the 5GNOW project. 
 Classical analyses of orthogonal waveforms in literature 
reveals a scaling of the throughput degradation in the number 
of feedback bits in the order of 2−𝑏(𝑝)/(𝑁𝑇−1) where 𝑝 and 
𝑏 = 𝑏(𝑝) denote the SNR and feedback budget per user and 
resource block (in bits/channel use) as a function of SNR, 
respectively. Very recent studies indicate that these results are 
fragile and that, in fact, the tradeoffs actually behave very 
differently in more practical regimes. In [19,20] it is shown that 
for any finite SNR point 𝑝 and for any scaling in 𝑏 the per-
node capacity degradation is actually in the order of 
2−𝑏/�2(𝑁𝑇−1)� , which actually doubles the required number of 
bits! On the other hand in [19, 20] a robust feedback method is 
developed that actually achieves the lower bound, providing a 
huge net throughput gain. Secondly as 3GPP opens up for new 
carrier concepts starting from introduction of non-backward 
compatible Rel. 12 lean carrier for downlink, 5GNOW ideas 
may fit in the next releases of 3GPP standards e.g. for 
providing vision for enhanced uplink. This can also be 
extended to dual connectivity (aka “Phantom Cell”). A 
potential improvement may include the use of 5GNOW’s 
waveforms provided within a form of unified frame structure, 
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possibly utilized in the HetNet scenario to serve as a supporting 
cell / resources, while still using legacy LTE carrier for 
signaling. In [21] the robustness of FBMC was assessed in 
downlink CoMP scenarios with respect to standard compliant 
feedback links and MAC related asynchronicities such as 
outdated channel state information, considering also different 
user velocities. Previous work [22] showed that FBMC has a 
better packet error rate performance compared to OFDM, 
leading to improved performance in system level simulations.  

VI. 5GNOW IMPACT ON 5G STANDARDIZATION 
LTE and its evolution LTE-A are standardized via the 3rd 
generation partnership project (3GPP) [23]. The foreseen 
diversification of the service and device-class mix of future 
telecommunications and the related expansion of the 
requirement space [1] require a revolutionary step. This step 
from 4G to 5G, anticipated in the 5GNOW project goals, 
implies a backward compatibility drop. New waveforms and 
the usage of the unified frame structure with a mixture of 
synchronous and asynchronous traffic are a major building 
block for supporting those goals. Those new signal formats 
require standardization, as they need to be known on both ends 
of the link. The 5GNOW project assesses the advantages 
gained when using the new 5GNOW technologies and thus 
will generate technical findings which guide the decisions on 
this generation change. The wireless industry as a whole has to 
build up consensus on the technology candidates for 5G 
standardization. For this purpose, 5GNOW is in close contact 
to the European METIS research project [24], in order to 
spread 5GNOW outcomes on a broad basis into the industry 
and research community. The encouraging results, 5GNOW 
and METIS have achieved so far, lay the ground for the 
arising 5G infrastructure PPP projects [25]. Those projects, 
based on generated 5GNOW know-how, guided by METIS 
system concepts, will then be able to directly work towards 
pre-standardization. 3GPP release 14, starting in 2016 could 
be a first platform for creating a study item focused on a new 
air interface. 

VII. CONCLUSION 
This paper has presented the 5GNOW transceiver and frame 
structure approaches together with intermediate performance 
results. The intermediate results of 5GNOW lay the ground for 
the design of a new 5G air interface beyond LTE-A, which 
suits the diverse needs of future applications. 

ACKNOWLEDGMENT 
The research leading to these results has received funding from 
the European Community’s 7th Framework Program 
[FP7/2007-2013] under grant agreement n° 318555 (5GNOW). 

REFERENCES 
[1] Wunder, G.; Jung, P.; Kasparick, M.; Wild, T.; Schaich, F.; Chen, Y.; 

Brink, S.T.; Gaspar, I.; Michailow, N.; Festag, A.; Mendes, L.; Cassiau, 
N.; Ktenas, D.; Dryjanski, M.; Pietrzyk, S.; Eged, B.; Vago, P.; 
Wiedmann, F., “5GNOW: non-orthogonal, asynchronous waveforms for 
future mobile applications,” Communications Magazine, IEEE , vol.52, 
no.2, pp.97,105, February 2014 

[2] 5GNOW D4.1, November 2013, available on www.5gnow.eu 
[3] F. Schaich and T. Wild, "Relaxed Synchronization Support of    

Universal Filtered Multi-Carrier including Autonomous Timing 
Advance," ISWCS Workshop on Advanced Multi-Carrier Techniques 

for Next Generation Commercial and Professional Mobile Systems, 
Aug. 26-29, 2014,  Barcelona, Spain 

[4] Y. Chen, F. Schaich, T. Wild, “Multiple Access and Waveforms for 5G: 
IDMA and Universal Filtered Multi-Carrier”, accepted for IEEE VTC 
spring’14, Seoul, Korea, May 2014 

[5] L. Ping, L. Liu, K. Wu and W.K. Leung, “Interleave-Division Multiple- 
Access,” IEEE Trans. Wireless Commun., Vol. 5, No. 4, pp. 938–947, 
Apr. 2006 

[6] F. Schaich, T. Wild, Y. Chen , “Waveform contenders for 5G – 
suitability for short packet and low latency transmissions”, accepted for 
IEEE VTCs’14, Seoul, Korea, May 2014 

[7] V. Vakilian, T. Wild, F. Schaich, S.t. Brink, J.-F. Frigon, “Universal-
Filtered Multi-Carrier Technique for Wireless Systems Beyond LTE”, 
9th International Workshop on Broadband Wireless Access (BWA) @ 
IEEE Globecom'13, Atlanta, GA, USA, December 2013. 

[8] X. Wang, T. Wild, F. Schaich, A. Santos, “ Universal Filtered Multi-
Carrier with Leakage-Based Filter Optimization”, European Wireless 
’14, Barcelona, May 2014 

[9] 5GNOW D3.2, February 2014, available on www.5gnow.eu 
[10] G. Fettweis, M. Krondorf, and S. Bittner, “GFDM - Generalized 

Frequency Division Multiplexing,” 2009, pp. 1–4. 
[11] Maximilian Matthé, Nicola Michailow, Ivan Simões Gaspar, and 

Gerhard Fettweis, “Influence of Pulse Shaping on Bit Error Rate 
Performance and Out of Band Radiation of Generalized Frequency 
Division Multiplexing,” in Proceedings of the IEEE International 
Conference on Communications, Sydney, 2014, pp. 1–6. 

[12] Maximilian Matthé, Luciano Leonel Mendes, and Gerhard Fettweis, 
“Generalized Frequency Division Multiplexing in a Gabor Transform 
Setting,” IEEE Commun. Lett.,  accepted for publication. 

[13]  Ivan Gaspar, Nicola Michailow, Ainoa Navarro, Eckhard Ohlmer, Stefan 
Krone, and Gerhard Fettweis. “Low complexity gfdm receiver based on 
sparse frequency domain processing.” In Vehicular Technology 
Conference (VTC Spring), 2013 IEEE 77th, pages 1–6. IEEE, 2013. 

[14] M.Bellanger, et al. “FBMC physical layer: a primer,” http://www.ict-
phydyas.org, 2010 

[15] Bellanger, M.: FS-FBMC, “An alternative scheme for filter bank based 
multicarrier transmission,” Proc. ISCCSP, 2012, pp.1–4 2012 

[16] V. Berg, JB. Doré, and D. Noguet, “A multiuser FBMC Receiver 
Implementation for Asynchronous Frequency  Division Multiple 
Access”, to appear in EuroMicro DSD2014, Verona, Italy, August 2014. 

[17] M. Kasparick, G. Wunder, P. Jung, D. Maryopi, „Bi-Orthogonal 
Waveforms for 5G Random Access with Short Message Support“, 
European Wireless  Conference, Barcelona, Spain, May 14-16, 2014. 

[18] G. Wunder, P. Jung, C. Wang, „Compressive Random Access for Post-
LTE Systems“, IEEE ICC Workshop on Massive Uncoordinated Access 
Protocols, Sydney, Australia, June 10-14, 2014 

[19] J. Schreck, G. Wunder, and P. Jung, “Robust Iterative Interference 
Alignment for Cellular Networks with Limited Feedback”,  IEEE 
Transactions on Wireless Communications, to appear 2015, available at 
http://arxiv.org/abs/1308.6750 

[20]  G. Wunder, J. Schreck, and P. Jung, “Robust Iterative Interference 
Alignment for Cellular Networks with Limited Feedback”, Accepted for 
International Workshop on Emerging Technologies for LTE-Advanced 
and Beyond-4G, IEEE Globecom'13, Atlanta, GA, USA, Dec. 2013 

[21]  N. Cassiau, D. Kténas, G. Wunder, M. Kasparick, “Feedback scaling for 
Downlink CoMP with orthogonal and non-orthogonal waveforms”, 
Proc. EuCNC conference, Bologna, June 2014 

[22]  G. Wunder, M.  Kasparick, S.  ten Brink, F. Schaich, T. Wild, Y. Chen, 
I. Gaspar, N. Michailow, G. Fettweis, D. Kténas, N. Cassiau, M. 
Dryjanski, K. Sorokosz,  S. Pietrzyk, and B. Eged, “System-Level 
Interfaces and Performance Evaluation Methodology for 5G Physical 
Layer Based on Non-orthogonal Waveforms,” Proc. 47th Annual 
Asilomar Conference on Signals, Systems, and Computers, Pacific 
Grove, CA, USA, Nov. 2013.  

[23]   http://www.3gpp.org 
[24]   http://www.metis2020.com 
[25]   http://5g-ppp.eu/ 

This document is a preprint of: G. Wunder, M. Kasparick, T. Wild et al., “5GNOW: Intermediate Frame Structure and Transceiver Concepts,” in Proceedings of IEEE
Global Communications Conference (GLOBECOM 2014), Austin, TX, USA, Dec 2014. DOI:10.1109/GLOCOMW.2014.7063492

© 2014 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for

resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.



<<
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /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 true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /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 true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


