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Executive Summary 

5G-Enhance main objective is to define and evaluate inter-operable 5G enhanced mobile 
broadband (eMBB) and efficient network solutions in dense area. The objective of this 
deliverable is to define a technological roadmap of WP3, which focus on developing the radio 
access technologies (RAT) for the eMBB usage scenario in a specific high-demand areas. This 
deliverable presents an integrate high-level advanced RAT system architecture, its 
requirements (details on 5G-Enhance scenario and requirements will be explained in WP2-
D2.1), and possible technological direction for advanced RAT. 
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1. Introduction 
 

One of the three major usage scenarios for 5G defined by the ITU-R is enhanced mobile 
broadband (eMBB), which presents new application areas and requirements in addition to 
existing mobile broadband for improved performance and an increasingly seamless user 
experience [ITU-R_2015]. The eMBB usage scenario covers both wide-area coverage and 
hotspot cases, which have different requirements. The hotspot case includes high user 
densities, and requires very high traffic capacity and user data rates, while the requirement for 
mobility is low. For the wide-area coverage case, seamless coverage and medium to high 
mobility are desired [ITU-R_2015]. 
 
The 5G-Enhance aims to define and evaluate interoperable 5G eMBB and efficient network 
solutions in dense area (hotspot case). In this project, we envision the co-existence of macro 
operator and micro operator (locally deployed 5G small cell networks) [Matinmikko_2017] in 
order to provide eMBB in a high-demand area. In the micro operator domain, radio resource 
management is challenging, since the local micro operator may need to share the spectrum 
with an incumbents, or with between the potentially a large number of other local micro 
operators. This demands the development of flexible and scalable network design solutions.  
 
The scope of WP3, in 5G-Enhance, is to develop advanced radio access technologies (ARAT) 
for the eMBB usage scenario in a specific high-demand areas, such as hospital environment. 
To achieve this, among many others, 5G-Enhance has identified dynamic time division 
duplexing (D-TDD), multi-connectivity, and virtual radio access network (vRAN) technologies 
as key technology enablers for ARAT in WP3. The scope of this deliverable is to define 
flexible/scalable broadband technology solutions (i.e., integrated high-level ARAT system) in 
order to enhance existing radio access technologies, towards better provision of 5G KPIs in 
dense eMBB scenarios.  
 
1.1 Structure of the document 

The structure of the document can be summarized as follows: 

 Section 1 contains the introduction and structure of this deliverable. 

 Section 2 introduces the micro-operator concept, and its role in 5G-Enhance for the 
provisioning of eMBB services. 

 Section 3 presents the state of the art in radio access techniques to realize eMBB and 
the technologies that will be studied in WP3 for ARAT. 

 Section 4 reviews the eMBB requirements for 5G, lists ARAT requirements for eMBB 
in accordance with the technologies that will be studied in WP3, and then presents the 
KPIs to assess the performance of the technical solutions developed in WP3. 

 Section 5 consists of the integrated high-level architecture for ARAT, and provides 
discussions on possible technologies/directions for ARAT. 

 Section 6 concludes this deliverable. 
 
 

2. Micro operator scenario providing eMBB in high-demand area 
 
The role of 5G in providing communication services for the specific requirements of different 
verticals is considered to be important. In the recent draft report from the Euroean Commission, 
the Radio Spectrum Policy Group (RSPG) notes that connectivity for vertical industries could 
be provided by mobile operator’s solutions, third-party providers and directly by verticals 
themselves [RSPG 2018]. These deployments could benefit from other spectrum solutions 
including dedicated or shared spectrum for the business/sectoral needs (“verticals needs”) that 
may not be met by mobile operators. This recent development in regulation responds to the 
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needs arising from the different verticals to allow the establishment of local 5G networks for 
vertical specific service delivery. The role of new stakeholders in the 5G deployment is 
increasingly important while majority of research has focused on MNO driven 5G deployments. 
Thus, the establishment of local 5G networks through third-party providers and directly by 
verticals requires further investigations.  
 
To respond to the changing mobile market, 5G is expected to open new roles in the future 
mobile business ecosystem through the introduction of local 5G operators such as the recent 
micro operator (uO) concept presented e.g., in [Matinmikko_2017] and [Matinmikko_ 2018]. 
Micro operators are locally deployed small cell networks in specific areas and tailored for 
vertical specific service delivery. The three basic elements of the micro operator concept 
include: 1) planning and building of local small cell infrastructure; 2) operation and 
maintenance of the network infrastructure; and 3) provisioning of tailored services within the 
specific location [Matinmikko_2017]. The micro operator concept addresses the recent trends 
of change in the 5G deployments where location specific vertical services, ultra-dense indoor 
small cell networks and sharing of infrastructure become increasingly important; see Figure 1.  
 
 

 
 

Figure 1: High-level approach for 5G-Enhance with local 5G micro operators. 
 
While traditional mobile network operators' (MNO) continue to be the major stakeholders 
deploying 5G networks similar to prior generations, local 5G micro operators aim at 
complementing the MNO offerings in specific high-demand locations. Regarding its customers, 
the micro operator can deploy and operate a closed private network to serve its own human 
or machine type of customers that are not served by MNOs such as in a factory setting. 
Alternatively, the micro operator can act as a neutral host for other MNOs by serving their 
customers in specific high-demand locations. A hybrid set of customers is also possible where 
the micro operator serves both MNOs’ customers and its own customers. The 5G-Enhance 
project considers the deployment of local 5G micro operator networks that can serve versatile 
customer sets.  
 
The micro operator concept is built on top of the 5G technical features of dense indoor small 
cell networks, operation in higher carrier frequencies, and the opening of network architecture 
to support multi-tenancy and network slicing for serving multiple serviced providers customers 
[Matinmikko-Blue_2017a]. The deployment of local 5G networks by micro operators requires 
local spectrum availability with quality guarantees, which can be achieved through, e.g., locally 
issued spectrum access rights [Matinmikko_2018]. This development would allow the 
establishment of large numbers of local small cell radio access networks by different 
stakeholders such as facility owners. Micro operator networks could be designed to meet the 
versatile needs of vertical sectors in specific places with quality guarantees. The deployment 
of potentially a large number of micro operator networks  calls for the development of 
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techniques for interference coordination between the local micro operators and MNOs as well 
as potential incumbent spectrum users. The interference coordination mechanisms depend on 
the spectrum authorization models chosen by the regulators and could combine the ideas from 
both individual and general authorization regimes to allow dynamic adaptation to changing 
interference conditions and different levels of interference protection. 
 
eMBB is one of the three major usage scenarios for 5G defined by the ITU-R [ITU-R_2015] 
and in the focus of the 5G-Enhance project. eMBB presents new application areas and 
requirements in addition to existing mobile broadband for improved performance and an 
increasingly seamless user experience, which go beyond what is achieved with 4G networks. 
The eMBB usage scenario covers both wide-area coverage and hotspot cases, which have 
different requirements and deployment models. For the wide area coverage case, seamless 
coverage and medium to high mobility are desired, with much improved user data rate 
compared to existing data rates but not as high as in the hotspot case [ITU-R_2015]. The 
hotspot case typically includes high user densities and calls for very high traffic capacity and 
user data rates, while the requirement for mobility is low. 5G-Enhance focuses on the hot spot 
case where the challenges come from serving high user densities with high quality 
requirements. The minimum technical performance requirements for the eMBB usage scenario 
defined by the ITU-R in [ITU-R_2017] are considerably higher than for previous generations of 
mobile communications networks. Considering the KPIs for specifically the eMBB in indoor 
hotspot case, the minimum requirements for peak data rate are 20 Gb/s in downlink and 10 
Gb/s in uplink, peak spectral efficiency 30 bit/s/Hz in downlink and 15 bit/s/Hz in uplink, 
average spectral efficiency 9 bit/s/Hz in downlink 9 and 6.75 bit/s/Hs in uplink, and area traffic 
capacity in downlink 10 Mbit/s/m2 [ITU-R_2017]. Meeting these requirements calls for the 
development of new eMBB techniques as well as new operator models to address the eMBB 
usage scenario in hotspot case. 
 
The 5G-Enhance project focuses on micro operator deployments in dense environments for 
the provisioning of eMBB services by different stakeholders to respond to the needs of vertical 
specific service delivery as noted by regulators [RSPG 2018]. The 5G-Enhance local 5G 
networks aim at serving both MNOs customers as well as its own restricted set of customers 
in specific local areas. Figure 1 illustrates the high-level system model for 5G-Enhance where 
local micro operator networks are deployed to serve different customers.  
 
 

3. State of the art in radio access techniques to realize eMBB 
 
It is expected that the deployment of initial 5G cellular infrastructure will be driven by eMBB 
services (primarily connecting smart wireless devices, like, tablets and smart-phones, etc.) 
[Qualcomm_Nokia_2017, Mediatek_2018]. In order to accelerate the deployment of 5G new 
radio (NR), 3GPP Release 15 has defined an non-standalone (NSA) mode, that allow the 5G 
NR radio access network (RAN) to build upon existing long term evolution (LTE) infrastructure. 
In NSA mode the connection is anchored in LTE while 5G NR carriers are used to boost data-
rates and reduce latency. Another option that 3GPP is considering is standalone (SA) mode 
of operation, where both the core and access network will be based on the new 5G standard; 
see Figure 2.  
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Figure 2: 5G Deployment configurations - NSA vs SA [Qualcomm_Nokia_2017]. 

 
 
Thus a common understanding is that the 5G NR should allow integrating LTE-Advanced 
features (such as carrier aggregation, MIMO techniques, coordinated multi-point operation, 
etc.) and novel 5G NR radio access techniques [Marsch_2016]. Also a non-cellular standards 
like Wi-Fi can be considered as an integral part of 5G in order to realize eMBB services. More 
detail on the next generation radio access networks (NG-RAN) can be found in [3GPP-
TS38.401, Bertenyi_2018]. In the following, we briefly introduce the 5G NR physical layer 
structure, as it is one of the key feature needed to support many different use cases, and also 
its understanding is essential in this work package (i.e., WP3). 
 
3.1 5G NR physical layer structure 

 
Similar to the LTE, a frame of NR consists of ten subframes, each with a length of 1 ms. 
However, the NR frame structure is way more flexible compared with LTE. In LTE there is only 
one type of subcarrier spacing of ∆𝑓 = 15 kHz. In contrast to LTE, NR supports multiple 
different types of subcarrier spacing (numerology), covering a wider range of carrier 
frequencies and services [ITU-R_2015]. Multiple supported transmission numerology defined 
by 3GPP are [3GPP-TS38.211]: 
 

Table 1: Supported transmission numerologies [3GPP-TS38.211]. 
 

µ ∆𝑓 = 2𝜇15 [kHz] cyclic prefix 

0 15 Normal 

1 30 Normal 

2 60 Normal, Extended 

3 120 Normal 

4 240 Normal 

 
The subcarrier spacing (SCS) of 15 kHz, 30 kHz, and 60 kHz are applicable to carrier 
frequencies of 6 GHz of and lower (sub-6); whereas 60 kHz, 120 kHz, and 240 kHz are 
applicable to above 6 GHz carrier frequencies [Bertenyi_2018]. 
 
Numerology 𝜇 = 0 represents subcarrier spacing of 15 kHz, which is same as LTE, and it is 
considered as a baseline in defining the subframe of duration 1 ms with 14 OFDM symbols for 
the case of normal cyclic prefix [3GPP-TS38.211]. It is also called a slot for 15 kHz SCS. Since 
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OFDM symbol duration has an inversely proportional relationship with SCS, the duration of the 
slots scales down as SCS increases (except for 60 kHz SCS, as it can have an extended CP 
and 12 OFDM symbols), see Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Flexible subcarrier spacing in 5G NR. 
 
 
In NR slot format, the uplink and downlink transmission can change at a symbol level (unlike 
in LTE-TDD, where the uplink and downlink assignment is carried out in the subframe level). 
3GPP has defined various slot format in [3GPP-TS38.211] and is shown in Table 2 (see next 
page).  
 
In Table 2, OFDM symbols in a slot are classified as ‘downlink’ (denoted ‘D’), ‘flexible’ (denoted 
‘X’), or ‘uplink’ (denoted ‘U’). In a downlink slot, the UE shall assume downlink transmissions 
to occur in ‘downlink’ or ‘flexible’ symbols only. In an uplink slot, the UE shall transmit in ‘uplink’ 
or ‘flexible’ symbols only. 
 
 
  

125 µs 

14  
symbols 

 
120 kHz
   

      

250 µs 

SLOT 
14 OFDM symbols 

60 kHz       

500 µs 

SLOT 
14 OFDM symbols 

30 kHz     

1 ms 

SLOT  
14 symbols 

15 kHz 
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Table 2: Slot format [3GPP-TS38.211, version 2.0] 

 
 

Format Symbol number in a slot 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 

0 D D D D D D D D D D D D D D 

1 U U U U U U U U U U U U U U 

2 X X X X X X X X X X X X X X 

3 D D D D D D D D D D D D D X 

4 D D D D D D D D D D D D X X 

5 D D D D D D D D D D D X X X 

6 D D D D D D D D D D X X X X 

7 D D D D D D D D D X X X X X 

8 X X X X X X X X X X X X X U 

9 X X X X X X X X X X X X U U 

10 X U U U U U U U U U U U U U 

11 X X U U U U U U U U U U U U 

12 X X X U U U U U U U U U U U 

13 X X X X U U U U U U U U U U 

14 X X X X X U U U U U U U U U 

15 X X X X X X U U U U U U U U 

16 D X X X X X X X X X X X X X 

17 D D X X X X X X X X X X X X 

18 D D D X X X X X X X X X X X 

19 D X X X X X X X X X X X X U 

20 D D X X X X X X X X X X X U 

21 D D D X X X X X X X X X X U 

22 D X X X X X X X X X X X U U 

23 D D X X X X X X X X X X U U 

24 D D D X X X X X X X X X U U 

25 D X X X X X X X X X X U U U 

26 D D X X X X X X X X X U U U 

27 D D D X X X X X X X X U U U 

28 D D D D D D D D D D D D X U 

29 D D D D D D D D D D D X X U 

30 D D D D D D D D D D X X X U 

31 D D D D D D D D D D D X U U 

32 D D D D D D D D D D X X U U 

33 D D D D D D D D D X X X U U 

34 D X U U U U U U U U U U U U 

35 D D X U U U U U U U U U U U 

36 D D D X U U U U U U U U U U 

37 D X X U U U U U U U U U U U 

38 D D X X U U U U U U U U U U 

39 D D D X X U U U U U U U U U 

40 D X X X U U U U U U U U U U 

41 D D X X X U U U U U U U U U 

42 D D D X X X U U U U U U U U 

43 D D D D D D D D D X X X X U 

44 D D D D D D X X X X X X U U 

45 D D D D D D X X U U U U U U 

46 D D D D D D X D D D D D D X 

47 D D D D D X X D D D D D X X 

48 D D X X X X X D D X X X X X 

49 D X X X X X X D X X X X X X 

50 X U U U U U U X U U U U U U 

51 X X U U U U U X X U U U U U 

52 X X X U U U U X X X U U U U 

53 X X X X U U U X X X X U U U 

54 D D D D D X U D D D D D X U 

55 D D X U U U U D D X U U U U 

56 D X U U U U U D X U U U U U 

57 D D D D X X U D D D D X X U 

58 D D X X U U U D D X X U U U 

59 D X X U U U U D X X U U U U 

60 D X X X X X U D X X X X X U 

61 D D X X X X U D D X X X X U 

62 – 255  Reserved 
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3.2 Advanced RAT 

 

In order to provide eMBB by using micro-operator in a high-demand area (apart from the 
disruptive technologies, such as massive MIMO, Full-duplex communication, mmWave 
communications, beamforming, small cell technology, etc. [Boccardi_2014, Andrews_2014]), 
among many 5G-Enhance has identified dynamic TDD, multi-connectivity, virtual-RAN, as the 
potential technologies for the advanced RAT. In this section, we briefly introduce these 
technologies. 

 
3.2.1 Dynamic TDD 
 
Traditional cellular networks have been primarily based on frequency division duplexing (FDD), 
partly because this is seen as better suited for networks of macro-cells deployed for wide area 
coverage and partly as a holdover from legacy voice networks that were designed primarily for 
symmetric traffic using paired spectrum. As spectrum is scarce natural resource,  time division 
duplexing (TDD) has emerged as a viable alternative, since it does not require paired spectrum 
band, and can emulate full duplex communication using a half duplex link. As a result, TDD 
operating mode is considered as an essential feature for many wireless communication 
standards such as WLAN, WiMax, and LTE. 
 
In 5G networks and beyond, TDD becomes even more compelling for a number of reasons. 
First, future networks will require a large number of small cells with very short range to provide 
the needed area spectral efficiency. TDD can offer better performance with smaller cell 
deployments where the transmit powers, mobile speeds, and the channel propagation delays 
are relatively low. Second, large (distributed) antenna arrays are seen as a key technical 
concept to enable future networks to simultaneously serve multiple users and suppress a large 
number of undesired interference sources. Again, such an approach is better matched to TDD 
networks as TDD can help to circumvent problems due to limited pilot resources. Finally, as 
networks become more data-centric and thus less symmetric in their traffic, TDD allows for 
resources to be dynamically adapted between the uplink (UL) and downlink (DL) by changing 
the amount of resources allocated to each direction. Due to these reasons, dynamic or flexible 
TDD is an important component in 3GPP standardization for 5G networks [3GPP-TR38.802]. 
 
3.2.1.1 Standardization 

 
As described in Section 3.1, in NR an OFDM symbol in a slot is considered as a basic UL/DL 
scheduling interval. A slot can contain all downlink symbols, all uplink symbols, at least one 
downlink symbol, or at least one uplink symbol (see Table 2). These slots can be concatenated 
and aggregated in a flexible manner. With slot aggregation, transmission (UL or DL) can be 
spanned two or more slots by reducing the overhead. In addition to slot aggregation, mini-slot 
scheduling is also possible in 5G NR, where a transmission (UL or DL) can be spanned for 
less than the number of symbols in a slot (as small as one OFDM symbol) [3GPP-TS38.401, 
Bertenyi_2018]. These slot aggregation and mini-slot scheduling are very essential features of 
5G NR for serving an asymmetric traffic of the network, and to realize potential benefit of 
dynamic TDD. 
 
3.2.1.2 Interference management 
 
TDD allows adjacent cells to adopt different UL-DL configuration according to UL-DL traffic 
demand. In macro-cell, the BS transmission power is several order larger than that of UL user. 
In such case BS transmission, usually dominates the weaker UL transmission of the adjacent 
cell. Thus, in macro cell adjacent cells usually operate in the same UL-DL configuration. 
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However, in small cell transmission power of BSs and the UEs are in a same order, thus it is 
possible to configure adjacent cells in different UL-DL configuration, dynamically in order to 
maximize area spectral efficiency. 
 
In dynamic TDD, a same time-slot can be used for UL and DL transmission in adjacent cells. 
As illustrated in Figure 4 (dynamic TDD system), suppose that cell 1 operates in downlink 
mode and cell 2 operates in uplink mode in a same time-slot. Then, in addition to DL-to-DL 
interference in cell 1 and UL-to-UL interference in cell 2, there are two different types of cross-
cell interference scenario in dynamic TDD system: 1) the downlink transmission in cell 1 
interfere the uplink signals in cell 2 (i.e., BS-BS interference) and 2) the uplink transmission in 
cell 2 interfere the downlink signals in cell 1 (i.e., MS-MS interference). Due to these four 
different types of interference scenarios and, in particular, difficulty in acquiring the CSI 
between the mutually interfering MS-MS channels, interference management is more 
challenging in dynamic TDD system. 
 
 

 
 

Figure 4: UL-DL interference scenario in dynamic TDD 
 
 

In order to manage the interference in dynamic TDD system, several time-slot allocation 
algorithms are proposed in literature, e.g., in [Omiyi_2007, Choi_2006].  Specifically, in 
[Omiyi_2007] a dynamic time-slot allocation algorithm based on busy-burst signaling 
[Omiyi_2004] is proposed. Its basic principle is that receivers upon data reception, transmits a 
busy-burst in an associated multiplexed mini-slot. Then, all other transmitter which sense a 
strong busy-burst, do not use the same time-slot. Mobile users in the cell edge introduces 
stronger MS-MS interference, this issues is addressed in [Choi_2006], by dividing a cell into 
inner and outer regions. In [Choi_2006] special attention is given to the MSs in the outer 
regions while allocating the radio resources, in order to minimize the cross-slot interference. 
Various time-slot allocation strategies based on the location of MSs are considered in 
[Wie_2001, Mori_2002, Mori_2004, Sohn_2009]. The use of sector antennas has been studied 
in [Jeong_2002, Yun_2004] to mitigate cross-slot interference, by coordinating the directions 
of sector antennas in each cell. 
 
Coordinated multipoint transmission and reception has been identified as one of the key 
technology enablers to enable larger coverage and improved rate in cellular networks 
[Tolli_2018]. For this, the advanced interference coordination techniques with local channel 
state information and which require minimal or no information exchange between the 
cooperating BSs is required. By exploiting the channel reciprocity to acquire the CSIs and bi-
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directional forward-backward pilot signalling [Komulainen_2013], decentralized beamformer 
design techniques for dynamic TDD systems have been proposed in [Jayasinghe_2015, 
Jayasinghe_2015a, Jayasinghe_2018,  Tolli_2018]. The use of non-orthogonal pilots has been 
explored in [Jayasinghe_2017], while pilot decontamination methods using pilot reuse 
algorithm is investigated in [Jayasinghe_2017a]. 

  
3.2.2 Multi-connectivity techniques 
 

Multi-connectivity (MC) is the capacity of connecting to multiple access points at the same 
time. Multi-Connectivity supports simultaneous connectivity and aggregation across different 
technologies such as 5G, 4G, and unlicensed technologies such as IEEE 802.11 
[Ravanshid_2016]. It comes from dual connectivity (DC), which was introduced in Release 12 
of 3GPP LTE. DC aggregates multiples component carriers (CCs) from different eNBs 
connected by a backhaul with non-negligible delay [Uchino_2015]. As such DC is an extension 
of the carrier aggregation (CA) functionality and inter-site CA. Compared to CA, DC’s 
attractiveness comes from the possible deployment of stand-alone eNBs that can be 
autonomously installed [Kim_2016b]. Multi-connectivity is inherently well suited to ultra-dense 
HetNets [Qualcomm_2016, Kazi_2018]. Multi-connectivity can be enabled at different network 
layers (micro/macro), spectrum (sub-6 GHz/mmWave), user plane (MAC/RLC/PDCP), and 
technologies (WiFi/LTE/5G) [5GPPP-5GArch, Lechuga_2018]. 

MC has multiple advantages: 

- Higher throughput from data aggregation, as additional resources can be used to 
transmit data. 

- Higher flexibility and reliability, using data duplication and/or inter-frequency 
transmissions (high bandwidth and rates of high frequency, network coverage and 
reliable mobility of low frequency).  

- Seamless connectivity and mobility, reducing handoff latency and overall latency. 

- Reduced jitter with data duplication by minimizing the variance in latency [Aijaz_2018]. 

- Energy saving using micro discontinuous transmission (DTX) [Ternon_2014], MC can 
be used for small cell discovery. 

Despite these benefits, MC also imposes several technical challenges in terms of buffers’ 
status report calculation and reporting, transmission power management, etc. The signaling 
overhead is an important topic since the mobility of the UE and the reliability of the transmission 
may increase the flow of control signals. It can also be less resource efficient to be connected 
to multiple cells than to be only connected to the best cell, since MC will also transmit packets 
on links with worse quality [5GPPP-5GArch].  

 

3.2.2.1 Standardization 
In LTE-A, several architectures have been investigated for DC [3GPP36842]. Out of those, two 
options have been chosen: in option 3C the data is split before the RLC and in option 1A the 
data is split before the DPCP. The first architecture’s main focus is throughout enhancement 
whereas the second architecture is defined for deployments emphasizing the off-loading 
effects. The master cell is the main base station, also called master eNodeB, MeNB, and the 
secondary cells are base stations used as additional connections, also called secondary 
eNodeBs, SeNBs. In order to reduce signaling, the control plane is present at the master cell 
only [Poirot_2017]. The serving cells are communicating together via the X2 or Xn interfaces. 
The UE is then connected through the user plane to every serving cells. The split of the data 
transmission can be either at the bearer level (option 3C), i.e. each cell use a different radio 
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bearer, or at the packet level, i.e. the master and secondary cells share the same bearer, but 
packets are either send by the master or the secondary cell (option 1A). 

5G extends DC into MC, also termed connectivity transparency, in which a terminal may be 
connected to several RATs (including both new RATs and LTE) at a given instant, potentially 
via CA, or by layer 2 (or higher) bandwidth aggregation mechanisms [NGMN_2015]. This 
combination of RATs may involve also non-3GPP RATs, e.g., IEEE 802.11ax (High Efficiency 
Wi-Fi). 

The tight RAN interworking of LTE and 5G is particularly relevant in [5GPPP-5GArch]. For 5G, 
the data plane is modified and extended specifically at MAC and PDCP layer for integration of 
multi-tenancy, multi-service, multi-connectivity and multi-RAT support. The integration can be 
realized at the PDCP level. An overview of the multi-connectivity operation using E-UTRA and 
NR radio access technologies is presented in [3GPP37340]. Multi-RAT DC (MR-DC) is a 
generalization of the intra-E-UTRA DC. There are different names given to different DC 
configurations: 

- EN-DC: MR-DC with the EPC is called E-UTRA-NT DC (EN-DC), in which a UE is 
connected to one eNB that acts as a master node (MN) and one en-gNB that acts as a 
secondary node (SN).  

- NGEN-DC: NG-RAN E-UTRA-NR Dual Connectivity with 5GC. 

- NE-DC: NR-E-UTRA Dual Connectivity with 5GC. 

The user plane radio protocol architecture of MC in 5G in shown in Figure 5. MCG refers to a 
master cell group, a group of serving cells associated with the master node (MN). SCG refers 
to the secondary cell group, a group of cells associated with the secondary node (SN). 
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Figure 5: Radio Protocol Architecture for MCG, SCG and split bearers from a UE perspective 
in MR-DC [3GPP37340]. 

 

The standardization specifies the reference signals that can be used for the radio quality 
measurements. Those measurements are needed in many aspects of the link control and the 
transmission, for example in order to instantiate a handover procedure. Different metrics have 
been specified by 3GPP [3GPP36214] for this purpose: 

- Reference Signal Received Power (RSRP) 

- Received Signal Strength Indicator (RSSI) 
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- Reference Signal Received Quality (RSRQ) 

- Signal over Interference plus Noise Ratio (SINR) 

- etc... 

It is to be noted that the 5GC will not be complete before December 2018. 

 

3.2.2.2 Architecture 
There are several possible architectures for multi-connectivity, depending on the level of 
integration [Ravenshid_2016], each with its own advantages and drawbacks:  

- Common TCP/IP, like multi-homing, multi-path TCP, etc. 

- Common PDCP, closer to the physical layer but still asynchronous to the TTIs.  

- Common MAC, very similar to CA. 

- Common PHY, very similar to CoMP. 

The common PDCP architecture requires more integration than the common TCP/IP 
architecture, but is more flexible than the common MAC architecture, which is basically bound 
to the deployment of RRHs with very low latency connection to the MAC.  

A benefit to use the PDCP layer to aggregate or split the data is the likely similarity between 
the PDCP layer for LTE and 5G, while the MAC layers may be rather different. Thus, using the 
PDCP layer will probably require less standardization efforts [GutierrezEstevez_2017]. 
Another advantage to use a centralized PDCP and distributed RLC/MAC/PHYs is that MC can 
be used to provide mobility without RRC involvement [5GPPP-5GArch]. This allows for 
arranging UE-specific base station clusters. 

Additionally, the URLLC use cases can also benefit of data duplication for CA and DC based 
on PDCP split bearer [Mediatek_2018, Lechuga_2018]. This concept has all chances to be 
accepted by 3GPP rather than competing options based on the same MAC PDU (which 
enables transmission synchronization between carriers) and MAC duplication of MAC SDU 
among carriers, which represent similar advantages but appears to be more complicated in 
implementation. DC-based PDCP duplication provides a flexible way to achieve diversity for 
different deployment and backhaul scenarios, by building on separate MAC/schedulers. For 
URLLC highly reliable transmissions with a very low BLER are targeted (e.g. 10-5 residual 
error). The PDCP duplication solutions helps in maintaining this low residual error rate, in cases 
it cannot be reached on the respective carriers e.g. due to a temporary outage/fading dip, or 
due to unanticipated change or wrong channel state information. 

CP and UP can be handled differently in MC: 

 In fast UP switching (FS), the CP is connected to both APs at the same time but the 
UP is only transmitted via one of the APs [5GPPP-5GArch]. If the CP is connected to 
both the LTE access node and the 5G access node, no signaling is required when 
switching AP and the UP switch can be almost instantaneous. The need on the 
frequency of the radio link feedback between the inner access network (distributed 
units) and outer access network (centralized units), and accordingly the speed of FS 
depends on the radio frequency and the speed of the UE in order to follow the fast 
fading. 

 In DC in LTE, there is a single CP and there are multiple scenario possible for the UP 
[Poirot_2017]. First, since DC was designed for LTE, both the master and the 
secondary cells were using the same frequency band. This scenario is called intra-
frequency DC. Within this deployment, in LTE, the split of the data transmission could 
be either at the bearer level, i.e. each cell use a different radio bearer, or at the packet 
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level, i.e. the master and secondary cells share the same bearer, but packets are either 
send by the master or a secondary cell. In MC, since multiple frequency bands are 
available, another scenario is possible. We can have inter-frequency MC, where the 
master cell and secondary cell does not use the same frequency band. The architecture 
is, in this case, similar to the bearer level split. 

Inter-frequency MC 

Inter-frequency MC refers to the case where multiple links at different frequencies are 
aggregated. Inter-frequency MC can be used to relay traffic and control signals at lower 
frequencies and to cluster cells at millimeter wave (mmWave) frequencies [5GPPP-5GArch]. 
Alternatively, the mmWave frequencies can be used for self-backhauling and relaying. 
MmWave networks offer the potential of orders of magnitude increases in capacity 
[Giordani_2016]. The mmWave transmission links are however highly variable due to 
directional beams and fast varying channels. MC with the mmWave network and a lower 
frequency network is essential to provide robust connectivity. One of the challenges to 
supporting MC in such HetNet resides in directional multi-cell channel tracking and 
measurement reports. In [Giordani_2016], the authors propose to use a sounding reference 
signal that the UE would be sending periodically and that would sweep the angular space. 

Intra-frequency MC 

In an intra-frequency network MC, or a single-frequency network (SFN) MC, the APs point 
share the same carrier frequency and interfere with each other’s. Intra-frequency MC can aim 
at boosting the performance of cell-edge users [Lechuga_2018]. CoMP in dense and ultra-
dense networks can be seen as a MC technique. Open issues in ultra-dense networks 
[Akyildiz_2016] include intra/inter-layer interference management and cancellation and user 
scheduling and mobility management. Intra-layer consists of UL/DL interference, and inter-
layer comes from all types of signaling and packets streaming from UEs and access points. 

The literature on CoMP is quite extensive. Various levels of coordination schemes have been 
studied [Marsch_2011] but three main downlink coordination categories have been identified 
by 3GPP for LTE-Advanced [3GPP36819, Bassoy_2017, Qamar_2017] based on the required 
backhaul capacity and scheduling complexity:  

1. Joint Transmission (JT): CSI/Scheduling information and also user data is shared 
between the coordinated transmission points (TPs). This type of coordination offers 
better results, however it requires high backhaul bandwidth with low latency due to user 
data exchange between multiple TPs. Multiple TPs can serve single users either 
coherently or non-coherently, converting interference signal to useful signal. Coherent 
transmission refers to joint precoding design and synchronized transmission to achieve 
coherent combining. Non-coherent JT does not require joint precoding, user data is 
received from multiple TPs where data is individually precoded from each cell. 

2. Dynamic Point Selection (DPS): This is a special type of JT where user data is 
transmitted from one TP only and the serving TP is changed dynamically in each 
subframe based on resource availability and channel conditions. Fading conditions are 
exploited to select the best serving cell at each subframe. User data is available at 
multiple TPs similar to JT. 

3. Coordinated Scheduling/Beamforming (CS/CB): CSI is shared but user data is not 
shared among the cooperated TPs so user data is only available at one TP but 
scheduling and beamforming design is coordinated between the TPs. Beamforming 
vectors are selected such that interfering TPs is steered towards the null space of the 
interfered user to minimize interference. CS/CB require lower backhaul bandwidth 
when compared to JT due to reduced data exchange. 
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For uplink, CS/CB and joint reception (JR) are the two transmission categories identified by 
3GPP [3GPP36819]. 

The many research challenges in CoMP include [Qamar_2017]: backhaul aspects, clustering, 
synchronization, complexity, fairness, channel availability, reference signal design, antenna 
selection, CSI, and feedback accuracy. Many of those challenges are also faced in intra-
frequency MC. 

 

3.2.2.3 Clustering, user association and cell selection in intra-frequency MC 
CoMP clustering state-of-the-art is presented in [Bassoy_2017]. Control and data plane 
separation is a key enabler for CoMP, in which case the master cell can act as a CoMP control 
unit. Cloud RAN (C-RAN) can help to realize CoMP by using baseband resource sharing and 
by decoupling the baseband processing unit (BBU) and remote radio unit (RRU). There are 
many challenges in CoMP clustering: 

- Cluster size needs to be a dynamic parameter in the clustering algorithm, which needs 
to change based on the channel conditions and user profile. 

- Sleeping cell management for energy efficiency. 

- Load balancing, RAN capacity and backhaul bandwidth. 

Clustering can be static, semi-dynamic or dynamic. Dynamic CoMP clustering is responsive to 
the changes in the network than static and semi-static clustering, but comes with increased 
signaling overhead and is more complex [Bassoy_2017]. Dynamic CoMP clustering can be 
classified in three groups based on network elements considered for clustering:  

1. Network-centric clustering: mostly greedy algorithms and game theoretic clustering 
algorithms. 

2. User-centric clustering: it can provide the best results but it is more complex. 

3. Hybrid clustering: users are allocated their own preferred cells but limited to a bigger 
group of cells which can be dynamically changing to adapt to the changing network 
conditions. 

Alternatively, dynamic clustering can be grouped based on the objective functions 
[Bassoy_2017]: spectral efficiency, backhaul optimization, energy efficiency, or load balancing. 
Multi-objective clustering has also been studied.  

User-specific active set (AS) management for 5G MC in ultra-dense networks (UDN) is studied 
in [Tesema_2016b]. The radio access architecture is based on cloud RAN and remote radio 
heads (RRHs). The AS management scheme uses a fixed cluster size and an adaptive add 
and remove configuration for updating the cells in the cluster. Compared to a static AS 
management scheme, the proposed adaptive scheme minimizes the signaling overhead for 
updating the AS without a considerable loss in throughout and radio link failures (RLFs). 

Cell selection and user association (UA) algorithms deal with the decision of which cell will be 
used for transmission for each user [Antonioli_2017]. A survey of user association algorithms 
in 5G networks is provided in [Liu_2016], focusing on HetNets, massive MIMO networks, 
mmWave scenarios, and energy harvesting networks. The mathematical modeling for network 
selection theories in HetNet is reviewed in [Wang_2013] together with utility functions and their 
attributes. User or cell association in UDN is usually done using signal strength (RSS) or signal 
quality (SINR) [Kamel_2016]. Most UA algorithms do not taken into account the QoS, spectrum 
efficiency, energy efficiency and fairness metrics [Liu_2016]. However, numerous metrics can 
be taken into account for user association [Poirot_2017], like robustness (RSRP, RSSI, 
SINR,...), performance (estimated bitrate), energy (consumed power), or cell utilization (loads, 
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number of users,…). Additionally, uplink/downlink asymmetry, the backhaul delay, and the 
need for efficient mobility support add to the challenge of UA in HetNets. 

In [Wang_2016], the impact of different user association criteria on the attainable performance 
of dual connectivity was evaluated via simulations. In [Kim_2015], the user association 
problem in DC for maximization of the sum rate of all users was formulated, and a low-
complexity sub-optimal user association algorithm was proposed for solving the problem. Five 
algorithms are presented in [Poirot_2017] for user association in MC: max bitrate, max SINR, 
max bitrate-EE, max clustered-bitrate, analytic hierarchy process. They use one of several 
metrics: robustness, performance, energy, or cell utilization. The algorithms are compared in 
terms of reliability, power consumption, and energy efficiency. MC is shown to reduce the 
failure rate. The authors believe three or four simultaneous links should be the maximum 
number of connections for a best trade-off between reliability and signaling complexity. The 
power consumption increase of MC versus single connectivity is quite moderate. The energy-
efficiency of MC was higher than the single connectivity since the system throughput increased 
faster than the power consumption due to the use of small cells in the studied scenario. Of all 
the algorithms studied in [Poirot_2017], the analytic hierarchy process slightly outperformed 
the other schemes in terms on energy efficiency, while offering a good probability of MC. Its 
principle also allows its utilization in a variety of different scenarios, by simply changing the 
weights, whereas the rest of the algorithms cannot be easily altered to different use. The max 
clustered-bitrate did perform well in terms of power consumption but not for system throughput. 
However, this might be due to the scenario which did not consider many users and the 
algorithm may show better performance in dense networks with large number of users. 

The authors is [Francis_2015] focus on optimizing the transmit powers, user scheduling, and 
user association, and their combinations in CoMP using a downlink interference penalty 
algorithm (DL IPA) to maximize the weighted sum rate (WSR). 

A concept similar to DPS is fast cell select (FCS) [Tesema_2016c]. It tackles the selection of 
a cell, from a set of prepared cells, used for transmission of both control and data signals in 
MC in intra-frequency SFN. The major target of DPS is throughput enhancement and the 
criteria for dynamic selection are based on resource allocation scheme and load balancing 
[3GPP36819]. Concerning mobility and radio link monitoring in DPS, the relevant control 
signals are transmitted from only one cell from the CoMP cooperating set which is termed as 
Primary cell (PCell). The Pcell is changed slowly through a conventional handover procedure. 
Thus, the flexibility of dynamic cell selection for the data signal transmission is not applied for 
control signals. The authors in [Tesema_2016c] presents a FCS scheme that allows fast cell 
selection for both data and control transmission. The network selects the best cell among the 
AS and transmits both control and data signals through the selected cell. The network decision 
is supported by channel state information (CSI) feedback from the UE. The CSI feedback can 
include Channel Quality Indicator (CQI), Precoding Matrix Indicator (PMI) and Rank Indicator 
(RI) for each cell in the AS. A cloud RAN architecture is assumed, in which the Aps have only 
radio frequency functionalities similar to RRHs. 

The problem of context aware mobility robustness in single-connectivity is formulated based 
on 5G network requirements in [Tesema_2016a]. One practical implementation of context-
aware mobility robustness optimization (MRO) is proposed and its performance is evaluated 
on the same framework with a multi-connectivity scheme. The authors have defined a UE 
group specific MRO based in UE’s attributes such a as speed. The grouping considerably 
reduces the count of connection failures as compared to MRO without grouping. Depending 
on the reliability requirement of services and applications, either UE group specific MRO or 
multi-connectivity can be used. Multi-connectivity should be favored in high reliability services, 
at a cost of a higher signaling overhead. 

The authors in [Joud_2018] deal with UEs’ mobility in the context of small cells deployed in an 
ultra-dense manner. They propose the use of an adaptive per-UE adaptive cell clustering 
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scheme based on UE mobility state estimation combined with a non-coherent CoMP Joint 
Transmission (JT). 

 In the COHERENT project [COHERENT-D3.2, COHERENT-D5.2], authors have looked at 
various aspects of user association, resource allocation and beam selection for multi-
connectivity between mmWave and sub-6 GHz sub-systems. Of interest is the PHY and MAC 
abstraction used, which allows for a network graph representation of the system for the 
performance evaluation of the different control functions in the network. Many data structures 
can be associated to the edges of the network: signal power, interference, load state, buffer 
state, traffic, energy, etc.. In [Lembo_2017, Deng_2018], the resource allocation and cell 
offloading problem for inter-cell interference coordination is described. The utilities functions 
include the SINR and the number of users per cell. A Tabu search technique is used to find 
the optimum resource allocation. In [Harutyunyan_2018], a traffic-aware user association 
algorithm for heterogeneous LTE/WiFi network. The candidate RAN nodes are selected based 
on signal strength. The objective of the user association problem is to minimize the resource 
utilization in the network. Some coefficients s are used to steer high-priority services to the 
eNB. An heuristic algorithm is derived to solve the problem. 

The cell and group of cells detection and selection process is still being researched in terms 
of which KPIs, information, and measurements to utilize, their accuracy and their effect on the 
mobility robustness in single frequency networks, etc. [Tesema_2016a, Tesema_2017a]. UE 
context information can be used to enhance the accuracy of mobility prediction enabling a 
uniform service experience for the user, even in deep shadow regions or coverage holes 
[5GPPP-5Garch]. User profiles are used for predicting the future network requirements. This 
approach reduces the signaling cost for context information transfer.  

 

3.2.2.4 Traffic management and resource allocation 
Traffic management and flow control to provide reliability and enhance throughput is still being 
studied [Chandrashekar_2016]. Dynamic traffic steering exploits multi-connectivity and applies 
traffic flow adaptation on a faster and possibly synchronous time scale [5GPPP-5Garch]. To 
this end, QoS requirements of the traffic flows are fulfilled considering the real-time radio link 
conditions pertaining to different APs serving the UE. Hence the traffic steering can be done 
in a much agile way and on a faster time scale on lower protocol stack layers, compared to 
doing it in the form of hard handover on RRC level. RAN moderation and dynamic traffic 
steering mechanism with MC is presented in [Prasad_2016]. The idea is that, instead of having 
the QoS metrics definition being based on information from the core network, the outer access 
network deals with the dynamic QoS management, which leads to efficient use of radio 
resources and reduction in delays. Real time traffic steering mechanism can be also designed 
to adapt the amount of active network resources to the actual amount of traffic that should be 
dispatched, thus improving the overall energy efficiency in the network. A centralized entity 
would dynamically select, based on traffic requests, which transmission nodes should be kept 
active, exploiting cooperation techniques between the selected nodes in order to switch off 
more nodes than it would be possible without multipoint coordination. Packet scheduling needs 
further work to take into consideration the integration of different RATs to guarantee the strict 
delay and throughput requirements associated with different use cases [Antonioli_2017]. 

3.2.2.5 System modeling 
A survey of UDN is proposed in [Kamel_2016]. Modeling techniques and performance metrics 
are listed, as well as enabling technologies. The metrics used to compare and design the 
algorithms need to be carefully chosen. For user association, [Liu_2016] proposed to use the 
outage/coverage probability, bandwidth efficiency, energy efficiency, QoS, and fairness. The 
choice of metrics also depends on the user requirements. A lot of work on models and 
algorithms has been done in COHERENT project. 

For the performance evaluation, there are several possible approaches: 
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- Mathematical modeling of the system can be used. In [Tesema_2017a] a numerical 
method for studying AS management is used to represent the UE measurement, the 
SINR calculation, the resource allocation and throughput calculation, and RLF 

- Computer simulation can also be used at the system level. In [Joud_2018], the 
methodology for evaluation is system level simulations considering a realistic mobility 
model in which user’s velocity varies based on the traffic load. In [Tesema_2017a, 
Tesema_2017b], the authors investigate the impact of cyclic-prefix (CP) configuration 
on user mobility performance using multi-connectivity with SFN transmission in a 
system level simulator. Some PHY and MAC abstraction models are described in 
[COHERENT-D3.2]. Channel-aware and traffic-aware user association algorithms are 
presented in [COHERENT-D5.2], based on those abstraction models. 

- Some more realistic platform can be used for assessing the performance. For example, 
the 5G-EmPOWER SDK could be used for simulations [5G-EmPOWER]. An 
abstracted base station is available for quick testing of higher layer algorithms. 

 

3.2.3 vRAN clusters 
 
The 5G service based system architecture introduces a concept of slicing. Relationship 
between network sharing and network slicing should be carefully considered. The network 
sharing (MOCN, GWCN) & slicing are well suited for ‘neutral host’ applications like multi-
tenancy in a smart city, whereby the infrastructure is procured and operated by the municipality 
(or its outsourced partners) and slices are leased to network operators and vertical service 
providers. This impacts business models and commercial value chain in addition to technical 
challenges. 
 
Network sharing is related to the evolution of the traditional RAN (4G LTE integrated eNB) 
towards a disaggregated and virtualised 5G edge and access network. Virtualisation of the 
RAN brings with its opportunities for architectural innovation. In particular, the introduction of 
cell cluster resource management capabilities into the network. This approach allows for a 
smarter, more optimal, approach to radio resource management in dense environments than 
the classical isolated, black box eNB. Admission control, mobility decisions, interference 
management can all be managed much more effectively by a network function with a more 
global view of the network than just one cell or cell site. Measurement data from each cell and 
connected UE is shared to a distributed dataset, which enables rapid integration of alternative 
or additional features requiring deep real-time knowledge of network conditions.  
  



 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 25 
 

3.2.3.1 Virtualised cluster control architecture 
 
The architecture for a virtualized RAN cluster is shown in more detail in Figure 6 below. 
 
 

 
 

Figure 6: Illustration of a virtualized RAN. 
 
Distributed small cells implementing Layer 1 and 2 RAN functions (RLC-MAC-PHY) provide 
dense network coverage within the cluster zone, controlled by virtualized L3 functions in the 
network edge.  
 
Measurement data collected by each cell entity from the environment (for e.g., UE dedicated 
measurements from L3 and L2 (e.g., CSI data), UE admissions and disconnections, Block 
Error Rates) are published to a data distribution layer in real time.  
 
The Cluster Controller monitors all measurement data across the cluster, build and maintains 
a model of the radio network, the available resources, and the QoE of the user devices. Based 
on this holistic view of the network state, cluster-level algorithms can be deployed to make 
resource management decisions which seek to optimize selected utility functions such as total 
aggregate throughput. 
 
It is expected that such an architecture, deploying appropriate optimization strategies, will 
contribute significantly to achieving the project goals of improving KPIs such as user 
throughput and reliability. 
 
3.2.3.2 Hierarchical clustering 
 
Small operators will need to grow network infrastructure (CAPEX and OPEX, e.g., in terms of 
spectrum used, geographical coverage, dense deployment with frequency re-use, etc.) as 
demand places load on initially deployed assets. This scalable growth capability needs be built 
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in from the beginning and not require existing investments to be abandoned as traffic and 
demand grows. 
 
The 5G vRAN NFV Cluster is envisioned as a multidimensional cluster (see Figure 7), allowing 
‘clusters of cluster’ to provide flexible scalability ranging from one street up to a city or even 
a metro area. 
 
 

 
 

 
Figure 7: 5G vRAN Clustering. 

 
 

4. Requirements for 5G Enhance eMBB-RAT 
 
In this section, first we briefly list the eMBB requirements for 5G. More details on the 5G eMBB 
and 5G-Enhance scenario and requirements will be provided in WP2 deliverables D2.1. Then, 
we list advanced RAT requirements for eMBB, in accordance with the technologies that are 
described in Section 3.2, which are the focus in 5G-Enhance WP3. 

4.1 eMBB in 5G 

 

5G will enable a fully mobile and connected society. To do so, 5G will cover a broad range of 
use cases, which lay within the spectrum of massive machine type communication (mMTC), 
enhanced mobile broadband (eMBB) and ultra-reliable low latency communications (URLLC) 
[NGMN_2015]. According to [Mediatek_2018], the initial phase of 5G deployments lays at the 
eMBB-URLLC side of the triangle closer to eMBB, see Figure 8. eMBB addresses the human-
centric use cases [Lechuga_2018]. It aims to improve consumer experience when accessing 
multimedia content, services and data and focuses mainly on services with high bandwidth 
requirements. 
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Figure 8: ITU IMT2020 use cases and initial 5G deployment position [Mediatek_2018]. 

Within the families of broadband access, the use cases have been classified in different 
categories by NGMN as early as 2015, as shown in Figure 9 [NGMN_2015]. The user 
experience data rate, E2E latency and mobility requirements associated to these categories 
are listed in Table 3 [NGMN_2015].  

 
 

 

Figure 9: 5G use case categories definition for broadband access [NGMN_2015]. 

 
 

Table 3: User experience requirements [NGMN_2015]. 

  

Use case category User experience data rate E2E latency Mobility 

Broadband access 
in dense areas 

DL: 300 Mbps 
UL: 50 Mbps 

10 ms On demand, 
0-100 km/h 

Indoor ultra-high 
broadband access 

DL: 1 Gbps 
UL: 500 Mbps 

10 ms Pedestrian 

Broadband access 
in a crowd 

DL: 25 Mbps 
UL: 50 Mbps 

10 ms Pedestrian 

50+ Mbps 
everywhere 

DL: 50 Mbps 
UL: 25 Mbps 

10 ms 0-120 km/h 

Ultra-low cost 
broadband access 

for low ARPU areas 

DL: 10 Mbps 
UL: 10 Mbps 

50 ms On demand, 
0-50 km/h 
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Subsequently, based on the work done in ITU-R for IMT-2020, 3GPP has defined several 5G 
scenarios [3GPP38913]. The scenarios of interest for eMBB and the 5G-Enhance project are 
the indoor hotspot and dense urban scenarios: 

- “The indoor hotspot deployment scenario focuses on small coverage per site/TRxP 
(transmission and reception point) and high user throughput or user density in 
buildings. The key characteristics of this deployment scenario are high capacity, high 
user density and consistent user experience indoor” [3GPP38913]. In other words, it is 
an indoor isolated environment in offices and/or in shopping malls based on stationary 
and pedestrian users with very high user density [ITU-R-M2412]. 

- “The dense urban microcellular deployment scenario focuses on macro TRxPs with or 
without micro TRxPs and high user densities and traffic loads in city centres and dense 
urban areas. The key characteristics of this deployment scenario are high traffic loads, 
outdoor and outdoor-to-indoor coverage. This scenario will be interference-limited, 
using macro TRxPs with or without micro TRxPs. A continuous cellular layout and the 
associated interference shall be assumed” [3GPP38913]. In other words, the dense 
urban-eMBB is defined as an urban environment with high user density and traffic loads 
focusing on pedestrian and vehicular users [ITU-R-M2412]. 

The specific requirements for eMBB scenarios can vary depending on the organization defining 
them. There are slight differences, in the values defined but also in the definitions of those 
requirements. From the ITU-R, the minimum requirements given in [ITU-R-M2410] are shown 
in Table 4, in italics and lightly shades rows, for indoor hotspot and dense urban eMBB only. 
The formulas used to calculate those performance requirements can be found in [ITU-R-
M2410]. The guidelines for the evaluation methodologies for each requirement are presented 
in [ITU-R-M2412]. The configurations and parameters’ values can be found in [ITU-R-M2412]. 
The service requirements for the 5G system as defined by the 3GPP can be found in 
[3GPP22261] and partially reproduced in Table 4. They are taken from [NGMN_2016]. 

For the evaluation of eMBB performance, the most important KPIs should be [NGMN_2016]: 

- The TRxP spectrum efficiency. 

- The 5th percentile user spectrum efficiency. 

- The user experience rate. 

The network energy efficiency could also be considered. The energy efficiency KPI is a 
qualitative KPI [3GPP38913]. Some preliminary evaluation results for NR and LTE are 
presented in [3GPP37910] and compared to the requirements specified in [ITU-R-M2410]. The 
self evaluation of eMBB technical performance includes the peak spectral efficiency, the peak 
data rate, the 5th percentile user spectral efficiency together with the average spectral 
efficiency, the user experience data rate, the area traffic capacity, the latency, the energy 
efficiency, the mobility, and the mobility interruption time. Following the preliminary results 
presented in [3GPP37910], LTE and NR do fulfill many of the IMT-2020 requirements. 
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Table 4: eMBB minimum requirements for indoor hotspot, broadband access in a crowd, and dense urban [3GPP22261]. eMBB minimum 
requirements for indoor hotspot and dense urban from ITU-R are also given in italics and in lightly shaded rows [ITU-R-M2410]. 

Definition Indoor Hotspot Dense Urban Broadband Access in a Crowd 

 Downlink Uplink Downlink Uplink Downlink Uplink 

Peak data rate 20 Gbps 10 Gbps 20 Gbps 10 Gbps   

Experienced data rate 1 Gbps 500 Mbps 300 Mbps 50 Mbps 25 Mbps 50 Mbps 

User experienced data rate   100 Mbit/s 50 Mbit/s   

Peak spectral efficiencies 30 bit/s/Hz 15 bit/s/Hz 30 bit/s/Hz 15 bit/s/Hz   

5th percentile user spectral 
efficiency 

0.3 bit/s/Hz 0.21 bit/s/Hz 0.225 bit/s/Hz 0.15 bit/s/Hz   

Area traffic capacity 15 Tbps/km2 2 Tbps/km2 750 Gbps/km2 125 Gbps/km2 3.75 Tbps/km2 7.5 Tbps/km2 

Average spectral efficiency 9 

bit/s/Hz/TRxP 
6.75 

bit/s/Hz/TRxP 
7.8 bit/s/Hz/TRxP 5.4 bit/s/Hz/TRxP   

Area traffic capacity 10 Mbit/s/m2      

User plane latency 4 ms 

Control plane latency 20 ms (target 10 ms) 

Traffic channel link data rates 
normalized by bandwidth 

 1.5 bit/s/Hz 
max 10 km/h 

 1.12 bit/s/Hz 
max 30 km/h 

  

mobility interruption time 0 ms 0 ms 0 ms 0 ms   

Overall user density 250 000 /km2 250 000 /km2 500 000 /km2 

Activity factor only some users use services 
that require the highest data 

rates 

30 % 10 % 

UE speed pedestrians pedestrians and users in vehicles 
(up to 60 km/h) 

pedestrians 

Coverage office and residential 
(only some users use services 
that require the highest data 

rates) 

downtown (offices, city centres, 
shopping centres, and residential 

areas) 

confined area (stadiums, 
concerts, etc.) 
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4.2 Advanced RAT requirements for eMBB 

 
In WP3 special attentions is given on dynamic TDD, multi-connectivity, and virtual-RAN 
technologies in order to develop advanced RAT for eMBB in a high-demand area. This section 
identifies the requirements and KPIs for advanced RAT, which is a focus of WP3. In the 
following (Table 5), first we tabulate requirements and associated technologies which will be 
studied in WP3. Then we identify the KPIs to assess the performance of the technical solutions 
developed in WP3. 
 

Table 5: ARAT requirements 

Number of 
requirement 

Requirements description Associated 
technology 

R.1 The 5G-Enhance shall support micro-operator 
networks 

D-TDD, multi-
connectivity, 
vRAN 

R.2 The 5G-Enhance shall support micro-operator 
networks that provide coverage in specific high dense 
area 

D-TDD, multi-
connectivity, 
vRAN 

R.3 The 5G-Enhance shall have the capability to support 
an assymetric uplink/downlink traffic that may arise in 
high dense area 

D-TDD, multi-
connectivity 

R.4 The 5G-Enhance shall have the capability of 
supporting dynamic uplink/downlink traffic that may 
evolve over a period of time 

D-TDD, multi-
connectivity 

R.5 The 5G-Enhance shall allow an intense reuse of the 
spectrum in dense areas in order to increase the 
spectrum utilization 

D-TDD, multi-
connectivity 

R.6 The 5G-Enhance shall have the capability to manage 
intra-cell and inter-cell interferences in order to 
increase the spectral efficiency  

D-TDD, multi-
connectivity, 
vRAN 

R.7 The 5G-Enhance shall allow high transmission 
reliability 

Multi-connectivity 

 
 
4.2.1  High-level KPIs 
In this section, we present the high-level KPIs related to the research topics and requirements 
in WP3, as well as their performance targets. The definitions follow ITU-R and 3GPP 
standards. As in literature generic definition is often preferred to evaluate the solution methods, 
for each KPI, we present the performance metric(s) that is adopted to access the performance 
of the technical solutions developed in WP3. For each of KPI defined in the following, we also 
present the evaluation method adopted. It is to be noted that the performance metrics may be 
subject to changes according to the exact capabilities of the evaluation methods that will be 
developed and used for performance assessment of the different algorithms to be derived in 
the course of the WP3. Whenever possible, the techniques and algorithms developed in WP3 
of 5G-Enhance will be compared to the state of the art techniques available in order to insure 
the work done in WP3 truly improves the performance of the system beyond the state of the 
art. 
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 Spectral efficiency: 

 Definition: peak spectral efficiency is the maximum data rate under ideal conditions 
normalised by channel bandwidth (in bit/s/Hz), where the maximum data rate is the 
received data bits assuming error-free conditions assignable to a single mobile station, 
when all assignable radio resources for the corresponding link direction are utilized (i.e. 
excluding radio resources that are used for physical layer synchronization, reference 
signals or pilots, guard bands and guard times) [ITU-R-M2410]. 

 Targets: the target values for the spectral efficiencies are as follows in the eMBB usage 
scenario:  

o Downlink peak spectral efficiency is 30 bit/s/Hz.  

o Uplink peak spectral efficiency is 15 bit/s/Hz.  

These values were defined assuming an antenna configuration to enable 8 spatial 
layers in downlink and 4 spatial layers in uplink. However, these assumptions do not 
form part of the requirement. The conditions for evaluation are described in [ITU-R-
M2412]. 

 Evaluation method: simulation. 

 Performance metric: the spectral efficiency will be given in bits/s/Hz, the bit rate being 
either the raw bit rate or after decoding. The antenna configuration will depend on the 
algorithm and the performance evaluation environment.  

 

User experienced data rate:  
 

 Definition: user experienced data rate is the 5% point of the cumulative distribution 
function (CDF) of the user throughput [ITU-R-M2410]. User throughput (during active 
time) is defined as the number of correctly received bits, i.e. the number of bits 
contained in the service data units (SDUs) delivered to Layer 3, over a certain period 
of time. In case of one frequency band and one layer of transmission reception points 
(TRxP), the user experienced data rate could be derived from the 5th percentile user 
spectral efficiency the following equation. Let W denote the channel bandwidth and 
𝑆𝐸𝑢𝑠𝑒𝑟 denote the 5th percentile user spectral efficiency. Then the user experienced 

data rate, 𝑅𝑢𝑠𝑒𝑟 is given by: 

𝑅𝑢𝑠𝑒𝑟 = W× 𝑆𝐸𝑢𝑠𝑒𝑟         (1) 

In case bandwidth is aggregated across multiple bands (one or more TRxP layers), the 
user experienced data rate will be summed over the bands.  

 Targets: the target values for the user experienced data rate are as follows in the dense 
urban – eMBB test environment:  

o Downlink user experienced data rate is 100 Mbit/s.  

o Uplink user experienced data rate is 50 Mbit/s.  

These values are defined assuming supportable bandwidth as described in [ITU-R-
M2412] for each test environment. However, the bandwidth assumption does not form 
part of the requirement. The conditions for evaluation are described in [ITU-R-M2412]. 

 Evaluation method: simulation/analysis. 

 Performance metric: the user experienced data rates will be measured in Mbits/s. The 
bandwidth and data rate definition will depend on the algorithm and the performance 
evaluation environment. The targets will be adapted accordingly. 
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Reliability:  

 Definition: reliability relates to the capability of transmitting a given amount of traffic 
within a predetermined time duration with high success probability [ITU-R-M2410]. 
Reliability is the success probability of transmitting a layer 2/3 packet within a required 
maximum time, which is the time it takes to deliver a small data packet from the radio 
protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point 
of the radio interface at a certain channel quality. In the context of network layer packet 
transmissions, reliability is the percentage value of the amount of sent network layer 
packets successfully delivered to a given system entity within the time constraint 
required by the targeted service, divided by the total number of sent network layer 
packets [3GPP22261].  

 Requirements: the minimum requirement for the reliability is 1-10-5 success probability 
of transmitting a layer 2 PDU (protocol data unit) of 32 bytes within 1 ms in channel 
quality of coverage edge for the Urban Macro-URLLC test environment, assuming 
small application data (e.g., 20 bytes application data + protocol overhead). Larger 
packet sizes can be considered, e.g., layer 2 PDU size of up to 100 bytes.  

 Evaluation method: simulation/analysis. 

 Performance metric: the reliability as defined in ITU-R and 3GPP cannot be measured 
in the performance environments envisioned in WP3. Depending on how the 
performance of the algorithms are assessed, the reliability may be measured through 
the RLF. The targets will be adapted accordingly. 

 

5. Integrated high level architecture for ARAT 
 
The work planned for the WP3 of 5G-Enhance targets mostly the RAN part of the network. We 
foresee an NSA deployment, with eNB and gNB connected to the EPC. Figure 10 shows the 
different blocks affected by the work in WP3, in the different parts of the high level architecture. 
In order to implement the advanced features developed in WP3, a cluster controller has been 
added (see Figure 10), whose role is to manage the cluster of cells and control the resource 
management, user association, cell clustering, and resource allocation within a certain area. 
This arrangement is particularly well suited to the 5G micro-operator scenario, see Section 2. 
The green connections between different parts shown in Figure 10 include both control plane 
and data plane. The base stations may operate at the same frequency or not, depending. The 
precise deployment will depend on the algorithms as well as the scenario defined in more 
details in WP2 of 5G-Enhance. Apart from the blocks already referred to in previous sections, 
additional network protocol stacks are shown in Figure 10 for completeness: the mobility 
management entity (MME), the serving gateway (S-GW), and the packet data network gateway 
(P-GW). They are out of scope of 5G-Enhance WP3. 
 
The diagram below shows the general 5G Enhance reference architecture for ARAT. The 
extent to which any research results, algorithms or techniques can be implemented into a 
deployable network solution (for the trials planned for WP5) will be established during the 
course of the project. It is expected that technology access constraints (for example to the 
implementation of deployable 5G NR physical layer technology) will limit the extent to which 
novel algorithms can be deployed into the test networks. These constraints will become clearer 
as the research and development activities of WP3 proceed. 
 
 



 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 33 
 

 
 

Figure 10: High level architecture highlighting 5G-Enhance WP3 research impacts. 

 
 
 
5.1 Possible technologies/directions 

 
In this project, we envision the co-existence of macro operator and micro operator (locally 
deployed 5G small cell networks) in order to provide eMBB in a high-demand area. The 
successful deployment of such heterogeneous wireless networks will heavily rely on the ability 
to provide highly efficient and flexible radio resource allocation. In order to meet these 
challenges, among many others, 5G-Enhance (in WP3) has identified dynamic TDD, multi-
connectivity, and virtual-RAN as key technology enablers for advanced RAT.  

As pointed out in Section 3.2.1, dynamic traffic aware TDD techniques can significantly 
improve the capacity of a wireless network, when the radio resources can be adapted flexibly 
between UL and DL. However, the performance gain that is promised by dynamic TDD system 
can be realized, only if the complicating interference (that arises due to simultaneous UL and 
DL data transmission in adjacent cells) can be mitigated. Moreover, in practice algorithms that 
require minimal information exchange (or no information exchange) among the coordinated 
BSs and MSs are desirable. For such a problem, in WP3, we develop new algorithm for 
beamforming training, channel feedback, resource allocation and interference management 
techniques, etc. 
 
In the future-generation wireless networks, deployment of large number of micro-operator in a 
same geographic area (providing specific vertical services) is expected [Matinmikko_2017]. 
The successful deployment of a micro-operator depends on the availability of local spectrum, 
with quality guarantees. This demands the understanding of complicated interference scenario 
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of the micro-operator deployments. For such a scenario, the use of dynamic TDD type 
interference control mechanism could be one option, and it requires further investigation. 
 
As highlighted in the literature review of Section 3.2.2, cell clustering, user association and cell 
selection are important elements in MC that need further improvements. There are several 
possible approaches to improve the performance of those algorithms, depending on the 
optimization criteria. There is a trade-off in the number of parameters taken into consideration, 
the optimization goal, the adaptation rate and the centralization level of the control, together 
with backhaul capacity and latency. The exact topics can only be defined once the scenarios 
and network architecture have been defined in WP2. Then the criteria and challenges will be 
more clearly defined. Resource allocation in MC also needs to be improved with respect to 
existing solutions. The performance evaluation will be done via numerical analysis and 
possibly more realistic computer simulations. The performance evaluation will influence the 
definition of the performance metrics and targets. 

 

 

6. Summary 
 
3GPP has envisioned non-standalone and standalone model of operation to realize the diverse 
and more stringent QoS requirements of the 5G mobile communications. For both of these 
mode of operation, investigating towards the development of flexible/scalable radio access 
network in order to achieve the requirements of 5G is ongoing. This deliverable has presented 
the integrate high-level architecture and possible technology-direction for advance radio 
access technology, which will be studied in the WP3 of this project. 
 
  



 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 35 
 

References 
 
  
[3GPP_2013] 3GPP, “LTE-Advanced,” 2013 

URL: http://www.3gpp.org/technologies/keywords-acronyms/97-
lte-advanced 

[3GPP22261] 3GPP, “Technical specification group services and system 
aspects; Service requirements for the 5G systems; Stage 1 
(Release 16),” TS 22.261, Tech. Spec., 2018. 

[3GPP36214] 3GPP, “Technical specification group radio access network; 
Evolved Universal Terrestrial Radio Access (E-UTRA); Physical 
layer; Measurements (Release 15),” TS 36.214, 2018. 

[3GPP36331] 3GPP, “Technical specification group radio access network; 
Evolved Universal Terrestrial Radio Access (E-UTRA); R 
(Release 15),” TS 36.331, 2018. 

[3GPP36842] 3rd Generation Partnership Project; Technical Specification 
Group Radio Access Network; Study on small cell enhancements 
for E-UTRA and E-UTRAN; Higher layer aspects (Release 12) 
(3GPP TR 36.842 version 12.0.0), 2013. 

[3GPP36819] 3GPP, “Technical specification group radio access network; 
Coordinated multi-point operation for LTE physical layer aspects 
(Release 11),” TR 36.819, Tech. Rep., 2011. 

[3GPP36839] 3GPP, “Technical specification group radio access network; 
Evolved Universal Terrestrial Radio Access (E-UTRA); Mobility 
enhancements in heterogeneous networks (Release 11),” TR 
36.839, Tech. Rep., 2012. 

[3GPP37340] 3GPP, “Technical specification group radio access network; 
Evolved universal terrestrial radio access (E-UTRA) and NR; 
Multi-connectivity; Stage 2 (Release 15),” TR 37.340, Tech. Rep., 
2018. 

[3GPP37910] 3GPP, “Technical specification group radio access network; 
Study on Self Evaluation towards IMT-2020 Submission (Release 
15),” TR 37.910, Tech. Rep., 2018. 

[3GPP38913] 3GPP, “Technical specification group radio access network; 
Study on scenarios and requirements for next generation access 
technologies (Release 15),” TR 38.913, Tech. Rep., 2018. 

[3GPP-TR38.802] 3GPP, “Technical specification group radio access network; 
Service requirements for the 5G systems; Study on New Radio 
Access Technology; Physical Layer Aspects (Release 14); 3GPP 
TR 38.802 V14.2.0, 2017. 

[3GPP-TS38.211] 3GPP, “Technical specification group radio access network; 
Physical channels and modulation (Release 15); 3GPP TS 
38.211 V15.2.0, 2018. 

[3GPP-TS38.401] 3GPP, “Technical specification group radio access network; NG-
RAN architecture description (Release 15); 3GPP TS 38.401 
V15.3.0, 2018. 

[5G-EmPOWER] https://5g-empower.io/ 
[5GPPP-5Garch] 5G PPP Architecture Working Group, “View on 5G Architecture,” 

v 2.0, December 2017.  
[Agiwal_2016] Agiwal, M., Roy, A., & Saxena, N. (2016). Next generation 5G 

wireless networks: A comprehensive survey. IEEE 
Communications Surveys & Tutorials, 18, 1617–1655. 

http://www.3gpp.org/technologies/keywords-acronyms/97-lte-advanced
http://www.3gpp.org/technologies/keywords-acronyms/97-lte-advanced
https://5g-empower.io/


 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 36 
 

[Aijaz_2018] Adnan Aijaz, “Packet Duplication in Dual Connectivity Enabled 5G 
Wireless Networks: Overview and Challenges,” 
http://arxiv.org/abs/1804.01058v1, April 2018. 

[Akyildiz_2016] I. F. Akyildiz, S. Nie, S.-C. Lin, and M. Chandrasekaran, “5G 
roadmap: 10 key enabling technologies,” Computer Networks, 
vol. 106, pp. 17-48, June 2016. 

[Andrews_2014] J. G. Andrews et al., “What Will 5G Be?,” in IEEE Journal on 
Selected Areas in Communications, vol. 32, no. 6, pp. 1065-1082, 
June 2014. 

[Antonioli_2017] R. P. Antonioli, G. C. Parente, C. F. M. e Silva, E. B. Rodriguez, 
T. F. Maciel, F. R. C. Cavalcanti, “Dual connectivity for LTE-NR 
cellular networks,” XXXV Simpósio Brasileiro de 
Telecomunicacoes e Processamento de Sinais, pp. 171-175, 
September 2017. 

[Bassoy_2017] S. Bassoy, H. Farooq, M. A. Imran, and Al. Imran, “Coordinated 
multi-point clustering schemes: A survey,” IEEE Communications 
Surveys and Tutorials, vol. 19, no. 2, pp. 743-764, Second 
Quarter 2017. 

[Bertenyi_2018] B. Bertenyi et al. ,“ NG Radio Access Network (NG-RAN),” in 
Journal of ICT Standardization, Vol: 6_1&2, 2018.   

[Bhattarai_2016] Bhattarai, S., Park, J. M. J., Gao, B., Bian, K., & Lehr, W. (2016). 
An overview of dynamic spectrum Sharing: Ongoing initiatives, 
challenges, and a roadmap for future research. IEEE 
Transactions on Cognitive Communications and Networking, 2, 
110–128. 

[Boccardi_2014]   F. Boccardi, R. W. Heath, A. Lozano, T. L. Marzetta and P. 
Popovski, “Five disruptive technology directions for 5G,” in IEEE 
Communications Magazine, vol. 52, no. 2, pp. 74-80, February 
2014. 

[Chandrashekar_2016] S. Chandrashekar, et al., “5G multi-RAT multi-connectivity 
architecture,” 2016 IEEE ICC Third Workshop on 5G Architecture 
(5Garch 2016), 6 p., May 2016. 

[Choi_2006] Y. S. Choi, I. Sohn, and K. B. Lee, “A novel decentralized time slot 
allocation algorithm in dynamic TDD system,” CCNC 2006. 2006 
3rd IEEE Consumer Communications and Networking 
Conference, 2006, Las Vegas, NV, USA, 2006, pp. 1268-1272. 

[COHERENT-D3.2] COHERENT project, “Final report on physical and MAC layer 
modelling and abstraction,” Deliverable D3.2, December 2017. 

[COHERENT-D5.2] COHERENT project, “Final specification and implementation of 
the algorithm from programmable radio access networks,” 
Deliverable D5.2, March 2018. 

[Deng_2017] J. Deng, O. Tirkkonen, R. Freij-Hollanti, T. Chen and N. Nikaein, 
“Resource Allocation and Interference Management for 
Opportunistic Relaying in Integrated mmWave/sub-6 GHz 5G 
Networks,” IEEE Communications Magazine, vol. 55, no. 6, pp. 
94-101, June 2017. 

[Francis_2015] J. Francis, S. Kalyanasundaram, B. Natarajan, R. Agrawal, and 
N. B. Mehta, “Downlink interference penalty algorithm for power 
control, scheduling, and user association,” 2015 13th International 
Symposium on Modeling and Optimization in Mobile, Ad Hoc, and 
Wireless Networks (WiOpt), 7 p., May 2015. 

[Giordani_2016] M. Giordani, M. Mezzavilla, S. Rangan, and M. Zorzi, “Multi-
connectivity in 5G mmWave cellular networks,” 2016 

http://arxiv.org/abs/1804.01058v1


 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 37 
 

Mediterranean Ad Hoc Networking Workshop (Med-Hoc-Net), 7 
p., June 2016. 

[GutierrezEstevez_201
7] 

Gutierrez-Estevez, Ö. Bulakci, M. Ericson, A. Prasad, E. 
Pateromichelakis, J. Belschner, P. Arnold, G. Calochira, “RAN 
enablers for 5G radio resource management,” 2017 IEEE 
Conference on Standards for Communications and Networking 
(CSCN), 6 p., September 2017. 

[Harutyunyan_2018] D. Harutyunyan, S. Herle, D. Maradin, G. Agapiu, and R. Riggio, 
"Traffic–Aware User Association in Heterogeneous LTE/Wi-Fi 
Radio Access Networks", in Proc. of IEEE NOMS 2018, 8 p., April 
2018. 

[ITU-R_2015] ITU-R, “IMT Vision - Framework and overall objectives of the 
future development of IMT for 2020 and beyond”. 
Recommendation ITU-R M.2083. 2015. 

[ITU-R_2017] ITU-R, "Minimum requirements related to technical performance 
for IMT-2020 radio interface(s)“. Report ITU-R M.2410, 2017. 

[ITU-R-M2410] ITU-R M.2410-0, “Minimum requirements related to technical 
performance for IMT-2020 radio interface(s)”. Report ITU-R 
M.2410-0. November 2017 

[ITU-R-M2412] ITU-R M.2412-0, “Guidelines for evaluation of radio interface 
technologies for IMT-2020”. Report ITU-R M.2412-0. November 
2017. 

[Jayasinghe_2015] P. Jayasinghe, A. Tölli, J. Kaleva, and M. Latva-aho, “Bi-
directional signaling for dynamic TDD with decentralized 
beamforming,” in IEEE International Conference on 
Communication Workshop (ICCW), London, 2015, pp. 185-190. 

[Jayasinghe_2015a] P. Jayasinghe, A. Tölli, and M. Latva-aho, “Bi-directional signaling 
strategies for dynamic TDD networks,” in IEEE 16th International 
Workshop on Signal Processing Advances in Wireless 
Communications (SPAWC), Stockholm, 2015, pp. 540-544. 

[Jayasinghe_2017] P. Jayasinghe, A. Tölli, J. Kaleva, and M. Latva-Aho, “Direct 
beamformer estimation for dynamic TDD networks with forward-
backward training,” in IEEE 18th International Workshop on 
Signal Processing Advances in Wireless Communications 
(SPAWC), Sapporo, 2017, pp. 1-6. 

[Jayasinghe_2017a] P. Jayasinghe, A. Tölli, J. Kaleva, G. Venkatraman, and M. Latva-
aho, “Traffic aware pilot de-contamination for multi-cell MIMO 
systems,” in European Conference on Networks and 
Communications (EuCNC), Oulu, 2017, pp. 1-6. 

[Jayasinghe_2018] P. Jayasinghe, A. Tölli, J. Kaleva , and M. Latva-ah, “Bi-directional 
Beamformer Training for Dynamic TDD Networks”, in IEEE 
Transactions on Signal Processing (to appear), Sept. 2018. 

[Jeong_2002] W. Jeong and M. Kavehrad, “Cochannel interference reduction in 
dynamic-TDD fixed wireless applications, using time slot 
allocation algorithms,” in IEEE Transactions on Communications, 
vol. 50, no. 10, pp. 1627-1636, Oct. 2002. 

[Joud_2018] M. Joud, M. Garcia-Lozano, S. Ruiz, “User specific cell clustering 
to improve mobility robustness in 5G ultra-dense cellular 
networks,” in Proc. 2018 14th Annual Conference on Wireless On-
demand Networks Systems and Services (WONS), 6 p., February 
2018. 



 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 38 
 

[Kamel_2016] M. Kamel, W. Hamouda and A. Youssef, "Ultra-Dense Networks: 
A Survey," in IEEE Communications Surveys & Tutorials, vol. 18, 
no. 4, pp. 2522-2545, Fourth Quarter 2016. 

[Kazi_2018] B. U. Kazi and G. A. Wainer, “Next generation wireless cellular 
networks: ultra-dense multi-tier and multi-cell cooperation 
perspective,” Wireless Networks, 24 p., July 2018. 

[Kim_2015] M. Kim, S. Y. Jung, and S.-L. Kim, “Sum-rate maximizing cell 
association via dual-connectivity,” in Proc. Int. Conf. Comput. Inf. 
Telecommun. Syst. (CITS), 2015, pp. 1–5. 

[Kim_2016a] Kim, Y., Lee, H.-Y., Hwang, P., Patro, R. K., Lee, J., Roh, W., et 
al. (2016). Feasibility of mobile cellular communications at 
millimetre wave frequency. IEEE Journal of Selected Topics in 
Signal Processing, 10, 589–599. 

[Kim_2016b] W. Kim, “Adaptive resource scheduling for dual connectivity in 
heterogeneous IoT cellular networks,” International Journal of 
Distributed Sensor Networks, vol. 2016, 13 p., March 2016. 

[Komulainen_2013] P. Komulainen, A. Tölli, and M. Juntti, “Effective CSI Signaling 
and Decentralized Beam Coordination in TDD Multi-Cell MIMO 
Systems,” in IEEE Transactions on Signal Processing, vol. 61, no. 
9, pp. 2204-2218, May1, 2013. 

[Lechuga_2018] M. L. Lechuga, “Multi-Connectivity in 5G New Radio: 
Configuration Algorithms and Performance Evaluation,” M. Sc. 
Thesis, Aalborg University, Denmark, 2018. 

[Lembo_2017] S. Lembo, J. Deng, R. Freij-Hollanti, O. Tirkkonen, and T. Chen, 
“Hierarchical Network Abstraction for HetNet Coordination,” In 
IEEE International Symposium on Personal, Indoor and Mobile 
Radio Communications (PIMRC), 7 p., October 2017. 

[Liu_2011] Y. F. Liu, Y. H. Dai, and Z. Q. Luo, “ Coordinated beamforming for 
MISO interference channel: Complexity analysis and efficient 
algorithms,” in IEEE Trans. Signal Processing 59(3): 1142–1157, 
2011. 

[Liu_2016] D. Liu, L. Wang,Y. Chen, M. Elkashlan, K.-K. Wong, R. Schober, 
and L. Hanzo, “User association in 5G networks: A survey and an 
outlook,” in IEEE Communications Surveys & Tutorials, vol. 18, 
no. 2, pp. 1018–1044, May 2016. 

[Marsch_2011] P. Marsch and G. P. Fettweis, Coordinated Multi-Point in Mobile 
Communications: From Theory to Practice, 1st ed. Cambridge, 
U.K.: Cambridge Univ. Press, 2011. 

[Marsch_2016] P. Marsch et al., “5G Radio Access Network Architecture: Design 
Guidelines and Key Considerations,” in IEEE Communications 
Magazine, vol. 54, no. 11, pp. 24-32, November 2016. 

[Marsch_2017] Marsch, P., Da Silva, I., Bulakci, O., Tesanovic, M. E., Ayoubi, S. 
E., et al. (2016). 5G radio access network architecture: Design 
guidelines and key considerations. IEEE Communications 
Magazine, 54, 24–32. 

[Matinmikko_2017] M. Matinmikko, M. Latva-aho, P. Ahokangas, S. Yrjölä & T. 
Koivumäki. Micro operators to boost local service delivery in 5G. 
Wireless Personal Communications, vol. 95, no. 1, pp. 69–82, 
May 2017. 

[Matinmikko_2017b] M. Matinmikko, M. Latva-aho, P. Ahokangas & V. Seppänen. On 
regulations for 5G: Micro licensing for locally operated networks. 
Telecommunications Policy, available online: 



 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 39 
 

https://www.sciencedirect.com/science/article/pii/S03085961173
0349X. 

[Matinmikko-
Blue_2017a] 

M. Matinmikko-Blue and M. Latva-aho, “Micro operators 
accelerating 5G deployment,” 12th IEEE International 
Conference on Industrial and Information Systems (IEEE ICIIS 
2017), Peradeniya, Sri Lanka, 15-16 December 2017, pp. 1-5. 

[Matinmikko_2018] M. Matinmikko, M. Latva-aho, P. Ahokangas, and V. Seppänen, 
“On regulations for 5G: Micro licensing for locally operated 
networks,” Telecommunications Policy, Vol. 42, No. 8, Sept. 
2018, pp. 622-635. 

[Mediatek_2018] Mediatek, “5G NR A new era for enhanced mobile broadband,” 
2018. [online] https://cdn-www.mediatek.com/page/MediaTek-
5G-NR-White-Paper-PDF5GNRWP.pdf 

[Mori_2002] K. Mori, T. Nagaosa, and H. Kobayashi, “Uplink transmission 
control for asymmetric communications in CDMA/shared-TDD 
cellular packet communications,” in Proc. IEEE Int. Symp. 
Spread-Spec. Tech.&Appl., vol. 3, pp. 662-666, Sept. 2002. 

[Mori_2004] K. Mori and H. Kobayashi, “Downlink packet transmission control 
for asymmetric traffic in CDMA/shared-TDD cellular 
communication systems,” in Proc. IEEE 8th Int. Symp. Spread-
Spectrum Tech. & Appl., pp. 237-241, Sept. 2004. 

[NGMN_2015] NGMN Alliance, “NGMN 5G White Paper,” 125 p., February 2015. 
[NGMN_2016] NGMN Alliance, “Recommendations for NGMN KPIs and 

Requirements for 5G,” 19 p., June 2016. 
[Omiyi_2004] P. E. Omiyi and H. Haas, “Improving time-slot allocation in 4/sup 

th/ generation OFDM/TDMA TDD radio access networks with 
innovative channel-sensing,” 2004 IEEE International Conference 
on Communications (IEEE Cat. No.04CH37577), Paris, France, 
2004, pp. 3133-3137 Vol.6. 

[Omiyi_2007] P. Omiyi, H. Haas, and G. Auer, “Analysis of TDD Cellular 
Interference Mitigation Using Busy-Bursts,” in IEEE Transactions 
on Wireless Communications, vol. 6, no. 7, pp. 2721-2731, July 
2007. 

[Prasad_2016] A. Prasad, F. S. Moya, M. Ericson, R. Fantini, and Ö. Bulakci, 
“Enabling RAN moderation and dynamic traffic steering in 5G,” 
2016 IEEE 84th Vehicular Technology Conference, VTC Fall, 6 p., 
September 2016.  

[Poirot_2017] V. Poirot, “Energy efficient multi-connectivity for ultra-dense 
networks,” Master of Science thesis, 2017. 

[Qamar_2017] F. Qamar, K. B. Dimyati, MHD. N. Hindia, K. A. B. Noordin, A. M. 
Al-Samman, “A comprehensive review on coordinated multi-point 
operation for LTE-A,” Computer Networks, vol. 123, pp. 19-37, 
May 2017. 

[Qualcomm_Nokia_201
7], 

Qualcomm-Nokia, “Making 5G a reality: Addressing the strong 
mobile broadband demand in 2019 & beyond,” September 2017. 

[Ravanshid_2016] A. Ravanshid et al., “Multi-connectivity functional architectures in 
5G,” IEEE 2016 ICC 3rd Workshop on 5G Architecture (5GArch 
2016), 6 p., May 2016. 

[Richart_2016] Richart, M., Baliosian, J., Serrat, J., & Gorricho, J. L. (2016). 
Resource slicing in virtual wireless networks: A survey. IEEE 
Transactions on Network and Service Management, 13, 462–476. 

[Rost_2016] Rost, P., Banchs, A., Berberana, I., Breitbach, M., Doll, M., 
Droste, H., Sayadi, B. (2016). Mobile network architecture 

https://www.sciencedirect.com/science/article/pii/S030859611730349X
https://www.sciencedirect.com/science/article/pii/S030859611730349X
https://cdn-www.mediatek.com/page/MediaTek-5G-NR-White-Paper-PDF5GNRWP.pdf
https://cdn-www.mediatek.com/page/MediaTek-5G-NR-White-Paper-PDF5GNRWP.pdf


 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 40 
 

evolution toward 5G. IEEE Communications Magazine, 54, 84–
91. 

[RSPG 2018] RSPG, “RSPG Opinion on 5G implementation challenges”. Draft 
RSPG 3rd opinion on 5G, RSPG18-036. October 2018. 

[Samdanis_2016] Samdanis, K., Costa-Perez, X., & Sciancalepore, V. (2016). From 
network sharing to multi-tenancy: The 5G network slice broker. 
IEEE Communications Magazine, 54, 32–39. 

[Sohn_2009] I. Sohn, K. B. Lee and Y. S. Choi, “Comparison of decentralized 
time slot allocation strategies for asymmetric traffic in TDD 
systems,” in IEEE Transactions on Wireless Communications, 
vol. 8, no. 6, pp. 2990-3003, June 2009. 

[Qualcomm_2016] Gabriel Brown, “Exploring 5G new radio: use cases, capabilities 
and timeline,” 13 p., September 2016. 

[Ternon_2014] E. Ternon, P. Agyapong, L. Hu, and A. Dekorsy, “Database-aided 
energy savings in next generation dual connectivity 
heterogeneous networks,” in IEEE WCNC’14, pp. 2811-2816, 
May 2014. 

[Tesema_2016a] F. B. Tesema, et al., “Evaluation of context-aware mobility 
robustness optimization and multi-connectivity in intra-frequency 
5G ultra dense networks,” IEEE Wireless Communications 
Letters, pp. 608-611, December 2016. 

[Tesema_2016b] F. B. Tesema, et al., “Evaluation of adaptive active set 
management for multi-connectivity in intra-frequency 5G 
networks,” in Proc. IEEE WCNC, 6 p., Apr. 2016. 

[Tesema_2016c] F. B. Tesema, et al., “Fast cell select for mobility robustness in 
intra-frequency 5G ultra dense networks,” in Proc. 2016 27th IEEE 
PIMRC, 7 p., September 2016. 

[Tesema_2017a] F. B. Tesema, et al., “Multiconnectivity for mobility robustness in 
standalone 5G ultra dense networks with intrafrequency cloud 
radio access,” Wireless Communications and mobile computing, 
volume 2017, 17 p., January 2017. 

[Tesema_2017b] F. B. Tesema, et al., “Impact of cyclic prefix configuration on 
mobility performance of multi-connectivity in 5G networks,” in 
Proc. 2017 IEEE CSCN, 6 p., September 2017. 

[Tolli_2018] A. Tolli et al., “Distributed Coordinated Transmission with 
Forward-Backward Training for 5G Radio Access,” in IEEE 
Commun. Mag., Sep. 2018. [Online] available: 
https://arxiv.org/abs/1802.04309. 

[Uchino_2015] T. Uchino, K. Teshima, and K. Takeda, “Carrier aggregation 
enhancement and dual connectivity promising higher throughput 
and capacity,” NTT DOCOMO Technical Journal, Vol. 17, pp. 36-
46, October 2015. 

[Wang_2013] L. Wang and G.-S. Kuo, “Mathematical modeling for network 
selection in heterogeneous wireless networks - A tutorial,” IEEE 
Communications Surveys & Tutorials, vol. 15, no. 1, pp. 271-292, 
First Quarter 2013. 

[Wang_2015] H. Wang, C. Rosa, and K. Pedersen, “Dual connectivity for LTE-
advanced heterogeneous networks,” Wireless Network, pp. 1–14, 
2015. 

[Wie_2001] S.-H. Wie and D.-H. Cho, “Time slot allocation scheme based on 
a region division in CDMA/TDD systems,” in Proc. IEEE Veh. 
Technol. Conf., Spring 2001, vol. 4, pp. 2445-2449, May 2001. 

https://arxiv.org/abs/1802.04309


 

 

Document ID: WP3 / D3.1   

 

Dissemination Level: Public Page 41 
 

[Yun_2004] J. Yun and M. Kavehrad, “Adaptive resource allocations for D-
TDD systems in wireless cellular networks,” in IEEE MILCOM 
2004. Military Communications Conference, 2004., Monterey, 
CA, USA, 2004, pp. 1047-1053 Vol. 2. 

[Zander_2017] Zander, J., “Beyond the ultra-dense barrier: Paradigm shifts on 
the road beyond 1000x wireless capacity,” IEEE Wireless 
Communications, 24, 96–102. 

 
________________________________________________________________________ 

 

 
________________________________________________________________________ 

 


