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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 archite ctural 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 communi cati ons. The $Hsecond
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.

mMMmMAGIC Public Vi



0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

ae MM M AGlC Date:  28/06/2017 Security:  Public
Status:  Final Version: 3.0

Contents
{011 o To [ o o o SRR 1
2 Multi-Antenna Transceiver Schemes and DesSign .........ccuvviiiiiiiiiiiiiiieiie e 4
2205 A (011 Yo [F ox 1o o PRSP 4
2.2 Hybrid Beamforming Transceiver ArChiteCtUIe ...........cccvuvuviiiiiiiiiiiiiiieeenennnnnens 4
2.3  Hybrid Beamforming with a Subarray ArchiteCture ............cccccvvvvvimiviiiiinnennns 5
2.4 TranscCeivVer SCHEMES FOr ACCESS ...uuuuuuuuriiiiiiriiirrtrriiieruieieaeereerrraaea e aanana 7
2.4.1 Flexible Multi-User Hybrid Beamforming Design.............cccccoeeeiiiin e 7
24.2 System Level Comparison of Different Transceiver Architectures for Access....11
2.4.3 Digital Beamforming with L bit DACS ... 14
2.5 Transceiver Schemes for Backhaul............oocuuiiiiiiiiii e 16
2.5.1 Massive Multiple Input Massive Multiple Output (MMIMMO) for Short Range
LOS LINKS .ttt ettt ettt e e e e ettt e e e e e e bbbt e et e e e e e e e e b b be e e e e e e e e aaaa 16
25.2 Impact of Beam Misalignment for Moving Hotspot Scenario ............cccccceveeeeenne. 23
2.6 Transceiver Design for REIAYING ........uuuviiiiiiiiiiiiiiiiiiiineeeeenenee e 27
2.6.1 Relay Selection in mm-wave MultiuSer SYStEMS .........coocuiveiiiiiieeiiiiieee e 27
2.7  Mm-wave CSI| ASpPectSs: BEam DESIQN .....uuuiuiuriiiiiiiiiiriiiiriinneninrnnnnnnnnnrnrnrnrnennn—.. 31
2.7.1 Arbitrary Beam Synthesis for Hybrid Beamforming Systems....................o.o.o... 31
2.7.2 Wide Beams and Broadcasting Signalling ... 35
2 T YU [ 0 107> P 36
3 Coordinated Multi-node SCheme DeSIGN........uuuuuiiiiiiriiiiiiiiiiieeieinirie o ———————— 38
5 A (011 Yo [F o 1o o PR 38

,,,,,,,,,,,,,,,,,

3.2 Beamsweeping formultitnode net works éééééééeéééééeneceéeccéeé
3.3  Sequential Hybrid Beamforming Design for Multi-Link mm-wave Communication....43

3.4  Beam management for MODIlItY ... 46
3.4.1 Beam management PrOCEAUIES ........cciiiiiutiirietieeee ittt e e e e e e e e e e e e e eanenes 46
3.5 Performance of mm-wave based RF-FSO Multi-hop Networks ..........ccccociiiiiiiiinnnnnn. 48
351 On the Performance of mm-wave based RF-FSO Multi-hop Networks............... 48
3.5.2 3T £51 (= 0 1 21T L 48
3.5.3 Data TransmisSion MOGE! ........oooieiiiiiiiie e e e 49
IR S AN o =1 |V i Tor= LI (=S U PP 49
3.55 SIMUIALION FESUILS ...eeiiiieee it e e e e e e e s e eeneneeeeeas 50
3.6 mm-wave LOS Coverage Enhancements with Coordinated High-Rise APs ............. 51
3.6.1 LOS Probability .......oooeeieiieei e 51
3.6.2 Evaluation RESUILS.........ueiiiiiei e e e 53
3.7 Direct vs Relay-assisted Access: A System Level Evaluation at mm-waves............. 54
3.8  Joint Hybrid Precoding for Energy-efficient mm- wave Networks............ccccccecuvnnnnnnns 57

mMMmMAGIC Public vii



0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

'.: we MM M AG I C Date:  28/06/2017 Security:  Public

Status:  Final Version: 3.0

3.8.1 N OAUCTION . 57
3.8.2 Y251 (=T 10 101, T L 57
3.8.3 N L0118 1Y/ o1 4o B =g (=Yoo [T o 58
3.84 100 ] o[ [T ][0 o LU PP PP 60
3.9 Summary and key results and observations for System Concept Design ................. 60
4  Hardware impairments modelling and performance assessment..........cccccccvvvvvennnnnnnnnnnnn. 62
St 011 o Yo [ o 1o o T PRSI 62
4.2  Mm-wave antennas design and modelS..........ccceiiiii 62
421 ANteNNa SPECITICALIONS ......oiiiiiiiiiiiie e 62
4.2.2 Patch antenna arrays for mm-wave user terminal and access point ................. 64
4.2.3 MaSSIVE AIPOIE AITAYS ... .ueeeiiieeii ittt e e e e 67
424 Transmitarray antennas for aCCeSS POINt...........uuvuiuiuiiiiiiiiiiiiirn——.. 72
425 Transmitarray antennas for backhauling/fronthauling ............ccccccceiviiiiiininnnnns 75
4.3  Power amplifier MOAEIING ....cooeiiiiie e 77
43.1 Behavioural MOAelliNg .........uviiiiiiiiieiie e 77
4.3.2 StatistiCal MOAEIIING........uuuiiiiieiiieiiieieeee . 77
4.3.3 Scaling laws for energy efficiency analysis..........cccooveiiieiiiiiiiiiiii e 78
4.4  Asimple and effective Phase Noise model and design of PTRS....................oeoe. 80
441 The multi-pole/zero PN model...........coooii e 80
4.4.2 Analysis of Phase Tracking Reference Signal (PTRS) design................ooooe.. 81
4.5  Effect of Phase Noise on Uplink Multi-User MIMO-OFDM ...........c.ccoeeviiiiiieeee, 82
4.6 Impact of hardware impairments on system performance achieved by hybrid
beamforming fOr MM-WaVE GCCESS .......uuiuiiiiiiiiiiiiiiieeeiee ittt eaaesasnsasnennnnnnnsnnns 84
4.6.1 Phase Shifter @ITOIS ... ..ueeiiiiiee e e e ee e e e e e e anes 84
4.6.2 (070T 101 o1] g A3 =T L= T (01T = 85
4.7 Impact of Major RF Impairments on mm-wave Communications using OFDM
WaVETOIMS .. 86
T U 1 1] 1 0= oY/ 89
S o 1 od 017101 1 90

mMMmMAGIC Public viii



0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

e MAG'C Date:  28/06/2017 Security:  Public

Status:  Final Version: 3.0

List of Figures

Figure 2-1: Hybrid Beamforming with Analog RF beamforming........ccccccccevvvvvviiiiiiiiiiiiiieiiieeeeee, 5
Figure 2-2: Fully Connected and Partially Connected Architecture (Subarrays) ...........ccccocuueee. 6
Figure 2-3: Performance Simulation Comparison with Subarrays (NRF = 4) .......ccccccvvvvevevenennn. 7
Figure 2-4: Conceptual level descriptions of the proposed hybrid beamforming design. ........... 8
Figure 2-5: BER simulation comparisons for the single USer Case .......ccccccccvvvvvvveeeeieveeeeveeenne, 10
Figure 2-6: BER comparisons for the single user case after blockage of main path................ 10
Figure 2-7: Performance comparisons for the multi-user Case .......ccccccvvvvvvviiiiiiiiiiieieeeieeeeeeee, 11
Figure 2-8: Performance comparisons for the multi-user case after blockage of the strongest
Phat Of UEHL. ... 11
Figure 2-9: CDF of the UE throughput under perfect CSI1 assumption ...........ccccoeecvviiveieeennenns 13
Figure 2-10: CDF of the UE throughput for different values of T .......cccccvvvviiiiiiieeeeeee, 13
Figure 2-11: Quantized massive MU-MIMO-OFDM downlink System. .......ccccccccvvveveiiieinnnnnnnne. 14
Figure 2-12: Uncoded BER With QP SK ......coiiiiiiiie e ea e 15
Figure 2-13: Achievable sum-rate throughput with Gaussian inputs and mismatch nearest-
(a=To] gl oo T W] ate [=Tote Yo [ s o FFR TP PP PT PP OUPPR 15
Figure 2-14: MMI MMO system parameters (where 1} c i
transpose conjugate operation, for more details please refer to [MMMAGICD51)).................. 17
Figure 2-15: Bristol Simulated Deployment SCENAIIOS ..........uuveiiiiieiiiiiieieeeeee e 17
Figure 2-16: Helsinki Airport Simulated Deployment SCEeNarios .......ccccccvvvvveveieieieieieiieeeeeeeeee, 18
Figure 2-17: ANtenNa MOTEIS .......ccooiiiii i 18
Figure 2-18: Beam misalignme Nt d U &...l..0.....00X ceiiiiiiiiiiieieeeeeeeeeeeeeeeeeee e 24
Figure 2-19: The beam misalignment probability (Pns) vs. the speed variance ....................... 26
Figure 2-20: The beam misalignment probability (P,s) vs. fixed mmSC beam width .............. 26
Figure 2-21: 95% available rate ... 27

Figure 2-22: An example of the relay selection process: (a) initial transmission scheduling, (b)
blockage detection, (c) broadcasting help message, (d) relay candidate identification (e) relay

selection metric and (f) transmission via the relay path. ..........cccoei e 28
Figure 2-23: CDF of spectral efficiency loss experienced at (a) the blocked user and (b) the
UNDIOCKE USEIS. ...ttt ettt e e e e e ettt e e e e e e e ettt eeeaeeeeeeeaannnnnneeeaaeeeans 30
Figure 2-24: Sub-array HBF with individual power constraint. ..........c.ccccvveeiiieiiiiiiiiiiieeeeeee 34

Figure 2-25: Fully-connected HBF with 2 -bit phase quantization and sum power constraint.. 34
Figure 2-26: Sub-array (a) and fully-connected (b) HBF MU-MIMO 2 simultaneous beams. ..35

Figure 2-27: Example of beam shapes designed using the Widener method described in [Int16]
and the technigue using amplitude tapering in [QQL16]. Plotted is also the DFT beam and the

SUDEIEMENT PALLEIM .....eiiie ittt e e e e s e e e e e e s e bbb e e e e e e e e e s saannbrneeeeeas 36
Figure 3-1: Multi-Node Beam Sweeping (figure modified from original figure in [HKC16])é .

Figure 3-2: Example of Beam Sweeping Result in a Multi-Node Setup.......ccccccvviiiriieeiieennnns 40
Figure 3-3: Average Sum Rate for Different Methods to Determine the Best beam pair ......... 42

mMMmMAGIC Public iX

.39



0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

X100180 M AG I C Date:  28/06/2017 Security:  Public
Status:  Final Version: 3.0
Figure 3-4: Parallel beam search frame structure for test beam pair £E p p FEE@®.C............ 43

Figure 3-5: Performance comparisons of digital beamforming (DB), reference HBF in
[ARA+14], the proposed HBF using perfect CSI of the effective channel (PHBF), PHBF #1,
PHBF #2 and PHBF #3 in [ZCS+17]. (a) One-node scenario and (b) 2-node scenario. SNR
refers to received SNR at each UE antenna input from BS #1. ..o 45

Figure 3-6: Performance comparisons of the proposed HBF using PHBF #3 in [ZCS+17] with
perfect CSI knowledge (PHBF) and different pilot transmission powers (  pktft). SNR=10
dB. (a) One-node scenario and (b) 2-node scenario. Two-node scenario. SNR refers to
received SNR at each UE antenna input from BS #1.........ccccccciiiiiiiieeveeeeeeeeee e 45

Figure 3-7: CDF of SINR on the baseline data transmission when parallel beam training is
carried out with different pilot transmission powers. 1 plkthh. SNR=10 dB. (a) One-node
scenario and (b) 2-node scenario. SNR refers to received SNR at each UE antenna input from
BT SRR PPRRR 45

Figure 3-8: lllustration of beam management procedures. (Top) Pl to enable UE
measurement on different TRP Tx beams to support selection of TRP Tx beams/UE Rx
beam(s) (Middle) P2 to enable UE measurements on different TRP Tx beams to possibly
change/select inter/intra-TRP Tx beam(s), (Bottom) P3, to enable UE measurement on the
same TRP Tx beam to change UE Rx beam in the case UE uses beamforming ................... 46

Figure 3-9 : Beam based mobility measur ements

wide/sector covering (left) or somewhat beamformed (right, coarse beams) depending on the
user scenario. The network can use the SS report as a starting point for the Level 2 beam
management using P1 or go directly to Level 3 beam management using P2/P3 in the case
SS reports already gives some beam direction information (right figure). ..........cccccccciiiiininnnnns a7

Figure 3-10: In Level 2 based beam reporting and when the load is low (left) the SS reports
from the Level 1 reporting can be used to select a restricted beam sweep for the UE which
may be periodic. TRPs with no users (as observed from SS measurement reports) need not
transmit CSI-RS at all. If the load is high (right), the TRP nodes makes a periodic beam sweep

for CSFRS reporting, when L evmning at usescsecomodvieringl veide
beams (Figure 3-9, left). ..o ———— a7
Figure 3-11: Level 3 beam management with aperiodically triggered UE specific beamformed
CSI-RS (P-2) and UE RX beam refin€ment (P-3). .......uuuuuiiiiiiiiiiiiiiiiiiireieinininieiereneenenennn. 47
Figure 3-12 (a): On the tightness of the analytical results. (b): Outage probability for different
PA models and number of HARQ-based retransSmiSSIONS. ..........ccceeeeieiiiiiiiiiiiie e 51
Figure 3-13: Blockage by high BUIldING ... e 52

Figure 3-14: LOS association probability for Hg = 3 and 30 m, respectively (Hyax = 15 m)...... 53

Figure 3-15: lllustration of the considered two considered access methods. (a) Direct access
VS (D) REIAY-ASSISIEA BICCESS .. ..uviiiiiiiieeeiiiitee ettt e e e e e et e e e e e e e e aennaenes 54

Figure 3-16: System performance achieved by DA and RA: macro sector spectral efficiency 55
Figure 3-17: System performance achieved by DA and RA: 5th percentile of the UE rate....... 55
Figure 3-15: Impact of the bandwidth allocated to the BS-RS link with RA on the macro sector

LS o LSTe = LI = o T=T o T 56
Figure 3-16: Impact of the bandwidth allocated to the BS-RS link with RA on the 5th percentile
OF TNE UE TALE ..ottt ettt e et e e e e e e e e e e e e e e e e e e 56

Figure 3-20: Average total transmit power OYOE p &2 O A& vs. target spectral efficiency

us

i ng

b e a mf

per user for a given user dr op o v-dhe caSe0obfullg-hannel

mMMmMAGIC Public X



0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

X100180 M AG I C Date:  28/06/2017 Security:  Public
Status:  Final Version: 3.0
digital beamforming with the o pt i mal BS mode c o mlhe naaa af bybrid
beamforMINg. ... 58

Figure 3-21: CDF of the total power consumption for 3 coordinated BSs including the
hardware power consumption 3 O 0aAd 3 O 0TDe target spectral efficiency is 4 bit/s/Hz. ...... 59

Figure 3-22: CDF of the total power consumption for 2 coordinated BSs including the
hardware power consumption 3 O 0aAd 3 O 0TDe target spectral efficiency is 4 bit/s/Hz. ...... 59

Figure 4-1: Single rectangular patch element. (a) Geometry, (b) simulated reflection coefficient,
and simulated (c) co- and (d) cross-polar components of the realized gain patterns computed
oL Lo =T L= | =Y o (1= oY 65

Figure 4-2: 1x4-element linear array based on rectangular patch elements. (a) Geometry, (b)
simulated scattering matrix parameters, and simulated co-polar components of the realized
gain active patterns computed at the central frequency on the two principal planes (phi = 0° (c)
=Y o ] T L0 R (o ) ) TR 65

Figure 4-3: Simulated co-polar components of the realized gain patterns computed at the
central frequency on the plane phi = 0° at 25 GHz. (a) 1x4-, (b) 4x4-,(c) 1x8-, and (d) 8x8-

element linear arrays based on rectangular patch elements. .........cccccoiiiiee. 66
Figure 4-4: Single and crossed dipole: geometry, return loss and gain pattern. ..........cccc........ 68

Figure 4-5: Input impedance for HV polarization (up) and £45° polarization (down)............. 68
Figure 4-6: Radiation patterns for several array configurations: geometry and gain pattern. .69
Figure 4-7: 6x6 array: periodic (up) and non-periodic in the horizontal plane (down). ............ 70
Figure 4-8: Single polarization element with connector, UE and AP configurations................. 70
Figure 4-9: input impedance measurement of the dipole -45° (left) and radiation pattern
measurement of the dipole+45° (right) ... 71
Figure 4-10: input impedance (dB) for dipole +45° (left) and -45° (right) ........cevvvvvivieiieiiieeiennnns 71
Figure 4-11: 2D radiation pattern (directivity) of the dipole +45° at 26 GHz .........ccccceevvveveeeeee. 72
Figure 4-12: 2D radiation pattern (directivity) of the dipole -45° at 26 GHz.........cccccccvvvvveverennn. 72

Figure 4-13: (a) Schematic view of the electronically reconfigurable Transmitarray. (b) 1-bit
linearly-polarized electronically reconfigurable unit-cell architecture [DCD+16]. ...........ccccc...... 73

Figure 4-14: Simulated realized gain computed at the central frequency (fy) as a function of
the scanning angle. (a) 1-bit electronically reconfigurable Transmitarray and (b) 2-bit
electronically reconfigurable TranSMITAITAY. .........ueuuuererruererrrerrrerreeerr———————————— 74

Figure 4-15: Simulated realized gain of the 1- and the 2-bit electronically reconfigurable
T PN SN TAY S, 1.t vvtvvreuereeersrenererssesesseneneneneseesessessssessssssssssnsnssssssssssssnsssssssssssnssssnsnsnnnsnnnsnsnsnnnnnsnnns 74

Figure 4-16: Optimized phase distribution on the array aperture. 1-bit electronically
reconfigurable Transmitarray for scan angle (a) 0° and (b) 20°. 2-bit electronically
reconfigurable Transmitarray for scan angle (c) 0° and (d) 20°. ......ccevviviiiiiiiiiiiiieeeeeeeeee 75

Figure 4-17: Schematic view of the 3-bit passive unit-cells in K-band. ............c..cccccciienne 75

Figure 4-18: Frequency response (gain) of the fixed beam Transmitarray operating in K-band
as a function of the phase qUAaNTIZAtION. ..........c.eeiiiiiiiiiiie e 76

Figure 4-19: Simulated radiation patterns of fixed beam Transmitarray for backhaul/fronthaul
computed at the central frequency as a function of the phase quantization. ...............ccccccvvee. 76

Figure 4-20 EIRP of the adjacent channel distortion of an 8x8 element phased array,
sweeping one beam in both azimuth and elevation. ...........cccccciiiiiiirr e 77

mMMmMAGIC Public Xi

AiHyYyDbTr



0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

e MAG'C Date:  28/06/2017 Security:  Public

Status:  Final Version: 3.0

Figure 4-21(a) Transmit signal PSD vs. AoD, (b) Error signal PSD vs. AoD using a behavioural

model, (c) Error signal PSD vs. AoD using the statistical model...........cccccccvvviiiiiiiiiiiiiiiiiieeee, 78
Figure 4-22 Phase noise power spectral density.........ccccccevvviiiiiiiiiiieeeeeeeeeeeeee e, 81
Figure 4-23 BLER results for PTRS densities for a 100 PRB allocation ...............ceevvevvveeeeeennns 82
Figure 4-24 BLER results for PTRS densities for different PRB allocations................cccccceneee. 82
Figure 4-25 EVM performance of uplink multi-user MIMO-OFDM (K=2, M=4, Ts = 10 ns)
UNAEr dIiffErENT PINS. e e e e e e e e e e e e e e e e s saannnereeeeaeeeans 84

Figure 4-26: CDF of the UE throughput with HBF for different values of Lyg and for P=4........ 86
Figure 4-27: CDF of the UE throughput with HBF for different values of Ly and for P=8, 16..86

Figure 4-28 PDF of difference on the equivalent channel between two consecutive OFDM
symbols in terms of EVM as defined in (4.19) for both case | and case Il at 28 GHz .............. 88

Figure 4-29: Performance comparisons without and with RF impairments. Two oscillator
implementations case | and case |l are considered. Operating frequency are (a) 28 GHz and
(D) B2 GHZ reSPECHVEIY. ..o 88

mMMmMAGIC Public Xii



0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

ae MM M AGlC Date:  28/06/2017 Security:  Public
Status:  Final Version: 3.0

List of Tables

Table 1-1: Mapping of WP5 models, solutions and studies to deliverable sections.................... 3
Table 2-1: SIMUlAtioN PAraMELEIS ......coi it e e e e e s reeeeeens 9
Table 2-2: Simulation parameters and parameters for 26 GHZ ..........ccccooiiciiii i 20
Table 2-3: Simulation results with the basic antenna model for 26 GHz ............cccccoviiiiiieen. 21
Table 2-4: Comparison between basic and directional antenna model for 26 GHz ................. 23
Table 2-5: SIMUlAtioN ParamMELEIS ......coiiiiiiiieee e e e e e eeeeens 25
Table 2-6: SiMUIAtiON PArAMELEIS .. ..uuuiiiiiiiiiieieiiieieieere e aaaaranarnrarnrarnrnrnrnnes 29
Table 2-7: Performance of the designed beams. ..........ccccoeviiiiii e 34
Table 3-1: SImUlation Parameters ........ocueeeiiiiee e e e e e e e e e e e e e e aeeeeeeas 42
Table 4-1:. Antenna specifications for the mm-wave user terminal aligned with practical
(0 1= 1[0 )4 1.1=1 1€ 63
Table 4-2: Antenna specifications for the mm-wave access point aligned with practical
(0 =T o] (03 Y7 4 27= | £SO 63
Table 4-3: Antenna specifications for the mm-wave backhauling/fronthauling aligned with
PractiCal dePIOYMENTS. .....ociiiiiii ettt e et e e et e e e e e e e e e e e 63
Table 4-4: Realized gain of the 1x4-element array based on rectangular patch at the central
L1 =0 [UT= o3 S 66
Table 4-5: Realized gain of the 2x4-element array based on rectangular patch at the central
L0 [UT=] o o3 SRS SS 66
Table 4-6: Realized gain of the 4x4-element array based on rectangular patch at the central
L0 [UT= g o3 SRR 67
Table 4-7: Realized gain of the 1x8-element array based on rectangular patch at the central
L0 [UT= g o3 SRR 67
Table 4-8: Realized gain of the 8x8-element array based on rectangular patch at the central
L= [ 1T o3 OO PUESRR 67
Table 4-9: Array anteNNa QAINS. .......uuuuuuurerrierriureirierea———————————————————.o——————————————————————— 70
Table 4-10: Characteristics of the electronically reconfigurable Transmitarray for mm-wave
=0 o7 1T T8 0 X | 73
Table 4-11: Realized gain of the 20x20 1-bhit Transmitarray computed at the central frequency
7 TS PR RRR 74
Table 4-12: Realized gain of the 14x14 2-bhit Transmitarray computed at the central frequency
7 TS PR 74
Table 4-13: Characteristics of the fixed-beam Transmitarray for mm-wave
backhauling/fronthauling. ... 76
Table 4-14 Example of parameter sets for the multi-pole/zero phase noise modelling............ 80
Table 4-15: Performance results for HBF with P=4 RF chains and phase shifter errors.......... 85

mMMmMAGIC Public Xiii



s0,0%0, Document:  H2020-ICT-671650-mmMAGIC/D5.2
e MM M AGlC 28/06/2017 Security:  Public
Status:  Final Version: 3.0
List of Abbreviations
ABF Analog Beamforming GA General Assembly
ADC Analog-to-Digital Converter Gbps Gigabit per second
AP Access Point GPRS General Packet Radio Service
BS Base Station GSM Global System for Mobile
CAPEX Capital Expenditure communications
- — - GSM-R Global System for Mobile
CDF Cumulative Distribution Function communications i Railway
CDMA Code Division Muliple Access HARQ Hybrid Automatic Repeat reQuest
co Confidential HetNet Heterogeneous Network
CoMP Coordinated MultiPoint ABE Hybrid Beamforming
CPM Conference Preparatory Meeting HTD Horizontal Topic Driver
CPRI Common Public Radio Interface il inter-Cell Interference
CPE Common Phase Error ICT Information and Communications
CRS Cognitive Radio Systems Technology
C-RAN Cloud Radio Access Network IEEE Institute  of  Electrical and
Electronics Engineers
Csl
: IF Intermediate Frequency
CSI-RS Channel  State Information-
Reference Signal IMT International Mobile
- Communications
Cc2X Car-to-Anything
_ i INR INcremental Redundancy
DBF Digital Beamforming
i IPR Intellectual Property Rights
DA Direct Access
_ IR Internal report
DAC Digital-to-Analog Converter
_ _ ISD Inter-Site Distance
DCI Downlink Control Information
_ _ ITU International Telecommunication
DFT Discrete Fourier Transform Union
DL Downlink ITU-R International Telecommunication
DoF Degree of Freedom Union-Radio
D2D Device-to-Device KPI Key Performance Indicator
ECC Electronic Communications LAN Local Area Network
Committee LED Light Emitting Diode
EHF Extremely High Frequency LO Local Oscillator
EIRP Equivalent Isotropically Radiated LoS Line of Sight
Power
i i LTE Long Term Evolution
EIT European Institute for Innovation .
and Technology LTE-A Long Term Ewvolution-Advanced
EME Electro Magnetic Field LTE-NR Long Term Ewvolution-New Radio
E2E End-to-End M Milestones
FDD Frequency Division Duplex Mo Month
FRA Future Radio Access MA Multiple Access
FSO Free Space Optics MAC Medium-access Control
mMMmMAGIC Public Xiv




.00, : -ICT- - .
SENMMAGIC o ososmorr - Seouty P
Status:  Final Version: 3.0
MB Macro BS RF Radio Frequency
MET Multi-user Eigenmode R&D Research and Development
Transmission R&TTE Radio and Telecommunications
MMIMMO Massive Multiple-Input Massive Terminal Equipment
Multiple-Output RRC Radio Resource Control
MIMO Multiple-Input Multiple-Output RRM Radio Resource Management
MMC Massive Machine Communication RS Relay Station
MMIC L\:/Iicr)ggili[thic Microwave  Integrated RTD Research and Technological
Development
mm-wave Millimetre Wave Rx Receiver
MU Multi-user o2l Outdoor to Indoor
M2M Machine to Machine B Small BS
NLoS Non-Line-of-Sight _ SCM Spatial Channel Model
OFDMA aﬁﬂigﬁffg c el;rsequency Division SDR Software Defined Radio
OPEX Operational Expenditure SHF Super High Frequency
PA Power Amplifier SINR g;gtirgal to Interference plus Noise
PDCCH Euﬁigg Downlink Control SISO Single Input Single Output
PDF Probability Distribution Function St Supporting Link
PDSCH Physical Downlink Shared SNR Signal to Noise Ratio
Channel SSE Sector Spectral Efficiency
PHY Physical layer SuU Single User
PL Primary Link T Task
PMT Project Management Team TDD Time Division Duplex
PN Phase Noise TDMA Time Division Multiple Access
PTRS Phase Tracking Reference Signal TL Task Leader
PTT Project Technical Team ™ Technical Manager
PU Public TRX Transceiver
PUCCH Physical Uplink Control Channel TTI Transmission Time Interval
PUSCH Physical Uplink Shared Channel TX Transmitter
QAM Quadrature Amplitude Modulation UE User Equipment
QAP Quality Assurance Plan UHF Ultra High Frequency
QMR Quarterly Management reports UL UpLink
QoE Quality of Experience ULA Uniform Linear Array
QoS Quality of Service UMTS Universal Mobile
= Research Telecommunications System
RA Relay-assisted Access USRP ggi’\iIF?f:Z?{l:‘d Software Radio
RAN Rad?o Access Network vav Vehicle-to-Vehicle
RAT Radio Access Technology VoX Vehicle-to-anything
mmMAGIC Public XV




0,00, Document:  H2020-ICT-671650-mmMAGIC/D5.2
T ne MM MAGIC Date:  28/06/2017 Security:  Public
Status:  Final Version: 3.0
VCO Voltage Controlled Oscillator WPL Work Package Leader
WCDMA Wide Code Division Multiple WRC World Radio-communication
Access Conference

WLAN Wireless Local Area Network ZF Zero Forcing
WNC Wireless Network Coding 3GPP 3"  Generation  Partnership
WP Work Package Project
mmMAGIC Public Xvi




0 ,0°0, Document:  H2020-ICT-671650-mmMAGIC/D5.2

X100180 MAG'C Date:  28/06/2017 Security:  Public

Status:  Final Version: 3.0

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 uniqgue 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 O6Moving Hotspotséo
the baseline use case to vehicular speeds in urban areas, around 50 kmph. The coverage

extension comes from the &0 Mbps+ everywhere 8 us e case. The |imited

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

@®ense urban society with distributed crowdsé us e cas e, wher e connect.i

150,000 per km? 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 GHZz), 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 7 27.5 GHz band and ray tracing based MMIMMO (Massive
Multiple Input i 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 APSs, 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

5o Analog_ Architectural study (D5.1- section 3.2.2)
z 3 beamforming
S 9 Digital . .
a 2 ) Architectural study (D5.1 - section 3.2.3)
55 Beamforming
E 5 Hybrid Architectural study (D5.1 - section 3.2.4 and D5.2 - section 2.2)
Beamforming |Sub-array architecture (D5.2 - section 2.3)
Access Backhaul Relay/ Self-Backhaul
Dual polar dipole array (D5.2- section
4.2.3) Fixed beam Transmitarray (D5.2- Fixed beam Transmitarray
Antenna Array | Patch antenna array (D5.2- section section 4.2.5) (D5.2- section 4.2.5)
design 4.2.2) Switched BeamTransmitarray (D5.2-| Switched BeamTransmitarray
Electronically reconfigurable section 4.2.5) (D5.2- section 4.2.5)
Transmitarray (D5.2- section 4.2.4)
Flexible SU and MU Hybrid BF design
(D5.2 - section 2.4.1)
Arbitrary beam synth_eS|s for Hybrid MMIMMO B-DFT-SM-MRT
o BF (D5.2 - section 2.7.1) . . .
= . . ; . decoding scheme (D5.1 - section Ad-hoc relay user selection
Q Multi-antenna | Wide beams for broadcast signalling .
2 . 3.4.1) scheme (D5.1 - section 3.5.1
[ schemes (D5.2- section 2.7.2) . . .
S - . MMIMMO experimental validation and D5.2 - section 2.6.1)
- Broadband Hybrid BF (D5.1- section (D5.2- section 2.5.1)
k53 3.3.5) ' ~
e Max SINR Digital BF (D5.1- section
§ 3.3.3)
= Beam sweeping for multi-node
networks (D5.2 - section 3.2)
Sequential Hybrid BF Design for Multi-
links (DS.2 - section 3.3) Relay Node enhancements for
Multi-node | Beam Management for Mobility (D5.2 { Hybrid mm-wave/FSO Multi-hop y :
) ) . 02l coverage (D5.2- section
schemes section 3.4) links  (D5.2 - section 3.5)
_ 3.7)
Complementary coverage with High
rise AP (D5.2 - section 3.6)
Energy efficient joint Hybrid pre-coding
(D5.2 - section 3.8)
Progess Beyond SOTA
S Phase Noise Detailed Model (D5.1- section 4.2.1)
03 Simpler Model (D5.2 - section 4.4)
% g9 Power Statistical and Behavioural Models
g g %‘ Amplifier (D5.2 -section 4.3)
% S @ Quantization Analysis (D5.1 - section 4.3.4
v a noise and D5.2 - section 2.4.3)
= 1/Q Imbalance |Analytical Model (D5.1 - section 4.2.3)
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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
guantization 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 Ngr is less than the
number of antennas in the array, e.g. Ny 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 Ng). Compared to a fully digital system, the hybrid beamforming
architecture poses different challenges for the CSl 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 Ngg, the analog beamformer is implemented with a
network of N x Ngrr 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 Ngr inputs (Ngrg: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 Ngr dividers
scale linearly with N, while the losses in the N adders scale linearly with Ngr [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 Ng,, = N / Ngg antennas, i.e. each RF chain is connected to Ngp
antennas. In this case, the analog beamforming is implemented with a network of Ng,, X Ngr
phase shifters, resulting in a factor of Ngr fewer phase shifters compared to the fully
connected case. In addition, the required dividers are smaller, i.e. a 1:Ngr divider is required
for each RF chain, such that the losses in the dividers scale linearly with Ng,, [GVR+16].
Furthermore, note that the subarray architecture does not require adders. Based on the fact
that Nrr fewer phase shifters are required, that the losses in the dividers are Ngg times smaller
and in addition, no adders are needed, the subarray architecture has at least a factor of Ngr
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 Ngg less losses compared to the
fully connected architecture, we penalize the transmit power for the fully connected case by a
factor of Ngg.

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 Ngr = 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
CSl 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 Ngg = 4,
the power penalty on the fully connected case corresponds to a 6 dB shift to the right, since
the subarray architecture has Ngg less losses compared to the fully connected case.

20

. —e—-FuIIy Gonﬁected Arcﬁitecture'
181 | —&— Subarray Architecture |
— & —Fully Connected with Losses

25 20 -5 -0 -5 0 5 10
SNR (dB)

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 0 transmit antennas and 0  receive antennas are implemented at the BS and |-
th UE, respectively. The numbers of RF chains are 0 and 0  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

mMMMAGIC Public 7
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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

TR R RE EEET A A R
(2-1)
where "l is the 0ae p transmitted signal vector for the j-th UE, ¢ and ¢ are the digital

precoder and analog beamformer at the BS, € refers to propagation DL channel from the BS
and to the j-th UE, 1  and fj  are digital combiner and analog beamformer at the j-th UE,

T TAT ,j=1, &.Here, for simplicity, we assume 0se 0 5 O [ ,B 0Dae 0
and B 0 0 .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 ¢ € and only applies analog
beamforming € on the transmitted signal. At the UE side, the RX carries out analog
beamforming i} ; and for equalization considers only the effective channel of each
transmission path, i.e., | j is setto 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, t he sy s tcepemwitt
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 | ; using any MIMO

mMMMAGIC Public 8
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equalization algorithm available in the literatures at the UE. Compared to digital combiner
used in phase 1, |  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 sizesf 0 and 10 , 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 p 7T ,
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
Ao0A (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

mMMMAGIC Public 9
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Figure 2-5: BER simulation comparisons for the single user case

In the following we assume [ p 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,idi gi t al beamf orefaisn g

to the case where the digital beamformers are calculated for the 3 paths and this beamformer

is continued to be used when the strongest pat
hybrid beamf or mi ng a. bl ockingd is defined similar/l
The case fidi git al beamfor mi ng sitd the tase awhere btheodmikai n g o

beamformers are calculated for the remaining 2 paths after the strongest path has been
blocked..

10°
10k
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-2 L J
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1062 —3¥—Proposed Hybrid Beamforming a. Blocking 3
—Digital Beamforming ideal a. Blocking
1 0-4 1 1 1 1 1
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SNR [dB]
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 T®"“H®" . For reference, we consider eigenbeamforming using perfect CSl on all the
¢ o paths and the used ¢ ¢ paths in the channel respectively. As shown in Figure 2-7,
without knowledge on all the ¢ o 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.

10°
L

10-1 L

o
-2 L
W 10

Proposed Hybrd Beamforming, UE#1
Proposed Hybrid Beamforming, UE#2
_3 | | —*—Digital Beamforming with available paths, UE#1 i
107 ¥ | —¢—Digital Beamforming with available paths, UE#2
—Digital Beamforming with all the paths, UE#1
—4—Digital Beamforming with all the paths, UE#2

1 0-4 I 1 I "
-40 -30 -20 -10 ¢ 10 20
SNR [dB]

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, Adigital beamforming a. bl ockingo ai
bl ockingd refer to the ¢ agslesignbasedadn the dhannekehbiefgre n b e a mf
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.

10?
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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 UESs).
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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 fpT = 3.8, with fy 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.
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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.

map. —-l IDFT |——| PIS
—-| IDFT H PIS

: : : . B -
map. —-| IDFT H P/S -<1:))

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

map.

precoder

frequency-selective
wireless channel

For simplicity, we assume that all RF hardware components other than the DACs (e.qg., 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], [IMM+16]), which assume symbol-rate sampling and also
single-carrier transmission over a frequency-flat channel.

Usi ng Bus s ga nwhicls alldwh ® 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 10'* 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.

m—1-hit DACs
=== Infinite res.

10 5 0 5 10 15 20
SNR [dB]

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.
W »*
== 1-hit DACs ‘
100" % Infinite res.

ZF~, A

'

80

Sum Rate [bits/c.u.]
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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 [MJWO05], [SNO7], [TMR11]. We also recall
that based on [METISD33], when the carrier frequency f, the speed of light ¢, the ULA lengths
L and the number of antenna elements N verify the following condition:

®Q ]
0 2% (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 N,. In the case of DFT-SM-MRT N,

= N. In the particular case of B-DFT-SM-MRT, Ns groups of Ny antennas with N, 6 CP
antennasdé are inserted, S UNg A Ncfahtenhas and théhnurgberofu p ¢ o n <
data streams being spatially multiplexed is N,=Ng Ng. For further details including the method

to choose optimum values of N, Ng, Ng, N¢, for given D and L values, refer to [MMMAGICD51].
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Figure 2-14: MMIMMO system parameters ( wher e J ¢ i s a normalising

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.

R

" a)Environment  b) Deplayment0 ) Deployment1 d) Deployment2
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 [Jarl6]. 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
[VIN+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 O basi c (aacladsieah prirted dipole on a ground plane described in section

423)and a fAdirectional antennao which consists of
cells are separated by 1.5 wavelength (at 26 GHZz).

Figure 2-17: Antenna models
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