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5G Vision and Use Cases

U-health / Wearables Smart Home /
Smart City
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UHD Streaming

Ultra-Fast Mobile
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Motivations for V2X

- Safety
— 33000 death in highway accidents (US DOT, 2012)
— 5.1 million crashes (US DOT, 2012)
— Leading cause of death for people of age 11-27

=  Mobility & Productivity
— 5.5 billion hours of traffic delay (per year)
— 121 billion USD cost of urban congestion (per year)

= Environment
— 2.9 billion gallons of waste in fossil fuel (per year)
— 56 hillion Ibs. of additional emitted CO2
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Vehicular Communications

Vehicle-to-Vehicle (V2V)
Vehicle-to-Infrastructure (V2I)
Vehicle-to-Pedestrian (V2P)
Vehicle-to-Network (V2N)

» Continuous, high-speed, and authenticable safety data exchange among
moving vehicles (V2V) and between vehicles and roadway infrastructure
(V2I), pedestrians (V2P) and cellular network (V2N)
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V2X Standards & MathWorks Solutions

L@ wi G)))) )

- DSRC - IEEE 802.11p
= WLAN Toolbox™

@aﬁ;’
l.teM 9) (T

= C-V2X — Release 14 LTE
= LTE Toolbox™




|
G COFBRRE WLAN Toolbox — IEEE 802.11p (DSRC)

= 802.11p and 802.11a Packet Error Rate Simulations

Transmitter Channel Receiver
Packet
PSDU —> Waveform HIPERLANZ _5,  awen —=> Receiver
- Channel Model
Generation
Parameters 802.11a 802.11p

Channel Bandwidth [MHz) 20 10

Bit Rates (Mbps) 6,9, 12, 18, 24, 36, 48, 54 3,4.5.6,9 12,18, 24, 27 ﬁ

OFDM symbol duration (us) 4 8

Guard duration us) 0.8 1.6

Preamble duration [us) 20 40

Subcarrier Spacing (KHz) 312.5 156.25

https://www.mathworks.com/help/wlan/examples/802-11p-and-802-11a-packet-error-rate-simulations.html

10

102

MCS 4, HIPERLAN/2 Model E, Doppler 50 Hz

—&—802.11a 20 MHz
—*—802.11p 10 MHz

5

10 15 20 25 30
SNR (dB)

4\ MathWorks
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https://www.mathworks.com/help/wlan/examples/802-11p-and-802-11a-packet-error-rate-simulations.html
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LTE Acceleration into V2V/V2X

In Release 12, 3GPP defined D2D interface known
as sidelink within LTE

In Release 13, study work began on V2V/V2X
In Release 14, LTE V2X sidelink standard specified

) — —

x@ Release 12 Release 13 Release 14
T\ sidelink V2VIV2X V2X sidelink

(03/2015) Study Items (06/2017)

2016 (03/2016) 201/



4\ MathWorks

What does LTE Sidelink address?

= Ability for UEs to communicate directly with or without network assistance

/ %)
~ - =
g—b ) g8
In coverage Partial coverage Out of coverage

Main application for Direct Communication mode: public safety (firefighters,...)
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Sidelink Direct Communications PHY Procedures

= Uplink transmission resources are used for the sidelink

= The specific sidelink resources in a cell are defined by Tx and Rx pools sent on SIB18
(or pre-configured in the out-of-coverage case)

= The pools occur within recurring time frames known a PSCCH periods

PSCCH period #0 (FDD)

25
CCCCCC

= Transmission resources are selected from a pool using
dynamic L1 DCI format 5 signaling in transmission mode 1 (TM1), ,
or at random by the UE in transmission mode 2 (TM2) :

Hopping Bits Value: 3
20 Rk

blo

TM1: Network directed :
TM2: Autonomously scheduled

15 20 25 30 35 40
Subframes

10
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)
lfe LTE System Toolbox Support for Sidelink & V2X

SCCH period #0 (FDD)

LTE System Toolbox supports both:
— Sidelink Direct Communications ata only resources
—_ V2X (S|nce R2017b) i m Control and Data resources

cks

urce blos

20 25
Subframes

« PSCCH period modeling and waveform generation (PSCCH and PSSCH
resource pOOIS, and SCthUIlng aSSIgnment perlod) V2XSidelinklSL-SCHTIhrnughputI(%]inEWILSDEI'fadinlgandAWGN

- PSCCH and PSSCH link-level throughput in AWGN ; ;
- PSCCH BLER for V2X over fading channel /



4\ MathWorks

ProSe Sidelink Direct Communications in LTE System Toolbox

ProSe sidelink direct communications, transmission modes 1 and 2

= Includes PHY layer transmit/receive functions for FDD/TDD

= Synchronization and broadcast (PSSS/SSSS and MIB-SL, SL-BCH and

PS BC H) D2D/Sidelink and V2X in 3GPP
- Control (SCI, SCI coding and PSCCH) °
» > >
£F? Rel(ejalse :2 Release 13 szt)e(leaZeIMk
. sidelin V2VIV2X sidelin
- Shared data (SL-SCH and PSSCH) o cv0ts)  Studyltems  (oszor)

(03/2016)

https://www.mathworks.com/videos/sidelink-and-v2x-modeling-and-simulation-with-lte-toolbox-1534502753891.html 12


https://www.mathworks.com/videos/sidelink-and-v2x-modeling-and-simulation-with-lte-toolbox-1534502753891.html

Release 15: Enhanced safety

- Evolution to 5G
= Better Link budget
= Longer range

= More reliability

“ MathWorks

13



Release 16: Advanced safety

Higher throughput
Higher reliability
- Wide ranging and positioning

Low latency

4\ MathWorks

14



Wireless Communications Development
with MATLAB and Simulink

Related Products @

5G Toolbox

LTE Toolbox

WLAN Toolbox

Bluetooth Add-on

(add Communications Toolbox?)

Related Products ®

Instrument Control Toolbox

Software-Defined Radio Add-ons

MATLAB Coder
MATLAB Compiler
HDL Coder

LTE HDL Toolbox

MOBILE AND
CONNECTIVITY
STANDARDS

Waveform generation and analysis,

end-to-end simulation, golden reference.

Bluetooth
(BLE)

UNIFIED

DESIGN AND
SIMULATION

Model, analyze, and optimize
component and system behavior.

Baseband || RF MIMO
PHY Front || Antenna
Arrays

End

———
Channels & Propagation

PROTOTYPING AND TESTING

Connect to hardware and automate workflows.

OTA
Waveform
Tx/Rx

Related Products

Communications Toolbox

RF Toolbox

RF Blockset

Antenna Toolbox

Phased Array System Toolbox

Learn more: mathworks.com/wireless

4\ MathWorks'
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https://www.mathworks.com/solutions/wireless-communications.html

.‘ MathWorks'

Model, simulate, design and test 5G systems
with MATLAB & 5G Toolbox




We are investing in 5G and LTE

* LTE-M

* NB-loT

4pvancen * Public safety

* C-V2X
 Spectrum sharing

Lte

- eMBB
« URLCC

~
* NR C-V2X

eMBB

Enhanced Mobile
Broadband

D

4\ MathWorks

URLLC

Ultrareliable and
Low Latency

X

mMTC

Massive Machine
Type Comms

17
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What's LTE System Toolbox?

= >200 functions for physical layer (PHY) modeling I.te I.

« LTE, LTE-Advanced, LTE-Advanced Pro (Rel-8 through Rel-14)
= Scope '

— FDD/TDD ) New in R2017b:
— Uplink/Downlink/Sidelink . N « V2X

. . 4 Ui,  NB-loT
— Transmitter/Receiver L/)

DEHS | MKRKAODLRA- (S|

rrrrrrrrrrrr

18
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WLAN Toolbox

a| b| g| n |'p|acJaxJadJahJ
: S_tanda_rd-compliant functions_for the design, “

simulation, and analysis of Wi-Fi systems

= Support engineers working across 802.11 layers ;
...from baseband IQ at the physical layer, '”,‘WM
to bits and frames at the MAC layer... I f

;um“ " h’“ i

' I‘HIH\W» ;

i il |||||lHl|"| i i|||U'H f

Station A ’W

Station B

Station C

Station D
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5G Use Cases and Requirements

- eMBB (enhanced Mobile Broadband)
— High data rates
— Increased bandwidth efficiency

b2
. . . . Y
« mMMTC (massive Machine Type Communications) & 4 a
— Large number of connections - % %,
- . . ,_5 - 7
— Energy efficiency and low-power operation NI O B

- URLLC (Ultra-Reliable and Low Latency = 9%
Communications) J\’ /\\#

— Low latency

20



5G vs LTE: Main Physical Layer Differences

LTE 5G
Use cases Mobile broadband access (MTC later) More use cases: eMBB, mMTC, URLLC
Latency ~10 ms <l ms
Band Below 6 GHz Up to 60 GHz
Uplo 100Nz beow i
Subcarrier spacing Fixed Variable

Freq allocation

UEs need to decode the whole BW

Use of bandwidth parts

“‘Always on” signals

Used: Cell specific RS, PSS,SSS, PBCH

Avoid always on signals, the only one is
the SS block

4\ MathWorks'

21



5G Toolbox applications & customer use-cases

Waveform generation and analysis

« New Radio (NR) subcarrier spacings and frame
numerologies

End-to-end link-level simulation
=  Transmitter, channel model, and receiver
= Analyze bit error rate (BER), and throughput

f Golden reference design verification

= Customizable and editable algorithms as golden
reference for implementation

4\ MathWorks

22
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5G Toolbox

= NR 5G PHY behavioral models in MATLAB
= Transmit and receive for Downlink & Uplink
= TDL and CDL channel models

- Waveform generation
— Transport channels, physical channels and signals
— Synchronization bursts

- Reference designs as detailed examples
— Link-level simulation & throughput measurements
— Cell search procedures

2 v
Perfect
Channel model: CP-OFDM PDSCH DL-SCH
ocsor B oo B recans IR crorou il s B - orou B o R o R st
A estimation _

23



5G Toolbox has open customizable algorithms

= All functions are = C/C++ code generation:

Open, editable, customizable Supported with MATLAB Coder
MATLAB code

4\ MathWorks'

24
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Numerology and Subcarrier Spacing

= Subcarrier spacing can be a power-of-two multiple of 15kHz
= Toolbox supports variable subcarrier spacings
« Waveforms generated by Toolbox can contain a mix of subcarrier spacings

Df =20 * 15kHz Slots / ms ams

0 15 1 15z [I——
1 30 2 30 kHz I

2 60 4 60 kHz [

3 120 : —

4 240 16

25
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Maximum Supported Bandwidth

u Af = 2v* Max NrREs NrREs * Af
15kHz NDLRB (MH2z)

0 15 275 3300 49.50

1 30 275 3300 99

2 60 275 3300 198

3 120 275 3300 396

4 240 138 1656 397.44

26



Physical layer channels and signals

= Shared, control and broadcast channels
— PDSCH, PUSCH, PDCCH, PUCCH, PBCH

= Synchronisation and reference signals
— PSS, SSS, DM-RS

58 burst, SCS=30kHz, NDLRB=50
600

N Fss
500 [ sss
[C__1rBCH

[ 1PBCH DM-RS

400

300

Subcarriers

200

100

5 10 15 20 25 30 35 40 45 50 55
OFDM symbols

4\ MathWorks

CORESETs
PDCCH

5 10 15 20 25
Symbols

BWP 1 in Carrier {(SCS=15kHz). PUCCH and PUSCH location

250

o 200
o

5 180
w

3 100

50

20 40 &0 &0 100 120 140
Symbols

BWP 2 in Carrier {(SCS=30kHz). PUCCH and PUSCH location
120
100
80
&0
40
20

Carrier RB

50 100 150 200 250
Symbols 27
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Bandwidth Parts (BWP)

Carrier bandwidth divided into BWPs

A BWP is characterised by
— Subcarrier spacing
— Cyclic prefix

BWP 2 NRB 2
SCS2,CP2

Addresses the following issues:
— Some devices may not be able to receive the full BW NRB 1

— Bandwidth adaptation: reduce energy consumption
when only narrow bandwidth is required

Carrier bandwidth (NDLRB)

RBOffset 2

RBOffset 1

5G Toolbox supports different BWPs

28



Downlink Waveform Generation -
PDSCH1

PDSCH2
PDSCH...

CORESET1

CORESET2
CORESET...

4 MathWorks

29
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5G waveform generation

* 5G Toolbox supports downlink & uplink waveform generation

« Generated waveforms feature:
* mixed numerology
« multiple bandwidth parts
« multiple PDSCHs / PUSCHSs
« multiple PDCCHs / PUCCHSs
 fully parameterizable SS bursts
« multiple CORESETS and

search Spaces Power levels have been modified to improve visualization

30



WP U i Cprrage (BCEe VR HED POELH, FOGES ered DOMEMET bpcafon

'
B D b Caireid (04 k). POAEH, FOOES vl OO Rl 30T iecitas

5G NR Downlink Carrier
Waveform Generation

Create DL waveforms containing
S5 burst, PDSCH, PDCCH and DM-
RS, with mixed SCS and multiple
WPs.
Open Script

MATLAB Example

5G waveform generation in action

ST U b i |BG B SH PUGTS prd PRIRC g ne

Syl
e s Sk |80 sSdioiin. FUCE e Pl = s mas

) # - s
5G NR Uplink Carrier
Waveform Generation

Create UL waveforms containing
PUSCH, PUCCH and DM-R.S, with
mixed SCS and multiple BWPs.

Open Script

MATLAB Example

4\ MathWorks

()

)

Demo

31
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Transport Channels

« Offer information transport services to MAC layer
= Carry control/signalling and data

= Define the scrambling, channel coding, interleaving and rate matching to
apply to the information

DL Transport Channels UL Transport Channels

DL-SCH UL-SCH

DL shared channel UL shared channel

DCI UCI

Downlink control information Uplink control information
BCH RACH

Broadcast channel Random access channel
PCH

Paging channel

32
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Transport Channel Processing: Encoding & Decoding

- BCH

Interleaving +
polar encoding

Rate matching Codeword

MIB
bits

Scrambling

- DL-SCH

CB
concatenation

—

Codeword (cw)

Code block (CB)
segmentation &
Tr block GEHdie Code Code Code

blocks blocks blocks

Rate matching

- DCI

Il:))s[:sl CRC Polar encoding Rate matching Codeword
|
33



5G coding for user channels & control channels

DL-SCH/UL-SCH
o —
: T '.
4

LDPC Processing for DL-
SCH and UL-SCH

Process 5G NR. DL-SCH and UL-
SCH transport blocks using LDPC
coding.

Open Script

MATLAB Example

DCI/UCI/BCH

i DRC-Th Lol
R —-

w0 ___._\.:l.a.'..‘.

L'
-]

Biocik Ernr Fate

5G New Radio Polar
Coding

Maodel the new CA-Polar coding
technigue in 5G NR
communications system.

Open Script

MATLAB Example

4\ MathWorks

@

)

Demo

34



5G Toolbox — PHY Layer Functions

NR Processing Subsystems
LPDC & polar coding
CRC, segmentation, rate matching
Scrambling, modulation, precoding

NR Downlink and Uplink
Channels and Physical Signals
Synch & broadcast signals
DL-SCH & PDSCH channels
DCI & PDCCH channels
UCI, PUSCH, and PUCCH channels

MIMO Prop channels
TDL & CDL channel models

I:A

4\ MathWorks

Il functions are provided as open:l

MATLAB code

Logical Channels

| PCCH |

| BCCH | | CCCH | | DTCH | | DCCH |

N\

Downlink

Transport Channels | PCH ‘

Physical Channels

N

N

DCI

DCCH |

\_

/

/

UL-SCH

PUSCH

Transport Channels

UCl

PUCCH
Physical,(z’hannels

Uplink

35



Fully Configurable PDSCH

« Allocated symbols in the slot

- Slots used for PDSCH

= Period of the allocation (in slots)
= Allocation (PRBs) in the BWP

= Support for multiple PDSCHs

pdsch = [];
pdsch(l).Enable = 1;
pdsch(1).BWP = 1;
pdsch(1).Power = @;
pdsch(1) .Datasource = 'PN9"; -RS configuration (TS5 38.211 section
pdsch(l).TargetCodeRate = @.4785; B P = B e
pdsch(1).Xoh_PDSCH = @ D LSRR =
pdsch(1).Modulation = "QPSK'; Bl e R R =
pdsch(1) .NLayers = 2; h(1).DL DMRS max_len = 1;
pdsch(l).RVSequence = [@,1,2,3]; R e B EE
h(1).DL_DMRS_config_type = 2;
pdsch(1) .NIDNSCID = 1;
pdsch(l1).NSCID = @;
pdsch(l).PowerDMRS = B;

wE AR 3R R € R AR MR

Bandwidth part (BWP)

Slot #

PRBs

Allocated
symbols

T
Slot #1

A
«
Allocated .~ v

Allocated

slots
\\4 Tl

Slot #2 s slot #9

pdsch(l
pdsch(1
pdsch(1
pdsch(l
pdsch(l
pdsch(1

L L A

.AllocatedSymbeols = [2:1@];
.AllocatedSlots = [@:9];
AllocatedPeriod = 15;
.AllocatedPRB = [@:5, 18:28];
.BNTI = @;

.NID = 1;

Range of symbols in a slot
Allocated slots indices
Allocation pericd in slots
PRE alleocation

RNTI

Scrambling for data part

4\ MathWorks'

36
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CORESET(Control Resource Sets) and Search Space Configuration

= 5G Toolbox allows you to specify
— Possible locations (in time and frequency) of the control channel for a given numerology
— Allocated OFDM symbols in a slot
— CORESET duration in symbols, either 1, 2 or 3.
— The allocated slots
— Periodicity of the allocation

Allocated
slots: 0 &1

Slot #0 Slot #1 Slot #2 Slot #3 Slot #4 Slot #5 Slot #6 Slot #7 Slot #8 Slot #9
i - - e B e [ ] ] w4 b -

Period: 5 slots Period: 5 slots
coreset(l) .AllocatedSymbols = [0,7]:

-+ -
&
Allocated
= 111 1111
¥
coreset(l) .AllocatedSlots = [0,1]:

coreset(l) .AllocatedPeriod = 5; "
coreget(l) .Duration = 3;
coredet (1) .AllocatedFRB = 6*[0,1,3]: Allocated
PRBs 2
PRBindices:
0,6818
¥ T . ' -
L -

% COBESET/aearch configuraticns

coreaet = []r

Bandwidth part (BWP)

38
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PDCCH Mapping to CORESET. CORESET specification

BWP 1 in Carrier (SCS=15kHz). PDSCH, PDCCH and CORESET location

Allocated symbols: 0, 7

% CORESET/search configurations
coreset = [];
coreset(l).AllocatedSymbols = [@,7];
coreset(1l).AllocatedSlots = [8,1];
coreset(l).AllocatedPeriod = 5;
coreset(l).Duration = 3;
coreset(1l).AllocatedPRB = 6%[0,1,3];

PDCCH
BN PDSCH
W CORESET

Carrier RB

Allocated PRB: 18
6

0

Duration: 3 symbols

Allocated slots: 0, 1

39



PDCCH Mapping to CORESET: Example

pdcch(1).CORESET = 1;
pdcch(1).AllocatedPeriod = [3]; BWP 1 in Carrier (SCS=15kHz). PDSCH, PDCCH and CORESET location

pdcch(1).NumCCE = 4;
pdcch(1).StartCCE = 1,

PDCCH
35 - - B PO SCH
S CORESET

pdcch(1).AllocatedSearchSpaces = [0];

Carrier RB

4 CCEs

v

1 REG =1 RB x 1 symbol

30 F

81

’
/
Z

=

15F

Symbols

4\ MathWorks'
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Uplink: Fully Configurable PUSCH

BWP 1 in Carrier {SC5=15kHz). PUCCH and PUSCH location
« Allocated symbols in the slot y
o
= Slots used for PUSCH 5
: : : 3
- Period of the allocation (in slots) | 52
= Allocation (PRBs) in the BWP 10
40 50 60 70 80 a0 100
pusch = []; S}I'mbﬂ'lﬁ
pusch(l).Enable = 1;
pusch(1).BWP = 1;
pusch(l).Power = @;
pusch(1).EnableCoding = 1; |
pusch({1).NID = 1; % Transmission settings
pusch(1) .RNTI = ©; pusch(1).TxScheme = 'codebook’; pusch(1) .PUSCHMappingType = 'A'; % PUSCH mapping type ('A'(slot-wise),'B'(non slot-wise))
pusch(1).TransformPrecoding = @; | pusch(1).Modulation = "QPSK'; pusch(l).AllocatedSymbols = 8:13; % Range of symbols in a slot
pusch(1).TargetCodeRate = 8.47; pusch(1).NLayers = 2; pusch(l).AllocatedSlots = [@ 1]; % Allocated slots indices
pusch(1).Xoh_PUSCH = 8; pusch(1).NAntennaPorts = 4; pusch(1).AllocatedPericd = 5; % Allocation pericd in slots (empty implies no repetition)
- ’ pusch(1).TPHI = @; ' pusch(l).AllocatedPRE = ©:18; % PRE alloccation

pusch(1).RVSequence = [@ 2 3 1];
pusch(1).IntraslotFreqHopping = "disabled’;
pusch(1).RBOffset = 18;

% Multi-slot transmission
pusch(1).Inter5lotFreqHopping = "enabled’;

42



Uplink: PUCCH Configuration

= Fully configurable set of parameters
= Support for multiple PUCCH instances

% Format specific parameters
pucch(1).PUCCHFormat = 3;
pucch(1).StartSymbol = 3;
pucch(1).NrOfSymbols = 11,
pucch(1).InitialCS = 3;
pucch(1).0CCI = 0;
pucch(1).Modulation = 'QPSK’;
pucch(1).NrOfRB = 9;
pucch(1).SpreadingFactor = 4;
pucch(l).AdditionaDMRS = 1;

pucch(1).RNTI = 0;
pucch(1).NID = 1;
pucch(1).Hoppingld = 1,
pucch(1).NIDDMRS = 1;

% PUCCH format 0/1/2/3/4

% Starting symbol index

% Number of OFDM symbols allocated for PUCCH
% Initial cyclic shift for format O and 1

% Orthogonal cover code index for format 1 and 4

% Modulation for format 3/4 ('pi/2-BPSK','QPSK")

% Number of resource blocks for format 2/3

% Spreading factor for format 4, value is either 2 or 4
% Additional DM-RS (0/1) for format 3/4

% RNTI (0...65535) for formats 2/3/4

% PUCCH scrambling identity (0...1023) for formats 2/3/4

% PUCCH hopping identity (0...1023) for formats 0/1/3/4

% DM-RS scrambling identity (0...65535) for PUCCH format 2

4\ MathWorks
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5G Channel Models

« Implementation of 5G channel models TR 38.901

= These include control of:
— Delay profile: TDL and CDL profiles: A, B, C, D, E or custom
— Channel delay spread
— Doppler shift Ng

A

v

— MIMO correlation 4
— CDL.: spatial channel model, includes also:

= Antenna array geometry [M, N, P, Mg, NQ]
Mg

% o & UUL
g UG
418 ik

panel

4\ MathWorks

A

v
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)

5G downlink end-to-end link-level 3
throughput measurements s
CDL or TDL -

Demo

NR PDSCH Throughput

Measure PDSCH throughput of the
5G NR downlink.

Open Script

MATLAB Example

oL scr — e Channel model: m cp-oroM M Perfect ch.
CDL or TDL demod i i

estimation

__________________________________________________________________________________________________________

45
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CP.OPDM N2 SCOm a1 QPR WIOM 1T Q )

5G uplink end-to-end link-level . _. |
throughput measurements : / | Demo

5 B

Thrcasghpad (%]
i ¥ E &
N

'_#.: - v Eil-l.-h:-dlh
NR PUSCH Throughput

Measure PUSCH throughput of the
AG NR uplink.

Open Script

MATLAB Example

..............................

PUSCH Impl.-specific m Channel model: CP-OFDM ::a'::“:l PUSCH UL-SCH
modulation precoding CDL or TDL demod AR decoding decoding




Synchronization

= Construct synchronization signal (SS) bursts
« Pass waveform through fading channel

= Synchronize to receive waveform using
— Primary synchronization signal (PSS)
— Secondary synchronization signal (SSS)
— PBCH demodulation reference signal
(PBCH DM-RS)

« Perform PBCH decoding and parsing

Frequency (MHz)

4\ MathWorks

(@ )

Demo

SS burst, block pattern = Case B, SCS =30 kHz

E=rss

) sss
[CrechH
[_—__JPBCH DM-RS

20 40 60 80 100 120 140
OFDM symbols

a7



4\ MathWorks'

Cell search and selection procedures

PSS Correlations (time domain)

- Obtain cell ID and initial system information | ,
Including Master Information Block (MIB) =

« Perform the following steps:
— Burst generation ] ww}&

— Beam sweep
— TDL propagation channel model and AWGN
— Receiver synchronization and demodulation

cell
NlD

Propagation Receiver

AWGN

Beam sweep ehanaas

Burst
generation

MIB

48
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SS Block Decoding (Detailed Diagram) @ >

Demo

SSB index

cell
NID

PBCH
bits

PBCH DM-RS
PSS search ch. est.

> o
search channel estimation PBCH PBCH REs

noise estimation .
extraction

equalization

BCH
PBCH CSI decode MIB

demodulation = Rt

49
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5G mmWave beam search

1200

1000

24 GHz link

800

120 kHz spacing
8 antennas

- |I ‘I 1I|I ‘Ill |I|I

200

sialIeoqng

40 60 80 100 120 140
QFDM symbols

20

5
s
W
2

Azimuth Cut (elevation angle = 0.0°)
%0

ut (elevation angle = 0.0°)
0

Azimuth Cut (elevation angl
20

LN

Azimuth Cut (elevation angle = 0.0")
0

Azimuth Cut (elevation angle = 0.0°)
%

AW
e, ot

7

L
i

%
b

g 4 ‘ .
‘%@44_ \Vu

(A

Wiy

Directivity (dBi), Broadside at 0.00 deg:

90
irectivity (dBi), Broadside at 0.00 degrees

(dBi), Broadside at 0.00 degrees

Directivity (¢
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5G mmWave beam search video

4 Figure

File Edit View Inset Tools Desktop Window Help

Ocde|# 3/0&

Beam search at fc = 24 GHz. Subcarrier spacing: 120 kHz Resource grid
e
08
v :RX -;‘;’ 06
v 8
v % 04
k!
v 0 1 L 1 1 L L I 1 Il
v 5 10 15 20 25 30 35 40 45
v OFDM symbol

PSS correlation

08
06
04r

02r

4\ MathWorks
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NR 5G Link GUI Demo

4 MR PDSCH Link

NR 5G PDSCH Link

- BW: 51 RBs
6 9 B - 30 kHz subcarrier spacing

12 % ‘. 12 - No HARQ
W
18 _'"\U -18

24N 24
-30 30

-

Perfect Channel Estimate
(Tx1-Rx 1)

Equalised Constellation

SNR

-
iy
o’
&
-
.
S e
k
e
5
L
!E‘
e
!‘

% T P ol B 1A
. s Gh.
— E A’ ) ‘. - * ";..a
No Layers |1 v | = ‘m.. .&‘ﬁ?{ .
% DY O
NoTxAnts |8 v | ! Rt .

Mag (dB)

( -2
No Rx Ants |\2 v | ) ) 0 1 2
Real subcarrier (0 symbol
PDSCH
Azimuth Tx Pattern
) {multiple plots for multiple layers)
PDSCH allocation (RBs) 80 Performance
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Modulation | 16QAM v | A0 -
. T,
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Target Code Rate | 490/1024 S ] 1[)0_'!
180 19 0 ELER
Channel
PR Black Error O
Delay Profile | CDL-C ¥ | 210 330
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How to learn more

= Go to 5G Toolbox product page
www.mathworks.com/products/5g

Al Examples Functions

- Watch the 5G Toolbox video e 56 Toolox

Simulate, analyze, and test the physical layer of 5G communications systems

MATLAB
O n YO u Tu b e Simulink 5G Toolbox™ provides standard-compliant functions and reference examples for the modeling, simulation

and verification of 5G communications systems. The toolbox supports link-level simulation, golden reference
56 Toolbox verification and conformance testing, and test waveform generation.

3efing Started with 5G Toolbox With the toolbox you can configure, simulate, measure, and analyze end-to-end communications links. You
Downlink Channels can modify or customize the toolbox functions and use them as reference models for implementing 5G
— 0On OO0IDOX proauct page . Systems and devices.
Physical Layer Subcomponents
Signal Reception The toolbox provides reference examples to help you explore baseband specifications and simulate the

effects of RF designs and interference sources on system performance. You can generate waveforms and
End-to-End Simulation

customize test benches to verify that your designs, prototypes, and implementations comply with the 3GPP
Test and Measurement 5G New Radio (NR) standard.

Code Generation and Deployment

Go to 5G Toolbox documentation page = -«

Downlink Channels
Audio System Toolbox

5G NR downlink channel processing for physical signals and channels, transport channels, and control informa
Automated Driving System Toolbox

Bioinformatics Toolbox Physical Layer Subcomponents
Communications Toolbox Low-level subcomponents for 5G NR channel processing

Consult ‘MATLAB for 5G’ page
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Summary

= 5G Toolbox enables you to simulate, analyse, test 5G
wireless communications systems

= Standard-compliant MATLAB functions based on Rel. 15 of
3GPP 5G NR standard

Waveform generation

Downlink & Uplink Physical Channels and Signals
iIncluding

Link-level simulation including PDSCH and PUSCH
Throughput Simulation

Cell search procedure with MIB decoding
LDPC and Polar Coding algorithms
TR 38.901 CDL and TDL Propagation Channels

=

5G

&\ MathWorks

54



.‘ MathWorks'

Model Based Design for
Implementing 5G NR




4\ MathWorks

5G Prototyping at Huawel

- Leverage existing mature solutions to build the system
= Develop the specific innovation such as new waveforms

Algornthm

— CFR | oPD NM
BB

PHY — -1

MATLAB win simuiion . Simulink wmmarias

it

R

i inar Block Nen Othogonaley {.OFDM

Next generation wireless technology design, verification, and field testing.
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V2 Modem: Design and Simulation ﬁ{

HUAWEI

QaDesign, execute and verify modem in I\ Algor:\t"hAr:t‘zBﬁ:;‘:r'l"gesign vaJ
MATLAB/Simulink ~

2 Automatically generation of VHDL code "% HDL CODER >\ J

a Deploy generated code on HW/FPGA L




’— ‘\Math\/\forks
Model Based Design in Nokia 5G

ReefShark - Concentrated power for RF.and baseband processmg

,——/
e

g

Pushing the Compute optimized for
limits with in- all layers of the
house silicon network edge

Innovation. - RFIC and transceiver:

massive MIMO Adaptive
Antenna solution

Al capabilities - Digital Front End for LTE
embedded and 5G radio systems

within radio and supporting massive MIMO
baseband - Baseband Processor

processing supporting 5G
numerologies and

processing needs wr

\ ™ Nokia Reefshark -video

11 © 2018 Nokia ' - e s Q‘lDKIA




Model Based Design in Nokia 5G

PP o/ chalenge / MeD/ Bample /USRS iR Sa R

Modeling Phases

g_:’ User training + Communi
Documentation

-

Use cases /
Scenarios

-> Collection
-> Creation
e

—

g e S S
=
<

Sof implementation
(ASIC / FPGA [ etc)

Medium Abstraction

High Abstraction

v

Time

Productization

Take away: Flexibility, Visibility and Capability to react through entire Design Flow

— L
-Version control + Releasing / Proj

4\ MathWorks'
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Model-Based Design

From Concept to Production

F& ™ . .
RESEARCH ’ ‘ REQUIREMENTS ‘ ("« Model multi-domain systems R
v v » Explore and optimize system
f DESIGN behavior in floating point and fixed
point
ST » Collaborate across teams and
_| .
Physical Components ‘ E \ continents
: Ro e ~N
Algorithms |_<|_I
) = » Generate efficient code
< 0 .
> » Explore and optimize
P Vs N o : :
IMPLEMENTATION > implementation tradeoffs
- J
CC VHDL, Veril
++ erilog ‘ p ~
ARM FPGA « Automate regression testing
h g * Detect design errors
p V- . ‘g .
NFTREETEH < Support certification and standards

- J
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Test and 0
Verification

Baseband
Processing

PN

RF
Transceiver

1

MATLAB and Simulink

System Modeling

ZYNG:

.“.

ANALOG
DEVICES

AD9361

Standalone

Workflow for 5G NR Design and Prototyping

Test and
Verification

|

Baseband
Processing

MATLAB and Simulink

Radio I/O

Test and
Verification

MATLAB and Simulink

Prototyping

u ANALOG
DEVICES
AD9361

&\ MathWorks:

Implementation ready

model

& o

n

ZC7035
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Test with Hardware and Over-the-Air Signals

&

Baseband Waveform
Generation

4\ MATLAB

&
LTE System Toolbox™

J

= Test your algorithms with real signals and scenarios
= Deployment to SDR platforms or your own hardware

(

\.

RF Signal Generation

Instruments

(I

N

J

[

Supported SDR
Transmitters

- “
-~

-

f

RF Signal Capture
Instruments

=,

(T

\

J

p

Supported SDR
Receivers

bl

L

J

y

.

Baseband Waveform
Analysis

4\ MATLAB

&
LTE System Toolbox™

>

P

e

Spectrum Analyzer

N

Zynq Radio SDR

USRP SDR

...Or Your Own Hardware

HDL Coder and Embedded
Coder to implement your design
on FPGA and DSP platforms
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Targetable Receiver/Transmitter Model

Run on Programmable Logic

TxandRx mmﬂgu-/

Goo
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Key Features in HDL Coder

4\ MathWorks
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Workflow Advisor Speeds Adoption

) HDL Workflow Advisor - LaneDetectionHDLExample/HDLLaneDetector

» Generic ASIC/FPGA

* IP core generation (AXI)
* FPGA-in-the-loop

« Simulink RealTime 1/O

File Edit Run Help

Find: v 4a 5

* Check for HDL readiness
» Automatic fixes available

N——
I8 HDL Workflow Advisor
7 1. Set Target

| ~1.1. Set Target Device and Synthesis Tool
| 1.2. Set Target Frequency

- I_j 2. Prepare Model For HDL Code Generation

| 2.1. Check Global Settings

| ~2.2. Check Algebraic Loops

—

» Optimization settings

* Floating point operations
 Coding style/standards

» Generate testbench

* Run Vivado/Quartus
» Backannotate results

| ~2.3. Check Block Compatibility
| ~2.4. Check Sample Times
4 [ 3. HDL Code Generation
4 l_j 3.1. Set Code Generation Options
| 3.1.1. Set Basic Options
| 3.1.2. Set Advanced Options
| 3.1.3. Set Optimization Options
| 3.1.4. Set Testbench Options
-~ | ~3.2. Generate RTL Code and Testbench
4 I_ﬁ 4. FPGA Synthesis and Analysis
| 4.1. Create Project
4 [[§ 4.2. Perform Synthesis and P/R
B | 4.2.1. Run Synthesis

| 4.2.2. Run Implementation
| 4.3. Annotate Model with Synthesis Result

HDL Workflow Advisor

HDL Workflow Advisor facilitates RTL code (VHDL/Verilog) and testbench generation from a subsystem, performs

synthesis tasks by invoking a supported third party synthesis tool, and annotates critical path information back to the

system. It also allows you to set a particular workflow and guides you through the tasks necessary for full

deployment. Each task performs one distinct step of the workflow. The HDL Workflow Advisor provides you with a
feedback on the results of each task. If the task fails, it provides you with information on how to modify the model to | =

complete the task.

When you complete the tasks, you have a synthesis result report from one of the supported synthesis tools. If the
result does not meet your requirement, you may choose to modify the original model, use different implementations,
or use different code generation options to refine and explore the result.

Legend

E= Mot Run

o Passed

Q) railed

fj}, Warning

= Group Folder - run in any order
I_j Procedure Folder - run sequentially
~

=>>> "Run All" in progress.

Report

Report: ...\report_875.html

Date/Time: Not Applicable

Summary: o Pass: 0 0 Fail: 0

Running this check triggers an Update Diagram.

f_ﬁ Waring: 0

| Mot Run: 15

4\ MathWorks
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Generate Readable, Traceable Code

ﬁ hdlcodervectorims/Ims *

File Edit View Simulation Format Tools Help

=10lx|

DSHS| =@ e doe b ol o TEsRe s REE®

Resel_Weights

Ready

oy oy O Oy On 0
Ba By By By b B
1 oy s fy By B

&
[ 5]

&2

g h

w Ly By

SSi1gn Constant outl|3d)
adgign Constant outl[33] = 07

/¢ i511>/Desired reg
alwavs E(posedge clk or posedge reset)
begin : Desired reg process

if [(reset)
Desired reg outl <= O;
else
if (enk)
Desired reg outl <= Desired;

end

L=
Contents HH I
Sommars Traceability Report for
Traceability Report
F— hdlcodervectorims
Source Files

Table of Contents
Ims.v
1. Eliminated / Virtual Blocks
2. Traceable Simulink Blocks /[ Stateflow Objects / Embedded
MATLAB Scripts
o hdlcodervectorlms/Ims
Eliminated / Virtual Blocks
Block Name Comment
<S11=/Input Inport
<S511>/Desired Inport
<511=/Step Size Inport
<S11>/Reset Weights Inport
<511 =/Frror Out Outport
Traceable Simulink Blocks / Stateflow Objects /
Embedded MATLAB Scripts
Subsystem: hdlcodervectorims /Ims
Object Name Code Location b
<§11>/Coefl Ims.v:1137
Ims.v:582
< <S511>/Desired reg Ims.v:626
Ims.v:1608
<§11>/Input reg Ims.v:438
<S11>/Product Ims.v:645 =

4\ MathWorks
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Design Space Exploration

Speed (ns)

A

Area Constraint

How can you easily explore
different implementation solutions?

Speed Constraint

Area(# LUTs, RAMs, DSPs)

4\ MathWorks
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Easily ldentify Timing Bottlenecks

Critical Path Report for
my_equalizer_sim_optimization/EqualizerAlgorithm

Summary Section

Critical Path Delay : 24.784 ns

Critical Path Begin : Unit Delay

Critical Path End : Unit Delay

Highlight Critical Path: hdl_prj\hdlsrc\my_equalizer_sim_optimization\criticalPathEstimated.m
Highlight Uncharacterized blocks:
hdl_prj\hdlsrc\my_equalizer_sim_optimization\highlightCriticalPathEstimationOffendingBlocks.m

Critical Path Details

Id Propagation (ns) Delay (ns) Block Path

1 0.2980 0.2980 Unit Delay

2 6.5220 6.2240 af2)(1)

3 6.5220 0.0000 SumA21

4 6.5220 0.0000 SumA31

5 8.0380 1.5160 SumB31

6 14.2620 6.2240 gain

7 14.2620 0.0000 t

8 15.8840 1.6220 Sum_stagel suml
9 17.5060 1.6220 Sum_stage2 suml
10 19.1280 1.6220 Sum_stage3

Direct traceability

between critical path

and model

4\ MathWorks

1
data_out

24.754 ns|

15.884 ns|
input
Icp : 17.506 ns|
Spm_stage2_stim1
-C-
+
s(1) coeff
—# Input TP Jcp : 19.128 ng
Sum_stage
W 5(1) coeff _stage2_sum2
a(2)(1) coefDutput
g "~ Jop : 14.262 nsf_Sumd
-c- —{ a(3)(1) coeff * T
+ ep @ o ns
+ N - cp :“20+7
a(2)(1) coeff - . PPeme OO o claged  OI2
dtc dtel
Filter Sum_stage_sumb
x
cp :
gainii
-C- gain
a(3)(1) coeff
Co—
parameters
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4\ MathWorks

Automatic Pipeline Insertion
Timing Optimization

Device
Synthesis Tool: lXiIinx Vivado
Family: |Virtex7
ffig1761

Objectives Settings

Target Frequency (MHz) 100

Optimizations
General | Pipelining | Resource sharing

- g
Sum_stage:
i, + un_stage? sum2
+

+ —Lonve
. L I —+
Sy —ELm- Halyly=) i
ZnnvEF Sum_staged dc2  Hwhiodaregi * ,—b.—blnnvE]—b l—@
S— data_out
. dic ._»._> ‘_..J_bgainn PipelineRegistgsin11_out_dic _ou

oain
Sum_stagel_sum - delayMatch HwhodeRegister1

Hierarchical distributed pipelining

(=N
eﬁ
-

Clock-rate pipelining

Allow clock-rate pipelining of DUT output ports

Preserve design delays

[¥] Adaptive pipelinin . .. .
<: Pve PPEiing > Insert pipelining where it

makes sense
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s(1) coeff

[1x10]

Automatic Resource Sharing

ﬂ[mo] ﬂ[mo} ﬂmm]

N =

a(2)(1)

[1x10] |[1x10]
X [lle]
[1x10] T [1x10

()

a(2)(1) coeff

[1x10]

[1x10]

1 N =

[1x10]\x‘j PN _/ ]l [1x10]
[1x10]
1x10] 81x10]

a(3)1
[1x10]

X |[x10]

[1x10] 1

4
a(3)(1) coeff

gain

4\ MathWorks

D
globalSchedule

[1x10]
( : }——————»in0 I
[1x10] " X

xag| X
> [1x10]

@Wm]

gain coeff

10 parallel filterbanks implemented

Data-rate = 100kHz, clk = 100MHz
Multipliers are utilized at 100kHz

‘| ‘| StreamingFactor

General

Target Specification

Implementation

ind outd Lg
» in1 s(1)
Tir Serializer_Subnetwork3
| enb_counter_le_9
r
[1=10] [1x10] o I
in
[1x10 | [1x10]
»int [1x10] [1x10] =101 v
[1x10] 10 = a1
o [mo]. [x10] | j1x1-.'.|'\_D
[1=10] [1x10] . — Output
\ )—P in2 gain_outl
[1x10 | [1x10]
in3
[1x10] [1x10]
\-—-) [1x10 I [1x10] n
x X'
[1x10] [1x10] =101 [T1 oo 11210)
outl el >
plins [1x10] [1x10] | tixtol_Z | [1x10] |
[110] SumAd1_outl Unit Delay1
[1x10] [1x10] i
D [1x10 [1x10] | |i1x10]

/'J temp E|'L‘L.\ [1x10] I

Architecture IModuIe

Implementation Parameters

AdaptivePipelining [inherit

BalanceDelays [inherit

ClockRatePipelining [inherit

ConstrainedOutputPipeline 0

DistributedPipelining [off

DSPstyle [none

FlattenHierarchy [inherit

/ \

» 1 streaming filterbank implemented
» Data-rate = 100kHz, clk = 100MHz

Multipliers are utilized at 1MHz

InputPipeline 0
OutputPipeline 0
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1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0

Achieve results with less manual effort

Qualcomm India

Wide-band chain from front-end
receiver ASIC

Die Area

Effort (months)

Decimation FIR filter ASIC

Die Area

Effort (weeks)

1.2
1.0
0.8
0.6
0.4
0.2
0.0

Manual coding

B Simulink + HDL Coder

All numbers normalized to 1.0 for

“Manual coding”

Smaller numbers are better

Faraday

Flash NAND Controller ASIC

Gate count

Latency

1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0

4\ MathWorks

IFM Engineering

3D time-of-flight camera FPGA

Resources

Nokia

Effort (weeks)

FPGA prototype of an ASIC

Area

Clock period
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HDL Coder Floating Point Implementation Options

FOC Current Control

o single
nnnnnnnnnnnnnn 0.\ D single
a a
sssss
e a |singe Q single (3) single (3)
D D_Current ABC 1

in

single (2) aBC s S olEree .

&, 2
ppppp : Current single shok Cos
Inverse_Clarke_Transform Space_Vector_Modulation

B J Sin single Q_Voltage |
aQ Q_current
> Cos. Inverse_Park_Transform
Glarke_Transform
Park_Transform DQ_Current_Control
single
P single
c
Sine_Cosi

Native Floating Point

« |EEE-754 Single precision support

« Extensive math and trigonometric
operator support

« Highly optimal implementations
without sacrificing numerical accuracy

» Mix floating and fixed point operations

in the same design

award=2017

Floating-point

Algorithm

<

HDL Coder
Native Floating Target-Aware
Point Mapping
Vendor-
Independent Altera / Xilinx
ASIC/FPGA Soft IP
RTL

4\ MathWorks

Altera
Hard IP
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Using HDL Optimized IP Blocks

4\ MathWorks
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4\ MathWorks

Image Processing IPs
Design and prototype video image processing systems

= Modeling hardware behavior of the
algorithms
— Pixel-based functions and blocks
— Conversion between frames and pixels
— Standard and custom frame sizes

- Prototyping algorithms on hardware
— Efficient and readable HDL code
— FPGA-in-the-loop testing and acceleration
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Pixel Based Video Algorithm Library

= Analysis & Enhancement - Statistics
— Edge Detection, Median Filter — Histogram
=  Conversions — Image Statistics
— Chroma Resampling, Color-Space = |/O Interfaces
Converter — Frame to Pixels, Pixels to
— Demosaic Interpolator, Gamma Corrector, Frame, FIL versions
Look-up Table - Utilities
- Filters — Pixel Control Bus Creator
— Image Filter, Median Filter, Bilateral Filter — Pixel Control Bus Selector

= Morphological Operations
— Dilation, Erosion,
— Opening, Closing

\Edge Detection and Image Overlay

rhinos. awi X »lin Out o1 w11
- 2 _.Iél

\: 2405320, 0.0 fpd
fider Sou ce Full-Frame Behaviorsl Mode J—OIQ
Video Source ulk-Frame Behavioral Mode
pixel —p|pixelln pixelOut — pixel frame
frameFrame To Pixels i

Pixelz To Frame
it ctrl == ctrlin ctriut == et walid Ot —r

FieekStream HDL Model

Copyright 2014 The MathWorks, Inc.
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Implementing LTE algorithms

| Frame-to-
| sample

~

Ll
Ll

00

"""""""""""""""""" Sample-to- [«
LTE HDL Toolbox™ [ frame ]

4\ MathWorks

= EEm o EE— E S S S S S ———

—em o o e o o o o o o P
\ 4

HDL Coder

FPGA/ASIC implementation
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LTE IPs and models

LTE HDL-
optimized blocks

Reference
applications

Utilities

Turbo Encoder
Turbo Decoder

Convolutional Encoder
Convolutional Decoder

CRC Encoder
CRC Decoder

PSS/SSS Detection
MIB Recovery

f5_Enz [3x1]
3 1 : -
3%l
TurboDataln [

E samplacontral

TurboCtrlin

SIB1 Detection (post-17Db)
LTE Frequency Scanner

data

data

LTE Turbo Decoder

ctrl

cirl

&\ MathWorks

boodean

Turbo Decoder

Frame-to-samples / samples-to-frame

Sample bus creator

/| selector

Templates to connect MATLAB tests/golden
reference to Simulink HW implementation

.
.

samplacontral

data

data

LTE CRC Decoder ctrl

ctrl

err

e
CRCDatalut

CRCCtrlOut

samplecontral

boolean

— ()

CRCermr

CRC Decoder
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Other “HDL Optimized” Algorithms

= Filtering
— Biquad
— Interpolator/Decimator
— LMS

=  Wireless communications
— FFT, NCO
— QAM, BPSK, QPSK
— Viterbi, Convolutional, RS, Turbo

= Deep learning

4\ MathWorks
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Verification & Validation

~ Validation
f.,-e--*""f Object code verification “”a
- — .
/ Model verificat “x \\\
/ odel verification - ificati
/ = f 4________§Eur::e code verification \ \
4 4 v N\ \
User System -
[ Requirements Requirements H Model H Source Code ObjectCode
I'x___,f"l I'x___,z"l
Checks, Checks,
Compliance, Compliance,
Coverage Coverage
Traceability

= Create a high-level system model and link to requirements documents

= The system model can serve as an executable specification and basis for
more detailed models

= Validate requirements by executing your system prototype connected to
user interfaces or plant hardware
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HDL Verifier

Reuse MATLAB/Simulink to automate verification setup

HDL
HDL Cosimulation
Stimulus Response

Mentor/Cadence
Simulator

FPGA |n the Ioo

_ ) ,’ Ethernet, JTAG
or PCle

Stimulus

DPI

SystemVerilog EDA Simulator

HDL
Design

4\ MathWorks
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Model-Based Design

From Concept to Production

F& ™ . .
RESEARCH ’ ‘ REQUIREMENTS ‘ ("« Model multi-domain systems R
v v » Explore and optimize system
f DESIGN behavior in floating point and fixed
point
ST » Collaborate across teams and
_| .
Physical Components ‘ E \ continents
: Ro e ~N
Algorithms |_<|_I
) = » Generate efficient code
< 0 .
> » Explore and optimize
P Vs N o : :
IMPLEMENTATION > implementation tradeoffs
- J
CC VHDL, Veril
++ erilog ‘ p ~
ARM FPGA « Automate regression testing
h g * Detect design errors
p V- . ‘g .
NFTREETEH < Support certification and standards

- J
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