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A Myriad of Wireless Standards

...and growing complexity
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From Design to Prototype

- Acommon design environment across multiple teams
= Target off-the-shelf hardware for prototype development

= Minimize time to market

MATLABXSIMULINK®
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Modeling Wireless Standards with MATLAB & Simulink

MATLAB EXPO 2018
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Typical Use Cases

@ Golden Reference for Verification

Verify in-house PHY models

End-to-End Link-Level Simulation

How do design choices affect system performance?

Signal Generation and Analysis

Test with live data

VHT

Decode real-world signals

MATLAB EXPO 2018
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WLAN System Toolbox

S1G - Sub 1 GHz
802.11ah «— 500 Mhis

long range
low power
loT

Non-HT

5.9 GHz
V2V/IV2X
VHT - Very High Throughput
HT — High Throughput 802.11b/g/n
Non-HT "
2.4/5 GHz

802.11a/ac/ax

medium range
general access

802.11ad DMG - Directional Multigigabit
60 GHz,
short range
high throughput wireless video
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LTE System Toolbox
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Wireless Modeling Challenges

Baseband DSP development Antenna array design and evaluation
* Is my implementation correct? » Element coupling
« Evaluate link performance (algorithm)? » Edge effects

111111‘&111111
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Z
Py,

|

Explore beamforming trade-offs Impact of RF impairments
» Baseband, analogue or hybrid * Frequency dependency

« Simulate capabilities and limitations * Non-linearities

» Trade-off ADCs vs RF components » Mismatches and coupling

MATLAB EXPO 2018
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Wireless Digital Video
Broadcasting with RF
Beamforming

Model a digital video broadcasting
system which includes phased array
antennas. The baseband transmitter,
receiver and channel are realized

Open Script



Wireless design challenges

System Mixed-Signal Antenna
Architecture Hardware Design

DSP Algorithms Digital Hardware

Software

Development T DEgign

Executable

Specifications

Design Continuous
with Test and
Simulation Verification

Automatic
Code Generation

Requires 7 different skills to be successful!

A
at least
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Modeling 802.11ad — Including Beamforming

12

= Uniform linear array of 4 elements (Tx & RX)

= MIMO channel with 6 scatterers
= PER and EVM for 802.11ad link

Generate tx & rx
steering weights

| for desired angle
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802.11ad +> Apply TX

weights
packet 1
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WLAN System
Toolbox

Phased Array
System Toolbox

4x4
MIMO channel

Apply RX

weights

Demodulate
+> & decode

1 packet
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Modelling 802.11ad Beamforming

{4\ IEEE 802.11ad Beamforming — O x

IEEE 802.11ad Link, MCS 7

s Scenario , Equalized Constallation Metrics
Packet 24
sl SNR: 27.04dB
: EVM: -21.10dB
1 .
* PER: 0
1r BER: 0
(=]
(]
ok E g * ‘
I v -
B 1 »
2k
-2
3l £ -1 0 1 2
Real
A
5t . 50 Channel Impulse Response - Channel Frequency Response
' '
-5 = L L L L
0 2 4 6 8 10 12 =0 0 //_/w\
0 0 -100 70 N
18 18 18 18 @ . ../ \\_m
i Ve = o e
= If/\'jl % = 4 A S = 120 -80
54 - |- 54 54 | U )= 54
72 P 72 72 L 12 140 <0
-90 90 -90 S0 180 100
Transmit Steering Angle Receive Steering Angle . 50 - | 100 1 0 20'5 b-}ﬂﬂ 600
ample requency bin

35| | -15

Pause

MATLAB EXPO 2018
11



4\ MathWorks

Working with Real Signals

Baseband Waveform

Generation

4 MATLAB

LTE, WLAN, and
Communications
System Toolbox

MATLAB EXPO 2018

RF Signal Generation

Instruments

>

(5

Supported SDR

Transmitters

Y

fm

pv!

RF Signal Capture
Instruments

>

(5

Supported SDR

Receivers

o -

Baseband Waveform
Analysis

4\ MATLAB

LTE, WLAN, and
Communications
System Toolbox
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Supported Hardware for Radio Connectivity

Signal Generator and Analyser 1 ‘\

Keysight, R&S, NI, Tektronix, ...
High quality RF front end Instrument

- . H I
Wide frequency range, high bandwidth TC()"OTESX
SDR
_ je——m USRP, PLUTO, Zynq, ...
Decreasing m] Customizable RF front end ‘\
Cost e — Sizable FPGA for targeting designs
SDR
Ultra low-cost SDR Hsardware
upport
RTL-SDR, ... Package

Low bandwidth
~~ Receive only

MATLAB EXPO 2018
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DEMO | Radio I/O

data > |

Rescg!::er data length [
— ™ -
- MATLAB.SIMULINK
edBoard g
FMCOMMS:Z
Receivel

Test and
Verification

Baseband
Processing

Center frequency (Hz): | 811e6

Source of gain:

AGC Slow Attack

Channel Mapping: | 1

Baseband sample rate (Hz): |2l}e-6

Enable burst mode

Mumber of frames in burst: | 100

(i

W‘

RBW=999.97 Hz |Sample rate=24 MHz Time res.=1 ms
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ANALOG
DEVICES

AD9361
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Offset=6.4658 5 |T=6.466
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3GPP TS36.331 Section 6.2.2

MATLAB EXPO 2018

Highlights | Modelling MIB Decoding

- Emulate the User Equipment using a SDR
= Implement LTE Cell Search procedure
= Physical layer processing:

Cell search

Time and frequency offset estimation and correction
OFDM demodulation

Channel estimation and equalization

PBCH Demodulation

BCH Decoding

MIB Parsing

&\ MathWorks
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Highlights

Modelling MIB Decoding

— Golden reference
= Ensure my implementation is correct
- E.g. PSS/SSS sequence for cell search
— Algorithm development
= Link-level simulation to analyse receiver IP performance
= E.g. channel estimation
— Verification

= Capture and decode over-the-air waveforms offline
= Verify behaviour before moving to HW

3GPP TS36.331 Section 6.2.2

MATLAB EXPO 2018
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‘ DEMO | LTE Scanner

4\ MATLAB

} LTE System
Toolbox™

MATLAB

MATLAB EXPO 2018
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LTE Cell Scanner

3 LTE Scanner h - %

Search for LTE Cell settings and information from within a chosen frequency range.

-Search settings Reference Signal Measurement vs. Frequency
- T 6 - { + . +
Receiver hardware RTL-SDR - R820T vl P e
LTE band number 20 10 FERIN.

LTE band frequency (MHz)  |791-821 MHz

‘
-
o

M User defined frequencies [805,807]

)
=]

Cell information recovery | MIB

)
o

= | | e s
RSRQ (dB)

Reference signal plot type ~ [RSRQ

1 1 1 1 1 1 1 1 1 i}

805 8052 B054 8056 B05.8 806 8062 8064 8066 8068 807

Potspectum | | SwriSeach | | swop | Frequency (Mt}
Status output: Choose recovered cell information: |806 MHz - Cell ID: 456 EI
Hardware connection already established and configured. A ~Cell settings from MIB decoding R g e
Starting search: Frequency: 806 MHz RSRP: 35.96 dBm RSRQ:-21.81dB
: RSSI: 65.61 dBm

Searching 806 MHz.. L e ik

CyclicPrefix: Normal
Recovering cell settings for 806 MHz. NDLRB: 50 -PDSCH settings from DCI Decoding
Successfully decoded MIB settings at 806 MHz. NCelllD: 456 RNTI:
NDLRB=50. NSubframe: 0 PRBSet:
Searching 807 MHz.... CellRefP: 2 NLayers:

PHICHDuration: Normal Modulation:
Search complete. Ng: One RV:

NFrame: 181 TxScheme:

v
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From Design To Hardware

MATLAB f PESIGH :
« Large data sets

« EXxplore mathematics
« Data visualization

MATLAB Simulink

Simulink
 Model HW Parallel architectures Verification
* Simulation

» Code Generation Capabilities

Synthesizable
VHDL / Verilog / C

Targeting FPGA and ASIC
« Streaming design

* Implementation detail

« Architectural specification
« Verification

MATLAB EXPO 2018
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Typical Workflow

MATLABH:SIMULINK

Verification

MATLAB*SIMULINK

Verification

MATLAB:SIMULINK®

Test and
Verification

MATLAB EXPO 2018

Test and
[

Baseband
Processing

—

RF
Transceiver

Test and “

Baseband
Processing

ANALOG
DEVICES

AD9361

ANALOG
DEVICES

AD9361

ANALOG
DEVICES

L L T

AD9361

&\ MathWorks:

Modeling & Simulation

Radio I/O
Streaming real-world data

Deploy on hardware

Standalone operation

22



Zyngd SDR - Hardware Support Package

Embedded Gl

Simulink model Zynq board
ARM (PS) FPGA Fabric (PL)
Parameters Parameters User LOgIC
» A AXI- >
. Monitors Ingfwaca 0 Lite | Monitors
Data/control b —
Source k] —
Q B 9 AXI Tx DMA IIQ E & Tx baseband 'Q
v G = .
: = *| DMA s s
] o © O O
= = T 0 RF HDL
= S = D
@  @®© % <<
Display / 3 8 + %) O
Sclogea\étc Ry c + AX| |RxDmalQ @ & Rx baseband /Q
o B DMA

pied 4y

—p RF Out

@ RF In

MATLAB EXPO 2018

ARM

FPGA IP

Algorithm HDL

AXI interface
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Real Time LTE Frequency Scanner

Off t

Set center
frequency

MATLAB “:SIMULINK * .

Test and
Verification

*

4\ MathWorks

P — — — — — — — —

| Host
| r
Print out
Display
DEVICES Visualize
AD9361
| UDP
Receive
ARM |
L _ ]t _
p—pd  UDP Send
Cell
Info

MATLAB EXPO 2018
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Targeting an algorithm to the FPGA and ARM

captured_data_vector P convert P RxDataln RxDataOut_Valid waitTime

ARM_controller

A

SW_ Algorithm

Run on ARM HOL_Algorithm
Processing
System

Run on Programmable Logic
MATLAB EXPO 2018

4\ MathWorks
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LTE Cell Scanner Example: Algorithm

Block Parameters: Signal From Workspace et ‘
Input selector
— PSS/SSS, MIB S o
tput never valid far e first 3 ports _
L.
cellDala_d o " s ( \ ( \ mmmmm O
ﬁ?dr:y:: RaDatal_in \_ |- catain : j‘l: mmmmmm :i%)n
M%_In = . s rad 401 @
@ nfmodd
MMMMM L in - MIECwtactad e N
O oimoy - e e W T
st Edgeletect2 @
e |  colR«P
ulzr%a&ul \ Stimulus: Selector 4 o e :m:@lﬁm
o Pss[;:‘ll:‘!ﬂ
e o
-,ém Mﬁlm
o —
fragCampo
K=o Output Reqisters

Warn when frame size does not evenly divide input length

9 Cancel Help Apply

MATLAB EXPO 2018
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Model Algorithm
Generate Bitstream
SW Interface Model

Run on Hardware
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LTE Cell Scanner Example: Generation

Check Subsystem Compatibility
Generate HOL for Subsystem

HOL Ceder Properties ...
HDL Block Properties ...

R Hardware Algorithm Fx Software Algonthm

HDL Workflow Adwvisor
— RxDatal_in -
e L RxDatal_ut
| cellData_ 401 I—-{ convert - r - . _
e il " et
— compes L, . o e Mawvigate to Code .
Workspaca 1 -Imag Termimalor] L] O e g O rl I I I
=
[T (e - Coneat and Send 1o Host
1 o] RxDiatavalid_in Terminator?
MIE_Data » MiEOataln  MISDataOu MIE_Data
Conslant - ool -
Ty r >
StariF oS mimod4 rimadin nimodii rimade
nimodd .
oo - Generate Bitstream
calReff # ColRefin  ColRefPOut calltalP
exiemalDalaSel | T ]
>
froqtsat] e Fregdfisetin FreqOfsetou Freg ofiset
Talse . How many operating
A MIBDetecied # MIEOsiooon MIBOstectOw —— sy=lem Lirme :
el . o . o | T e e  SW Interface Model
=0 oo TG o resalting the recemear
OfMIETrials Pasheteciod
. — Termiratard [ ]
e LTE_MI5_HOL s restart_threshold anatis —
freCamatn cotant 1 4
MIEOatarted star: —
. * Run on Hardware
numberCIMIB Trials bl
startFramSW I z1 L
ety i oo simulate ARM behavicur, downsamplers and repeal Blacks are added to run it al 1KHz

MATLAB EXPO 2018
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HDL Advisor

2 HDL Werkflow Advisor - zyngRadicHWSWLTEMIBD etectorAD9361ADS3645L/L

File Edit Run Help

Find: W .;;13 E';;. 1.3. Set Target Interface
) Analysis (~Triggers Update Diagram)

Set target interface for HDL code generation
Input Parameters

v @ HDL Workflow Advisor
v g 1. Set Target

Processor/FPGA synchronization: |Free running <

Target platform interface table

0 .-"-.11_ SEt TargEt DEV[CE aﬁd SynthESiE TDD' Port Name Port Type Data Type Target Platform Interfaces Bit Range |
@ ~1.2. Set Target Reference Design RxDatal_In Inport  sfix16_E.. Rx data I1 In [0:15] - [0:15]
@ ~1.3. Set Target Interface RxDataQ_In Inport  sfix16_E... Rx data Q1 In [0:15] - [0:15]
> @ 2, Prepare Model For HDL Code Generation RxDataValid_In Inport  boolean |Rx data Valid In - [0]
> [ 3. HDL Code Generation start Inport  boolean | AXI4-Lite - X"104"
» @ 4, Embedded System Integration externalDatasel  Inport  boolean | AXI4-Lite - x'108"
RxDatal_Out Outport  int16 Rx data I1 Out [0:15] - [0:15]
RxDataQ _Out Outport  int16 Rx data Q1 Out [0:15] - [0:15]

MATLAB EXPO 2018
28



4\ MathWorks

HDL Advisor

) HOL Workflow Advisor - zyngRadicHWSWLTEMIBED etectorAD9361ADS3645L/1

File Edit Run Help

Find: v|<a =S 2. Prepare Model For HDL Code Generation
HDL Workflow Advisor
v @ HDL Workflow Advisor Analysts
> [E 1. Set Target Check and Prepare Model for HDL code generation
v @ 2. Prepare Model For HDL Code Generation
@ 2.1. Check Global Settings Run Al
@ ~2.2. Check Algebraic Loops [] Show report after run
& ~2.3. Check Block Compatibility
@ ~2.4. Check Sample Times Report
» 3 3. HDL Code Generation Report: \report 1332.html Save As...
» [ 4, Embedded System Integration Date/Time: 25-May-2018 17:44:44
Summary: @ Pass: 4 @ Fail: 0 A& Warning: 0

MATLAB EXPO 2018
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HDL Advisor
Step by Step Assistant: Generate HDL

& HDL Workflow Advisor - zynqRadioHWSWLTEMIBDetectorAD9361ADS3

File Edit Run Help

3.2. Generate RTL Code and IP Core
Find: v <@ ) ,
Analysis ("~ Triggers Update Diagram)
. Generate RTL code and IP core for embedded system
v @@ HDL Workflow Advisor Input Parameters
> &g 1. Set Target IP core name: |LTE_MIB_HDL_ip

> ‘@ 2. Prepare Model For HDL Code Generation
v @ 3. HDL Code Generation
> &g 3.1. Set Code Generation Options

IP core version: (1.0

IP core folder: C:\Temp\HDL\ipcore\LTE_MIB_HDL_ip_v1_0

@ 73.2. Generate RTL Code and IP Core IP repository:
> @@ 4. Embedded System Integration Additional source files:
[1 Generate IP core report
Run This Task

Result: & Passed

MATLAB EXPO 2018
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Generated HDL Code
Navigating Code and Viewing Reports

LIBRARY IEEE;
USE IEEE.std logic 1164.ALL;
USE IEEE.numeric std.ALL:

4

Fy Py

[

ENTITY LTE MIB HDL ip src QPSK Demod IS
PORT{ Inl_re IN std_logic_wvector (18 DOWNTO 0); | -- =
Inl_im IN std_logic_wector (18 DOWNTO O0); | -- =
bitD OuT std_leogic_wvector (18 DOWNTO 0); =-— g
bitl ouT std_logic wvector (18 DOWNTO 0) |-- s
Yi
END LTE _MIB HDL ip src_ QPSK_Demod;
ARCHITECTURE rtl OF LTE_MIB_HDL ip src_QPSK_Demod IS
== Slgnals
SIGNAL Inl re signed : signed(l8 DOWNTO 0Q): sfix19 En7
SIGNAL Inl im signed : signed(l8& DOWNTO 0): sfixl8 En7?
SIGNAL Unary_ Minus_cast : signed (19 DOWHTO 0): s5F1x20_En7
g SIGNAL Unary_Minus_cast_1 : signed (19 DOWNTO 0); sfixZ20 En7
SIGHAL Unary Minus cast 2 : signed (192 DOWHNTO 0); sfix20 En7
SIGNAL Unary Minus cast_3 : signed (19 DOWNTO 0); sfix20 En7
SIGHNAL Unary Minus outl re : signed(l8 DOWNTO 0); sfixl® En7
4. SIGHNAL Unary Minus outl im : signed(l& DOWNTO 0): sfix18 En7?
'ﬁl‘.‘.ﬂJlL W — |
£ > b
[ oK | Help

MATLAB EXPO 2018
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HDL Advisor
Step by Step Assistant: SW Model & Bitstream

(& HDL Workflow Advisor - zynqRadioHWSWLTEMIB  Zynq Radio Software Interface Model: zynqRadioHWSWLTEMIBDetectorAD9361AD9364SL

File Edit Run Hel
P This model contains blocks that can be used for software generation.

Find: v <@ 5
Generated by HDL Workflow Advisor on 25-May-2018 18:19:26
- SDR Receiver to ARM Algorith
v @ HDL Workflow Advisor ecelverto Lot Frame rée should e ihe ¢15eutad e
' 1. Set Target e
> & 2. Prepare Model For HDL Code :
> & 3. HDL Code Generation o Jooue (35603640000
v (@@ 4. Embedded System Integratio s ¢ : .
@ 4.1. Create Project 26706 and FMCOMMS2134 113 i b Add receive algorithm here
=== ARM-FPGA Interface ARM Frame Rate
£l 4.2. Generate Software Inter
4.3. Build FPGA Bitstream overfow p
4.4. Program Target Device ZC706 and FMCOMMS2/3/4

Receiver

ARM Interface to HW User Logic

Write to HW user logic here Read from HW user logic here

LTE_MIB_HDL

MATLAB EXPO 2018
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Software Interface
Runs on ARM processor

Center Frequenc

ARM Interface to SDR Receiver

Send results

to host over

Ethernet, for
display

External mode tunability

71

\ Delay1

N\

MATLAB EXPO 2018 Reset receiver

Model Algorithm
Generate Bitstream
SW Interface Model

Run on Hardware

CelllD, PSS/MIB flags, frequency offset, MIB data

‘ MathWorks'
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Targeting Workflow

Generate
Vivado
project

Setup

Generate

reference HDL code

design

MATLAB EXPO 2018

Generate
SW
models

Generate
bitstream

Load
bitstream

Configure
SW model

Generate
SW
application

Run on
hardware

4\ MathWorks
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Run on Hardware

.
File Ede View | P eHWSWLTECelIScannerA 1ADA64SL UDP Receive/Display Cel Informatian * - Simulir
€ View arc ads v il n o o F A x Y File Tools View Simulstion Help
audatio Analusic ..Cn Tools . Helo. = - .
v & ,] m;im_.m_&mhwu_.w_.r&u Codde  _Tools  Heloo -0 w - & - :‘j - ;
| =y # 7Zynq Radio LTE MIB Logger = (m) X i
zmqko:omasuLM B > ; 4~ Jesles frew 1' et

® [_!r; R oW
—_— Recovered Cell Info —

Choose Frequency | §16.0 MHz Iv\ MIB count

e

il W |

iR

Cell ID 401 319 PHICH Duration Normal !L ‘L V! :
Frequency affset: 218 Hz Ng One

Cell Ref P - 2 NFramea- 287 518 474
NDLRB 50

Ol

B4 E®D
TE T — ST TR o B P
T

LTE Spectrum
i 5 ®
J
: 0.8
E . . T
G 06~ Runnrg Sampe tased Offset=140
; £
T
- |
T 04-
—~ S ‘
02+
0 ] ) A
|‘ﬁ ™o 795 B0 805 B0 815 axn
Center Frequency, MHz
-
| Ne—
» e

Running the madad on "Xilink Zyng Based Radio Board Target™. View diagnostics 70% T<149579 " TixedStepDiscrete
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Extending Standards
LTE to 5G

waveform
generation:
OFDM

PDSCH
generation and

mapping

DL-SCH

generation

W-OFDM, F-OFDM

var. subcarrier
LDPC spacing
Waveform gen:
DL-SCH gen: eneprgtsig: and OFDM, F-OFDM
Turbo, LDPC 8 : or W-OFDM
mapping ] .
4 var. subcarrier spacing

MATLAB EXPO 2018

Throughput (Mbps)

LTE channel
model

synchronization

28
O W-OFDM (108 RBs}
og | % F-OFDM (108 RBs) -
@ CP-OFDM {100 RBs)
24 ]
227 ® _
20 ® -
18 | i ]
16 | ‘@ 1
8
14 o ]
.
12 1 IZI 1
I .g. i
10 - .|;|'
®.
g —HL— ' '
2 0 2 4
SNR (dB)

10

demodulation

4\ MathWorks

PDSCH
decoding

DL-SCH
decoding

channel
estimation

OFDM

WOLA-OFDM,

F-OFDM LDPC
__________________ .
1
v
OFDM channel PDSCH DL-SCH
lemodulation estimation decoding decoding
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Conclusions

= Wireless Designs starts with MATLAB

— Prove algorithm and design with simulation and over-the-air signals

— Generate customizable waveforms to verify conformance to the

latest 5G, LTE, and WLAN standards

— Automatically generate HDL or C code for prototyping and

Implementation without hand-coding

MATLAB EXPO 2018
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- Thank you!

MATLAB EXPO 2018

4\ MathWorks
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