NOKIA Bell Labs

Future Indoor Networks: The role of
WtFI and its evolution

L. Galati Giordano, A. Garcia-Rodriguez, and This presentationonly includesBell

D. Lopez-Perez Labsresearchideas/workand there
' P IS no commitment by the business

Globecom 2018 divisionsof Nokiato supportthem.

: The views expressedn this tutorial
Abu Dhabi, UAE are solely the authors' and do not
12 December 2018 necessarilyeflect those of Nokiaor
the EuropeariJnion

1 © 2018 Nokia



Unlicensed spectrum bands

200 mW or less Typically TW
Plenty of sp u_[ NN -
5150 5350 5470 5725 5850
Japan 5459 5350 5470 5725 5875
chine _ NN N -
Y 5150 5350 5725 5850
Y .
[ ] o [ |
Public Ind Il
o V' [———
s o . on Wi-Fi (or femto)
[ |
L [
- N
—— - \|/ -

S
- ° to be used

2 © 2018 Nokia NOKIA Bell Labs



Future Indoor Networks

Residential
Domestic ﬂ a Smart
robots e ’. devices
) ﬁ
‘ Health
— Sensing
=
= >
— ,:'

®e wY,

o
S g =

VR/AR s @: i
N . ‘ & oy

3 © 2018 Nokia

Enterprise

Sensor-based robot control

ARNR (remote) Ilve support

2. Robot to

1. Human to
enterprise

enterprise

Comms
use cases

4. Robot to

e

1l
Cooperatlve tasks

Video-based remote operation

NOKIA Bell Labs



Industrial seminar Outline

1. The good old (and new) WAFI [30 mins.]
2. 802.11 standardization status and directions [20 mins.]
3. Performance overview: massive MIMO benefits[25 mins.]

4. Q&A[10 mins.]
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Introduction



WtFI (802.11) in the communications industry

OSl layers Examples

A More than 8 billion devices are Application
currently in use around the world [1]

Presentation ﬂ
A 3 billion WEFi dellgi(lﬁgs:ptl[ave been Secsion
shipped in 2017 [1]
A Widely adopted indoors both for Transport — (RIS
residential and industrial use Network —“
A 802.11 standard defines both the S
MACand PHYlayers [2] 802.11 MAC
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Evolution of WiFI

A 802.11n (Wi-Fi 4):
I Single-user MIMO
I Channelbonding

A 802.11ac (Wi-Fi 5):

I Multi-user MIMO
(Downlink)

A 802.11ax (Wi-Fi 6):

T Multi-user MIMO
(Uplink)
I OFDMA
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The physical layer (PHY)



The PHY: Frequency channelization

A 2.4 GHz[3]
I 11 channels(1-11) of 20 MHzallowed in the US
I Only three non-overlapping channels(1, 6, and 11)
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The PHY: Frequency channelization

A 5 GHz[4]
I 25 channelsof 20 MHz over 555 (semi-contiguous) MHz

Dynamic frequency selection (DFS) channels
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The PHY: Channel bonding

A Channel bonding is only enabled under the standard-specified
stringent conditions [5, 6]

A The effectiveness of channel bonding depends on the number
of coexisting devices

A Wide channels are comprised of primary and secondary
channels[7]

Channel bonding in the
2.4 GHz band

2.400 2.410 2.420 2.430 2.440 2.450 2.460 2.470 2.480 2.490 2.500

GHz GHz GHz GHz GHz GHz GHz GHz GHz GHz GHz
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The PHY: Preamble puncturing in 802.11ax

A Current issues with channel bonding:

I 5 GHzband is not contiguous, have different power requirements,
and there might be radars occupying part of the band

I Legacy 802.11a/n APs operate in a 20 MHz channel, making it
difficult to find clear contiguous channels of 80/160 MHz

A Solution: Preamble puncturing [9]

- Free channel

Primary Secondary _
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The PHY: OFDM in 802.11a/g/n/ac

A Orthogonal frequency division multiplexing (OFDM)[2]

I 802.11n/ac have 64 subcarriers per 20 MHz channel
A 52 data subcarriers (81% spectral efficiency)
A 4 pilot subcarriers

312.5 KHz
1 T

null pilot 56

>

N
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The PHY: OFDM In 802.11ax

A Orthogonal frequency division multiplexing (OFDM)[9, 10, 14]
I 802.11ax has 256 subcarriers per 20 MHz channel (234 for data)

I Extended OFDM guard interval to enhance protection against
delay spread in outdoor scenarios: from 0.8us in 802.11ac to
0.8/1.6/3.2psin 802.11ax
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The PHY: Spatial multiplexing

A Multi-user techniques (802.11ac)[10]

I Downlink MU-MIMQO. 802.11ac allows APs to transmit 8 spatial
streams simultaneously to 4 devices
I Optional standard feature
A Included in second-wave products
I Current issues:
A Many STAsare single-antenna Multi-antenna AP [;
A STAchannel sounding responses are serially transmitted

A Downlink TCP/IPtraffic with uplink ACKssuffers because no uplink MU-
MIMOis allowed
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The PHY: Spatial multiplexing

A Multi-user techniques (802.11ax)[10]

I Downlink and uplink MU-MIMQO 802.11ax allows to transmit 8
spatial streams simultaneously to 8 devices

A UL MU-MIMO requires UL transmit power control, frequency
alignment, and time synchronization

A\l Trigger frame m

STA1

STA 2
STA3
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The PHY: Definition of new PPDUs

A 802.11a/n/ac/ax : frame structure with the same preamble start [9]

Legacy preamble Up to 8 VHT-LTF PPDU in 802.11ac
-

- -

- - . VHT- VHT- 3 3
L L L el siae R Q VHT Data

STF LTF SIC g gt FSIE SETEL

Var'iable

8'us 8'us 4'us 4'us 4'us 4'us 4'us 4'us

A 802.11ax defines four new PPDUs(PLCPProtocol Data Units) [9, 14]:
i SU(SingleUser) PPDU(HE_SUand HEExtended RangePPDU(HE_EXT_SU)
i MU (Multi-User) PPDU(HE_MUgand HETrigger-Based PPDU(HE_Trig
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The PHY: Other features

A Forward error coding:
I Convolutional: Mandatory up to 802.11ac
I LDPC Optional (802.11n/ac) and mandatory (802.11ax)[14]

A Modulation:
i 802.11ax BPSKQPSK16-QAM, 64-QAM, 256-QAM 1024 -QAM[14]

A 802.11ax

I 20 MHzonly clients: Low-power devices

I Dual carrier modulation : Repeatinformation in different subcarriers

I Intra-PPDUpower saving: Doze state until the end of selected PPDUs
I Target waketime (TWT)Power-saving service reservation mechanism
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The medium access
control layer (MAC)



The MAC: Distributed coordinated function (DCF

A Distributed coordination function (DCF)[2]

I Carrier sense multiple access with
collision avoidance (CSMA/CA)
where devices only access the
medium when free:

A Physicalcarrier sense

I Energydetection : -62 dBm
A Carrier sense mechanism:

I PLCPheader: -82 dBm

A Network allocation vector (NAV)
I 802.11ax: Intra- and inter-cell NAVsS lllustration of the LBT time sharing mechanism
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The MAC: OFDMA in 802.11ax

A OFDMA Multiple devices can be simultaneously scheduled in
different subcarriers: reduces latency and better scales
time/frequency resources to different types of traffic [9, 10]
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The MAC: Spatial reuse in 802.11ax

A Conventional operation (802.11n/ac):

I WiFidevices back off upon detection of a PPDUsent by any node
In the same channel with received power larger than -82 dBm

A 802.11ax introduces BSS coloring for increasing frequency
reuse among overlapping basic service sets (OBSSs)10]

I More time for data transmission at the expense of reduced SINRs
 mn
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The MAC: Spatial reuse in 802.11ax

A 802.11ax STAs may adapt

31

OBSS PD level

their signal detection
threshold for OBSSstogether
with their transmit power to
achieve better performance
in dense scenarios[9, 10]
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The MAC: Spatial reuse in 802.11ax

A Spatial reuse parameter (SRP)

I Mechanismto allow APsto enable/disable spatial reuse during uplink:

1. AP activates/deactivates spatial reuse through HESIGA and/or
trigger frame

2. SRRbased SRopportunities are identified and TX power adjusted
maximum TXduration smaller than that of the SRenabling AP

3. Back-off procedure is performed to prevent collisions

I+

SRenabler

trigger frame UL data
AP

Back off
Inter-BSS STA— —
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Summary



Summary

A 802.11ax (WiFi6)
I 8x8 downlink and uplink MU-MIMO

I OFDMAwith updated OFDMnumerology
I More flexible channel bonding through preamble puncturing
I Enhancedspatial reuse

I Outdoor improvements
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What is next?

A 802.11 topic interest and study groups [1]

Date Jan. 2018 March 2018 May/July 2018 July 2018

- TIG: Full duplex - TIG/SG: | - TIG/SG: Extreme| - TIG: Real time
Broadcast | High Throughput applications
services (EHT)

- SG: Next
generation V2X
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What is next?

A Extreme High Throughput (EHT)[2-4]

Date May 2018 July 2018 Early 2019
IEEE 802.11 EHT IEEE 802.11 EHT IEEE 802.11 EHT
topic interest study group (SG) project authorization
group (TIG) request (PAR)
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Extreme high throughput (EHT)

A Whatfeatures are currently being discussed?* [2-5]

41

Intel

InterDigital

Broadcom MediaTek

Marvell

LGE

Sony

Samsung

Huawei

Nokia

Single band
operation

Multi -band
operation

Spatial
multiplexing

Multi -AP
coordination

Link
adaptation

(7]
(@]
o
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*Non-rigorous list of the techniques addressed in the EHT contributions by different companies
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Single band operation

A New unlicensed spectrum in the 6 GHzband (5925-7125 MH2),
potentially adding up to 1.2 GHZ

I Upto 320 MHzchannel bonding in the 6 GHzband [4-5]
I Definition of new channelaccessrules under discussion [5]
I Coexistence with incumbents needs to be managed [6]

2.4 GHz 5 GHz 6 GHz
1 ° B —
80 MHz 555 MHz 1.2 GHz
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Mult-band operation

A Simultaneous use of 2.4, 5 GHz,and 6 GHzbands [7-9]:
I Load balancing according to traffic needs
I Data transmission and reception separated in different bands

I Control and data plane separated in different bands

A Low bands for control information exchange and high bands for data
transmission/reception

2.4 GHz 5 GHz 6 GHz
a Uplink/Downlink Q Uplink/Downlink
Control f
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Spatial multiplexing

A Support of up to 16 spatial streams [10]
A Enhancechannel state information (CSl)acquisition [11]:

I Current approach based on explicit feedback does not scale well

I Implicit CSlacquisition leveraging channel reciprocity
A Potential improvements both for systems with 8 and 16 spatial

streams
Beamformer NDP-A B NDP § Trigger
.
Beamformee
Beamformee g

t
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Mult-rAP coordination

A Coordination approaches with different degrees of complexity
[9, 12-14]:
I Timel/frequency coordinated scheduling

T Inter-cell interference coordination
A Null steering

i Distributed MIMO e
A Inter-APsynchronization

T Multi-APassociation to facilitate handovers
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Hybrid automatic repeat request (HARQ)

A Keyobjective: Help link adaptation through retransmission [15]
I Theoretical SNRgainsin the order of 4 to 6 dB
I Already discussed during 802.11ac and 802.11ax standardization

A Drawback HARQmight not be robust enough against collisions
caused by the unpredictable interference conditions in 802.11

AP =

Pac: et 1 ||NACK
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Outline

ASystem evaluation setip
ASpatial reuse

ABeamforming and multiplexing
AThroughput

AConclusions
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System evaluation
set-up



Indoor Enterprise Scenario: Main Simulation Parameters

1 floor with area size 40m x 40m.

- 3GPPTR38.901 InH with mixed office line of sight
(LoS) probability . Internal wall losses are considered
statistically .

40 m

- 256 single-antenna stations (STAs) uniformly
distributed within the floor (0.1m of minimum inter-
STAdistance) and located at 1m height.

- 10 simulation drops of 10 seconds performed, to
take into account variations caused by stations (STAS) 40 m
locations, shadowing, LoS/ NLoSprobabilities, etc.
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Indoor Enterprise Scenario: Access Points Deployment

- APCeliling-mounted at 3 meters height

- 4 channels of 80 MHzeach

- 4 APsper channel

- Different APconfigurations tested

53 © 2018 Nokia

® Chl
® Ch2
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Access Point Configuration

Baseline APs

A 4x2 fully digital array

A ZF precoding
(9 dBi max. beam gain)

54 © 2018 Nokia

EHT ®f rmMedMO&APsy

A 4x4 fully digital A 8x4 fully digital
array array

A ZF precoding (12dBi A ZF precoding (15dBi
max. beam gain) max. beam gain)

Single Element

Opt.1: omnidirectional
antenna element (0 dBi),

Opt. 2: directional antenna
element (7 dBi)
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Indoor Enterprise Scenario: Detailed Simulation Parameters

MAC

STA association

Based on RSRP

PHY
Carrier frequency 5.8 GHz
System bandwidth 4 x 80 MHz

Channel bonding

80 MHz (fixed)

Multiple access scheme

AP maximum EIRP

30 dBm (U-NI-2)

AP scheduling criterion

Round Robin

STA TX power

15 dBm

OFDM numerology

802.11ax

Spatial multiplexing

Downlink and uplink MUMIMO
with up to 8 STAs spatially
multiplexed

Channel estimation

Perfect channel estimation

AP digital precoding

Zero forcing

Traffic model

FTP3: File size = 0.5 Mbytes,
offered traffic = 25 Mbps*,
uplink and downlink traffic
generation with same probability

STA mobility 0 km/h

AP noise figure 7 dB

STA noise figure 9dB

STA antenna gain 0 dBi
Thermal noise -174 dBm/Hz

55 © 2018 Nokia

* Ultra HD video streaming type of traffic (source: Netflix)

NOKIA Bell Labs



Power regulations and implications

Downlink Uplink

- Maximum EIRFHdBmM] = - STAshave lower conducted power (15dBm)
a) conducted power [dBm] + - STAsno or little array gain, as they have reduced
b) maximum antenna element gain [dBi] + number of antennas (in our caseonly 1)

c) maximum array gain [dB]
- Maximum conducted power =24 dBm (U-NII2).

- Maximumarray gain=p m | Q(—) dB.

Implications: Implications:
- Conducted power might have to be reduced in - APscan leverage their beamforming gain for
multi -antenna APsto meet maximum EIRP reception without restrictions .
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Spatial Reuse



Spatial Reuse: the effect of directive antenna elements

0.8 -

0.6 +

CDF

0.4+

0.2+

Observations:

Omnidirectional antenna element
Directional antenna element
Signal detection threshold

0 I = | 1 | | ]
-110  -100 -90 -80 -70 -60 -50 -40 -30

Average AP-AP received signal strength [dBm]
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Spatial reuse opportunities are decided during
the LBTphase (single antenna measurement).

Omnidirectional antenna element:

o Almost certainly all APs listen to each other, thus
they have to accessthe channel alternatively .

Directional antenna element:

o More than 60% of the time APsdo not listen to each
other, thus leading to an increase of the spatial
reuse, but potentially to higher interference .
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Beamforming and
Multiplexing



DL SINR: the effect of spatial reuse

0.8 -

0.6 -

CDF

0.4 1 )

Baseline 4x2 omni
== == :Baseline 4x2 directional
FDmMIMO 4x4 omni

= ==+ FDMMIMO 4x4 directional
FDmMIMO 8x4 omni

== ==« FDmMIMO 8x4 directional
s M[in. MCS SINR requirement

0.2

--------- Max. MCS SINR requirement

1 1 I
-20 0 20 40 60 80
Effective downlink SINR per A-MPDU [dB]

When the PLCP header is not decoded,
by convention,

we set the A-MPDU SINR tozInf.
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A Increased spatial reuse introduced by directive
antenna elements leads to higher interference, thus
resulting in lower SINR

A EIRP limitation in DL reduces the potential
beamforming gain introduced by large antenna
arrays.

A Large antenna arrays mainly introduce benefits in
terms of spatial resolution (nearby STAs can be
better separated).

A Large antenna arrays help when many users are
multiplexed (precoder/decoder are better
dimensioned).
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UL SINR: the effect of beamforming

A With no EIRPlimitations, large antenna arrays are
free to bring-in their higher beamforming gain.

A Directive antenna elements increase spatial reuse,
leading to higher interference . At the same time,
they further boost the beamforming gain, especially
when the precoder/decoder is well dimensioned as
with larger antenna arrays.

When the PLCP header is not decoded,
by convention,
we set the A-MPDU SINR tozInf.
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