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Abstract  

This final deliverable from the WP5 of mmMAGIC project details the multi-antenna, multi-node 
and the transceiver hardware modelling related analyses and solutions developed over the 2 
year project duration. The multi-antenna studies have identified hybrid beamforming as a key 
solution to meet the complexity and performance needs of mm-wave transceivers. The multi-
node support, be it through other access points, rays or other technologies like FSO (Free 
Space Optics) is identified as an essential element in mm-wave communications, to increase 
the link reliability. The antenna design and modelling to meet the unique challenges and 
opportunities in Access point (both radio access and backhaul) and handset domains have 
been achieved. The hardware impairments (including Phase Noise and Power Amplifier non-
linearities) have been studied and effective modelling solutions presented in this work. 
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Executive su mmary  

This deliverable discusses the mature multi-node/ multi-antenna transceiver architectural and 
schematic solutions and hardware component models developed by mmMAGIC WP5.  

At the start of the project and in D5.1, WP5 considered all transceiver architectural options for 
beamforming, i.e. Digital, Analog and Hybrid. As the research matured, WP5 focussed more 

on Hybrid beamforming due to the best trade-off in complexity, cost and performance it offers. 
This is reflected in this deliverable, where most of the architectural and schematic solutions 
are based on Hybrid beamforming. We show, through detailed simulations, that Hybrid 
beamforming is more resilient to challenging radio channel conditions in mm-wave and also to 
hardware impairments, than Digital or Analog beamforming. From an architectural point of 
view, we also propose a sub-array based solution, which can reduce the combiner losses and 
further simplify the Hybrid beamforming operations. Given the technical evidence we show on 
the flexibility and resilience of Hybrid beamforming, we would recommend this option for most 
of the mm-wave mobile applications, particularly in radio access. 

We have analysed multi-antenna schematic solutions for access, backhaul and relay 
applications in this deliverable. For access, we have looked at beam synthesis solutions and 
synthesis of wider beams for broadcasting signals, in addition to the above noted analyses on 

Hybrid beamforming performance. For backhaul, we introduced in D5.1 a novel, simplified 
decoding scheme for massive, line of sight MIMO communication channels, which was 
pitched as a short range backhaul/ fronthaul solution. In this D5.2, we report an extensive 
validation study based on realistic ray traced channel data (indoor and outdoor) with real 
antenna patterns, to estimate what proportion of the theoretical performance can be achieved 
in real environments. The included experiment details and the resulting analyses are a 
highlight from the year 2 work of WP5. We also provide an analysis into the challenges of 
providing mm-wave backhaul to a moving hotspot in an urban environment. In terms of relay 
solutions, we propose a user selection scheme for ad-hoc relay link provision when the direct 
link (user to the access point) is blocked. 

Our analyses into multi-node schemes have shown that the provision of multi-node support is 
an essential feature for reliable mm-wave communications. The ósecond linkô can be of mm-

wave, lower frequency RAT or even of another technology like Free Space Optics (FSO). 
Having such a second link significantly increases the coverage reliability, ensuring that cell 
sizes that are economically viable can be achieved. We propose a hybrid mm-wave/FSO 
multi-hop solution, which can significantly improve the performance where the use of HARQ 
can mitigate the effects of an imperfect mm-wave power amplifier. We also demonstrate that 
with the use of a few high rise mm-wave access points to complement the low rise AP 
network, the LOS probability can be significantly enhanced for greater cell ranges. Further, we 
investigate the efficacy of relay nodes in improving the Outdoor to Indoor (O2I) coverage in 
mm-wave networks. It is shown that the contribution of the relay nodes increases with longer 
cell ranges and we also demonstrate an optimum bandwidth split point (between the relay link 
and backhaul link) which maximizes the overall spectral efficiency. 

The modelling of the performance and impairments of the key hardware components of the 

transceiver chain is a major contribution from the WP5 work. We have looked at different 
antenna designs and their performance for handset and access point (for both radio access 
and backhaul/ fronthaul) applications. We provide optimized antenna array designs in D5.2, to 
meet the specific challenges and also utilize opportunities in these applications. The impacts 
of Phase Noise (PN) are captured with a very detailed model and a simpler model and we 
provide PN impact analysis with both these models. These analyses look at the PN effects in 
MIMO OFDM systems and also at the possible densities of Phase Tracking Reference Signals 
(PTRS) in the radio frame, which is currently an active topic in 3GPP NR standardisation. The 
power amplifier performance in mm-wave frequencies is modelled with both statistical and 
behavioural models and we show that there is good agreement in both these approaches. 
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Overall, D5.2 provides a comprehensive picture of the innovative work done in WP5 over the 
past 2 years, in multi-antenna transceiver design, multi-node co-ordination and hardware 

performance assessment and impairment modelling. 
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1 Introduction   

There is now a general understanding of the varied challenges in mm-wave transceiver design 
and the need for accurate modelling of the transceiver components in the wider research 
community.  Through the extensive studies done in WP5, this deliverable aims to address 
some of the most significant challenges in multi-node and multi-antenna architectural and 

schematic solution design as well as in modelling the performance and impairments in the 
transceiver hardware chain. 

The previous deliverable D5.1 of WP5 [MMMAGICD51] (published in M9) should be seen as a 
precursor to this deliverable D5.2. In D5.1, many of the solutions discussed here were 
presented in their initial stage with the theoretical background. We do not repeat that 
information here, but simply refer to D5.1 wherever necessary. Also in D5.1, a complete 
description of the use cases and KPIs that motivate the WP5 work has been presented. We 
give only a very brief summary of the use cases and KPIs below, to initiate the D5.2 
discussion.  

The baseline use case adapted for WP5 work is the 5G immersive experience in targeted 
hotspots. This use case looks at the early 5G deployments, where the unique 5G immersive 
experience is supported at targeted, densely crowded hotspots like city centres and transport 

hubs. It is assumed that an underlay Macro cell network (likely to be 4G LTE) will support 
these hotspots to provide continuity in connectivity.  The use case supports 4 typical data 
applications with the peak data demand expected to be up to 20 Gbps. A comprehensive 
analysis of the probabilistic usage of these 4 applications in a typical hotspot was presented in 
[QHM+16], where the 95% and 99% cumulative user data demand (per cell) comes up to 29 
Gbps and 38 Gbps respectively. So the technical work in WP5 is aimed mainly at supporting 
these peak data rates and cell capacity demands, i.e. in-line with the eMBB mode as seen by 
3GPP [3GPP-16]. Full details of the additional requirements placed by this use case can be 
found in chapter 2 of D5.1 [MMMAGICD51]. In addition, the work presented here pays a 
special attention on power consumption of mm-wave transceivers, which is expected to be a 
significant challenge in designing mm-wave mobile compatible systems. 

WP5 considers 3 other extended use cases in addition to the base-line use case. These 

extensions are for extended mobility, coverage and connection density. In mobility, the 
extension comes from the óMoving Hotspotsô use case. This extends the pedestrian mobility in 
the baseline use case to vehicular speeds in urban areas, around 50 kmph. The coverage 
extension comes from the ô50 Mbps+ everywhereô use case. The limited hotspot coverage is 
extended in this use case, to provide the edgeless coverage in a wider urban area. The limited 
connection density of the baseline use case (40 active users per small cell) is extended in this 
óDense urban society with distributed crowdsô use case, where connection densities up to 
150,000 per km2 can be considered. 

Mm-wave spectrum consideration is another key area that has significantly evolved since the 
completion of D5.1 [MMMAGICD51]. In D5.1, we focussed on three wide frequency ranges, 
i.e. low (6-30 GHz), mid (31-50 GHz) and high (70-100 GHz) for developing the initial 
schemes. Since then, the European Commission has identified the 24.25-27.5 GHz band 

(commonly referred to as the 26 GHz band) as a pioneer band for mobile applications in 
Europe [RSPG16] and the FCC (Federal Communications Commission) has announced their 
intention to license the 28 GHz band for mobile services in the US [FCC16]. Accordingly, the 
work developed for D5.2 by WP5 has mostly focussed on the 28 GHz band, with some of the 
antenna modelling work in 24.25 ï 27.5 GHz band and ray tracing based MMIMMO (Massive 
Multiple Input ï Massive Multiple Output) experimental validation work in 26 GHz band as 
well. Most of the qualitative assessments in these bands will hold for other bands in the mm-
wave frequency range as well. 

Chapter 2 of this deliverable details the various multi-antenna solutions developed in the 
project, for access, backhaul and relay applications. After careful considerations (analysis 
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presented in D5.1 [MMMAGICD51]) the hybrid beamforming architecture has been selected 
as the most versatile architecture to satisfy the diverse demands of radio access in mm-wave 

systems. Many of the solutions presented under radio access detail novel applications of 
hybrid beamforming. A simulation based comparison of Analog, Digital and Hybrid 
beamforming schemes is also presented for dense urban deployments. One of the highlights 
of the WP5 work agenda for the final year of the project was the experimental validation of the 
achievable spectral efficiencies for the MMIMMO scheme, theoretically developed in D5.1. 
This experimental work and the evaluated results are presented under the backhaul sub-
section, as these short range, LOS communications with massive number of antenna 
elements mainly suits backhaul deployments. A mm-wave backhaul analysis for moving 
hotspots completes this backhaul  section, where some performance and complexity trade-
offs are derived. Under the investigations for mm-wave relay based systems, a user selection 
scheme for relay operations is presented. The general issues with the multi-antenna beam 
design and beam management/beam tracking are also covered in this chapter 2. 

Multi-node co-ordination will be an essential feature for mm-wave radio access systems, as 
the single link reliability can be severely impacted by the challenging propagation conditions. 
Chapter 3 is devoted to the study of different multi-node schemes, where different 
configurations and technologies are evaluated. In an architectural point of view both stand-
alone mm-wave systems and non-stand-alone mm-wave systems (with the likely support of 
LTE Macro cells) are evaluated. Some of the hybrid beamforming concepts presented earlier 
in Chapter 2 are extended towards multi-node co-ordinated schemes in this chapter. Also a 
novel concept of utilizing FSO (Free Space Optical) links in combination with mm-wave links 
for multi-hop networks is presented with the associated theoretical analysis. Another novel 
concept presented in Chapter 3 is the opportunistic usage of a few high rise mm-wave access 
points to complement the coverage provided by a network of low rise mm-wave access points. 
The effectiveness of this scheme is evaluated theoretically in this work. A comparison of the 

direct mm-wave access is compared with a relay assisted network of mm-wave APs, in 
another dimension of multi-node networks. The chapter concludes with an analysis of the 
Radio Resource Management (RRM) aspects for wider mm-wave networks. 

The modelling of the performance and impairments of the essential hardware components in 
the mm-wave transceiver chain is the focus of chapter 4. This work is pushing the current 
levels of knowledge in this relatively new area (of application of mm-wave hardware for mobile 
communications). The performance and limitations of antenna arrays, suited for handset and 
access point (for both radio access and backhaul) applications have been modelled and in 
some cases proto-typed in WP5 work. A major part of chapter 4 is devoted detailing the final 
results from this work. The first analysis on PA (Power Amplifier) linearity performance 
modelling in D5.1 has been extended to a system level, to include the impact of large antenna 
arrays on the PA. A second PN (Phase Noise) model is also introduced in chapter 4, which 

has been used to analyse the effectiveness of different PTRS (Phase Tracking Reference 
Signal) densities in the frame structures that are now being studied for the 3GPP New Radio 
(NR) standardisation. A MIMO-OFDM based study on the impact of PN is also presented, 
using the PN model proposed in D5.1, which is now publicly available as an open source 
code. The chapter concludes with some analyses on the overall system level impact of these 
hardware impairments. 

Chapter 5 contains the main takeaways, or conclusions that can be derived from the extensive 
work done in WP5. These conclusions will be presented as segmented per each of the 
technical chapters and finally as some overall conclusions. The implications of this work on an 
overall mm-wave system concept design will also be addressed in Chapter 5.  

As noted above, D5.2 provides a continuing set of work initially reported in D5.1 and there is 
frequent referencing to D5.1 for the initial analyses. To help the reader to navigate the 2 
deliverables more efficiently the following Table 1-1 is provided, which maps the developed 

models, solutions and studies to the broad themes in mm-wave transceiver design and the 
reported sections in the two deliverables. 
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Table 1-1: Mapping of WP5 models, solutions and studies to deliverable sections  

 

 

 

Analog 

beamforming

Digital 

Beamforming
Hybrid 

Beamforming

Access Backhaul Relay/ Self-Backhaul

Antenna Array 

design

Dual polar dipole array (D5.2- section 

4.2.3)

Patch antenna array  (D5.2- section 

4.2.2)

Electronically reconfigurable 

Transmitarray  (D5.2- section 4.2.4)

Fixed beam Transmitarray  (D5.2- 

section 4.2.5)

Switched BeamTransmitarray (D5.2-

section 4.2.5)

Fixed beam Transmitarray  

(D5.2- section 4.2.5)

Switched BeamTransmitarray  

(D5.2- section 4.2.5)

Multi-antenna 

schemes

Flexible SU and MU Hybrid BF design 

(D5.2 - section 2.4.1)                                           

Arbitrary beam synthesis for Hybrid 

BF (D5.2 - section 2.7.1)                                                   

Wide beams for broadcast signalling 

(D5.2- section 2.7.2)                                             

Broadband Hybrid BF (D5.1- section 

3.3.5)                                           

Max SINR Digital BF (D5.1- section 

3.3.3)                 

MMIMMO B-DFT-SM-MRT 

decoding scheme (D5.1 - section 

3.4.1)                                 

MMIMMO experimental validation 

(D5.2- section 2.5.1)

Ad-hoc relay user selection 

scheme (D5.1 - section 3.5.1 

and D5.2 - section 2.6.1) 

Multi-node 

schemes 

Beam sweeping for multi-node 

networks (D5.2 - section 3.2) 

Sequential Hybrid BF Design for Multi-

links (D5.2 - section 3.3)              

Beam Management for Mobility (D5.2 -
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Complementary coverage with High 
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Energy efficient joint Hybrid pre-coding 

(D5.2 - section 3.8)

Hybrid mm-wave/FSO Multi-hop 

links     (D5.2 - section 3.5)

Relay Node enhancements for 

O2I coverage (D5.2- section 
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Progess Beyond SOTA

Detailed Model (D5.1- section 4.2.1)

Simpler Model (D5.2 - section 4.4)

Power 

Amplifier 

 Statistical and Behavioural  Models 

(D5.2 -section 4.3)

Quantization  

noise

Analysis (D5.1 - section 4.3.4                              
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 Architectural study (D5.1- section 3.2.2) 

Architectural study  (D5.1 - section 3.2.3)

Architectural study (D5.1 - section 3.2.4 and D5.2 - section 2.2)                                                   

Sub-array architecture (D5.2 - section 2.3)
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2 Multi -Antenna Transceiver Schemes and Design  

2.1 Introduction  

Contrary to lower frequencies, propagation at mm-wave faces significantly distinct challenges 
including higher path loss, penetration losses and shadowing. To address these adverse 
aspects, highly directional transmission and reception has been proposed, by deploying large 
antenna arrays at the transmitter and receiver [RRE14]. To this end, the small wavelength at 

higher frequencies can be exploited, allowing to pack a large number of antennas in a small 
area. The large antenna array sizes as well as the directional transmission coupled with 
hardware constraints at mm-wave, result in specific challenges on the mm-wave transceiver 
architecture and design [RRE14].  

In this chapter we present several multi-antenna transceiver designs and schemes which have 
been developed for access, backhaul and relaying for mm-wave communication. Most of 
these schemes are based on a hybrid beamforming architecture, for which a brief overview is 
provided in the following, including a discussion about fully connected and subarray-based 
architectures. We conclude the chapter by discussing some channel state information (CSI) 
aspects and providing some concluding remarks. 

2.2 Hybrid Beamforming  Transceiver  Architecture  

Due to the large number of antennas in the transmit and receive arrays required to enable 
mm-wave communication, equipping each antenna with a separate radio frequency (RF) 

transceiver chain along with a high resolution converter, as done with smaller arrays at lower 
frequencies, would result in a high complexity, cost and power consumption. This is mainly 
due to the implementation of RF components at mm-wave frequencies, as well as the 
expected large bandwidths, which impose the requirement on the converters (digital to analog 
converters (DACs) at the transmitter and analog to digital converters (ADCs) at the receiver) 
to operate at a high sampling rate. Thus, equipping one converter per antenna in a large 
antenna array translates inevitably into a high power consumption.  

To address these aspects, several transceiver architectures have been considered including 
analog beamforming with a single RF chain, such as in IEEE 802.11ad. Since this architecture 
offers limited signal processing capability, other alternatives have also been proposed 
including digital beamforming with low resolution converters [MH15]. Reducing the precision of 
the converters enables to reduce the power consumption, which scales roughly exponentially 

with the number of resolution bits [Mur97]. This enables to have a large antenna array with 
many active elements at a reduced power consumption and cost. Despite the increased signal 
processing capabilities compared to analog beamforming, the non-linearity introduced by the 
quantization leads to limited capacity at high SNR as well as imposes certain challenges on 
the channel estimation and data detection [MH15].  

Besides the previous transceiver architectures, another approach to tackle the power 
consumption and complexity bottleneck facing mm-wave transceivers is to reduce the number 
of RF chains (including converters) with the hybrid beamforming architecture [AAL+14] as 
depicted in Figure 2-1. With hybrid beamforming the number of RF chains NRF is less than the 
number of antennas in the array, e.g. N tx at the transmitter.  By splitting the beamforming 

operation between the analog RF domain and the digital baseband, this architecture provides 
a tradeoff between performance and complexity / power consumption [AAL+14], at the 

expense, however, of reduced degrees of freedom for the baseband digital processing 
(number of streams Ns). Compared to a fully digital system, the hybrid beamforming 

architecture poses different challenges for the CSI acquisition and beamforming design due to 
the constraints on the analog processing and the need of directional transmission for mm-
wave.  
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Figure 2-1: Hybrid Beamforming with Analog  RF beamforming  

 
For example, the analog processing is frequency flat, which implies that the analog 
beamforming matrix is fixed for all subcarriers in a multicarrier system, whereas the digital 
beamformer can be adapted for each subcarrier. For the wideband hybrid beamforming 
design, however, the fact that the spatial characteristics of the channel are frequency invariant 
can be exploited [IVC+16]. Similarly for hybrid beamforming in a multiuser scenario, the 

design of the analog beamforming needs to consider that it is common for all users. 
Furthermore, the analog processing can be implemented via a network of phase shifters, RF 
switches or with a lens antenna array, and can be implement at different stages including RF, 
intermediate frequency and baseband [KPS+13]. In case of phase shifters, the entries of the 
analog beamformer are constrained to have unit modulus. For further discussions about the 
hybrid beamforming architecture, refer to [MMMAGICD51].   

2.3 Hybrid Beamforming with a Subarray Architecture  

Assuming that the analog RF beamforming for the hybrid beamforming transceiver 
architecture is implemented with a network of phase shifters, we would then require one 
phase shifter per antenna and per RF chain, as depicted for the fully connected architecture in 
Figure 2-2(a) (for the transmitter). Denoting the number of antennas at the transmitter as N 
and the number of available RF chains as NRF, the analog beamformer is implemented with a 
network of N x NRF phase shifters, since the output of each RF chain is connected to all the 

transmit antennas in a fully connected architecture. Furthermore, a 1 to N (1:N) divider is 
required for each RF chain, whereas one adder over NRF inputs (NRF:1) is needed for each 

antenna as shown in Figure 2-2(a). Such a fully connected architecture, however, might be 
difficult to implement in practice at higher frequencies. In addition, the fully connected 
architecture  can result in substantial losses when considering that losses in the NRF dividers 
scale linearly with N, while the losses in the N adders scale linearly with NRF [GVR+16].  

To this end, the partially connected architecture has recently been proposed, where the output 
of each RF chain is connected only to a subset of the transmit antennas [ZHD+15], [HIX+15]. 
This approach reduces the required number of phase shifters as well as the losses, thereby 
facilitating the implementation of hybrid beamforming at the expense of reduced design 
flexibility. If each RF chain (or set of RF chains) is connected to a distinct set of antennas, the 
architecture is based on subarrays, where each subarray is basically connected to its own 

transceiver. The partially connected architecture is applicable at both the transmitter and 
receiver side. 
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Figure 2-2:  Fully Connected and Partially Connected Architecture (Subarrays)  

In Figure 2-2(b), a partially connected architecture with subarrays is depicted assuming 
subarrays of equal size with Nsub = N / NRF antennas, i.e. each RF chain is connected to Nsub 
antennas. In this case, the analog beamforming is implemented with a network of Nsub x NRF 
phase shifters, resulting in a factor of NRF fewer phase shifters compared to the fully 
connected case. In addition, the required dividers are smaller, i.e. a 1:NRF divider is required 
for each RF chain, such that the losses in the dividers scale linearly with Nsub [GVR+16]. 

Furthermore, note that the subarray architecture does not require adders. Based on the fact 
that NRF fewer phase shifters are required, that the losses in the dividers are NRF times smaller 
and in addition, no adders are needed, the subarray architecture has at least a factor of NRF 

less losses compared to the fully connected case.  

The reduced losses for implementing hybrid beamforming with the subarray architecture come 
at the expense of reduced flexibility which translates into reduced performance. In order to 
make a comparison with a fully connected architecture, the losses need to be characterized 
[GVR+16]. By assuming certain values for the losses, however, the performance of each 
scheme is then coupled to the specific values for the assumed losses. To avoid this, we 
propose for comparison purposes to employ a simple approach independent of specific values 
for the losses. Since the subarray architecture has roughly NRF less losses compared to the 

fully connected architecture, we penalize the transmit power for the fully connected case by a 
factor of NRF. 

To observe the tradeoff between reduced design flexibility and reduced losses introduced by 
the subarray architecture, we consider the following point-to-point scenario with 64 antennas 
at the transmitter and 16 antennas at the receiver. For the channel, we assume a narrowband 

channel model as in [ARA+14] consisting of 8 clusters, with 10 paths per clusters. We assume 
a hybrid beamforming architecture at the transmitter and receiver with NRF = 4 RF chains, i.e. 

4 streams are transmitted. For the receiver, we consider a fully connected architecture, 
whereas for the transmitter, we compare a fully connected architecture with a subarray 
architecture composed of 4 subarrays each consisting of 16 antennas. We assume perfect 
CSI and compute the rate with 4 streams based on the Shannon formula. The rate achieved 
with the two architectures without considering losses is depicted in Figure 2-3, where the 
hybrid beamforming design for the fully connected case is based on [ARA+14] while the hybrid 
beamforming design for the subarray architecture is based on [IVU+17]. As expected, the fully 
connected case outperforms the subarray architecture due to the increased flexibility for the 
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beamforming design. However, when considering the losses by introducing a power penalty 
for the fully connected case, the subarray architecture can outperform the fully connected 

architecture as shown in Figure 2-3. As detailed before, for the given scenario with NRF = 4, 
the power penalty on the fully connected case corresponds to a 6 dB shift to the right, since 
the subarray architecture has NRF less losses compared to the fully connected case. 

 

Figure 2-3: Performance  Simulation Comparison with Subarrays ( NRF = 4) 

2.4 Transceiver Schemes for Access  

After the brief overview of the transceiver architectures as well as discussing hybrid 
beamforming with subarrays, we now present multi-antenna transceiver designs and schemes 
for access. Although most of the developed schemes are based on hybrid beamforming, we 
also discuss analog beamforming and digital beamforming. The presented schemes in 
general assume a TDD system. 

2.4.1 Flexible Multi -User Hybrid Beamforming Design  

Consider a base station (BS) serving J users (UEs)  in the downlink as shown in Figure 2-4. 
Assume ὔ  transmit antennas and ὔ ȟ receive antennas are implemented at the BS and j-

th UE, respectively. The numbers of RF chains are ὓ  and  ὓ ȟ at the BS and j-th UE, 

respectively. We propose to design the hybrid transmission scheme in three sequential 
phases based on given scenarios, available system resources and desired performance 
targets: 

Phase 1: Uncoupled analog beamforming at the BS and UE(s) 

Phase 2: Digital beamforming at the UE 

Phase 3: Precoding/digital beamforming at the BS 
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Figure 2-4:  Conceptual level descriptions of the proposed hybrid beamforming design.  

As a starting point, we denote the mathematical input-output relations of the hybrid 
beamforming design in Figure 2-4 as  

Ἳ ἥ ȟἥ ȟἒἐἐἐἻӶἥ ȟἥ ȟἶ     

 (2-1) 

where  Ἳ  is the ὒᴂ ρ transmitted signal vector for the j-th UE, ἐ  and ἐ are the digital 

precoder and analog beamformer at the BS, ἒ refers to propagation DL channel from the BS 

and to the j-th UE, ἥ ȟ and ἥ ȟ  are digital combiner and analog beamformer at the  j-th UE, 

ἻӶ ἻȟȣȟἻ , j =1,é, J. Here, for simplicity, we assume ὒᴂ ὓ ȟ ὓ ȟ , В ὒᴂ ὒ  

and  В ὓ ȟ ὓ . Furthermore, we point out that the proposed scheme is also applicable 

for the single user case, where multiple streams are sent to one user. 

Phase 1: Uncoupled analog beamforming at the BS and UE(s) 

In this phase, the BS sets the digital precoder to be ἐ ἓ and only applies analog 
beamforming ἐ  on the transmitted signal. At the UE side, the RX carries out analog 
beamforming ἥ ȟ   and for equalization considers only the effective channel of each 

transmission path, i.e., ἥ ȟ  is set to be a diagonal matrix. The analog beamformers at the UE 

and BS are designed to use antenna array response matrices of those channel paths with the 

largest gains as described in [ZRG16], [MMMAGICD51]. For phase 1, the BS needs to know 
the angles of departure(s) (AoD(s)) of all the used transmission paths, whereas each UE 
needs to know the angles of arrival (AoAs) and the complex gain(s) of the used transmission 
path(s) from the BS to this UE. 

With the use of the uncoupled analog beamforming in phase 1, the system doesnôt cope with 
inter-stream interferences in the single-user case and inter-stream/inter-user interferences in 
the multi-user case. This should suffice if different paths/users are separated well in angular 
domain at the BS and UE(s) sides, and/or targeted link performance is not very demanding, 
and/or low computational complexity and overhead is of dominant interest. 

Phase 2: Digital beamforming at the UE 

In this phase, after conducting analog beamforming as in phase 1, each UE estimates the 
effective channel from the BS to this UE including propagation channel and the used analog 
beamformers. With reasonable good effective DL channel estimation, the multi-stream 
interferences can be removed by constructing digital combiner ἥ ȟ  using any MIMO 
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equalization algorithm available in the literatures at the UE. Compared to digital combiner 
used in phase 1, ἥ ȟ  is most likely a non-diagonal matrix. 

After phase 1 and phase 2 processing and without precoding at the BS side, the link 
performance for single-user case is already close to the achievable performance of reference 
hybrid beamforming scheme in [ARA+14]. In multi-user scenario, if multiple users that have 

good angular separations at the BS are scheduled to be served at the same time, it is still 
possible to achieve reasonably good system performance.  

Phase 3: Precoding/digital beamforming at the BS 

In the last phase, if the system requires multi-user interference mitigation to achieve the 
targeted performance metrics, the BS can carry out multi-user interference nulling or reduction 
by applying precoding, e.g., using zero-forcing and MMSE criterions. To this end, however, 
the BS needs to acquire knowledge of DL effective channel (transmit CSI), which leads to 
extra system overhead. Meanwhile, the use of zero-forcing or MMSE precoders could 
potentially increase PAPR of the transmitted signal dramatically. Thus more intelligent and 
power efficient precoding schemes need to be developed. For the numerical analysis, we 
focus only on the first two phases which are the most relevant for mm-wave transmission. 

First, we consider a single-user case using numerical computer simulations with parameters 
given in Table 2-1. In Figure 2-5, the performance of the proposed analog (phase 1) / hybrid 

beamforming (phase 1 + phase 2) are compared with SVD digital beamforming and hybrid 
beamforming approach in [ARA+14] using 3 RF chains at BS and UE sides with different 
codebook sizes ὔ  and  ὔ , where the vectors in the codebook are equally distributed 
over the phase domain. For digital beamforming full CSI is assumed, and we compare the 
results with CSI from all the 5 available paths and from only the 3 used paths. Naturally the 
former case can provide slightly better performance than the latter case as more CSI is 
available. For examining the proposed algorithm and reference hybrid beamforming approach 

in [ARA+14], we assume with knowledge of the 3 used paths and finite size codebook as well. 
As shown in Figure 2-5, the proposed algorithm can achieve the same performance as the 
algorithm in [ARA+14] in all cases, but with reduced channel knowledge. Whereas the 
proposed hybrid beamforming only needs to know AoDs at the BS, the algorithm in [ARA+14] 
requires full channel knowledge at the BS. In addition, if the targeted uncoded BER is ρπ , 

analog beamforming in phase 1 can already form a simple solution.  

Table 2-1: Simulation parameters  
Simulation Parameter  Value  

Operating Frequency 28 GHz 

Path Loss Exponent 2 

BS-UE Distance 50 m 

TX power 27 dBm 

Number of Antennas at the BS 64 

AoA (AoD) Uniform Distribution 

Modulation Single-carrier 16QAM 

Antenna Array Type Uniform Linear Array 

Single user case  

Number of Antennas at the UE 16  

Number of Paths in Channel 5 

Number of Streams(RFs)/Used Paths 3 

Multi user case  

Number of Antennas at the UE 8 

Number of Paths for each UE 3 

Number of Streams for each UE 2 
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Figure 2-5:  BER simulation comparisons for the single user case  

In the following we assume  ρ for determining the codebook size. Next, the impact of 
signal blockage is examined, assuming the strongest path is blocked. In this case, for SVD-
based digital beamforming, a re-calculation of the digital beamformer at the both BS and UE 
sides is required. On the other hand, without any re-estimation and re-calculation and by 
employing a reduced number of RF chains at the receiver, the proposed hybrid beamforming 
design can immediately remove the blocked signal path and continue transmission other two 

available paths as shown in Figure 2-6. In the figure, ñdigital beamforming a. blockingò refers 
to the case where the digital beamformers are calculated for the 3 paths and this beamformer 
is continued to be used when the strongest path is blocked, i.e. with only 2 paths. ñProposed 
hybrid beamforming a. blockingò is defined similarly as before, but for hybrid beamforming. 
The case  ñdigital beamforming ideal a. blockingò refers to the case where the digital 
beamformers are calculated for the remaining 2 paths after the strongest path has been 
blocked.. 

 

Figure 2-6: BER comparisons for the single user case after blockage of main path.  

We now study the achievable performance of the proposed hybrid beamforming design 

framework for a 2-user case with parameters given in Table 2-1. No advanced schedule is 
applied here. AoDs of different UEs are assumed to be uniformly distributed 
over πȢυ“ȟπȢυ“. For reference, we consider eigenbeamforming using perfect CSI on all the 
ς σ paths and the used ς ς  paths in the channel respectively. As shown in Figure 2-7, 

without knowledge on all the ς σ paths, the eigenbeamforming also suffers from multi-user 
interferences (blue curves). Without deploying any digital beamformer at the BS, the proposed 
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hybrid beamforming (phase 1 + phase 2) can achieve performance close to digital 
beamforming based on the available paths up to SNR at around 0 dB. More sophisticated 

digital beamformers (phase 3) can be designed later to cope with multi-user interference if 
more channel information is available at the BS.   

 

Figure 2-7:  Performance comparisons for the multi -user case  

Finally, the blocking effect is studied in the multi-user context in Figure 2-8. Assume the 
strongest path to UE #1 is blocked. Then by modifying the digital beamformer for UE #1 
corresponding to the remaining path, UE #1 can continue its reception over the second path 
as usual. In the figure, ñdigital beamforming a. blockingò and ñdigital beamforming ideal a. 
blockingò refer to the cases that the eigenbeamforming design based on the channel before 
blocking (2+2 paths) and after blocking (1+2 paths) respectively.  It is interesting to observe 
that the transmission for UE #2 is not influenced using either digital beamforming or the 
proposed hybrid beamforming. In general, this shows the robustness of the proposed hybrid 

beamforming design to signal blockage in the multi-user case as well.  

  

Figure 2-8:  Performance comparisons for the multi -user case after blockage of th e strongest 
phat of UE#1.  

 

2.4.2 System Level Comparison of Different Transceiver Architectures for Access  

As discussed in Section 2.2, by having a number of RF chains which is less than the number 
of antennas, hybrid beamforming (HBF) represents a good trade-off between performance 
and complexity for mm-wave access. Several works have already shown that HBF can 
strongly outperform a pure analog beamforming (ABF) and approach the performance 
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achieved by fully digital precoding (DP), with as many RF transceiver chains as antennas, at 
least in scenarios with only one BS serving one [AHA+12], [ARA+14] or multiple UEs [ALH15]. 

However, more studies are needed in particular on a system level to properly assess these 
different hardware architectures and corresponding beamforming schemes. Here, we consider 
a system with multiple BSs, each serving many UEs. Therefore, the UEs served by a BS can 
be characterized by very different channel conditions: for instance, a BS may be 
simultaneously serving UEs in line-of-sight (LOS), i.e., with typically good signal to noise ratio 
(SNR), and UEs in non-line-of-sight (NLOS), i.e., characterized by very strong attenuation and 
by a frequency selective channel. Therefore, besides the fact that a proper user selection 
algorithm is needed, the few RF chains of the HBF architecture should be employed in 
different ways: either to transmit/receive along the different multipath components when 
serving a specific NLOS UE, or to (spatially) multiplex multiple LOS UEs, if they are sufficiently 
separated in the angular domain. 

In detail, we consider a hexagonal deployment with seven sites, three BSs per site, an inter-

site distance (ISD) of 200 m, and wraparound. Each BS is equipped with a horizontal uniform 
linear array with 64 antennas, each with 8 dBi gain. Moreover, we consider a dense area with 
50 full-buffer UEs per site, each assumed to have 1 RF transceiver chain and a beamforming 
gain of 12 dBi, with the beamformer pointing toward the direction that maximizes the long-term 
SNR. The carrier frequency is 28 GHz and the system bandwidth is 1 GHz. We consider the 
3D channel model proposed in [TNM+14], which is based on measurements done in New 
York City and characterizes the channel in azimuth/elevation as well as in time/frequency 
domain. In this scenario we compare the following beamforming schemes: 

- ABF: Only one UE is scheduled per subframe on the whole band and the RF beams 
are designed by using a codebook based on the discrete Fourier transform (DFT) 
matrix [CYC+11]; 

- HBF: The BS is equipped with P RF chains and serves up to P UEs per sub-frame, all 

on the whole band; also for this scheme the analog RF beams are designed by using 
the DFT codebook; 

- DP: The BS employs maximum ratio transmission (MRT) to serve the UEs, different 
set of UEs can be served on each sub-band and there is no limit in the number of UEs 
that can be served in each subframe. 

A proportional fair scheduler with a greedy user selection algorithm is considered with all the 
three schemes. More details about the beamformers and the scheduler as well as further 
numerical results can be found in [GRM+16, GRB+16]. In Figure 2-9, we assume perfect CSI 
at the BS and depict the cumulative distribution function of the UE throughput. First of all, we 
notice that very high rates can be achieved at mm-wave, mainly because of the large available 
bandwidth: even with ABF, which neither exploits spatial multiplexing nor properly deals with 
multipath fading, a median value of about 500 Mbit/s is achieved. Then, we also observe that 
HBF, even with only P = 4 RF chains, can strongly outperform ABF, by providing a gain of 

about 100% in the cell border throughput. Moreover, we also observe that the performance of 
HBF increases when the number of RF chains increases: with P = 16, HBF reaches DP in the 

upper part of the CDF curve (mainly related to UEs in LOS), however there is still some gap in 
the lower part of the curve (mainly related to NLOS UEs). 
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Figure 2-9:  CDF of the UE throughput under perfect CSI assumption  

 

In Figure 2-10 we remove the assumption of perfect CSI knowledge and assess the effect of 
using an outdated CSI at the BS. In detail, we assume that the BS gets an update of the CSI 
only every T ms. We however consider values of T that cause changes only in the small scale 

fading components of the channel, whereas the large scale fading parameters like path-loss, 
shadowing and arrival/departure angles remain constant. Note that in this setup the UE speed 
is 3 km/h, therefore, for example, T =  50 ms corresponds to fDT = 3.8, with fD being the 

Doppler frequency. In Figure 2-10, we observe that the throughput achieved with HBF hardly 
decreases when T increases. On the other hand, the DP significantly decreases when the CSI 

is outdated. This can be easily explained by observing that DP strongly exploits the precise 
knowledge of the small scale fading in the precoder design, whereas HBF, where RF beams 
are wideband, relies less on the small scale fading. While at mm-wave, it is expected that the 
channel will be tracked at the BS only every few ms (or few tens of ms), i.e., much less than 
for instance T = 500 ms (which is reported here only as a case where there is basically no 

knowledge of the small scale fading), these results show that achievable HBF performance is 
much more robust to CSI imperfection when compared to DP performance. For HBF, 

beamformers can be designed by relying mainly on the large scale fading components of the 
channel, while DP requires timely CSI knowledge in order to exploit all the degrees of freedom 
offered by the fully digital design. 

 

Figure 2-10:  CDF of the UE throughput for different values  of T  
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2.4.3 Digital Beamforming with 1 bit DACs  

As discussed in Section 2.2, to limit cost, power consumption, and hardware complexity, 

digital beamforming with low precision converters can be considered. In this subsection, we 
analyse the performance (both in terms of uncoded BER and achievable rates) achievable 
over the multiuser (MU) MIMO downlink for the case when the base station is equipped with a 
large number of antennas, each one connected to an individual RF port. In addition, we shall 
consider the extreme case of a base station equipped with 1-bit resolution DACs and 
investigate the downlink performance achievable with linear precoders and OFDM over a 
frequency selective channel. Apart from a reduction in system costs and power consumption, 
this architectural solution may also significantly lower the load of the fronthaul link connecting 
the baseband processing unit to the RF ports for mm-wave access. 

Specifically, we consider the downlink of a single-cell massive MU-MIMO-OFDM as depicted 
in Figure 2-11. The BS, which is equipped with B antennas, serves U single-antenna users 

simultaneously and on the same time-frequency resources. At the BS, a linear precoder (e.g., 

zero-forcing (ZF) precoder or maximal-ratio transmission (MRT) precoder) maps the data 
symbols into precoded symbols to be sent to the RF port. We assume OFDM transmission 
over a frequency-selective channel. Hence, the frequency-domain precoded vector is 
transformed into a time-domain vector by the IDFT at each RF port. Then, the resulting signal 
is quantized using a pair of 1-bit DACs at each RF port, one for the real part and one for the 
imaginary part of the time-domain precoded signal. At the UEs, the received time-domain 
signal is converted to frequency domain through a DFT. 

 

Figure 2-11:  Quantized massive MU -MIMO-OFDM downlink system.  

 

For simplicity, we assume that all RF hardware components other than the DACs (e.g., local 
oscillators, mixers, power amplifiers, etc.) are ideal and that the ADCs at the UEs have infinite 
resolution. We also assume that the sampling rate of the DACs at the BS is equal to the 
sampling rate of the ADCs at the UEs and that the system is perfectly synchronized. In our 
analysis, we allow a fraction of the OFDM subcarriers to be left unused, which corresponds to 
oversampling the transmit signal before digital-to-analog conversion, which is advantageous 
performance wise. Our approach generalizes most analyses available in the literature (see 
e.g., [SFS16], [LTS+17], [JDC+16], [JMM+16]), which assume symbol-rate sampling and also 
single-carrier transmission over a frequency-flat channel. 

Using Bussgangôs theorem, which allows to characterize the output of a nonlinear operation 
when the input is Gaussian, we develop a closed-form expression for the signal-to-

interference-noise-and-distortion ratio (SINDR) of linear precoders. We then use this 
expression to obtain an accurate approximation of the uncoded BER achievable with QPSK 
signalling and a lower bound on the achievable sum-rate downlink throughput. This lower 
bound corresponds to the rate achievable using Gaussian signalling and mismatched nearest-
neighbour decoding at the UEs (see [JDC+17] for more details regarding the closed-form 
expression and theoretical analysis).  We next illustrate our results by focusing on a MU-
MIMO-OFDM system in which the BS is equipped with B = 128 antennas with U = 16 UEs. For 
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simplicity, we consider a frequency-selective Rayleigh-fading channel with 4 independent 
channel taps and uniform power-delay profile. The performance over more realistic mm-wave 

channels, where the channel taps are not necessarily Rayleigh distributed, are expected to be 
similar. We assume that an OFDM symbol consists of 512 subcarriers, 300 of which are 
occupied and the rest are left unused to provide oversampling ratio of about 1.7. 

In Figure 2-12, we plot the uncoded BER with QPSK for MRT and ZF precoding as a function 
of the SNR. Both the case of 1-bit DACs and of infinite- resolution DACs are considered. The 
simulated BER values (given by the markers in the figure) are compared with an analytical 
approximation (solid lines in the figure) for the BER obtained by assuming that the overall 
noise at the UEs (which includes MU interference and quantization errors) is Gaussian  
[JDC+17]. We see from the figure that MRT suffers from a relatively high error floor, which is 
mainly due to residual MU interference, whereas ZF yields better performance, although the 
gap at 10ī4 from the performance obtainable with infinite-resolution DACs is about 8 dB. Our 
closed-form approximation is accurate over the entire range of SNR values considered in the 

figure. This suggests that the overall noise at the UEs can indeed be modelled accurately as a 
Gaussian random variable.  

 

Figure 2-12:  Uncoded BER with QPSK  

In Figure 2-13, we show the sum-rate throughput achievable with Gaussian inputs and 
mismatched nearest-neighbour decoding as a function of the SNR. We observe that, similarly 

to the frequency-flat case [JDC+16], a high sum-rate throughput can be achieved. Specifically, 
a sum-rate throughput exceeding 64-bits per channel use (corresponding to 4 bits per channel 
use per UE) can be achieved for SNR values beyond 13 dB.  

 

Figure 2-13:  Achievable sum -rate throughput with Gaussian inputs and mismatch nearest -
neighbour decoding  
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These results hint at that MU-MIMO-OFDM systems equipped with 1-bit DACs and simple 
linear precoders achieve satisfactory performance despite the severe nonlinearity introduced 

by the converters. Although our results deal with QPSK modulation, preliminary results 
reported in [JDC+16b] reveal that higher-order modulation are supported as well. We hasten 
to add that although this architectural solution appears promising, a thorough characterization 
of the out-of-band emissions resulting from the use of low-resolution converters, which is not 
yet available in the literature, is needed to assess its real potential from a deployment 
perspective. 

2.5 Transceiver Schemes for Backhaul  

In the previous sections, we have presented multi -antenna transceiver designs and schemes 
for mm-wave access. Several of the previously presented approaches, however, can also be 
extended for the backhaul scenario. In the following, we present two further schemes more 
focused on enabling a mm-wave backhaul, by addressing two relevant aspects for the 
backhaul, i.e. the large required throughput and the impact of mobility for the backhaul to a 
moving hotspot. 

2.5.1 Massive Multiple Input Massive Multiple Output (MMIMMO) for Short Range LOS 
Links  

Massive multiple input massive multiple output (MMIMMO) communication systems using 
mm-wave have been identified as one of the most promising technical approaches for 5G in 
the METIS 2020 project [METISD33]. In [METISD33] a spatial precoding/decoding scheme 
called Discrete Fourier Transform Spatial Multiplexing with Maximum Ratio Transmission 
(DFT-SM-MRT) has been introduced [PTR+14]. Applied to very large Uniform Linear Arrays 
(ULAs) approximatively facing each other, this scheme enables hundreds of bits/s/Hz of 
spectral efficiency with a very low complexity compared to SVD beamforming. We recall that 
one can exploit spatial multiplexing even in LOS [MJW05], [SN07], [TMR11]. We also recall 
that based on [METISD33], when the carrier frequency f, the speed of light c, the ULA lengths 
L and the number of antenna elements N verify the following condition: 

 
Ὢͯ
ὧὈ

ὒ
ὔ 

(2-2) 

with D >> L, the MIMO channel has N eigenvalues of same weight.  

As part of the mmMAGIC project a new scheme called Block DFT-SM-MRT (B-DFT-SM-MRT) 
has been presented in [MMMAGICD51] that outperforms DFT-SM-MRT and even with less 
complexity. It has been assessed for different practical scenarios such as wireless backhaul 
and self-backhaul solutions for ultra-dense networks, where antennas are embedded in the 
urban architecture, device-to-device communication solutions, where antennas fit the shape of 
connected objects (cars, laptops and screens). 

However, all these previous studies reported in [METISD33] and [MMMAGICD51] have been 
performed with very simplified propagation channel and antenna models. In this contribution, 
we perform the evaluation using more realistic channel models based on ray tracing and 
measurements in real environments, and using more realistic antenna diagrams.  

We recall in Figure 2-14, the main parameters of the MMIMMO communication system. The 
system consists of two ULAs, separated by a distance D, occupying a length L, and composed 
of N antenna elements each. We denote the separation between antenna elements d = L / N. 
The number of data streams being spatially multiplexed is Nu. In the case of DFT-SM-MRT Nu 

= N. In the particular case of B-DFT-SM-MRT, NS groups of Nd antennas with Ncp óCP 
antennasô are inserted, such that each group consists of Nd + Ncp antennas and the number of 
data streams being spatially multiplexed is Nu=Ns Nd. For further details including the method 
to choose optimum values of N, Nd, Ns, Ncp for given D and L values, refer to [MMMAGICD51].  
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Figure 2-14:  MMIMMO system parameters  (where ɟc is a normalising factor and À is the 
transpose conjugate operation, for more details please refer to [MMMAGICD51])  

 

To assess MMIMMO techniques with realistic channel models, we have used two ray tracing 
tools: one for outdoor and one for indoor. Each tool is modelling a real environment and is 
based on experimental measurements.  

Example of outdoor environment: Bristol City Center  

We chose to model the propagation at 26 GHz on a route inside city centre of Bristol, UK (see 
Figure 2-15). The employed ray tracer for outdoor identifies the radio wave scatterers using an 
accurate geometrical database of the physical environment [TN97] [ABA+15]. Note that the 
same neighbourhood as for the beamforming performance analysis and visualisation (see 
Section 5.1 in [MMMAGICD12]) is used. Similar scenario has been adopted in [FRM+17]. As 
illustrated in Figure 2-15 three examples of links between lamp posts (with antenna arrays 
along the lamp post) are considered. Point-source 3D ray-tracing is performed from each 

antenna element of the transmit array to each antenna element of the receive array assuming 
isotropic elements. The tool provides all the necessary information to compute the channel 
complex gain for each multipath component (MPC): i.e. the amplitude, phase, time delay, 
azimuth & elevation AoD and AoA of each multipath component (MPC). The antenna patterns 
specified in the following are applied per MPC, to yield the MMIMMO channel matrix. 

 

Figure 2-15:  Bristol Simulated Deployment Scenarios  

Example of indoor environment: Helsinki Airport  

We chose to model the propagation in the Helsinki airport check-in hall (illustrated in Figure 
2-16) at 26 GHz. The employed tool uses an accurate geometrical database of the physical 
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environment, so called a point cloud [Jar16]. The point cloud model is an accurate model of 
the environment. It includes small objects (e.g. self-check-in machines) which may scatter 

energy at high carrier frequencies. Our simulator is optimized for the production of realistic 
channels thanks to comparisons with measurements in the Helsinki airport check-in hall 
[VJN+16]. Our simulator accurately identifies the locations and the reflection (or scattering) 
coefficients of scatterers. The information on the scatterers along with the radiation patterns 
specified in the following allow us to derive MMIMMO channels. Different links illustrated in 
Figure 2-16 are considered: between nearby devices; between signboards; between self-
check-in-machines and finally between a signboard and a canopy. 

 

Figure 2-16:  Helsinki Airport Simulated Deployment Scenarios  

Antenna Models  

Two antenna patterns have been generated by simulation at 26 GHz as illustrated in Figure 
2-17: a óbasic antennaô (a classical printed dipole on a ground plane described in section 
4.2.3) and a ñdirectional antennaò which consists of 5 units of basic antenna. These 5 unit 
cells are separated by 1.5 wavelength (at 26 GHz).  

 

Figure 2-17:  Antenna models  


















































































































































