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Abstract: 

This document provides intermediate results of the concepts being developed in the radio link 
research of METIS. For each of the technology components (TeC) within the technology 
component clusters (TeCC), covering flexible air interface, new waveforms, modulation and 
coding techniques as well as multiple access, medium access control and enablers for radio 
resource management, key findings and conclusions collected so far are summarized in 
section 2. Continuative descriptions and research outcomes are given in the annex and 
referred publications. 

The results presented here will be extended in the further progress of the project, and they will 
be used in the next phase of the project to develop and refine the overall METIS system 
concept instantiated by the horizontal topics. The suitability of the single technology 
components for the overall system design being able to meet the wide range of requirements 
for 5G will then be evaluated. 
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Executive summary 

This document provides a detailed overview of the research results related to the Radio Link 
concepts being developed in METIS. In the deliverables prepared so far in the scope of 
METIS radio link research, the research activities of the partners have been grouped in so-
called Research Topics (RTs). To align the naming within the whole project, the terminologies 
óTechnical Component (TeC)ô and óTechnical Component Cluster (TeCC)ô have been 
introduced with this deliverable. Starting within this deliverable, the term TeCC completely 
substitutes the former term RT in the METIS radio link research. More details about the TeCC 
structuring are given in the introduction. 

Former deliverables covered the problem (D2.1, [MET13-D21]) and the solution (D2.2, 
[MET13-D22) space of the METIS radio link research based on a requirement analysis of the 
test cases identified at the beginning of the METIS project in D1.1 [MET13-D11]. This 
document provides first outcomes of the research activities being proposed in D2.2 [MET13-
D22] to solve the problems and issues gathered in D2.1 [MET13-D21]. 

The main body of this document summarizes the key messages for each technology 
component investigated. Reading section 2 allows the reader to get a first tangible valuation of 
the basic characteristics of the technology components as well as their fundamental 
performance measures. Based on that, a first assessment of the added value the technology 
components can provide to an overall system concept can be enabled.  

The focus areas are: 

1. Flexible air interface 

2. Waveforms, coding & modulation and transceiver design 

3. Multiple access, MAC and RRM 

For readers being interested in further details, the annex and related publications provide 
additional information on the solutions as well as additional evaluation results. 

Working towards the next deliverable D2.4, radio link research will continue on the 
performance evaluation of the single TeCs, refining the proposed concepts and evaluating 
more clearly the different proposals in the light of an overall system concept to be presented in 
D6.6 at the end of the project. The most promising schemes will ï in conjunction with existing 
radio access technologies and with schemes from other METIS work packages ï be chosen 
as the METIS recommendation for the 5G air interface, suited to address the broad range of 
requirements the future communication landscape is requesting. 
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1 Introduction 

This document presents a first set of components for the 5G air interface together with 
corresponding performance evaluation results. It thus provides a first sketch of the potential 
building blocks for 5G air interface and allows for a first assessment of the achievable gains 
compared to current state of the art towards the METIS overall goals.  

In deliverable D2.1, the radio link research has been structured into 14 research topics (RT). 
In this deliverable, this structure is refined further by introducing so called Technology 
Component Clusters (TeCCs). These TeCCs group technology components with similar 
research context and objectives and thus allow for a more detailed overview on the particular 
tracks of the METIS radio link research. To ensure consistency with the RT numbering in 
deliverables D2.1 and D2.2, the TeCCs are numbered using a two-level format, where the 
number on the first level represents the RT number, and the number on the second level 
specifies the cluster defined inside this RT (if applicable). Note that there are some RTs where 
no clusters have been defined; these are then lacking the second level number. Moreover, 
some of the original titles of the RTs have slightly been modified to make them more self-
explanatory and illustrative. In this deliverable, the term TeCC completely substitutes the term 
RT introduced in D2.1. In the following, we will briefly describe the TeCCs defined for the radio 
link research, which are then studied in detail in the section 2, the main part of this document.  

In deliverable D2.1 [MET13-D21], the problem space for the METIS radio link research has 
been defined, which covered the identification of the research challenges from the radio link 
perspective and an analysis how these are addressed by the different research topics. 
Deliverable D2.2 [MET13-D22] then described the solution space, elaborating more on the 
particular solutions studied and identifying clearly how these can serve as enablers for the 
METIS Horizontal Topics (HTs). As a compact summary of the output from both these 
preceding deliverables, we will illustrate here how the different TeCCs studied in the three 
tasks illuminate the problem space of the METIS radio link research, which is spanned by two 
dimensions: The METIS Horizontal Topics (x-axis of Figure 1-1) and the main challenges from 
the radio link perspective (y-axis). These main challenges are briefly described as follows: 

¶ Machine type vs. human centric communication, exhibiting totally different traffic 

characteristics 

¶ New device classes and service types, posing highly diverse requirements on the system 

¶ High mobility support, which is particularly relevant in the context of V2x communication 

¶ Provision of real-time services characterized by quick response times (i.e. very low 

latencies) and high reliability; enabling industrial control and traffic safety  

¶ Spectrum sharing with other radio services, which implies efficient access to fragmented 

spectrum. This challenge also covers operation in different frequency spectra from low to 

very high frequencies up to and beyond 60 GHz. 

 

Task T2.1: Flexible air interface design 

The TeCCs in task T2.1 are aiming at a comprehensive air interface design for particular use 
cases. Hence, in Figure 1-1, most of these TeCCs have a clearly vertical or horizontal shape. 

TeCC#1 Unified air interface design for dense deployments 

Given that a broad range of frequencies may be used in UDN targeting extreme mobile 
broadband service in the order of multiple gigabit per second end-user bit rate with ultra-
dense deployment, a scalable frame structure allows adapting framing times and symbol 
durations, which facilitates a common baseband design meeting low cost constraints.  
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TeCC#2  Optimized signalling for low-cost MMC devices 

Optimized signalling structures are developed meeting the main requirements of machine type 
communications, i.e., low cost andlow power, and targeting rather small data packets.  

TeCC#3  Air interface supporting dynamic spectrum usage 

To enable efficient spectrum sharing and dynamic spectrum use, a radio frequency (RF) 
architecture is developed for frequency-agile front-ends. 

TeCC#4  Multiple air interface management 

A set of different configurations for different modes of operation is provided, allowing the air 
interface to be individually configured according to actual system conditions and service 
requests.  

TeCC#5 Advanced signalling concepts 

Signalling aspects for novel multiple access schemes (like non- and quasi-orthogonal multiple 
access investigated in TeCC#11.1) and new waveforms.   

TeCC#6  Air interface for moving networks 

Air interface design takes into account the requirements for vehicular based (V2x) 
communications, including road safety applications, meeting strict reliability constraints.  

 

Figure 1-1: TeCCs in task T2.1 - Flexible air interface design 
 

Task T2.2: Waveforms, coding & modulation and transceiver design 

Challenges and HTs addressed by the TeCCs in T2.2 are illustrated in Figure 1-2.   

TeCC#7  Faster than Nyquist (FTN) 

FTN enables to boost the data rate by transmitting symbols faster than the Nyquist rate.  

TeCC#8  Filtered and filterbank based multi-carrier 
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The use of filters with good energy localization in frequency domain enables partitioning the 
spectrum into independent bands that can be independently configured and support relaxed 
synchronization requirements. Thus, these waveforms are promising enablers for efficient 
spectrum sharing, in particular for the access to fragmented bands. 

TeCC#8.1:  FBMC based waveform & transceiver design  

TeCC#8.2:  Universal filtered multi-carrier (UFMC) 

TeCC#9  Modulation & coding and new channel coding concept 

TeCC#9.1:  Constrained Envelope Coded Modulation is an energy efficient transmission 
scheme providing high robustness to non-linear power amplifiers, which renders it favourable 
for the application in low-cost transceivers.   

TeCC#9.2:  Advanced coding and decoding schemes aim to improve the coding delay and 
to enable a faster link adaptation.  

TeCC#10  Advanced transceiver design 

TeCC#10.1:  Full duplex communications are investigated, where a node can transmit and 
receive in the same band simultaneously.  

TeCC#10.2:  Multi-rate equalizer for single carrier communications enables achieving the 
throughput of the trellis based equalizer with complexity of linear equalizers. Single carrier 
communications is gaining new interest for facilitating low cost transceiver solutions.   

 

Figure 1-2: TeCCs in Task T2.2 - Waveforms, coding & modulation and transceiver design 

 

Task T2.3: Multiple Access, MAC & RRM 

Challenges and HTs addressed by the TeCCs in T2.3 are illustrated in Figure 1-3.  

TeCC#11  Multiple Access (MA) 

TeCC#11.1:  Non- and quasi-orthogonal MA schemes relax the constraint of the number of 
users to be served simultaneously being limited to the set of orthogonal resources. Thus 
enable spectrum overloading with smooth performance degradation.  
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TeCC#11.2:  FBMC based MA and Cognitive Radio focus on novel schemes for MA in 
spectrum sharing environments. An architecture based on the frequency-agile frontends from 
TeCC#3 is studied for adaptive reconfigurability under TDD / FDD modes.  

TeCC#12  Medium Access Control (MAC) 

TeCC#12.1:  Contention based massive access proposes MAC approaches for contention or 
reservation based access of a large number of devices with low overhead.  

TeCC#12.2:  Distributed network synchronization addresses synchronization of a large 
number of nodes when reference clocks are available or are absent.  

TeCC#12.3:  MAC for UDN and mmW investigates the benefits of a hybrid MAC approach 
that leverages the advantages of scheduled and contention based protocols.  

TeCC#13  Hybrid automatic repeat request (HARQ) 

Research on deadline-driven HARQ processes and on enablers for reliability-based HARQ is 
carried out, aiming at reducing the end-to-end (E2E) latency as well as improving the spectral 
and energy efficiency.  

TeCC#14  Radio link enablers for radio resource management (RRM) 

Radio link enablers for RRM take into account the impact of the large diversity of new device 
classes, QoS requirements and traffic characteristics.  

 
Figure 1-3: Task T2.3 - Multiple Access, MAC & RRM 

 

Each of the TeCC comprises one or several Technology Components (TeCs), which represent 
a particular solution for a given problem. All TeCs presented in this document are summarized 
in the Table 1-1. TeCs have been numbered using a format that reflects the TeCC they belong 
to. For each of the TeCs, the addressed scenarios and test cases as defined in deliverable 
D1.1 [MET13-D11] are briefly listed, and the expected gains towards the METIS overall goals 
are qualitatively assessed. Quantitative gains were given where already available. Note that 
many TeCs in the radio link research will provide enablers for a more efficient use of system 
resources, and their true potential may be unleashed in the interplay with other higher layer 
solutions when being evaluated on system-level. Expected quantitative gains obtained solely 
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from evaluations on radio link level, however, may still be far away from the ambitious METIS 
overall goals and may thus sound not too impressive at first glance.   

Table 1-1: List of Technology Components investigated in the document 

No. TeC Scenario(s) covered  Expected gains 

1.1 UDN TDD frame 
numerology 

Virtual reality office 

Dense urban 
information society 

Massive machine 
access 

>50x discovery capacity 

10-100x higher typical 
user data rate 

7-40x longer battery life 

Reduced E2E latency 
due to shorter TTIs 

1.2 METIS UDN optimized 
frame structure 

1.3 Flexible TTI for efficient 
energy saving and high-
speed transfer 

2.1 MMC type D2D links Massive machine 
access 

Higher number of 
connected devices  

Longer battery life 

3.1 RF architecture for 
dynamic spectrum 
access  

Blind spots 

Emergency comm. 

Reduced infrastructure 
cost 

4.1 Multi-RAT PHY layer 
design & multi-band 
processing 

Service in a crowd 

Traffic efficiency and 
safety 

Higher data volume and 
user data rate 

Increased energy 
efficiency 

4.2 Software configurable air 
interface 

Service in a crowd 

Massive machine 
access 

Improved efficiency of 
system and energy 

5.1 Signaling for non-orthog. 
multiple access 

See NOMA (11.1.1) See NOMA (11.1.1) 

6.1 Framework for URC Traffic efficiency and 
safety 

Reduced E2E latency 

6.2 URC Framework for 
modeling and predicting 
the reliability of a link 

6.3 Channel estimation for 
V2V links 

Traffic efficiency and 
safety 

Higher typical user data 
rate 

6.4 Channel prediction for 
the backhaul link 

Real-time remote 
computing 

Traffic eff. and safety 

Higher data volume and 
user data rate 

7 Faster than Nyquist Virtual reality office 

Dense urban inf. soc. 

Higher user data rate 

8.1 FBMC based waveform  
& transceiver design 

Service in a crowd 

Massive machine 
access 

Traffic efficiency and 
safety 

Higher number of 
connected devices 

Higher user data rate 

Relaxed sync. requirem. 
support longer battery life 
and reduced E2E latency 

8.2 Universal filtered multi-
carrier (UFMC) 

9.1 Constrained envelope 
coded modulation 

Massive machine 
access 

Longer battery life 

9.2.1 Adaptive complexity 
flexible baseband 

Blind spots 

Real time remote 
computing 

Higher user data rate 

9.2.2 Practical lattice codes Higher user data rate 

Reduced E2E latency 
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10.1 Full duplex TRX Service in a crowd Higher user data rate 

10.2 Multi-rate equalizers for 
single-carrier comm. 

Blind spots 

Massive machine 
access 

Longer battery life 

11.1.1 Non-orthogonal multiple 
access (NOMA) 

Service in a crowd 

Traffic efficiency and 
safety 

~30% higher system 
throughput vs. LTE-A 

Up to 2x higher number 
of connected devices 

Better mobility support 

11.1.3 UL SCMA random 
access 

Massive machine 
access 

Higher number of 
connected devices 

Longer battery life 

Reduced E2E latency 

11.2.1 Precoding & RX 
processing for MA MIMO 
FBMC 

Service in a crowd Higher data volume and 
user data rate 

Increased number of 
connected devices 

11.2.2 MA using cognitive radio Blind spots 

Emergency comm. 

Reduced infrastructure 
cost 

12.1.1 Coded random access Massive machine 
access 

Teleprotection in smart 
grid network 

Higher number of 
connected devices 

Longer battery life 
12.1.2 Coded access 

reservation 

12.1.3 Advanced PHY 
processing for enh. MAC 

12.2 Distributed network sync Networks out of 
coverage of BS 

Higher number of 
connected devices 

12.3 MAC for UDN and mmW Service in a crowd 

Virtual reality office 

Higher data volume and 
user data rate 

Higher number of 
connected devices 

13.1 Incremental Redundancy 
with backtrack 
retransmission 

Virtual reality office 

Dense urban 
information society 

Service in a crowd 

Higher user data rate 

Reduced E2E latency 

13.2 Multi-level ACK/NACK 
for reliability based 
HARQ 

14 Radio link enablers for 
RRM 

Service in a crowd 

 

Higher number of 
connected devices 

 

Structure of the document 

The document is structured as follows: in section 2, the main part of the document, first 
evaluation results are presented for each of the technology components in the clusters, clearly 
highlighting the expected gains compared to known solutions from state of the art towards the 
METIS goals. The single technology components are highlighted by using bold face 
underlined headings. In section 2, emphasis was put on a very compact description; further 
details on the evaluation of each component can be found in the annex (chapter 5) as well as 
in external publications referenced in the text. Chapter 3 draws some conclusions and give 
some hints on future work.  
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2 Radio Link Technology Components 

This section highlights the key outcomes elaborated so far within the radio link research. 
Relevant building blocks are described and surveyed in the light of their integration into an 
overall air interface. Degree of detail is restricted to extended abstract level. Detailed 
performance evaluation results can be found in the annex (chapter 5) and in related 
publications. 

2.1 Unified air interface design for dense deployments 

The air interface design for dense deployment is an important part of the METIS ultra-dense 
networks (UDN) horizontal topic, targeting multi-Gbps end-user data rates with flexibility in 
design for different user cases and large range of frequency and in deployment, simple and 
low cost devices, energy efficiency with shorter wireless links and with low power consumption 
when not active etc. Below is a summary of the concept and main results obtained so far, with 
focus on frame structure design and multi-antenna aspect. Please see annex 5.1 for some 
more details. The unified air interface design covers a large operating frequency range from 3 
GHz up to mmW bands of 100 GHz, for which MAC layer design is challenging topic, which is 
addressed in the technical component medium access control. See 2.12.3 for details of the 
topic. 

Flexible OFDM-based waveform 

OFDM can easily be manipulated to achieve flexibility for a diversity of use cases without 
adding significant complexity. E.g. SC-FDM, as well as zero-tail DFT-S-OFDM [BTS+13] can 
be obtained as a straightforward add-on over basic OFDM. While these methods can fully co-
exist with CP-OFDM, they can be utilized to achieve better spectral containment, lower PAPR 
and to enable link specific CP lengths or flexible guard times that can be used for example for 
extending the cell/link coverage. With this approach it is also possible to enable link direction 
(transmission ź reception) or antenna switching on OFDM symbol level, enabling extremely 
high flexibility in terms of link direction even inside a frame. This property could further be 
utilized for example to generate efficient D2D discovery patterns.  

UDN TDD frame numerology:  

Preliminary UDN TDD time numerology: The UDN environment properties together with small 
transmission powers and evolved component technology aspects, such as improved  
switching time, enable the usage of UDN optimized OFDM and TDD guard times. The 
following initial rough estimates, including guard times required for radio channel and for 
hardware and corresponding to ~10-100 m cell radius with ~10-100 ns delay spreads 
respectively, are given here in order to provide a high level view about the matter 
[LPB+13][LPT+13]: 

¶ Guard period length: Ὕ πȢρ πȢυυ ʈÓ  πȢφ‘ί  

¶ Cyclic prefix length: Ὕ πȢρ ρȢπ ʈÓ (compensates also timing and synchronization 
errors) 

Preliminary UDN frequency numerology: Oscillatorôs phase noise is critical for OFDM systems, 
because it destroys the orthogonality of sub-carriers and increases with carrier frequency Ὢ. 
Thus, the sub-carrier spacing needs to be increased for higher carrier frequencies. It can be 
assumed that the amount of available bandwidth will increase when the carrier frequency Ὢ is 
increased (we have noticeably more spectrum available at mmW), allowing the FFT block size 
to be kept roughly constant when Ὢ is increased. 
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The digital signal processing (DSP) performance may be assumed to increase according to 
Mooreôs law [BC11] within METIS timeframe, enabling more than tenfold increase in the 
execution speed of fast Fourier transform compared to the current component benchmarking 
values. This enables still relatively low SC spacing even with large METIS bandwidths. 

Harmonized OFDM: The cost and the complexity of the baseband are minimized if the same 
baseband design is reused for multiple carrier frequencies and bandwidths. The sampling rate 
should be selected in such a way that the same base clock can be used for different parts of 
the spectrum. Thus, when increasing Ὢ (towards mmW), it is proposed simultaneously to 
increase the used bandwidth and SC spacing, while keeping the FFT size also within a small 
number of quantized values (and by using clock rate of integer multiples of e.g. the LTE-A 
base clock = 30.72 Mchips/s). Similar scaling can be done in time domain numerology, 
meaning that e.g. the delay spread and the related frame numerology may further be variable 
according to Ὢ. This concept is referred here as ñharmonized OFDMò (see annex 5.1 for more 
clarification and illustration on high level).  

UDN optimized frame structure 

The UDN optimized TDD numerology introduced above enables the usage of shorter frame 
length and a physical frame structure design fully optimized for TDD with fast and fully flexible 
switching between transmission and reception. A TDD optimized physical frame structure 
[LPT+13] for a UDN system is given in Figure 2-1. Only one TDD type is presented here, in 
the other TDD mode the transmission (TX) and reception (RX) phases are in the opposite 
order. The frame structure consists of a bi-directional (including both RX and TX resources) 
control part embedded to the beginning of each frame and time-separated from data plane. 
Control symbols are located before data symbols in order to allow fast and cost efficient 
pipeline processing in the receiver. In order to achieve low complexity, the data part in one 
frame (including DMRS) contains only transmitting or receiving possibility for data symbols. 
More detailed explanation is provided in annex 5.1. 

It can be shown that the proposed UDN optimized physical frame structure allows usage of 
low TTI lengths, such as 0.25 ms when assuming 60 kHz SC spacing, with reasonable 
overhead and with sufficient resources for control and RS. [LPT+13] The frame length can be 
even shorter when moving to higher frequencies. 

 

Figure 2-1: A UDN optimized frame structure. 

 

The UDN optimized physical frame structure enables e.g. the following properties: 

Flexibility and increased spectral efficiency: Possibility to allocate data part of the frame either 
for TX or RX enables fully flexible UL/DL ratio switching for data transmission. The decreased 
guard overheads, such as GP and CP, together with flexibility in UL/DL ratio improve the 
maximum achievable link spectral efficiency (LSE) per link direction compared to LTE-A.  

Fast network synchronization: It is possible to embed a synchronization signal (e.g. by eNB or 
AP) to the control part of each frame, further enabling really fast network synchronization (to 
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this DL synchronization signal) by the network devices. This is a useful property when 
considering also D2D and MMC scenarios. 

Reduced control signalling latency: The proposed frame structure allows fast and robust 
control signalling and handshakes, such as related to UE initiated data transmission.  

Clean HARQ structure & reduced latency: The simplified control plane and its presence in 
each frame enables a clean TDD HARQ scheme with HARQ timing not dependent on the 
UL/DL ratio. HARQ timing can be fixed and counted in frames, which remarkably reduces 
TDD HARQ complexity and decreases the related HARQ latency. It can be shown that the 
total HARQ RTT enabled by the proposed frame structure is Ò~1ms, which is a clear 
improvement compared e.g. to LTE-A (minimum 8 ms). [LPT+13] A reduced HARQ latency 
further enables usage of fewer HARQ processes, reducing also memory consumption and 
device cost since less receiver HARQ buffers are required.  Since every frame has control in 
both directions, control signalling of HARQ can be made independent of the direction of the 
data part. Asynchronous HARQ is supported. The enabled HARQ arrangement is therefore 
also well-suited for multi-hop scenarios. 

Decreased energy consumption: Utilizing the enabled fast network synchronization and 
reduced control and data plane latency, it is possible to enable quick transitions between 
deviceôs sleep and active modes, further reducing total energy consumption. A simplified 
theoretical analysis about battery life time as a function of transmissions rate with different 
reception opportunities is shown in Figure 2-2 [LPV+14]. ~7-40 times lower energy 
consumption can be achieved with the proposed frame structure when compared to MTC 
(machine type communication) optimized LTE-A [TLS+12]. 

 

Figure 2-2: Battery life time comparison between LTE and proposed frame structure. 

 

Cross-link interference mitigation: -The frame structure allows (UL/DL) symmetric DMRS 
design. Since the DMRS symbols between link directions are fully aligned, it is possible to 
design cross-link orthogonal reference signals. Thus, the proposed frame structure contains 
inbuilt support for cross-link interference mitigation, further enabling usage of advanced 
receivers. 

Extension to D2D and efficient device discovery: Flexible OFDM-based waveforms, such as 
zero-tail DFT-S-OFDM, can be applied for D2D communication in order to mitigate 
asynchronous in-band interference between D2D and cellular communications. By utilizing the 
flexible OFDM-based waveforms enabling link direction switching on OFDM symbol level 
together with advanced TX/RX patterns [TRL+13] and with the enabled fast network 
synchronization time, the frame structure can be extended to support very short discovery 
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activity time (leading to lower energy consumption) for high number of devices, for which more 
than 50 times increase can be achieved compared to what is achievable with LTE-A frame 
structure. This property is essential in e.g. D2D scenarios (and also for MMC). 

Flexible TTI for efficient energy saving and extreme high-speed transfer 

The physical layer parameters define the granularity of the available resources, which serve 
as the basis of scheduling transmissions with a minimum unit called atomic scheduling unit. 
Please note that the numerology below is an example and will be compared to frame structure 
shown in Figure 2-1 and to be further studied and harmonised in the coming period of the 
project.   

Atomic scheduling unit (ASU): A minimally allocable spectral resource is defined as a 
ñproductò of bandwidth and time units. For example for mmW frequency bands, the UDN 
concept assumes a peak operation bandwidth of 2 GHz. However, the bandwidth unit of 100 
MHz is a reasonable scheduling granularity in frequency to support simpler, band-limited 
devices. In the time domain, 12.5 µs (the length of a subframe) is the candidate choice for the 
minimum scheduling time unit. Already at a modest spectral efficiency, e.g. 1 bps/Hz, the ASU 
defined by these bandwidth and time units is a good compromise in transport block size (156 
Bytes), so a single ASU can host small IP packets and signalling messages, while only a few 
concatenated ASUs are needed to carry the typical wireline IP packets. 

Flexible vs. fix TTI concept: In the fix Transmit Time Interval (TTI) concept, the UE wakes up 
at each TTI and checks for scheduled data. The basic idea of Flexible TTI is that the UE 
listens to scheduling information at tuneable periodicity. Moreover, a scheduling assignment 
can involve multiple ASUs, which can start later in a frame and even continue in the following 
frames. Flexibly long scheduling units (group of ASUs) could carry full-size and aggregated IP 
packets thus avoiding segmentation of packets speeding up MAC and simplifying 
retransmissions (needed for high TCP throughput). This scheme allows UEs to sleep in 
subframes between transmissions; hence the scheduled transmissions can virtually go over 
frame boundaries. Furthermore, sleeping UEs do not need to monitor each paging slot; a 
wake-up period can be dynamically and individually negotiated for each UE. 

Performance evaluation: Our study indicates that transmitting scheduling information in every 
10th subframe (i.e. the scheduling period is a frame) is a good compromise between latency 
and active time of UE needed to monitor scheduling information. Simulations of a heavily 
loaded system verified the expectation that Flexible TTI introduces an extra delay of half a 
frame (60 µs in case of 125 µs frame length) compared to sending scheduling information in 
every subframe. In the same comparison, Flexible TTI requires 20% less resources and 49% 
less active time from access nodes, while 78% less active time from UEs. This corresponds to 
energy savings of 40% at identical user activity. See annex 5.1 for more details. 

Multi-antenna techniques 

For UDNs to be deployed in high frequency bands, where radio wavelengths are substantially 
smaller than those in conventional cellular networks, a considerable number of antenna 
elements can be implemented even in nodes with small physical dimensions. 

A UDN is expected to primarily rely on beamforming to meet the link budget at high 
frequencies. Using polarization diversity, two layers can be multiplexed even for LOS links. 
The minimum assumption for one UE is to receive two spatial layers. Using differently 
reflected links, higher-layer spatial multiplexing can be implemented. Typical numbers under 
study are in the order of 64 antenna elements in the access nodes and 16 antenna elements 
in the UEs per spatial layer, at least for up to two layers. 

We assume MIMO with spatial multiplexing or beamforming for the lower frequencies. 
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2.2 Optimized signalling for low-cost MMC devices 

MMC-Type D2D Links: 

Wireless cellular networks feature two emerging technological trends: direct Device-to-Device 
(D2D) communications and Machine-Type Communications (MTC). MTC devices (MTDs) 
pose new challenges to the cellular network, such as low transmission power and massive 
access that can lead to overload of the radio interface. In this research track we explore the 
opportunity opened by D2D links for supporting Low-rate Low-power MTDs that are connected 
to a nearby device, such as an on-body MTD connected to a mobile phone that acts as a relay 
towards a Base Station. In Figure 2-3, we depict a simplified version of this scenario, where in 
the same resource in frequency and time, a MTD M1 transmits to the cellular device U1, while 
the Base Station B transmits to the cellular user U2. The M1-U1 transmission is interfered by 
the Bôs transmission, while the transmission B-U2 is interfered by M1ôs transmission. A 
detailed analysis of this scenario is provided in [PP14]. 

 

Figure 2-3: Interaction of cellular Infrastructure links and Machine-Type D2D links [PP14]. 

 
The low-rate requirement for the MTD-D2D connection allows underlay operation with 
Successive Interference Cancellation (SIC) during the cellular downlink transmissions. We 
consider different ways to use SIC and investigate the trade-off between, on one hand, the 
achieved rate for the downlink cellular users and, on the other hand, the outage probability for 
the MTC link. 

 

Figure 2-4: Mean Downlink Rate of B-U1, E[RB], and Outage in MTC-D2D link, POut, versus 
distance dU1 [PP14]. 

 

The model, in [PP14], captures the main performance objectives: outage probability for a 
given low fixed rate for the Machine-Type communication versus rate maximization for the 
cellular broadband traffic. System rate maximization is accomplished by the underlay of 
device-to-device link on the cellular link in the downlink direction. 
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SIC is an important enabler of underlay D2D communication and it is particularly suitable in 
conjunction with low-rate MTC signal transmission over the D2D link. In Figure 2-4, is shown 
the comparison between 4 different resource sharing schemes in the considered setting: (S.1) 
Perfect SIC; (S.2) No SIC; (S.3) Opportunistic SIC; and finally (S.4) Rate Control and SIC. 
These results show that indeed low power, fixed rate Machine-Type devices can share the air 
interface with normal cellular devices, but there can be a rate penalty for the cellular users, as 
seen in the results of the S.4 scheme. This occurs even when it is assumed that there is no 
interference from the MTC transmissions to the downlink signals received by the other cellular 
users and is a result of the rate control for the cellular users in order to meet outage 
requirements for the MTC users. Further discussion is found in [PP14].  

 

2.3 Radio front end supporting dynamic spectrum usage 

For the dynamic spectrum access, conventional zero downconversion architecture is 
compared against the new High-IF architecture. While the zero downconversion, or homodyne 
architecture as it is generally called, downconverts the RF into a baseband signal centred 
around DC, the high-IF system upconverts the same into a higher intermediate frequency 
thereby providing immunity from the harmonics, image frequencies and the interferes. As 
mentioned in [MET13-D21] and [MET13-D22], dynamic spectrum access in a cost effective 
way can be accomplished when the expensive, bulky off-chip components such as SAW filters 
and duplexers can be eliminated without any RF performance degradation. Any RF 
performance degradation directly affects the BER. The performance evaluation is performed 
first by conducting a system study and then proof of concept by a prototype.  

System Evaluation of the RF Architecture for Dynamic spectrum Access 

An extensive level plan was conducted to compare the RF performances of the two 
architectures, namely the traditional homodyne receiver and the high-IF architecture. The 
requirements of a high dynamic range RF front end have been detailed in [HW11]. It is shown 
that in order to achieve the performance, the wideband filterless RF front end should possess 
linearity (IIP3) in the order of 26 dBm. Such a high IIP3 is required in order to satisfy the RF 
performance in the presence of a self-interfering TX Leakage. Level plan was performed for a 
high dynamic range homodyne transceiver as published in [ASH13]. High performance off-the-
shelf components were chosen for the high linearity radio front end. The RF performance of 
the transceiver is shown below.  

Table 2-1 System performance of the homodyne receiver.   

Parameters Achieved in Level Plan 

Sensitivity -103,1 dBm ( for 5 MHz) 

Noise Figure (NF) 8.8 dB 

IIP3 -8.3 dBm 

Bandwidth 1.4, 3, 5, 15, 20 MHz 

Modulation QPSK (Pin < -91 dBm), 16 QAM (-91 
dBm < Pin < -85 dBm), 64 QAM ( Pin 

> -85 dBm) 

Frequency Range 470 MHz ï 790 MHz 
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Even with the high linear components, the wide band homodyne architecture can attain an 
IIP3 of -8.8 dBm. Further the effect of TX leakage self-interference is also studied in detail. In 
the absence of SAW filters, it is seen that the self-interference from FDD can result in 
saturation of its own receiver front end. The requirements of the receiver front end under 
varying conditions of TX/RX isolation is shown below.  

Table 2-2 IIP3 requirements with TX leakage. 

Conditions 
TX/RX isolation 

(dB) 
TX leakage 

(dBm) 
IIP3 (dBm) 

Tx Power = 20 dBm, 
NF = 8.8 dB, 

IM3Floor = -99 dBm 

Blocker = -30 dBm 

50 -30 9,5 

40 -20 19,5 

30 -10 29,5 

20 0 39,5 

10 10 49,5 

 

As seen the IIP3 requirements scales inversely with the TX/RX isolation and hence the TX 
leakage. Since the duplexers and/or SAW filters are intrinsically narrowband, under wideband 
conditions the isolation has to be provided with separate antennas. Another possible solution 
is TDD or half-FDD duplexing which avoids the TX leakage at the source.  

As opposed to the conventional homodyne architecture, a high-IF architecture is proposed for 
the wide band radio. In high-IF system, the RF signal is upconverted to a higher intermediate 
frequency. A narrow band SAW filter (20 MHz) then filters the signal leading to the rejection of 
all harmonics and interferences leading to better out-of-band IIP3 performance. The RF front 
end here is wide and the frequency selectivity is provided by the high-IF conversion. The 
proposed architecture is shown below. 
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Figure 2-5: Block diagram of High-IF frequency agile RF front end. 

 

Comparison of homodyne and high-IF is shown in the following table. As shown above, the 
high-IF architecture provides 9 dB improvement on the out-of-band IIP3 and hence an 
increased dynamic range.  
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Table 2-3 Comparison of Homodyne and high-IF architecture. 

Parameters Homodyne High-IF 

Sensitivity -103.6 dBm -107.3 dBm 

NF 8.8 dB 4.5 dB 

IIP3( in band) -8.3 dBm -7.7 dBm 

IIP3 ( out-of-band) -8.3 dBm 0.8 dBm 

Dynamic range  95.3 dB 108.1 dB 

 

2.4 Multiple air interface management 

This TeCC consists of two topics: 

1. Multi-RAT PHY layer design & multi-band processing 

2. Software-Defined Air Interface (SoftAI) 

Multi-RAT PHY layer design & multi-band processing will be described below. The concept of 
SoftAI has been sketched in D2.2. It will be further refined when the research in TeCC 8.1 on 
adaptive FBMC system has matured. Connections exist with other TeCCs affecting TRX 
configurations, e.g. TeCC 1 (configurations for UDN), TeCC 8 (FBMC configuration modes), 
and TeCC 11 (different MA modes). 

Multi-RAT PHY layer design & multi-band processing 

A key 5G technical challenge is to support 1000 times increased capacity while keeping 
constant energy consumption and infrastructure costs. For that purpose, Flexible Air Interface 
design, conjunctly exploiting scalable PHY parameters and Multi-Band processing can be 
beneficial (see section 2.1 and section 5.1) as well as the combination of different air 
interfaces, where the selection of the air interface is motivated by capacity, QoS and QoE 
requirements in a proper deployment scenario. Flexible air interface system design is 
investigated at the PHY layer level where the combination of different RF bands is adjusted 
with PHY parameters adaptation in order to ensure desired QoS/QoE and to provide scalable 
radio coverage, compatible with power regulations, propagation constraints and different 
transmission bandwidths of the FAI system. As an illustration, it may be relevant to double the 
OFDM sub-carrier spacing to cope with RF phase noise when the RF band is moved from 
UHF to SHF/EHF bands. Future Wi-Fi hotïspots, able to switch between 5 GHz and 60 GHz, 
may evolve towards a unified air interface, considering the aggregation of several sub-
channels, combined with scalable OFDM parametersô sets, facilitating HW implementation. 
The IST-FP6 BROADWAY project provides an example of 5 GHz /60 GHz UAI design 
[BRO02] as well as the multi-RF UWB system ñMGWSò recently designed for short range 
applications [SUM09],[GSG08]. The objective in METIS is to design UAI close to LTE-A and 
Wi-Fi schemes in order to bring innovative solutions for multi-RAT HETNETs. 

ñMultiple Interfaces Managementò is focused on the combination of and switching between 
independent air interfaces. It implies to design/define appropriate metrics, function of 
deployment test case, targeted QoS and radio coverage [UMS12], in order to drive the 
selection of the most appropriate air interface. The second aspect is to determine the 
integration methodology of such metrics in multi-RAT architectures. 

For that purpose, METIS designed a Green Link Budget (GLB) metric to select the interface 
and the transmission mode, able to transmit data with a given data rate and QoS, for a 
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desired radio coverage, while minimizing transmit power required. The appropriate air 
interface selection process, based on the GLB metric, may exhibit significant gains up to 10 
dB. The way to practically evaluate the GLB metric is proposed and integration solutions are 
currently designed.  

 

Figure 2-6: The GLB metric description 

 

2.5 Advanced signalling concepts 

In [HK12, HK13], a downlink non-orthogonal multiple access is investigated where multiple 
users are multiplexed in the power-domain, at the transmitter side, and multi-user signal 
separation is conducted at the receiver side based on successive interference cancellation 
(SIC). 

In [SKB+13, BSK+13], the basic concept and benefits of non-orthogonal multiple access 
(NOMA) as a candidate for future multiple access schemes are explained and discussed in 
details. In [SBK+13, BLS+13], initial system-level evaluation results of NOMA were discussed 
and investigated to demonstrate its potential gains in low and high mobility scenarios 
assuming with and without SIC error propagation, exhaustive full search on candidate user 
pairs, and dynamic transmit power allocation such as fractional transmit power allocation 
(FTPA). 

Signalling for non-orthogonal multiple access 

Signalling aspects related to multi-user power allocation and MCS selection are also studied 
for NOMA in order to balance performance gains with signalling overhead. Here, the impact of 
signalling reduction of full-search power allocation on NOMA performance is investigated. 

Full search multi-user power allocation (FSPA) 

Exhaustive full search of user pairs and transmit power allocations provide the best 
performance for NOMA. In the case of full search power allocation, multiple combinations of 
power allocations are considered for all candidate user sets considered by the scheduler. For 
FSPA, the number of power sets N to be searched becomes an optimization parameter. With 
large number of power sets, the performance gains of NOMA increase, while with less number 
of power sets, we can decrease the amount of downlink signalling. For example, the order of 
successive interference cancellation (SIC) and information on power assignment do not need 
to be transmitted in every subframe but rather on a longer time scale.  

Main results 
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Using computer simulations, for a 1x2 SIMO system with BW=10MHz, K=10 UEs, maximum 
multiplexing order m=1 or 2 (m=1 corresponds to orthogonal multiple access (OMA)), and sub-
band user scheduling (with 8 sub-bands), NOMA performance is evaluated assuming no SIC 
error propagation. As a multi-user power allocation, FSPA is used for the cases of N=50, 5, 3, 
2, and 1 power set as follows.  
 

Table 2-4 Power sets 

Number of power sets 
(N) 

Candidate power sets: (P1, P2), s.t. P1+P2=P 

50 (nP, (1-n)P), s.t. n=0.01:0.01:0.49 

5 (0.1P, 0.9P), (0.15P, 0.85P), (0.2P, 0.8P), (0.25P, 0.75P), (0.3P, 
0.7P) 

3 (0.15P, 0.85P), (0.2P, 0.8P), (0.25P, 0.75P) 

2 (0.15P, 0.85P), (0.2P, 0.8P) 

1 (0.2P, 0.8P) 

 
According to Figure 2-7a, the cell throughput and cell-edge throughput gains for NOMA over 
OMA are approximately 33% and 28% for 50 power sets, 30% and 26% for 5 power sets, 28% 
and 26% for 3 power sets, 27% and 25% for 2 power sets, 26% and 21% for 1 power set, 
respectively. Thus, even with 1 power set we can maintain 80% of NOMA gains with 50 power 
sets. The gains in terms of signalling overhead are quite large. Figure 2-7b illustrates the 
power ratio CDF selected by the scheduler. It is interesting to see that 0.8P (for SIC-order = 1) 
and 0.2P (for SIC-order =2) are chosen with high probability. This is indeed why we can obtain 
a large portion of the performance gains of NOMA even with one power set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-7: (a) CDF of user throughput for OMA (m = 1) and NOMA (m = 1).  
(b) CDF of power assignment ratio for SIC-order 1 and 2. 

 
Future Work 

In the next steps, we would like to identify the pairs of modulation coding scheme (MCS) and 
power sets that are selected in the case of NOMA with high probability. 
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2.6 Air interface for moving networks 

This technological component incorporates the requirements of V2X communications into the 
air interface design. The objective is to improve the robustness of mobile communication links 
and enable services with strict reliability requirements such as road safety applications. The 
research embraces novel channel estimation and channel prediction techniques for highly 
time variant channels, as well as novel metrics for Ultra Realible Communication (URC) based 
on the prediction of the link reliability. 

Framework for URC 

As illustrated in Figure 2-8, the proposed system concept for Ultra-Reliable Communications 
(URC) is based on a ñReliable Transmission Link" (RTL) that is optimized to transmit packets 
successfully and within a predefined deadline, and an ñAvailability Estimation and Indication" 
(AEI) mechanism that is able to reliably predict the availability of the RTL under given 
conditions. In addition, a novel link control indicator called ñAvailability Indicatorò (AI) signals 
the outcome of the AEI to the application. In this context, an application requests an RTL by 
sending an Availability Request (AR) to the AEI. Depending on the implementation details, the 
AR contains information such as the packet size, the maximum acceptable delay until 
successful reception or the maximum tolerable error probability. The AEI is designed to 
indicate to the application the availability of the RTL for the forthcoming transmissions given 
the AR requirements. For the availability estimation, the AEI needs to monitor the channel 
conditions, e.g., by evaluating the Signal-to-Noise and Interference Ratio (SINR) and/or the 
ACK/NACK statistics of the retransmission protocols used at link level. Typically, the AI is a 
binary value, i.e., either RTL available (AI=1) or unavailable (AI=0). After indicating the RTL 
availability, the application will be able to use it by transmitting data packets over the RTL (not 
shown in Figure 2-8). Depending on the implementation, other options might be reasonable as 
well (e.g., the AI is a soft value that indicates the likelihood that a "reliable transmission link" is 
available).   

 

Figure 2-8: Ultra-Reliable Link (URL) concept. 

 

URC Framework for Modelling and Predicting the Reliability of a Link 

One of the key enablers for URC is the reliability of transmission success of a given packet 
[MET13-D11]. This is hard mainly owing to the time-dependent effective link qualities of the 
communicating devices. However, successful indication of the availability of instantaneous link 
quality (e.g., by the device) would also allow opportunistic access of ultra-reliable 
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services/applications when the link conditions are fair enough. A system modelling unit (SMU) 
is assumed for such an indication which provides the theoretical reliabilities achievable under 
the constraints of reliability factors (fading, mobility, interference etc). The analysis and 
prediction at the SMU is based on the reliability analysis methods Reliability Block Diagrams 
and Markov Chains [Bir10] and the respective Transmission Time to Failure (TTTF) of the 
individual components. 

 

The KPIôs for Reliability Analysis are: 

Survival / Reliability Function R(t) 

R(t) gives the probability that the transmission does not fail for the interval πȟὸ. For this 
reason, it is also referred to as the survivor function since the transmission ñsurvivesò for the 
time t. Mathematically, 

Ὑὸ ρ Ὂὸ 

Where Ὂὸ is the Cumulative Distribution Function (CDF) of the probability that the TTTF 

(denoted by T) is greater then ὸ π and less then ὸ 

Ὂὸ 0ÒὝ ὸὪέὶ πȟὸ 

Failure Rate / Hazard Function ɚ(t) 

The conditional probability that the transmission operating failure-free until time ὸ i.e., (ὙὝ
ὸ=1)  also survives the period ῳὸ. 

‗ὸ
Ὑὸ ῳὸ

Ὑὸ
 

 

Availability (Repairable Systems) 

The failure rate is only used for non-repairable systems. For the case of wireless transmission 
which is a repairable system, Availability (Point Availability) is used which is the probability of 

transmission success at a stated instance of time (dependability). 

Reliability Block Diagrams are used in the analysis by considering individual reliability 
functions R(t) of pathloss, shadowing and multi-path propagation effects whose assumed life 
distributions f(t) are given in Table 2-5. 

Table 2-5 Statistical distributions of Reliability Factors 

EFFECT DISTRIBUTION MEAN VARIANCE 

PATHLOSS Exponential 1 1 

SHADOWING Log-Normal Ὡ Ὡ ρ Ὡ  

MULTIPATH 
FADING 

Rayleigh Ѝς“ τς
“

ς
 

The RBD is constructed by assuming transmission as the series system where the failure of 
any of the three components (pathloss, shadowing and multipath fading) would result in the 
failure of the transmission. Hence the system reliability is calculated as 

                                              Ὑ Ὑ Ὑ᷈ Ὑ᷈   
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Figure 2-9: System Reliability 

 
Figure 2-9 shows the survival and hazard functions of a single transmission instance. The 
TTTF can be calculated as the mean of the survival function and in our case is calculated to 
be 0.65. However, the probability of failure before a random time t can also be calculated and 
is given in Table 2-6. 

 
Table 2-6 Probability of transmission failure before T 

TIME (T) PROBABILITY OF FAILURE (P<T) 

 Without Retransmissions With Retransmissions 

0.1 0.140881 0.0198475 

0.2 0.263554 0.0694608 

0.3 0.366532 0.134346 

0.4 0.453991 0.206107 

0.5 0.528891 0.279726 

 
Retransmissions can be modelled by incremental redundancy. However, the results here 
assumed that the operating conditions are similar for both the transmission instances which 
does not hold on reality due to the channel time diversity.  

Reliability prediction is done by considering the wireless channel as a repairable system in 
which case the failure rate translates into Availability and repair rate into Maintainability. The 
repairable system analysis can be done by more sophisticated reliability analysis techniques 
using Multi-level Markov Chains with arbitrary failure (ɚ) and repair (µ) rates. ɚ is based on the 
reliability factors and µ is based on the pre-emptive maintenance measures carried on the 
transmission (Link adaptation via power control, MCS and other Error Correction techniques). 

Channel estimation for V2V links 

A channel estimation algorithm for vehicle-to-vehicle (V2V) wireless communication has been 
developed [BSM14]. The vehicular channel is modelled using a geometry-based stochastic 
channel model with discrete static, discrete mobile, and diffuse scatterers, see Figure 2-10. 
The model reveals that the channel representation in delay-Doppler domain can be divided 
into four regions. In each region, the V2V channel can be modelled using a hybrid 
sparse/diffuse (HSD) model. Prior art on hybrid channel estimation for linear time-invariant 
channels is extended to the time-varying case. Furthermore, the effects of pulse shape 
leakage are explicitly determined and compensated. Simulation results shows that exploiting 
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the V2V channel properties in the delay-Doppler domain, yields significantly improved channel 
estimates over unstructured approaches (more than 10 dB gain in SNR) [BSM14]. 

 

 

 

 

 

 

 

 

 

 

Figure 2-10:  A geometrical description of scattering environment and the transmitting and 
receiving vehicles (left) and the corresponding channel in the delay-Doppler domain (right). 
Each multipath component gives rise to a sparse component in the delay-Doppler domain. 

Channel prediction for the backhaul link of moving cells/networks 

Channel state information at transmitters is important for advanced transmission schemes. 
However, feedback and transmission control delays of multiple milliseconds result in severe 
outdating of this information at vehicular velocities. Channel prediction based on extrapolation 
of the short-term fading has proven to be inadequate at vehicular velocities and high carrier 
frequencies. 
We are therefore evaluating a new scheme that was proposed in [SGA+12], which may 
radically extend the prediction horizon when used on vehicles: Use an additional antenna, a 
ñpredictor antennaò, placed in front of the transmission antennas in the direction of travel. This 
approach can provide an order-of-magnitude improvement in channel prediction performance 
as compared to Kalman or Wiener-extrapolation of previous measurements based on the 
channel statistics. As recently shown in [PSS13], the resulting increased CSI quality could 
enable massive MIMO antennas to let narrow beams track fast-moving vehicles even in the 
presence of multipath propagation which generates very fast fading. 
We have investigated how different types of antenna designs on vehicles affect the attainable 
cross-correlation between the channel measured by the forward predictor antenna and the 
channel later experienced by the main antenna, when it has moved to the position previously 
occupied by the predictor antenna (illustrations are given in the annex). The attainable 
precision in the prediction of complex channel gains is directly related to this cross-correlation 
[SGA+12]. 
 

2.7 Faster than Nyquist (FTN) 

The continuous evolution of Internet services and the increasing emergence of new 
applications require future wireless networks to search for advanced solutions, offering higher 
data rate with more efficient band usage. FTN, first introduced in 1975 by Mazo, turns out to 
be a good candidate to satisfy these needs. By transmitting the data with a rhythm faster than 
the Nyquist condition, FTN can theoretically provide a higher data rate than the Nyquist-based 
systems, with the drawback of introducing interference into the transmission. 
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Capacity and spectral efficiency for FTN signalling 

Non-orthogonal transmission schemes such as Faster-Than-Nyquist (FTN) signalling  have 
the potential to increase the capacity by using pulses with excess bandwidth which are 
different from sinc pulses that canôt be realized practically [RA09], [AR¥13]. For example, by 
using root raised cosine (RRC) pulses for the transmit filters, the capacity increases by 
increasing the roll-off factor ‌ which can be shown by evaluating the FTN capacity equations 
constrained for independent and identically distributed (i.i.d.) Gaussian alphabet in [ET13]. In 
order to analyse the FTN spectral efficiency defined as the sum rate in bits/sec/Hz, we will 
consider a shared resources medium, assuming ὑ-user multi-access channel (MAC); the 
signals are placed at centre frequencies ὯὪȟ ȟὯ πȟρȟȣȟ ὑ ρȾς; Gaussian signalling 

is used, treating interference as noise, i.e., assuming simple receivers; all users use RRC 

pulses with absolute bandwidth ὃ ρ ‌ὡ where ὡ is the 3 dB bandwidth, all signals 
have equal power ὖ and have at most one interferer at each frequency, ὃȾς Ὢȟ ὃ. The 

analytical details are presented in [EK14].  

 
Figure 2-11: Spectral efficiencies for roll-off factor ♪  0.5 for the system point of view 

realization. 

 
Two realizations are considered in the evaluation: the system point of view where the power 

per Hertz is 
ȟ

and the per user point of view where the power per Hertz is . For the 

system point of view realization, the spectral efficiencies using RRC pulses of ‌ πȢυ 
optimized over Ὢȟ , i.e., the smallest possible Ὢȟ  that results in the highest possible 

spectral efficiency value, where ρ ‌ὡȾς Ὢȟ ρ ‌ὡ is shown in Figure 2-11 

compared to the spectral efficiencies using RRC pulses of ‌ πȢυ  which are achieved by 
different values of Ὢȟ  and the spectral efficiency using sinc pulses, each of absolute 

bandwidth ὡ, without any interference. At low SNR, it is best to choose Ὢȟ  as small as 

possible to get higher spectral efficiency, i.e., potential improvement of spectral efficiency by 
squeezing more pulses. At high SNR, it is best to avoid interference. For different roll-off 
factors and the second system realization figures, refer to the annex.  
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Apart from the theoretical capacity investigations for FTN signalling, we also considered 
practical systems and studied its gains. FTN is also well suited for applications that need low 
cost transmitters and flexible rate adaptation. Simulation results showing the flexibility in terms 
of throughput by just changing the FTN rate and not the modulation scheme or coding rate are 
available in the annex.  

Symbol-by-symbol detection of multi-carrier FTN signalling 

In order to exploit the theoretical gain in practical systems, sophisticated receivers have to be 
used to cope with the intentional ISI. In addition, when FTN signalling is combined with the 
Multi-Carrier Modulations (MCMs), the interference is introduced in a two-dimension lattice, 
which calls for a more sophisticated receiver, together with an affordable complexity. 
Publications related with FTN detection typically make use of sequence detectors for taking 
into account the ISI introduced at the transmitter (e.g. [PAR08, DRO10, DRO11, KB12, 
MS10]). The target of this study is to propose and analyse a symbol-by-symbol detection 
strategy based upon the maximum likelihood (ML) principle. Key advantage is the possibility 
for achieving a high degree of parallelization. In Figure 2-12 the block diagram of the receiver 
is depicted. 

 

 

Figure 2-12: ML based detector with linear pre-processing and interference cancellation for 
search space reduction (m is the symbol number within the processed block of symbols). 

 
The proposed scheme is related with concepts available in the area of MIMO detection (e.g. 
[RGA02]). A full ML detector exhibits exponential complexity in terms of number of subcarriers 
carrying data and number of multi-carrier symbols being overlapped. To reduce the search 
space the ML detector has to cover, we make use of reliability ranking and interference 
cancellation. The received symbol vector ym is linearly detected (e.g. making use of the MMSE 
principle). Those estimates are then used to determine reliability measures per complex 
subcarrier symbol (e.g. based upon the distance to the closest decision threshold). By doing 
so, the search space of the ML detector may be reduced to only search for the least reliable 
symbols. Another means to reduce complexity is to apply interference cancellation based 
upon the outputs of the linear detector. The calculation of the ML metrics may be performed in 
a parallel manner as each single metric is independent of the others. If interference 
cancellation is used the single multicarrier symbols are to be detected consecutively. 
Otherwise, each single symbol may be detected concurrently.  For a given setup (OFDM, 
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Kôsccr=24 subcarriers per sub-band, QPSK) the complexity could be reduced from 

( ) 4323.24 324'

, eKK MCSymbscrr KK

MODesML === Ö metric calculations in case of exhaustive search to 

only 64 with applying the proposed scheme with only minor performance degradations (KMOD 
refers to the modulation order, KôMCSymb to the number of multicarrier symbols overlapping). 
Overlapping factors up to 1.15 have been investigated. A more detailed description of the 
detection principle and performance graphs are given in [SW13]. 

Combining FTN with FBMC 

In addition to the application of FTN to OFDM described in the section above, FBMC should 
also be considered as alternative basic transmission waveform. To this end, this section aims 
to provide a preliminary analysis for a new transmission mode, which combines FTN with 
Filter-Bank Multi-Carrier/Offset Quadrature Amplitude Modulation (FBMC/OQAM). The 
analysed receiver uses the turbo equalizer, named Minimum Mean-Square Error Interference 
CancellerïLinear Equalizer (MMSE IC-LE), because it gives a good compromise/trade-off 
between complexity and QoSefficiency.  
 
The FTN-FBMC/OQAM transceiver chain is illustrated in the figure below. On the transmitter 
side, FTN is combined with FBMC/OQAM modulation scheme, while on the receiver side, 
MMSE IC-LE scheme is used to iteratively suppress the interference caused by FTN and the 
channel. 
 

 

 

 

 

 

 

 

 

 
 
 

Figure 2-13: FTN-FBMC/OQAM transceiver chain 

 
With this chain, we intend to investigate the FTN limit for different constellation orders as well 
as different waveforms. The results are reported in the table below in which the number 
following the acronym indicates the overlapping factor of the prototype filter. For instance, 
IOTA4 corresponds to the IOTA prototype filter with a length equal to four times the (I)FFT 
size (64 for this table).  The three other prototype filters are designed using either the 
Extended Gaussian Function (EGF) or the Time Frequency Localization (TFL) criterion as in 
[SSL02], or the frequency selectivity (FS) criterion, as defined in  [PS11] In Table 2.7 the FTN 
limit is the packing factor for which a BER of 10-5 can be reached for the different schemes. 
E.g. 0.5 means that we are twice faster than Nyquist.More details can be found in annex. 
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Table 2-7 FTN limit table 

Pulse Shapes QPSK 16QAM 64QAM 

SRRC4 (roll-off=0.3) 0.8 >0.9 >0.9 

SRRC4 (roll-off=0.3) 0.8 0.9 0.9 

FS4 0.7 0.9 0.9 

IOTA4 0.6 0.8 >0.9 

TFL1 0.5 0.7 >0.9 

EGF4 (spreading factor=2) 0.5 0.8 >0.9 

 
Precoding and Frequency Domain Equalization for MFTN 

The challenge of the FTN is at the receiver side due to the interference components. The 
addition of a frequency selective channel will complicate this further. Most methods developed 
so far [LG03] [RA09] [YC10] consider interference contaminated FTN sequence as some form 
of a convolutional code and hence utilize Viterbi based algorithms together also with different 
coding techniques to recover the transmit symbols. In addition, successive interference 
cancellation techniques are possible. The objective here is to employ precoding methods to 
compensate for the generated interference due to FTN as one option. In the case of FBMC, 
similar scenario is seen where there is significant amount of intersymbol and intercarrier 
interference to be mitigated. Thus as detailed in Section 2.8, one option is to consider the 
application of precoding and evaluate the performance. Another is to consider frequency 
domain equalization investigated in [S13] in a more general setting for application in 
multicarrier FTN (MFTN) case. 
 

2.8 Filtered and filterbank based multi-carrier  

This subchapter proposes new multicarrier based schemes and algorithms to address the 
challenges for future mobile wireless system. Two schemes are covered in this subchapter, 
i.e. FBMC and UFMC. Both schemes are using digital filtering methods to shape the 
multicarrier waveform for offering better PHY layer performance. They are distinct from each 
other in the orthogonality sense and in the transceiver design. 

2.8.1 FBMC based waveform & transceiver design   

FBMC (Filterbank Multicarrier)-Offset QAM (FBMC/OQAM) transceiver uses a pair of filter-
banks (analysis and synthesis filter) to perform pulse shaping for each individual subcarrier. 
The advantages of FBMC in comparison to CP-OFDM are lower leakage power into the 
neighbouring frequency (sub)bands and better robustness against Doppler spread and 
synchronization errors. 

Besides the above mentioned advantages, FBMC embeds also features such as  degrees of 
freedom in adopting appropriate waveforms for specific scenarios and applications, and more 
flexibility for frame structure due to the CP removal. 

In this subsection, several approaches are proposed to solve the open issues for FBMC: 1) 
signal transition time due to filtering (the ñtailò) which leads to overhead for short package 
transmission; 2) to exploit the degrees of freedom gain of FBMC prototype filtering, esp. under 
different services and channel conditions; 3) MIMO precoding as the OQAM orthogonality is 
relaxed to real field only. 
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Weighted Circular Convolution FBMC and Frame Design 

OFDM/OQAM incurs an excess overhead caused by transition times at the beginning and the 
end of a transmission burst. The overhead duration equals length of the prototype filter, which 
is normally at least 4T for an acceptable ISI/ICI (T denotes symbol duration). In the following, 
we propose a technique called Weighted Circular Convolution to remove the tails of 
OFDM/OQAM signal while preserving its real orthogonality. Full description of the proposed 
technique is referred to [AJM13].  

Transmitter: In contrast to conventional OQAM modulation, which linearly convolves with 
prototype filter on each subcarrier, the new scheme modulates a data block of N OQAM 
symbols, where the data block is sequentially repeated and appropriately weighted such that 
the output of the OFDM/OQAM modulator is periodic. Due to its periodicity and special 
structure, the entire output signal can be reconstructed using only a portion of duration NT/2 of 
the signal. Therefore, it is sufficient to transmit this portion (which has no tails). This can be 
implemented by passing the data block through the regular OFDM/OQAM modulator and then 
applying ñWeighted Crop-and-Addò. 

Receiver: The received signal is first passed through a ñWeighted Appendò module, which 
performs the reverse of the transmitter operation. The resulting signal is passed through the 
regular OFDM/OQAM demodulator to recover the data block. 

Time Windowing: The sharp transitions at both ends of the weighted circularly convolved 
OFDM/OQAM signal result in PSD side-lobes increase. This issue is solved by appending 
proper time windowing signals to both ends of the tail-removed signal. Simulations show that a 
total time-windowing overhead of T/4 for the entire signal burst is enough to preserve the PSD 
performance. 

Simulation Results: Here, we provide simulation results for an OFDM/OQAM transmission 
with N=2 OQAM symbols, 600 subcarriers and the subcarrier spacing of 15 kHz. The 
prototype filter is a truncated root-raised cosine (RRC) with roll-off factor Ŭ=1 and truncation 
length 4T. For time-windowing, we use raised cosine window with duration 4 4Ⱦτ. In Figure 
2-14, we compare PSD of the weighted circularly convolved OFDM/OQAM with time-domain 
windowing with those of linearly convolved OFDM/OQAM signals with and without truncation. 

For truncation, a portion of length .4ςϳ 4 4 4  from the middle of the time-domain 
signal is kept. For the sake of comparison, we also applied the 4  windowing to the truncated 
signal. Table 2-8 lists EVM (Error Vector Magnitude) of the demodulated OQAM constellation 
points (soft values). 

Frame structure design: based on the proposed Circular Convolution algorithm, a LTE-like 
frame structure can be designed and the details are given in the appendix. 
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Figure 2-14 Spectrum comparison for burst of N=2 OQAM symbols: Windowing size = T/4. 
 

Table 2-8 EVM comparison of transmission techniques for N=2. 

 
Linear 

Convolution 

Weighted Circ. Conv. 

with Time-windowing 

Linear Conv. with 

Truncation 

Linear Conv. with Truncation 

and Time-windowing 

Ὕ ὝȾτ -69.47 dB -43.83 dB -20.16 dB -17.11 dB 

 

Transceiver Processing Techniques for MIMO FBMC Systems 

FBMC systems have a significant amount of inter-carrier-interference (ICI) and inter-symbol-
interference (ISI), which degrades the system performance when operating under fading 
channels, although, by design, these effects are negligible in AWGN channels. We consider a 
multicarrier MIMO-FBMC system with 2M subcarriers, with a single transmitter and a receiver, 
each equipped with NA antennas. The bit error rate (BER) performance of a (MIMO) FBMC 
system is analyzed comprehensively and it is shown that the system can achieve low error 
performance [SRL14] comparable to MIMO-OFDM and as opposed to single tap filtering or 
zero forcing (ZF). The performance is evaluated for various linear and non-linear transceiver 
processing techniques, which attempt to mitigate the effect of ICI and ISI in MIMO FBMC 
systems. The filter used is g[k] and the filter length is L. The system model and further details 
are given in the annex. We consider a time-invariant Rayleigh fading channel, where the 

channel impulse response spans L sampling intervals. The sampling corresponds to original 
symbol duration before FBMC mapping. We assume that all antenna paths undergo 
independent fading. For the receiver processing techniques discussed, we assume the 
receiver has perfect channel state information (CSI). For the precoding methods discussed, 
we assume perfect CSI is available at both the transmitter and the receiver. This assumption 
is to be relaxed later on. The complexity and performance trade-off is considered for these 
cases. In particular punctured Tomlinson Harashima precoding (THP) technique is proposed 
which shows feasibility of FBMC with significantly lower BER as shown compared to ZF. The 
approach is to remove the error floor by precoding, at a slight loss of throughput, by not using 
one or more antennas for some symbols in some subcarriers. We call this puncturing. We can 

limit the maximum interference on a symbol to e with r iterations. Signal amplitude without 
interference is set to unity. The following Figure 2-15 shows the average BER parameterized 

by the number of channel taps L with first tap variance is unity and the rest is of equal strength 
giving an overall variance of 1.2. 
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Figure 2-15: Average BER Performance with 2M=16, L=63,r max=3, e=1. 

Windowed Cyclic-Prefixed FBMC/Circular OQAM (WCP-COQAM) 

In the literature, many alternative MCM schemes are proposed to replace CP-OFDM. They 
can be mainly categorized into two groups. One group uses the linear convolution for the 
filtering and the schemes include FBMC/OQAM [FAB95] and FBMC/FMT [CEO02]. The other 
group is based on circular convolution such as GFDM [FKB09] and CB-FMT [Ton13]. 
Nevertheless, all these alternatives have their own drawbacks and advantages. The WCP-
COQAM is a combined version of these two groups which intends to minimize the drawbacks 
and keep maximally the advantages from the predecessors. Note that the concept of WCP-
COQAM is partially in line with the Weighted Circular Convolution FBMC.  

With respect the schemes of the first group, the problems solved by WCP-COQAM are 

¶ Orthogonality issue in multi-path channel (problems with FBMC/OQAM and 
FBMC/FMT). 

¶ Complex equalization issue (problems with FBMC/OQAM and FBMC/FMT) 

¶ Complex receiver with Alamouti STBC issue (problem with FBMC/OQAM and 
FBMC/FMT) 

¶ Subcarrier spacing enlarging issue (problem with FBMC/FMT) 

¶ Burst transmission issue (problem with FBMC/FMT and FBMC/OQAM) 

With respect to the second group schemes, the problems solved by WCP-COQAM are 

¶ Orthogonality issue (problem with GFDM) 

¶ Complex receiver with Alamouti STBC issue (problem with GFDM) 

¶ Subcarrier spacing enlarging issue (problem with CB-FMT) 

The initial implementation of WCP-COQAM is composed of two steps. 1) COQAM modulation 
and 2) add CP then windowing process. Details can be found in [LS14]. Besides the 
























































































































































