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Executive Summary

This document ngorts on the final outcome of the research on radio link design in the
FANTASTIC-5G project. The research on radio link design focuses on solutions on PHY and

MAC layer towards a holistic air interface design, which is intended to enable the system to

flexibly adapt its current configurations in response to the diverse requirements of the various

service types to be supported by the 5G system. In contrast to 3GPP, where these service types

have been defined as eMBB, mMTC and uMTC, the project defined fiveasl | ed A cor e
serviceso, namely mobile broadband ( MBB), mas s |
critical communication (MCC), vehicular to anything (V2X) and broadcast/multicast service

(BMS) -- however, those can be clearly mapped to the formeiceempes defined by 3GPP.

The research has been divided into two main areas: 1) signal design and 2) frame design and
link level procedures; each of those areas is devoted its own chapter. In the context of signal
design, fundamental brick stones comnsititg air interface signaling have been investigated in
detail, such as waveforms, channel coding, modulation schemes, MIMO and schemes for
reducing the peak to average power ratio (PAPR). Waveform research has attracted a lot of
attention at the dawn ofG A key contribution of this project is thus the provision of an
overview on all potential candidates with its advantages and drawbacks (this was presented
already in Deliverable D3.1), as well as their common evaluation and comparison based on an
evaluaion framework reflecting key aspects of future use cases and applications. Corresponding
recommendations for the 5G waveform design are given as a conclusion of these evaluations.
Channel coding is advanced towardsdeatency communications, embracing bay LDPC and

Polar codes, and different solutions have been compared in corresponding evaluations. Novel
modulation schemes are proposed for improving energy efficiency foedmd users and
spectral efficiency for high SNR users, respectively. MIMO aege covers the compatibility

with new waveforms and proposes an adaptive antenna scheme for attaining high spectral
efficiency for cars moving at high speed. Finally, novel schemes for PAPR reduction are
introduced, and recommendations for their applicein a service specific context are given.

The chapter on frame design and link level procedures firstly provides a detailed description of
the design principles and recommendations steering this research. It then presents novel
solutions meeting thoserinciples and thus facilitating a holistic servmgaptive design. The
investigated topics cover the overall frame design, control channel design, design of reference
signals, enhanced HARQ schemes and refined PHY procedures, such as random access
schems. All the solutions set a strong focus on the madtivice context of 5G systems and

thus allow for manifold serviespecific adaptations. A fundamental component for a flexible air

interface design has been i nt nhedhdiccresdurcdsaree as t
partitioned into diférent tiles defined in the tinfedquency space, which can then be
individually configured according to a particul

This deliverable provides a thoughtful analysis on the main technical cemisothat can be
composed towards a holistic solution for the 5Girgterface, enabling readers to get a clear
view on the possible solutions, their traafés and possibilities for adaptations.
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1l ntroducti on

The FANTASTIGS5G project advocates a single air interface for 5G, whidllgble, versatile,
scalable and efficient in order &ddress the requirememn$ the IMT 2020. The flexibility
featured by the FANTASTIGG air interface allows the support of a multitude of services and
applications with diverse requirements, and shallready to provide solutions for future use
cases not yet foreseen. As detailed in [FANDAL], the 5 core services constituting the 5G
system are specified &obile Broadband (MBB), Massive Machine Communications (MMC),
Mission Critical CommunicationgMCC), Broadcast/MulticasiCommunications (BMS) and
Vehicular to anything communications (V2X).

The research on link design in the project focuses on the PHY and MAC layer research. The
objective is to provide a holistic link solution that can be flexddiapted to five core services

MBB, MMC, MCC, BMS and V2X. This flexible adaptation to different services works under
the assumption that the air interface has knowledge on the service type of each data flow and its
requirements, facilitating an efficientass layer optimization. The main focus of the radio link
research isn the technical aspects that are tightly related to future 5G standardization.

The work on link design is divided into two research tasks:

1 T3.1-signal design, and
i T3.2-frame degin and PHY layer procedure.

T3.1 contains the following research topics: new waveform design; enhanced channel coding,
enhanced modulation schemes; MIMO design; PAPR reduction techniques. T3.2 focuses on the
flexible frame design, including the suppddr different humerology, userentric control
channel and reference signal design, Hybrid Automatic Repeat Request (HARQ) and service
adapted PHY layer procedure.

1.10bjective of the document

This document reports on the recent research outcomes ofegignd In the first year of the
project, significant progress has been attained within T3.1, notably for the waveform design,
which is close to the finalization state. For the second year, extensive simulation comparisons
are conducted for all these wavefocandidate schemes. In this report, we present our final
summary and conclusions. Another important topic of this task is the channel coding. After a
thorough investigation for aenhanced Turbo code in this first year, we provide more detailed
design spcifications in this report. Moreover, we analyze the latest 3GPP NR agreements and
provide our comments. Besides, more updates on the MIMO and PAPR reduction techniques
are reported. On the other hand, the work in T3.2 has been conducted under a common
framework, resulting ina design principle, aiming for a holistic servigaptive solution.
Moreover, different topics, e.g. frame structure, control channel, HARQ, etc. are inter
connected and jointly designed. In this report, we give all the importargtagodnd the
recommendationsom the project viewpoint.

The collected results in this report, together with the previous deliverable, i.e. D3.1, will give a
full picture of the research work in this weplackage including the motivations triggering our

research and the findings of 2 yearso6 wor k.
recommendatiogbased on these research outcorBésicture of the document
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1.2Structure of t he document

This document contains four main chapters. Chapter 2 repoittse research findings of T3.1.

In section2.1, the mainfocus here is to report on the waveform comparison framework,
allowing the candidate waveform schemes to be compared among each other under agreed
simulation assumptions. The presented framework contains two steps: comparison and
recommendations. In sectiozsl.1 and 2.1.2we summarize the main motivations and the
waveform candidates considered during the project. In section 2.1.3, we report on ithd deta
comparison framework, including the link level Block Error Rate (BLER) performance, modem
complexity and latency, based on which, we draw our project conclusions and recommendations
in section 2.1.4. In sectich2 we summarize the outcomes of chdntmding investigations.

The low latency oriented coding schemes are compared in section 2.2.2. Mooeo¥@dings

on the enhanced Turbo code is reported in section 2.2.3, together with the comparison with the
competing solutions LDPC and Polar code.skction 2.3, enhanced modulation schemes are
presented. The outcomes of MIMO has two directions, on one side we conclude the MIMO
compatibility with respects to variant new waveform solutions (section 2.4.1). On the other side
the efficiency of adoptingdaptive antenna for moving cars is repoitegection 2.4.2Finally,

in section2.5, the PAPR related topics are summariz€tapter 3 reports on thmitcomes of

the work inT3.2. Different from chapter 2, @pter 3 is organized under a common framework,
which is due to the fact that T3.2 related topics, i.e. frame structure and numerology, physical
downlink control channel, reference signal, HARQ and PHY layer procedures, are highly inter
connected. It meanthat there is a common motivation and in particular a holistic design
principle for all topics within this task. Section 3.1 and 3.2 summarize the motivation and the
design principles, together with the project recommendations. While starting from s&8&tion
detailed proposed new solutions or enhancements are reported. Finally, some conclusions are
highlighted in chapter 4. Note that in order to ensure a concise main text, resulting into a good
readability;some of the lengthy simulaticanalyses argiven in the annex chapter, for those

who are interested imoreperformance details.
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2 Hol i sti¢c solwution for signal

21 New waveform: Comparison and r

211 Moti vati on

In order to support heterogeneous services with diverse requiteineBG new radio (NR)
systems, several new waveform solutions, as one of the key components of air interface design,
have been proposed ifAN16-D31]. Generally speaking, these waveform candidates are
OFDM-based waveforms with either subbamide or subarrierwise filtering functionalities
addressing the main requirements of supporting flexible numerologies, asynchronous
transmission, and high mobility, etc.

Currently in 3GPP discussion, it has been agreed that for enhanced Innoadband (eMBB)

and dtra-reliable andow-latency communication (URLLC) services operated in the bands up

to 40 GHz, new radio (NR) supports ©FDM based waveform and DFFFOFDM based
waveform (complementary to @PFDM waveform, at least for eMBB uplink for up to 40GHz)
[R1-167963 R1-161048%. In addition,it states that #band frequency multiplexing of different
numerologies is supported in NR for both DL and UL, at least from e¢hgonk perspective.
Spectral confinement techniques (e.qg. filtering, windowing, etc.) at the transmitter need to be
transparent to the receiver from RANL1 perspective. 3GPP has also agreed that additional
waveforms may be supported by NR for other seriegs mMTC).

The new waveform proposals in FANTASTBG go beyond the scope of the 3GPP agreements,
targeting scenarios that are not yet focused within the first phase of 3GPP NR. These new
waveform candidates are designed aiming at the support of sebdgead eMBB, such as

MMC and V2X, which are promising application services identified by 3GPP. In this
deliverable, we will provide the detailed comparison of waveform proposals from various
perspectives, such as link performance, complexity, and late@@nclusions and
recommendations for the new waveform application will be drawn at the end of this section
based on the comparisons made.

2120verview of 5K ANMTeAWMS TWalvref or m candi de

New waveform candidates proposed in this project are basically Qd3kd waveforms with
filtering functionalities, enabling a flexible PHY design of a ma#ivice air interface.
Specifically, they allow partitioning the system bandwidth into separatbauis, whose PHY
parameters (e.g., subcarrier spacing, cyclic prefir specific filter coefficients) can be
individually configured according to the requirements of a service. The waveforms thus enable
the inband coexistence of different services, each of those being assigned to its own subband
with tailored charactestics.

Waveform candidates proposed and analysed can be grouped into two categories, hamely:

 Subbandwise filtered waveform:

o Universal Filtered OFDM (UF-OFDM): [R1-165014, R1165013
Inspired by the fact that practical allocations in wireless cellulatisér
systems happen in groups of adjacent subcarriersQDEIPM has been
introduced to make use of filters being applied to groups of subcarriers (e.qg.
successive resource blocks spanning 12, 24, 48 subcarriersDFDM can
be applied to a Z®FDM or a CP-OFDM signal, as indicated inR[l-
165014 R1-1609564

o Filtered OFDM (F-OFDM): While in UROFDM the filter length is
constrained to the length of the CP overhead, an alternative version of UF
OFDM is called FOFDM, which uses a filter length going beyotie CP
duration AJM15, ZJC+15]
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(0]

Block-filtered OFDM (BF -OFDM): Combines most of the advantages of
the OFDM and FBMC waveforms at the price of a slight complexity
increase at the transmitter side while keeping a simple OFDM receiver
[Gerl7]. Spectral laalization and performance in multser scenario will be
enhanced compared to conventional OFDM, and conventional equalization
and MIMO techniques can be considered as the typical OFDM receiver can
be kept [Dem17].

1 Subcarrietwise filtered waveform (aka.imdowing):

(0]

Flexibly Configured OFDM (FC-OFDM): It makes the waveform flexibly
configurable, so that configurations can be tailored to the service
requirements. FOFDM applies a multiple mode processing, e.g. multi
carrier mode, DFBpreading mode and zetail DFT-spreading mode, etc.,
before the IFFT transform, these different modes can be multiplexed in
frequency or in time domain. The resulting time domain signal yeeksist

of multiplexed waveformfR1-164619] Moreover, the podEFT employs a
windowing process, further enhancing the spectral confineni&it
166594] On the other hand, the receiver processing can select either time
domain windowing or frequeneyomain windowing implementation
structures, depending on the delay spread statjifti:466595].

Pulse shaped OFDM (POFDM): Following the idea to fully maintain the
signal structure of G®FDM, POFDM allows for the use of pulse shapes
other than the rectangular pulse to balance the localization of the signal
power in time and frequency domai[YZB16, ZSG+17] It entails
windowed OFDM as a special case, but offers more degrees of freedom by
allowing succeeding symbols to overlap by a factor that may be chosen
freely.

Frequency spreading FilterBank Multi -Carrier/Filter -Bank Multi -
Carrier (FS-FBMC/FBMC): The prototype filters in arBMC-OQAM
system are generated by applying frequency sampling technique instead of a
polyphase network based implementation. This feature provides a significant
advantage when the channel is exhibiting large delegagpor for the case

of synchronization mismatctibBC+14]

FBMC with QAM signaling (QAM -FBMC): FBMC system that supports
complexdomain QAM symbol mapping while keeping the symbol
transmission rate equal to the maximum timguency product (TF=1) at

the expense of a relaxed orthogonality constraint. At least two -fikek
bases are used, which are applied to successive subcarriers in an alternating
manner KKY+15].

Zero-Tail-spreading OFDM (ZT-DFT-ssOFDM): A modified version of

the singlecarrier freqency division multiple access (SKDMA)
waveform. There are zeroes placed at the edges of the input to the Discrete
Fourier Transform (DFT) bloclBTS+13].

The principle and detailed descriptions of abowntioned waveform candidates (excluding
BF-OFDM) ae given in FAN16-D31], while those regarding BBFDM are addressed 1.1
Selected waveforms are involved in the performance comparison, nameBFDM, FG
OFDM, ROFDM, FSFBMC/FBMC and BFOFDM. In accordace with 3GPP waveform
discussions, we also evaluated the performance of windowed Overlap Add (WOLA) [Qual5],
which is considered as one of the windowing schemes in 3I8&E.that part of the waveform
candidates investigated in this project were alsavéneeform candidates considered in 3GPP.
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213Waveform Comparisons

2.1.3.1 Link performance

For a fair comparison between different waveform proposals stemming from different partners
in the project, we conducted the following three steps for link performance comparison

A Agree on the test cases for calibration of different simulators with an implementation of
a common reference waveform (e.g.-OPDM, SCFDMA). The test cases are aligned
with the 3GPP waveform evaluation discussions that were ongoing in parallel.

A Each vaveform partner calibrates the simulator according to the agreed test case.

A Define simulation scenarios for comparison, and each partner provides results for
corresponding new waveform proposal and reference waveform (r@FOR)

Regarding the selecti@f scenarios, we target n@MBB scenarios primarily, with focusing on
requirements of the new services and their coexistence in the same band. Hence, flexible
numerology coexistence and support for asynchronicity are of our particular interest. Besides,
we adapt these scenarios in alignment with the parallel discussions in 3GRB3/EB, R1
166031] and considered more challenging settings if appropriate. These three scenarios are

Scenario 1: Uplink asynchronous transmission (Single numerology case).
Scerario 2: Downlink high speed transmission (Single numerology case)
Scenario 3: Uplink synchronous transmission (mixed numerology case)

Some general observations from our link performance results are:

A Uplink asynchronous transmission (Single numerology )cdse small guard bands,
subbandwise filtering schemes outperform windowing schemes, while FBMC with
OQAM signaling provides best spectral confinement. However, with increasing the
guard band, the performance curves of all schemes converge.

A For downlirk high speed scenario, windowing schemes anddBBM provide slight
gain compared to GBFDM in the highSNR region, while FBMEBDQAM is subject
to a performance loss in higBNR region. This is because all these schemes have better
frequency localization hich leads to reduced intearrier interference (ICI). However,
for FBMC-OQAM the interference due to channel delay spread becomes more
predominant compared with Doppler effect. This is due to the fact FBIQBM uses
longer symbols in time domain, whiclauses a performance loss when the channel
exhibits a short coherence time.

A Uplink synchronous transmission with mixed numerology: when using low to mid
modulation order, suband based schemes outperform windowing schemes for small
guard band, while the gagradually diminishes for larger guard band. When using high
modulation order, subandwise filtering scheme outperforms windowing scheme for
small guard band only in high SNR region. The performance of both schemes converge
for larger guard band, whiEBMC with OQAM signaling performs best in this case.

Detailed simulation setup, waveform specifications, and performance results are detailed in
6.1.3
2.1.3.2 Complexity comparison

The complexity is evaluateid termsof the number of real multiplications for @#DM and
new waveform. Complexity analysis for different waveform proposals are given below:

Table 2-1 Summary of complexity comparison of waveform proposals.

Complexity compared to CROFDM (1)

UF-OFDM 1.2 (#Suband =12, B=1)
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WOLA <1.02

FC-OFDM 1.02

P-OFDM 1.02

FBMC - Scenario 1 and scenario 3: 4.86
- Scenario 2: 3.71

BF-OFDM - Scenario 1 and scenario 3, case 1: &
- Scenario 1 and scenario 3, case 2: &
- Scenarid2: 3.2

2.1.3.3 Latency comparison

We evaluate latency performance of different waveform proposals, while the latency is directly
related to the symbol length going beyond the symbol period.

Table 2-2 Summary of latency of waveform proposals.

Latency

UF-OFDM Same latency as GBFDM

WOLA Same latency as GCBFDM

FC-OFDM Latency overhead equivalent to CP duration

P-OFDM Latency overhead equivalent to CP duration

FBMC 0 - "YwhereK is the overlapping factor
T is the symbol duration

BF-OFDM No latency penalty can be achieved if Bl
OFDM CP overheadT is similar to the one
of OFDM —

214Conclsisamah recommendati on

General note: 3GPP NR requires the spectral confinement techniques, e.g. windowing/filtering
to be transparent to the receiver. We call this specification transparent requirement (STR),
which naturally compromises the spectral confinement of the radialsign

Advantages and drawbacks of windowing and suband filtering:
1 Subcarrieiwise filtering (aka. windowing)
1 Advantages:
T Windowing at TX and RX can be implemented with low complexity,
e.g. complexity increase is less than 2% for®&DM and POFDM
windowing operation.
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1 Windowing reflects a pesubcarrier filtering, hence window design is
independent of allocated stland location and bandwidth

1 Windowing operation only needs to be run once, both for contiguous as
well as for distributed suband allocation

1 Windowing does not cause sbband edge EVM regrowth, rendering it
suitable especially for narreband transmission

1 Transparent windowing (verifying STR) is doable for window lengths
not substantially exceeding the symbol interval, [iRd- 166594]

1 Drawbacks:

1 Transparent windowing constrains the window length and results in
compromised spectral confinement.

T OQAM-based scheme does not allow a straightforward reuse of certain
MIMO -OFDM schemes, e.g. SFBC and Hdorear MIMO.

1 Subbandwise filtering
1 Advantages:

1 Transparent filtering (verifying STR) is always doable without
restrictions

1 For constant filter tail length, sdi|mnd filtering can achieve a steeper
slope of the power at the sbland edges compared to windowing

9 Filter length is less constrainedy bSTR than windowing, since
interference imposed by the filter tails on surrounding symbols is minor
or negligible (fiter matched at the receiver is not mandatory to
suppress interference). This leads to enhanced spectral confinement.

1 Drawbacks

1 Subbandfilter design depends on the allocated-baind location and
bandwidth, i.e. specific set of filter coefficients are needed for each
subband location and bandwidth

1 Subband filtering schemes have relatively higher implementation
complexity compared to wdowing; however, the gap varies
depending on specific filtering schemes (e.g-QFDM, FOFDM and
BF-OFDM)

1 Subband filtering causes EVM +growth at the edges of the shbhnd;
however precoding can be used to alleviate this issue.

Conclusions:

Note that the conclusion is drawn from our waveform comparison results, which are based on
the project simulation assumptions, although, we cannot guarantee that the simulation cases
cover all aspects relevant for 5G. We aim at giving some important insightsefpidg to

select the suitable waveform schemes.

A

A

Under the STR condition, stliand filteringbased schemes allow for steeper slopes at
the subband edges in-dlomain, yielding better spectral confinement than windowing
based schemes

OQAM signaling basedBMC with overlapping symbols provides best confinement
and highest spectral efficiency, but it cannot meet the STR and suffers a compatibility
loss with OFDM (e.g. not MIMdriendly)

Subband filteringbased schemes require relatively high-Rx modem comigxity
compared to windowinggased schemes (except for FBMDQAM, where the symbol

rate is doubled and thus two FFTs are required).

From our comparisons: for small guard bands,-tsatd based schemes clearly
outperform windowing schemes. However, for largeard bands, the performances of
both schemes converge. Hence, eventually the size of guard bands needed to attain the
desired interference isolation is decisive for selecting the appropriate waveform.
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Recommendations
A OQAM signaling, according to theatest SoTA, still requires +@esign of MIMO,
synchronization sequence and some control signals. Thus, we think that it is not ready
for 5G yet.
A We recommend to consider both dwdnd filteringbased and windowingased
schemes for 5G in various situations
0 Subband filtering should be considered in the following cases,
A enhanced spectral confinement level is required; (especially if small
guard bands are desired to be usddgh spectral efficiency)
A allocated sutband is contiguous; (sttiand size shouldeblarger than a
minimum size)
A subband allocation is almost static;(allowing to change / update filter
coefficients rarely)
A reasonable amount of TX antennas (since the signal at each antenna
needs to be filtered individually)
o Windowing should be considetén the following cases,
1 Moderate spectral confinement level is needed
1 Larger guard bands are a reasonable choice, either if spectral efficiency
is not the main target or if high interference isolation is desired
1 Allocated sukbands are distributed in th&ystem band; (support of
narrowband transmissions)
1 Dynamic sukband allocation is needed (note that here we refer to sub
bands assigned to different services and thus need isglaiioimg to
avoid interservice interference due to e.g. time 4aiignment or
different numerology and not classical muitiser isolation. For
example, eMBB certainly needs only one filter for service isolation,
which may be adapted, though, should the band allocation between
eMBB and other services change).
1 large amount ofr@ennas

22Channel coding

221Research scope constraints and regq

A Study on New Radi o Access Tme b nRALE0GAL] was appg
Thehannel coding scheme is a fundament al compor

of neerxer agt i on r adi o[3GRPR38.218]s Tiheec hwrl roggrite SLTE codi
have not been designed for the new requiimement
3GPP terMBBIl dgnhanced mowhiehbi sadclaundlad ent t
projmeMTtC ( massive machinewhitgpei sommuniveabenon) o
pr ojaemdt ;URL L.rCe I(iud bdlrea | ow | a,t emltiyc lt oimeanueng wiav a loemn t
our project

Each identified usage sceelnaatreido thoa st hsep ecchiafnince Ir e
[3GPR38.913]

- eMBB for this usage scenari o, the channel ¢
of data rates, from very | ow data rates for
high data ratckeswn(ld2hhkGbps 6&aod 10 Gbps for
i mproved error correction capabilities and
cost . The coding scheme should be flexible
rates. The diffetrtenfotatdanay améeq wiornd meor pl
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sati sf i emds, (tUhLa téonider @éng latency and s for control plane
latency.

- URLLQUCC the channel coding scheme must fulf
with very | ow clyatteanrcgyet nishaef o sacttéL atn@. BL whe
URLLC reliability requirementfofror3 2o nbey ttersa nusi
a user plane | atency of 1ms.

- mMTC/ MMCt he use cases involving a massive d

require the channel coding scheme to suppor

i veiftfi camemmgy ncodi ng and decoding whic
evices.
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butions related to chaS%nellheodimngtwe,]
Iy targets l ow | atency communicati
LDPC and polar codes wer
on fotasgetiomgtalel tNRbece
e existing LTE turbo code

speci
convol
the sec
goal i s

o 5 —- -

The contribution descriptions are foll owed by

channel coding inu3GPBR amd bycesomendawi ons fo
being dealt with.

222Low | atency channel codes

One way to achieve low latency is to use channel codes with short lengths. However, the choice
of the channel codes for short lengths becomes critical as titwe cerrection performance
degrade with the decreasing block length. Numerical evaluations indicate that Turbo codes used
in LTE are not performing well in the short message length regime, and the error correction
performance can be improved by utilizinther modern channel codes. The following channel
coding schemes have been considered in 3GPP for NR:
9 Tail-Biting Convolutional Codes:
0 Advantages: Already included in LTE. Simple encoder and decoder structure.
o Disadvantages: Performance decreases witleasimg message length. High
memory required for good performance.
1 LTE Turbo Codes:
0 Advantages: Mature technology, already included in LTE. Allows simple rate
adaptation and HARQ.
o Disadvantages: Relatively poor error correction performance in short length
regime compared to other candidates.
1 Binary LDPC Codes:
0 Advantages: Mature technology, already included in different standards, good
performance.
o Disadvantages: Rate matching and HARQ support are not as simple as Turbo
codes.
1 NonBinary LDPC Codes:
0 Advantagyes: Excellent performance with no error floor.
o Disadvantages: Very high decoder complexity.
1 Polar Codes:
0 Advantages: Excellent performance for short lengths with no error floor,
scalable decoder complexity depending on the decoder list size.
o DisadvantagesRelatively new technology and hence no mature solutions for
HARQ exist.
 Outer Erasure Codes
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o0 Advantages: Improvement in error floor performance
o Disadvantages: Additional complexity

The evaluation of the presented schef(easept for the outer erasure ceflean be found in the
appendix.

Standardization Status:

In RAN#87, 3GPP decided to use LDPC codes for eMBB data channels (mainly due to their
suitability for high throughput applications) and Polar codes for control channels (due to their
excellent perfanance for short message lengths). There have been no agreements for scenarios
with low latency requirements (such as URLLC), however itatirallythat the eMB codes

will be strong candidatessofor URLLC.

Conclusion and Recommendations:

We considerPolar codes as a strong candidate for low latency applications. Although it is a
relatively new technology, Polar code show excellent performance for short message lengths
with no error floors, and their scalable decoder complekitgpending on the decade
parametershllows them to be used in simple and complex receivers. This also allows the
decoder performance to improve with technological improvement without changing the codes
defined in the standard.

223Enhanced Turbo codes (I MTA)

Motivation

With the inaeasing number of communications scenarios that have to be supported by the
upcoming 5G standard, new requirements related to error correcting codes have emerged. As
already stated in [FAN1®31], the conventional FEC coding component of LTE/LAES not

designed to answer favorably to service requirements with stringent reliability and latency
constraints. A known issue for the LTE Turbo Code (TC) resides in its poor performance at low

error rates when transmitting data with coding rates higher than Ai8.isTdue to the well

k nown fierror fl ooro effect, which can be obse
matching mechanism [CNB+08]. This detrimental effect results in the frequent resort to
retransmissions through the HARQ mechanism. Moreovesetltedes were not originally

designed targeting best short packet performance.

Therefore, we have made some changes to the LTE codes to make it able to cope with the new
requirements introduced by 5G scenarios. Actually, provided that they would beoable t
guarantee lower error rates when punctured, TCs could remain promising channel coding
candidates for 5G due to the maturity of the technology and since they can offer, at least, a
partial backward compatibility with LTE. Indeed, the impact of introdu@dditional coding
solutions on the chip area would be greater than reusing the same family of codes than LTE,
since NR and LTE are foreseen toeast for a long period of time. In addition, this family of
codes offers advantages regarding support foRBAframe size and code rate flexibility and
regarding the decoding complexity for low rate scenarios that represent most of the used cases
from network statistics.

Performed technical work

The performed work consists of several technical contributionsressidg first the
improvement in performance at low error rates, on the one hand, and for short frame sizes, on
the other hand [GBA+16]. As introduced by Berrou et al. [BGT93], the minimum Hamming
distance @nin) Of @ TC is not only defined by its consgtuit encoders but also fixed through the

TC interleaver. Therefore, we have investigated the joint design of interleavers and puncturing
patterns for TCs in order to guarantee low error floors and good convergence thresholds. As a
result, a new puncturingpostraint related to parity puncturing is proposed for the design of TC
interleavers. The work focused on the Almost Regular Permutation (ARP) interleaver model
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[BSD+04], adopted in standards like IEEE 802.16 WiIMAX. Trellis termination was also
modified toavoid the spectral efficiency loss of tail bits.

At a second phase, aspects related to flexibility were studied to propose efficient rate
compatible taibiting turbo codes with -bit codeword flexibility implementing the previously
proposed interleavernd puncturing schemes. Efficiency resides in the absence of any
unexpectedbehaviorsuch as the performance of a shorter frame size better than a larger one.

The technical details regarding all the contributions are provided in the Appendix section.

To show the validity of the proposed enhanced turbo code solution, performance comparisons
were made. The scenario of the improvement in the error floor is first chosen. Large frame sizes
of 6,000 information biframes were used since it was commonly admitted error floors are

more difficult to avoid in this case. LTE turbo code is used as a reference.
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Figure 2-1: Performance comparison of the improved turbo code with the LTE turbo code in
AWGN channel in terms of BLock Error Rate vs Eb/NO. QPSK modulation, block siz&k = 6000
bits (K = 6016 bits for LTE TC), 8 decoding iterations of the Max.og-MAP algorithm, tail -biting

termination.

As observed inFigure 2-1, large coding gains exceeding two decades in most cases were
observed for the enhanced turbo codes. The largest gains can be observed for high coding rates.
In addition, in some cases, a small gain is also obsanvidee upper part of the curveBlock

Error Rdes (BLER) of 16 areachieved without change in the slope of the curves.

Simulations were also carried out for short frame sikgpure 2-2 shows that large gains of
several dBs can then be observed for thegseg enhanced TC with respect to LTE turbo code
for short frame information sizes of around 100 bits for low and high coding rafest BQER

is achieved without any change in the slope of the curves.

More than eight TDOC contributions to 3GPP RAN1 MPoup were submitted for the
proposed TCs. Simulation results for eMBB data channel and URLLC scenarios are provided in
the Appendix.
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Figure 2-2. BLock Error Rate performance of the improved turbo code in ANGN channel for
coding rates 1/5 K =100) and 8/9 K =96). BPSK modulation, 8 decoding iterationsComparison
with LTE turbo code (K = 96).

224e MBB scenari o: standardization di s

Binary turbo (LTE and the proposed enhanced verslany Density Parity Check (LDPC) and
concatenated polar codes were the main considered candidates proposed for adoption in 3GPP
RANL1 for NR eMBB data channel. Agreed technical observations regarding the 3 families were
drawn and captured in [R1610878].

Performance results were collected in {R81L0600]. However, it has not been possible to draw
conclusions directly from these results, owing to different views on the implementation
complexities and possible enhancements. Technical concerns were rgaéihgethe efficient

and performant support of {RARQ for the LDPC and polar codes whereas the ability of turbo
codes to support HRIARQ is considered as well established.

The following is a summary of the agreed observations about complexity, perfe;manc
maturity, flexibility, strengths and weaknesses for each family of codes captured in the NR
chair mano6-35610878)t es [ R1

Regarding complexity, it was agreed that computational complexity is far from being an
accurate representative of final hardwa@mplexity and power efficiency. Indeed, it was
acknowledged that memory requirements and accesses have a large impact on chip area and
power consumption respectively.

LDPC codes are considered as widely implemented in commercial hardware supportialy sever
Gbps throughput with attractive area and energy efficiency while supporting flexibility and
features that are largely limited when compared to the corresponding requirements for NR.
Actually, the area efficiency reduces for lower coding rates and thelegity increases with
increasing flexibility for this family of codes. Moreover, despite the ability of achieving large
parallel decoding degrees, some of this parallelism may not be exploited for all code block
lengths and code rates for NR, resultintpia penalizing impact on energy and area efficiency.

To conclude, hardware implementation with attractive area and energy efficiency is considered
challenging when simultaneously targeting the peak throughput and flexibility requirements of
NR.

Polar odes are considered implementable, although there are currently no commercial
implementations, and in relation to NR, there are some concerns linked to the maturity and the
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availability of decoding hardware. In addition, most existing work in literatureléed to
successive interference cancellation decoders and ndiasd decoders that enable the
excellent performance of this family of codes. For list decoders, the implementation complexity
increases with increasing list size, especially with lardgleck sizes. Moreover, the area
efficiency reduces for shorter block lengths and lower coding rates4 ldetoder was agreed

as implementable for all codeword sizes. However, in practice, most simulations considered list
8 decoders that could be arguethlementable for short frame sizes. To conclude, for decoding
hardware that can achieve acceptable latency, performance and flexibility, there are some
concerns about the area efficiency and energy efficiency that are achievable with polar codes
and abotithe maturity of the technology.

Turbo codes are widely implemented in commercial hardware, supporting HARQ and flexibility
similar to what is required for NR, but not at the high data rates or low latencies required for
NR. In fact, turbo codes meet tlexibility requirements of NR with the most attractive area
and energy efficiency except at higher throughputs, and particularly at lower code rates and
lower block lengths. Generally, the area and energy efficiency is constant when varying the
puncturing and repetition rate. Another advantage resides in the fact that the decoding
complexity increases linearly with the information block size for a given mother code rate.
However, there are concerns that implementation with attractive area and energnaffisi
challenging when targeting the highest throughput requirements of NR. Therefore, two
proposals were put forward by the proponents of turbo codes: the first one considered using
turbo codes as a single solution in NR. The second considered desigmimbgo decoder
capable of decoding both LTE and, at least, lower information block $iz@6144 bits) of

NR. For the high throughput case of NR, a LDPC code can be designed with a limited flexibility
or equivalently for few combinations of code ratBs>(1/2) and frame sizeK(> 6144 hits).

This proposal would have the benefit of combinihg advantages of each family (turbo and
LDPC) of codes without bearing the burden of their drawbdokieed, it was shown in [FAL
1608584] that this combination of codes could answer favourably especially in terms of
complexity all the requirements of NR.

As a conclusion to t h-2610878], veltanistaterthah gach famity bofe s i n
codes presents its challenges when trying to satisfy simultaneously all the requirements of NR.
Therefore, it is quite difficult to clearly identify an @foundfavorite without performing a

joint thorough analysis of performance and complexity/latency taking into account real
implementations and not estimates of it. Due to timing constraints, the framework for such a
comparison was not agreed and individual téezircontributions were used as a basis for the

selection process.

At a later stage, a proposal of combining polar codes for short frame sizes and LDPC codes for
longer frame sizes was also put forward. It was motivated by the fact that the decoding
compkxity of list decoding increases with larger frame sizes. The willingness to accept the use
of LDPC codes for larger frame sizes by the proponents of both polar and turbo codes, was used
to adopt LDPC codes for large frame sizes spanning an interval wésvahd supporting a
flexibility level well beyond what was foreseen at the start. Afterwards, it was proven4n [R1
1611260] that there is no LDPC code with the minimum cycle length orgyetter than or

equal to6 for the smallest info block lengthsdahigh rates of NR. This results into a large
performance penalty when using iterative decoding based on belief propagation. Consequently,
the promising candidates for short frame sizes were limited to turbo and polar codes.

Performance comparisons betwettre proposed enhanced turbo code and the polar code
proposals taking into account -RRARQ support were provided in [R1613347]. The
corresponding observations showed that enhanced turbo code withdgdAP decoding

and 8 iterations offers comparable BR performance to the polar code with-Bstlecoding for

rates R>2/3 and slightly better performance for lower rates at the first transmission. In
subsequent transmissions for HARQ support, enhanced turbo code offers better performance
than ratecompatble polar code. Gains exceeding @B can be observed in this case. In
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addition, steeper BLER curves were observed for the enhanced turbo code predicting larger
gains if lower error rates were to be targeted.

Complexity assessment on the hardware impigaimn of channel decoders for short block
lengths was presented in [R512306] for the three families of codes. It was shown that despite
having lower computational complexity at many coding r&eflexible list4 polar decoder
ASICs have inferior ageefficiency compared to staté-the-art turbo decoder ASICs. On the
other hand, flexible LDPC decoder ASICs suffer from degraded anehenergefficiency at

low coding rates and short block lengths. Turbo decoder ASICs have superi@raremergy
efficiency.

Finally, regardless of potential technical drawbacks, a compromise was found that led to the
adoption of LDPC codes for eMBB data channel and polar codes for the control channel.

225Next step: URLLC and mMTC scenario

The choice of the coding sa@ion for the URLLC andnMTC scenarios remains an open issue.
While agreed simulation conditions for these two scenarios in 3GPP are quite different from
those of eMBB data channel, they are partly related to the comparisons performed for short
frame sizesln fact, frame sizes lower than 1024 bits were considered for coding rates from
R=2/3 down toR=1/12. Error rates of 10to 10° of BLER are targeted.

Taking into account the performance results provided in&113347] comparing the polar and

the enhanced turbo code, we can clearly identify these two families of codes as strong
candidates for URLLC and mMTC from the performance point of view with a slight edge for
turbo codes showing improved performance for these targeted low rates as shown in [R1
1702856]. LDPC codes cumulate two main drawbacks: the first lies in the large performance
penalty (more than 1.0 dB for short frame sizes and low rates as shown17(R356] and
[R1-1610314]) in some cases, the second in the fact that decoding coynpheréases by
orders of magnitude when decreasing the coding rate when compared to the two other families
of codes.

Obtained results are conditioned by the simulation parameters, especially by the corresponding
decoders. It could be argued that with ioying technology, additional complexity could be
tolerated and longer list sizes can be used for polar codes that can lead to improving their
performance. However, the same argument applies for the proposed turbo codes. In fact, list
decoding with or withot combination with outer CRC code for turbo codes is also possible
which would lead to large improvements in performance especially for short frame sizes as was
shown in [R11610931]. Indeed, [HS16] shows that the BLER performance e32istecoding

for polar codes coincides with the Maximum Likelihood (ML) performance of the code, while
the classical Mat.og-MAP decoding for LTE turbo codes is around 0.6 to 0.8 dB away from
the corresponding ML performance. In addition, when combining with an outer G&& a

gain exceeding 2.0B can be achieved in some cases of short frame sizes for the LTE turbo
code as shown in [WJX+13].

From the complexity point of view, turbo codes present an undeniable advantage for such low
rates afk = 1/12 since the decoding mplexity of this family of codes scales linearly with the
information block size&k and not with the codeword sia¢ This is not the case for both polar

and LDPC decoderg#ctually, it was shown in [RI1L702856] that the proposed turbo code has
lower compuational complexity than both LDPC and polar codes (for lower rates) while
showing better performance for the considered simulation parameters for URLLC.

Conclusion for URLLC and mMTC

When targeting low rates and short frame sizes for URLLC, polar anul ¢codes emerge as the
most promising candidates from the error correcting performance point of view. In fact, LDPC
codes cumulate the drawbacks of short cycles (decoding problem with BP) and of complexity
(increasing with lower rates). To identify the besthnical choice, hdepth complexity
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comparisons going beyond simple computational complexity, would have to be carried out at
comparable performance. The framework for such comparisons should be clearly set and agreed
between the parties proposing thesding solutions.

Finally, the selection process for 5G coding solution has launched a wave of new proposals for
the 3 families of codes. Current studies are focusing on improving the decoding efficiency of
turbo decoders when targeting high throughgeenarios. A large number of studies are also
focusing on the design and implementation efficiency of polar codes/decoders. Therefore,
important improvements are being made and a thorough investigation taking into consideration
performance and hardware noplexity between these two strong candidates represented by
turbo and polar codes should be performed when the selection process should take place.

23Enhanced modul ati on

Modulation schemes plagn important role in enhancing the system spectral efficiency an
coverage. In this chapter, two modulation schemes will be proposed to address the 5G
requirements.

231FQAM for i nterference | imited scen
subcarriers wutilizati on

In the conventional QAM modulation that is adopted in LTE, data symbolsaranitted on

all the subcarriers that are assigned for data transmission in the resource block. On the other
hand, frequency quadrature amplitude modulation (FQAM) represents a combination of
frequency shift keying (FSK) and QAM, where information bitsnayed by selecting one

active subcarrier among a subset of candidates and modulating the selected subcarrier with a
QAM symbol [F5GD31]. M-ary FQAM carrieQ = log(M) information bits by selecting one
subcarrier amonle subcarriers and modulating thelexcted subcarrier with dg-ary QAM
constellation. Hence, the modulation order of the resulting FQAM symbol is givén by

MeMq. The motivation for FQAM is coming from the fact that the waesde distribution of
interferenceplus-noise in terms of chamel capacity is the Gaussian distribution [SA13]. Having
some of the subcarriers inactive in FQAM results in wotdt interference with nefsaussian
distribution, which will improve the channel capacity. This advantage is most prominent in
interference imited scenarios, such as at esmflge where the interell interference is the
dominant factor. Detailed interference analysis for FQAM with comparison to QAM modulation

is presented in [F5®41]. The analysis has shown that even with dense -siidl dgployment,

FQAM keeps the noaussian distribution feature of ineell interference. The cedldge
usersd throughput can be signifi c23bAMNGE]L.Ii mpr ov e (
From the performance evaluation presented in [E&%&, AMN16], one can conclude that
FQAM represents a promising modulation technique to enhance the system performance in
heavy interference environment.

However, although it provides good performance in interference scenarios, FQAM modulation
suffers from low bandwidthfficiency compared to QAM scheme. The shortcoming of FQAM

is that it underutilizes the available resources by keeping part of the available subcarriers
empty/inactive. We propose a method to utilize the inactive subcarriers in the FQAM symbol to
serve andter user with good channel conditig@d16]. In this method, the cedidge user will

be served with FQAM scheme, and another-cefitre user will be served with QAM
modulation on the inactive subcarriers of the FQAM symbols, as shokrgure 2-3. Thecell-
centreuser will be served with lower transmission power compared to the power on the active
subcarrier to enable the signalsbé detection a
distribution at the céledge users. At the receiver of the @alhtreuser, the active subcarrier is
detected first (e.g. by using energy detection methods) then the data on the active subcarriers is
retrieved. On the other hand, as the power on the inactive subcarriersitigehellow,
conventional detection methods can be used at thedgd user. The power ratio between the
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two powers can be adjusted to achieve the syst
non-Gaussian distribution), throughput and QoS.

Active subcarrier to
cell-edge user

I § & 1§
SR f

Usethese subcarriersto transmit data symbolsto
cell-centre user

Figure 2-3: Utilizing the inactive in FQAM symbol to transmit to another user.

Using numerical simulations, we show that by properly selecting the power levels on the active

and inactive subcarriers, the n@auwssian distribution of the ICI at the celtige can be

maintained, which is essential to achieve a good performance with FQAM sghBa®. In

addition, we observed that the distribution of the ICI for the-aalitreuser in the proposed

transmission schmee deviates from the Gaussian one as well. Thus, detection methods that are

not based on Gaussian assumption can be utili
results show that the system total throughput can be significantly enhanced using thedoropos

method compared to LFRAM and conventional FQAM schemes. With the proposed scheme,

the system throughput is increased by 13D%6% compared to conventional FQAM.

Anot her advantage of FQAM i s that it can enab
scenarios when the bastion is not aware of how many users are trarnsmgisn the same
resources (details of the scheme provide8Sention3.3.5.]).

To compare the achieved spectral efficiency by the m®ghanethod to utilize the inactive
subcarriers iFQAM, Figure2-4 showsthe achieved throughput for the considered schemes for
different celledge user distances, where the throughput is determined by the nuimber o
successfully received frames by the users. For comparison, we consider two benchmark
schemes: 1) LTE system, where the resources are exclusively allocated to-tugealiser

with QAM used as the modulation scheme, and will be referred to asQAM in the figures,

2) Conventional FQAM scheme, where no data is transmitted on the unselected subcarriers. The
x-axis represent the relative distance of the-egfje user from the maximum distance (the-cell
centreuser location is fixed). A system consistioigl9 cells is considered with 500m intgte
distance to capture the impact of the irdell interference, where FQAM is most effective. We
adopt the 5 MHz bandwidth LTE system's parameters, which consist of 25 resource blocks each
with 12 subcarriers ral maximum transmission power of 46 dBm at the {séston. ITU
pedestrian B channel model is adopted for generating the fast fading. We implement turbo code
of coding rate 1/3 and QPSK modulation, avig=4 for FQAM. For the proposed scheme, the
results wvill be presented for one ceddge user and one cekntreuser (at distance half of the
cell-edge distance). For the benchmark schemes, as only one user is served on a set of
subcarriers in each cell, only the results for theegddle user will be prested.

Firstly, it can be noticed that LFEAM modulation has a very bad performance due to the

inter-cell interference at the cedldge. FQAM shows very desirable performance in the high

inter-cell interference region. In the proposed scheme, theedgttuser performance will be

slightly degraded due to the increased interference from serving theeot# user on the

inactive subcarriers. However, the total system throughput is increased by being able to serve
another user on the resources. With thappsed scheme, the system throughput is increased by
130%140% compared to conventional FQAM. I n add
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throughput offered by the proposed scheme, the capability of supporting more users in the
system is highly advantageous &G communications systems.
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Figure 2-4: Throughput comparison of the proposed scheme with conventional approaches.

232NUC for high modul ation orders

In LTE, the bit to symbol mapper is a simple uniform QAM pper. Uniform QAM
constellations are easy to map andntigp. However, there is no information theory basis for
this choice and these constellations can be shown to be far from the Shannon limit. Non
Uniform Constellation (NUC) has received attention asa to improve the performance of
uniform constellations with minor decoder complexity increase. In the NUC the constellation
points are no further required to be in a uniform or rectangular shape. NUC can be obtained by
optimizing the alphabet in order tmaximize the BICM capacity subject to the power
constraint. The work carried out up to now on NUC has always concentrated on the single
channel BICM capacity optimization. Most of the time the BICM capacity is optimized to
perform well for the AWGN chanheThe design can be performed as well using the Rayleigh
channel as a basis by using the probability density function of the Rayleigh distribution.
However, in mobile communications, users experience different channel conditions. Thus, it is
important thathe selected NUC has a good performance across different channels and different
SINR waterfalls. We have proposed a novel algorithm to design multichannel NUC and analyze
its performance compared to the single channel NUC and uniform constellations gy1A%&

have shown that, on average, this method outperforms the single channel single SNR design
method used up to now. Simulation results show that, compared to the uniform constellation
(used in LTE), a potential improvement of up to 1.1 dB for 256QANhavit additional
complexity is expected. Higher gains are expected for higher modulation orders. The advantage
of NUC is more prominent in high modulation orders. Thus, NUC can be utilized for services
with high data rate such as MBB and BMS services.

233Cohamsameh recommendati on

As it has been shown in the previous sections, FQAM and NUC outperform current modulations
schemes used in LTE, and bring advantages for the 5G system. It is recommended to use FQAM
to serve users that suffer from high interfeeetevels (such as ceddge users) and QAM for

users with good channel conditions (emhtreusers). The inactive subcarriers in each FQAM
symbol should be utilized to serve another user with relatively lower transmission power as
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detailed in Sectio.3.1 A user feedback (similar to CQI in LTE) can be used to determine the
interference level at the user and decide which modulation to be used (FQAM or QAM). Also, it
is recommended to use FQAM in uplink for gkfree and random access schemes to enable
blind detection at the bastation as explained fBection3.3.5.1

For BMS and MBB services, it is recommended to utilize NUC for at least high modulation
orders (6QAM, 256QAM, etc.) to enhance the achieved throughput. As it is not expected to
have high modulation orders for MMC, MCC and V2X, NUC may not be very beneficial for
these services.

2.4 Ml MO

In D4.2, system level aspects of multiple input multiple output (M)M€ addressed by the
project. The role of the current sgbction is to complete this work with the physical layer
aspects of MIMO:

- The feasibility of MIMO with new waveforms is addressed in section 2.4.1;

- Providing a robust and high data rate link tetfaoving connected vehicles thanks to
adaptive MIMO and the predictor antenna is addressed in section 2.4.2;

- Providing high data rate to connected objects thanks to Massive MIMO and single
carrier modulation is addressed in section 2.4.3.

241 Compat ifomil IMOt wid h new wavef or ms

The system integration @hhancednultiple input and multiple output schemes is addressed in
section 4.1 of D4.2. This work shows that theshanced MIMO schemes, with and without
cooperation, boost the network spectral efficieand useilata rates. However, for the sake of
simplicity in the system level performance evaluation, all these MIMO schemes are proposed on
top of an OFDM layer. In the current sabction, we check that the new waveforms presented

in section 2.3 andra compatible with these MIMO schemes.

The following waveforms proposed by the project are compatible with any MIMO scheme
originally design for OFDM, as they all provide orthogonality betweencaubers in the
complex domain: UFOFDM and FOFDM; ZT-s-OFDM; BF-OFDM; P-OFDM and FC
OFDM (in a QAM version only).

Only FSFBMC OQAM implies modifications on the MIMO schemes. For instance, during the
project, we have shown that a blewsise time reversal Alamouti scheme for-FBMC (see

pages 554 of D3.1) ad applying sofinput decoding to FEBMC receiver [DDR+16]
manage to reach similar performance in terms of BER vs SNR than OFDM based solutions and
better performance than PRidsed FBMC receiver. The modified Alamouti scheme works with
blocks of symbolsa n d requires guard time between bl oclk
orthogonality. In these studies, whave demonstrated the benefits of the proposed scheme
combined with FS receivers, especially when the {icégrier spacing is large (small size of
FFT). Increasing the intecarrier spacing allows lowering the size of the FFT that also reduces
the complexity and the number of simultaneous active carriers. This point has a direct impact on
the PAPR that is also decreased. This makes the proposed schémdapgrrelevant for

MMC scenarios, in which, power consumption, complexity and robustness are key parameters.

242Maki ng aMlila@ o mpati bhstwmbkRi ng conn
vehitchHaemsk ©iet predi ctor antenna

In the section 2.3 of D4.2, system levepasts of mobility are addressed. New handover
solutions are provided. In the system level simulations used to assess the network performance
at high velocity, the link is assumed to be robust, at the physical layer. In the current sub
section, we presentphysical layer scheme proposed by the project to guarantee this robustness.
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Adaptive MIMO schemes (such as adaptive beamforming and spatial multiplexing) are not
naturally robust to speed. At low speed, they exploit the channel state information at the
transmitter (CSIT), to reduce the fAcosto (in te
delivered data rate. Unfortunately, beyond a limiting velocity (which depends on the carrier
frequency), the network can no longer exploit such information {wbecomes outdated).
Typically, beyonda speed limit that depends on the carrier frequertiog network falls back to

open loopMIMO schemes (such as diversity) which are less cost effi¢iemerms of spectrum

and power usageYhis situation is descrildemetaphorically as followghe network hitd§i t h e
wal | o f[PHSHi5H & aitple channel prediction technique has been proposed in the
section 3.4.4 of D3.1 to solve this problem. It is based on the predictor antenna concept
[PHS+15]. It only requiresne additional antenna on the car roof.

For the first time, in this project, we deter mi
in the speed and frequency domains. We al so me
be fApus he dthefsgeedtahdefrequenéy momains, thanks to channel prediction. Our

study is detailed in [PHS+16] and summarized in the current deliverable. In this study, we

assume Time Division Duplex mode, channel reciprocity based downlink 256x2 Zero Forcing
(ZF)-MIMO, downlink 256x1 maximum ratio transmission (MRT) beamforming and a 1 ms

delay between channel measurement in the uplink and downlink data transmission based on
channel state information. With these assumptions, we show that the afore mentioned speed

limit 0 is the following function of the carrier frequen€y

\ "Q —h
L o)

whered is a constant. A system with a large value is more robust to velocit¥able

2-3 shows the values @f  which have been determined by simulation for various adaptive
MIMO schemes and channel prediction assumptions. Note that as expectdtiM@Fis less
robust to velocity than MRT MISO.

Table2-3: F 4 EW' e O:>=|=-I Iﬂﬂ ’

256x2 ZFMIMO 60 km/hx GHz 180 km/hx GHz x3 higher velocity or hight
carrier frequeoy can b
supported

256x1 MRTMIMO 180 km/hx GHz 735 km/hx GHz x4 higher velocity or high
carrier frequency can
supported

Speed limits derived for 1.2 GHz, 3.5 GHz and 6 GHz carrier frequencies are provided as
examples imable2-4.

Table 2-4: o, 1.}

256x2 ZFMIMO 50 km/h, for f=1.2 GHz 150km/h, for f=1.2 GHz
17 km/h, for f=3.5 GHz 51 km/h, for f=3.5 GHz
10km/h, for f=6 GHz 30km/h, for f=6 GHz

256x1 MRTMISO 150km/h, for =1.2 GH 612km/h, for f=1.2 GHz
51 km/h, for f=3.5 GHz 210km/h, for f= 3.5 GHz
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30km/h, for =6 GHz 122.5 km/h, for f=6 GHz

Figure25i | l ustrates the Awal [Figue?®-5 -3)pwatteogt @hannehs i | | U
prediction, beyond 58m/h, the network stops using 2ZAIMO 256x2, falls back to diversity

and consumes twice more spectrum; whereas with channel prediction this happens only at 150

km/h. As illustrated irFigure 2-5-b), without channel prediction, beyond B®/h, the network

stops using MRIMISO 256x1, falls back to diversity and consumes 20dB more power;

whereas with channel prediction this happens only2#.5km/h.

cost - __ cost @9 __
(spectrum) ) (power) )
W\thOU_T) +20dB.

CsIT

Vian (N=50km || Vyau(f)=150km/h velocity Van(H)=30km || Vywau(f)=122.5km/h velocity
/h*f=1.2GHz f=1.2GHz (km/h) /h* f=6GHz f=6GHz (km/h)
2 antennas 3 antennas 2 antennas 3 antennas

a) Wall of speed for 256x2 ZF-MIMO at 1.2 GHz b) Wall of speed for 256x1 MRT-MISO at 6 GHz

Figure2-5: The Awall of speedod measured by simulatior

In [PHS+16], we also show that at 3.5GHz, both 256x2VEMO or 256x1 MRT MISO can
be used without ever hitting the Wwaf speed in dense urban areas, where the speed is limited at
50 km/h.

This first study shows that the wall of speed (its location in the speed domain and its height in
the cost domain) depends on many factoeslyEstudies on the predictor anterjR&lH13] have
analysed the impact ¢the number of transmit antenreasd the impact of the propagation (line
of-sight versys non linef-sight propagation) on MRT beamforming. These first studies
indicate that these parameters niewe no impacton the locationof the wall in the speed
domain but rathera strong impacbn the height of the wall in the cost domain (i.e. power
consumption). Such studies should be updated and extendaitl MIMO schemesbeing
currently standardized at the 3GPP, such as the ghdash (GoB).

243Connecting objects in high data r a
modul ation: it might work with Mas

The project has made separated@pth analysis of new MIMO schemes (in D4.2) and new
multi-carrier waveforms (in current deliverable). Aspkined in section 2.4.1, they are
compatible with each other and match the current expectations on 5G.

However, we foresee that in following releases of 5G, the need for high data rate in low cost
connected objects will be stronger.

We believe that these of simple devices does not necessarily prevent from reaching high data

rates, if most of the signal processing is performed by the base station. Indeed, in
[PHB+13][PHT+13] hundreds of Mbits/s are delivered to a device using a single carrier
modulationsignal, a single receive antenna and a sttagereceivergven less complex than

GSM receiver). The base station jpm®cesses the signal (using the transmit matched filter) and

exploits a large number of transmit antennas to delivered to the deviceaal mo s t fecho f
signal.
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We also believe that the use ofteue) single carrier modulatiofi.e. without FFT and IFFT)

does not prevent fromsing multicarrier modulations as welhdeed in [FCH13], several links
using single carrier modulationseamanaged even though thewrtially overlap in the
frequency domain The interference between links is mitigated thanks to beamforming.
Therefore, as illustrated ifrigure 2-6, single carrier modulation (or othemn-orthogonal
modulations) could be smtroduced in a 5G muktarrier system. Partial overlapping in the
frequency domain could be dealt by the use of massive MIMO and beamforming (in both the
uplink and downlink directions).

smartphone frequency

i A
ot » ‘3 L
Vv ¥

frequency

object

a) Without massive MIMO, strong interference due to overlapping in frequency

smartphone

& Y

b) With massive MIMO, reduced interference due to overlapping in frequency

!/Q\_i

frequency

Figure 2-6: Single carrier modulation and multi-carrier modulation partially overlapping in
frequency and separated through massive MIMO and Tx/Rx beamforming t he fAobj ect o
MTC device or a high data rate connected object)

244Conhnausamech recommendati on
The following conclusions have been derived:

1 All the new waveforms proposed by the project (except-BBIC OQAM) in the
current deliverable are compatible with the enhanced MIMO schemes proposed in D4.2.
1 Regardinghigh mobility, in generalthanks to the predictor antenna, theworkshits
the fdAwall o f usiny adagtivce M{MQ atehighersetoatipssSimulation
resultsshow thatfor 256x2 ZFMIMO and 256x1 MRIMISO, respectivelyspeeds or
carrier frequencies which ae 3 and 4 times higher respectivelycan be supported
thanks to thepredictor antenna

The following recommendations have been derived:

1 Regardinghigh mobility, the use of more advanced prediction will push even further the
Awal | of s p erierdréquencies and highee speedsa
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9 First studies indicate that the wall speed and its sensibility to parameters such as the
number of antennas or the propagation environmeetd to be characterized for all
MIMO techniques being studied at the 3GPP

1 Regarding the lorgy term evolution of 5G, massive MIM@ identified as gotential
enabler to mix serviespecific waveforms. For instance, single carrier modulation links
with high data rates (Mbits/s) could be introduced for high data rate connefetsob
The interference due to partial overlapping in frequency between single carrier and
multi-carrier modulationsvould be reduced by transmit/receive beamforming.

25PAPReduction techniques

PAPR is an important factor in the design of air interfacefdture communication systems
since it has a high impact on the transceiver complexity. Generally, a high PAPR requires
highly linear power amplifiers (expensive) or a large input kEtkenergy inefficient) in order

to protect the signal from severegdadation due to nelinearity effects introduced by the
power amplifier. In the current LTE uplink transmission, single carrier based-OFD# is

used for UL in order to increase power efficiency. There are several schemes discussed for
PAPR reduction vth different degree of complexity. Due to different core services within 5G, it

is required to differentiate between device types (which correspond to core services) and
requirements on PAPR reduction in terms of complexity, energy and/or spectralnefficie
However, singlecarrier vs. multicarrier based transmission should not be made solely on the
PAPR performance, but rather be settled after comprehensive evaluation for different channel
characteristics and scenarios, in terms of PAPR, power amplifydif, and link performance,

etc. Within this report, guidelines / conditions are provided from Fantastic 5G perspective to
select specific PAPR reduction techniques for specific service types.

251Resear ch csamdgied amtneds ducti on

Within F5G, sevel PAPR reduction schemes have been investigated and proposed applicable
for different5G scenarios In the following, a summary of the contributions is provided.

Two-stage PAPR reduction:lt is a newly proposed set of PAPR reduction schemes, whereas,
evident from the naming, the reduction is done in two separate stages. The first stage consists in
applying one of the iterative clipping based schemes (i.e., TR, ACE, TRAGH}herclipping

is the second (and final) stage. This means that it is a meo$ithe iterative schemes, where

after the predefined maximum number of iterations is reacliealeclipping is applied giving

the final output [ED+16].

Modified selected mapping:lt is quite appealing to take the overlapping of the FBMC/OQAM
time symbds, into consideration for improved PAPR reduction. Thus, we have devised a new
scheme that we called fAmodi fi évdhy®ihddes {nsedd M) .
of just™Yas for the regular SLM, and hence a great increase in computational complexity is
expected, as well as a larger gain in PAPR reduction [ED+16].

Soft clipping for single-/multi carrier: Concerning pulse shaped OFDMhe@ue as an example

of multi-carrier scheme, the PAPR level of0FDM is comparable to the one of DM

and higher than DFFTOFDM. There are three standard approaches for Low PAPR design of P
OFDM systems. Firstly, we can design the mcidtirier systemm by adapting the subcarrier
spacing according to channel frequency selectivity and PAPR target. Secondly, the idea of
transforming into a singtearrier transmission can be applied to pulse shaped OFDM, similar to
DFT-spread OFDM systems. Thirdly, for cdrained modulation order, signal clipping
approach is considered as a simple and efficient method to reduce the PAPR level. Although
this measure induces a signal error vector magnitude (EVM) loss, it only introduces marginal
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link performance loss; as Ignas the EVM is kept in limits to still facilitate a reliable
transmissioFAN16-D31].

FDPC: The FDPC algorithm uses a basic structuregadted PCTS (Pr€onstructed Temporal
Signal) which appears in the form of a Feedback loop within mapping symeets forward
correction structure. The PAPR reduction on an MC symbol is calculated during an MC symbol
period with a latency of one symbol duration. For each subcarrier, the algorithm computes the
correction of the corresponding mapping symbol, which kéllapplied to this symbol before
IFFT and will also be reintroduced in the loop for the calculation of the mapping symbol
correction of the next subarrier The proposed algorithm can be either transparent to receiver,
i.e. the receiver does not needkimow the specific PAPR reduction algorithm; or it should
specify the constellation mapping fashion in the standard for the receiver being able to
demodulate, e.g. CM/C. More details can be found in Appeh8ix

252Comparison scenarios and final res

In the following table, 5&elevant core service types and corresponding requirements on PAPR
reduction are summarized.

Core service type Requirementsfor technical candidate to be selected
. 1 High modulationorderwhich requires low distortion
Mobile Broadband (MBB) 1 Energy efficiency is not critical, a higher backoff can
allowed
1 Low modulation order may tolerate a higher degree
Massive  machine  communication  distortion
(MMC) 1 Energy efficiency is crucial
1 No or minimal backoff plus robust transmission f
reliable single shot transmission
1 Low delay mechanisms
Mission critical communication (MCC) |1 Medium complexity
1 Spectral and energy efficiency may be compromised
1 Enable diversity gains to attain high reliability
1 Medium up to high modulation orders allow for cert
) ] distortion
Broadcast multicast service (BMS) 1 Energy efficiency rather of secondary importance
9 Diversity gains should be enabled to allow relia
reception
1 Low/medium modlation order
1 Low/medium delay tolerance (use case specific)
) ) 1 Medium complexity
Vehicular-to-anything (V2X) 1 Spectral and energy efficiency may be compromised
91 Diversity gains: large in cellular links, rather small
sidelink. Nevertheless, diversity should be exploited
improving reliability.

253Concl aesdonecommendati on

Based on the analysis above, the following mapping from specific requirements of the core
service to the prioritized PAPR reduction technique is proposed:

PAPR-requirement classes Service type Prioritized technigue
High modulation order + | MBB, MBS Multicarrier modulation with PAPR reduction
High complexity 1 Allow for complex algorithms
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Example:
1 FDPC
1 mSLM/Two Stage
MCC, V2X Multicarrier modulation (for sW6GHz), Single
carrier modulation (for higifrequency comm.).
Low/medium modulation order 1 Depending on the application, single carr
+ Medium Complexity may be favorable even in sub 6 GHz band
Example
1 MC with Soft Clipping
MMC Low complex algorithms + use case specific
. 1 For narrowband transmission: DiSpreading
Iggvn:pgig;latlon order + Low based modulation -
1 For MC: low complex algorithms (e.g. OFDI
with clipping) for PAPR reduction
MCC FDPC:

high reliability + multicarrier

1 allows for degradatioffree on reference
signals
1 controlled processing lahcy
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S Holisticonolfuamendesi gn an
procedures

In D3.1 [FAN16D31] we have provided our views related to frame design based on a set of
design principles. In the following we will revisit this list and makermmtions to the work in
FANTASTIC-5G related to these items.

31Moti vati on

The frame design for 5G has to serve the following 5G design target:
A. Enable forward compatibility (i.e. simplifying the inclusion of new use cases and

features)
B. Enable multiservice spport (i.e. meeting the high heterogeneity of requirements)
C. Enable high spectral, energy, and cost efficiency
D. Enable tight interworking with other RATs (e.g. LTE and mmW)

This leads to a set of rules (in the following called design principles) the frasigndshould
follow. Where applicable we refer to these 4 items in the next sections respectively.

32Desi gn pandcrigpdeemsmendati ons

Sampling rate, bandwidth support, numerology options, relative timing:

1. Sampling rate, number of subcarriers covering ttandwidth and corresponding
subcarrier spacing should be integer multiples of a givelis,b&s keep system
complexity and testing efforts at a reasonable level.

In D3.1 (section 6.5 [FAN1®31]) we have presented reasonable options for selecting the
triple of (1) covered bandwidth, (2) sampling rate and (3) the respective FFT length for
various sub carrier spacings. We have kept the list of options rather wide, ranging from 0.2
MHz up to 320 MHz. Which ones are to be applied will in the end depend @vdiiability

of bands and rolbut scenarios. The lower end of these options (e.g. 0.2 MHRB)raegample
candidates for spectral refarming of 2G bands, while the higher end of this list is more relevant
for the capacity layer of the network and potalhtineed to be applied at carrier frequencies
above 6 GHz. The coverage layer of 5G will most likely make use of a similar set of options
as 4G did (10 MHz, 20 MHz, 40 MHz) with the potential of going up to 80 MHz or even 160
MHz. The made selections addressinglesign target D (e.g. interworking with LTE).

2. The base sampling rate should be aligned with the base sampling rate of LTE, to ease
interworking and multlink functionalities and enable hardware reusability and sharing.

The options we have proped inD3.1 (section 6.5 [FAN1®31]) follow this rule for
improved coexistence (even-rand), interworking and muitink processing. Additionally,

this helps the reuse of design activities happened in the era of 4G. Again the made selections
are to impove D.

3. Reasonable amount of supported bandwidth: 5 MHz, 10 MHz, 20 MHz, 40 MHz and up
to 160 MHz (for small cell capacity hot spots), to keep system complexity and testing
efforts at a reasonable level, while supporting all reasonable scenarios. Smaller
bandwidth options might be envisaged in later standard releases.
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As given in point 1 above (and detailedD8.1, section 6.5 [FAN1®31]) we have decided to
keep the set of options rather wide. The actual deekaction in NR depends on various aspects
being outside of the project such as available bands:outlistrategies and selected carrier
frequency.

4. Means to support narreband devices by dedicated design cband structures are
required (e.g. introduction of complementary nartmand synchronizeon signals), to
successfully integrate MMC services while still enabling MMC devices to bedsiv
and longlasting with a single set of energy sources.

While allowing lowend devices (e.g. sensors) to skip parts of the-tamé energyconsuming
procedires related to accessing the system (e.g. message exchange during network entry), these
devices still need to be able to detect clogecells and synchronize on frame level. For this it
needs to detect the respective synchronization signals regularly bebadcasted by the
basestations (in LTE: primary and secondary synchronization signals, PSS and SSS) and detect
the general cell configurations (in LTE: MIB and SIB). While for conventional broadband
devices in 4G (and potentially in 5G NR as well) R88 SSS have been transmitted in the
center of the band covering about 1 MHz, the wide bandwidth is less suitable fendow
devices. Instead it is beneficial to broadcast another set of synch signals covering a smaller
bandwidth as this allows these dmé to be more cosand energy efficient. In section 6.6.3 of

D3.1 [FAN16D31] we have investigated this feature. Naturally, with relying on a smaller
bandwidth only, the synchronization accuracy degradés.have provided means to improve

the accuracy whout extending the bandwidtiAdditionally, the work on filtered waveforms

has shown that a reduced accuracy with respect to symbol timing and carrier fregaenios
toleratede.g. sections 6.1.1.3, 6.1.4.3, 6.1.5.4 in D3.1). These activitiesidiessingB and C

(at the device).

5. The basic 5G subframe length should follow LTE (i.e. have a duration of 1 ms), to ease
interworking and multlink functionalities and enable hardware reusability and sharing.
To enable low latency transmissions, speaiddfiames with lengths being fractions x
of 1 ms should be supported (e.g. X¥2i t h I nt eger N, e. g. N =

In section 6.5.2.2 and 6.5.3 of D3.1 [FAND@1] we have proposed a set of resource block
definitions following a more general rule avgh above (i.e. the TTI length options ae
multiples/divisionsi N being integei of the baseline of 1 ms). Additionally, the tiling concept
being presented in 6.5.1 of D3.1 follows this criterion as well. Applying this rule simplifies the
definition of the set of available tile/stile configurations. Being aligned to LTE improves
coexistence and simplifies cooperation between 4G and 5G. The design targets being
approached here are B and D.

The actual gain the system can make use of when allowingsthef various TTI lengths has
been investigated and presented in section 2.4.1 and 2BL2DfFAN17-D42)].

6. Subframebundling needs to be supported (for longer transmission opportunities), to
increase the signalling efficiency (less control signallmeguired) and to support
coverage extension.

The tiling concept as proposed in 6.5.1 of DIFEAN16-D31] has a granularity in time of 1 ms

as baseline. Shorter TTI lengths are supported via the selection-tfesuénd by allowing
preemptive schedulind.onger TTI lengths are supported by bundling consecutive tiles. This
means the scheduler of sframe n+1 needs to take into account, if in-fame n it has been
decided to bundle. This imposes some restrictions to the tile scheduler. Additionally, this
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requires to use asynchronous HARQ mechanisms to avoid SAW chéBtogg\nd-Wait) to

be blocked (or vice versa titeundling being blocked by active SAW channels). This item is
allowing a more efficient inclusion of loend devices and to make signalimgpre effective.
Thus, the design targets B and C are strengthened.

The actual gain the system can make use of when allowing the use of various TTI lengths has
been investigated and presented in sections 2.2.3.2 in D4.1 [FBAlL6(related to overhead
reduwction with making use of subframe bundlingy.1 and 2.4.2 db4.2 [FAN17-D42].

7. The support of different subcarrier spacings (following rule 1) within a single cesrier
one option tobe envisaged, to improve respective use cases (e.g. low latency
transmissions) and transmissions with extreme channel characteristics (e.g. very high
Doppler values), while maximizing multiplexing gains and reducing the number of
constraints for e.g. schedulingzor the former an alternative approach is the
introductionof minislots containing a lower number of symbols.

The key questions to ask for these items are twofold: (1) How can the system support different
subcarrier spacings without imposing severe istdsband interference and (2) what are the
gains the systeman make use of with this degree of freedom. The former question is strongly
related to our work on waveforms. In [SW15] we have proposed means to efficiently implement
this into a system applying UBFDM (though, other waveforms being investigated in
FANTASTIC-5G are able to do so in a similar manner). The latter question is taken in
[SWAL16] and section 6.1.5.5 in D3[EAN16-D31]. We have shown, that for extreme Doppler
scenarios we can gain up to a factor of two/three/four (low SNR/medium SNR/high SNR
scanario) with respect to spectral efficiendgy applying this mechanism design target B is
improved.

8. Transmission points are aligned to a common time base, to ease collaborative schemes
such as interference coordination.

As soon as different cells are toardinate with each other on a spectral resource bagjs to

deal with intercelinterferencei it is beneficial, if these cells have a common time base. To
name an example, if a given cell is to mute specific resources to protect transmissionsain anot
cells, it only has to mute a single sinAme, if the sudrames of these two cells are time
aligned. If the cells are not tirsigned two subdrames would have to be muted as it is very
likely, that the subframe to be protected intersects with twd-frames of the other cell. WP4

of FANTASTIC-5G has worked on mechanisms related to this in the area of intercell
interference handling. The outcomes are given in section 422 @f[FAN17-D42]. Applying

this rule supportthe design target C.

Another apect benefitting of having a common time base is the improvbarnd coexistence
of 4G and 5G as e.g. outlined in section 6.1.1.5 of BAN16-D31]. This waythe design
target D is improved.

Lean channel/signal design, time/frequency confined structureaccess procedures:

1. Use of multicarrier signalling, to allow for simple transceiver mechanisms (e.gtapne
equalization, frequency selective precoding) and multiple transmissions to share the
band.

All waveform candidates being proposed in FANTASHG are of multicarrier type (or
modifications, e.g. by applying DFT precoding). With applying racatirier signaling all
design targets are fostered as madtirier signalling which allows the dedication of the
available spectral resources for variousams and with differing characteristics concurrently
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(supporting design targets A andl. Bhis approaclhas been shown in earlier generations to be
highly efficient (supporting design target C) and simplifies coexistence and interworking with
e.g. 4G (degn target D).

2. The amount of alwayen components should be minimized and the actual repetition
rate (e.g. for synchronization signals in DL) should be configurable. Apply the on
demand principle as far as possible (e.g. MiBaster information block is alwayson
while SIB7T system information block is onrdemand), to increase energy efficiency
especially in lowload scenarios.

While cellspecific controlplane messaging per se is not part of the project, the contribution in
section 4.2.3 of D4.1 [FAN1B41] (intercell coordinated smatkll on/off) is related to this
item. With applying this and similar meatie design target C iaddressedAdditionally, being

able to deactivate certain signaling components as required improves forward compalhibility (
design target D) and makes the system more energy effithentgSign target C). DL reference
symbols in 4G are an example for alwayssignals constraining the system in that respect.

3. Highly flexible TDD configurations required for efficiently fowing the actual
traffic/service needs.

4. Subframe options supporting both UL and DL components (control, data, reference
signals) should be envisaged (for latency optimized scenarios) in addition to subframe
configurations purely containing either DL or dbmponents.

We have addressed items 3 and 4 in section 3.5.3 in D3.1 [FBR1p Here, we have
proposed four different subframe types (pure UL, pure DL, DL control + data and UL control,
DL control and UL control and data). All types include respecteierence signals. By
dynamically selecting the respective subframe the system is able to follow efficiently the actual
traffic needs. This degree of freedom allows the system to be highly efficient (design target C).

WP4 has taken up this 4.2 [FAN17-D42] section 2.4.1 for the design of efficient scheduling
mechanisms.

5. The radio frame (with radio frames consisting of an integer number of subframes)
should support different kinds of access mechanisms (scheduled access, contention
based access, beam guldeccess), to support various use cases related to e.g. eMBB
and MMC concurrently.

We have investigated different kinds of access mechanisms to support the different kinds of
services in D4.1 [FANI®41] and D4.2 [FAN1D42]. These mechanisms range from
scheduled access e.g. making use of adaptive TTI lengths doahchcontrol channels, efficient
massive access mechanisms (protocols and detection mechanisms), D2D and beamforming
aided procedures. Besides unicast mechanisms we also have investigate@nmaadlticast
solutions. For allowing the frame to efficiently support different kinds of access mechanisms
concurrently in parallel (e.g. scheduled access, massive access and broad/multicast) the tiling
concept can be used by defining respective tilegy®verall, this flexibility allows the system

to support different kinds of use cases efficiently and thus fastedesign targets B and C.

6. Reference signal design should be configurable to meet various design targets (e.g. to
be optimized towards éhrespective transmission mode; to enable frequency resource
blankingii . e. avoid 6éal most bl anked subframesé6 a
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7. Reference signal design should natively support a wide range of number of antenna
ports, to enable later extensions without reqgifundamental redesigns.

The work being reported in secti@?3.3of this deliverabldollows items 6 and 7, describing

our approach for the design of DL reference signals. Thdilgudpconcept in combinadin with

the use of a respective code strategy (e.g. Walsh Hadamard) allows to easily scale the system
according to the number of antenna ports/beams available without introducing excessive
overheads. Depending on the state of the device (e.g. relatedetovdriance and frequency
selectivity of its channel towards the basestation) it can use the relevant reference symbols to
conduct its measurementhe design target C iaddressewvith applying these techniques.

8. Time frequency confined ussepecific cotrol channel design to enable medgrvice
support and frequency resource blanking and to make 5G forward compatible.

9. Control channel structure, allowing for devices to go immediately to the sleep mode
(micro-sleep), to maximize energy efficiency at tlevide side.

10. Control channel design enabling energy efficient reception without putting severe
restrictions to the search space, to minimize energy consumption without putting heavy
restrictions to e.g. the scheduling mechanism.

Those three design princigleare connected. As presented in sectB3? of this deliverable

and 2.4.1 inD4.2 [FAN17-D42] FANTASTIC-5G promotes to apply thand user specific

control channels for user specific control messages (e.¢s BaBrying the selected resource
configuration, scheduling grants ¢€). The aspec
contrast to the PDCCH design in 4G) is the fact, that the actual control messages can use
different formats (as e.g. a eMBB sengaequires different control means than a MCC service
does). Additionally, by not multiplexing control messages of multiple users into a single
structure and instead appending it to the respective data transmission allows to use the same link
enhancing méiods (e.g. interference coordination, rank 1 precoding, etc. as e.g. described in
section 4.2 ofD4.2 [FAN17-D42]), does not require to configure the transmission mode
according to the weakest link and allows to share reference symbols between contiatband

So, with applying this means the system is more efficient in general (design target C) and the
respective control elements can be designed according to the respective use case (design target
B). Finally, the inclusion of new use cases and featuriespioved as the number of constraints

is minimized (design target A). The work related to the-liBesignals(UIDS) as presented in

section 6.6.1 of D3.1 [FAN1®31] is targeting a control channel structure with 3 par}s: 1
UIDS (specific preamble), 2lixed-sized FEC block (basic control) carrying the beginring

the DCI and 3Yariablesized FEC blocKmain control) carrying the remaindef the DCI(and

the start of user data if anylheUIDS is to allow the device to quickly and efficiently detest i
messages. As the device only requires to scan for its preamble instead of having to fully decode
all control messages down to the CRC check (as e.g. in LTE) the search space is not required to
be restricted (i.e. the device is able to check all pasgibsitions) and thus does not restrict the
scheduler improving design target C.

11. Avoid nonelastic transmission mechanisms (e.g. configurable asynchronous HARQ
instead of fixed synchronous HARQ as e.g. used in LTE UL), for the system to be more
flexible eg. related to dynamic TDD and deployments with centralized structures.

Non-elastic transmission mechanisms have the advantage of lower overheads (as-the non
elasticity provides implicit knowledge about relevant characteristics of the transmission which
not have to be communicated). At the saimae, they add constraints to the system (e.g. to the
scheduler) preventing it to fully make use of the flexibility options described earlier (e.g. related
to variable TTI definitions and dynamic TDD configuration&$ynchronous HARQ has been
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tackled in FANTASTICG5G in section3.3.4 of this deliverableThe application of this is for
example described in section 2.4.1 4.2 [FAN17-D42]. Design targets A, B and C are
improved with applying these principles.

12Al 1l ow for specific traffic types with highe
allocations originally being dedicated to other traffic types (e.g. eMBB), to avoid
wasting resources, while still supporting MG€rvices with highest efficiency.

Having to occasionally transmit messages requuitrg-high reliability with very low response

times (use cases in the area of MCC; respective 3GPP terminology: URLL@gliékde low

latency communications) whileyva ng at the same time a constant
traffic to support, opens up the potential issue of inefficient use of the available resources. A
straightforward but inefficient solution is to persistently keep parts of the transmission band

reserved for potential MCC messages. As they may or may not occur a reasonable wastage of
resources is unavoidable. A more advanced way of treating this is discussed in section 2.4.3 of

D4.2 [FAN17-D42]. Here, all spectral resources are available for-latancy critical

transmissions. When a request to transmit a latency critical message occurs, the system is

all owed to 6éhijackd resources already being sc
be done by either puncture the less critical messiageirf DL not modulate the respective

resource elements with the data related to the less critical message) or to allow the latency

critical message to be superimposed using a much higher transmission power to ensure
successful transmission (e.g. in UL dowing both devices to transmit their data). As both
mechani sms increase the chance for failed tran
to recuperate this have to be applied (see section 2.03.;Ih[FAN17-D42]). With allowing

the system tanake use of this mechanisms both the rsétvice support is improved (design

target B) and the overall system is more efficient (design target C).

13. Enable robust and scalable contention based access, to integrate MMC services with
highest efficiency.

Rolust and scalable contention based access requires both efficient protocol design, advanced
code design and sophisticated PHY layer processing mechanisms to detect and separate the
transmitted messages. FANTASTEG has worked on all these items. Details iacluded in

section 3.2 of D4.1 [FAN1®41] and ofD4.2 [FAN17-D42] and in related appendices. As the
overall system is more efficient with serving the different services according to their respective
needs and characteristics, these mecharaslthesoth thedesign targets B and C.

33Topics andogpetsaillsed p

3331 Numer ol ogy and frame structure

In D3.1 [FAN16-D31] we have provided our proposals related to reasonable frame design
choices for 5G taking the anticipated characteristics into account. Weelsdnggated how the

frame design requires to be designed to allow for efficient raettrice support both for FDD

and TDD. These designs have been holistic in the sense of including all relevant items such as
control fields, data and reference symbols. Wé&e introduced the smlled tiling concept
including reasonable configurations for the basic setting such as resource block definitions,
bandwidth and related FFT choice. In this deliverable we will provide further details related to
more specific aspestsuch as resource block grouping and nrudli alignment for mixed
numerologies, minslot structures and service specific TTI tuning.
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3.3.1.1 Resource block grouping and multicell alignment for mixed numerologies

In principle there are several options to de#h several different numerologies inside the same
carrier. The two extreme cases are:

1 Each physical resource block (PRB) may have a different numerology. This provides
maximum flexibility. However this comes with highsignalling overhead and nen
negligible intercarrier interference or potential guard band overhead. Furtherihore

has a higher implementation complexity. E.g.in the case of subbarfiltered
waveformsthereceive filter has to be adjusted to all possible combinations.

1 The carrier is glit into a contiguousportions per appearing numerology. This is very
simple and has minimal guard band overheadlisadvantage of this option is that
neitherusing a particular numerology at different parts of the band for diversity

fully exploiting frequency selective scheduling gaaresupported with this solution.

In this section we discuss an adjustable alternative between the two extreme cases: Resource
block grouping, which we also have called tfileng concept The basic idea of the tiling
concept has been addressed in previous FANTASGCdeliverables: A physical resource
(Atil eod)
homogeneous numerology or other PHY/MAC parameters (such as TTI length, waveform

bl ock

group

( RBG)

can

be

seen

parameters, such as active D§fireading, or tight/relaxed tinfe2equency alignmentDifferent
RBGs may have different numerol@gs and parameters. This enables NR to provide a

configurable air interface.
Since the RBGs are larger groups of resourcekislavith identical numerology, they also help

as

to further reduce residual intearrier interference as compared to having different numerology

for each resource block. Further discussion of resource block properties including guard bands

is done in [R1167260].

Example RBG sizes are 720 kHz or 1440 kHz in frequency and 1 ms iffthiimeorresponds

to 12 subcarriers and 14 symbolBijgure 3-1 shows an example portion of the band using the

tiling concept.

720 kHz

VI TTI

eMBB RBG:
scheduled

15 kHz subc. spac.
1msTTI

eMBB RBG :
scheduled

15 kHz subc. spac.
1msTTI

mMTC RBG :
contention-based

15 kHz subc. spac.

1msTTI

URLLCRBG:
scheduled

60 kHz subc. spac.

1/8 ms TTI
t

1ms

Figure 3-1: Basic illustration of the resource block grouping (tiling concept) for the uplink.

The following set of rules apply:

1 AnRBG is defined as a tirdeequency region of constant size
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The radio frame constis of consecutive RBGs in timend frequency direction

An RBG is characterized by the numerology parameters usedddration symbol
durationand subcarrier spacingumber of subcarriers per resource block

1 Derived parameters are: Number of symbolsTpEr number of TTIs per tile, number
of subcarriers per tile and number of resource blocks per tile

E

1 AnRBG consists of consecutive PRB in tinaed frequency direction

1 A PRB is the smallest possible allocation unit

1 RBG configuration could make use of ple$, sets of configuration parameters and
features of the radio system. In future NR releases, new profiles can be added. Each 5G
profile (containing a set of supported tile types etc.) can use its own types of tiles, i.e. a
new profile can provide a netile type appropriate for a certain purpose not known
today.

1 Two different RBG types; one with and one without &S

1 RBGs with or without guard bands at its upper and/or lower end, as discussed in [R1

167260].

Resource blocks for different numerologievéahe same overall number of resource elements,
to simplify PRB usage w.r.t. coding performance &d_TE similarity. As depicted byrigure

3-1 and discussed in [R167260] this leads to different absolute PRiBes in time and
frequency (i.e. in ms and kHz).

The basic usage of RBG tiling simplifies also ® &cheduling problem with different TTI
lengths: The scheduler paflocates RBGs according to service and user demands in a time
structure given by the tilsizes, e.g. 1ms. Each RBG uses its own TTI length and numerology
from a predefined set. The act@dtDo scheduling is then carried out within the tiles. In case
the preallocated URLLC tiles are not sufficient, a gmption is possible as discussed in
[FAN16-D31].

Discussion of multicell coordination

There are several options for the level of madtil coordination of tiles which are available and
its potential handling. In principlehe following coordination options (discussed in detall
further bebw) are possible:

A No coordination
A Implicit coordination
A Partial coordination
A Full coordination

Different service requirements (e.g. low latency, high speed) lead to different parameterization
of the timefrequency allocation of the user (e.g. differenbarrier spacings and symbol
lengths, respectively). During the connection setup, a user informs the network about its service
requirements. This set of requirements and the derived physical parameters are the basis of an
implicit (without signaling exchage betweertransmission poinjsor explicit (with signaling
exchange between TPs) coordination between neighboring TPs with the aim to minimize mutual
interference between cells. The assignment of radio resotocd®e UEs is based on the
coordination. Asaan example: UEs witbertainnumerology are preferably scheduled in a certain
frequency sulbband. The principle applies for both uplink and downlink. Further details can be
found in [RE167261].

We suggestisingat least partial numerology alignment wahgnment priorities based on the
required Tx/Rx processing within the tiles, as illustrated in the following table:
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Table 3-1: Numerology alignment priority table for each multi-cell coordination technique

Technique Numerology | Remark
Alignment
priority

Blanking of| 0 (none)

resources

Single cell| 0 (none)

transmission

Interference 1 (low) Spatial suppression of interference also bri
rejection combining benefitsin nonaligned numerology

(Multi-cell linear

MMSE receive

combining)

Inter-cell 2 (high T | Frequencydomain base@®IC techniques are onl
interference should be| reasonable when the same numerology is use
cancellation aligned) the cells of interest. Timdomain IC technique]

are possible withdunumerology alignment.

Coherent joint 3 (highest - | Coherent combining of symbols across differ
transmission must be| cells demands same numerology
aligned)

Multi -cell reference signal and sounding design and alignment based on RBG

In the mixed numetogy case the properties of pilot and sounding sequences across multiple
cells when different numerologies are used in different cells is an issue which needs to be
addressed. When certain well defined cromselation properties are anticipated, e.gpsufed

by ZadoffChu sequences, there needs to be a proper way of alignment between different cells.

An appealing solution is when GBIS are time multiplexed with control/data transmissions, cf.
Figure 3-2. The numerology of CSIRS is typically aligned among TPs, while the
control/data/DMRS numerology is regularly chosen independently and is not aligned among
TPs except when e.g. UE signals are transmitted by multiple TPs (DL CoMP) or to simplify SIC
processing (agliscussed above in the table above). Even within a single TP different
control/data numerologies may be applied on the same time frequency resources, e.g. when
different UEs are served simultaneously on the same resources using spatial multiplexing (MU
MIMO). The time multiplexing is motivated from the target of avoiding #geb)carrier
interference, as CRS and data numerologies may differ. Note: Especially when multiple CSI
RS numerologies are applied within a mlR system, there may exist boanés between
regions applying a specific GRS numerology. Thereforédaving TPs with different CSRS
numerology on the very same tiffrequency resource, although not preferred, may still occur,
but with the drawback of hampering infBP channel measements.
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TP 1 resource tiles TP 2 resource tiles

Multi-cell aligned CS-RS sounding symbols with single numerology

f
Subcarrier spacing
Control/data with
= multi-cell aligned 15 kHz
Resource tile, numerology
e.g. 1.44 MHz
30 kHz
Non-aligned
~ control/data
resources 60 kHz
t

CS-RS numerology and control/ data/ DMRS
numerology are independent and may differ

Figure 3-2: Numerology examples and multiplexing option of CSRS (downlink) or sounding RS
(uplink) for multiple cells.

3.3.1.2 Mini -slot structure for 5G

In mini-slot structure, there are less OFDM sytshihan in ordinary slot/suframe. There are
two main motivations for the use of misliots: latency reduction and unlicensed band operation.

The length of an ordinary slot is 7 or 14 OFDM symbols. Therefore, useful lengths eflotini
could be between &nd 6 symbols. It is required that there are appropriate control symbols in
the minislot. The use of mirslots for latency reduction is especially important for 15 kHz
subcarrier spacing, due to longer OFDM symbols.

In unlicensed system, it is beneficfar the user to occupy the channel as soon as possible,
since there may be other communication systems (such &%) Wompeting for the same
resources. The use of mislots helps in this, since it provides more frequent transmission
opportunities.

One scalable minslot design is preferred. The same structure should be scalable for the
following situations: different slot lengths, duplexing schemes (FDD/TDD), different GP
lengths in the case of TDD, different CP lengths, and for both licensed an@nselic
operation.

Furthermore, the mirslot should not exceed slot/subframe boundggese it would create
scheduling dependencies between slots/subfranaes) FDM can be used for data/control
multiplexing (unlike in the case of ordinary slot).

Half-duplex constraint will set boundary conditions for métdt allocations in TDD. This
means that when a regular slot is in DL phase, also-stohineeds be in the DL phase, and
when regular slot is in UL phase, msibt needs to be in UL phase, respecyiv€lupporting
DL-UL switching within a mirslot would result in additional nemegligible overhead.

The length of the mirslot should be variable and the starting position flexible. This approach
supports all foreseeable scenarios, and supports forwamplatiility.

Figure 3-3 shows three options how misiot can be arranged. We give examples to two slots:
DL only slot (left) and DL slot with bdirectional control (right)In the first option, the mini
slot hasfixed length and fixed starting position. Here the length of +slioli is one symbol,
which results in high control and DMRS overhead. In option 2, the-stonilength is two
symbols. Option 3 is most flexible, since both nrsfut length and starting pitisn are variable,
but control signalling is needed to inform about the ralat lengths.

Dissemination levelPublic Page50/ 159



FANTASTIC-5G Deliverable D3.2

DL slotwith bi-
directional control

\ \
| |

DL slot

o[1]2]3]a[s]e6]| [o]ar[2[3]a]s5]s6]
Dc|Dd | Dd | bd | Dd | Dd | Dd |Dc|pd|pd|Dd|pd|cP|uc|
opt#l [0 |1 ]2[3]4a]5]56| [o]1[2]3]4]

DL mini-slots -

Figure 3-3 Mini -slot structure.

3.3.1.3 TTI tuning for multi -service

The diverse requirements of 5G use cases imposead for a flexible overall communications
stack in terms of latency and reliability. On the PHY layer, the latency of delivering a message
is determined by a combination of factors such as available bandwidth, channel acquisition
delay, processing delastc. A key parameter of the PHY layer affecting the overall latency is
the Transmission Time Interval (TTI). In LTE systems, the typical TTI is fixed to 1 ms
regardless of the latency requirement of the service. For 5G, obviously there is a need to tune
the TTI to fit into the total latency budget. There are two main approaches for tuning the TTI
[IX16]:

a) Selfcontained frame: Keeping the number of symbols per TTI fixed and modifying the
symbol duration.

b) Symboiwise frame: Keeping the symbol duratiaredd and tuning the number of symbols
per TTI.

Freq.
Freq.

Short _ Medium Long ) Short _ Medium Long
SelfO2y Gl AYSR | LILINBIF OK & @I NASYndobteA & 820 IDLIINIE OB K IE T

Figure3-4Di f f er ent approaches of tuning the fr ame

As shown inFigure 3-4, the subcarrier spacing the key difference between both approaches.
The capacity of both frame structures has been analyzed for different TTIs. For the self
contained approach, a preamble pilot is assumed and for the syisbahpproach a scattered

pilot with similar patternd LTE is assumed, while both having the same pilot overhead. The
effective SNR is computed using the minimum mean squared error criterion, which is in turn
derived from the relative locations of the pilots and data locations. In other words, the channel
edimation error is taken into account in computing the expected capacity at the receiver after
channel equalization so that the effective capacity is computed as

pTr
p-f
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Where- is the averaged MSE over all data symbolsfang the nominal SNRFigure 3-5

shows the resuhg theoretical capacity under different channel conditions. Fosithalations,

we assume a negative exponential power delay profile channel with RMS delay ofahd ps
nominal SNRs of 5, 10, and 15 dB. We consider a TTI duration of 250 ps for theoetdined
frame structure and 213 ps TTI (3 OFDM symbols) for thealsolwise frame structure. As
shown on the left plot, the setbntained frame structure has a higher capacity up to a certain
Doppler shift after which the symbol wise frame starts offering a higher capacity. On the right
plots, the capacities of the i@ structures are plotted versus SNR under low and high mobility.
As shown, the symbedkise frame structure is more robust to mobility; however low
mobility situations, the selfontained frame structure seems to offer a near linear increase in
capaciy as the SNR increase®ne can conclude from the results tfa@t scenarios with high
Doppler shifts (V2X, mmW) using the subcarrier spacing tuning approach with preamble
reference symbol will not be suitable. Hence, some sort of modification of theppitetn
should be introduced. If not possible, then the {bESed approach of symbeise tuning
should be adopted. On the other hand, using a preamble pilot reduces the complexity of the
receiver which shortens the processing delay and the overaliyatenc
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Figure 3-5: (Left) Capacity drop as Doppler shift increases for different SNRs. (Right) Capacity
increase as SNR increases for different TTI durations.

332Physbaewh!l i nk control channel

Due to divers performance requirements of the 5G services, optimal radio resource allocation
and scheduling is one of most challenging tasks in the 5G radio system design. Similar to LTE
physical downlink control channel (PDCCH), the fRCCH has been agreed in [RAISGD]

to perform downlink data scheduling and uplink data assignment. This means all downlink
control information (DCI) relevant to data scheduling, such as parameters used for radio
resource allocation, link adaptation, hybrid ARQ and advanced MIMO operatc, are
conveyed by NFPDCCH.

After establishing a radio resource control (RRC) connection with serving base station, a UE

will be configured with some search space (SS) of PDCCHs, from which UE monitors possibly
scheduled PDCCH in every transmisstone interval (TTI). Typically, PDCCH SS includes a

number of PDCCH candidates to be potentially transmitted in the current TTI, UE performs

blind decoding in each TTI for all PDCCH candidates in the SS. If a PDCCH candidate is

correctly decoded by e.g. saccessful CRC decoding, the UE shall continue to receive the data
channel schedul ed by the PDCCH, estlheeerpwi sneo,d eUBE o
save power consumption. SS design is clearly an important topic for PDCCH design, it has
directimpact on the control channel capacity, spectrum and overall system operation efficiency.
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To achieve stable system operation, it is very important to ensure the reliable reception of
control channel. The failure of control channel reception leads UEstothe scheduled data
packet in the current TTI, furthermore, consecutive failures of certain number of PDCCH
receptions will trigger the radio link failure procedure for the UE to performresdliection

which is quite costly procedure and consideraldiedorates the quality of user experience. As
such, transmit schemes, e.g., transmit diversity techniques, to ensure reliable reception is of very
importance for PDCCH design as well. As a result, we focus on the efficieitDGTH SS

design as well asansmit diversity schemes in this section.

The section is organized as follows. In Sec8d®2.1basic control channel structure and search
space design are presentéd. Section 3.3.2.2 the transmit diversity schemes as well as
enhanced high order transmit diversity technigque are detailed. In S&&@h3 simulation
results of proposed transmit schemes are given.llfisaction3.3.2.4concludes the section.

3.3.2.1 Control channel structure and search space
In this section, basic control channel structure and search space design are addressed.
Basic control channel structure

In 3GPP NR [RAN186b], resource element group (REG), which is comprised of 12
consecutive resource elements (RE) located in an OFDM symbol, has been adopted as the basic
control channel building block. Moreover, like in LTE, control channel entity (CCE}isting

of a number of REGs, is defined as smallest unit of a scheduled PDCCH transmission, i.e., the
granularity of the PDCCH link adaptation. As such, eachIRCCH is transmitted by using

one or several CCEs depending on channel quality estimatiore ofspective UE at the base
station. The number of CCEs employed by a PDCCH is called aggregation level (AL) of the
PDCCH. Currently, similar to LTE, several ALs, namely 1, 2, 4, 8 or even 16 and 32 are
considered by 3GPP NR study. A particular AL is desty to meet certain coverage
requirement. It is obvious that PDCCH with low AL will be used for UEs with high SNR, and
high AL for UEs with low SNR.

11 1 11 1

0 0 1
1

2 2 2

1 1 1 1 1

0 0 1] 0 ]

(a (b) (c)
Figure 3-6: REG with different DMRS patterns, DMRS overhead in the REG: (a) 1/3, (b) 1/3, (c)
1/2.

To enable channel estimation for coherent demodulation, some REs in the REG are allocated for
the demodulation reference signal (DMRS). The possible DMRS placements are depicted in
Figure3-6. Each column irrigure3-6 represents a REG of 12 REs. The REs in green stands for
the DMRS associated with antenna port 0, and the REs in yellow for DMRS with antenna port
1. As illustratedn Figure 3-6 (a)(c), three DMRS patterns with different RS overhead can be
considered. DMRS pattern with large density, e.g., as showigime 3-6-(c), can be employed

for channels with large frequency selectivity or in low SNR situation. On the contrary, DMRS
pattern with less density, e.g., shownFigure 3-6-(a) and (b), is more suitable for high SNR
and/or less frequency Isetive channels. It is envisioned that REG with configurable DMRS
pattern can provide additional trad# between channel estimation performance and effective
coding gain obtained from the usable REs for control symbol allocation.
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Control channel radio resources

In LTE, radio resources allocated for control channels are expktghalledto UEs in the cell.

For ordinary eMBB services, two types of control channels, namely PDCCH and enhanced
PDCCH (EPDCCH)3GPR36.211, are supported in LTE. The cal resource region used for
PDCCH spans the first several OFDM symbols in each TTI of 1ms, the number of which is
signalledby a dedicated ce$ipecific physical channel on a TTI basis. As a result, the PDCCH
region in a TTI can be dynamically changedading to the actual control resource demand in
the TTI. The radio resources for EPDCCH, which corresponds to a set of resource blocks (RB),
defined as a resource grid of 12 subcarriers in frequency and 14 OFDM symbols BGiaie [
36.217 correspondingo one TTI or subframe of 1ms, is configured by adpgcific high layer
signaling.

In 3GPP NR, control resources shall be configured in a more flexible manner, and aim to
achieve the advantages of both PDCCH and EPDCCH while mitigating the limitatitresrof

As a consequence, it is decided that control resources ¢IINRCH shall include a set of RBs

in frequency, and the time duration in terms of number of control symbols and occurring
periodicity of which can be configurable. Such configurable TTtaftrol channel enables
various scheduling time granularities which depend on the respective service requirement. For
instance, since the TTIl of URLLC service should be much smaller than that of eMBB service, it
is plausible that control resource TTI ofawervices shall be different.

Search space design

As mentioned earlier, each UE shall be configured with a control channel SS defined over the
control resources described above, in which all the potential PDCCH candidates are defined. To
support link adatation, the SS include PDCCH candidates with different ALs. As a result, the
SS can be viewed as a union of severalsedrch spaces (s\88), each of which is comprised

of a number of respective PDCCH candidates at a certain AL. For example, the @Bteam

four subSSes, corresponding to ALs 1, 2, 4 and 8, respectively. Such search space principle has
already been specified in LTE, and it continues to be employed in 3GPP NR. The dimension of
the SS, in termof numberof PDCCH candidates, should besiyned properly by taking into
account several interacted factors, namely, targeted control channel blocking probability,
control resource utilization and UE blind decoding complexity. It is clear that the larger the
dimension of SS is, the less contrdhaonel blocking probability and control resource
utilization, and the larger UE blind decoding complexity. As such, SS design needs to achieve a
good tradeoff among these different aspects. Ideally, this could be formulated as an
optimization problem, theolution to which can be obtained to meet the desired optimization
criteria. However, this is beyond the scope of faistion

In addition to different coding gains obtained from various ALs, receive performance-of NR
PDCCH can be also improved by ottegtvanced techniques depending on the availability of
channel state information (CSI) of UE at the base station. Provided that the base station has the
knowledge about UE channel condition over the system bandwidth, it is advantageous that base
station cartransmit the NRPDCCH in the frequency part where UE has good channel quality,

to achieve frequency selective scheduling gain. Moreover, if base station has the UE CSI
feedback about the preferred beamforming/precoding vector in certain frequency part,
beamforming gain can be further achieved when the preferred beamforming operation is applied
to the scheduled NRDCCH.

Due to the fact that the accurate CSI may not be available at base station for some UEs in the
cell, NRPDCCH SS design needs to take éhsiuations into account as well. It is plausible

that NRPDCCH should support both localized and distributed transmissions. By localized
transmission, the NHRDCCH is transmitted in a frequency localized manner, this would enable
NR-PDCCH to benefit from frequency selective scheduling gain and better
beamforming/precoding gain if possible. On the other hand, distributeePINFCH
transmission in frequency is able to provide more frequency diversity for the scheduled NR
PDCCH. It is natural that localizedahsmission is more suitable for the situation where base
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station has more accurate CSI of the UE, while in the absence of sufficient CSlI, it is more
advantageous to apply distributed transmission foffNICCH.
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Figure 3-7: Localized search space of NHPDCCH with 4 ALs: 8 AL1 candidates, 4 AL2
candidates, 2 AL4 candidates and 1 AL8 candidat&ontrol resource set: 16 RBs, 2 OFDM
symbols.

TG L T

Figure 3-8: Distribut ed search space of NBPDCCH with 4 ALs: 8 AL1 candidates, 4 AL2
candidates, 2 AL4 candidates and 1 AL8 candate. Control resource set: 16 RBs, 2
OFDM symbols. Each smallest block represents a REG.

Two examples of localized and distributed IRRCCH SSes erillustrated inFigure 3-7 and
Figure3-8, respectively. It is shown from the figures that control resource set is comprised of 16
RBs, each of which includes 12 subcasiand 2 control OFDM symbols, i.e., 2 REGs. Four
subSSes, corresponding to four ALs, namely 1, 2, 4 and 8, are defined over the control resource
set. With the definition of CCE of 4 REGs in these two examples, there exist 8 AL1 candidates
shown in the ltscolumn of the respective figure, 4 AL2 candidates in the 2nd column, 2 AL4
candidates in the 3rd column, and 1 AL8 candidate in theofumn defined in the SS. As
shown in Figure 3-7, each NRPDCCH candidate irsame color is allocated in frequency
localized manner so as to enable frequency selective scheduling and precoding bundling over
CCEs allocated in consecutive RBs. In contrast to the localizeBINBRCH, each NHFPDCCH
candidate in same color illustratedFigure 3-8 is transmitted in several RBs evenly distributed
over the control resource set to achieve maximum available frequency diversity. To better
understand the performance differences, these two types simission schemes are evaluated

and compared in Secti@3.2.2

3.3.2.2 Transmit diversity schemes

In addition to the adjustable coding gain by virtue of different ALs and -wédbetween
frequency diversity and ketive scheduling gain which can be realized by two transmission
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schemes detailed above, transmit diversity techniques are also very important for improving the
NR-PDCCH reception performance so as to increase the overall control channel capacity and
spec¢rum efficiency.

Currently two transmit diversity schemes, namely spatijuency block codes (SFBC) and
perRE precoder cycling have been adopted in LTE for PDCCH and EPDBGPH36.211,
respectively. From achievable transmit diversity point of vibased on the weknown
principle of spacdime block codes (STBC), SFBC can achieve the maximum transmit
diversity. Since STBC/SFBC always requires a pair of input transmit symbols to create the
output coded block, this constraint causes some diffiautign applying STBC/SFBC to the
source data stream with odd/uncertain number of input symbols. Due to the rate matching
around those legacy LTE signals, EPDCCH at a given aggregation level, has an uncertain
number of available REs in a RB. This makes itharapply SFBC to EPDCCH. As such, per

RE precoder cycling, whereby REs in a REG are alternatively associated with one of two
DMRS antenna ports, has been adopted as the transmit diversity scheme for EPDCCH. 1t is
clear that STBC/SFBC can achieve bettansmit diversity than pdRE precoder cycling. For
example, in case of 2 transmit antennas, STBC/SFBC can achieve transmit diversity of order 2
for each allocated RE, on the contrary each RE is transmitted from only one antenna port by
perRE precoder cyling scheme. As a result, from each RE standpointR@eprecoder cycling

does not provide additional transmit diversity although the overall transmit diversity of
scheduled EPDCCH is 2.

In LTE, PDCCH supports transmit diversity with four transmit ardeports by virtue of
combination of SFBC and frequency switched transmit diver8iBP[R36.211, i.e., two pairs

of REs in a LTE REG are transmitted from 2 different transmit antenna pairs. To achieve same
maximum order of transmit diversity, it is enwsed that NRPDCCH should also support
transmit diversity schemes with 4 tx antenna ports. In light of the principle of LTE high order
transmit diversity scheme, transmit antenna pair cycling can be also applied to increase the
maximum transmit diversityrder to 4. Specifically, two types of transmit antenna pair cycling,
based on which level the antenna pair cycling is performed, nameREg®@r and peRB, can

be considered. They are detailed as follows.

REGOD REG1 REG2 REG3

RB #1 RBE #2

Figure 3-9: per-REG transmit antenna pair cycling, an AL1 NR-PDCCH of 4 REGs. 4 DMRS ports
(coloured RESs) associated with 4 transmit antenna ports: 0, 1, 2 and 3.

The perREG transmit antenna pair cycling is showrFigure3-9. As illustrated inFigure3-9, a
NR-PDCCH is comprised of 4 REGs, e.g., AL1 candidate, and allocated in two RBs. It is
shown that each REG of the NBDCCH contains two DMRS ports associated with arden
port pairs (0, 1) and (2, 3) alternatively. As a consequence, thREDNFCH are transmitted
from 4 antenna ports.
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REGO Gl

RB #1 RB #2

Figure 3-10: per-RB transmit antenna pair cycling, an AL1 NR-PDCCH of 4 REGs. 4 DMRS pots
(colored RESs) associated with 4 transmit antenna ports: 0, 1, 2 and 3.

The perRB transmit antenna pair cycling is shownHigure3-10. As illustrated inFigure
3-10, an AL1 NR-PDCCH is comprised of 4 REGs and allocated in two RBs. Specifically,
two REGs of the NFPDCCH are allocated in each RB. It is shown from the figure that
only the first REG of the NHPDCCH in the allocated RB contains DMRS. REGs in the
first RB, i.e., RB #1 inFigure3-10, are transmitted from antenna port pair (0, 1) and REGs
in the second RB, i.e., RB #2 fgure3-10, from antenna port pair (2, 3).

It is clearthat perREG transmit antenna pair cycling provides more diversity tharRier
transmit antenna pair cycling. However, fREG transmit antenna pair cycling has more
DMRS overhead. Therefore, these two schemes furnish the-ofadeetween required
diversty gain and effective coding gain depending on the number of REs available for
transmitting NRPDCCH symbolsSimulation results can be found in Appen@ix

3.3.2.3 Multi -stage physical downlink control channel

In the previous section the important role of the IRRCCH has been outlined as well as one
option of implementation regarding preconfigured search spaces for PDCCH reception by the
UE. However, such predefined search spaces impose certain constraints owaohie, tiet BS
scheduler and also on the UE. The configuration of user specific search spaces introduces
further signaling overhead in the netwposkhy EPDCCH configurations are typically kept
semistatic Accordingly, he resource allocation in the BS schied can be restricted in its
flexibility to allocate DClIs properly according to the frequency selective criterion, to support
multiple numerologies or fragmented spectrum. Last, the configured SS for a UE can be subject
to control channel blocking when S®sources are shared among UEs which can be very
sensitive for low latency traffic. Significant control channel blocking probability is known to be
present with LTE PDCCH and to a minor degree also with LTE EPDCCH. This section focuses
on an alternativeniplementation of a usapecific control channel design which addresses the
aforementioned disadvantages of the solution with search spaces.

This ction introduces the design of the msliage controlThen inAppendixsection6.6 we
present some system level simulations results to show the performance of the new scheme vs
LTE EPDCCH. Insection3.3.2.4we conclude with some final remarks.

The goal of the mukstagePDCCH (MSPDCCH) for NR is twefold: alleviate the need for
control search spaces and the need to {oéfdéetween allocation flexibility and control
overhead. With the M@DCCH, a BS scheduler can just allocate resources for control in the
same way ad allocates data resources and it can allocate both arbitrarily and not restricted by a
control search space or resource allocation type as in Mdetheless, UEs may be configured
with specific (per RNTI) search spaces in frequeaoy time. The mostkely use is of such
search spaces is twold: 1) for low end devices that cannot receive and search the full carrier
bandwidth in every TTI foDCls, and 2) toexclude spectrum and/or (sub)frames tratused
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by otherservices, slices, numerologiasd/a RATs and therby avoid UEs pointlessearch for

DCls therein Furthermore, MSPDDCH employs a usepecific designcontrol and user data

are multiplexed individually per UE which is also baseline for 3GPP NR andcontrast to

LTE EPDCCH that multipbees control of multiple UEs. As a result, a single allocation per UE
carries both control and data. Advantages of the overall design are that it avoids the blocking
problem of searclpace restricted control allocations and it allows full flexibility te BS
scheduler. Furthermore, it does not create interdependencies among the PDCCH designs of
different UEs, which benefits the future evolution of the air interface as it alleviates the
backward compatibility issues incurred by such interdependenciesdratwbacks are that at

least one full PRB is allocated per UE, also for control only transmissions, that some additional
information need to be included into a DCI to realize the allocation flexibility and last not least
that the pilot overhead needs torinease to | i mit a UEGs blind de
unlimited respectively negxisting search space. However, the simulation results presented in
Appendixsection6.6 show that for a typical setting theseadlbacks are overcompensated by its
benefits.

Figure 3-11 shows the structure of the MEDCCH and its three stages. The consequence of a
SSless allocation, without any countermeasures, would be that a UE wowdddawe blind
decoding attempts on the whole supported bandwidth in order to find a potentially sent DCI in
every TTI. This would impose very high processing effort on the UE. To overcome such high
computational effort at the UE side, the first stage ef MSPDCCH, the so called user
identification signal (UIDS), is introduced to dowmlect the blind decoding candidate
resources that potentially carry a DCI for the UE. The UIDS is a unique pilot pattern of the UE
that is used to do simple correlation é@hsnatching of potential MBDCCH resources with the
signals received by the UE right at the antewithout any further receiver processing of the
signal [FAN16D31]. A search for the UIDS is far less computational intensive than a blind
decoding attempof the full DCIL The false alarm probability of the UIDS is expected to be
adapted suchhat the overall effort to find a potential DCI will not exceed that of conventional
SSlimited DCI allocation.Therefore, th&JIDS supports different aggregation levéb adapt to
the UEOGs |l ink quality. For the smallest aggreg:
UIDS can be allocated to e.g. one OFDM symbol within one PRB. Higher aggregation levels
are supported by repeated allocation of the UIDS eithéequency domain, time domain or
both.

frequency User Identification Signal (UIDS, fixed size, blind
search): low missed detection probability <1 %,

o ideally false alarm <10 %, used as DM-RS for basic
control
Basic control (fixed size and location relative to

M : UIDS, single layer, few fixed code blocks to enable
D link control ’ ’

RBA H in?gr:nlgtigsr(]Drgn DCl spans blind decoding): group/user demux and false alarm

L 1 2 FEC code removal via CRC (over basic and main control)

blocks Main control (variable (but limited) size, location and
B I coding as signaled by basic control): DL allocation,

RB Resource UL grant, etc, shares DM-RS with data

1 block (RB)

DM-RS for main control and user data

\_‘_l .
Transmission Time time

Interval (TTI)
Figure 3-11: Multi stage PDCCH structure
The second stage is constituted by the basic control forward error correction (FEC) block. Basic

control is collocated wi UIDS, reusing it for channel estimation. After the UE identifies a PRB
as a potential M&®DCCH resource candidate (following correlation of the received UIDS) it
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performs blind decoding on the associated resource elements (RE) carrying basic caitrol. Ba

control supports a limited number miodulationsand coding schemes (MCS), corresponding to
aggregation |l evel s, to adapt to UEOGs | ink qual
respective resources, the UE can choose a subset of reasonablechasi MCSs for blind

decoding.

Depending on the number of bits required to transmit a DCI, basic control may contain
information on the location and MCS of further PDCCH resources belonging to the same DCI,
represented with the last stage, the maimrob FEC block. When the presence of main control

is indicated in basic control, the UE also decodes main control and proves correct DCI reception
by calculating jointly over both decoded basic and main control the CRC and adding #2odulo

t he UE édwork erdporary igentifier (RNTI). In case of a blind decoding attempt due to

a false alarm (FA) detection on the UIDS or in case either one of the basic or main control FEC
block been decoded erroneously, the CRC check for the DCI will fail. Missedidet@dD) of

the UIDS as well as erroneously decoded basic or main control will cause a control channel
error and thereby loss of a complete downlink transmission, whereas a FA only causes
processing overhead at the UE. The design principle is thereféeepUIDS MD rategnd
therebyPDSCH resource wastagespectively spectral efficiency losaused by noxetected

DCls below an acceptable leydipically below 1%. At the same time, false alarms and
thereby blind decoding attempbkould beat a reasoable FA rate of about 1%, todownselect

the PRBs in which to attemplind decoding by one order of magnitude compared to without
UIDS. A UE should attempblind decodingn order of decreasing UIDS correlatiohhe UE

stops afteit has found (i.e. suessfully decodedhe (configurable)maximum number of DCls

per each of its configure®RNTIs (LTE: max.1 DCI per RNTI per TTIl)or when the(device

class specificmaximum number o$upportedblind decoding attemptisas beemeached MD

and FA are linkedogether by the choice of the decision threshold for UIDS detection. Selecting
the threshold value for UIDS detectionfawvour of low MD rates will inevitably increase FA

rates [FAN16D31].

There are two types of allocations of the I ABCCH depending orhé type of channel quality
information (CQI) that is available to the BS scheduler showigare3-12. The scheduler can
allocate the MSPDCCH in a frequency diverse (distributed) manner when it has only wideband
CQI available or it can allocate the MMDCCH in a frequency selective (localized) manner,
when it has more accurate CQI available.

Figure 3-12: Different allocation strategies of the MSPDCCH, frequency dverse (left) and
frequency selective (right)
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