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Towards 5G: LTE and WLAN will Continue to Play a Key Role

LETE Evolution

WLAN

Evolution

Tight integration

3G

New' Radio
Technology:
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A 5G vision

Use cases Requirements Solutions

Ultra mobile wideband
Enhanced capacity
Massive device connectivity

Robust IoT

Ultra broadband

Ultra narrowband

Reduced latency

Massive device connectivity
Energy saving

Cost reduction

Tight interworking with LTE

Existing & new bands
(below and above 6GHz)

Carrier aggregation

New waveforms
(OFDM based?)

Massive MIMO
Flexible duplex
Shorter TTls
Advanced receivers

Flexible cells (micro, pico,
femto)
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Agenda

e
— LTE System Toolbox
— WLAN System Toolbox
— Working with real signals: SDR

— Examples:
= LTE 8x8 link modelling

= WLAN beamforming
= Interference suppression in LTE with Phased Array System Toolbox

= BG
— FBMC, UFMC modelling

— LTE and UFMC modelling
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LTE and WLAN with MATLAB



What is the LTE System Toolbox?

= Standard-compliant physical layer models in MATLAB:

Releases 8, 9, 10, 11 and 12
= Scope:

— FDD / TDD

— Uplink / Downlink

— Transmitter / Recelver

— Conformance tests & link level simulation

= ~200 functions for physical layer modelling
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LTE System Toolbox: Capabilities

~

« Physical Signals
« Physical Channels . Coding/decoding
« Transport Channels

« Control Information _
« OFDM/SC-FDMA Modulation/Demodulation

« Reception and recovery:
— Synchronisation

— Channel Estimation _
L Comprehensive
— Equalisation

— Cell search procedure
= Channel Models
= Functions for Test and Measurement
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Quick Example: Easy LTE Signal Generatlon

Command Window

>> enb = 1teRMCDL('R.0");
>> [wave,grid] lteRMCDLTool(enb [1 O 0]),

ix :}} ‘ 4\ Figure 1: LTE Grid Visualization — é@g
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Toolbox Granularity: Low and Mid Level

PMISet
PDSCH Example ‘racoding matrnx ndication
leaPMIBaleck
Low level functions eeestemabook
i

Scrambling Modulation Layer Mapper Precoding F;ﬂesnu_rne

apping

saCrambng Madulalion * BT MBI g rale sl ‘ Ragaiiree indoas
* lt=PDSCHPRBS * lteSymbolModul ate .I.l:-I..u]'Ll:H.l.p lteDLPrecods ltePFDSCHIndices *
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L eerosci Mid-level functions
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Toolbox Granularity: High Level (Signhal Generators)

$ Establish the number of component carriers.
numCC = length (NDLRB) ;

% Create transmission for each component carrier
enb = cell(1l,numCC);
for i = 1l:numCC
enb{i} = 1teRMCDL('R.5");
i - LRB (1) :

-
B} LTE Downlink RMC Generator

L= |nsin

Generate PDSCH reference measurement channel (RMC) waveforms. These are specified in TS36.101 Annex A_3 for UE

performance testing.
Reference channel
Duplex mode
Transmission scheme
Cell identity

RNTI

RV sequence

Rho (dB)

OCNG

Number of subframes
Number of codewords
PMI set

Number of HARQ processes
Windowing (samples)
Waveform output variable

Resource grid output variable

RMC configuration output variable

DD

Port0

RMC parameter summary

MNumber of downlink resource blocks 15
Transmit antenna ports 1
Modulation 16QAM
Transmission layers 1

o [e n
4 1

Total info bits per frame per codeword 2016 bits

0123

— Codeword input data

Transport info bit stream (codeword 1) User defined v

[1,0,0,1]

Transport info bit stream (codeword 2)  User defined -
[1;0;0; 1]

rmewaveform

rmeconfig

Generate waveform

10



Example: Full Transmit and Receive Chain

= Release 12 carrier aggregation

lte wavewform

lte wavewform

lte wavewform

lte receiver
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WLAN System Toolbox
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Standard compliant physical layer models:
~ 802.11ac ¥
— 802.11n k
— 802.11p 2
— 802.11a/b/glj 3

Transmit and receive capabilities

Open customizable MATLAB code

C-code generation enabled with MATLAB Coder

1
0.02

VHT Frame
LSTF
e ||
LSIG _
VHTSIGA
VHTSTF
VHTLTF ‘
VHTSIGB
VHTData
1 | 1 1 1
0.04 0.06 0.08 0.1 0.12 0.14
Time (ms)
E OFDM demodulation
[ofdm] odDa ofdm] dpilots] Demodulate (
TData (1 :mi. n, ), symOffset)
= Pilot phase trac king
1if calculateCPE==true |1 strcmp (pilotPhaseTracking, 'PreEQ ")
Get lots, from E Std lac 3
% Off 4 llow for L-S VHT— pi symbo
=32
fri vh ts5 (numOFDMSym num. )

MATLAB Coder

Generate C and C++ code
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Supported WLAN Standards

Standard Bandwidth
(MHz)
802.11ac 20, 40,
80, 160
802.11n 20
40
802.11¢g 20
802.11a 20
802.11b 20

MIMO

Up to 8 spatial streams,

MU-MIMO
Up to 4 spatial streams

N/A
N/A
N/A

&\ MathWorks

Designation

VHT
Very High Throughput

HT
High Throughput

Non-HT

WLAN Toolbox uses the VHT, HT, Non-HT naming convention

13
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Quick Example : Generate WLAN Signal

Command Window

>> cfgVHT = wlanVHTConfig;
>> VHTsignal = wlanWaveformGenerator([1 0 0 1],cfgVHT, "NumPackets', 3, "'IdleTime', 5e—-6) ;

Jr >>

4] Figure 1: cfigVHT EETE

Real Part VHT Signa

VHTSIGA VHTSTF | VHTLTF | VHTSIGBE | VHTData 4 T T T T
640

VHT Frame

Amplitude

25
Sample ©10°
p 10 14
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Toolbox Granularity

Command Window

= Generate fields individually >> lstf = wlanLSTF (cfgVHT) ;

>> 11tf = wlanLLTF (cfgVHT) ;
>> 1sig = wlanLSIG(cfgVHT) ;

4| Figure 1: cfgVHT

YWHTSIGA WHTSTF | VHTLTF | VHTSIGE | WVHTData
640

VHT Frame

LSTF
LLTF
LSIG
VHTSIGA
VHTSTF
VHTLTF
VHTSIGB
VHTData

Short Training Field

Real part
W N — o — N w

0.02 0.04 0.06 0.08 0.1 0.12 0.14 15



Typical Use Cases for LTE & WLAN System Toolboxes

v

Baseband Waveform RF Signal Generation

Generation

Instrument 000

Control coeo l))) '
‘ MATLAB Toolbox™ O

P | coo o oo [sXe]
&

LTE & WLAN

System Toolboxes

.., === Throughput?
P ——— Quality?

Wom ® o @ W A @ W

Baseband waveform
analysis

—_—> “M.&'['[.m
&

LTE & WLAN
System Toolboxes

Golden Reference for Verification
Does my design work as it should?

Signal Generation/Analysis
Test with live data

End-To-End Simulation

How do design choices affect system performance?
Does my system conform to the standard?

Signal Information Recovery
Decode real-world signals

4\ MathWorks
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LTE and WLAN with MATLAB: Working with Real Signals

4\ MathWorks
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Hardware & Radio Connectivity

RF Signal Generation RF Signal Capture
Instruments Instruments
L~ L~
Baseband Waveform m m Baseband Waveform
Generation Analysis
4\ MATLAB 4\ MATLAB
& &
LTE Supported SDR Supported SDR LTE
WI_AH S}'STEm TDD“:FUKI" Tmnsmiﬂ'ers Rﬂeiyers WL:":"&N S}f'srem Tﬂﬂlbﬂx -
— L~

s " -
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LTE Scanner: System Setup

RF Signal Capture

USRP SDR platform

HW Support
package

Baseband Waveform Analysis

‘ MATI AB

LTE System Toolbox™

4\ MathWorks
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"4\ LTE Scanner . EY
Search for LTE Cell settings and information from within a chosen frequency range.
Search settings Reference Signal Measurement vs. Frequency
Receiver hardware USRP - B200/B210 -5 Cell IDs: 319 401 307 Cell IDs: 401 319 227
i | NDLRB: 50 NDLRB: 50 1
LTE band number 20 10 F SIB1 CRC: 0
) i
LTE band frequency (MHz) 791-821 MHz g 5L
& i
[v] User defined frequencies [805,807;815,817] 2 -
Cell information recovery MIB & SIB1 r
-25
Reference signal plot type RSRQ T I I O A
806 808 812 814 816
Plat Spectrum l l Start Search l Frequency (MHz)
Choose recovered cell information: 816 MHz - Cell ID: 401 319 227 v

Status output:

Successfully decoded MIB settings at 816 MHz.
NDLRB=50.

Now performing SIB1 recovery. ..

Reconfiguring radio hardware to sample at 15.36Ms/s
for S1B1 recovery.

Capturing new data frames at 15.36Ms/s
Processing captured frames.
Skipping frame 663 (odd frame number does not
contain SIB1).
Aftempting decoding for frame 664.
Successful SIB1 recovery.

Searching 817 MHz. ..

Search complete.

1

1|

Cell settings from MIB decoding

Frequency:
DuplexMode:
CyeclicPrefix:
NDLRB:
NCelllD:
NSubframe:
CellRefP:

PHICHDuration:

Ng:

NFrame:

816 MHz
FDD

Normal

50

401 319 227
0

2

Normal

One

663

Reference signal measurements

RSRP: 12.5 dBm
44.46 dBm

RSSI:

RSRQ: -24.23 dB

PDSCH settings from DCI Decoding

RNTI:
PRBSet:
NLayers:

Modulation:

RV:

TxScheme:

65535
01234567
2

QPSK

3

TxDiversity

20
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Working with Off the Air WLAN Signals

#% Establishing connection to hardware. This process”

Packet-1 detected at index 884546
L-SIG check pass

RF S|gna| Capture Baseband Waveform AnaIySIS Decoded L-SIG contents: e o

Length: 170
Number of samples in packet: 5040

Beacon Interva: 100 0
Timestamp: 72 208 185 66 41 0 0 0O
SSID: ASUS 5G

HW Support sN: 255
package HT capable
MAT] A B‘” Packet-2 detected at index 2932594
L-SIG check pass E
Decoded L-SIG contents:
> & Mcs: 0
Length: 170
WLAN System Toolbox™ Number of samples in packet: 5040

Beacon Interva: 100 0
= Timestamp: 74 %6 187 €6 41 0 0 0
tn. zene &
[4] Figure 1 =B X
File Edit View Insert Tools Desktop Window Help ~
D = 4 L
NEade I ARO9EL- 2 0E D -
SDR platform »
1r w-mobile © ASUSG
w-guest w-m5|dle
w-mobile
w-guest
0.8 £ mw-cbg-test

©
—o
5]
\ g
a 06|
@
=
§ ’ mw-cbg-test
5 GHz =) winsie
ASUS,G
02}
0 . . . . . . ,
35 40 45 50 55 60 65

Channel number
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Practical Demos
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Example: LTE Multi-antenna Throughput Simulation

Up to 8x8 antenna scenario
Fully flexible
TDD Duplexing

Supports beamforming or spatial multiplexing i i
— Support for transmission modes TM7, TMS, i
TM9 and TM10 9

23
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System Setup

frame

A

\ 4

#0 #1 #2 #3 #4 #5 #6 #7 #8 #9

Estimate channel H
_’ .
in UL subframes
frame
#0 #1 #2 #3 #4 #5 #6 #7 #8 #9 r
— T W Calculate
D|S D|ID|S D beamforming for

DL subframes

24



Beam-steering Matrix Calculation

= Use UL subframes for channel estimation
- Use that estimate to calculate beamsteering matrix

= Apply beamsteering in DL subframes

Uplink
subframe

Downlink
subframe

Downlink
subframe

l

estimate
channel

|

calculate W

I

precode

TDD frame, configuration 1 frame

4\ MathWorks

3
>

&
<

#0  #1 #2 #3  #4 #5 #6 #T7T #8 #9
u DD S/U U DD S/UU|D|D
[ precode I precode [ precode
estimate estimate estimate
channel | channel | channel |
calculate W calculate W calculate W
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Example: WLAN (802.11ac) Beamforming

= Study the effect of different beamforming techniques in WLAN environment

i
"~

802.11ac

26



System Model: Spatial Expansion vs. Beamforming

Transmission with Spatial Expansion

Transmit, receive and demodulate data packet

SVD

@ Transmit, receive and demodulate data packet

Beamformer
L &
. Spatial 2 ™2 Channel =
Spatial Mapping — § —> — 5
Streams _ — > -
—_—Z = z
A
Steering
Matrix

2

Transmitter Receiver
: — i
—> Spatial = Demodulation -
Spatial M':;tpi“n — § —5 Channel 3 Spatial
Streams 5 :E 3 — E —> 3 Streams
A
Spatial
Expansion
Matrix
Transmission with Beamforming
@ Transmit NDP to sound channel and create steering matrix
Beamformer Beamformee
Generator - B § > Estimation & Steering
— T — - —> " Matrix
—z—> =

Beamformee
Demodulation —
Spatial
> Streams

&\ MathWorks
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Spatial Expansion vs. Beamforming

Spatial Expansion Transmission Equalized Symbols Beamformed Transmission Equalized Symbols

2 2
Spatial stream 1 «  Spatial stream 1
*  Spatial stream 2 +  Spatial stream 2
1.5 - 15+ i
i " = : i ®« ¥ = »
. .:u o,
05T . ’ . :" : & - 0.5
. ', '._ " ;“ ) ' " * .
o LI w 2 - - . - n
£ 0 ICERNE TR ] £ Of
. * & » &
05t eatah e U WAET . 051
» o,
. JEE Al & ® » »
15 . -1.5
_2 1 1 1 1 1 i 1 _2
-2 -1.5 -1 0.5 0 05 1 15 2 -2 -1.5 -1 0.5 0 0.5 1 15 2
Real Real
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Example: Interference Cancellation with LTE Signals

= Interference cancellation with LTE signals
= Cell edge scenario

« Phased Array System Toolbox

« LTE System Toolbox

29



LTE Interference Cancellation

using Antenna Arrays

-
z 5G Communications Scenario Uplink

4\ MathWorks

Map Display k]
QS O
Location Map
AWGN Channel Model .
42.37 - Set Base Station
Latitude: 42.359841, Longitude: -71.096196
r : N
42 965 - Carrier Freguency (Hz) 260 4] Figure 1 &Eﬂ
Antenna Scheme Mumber of Elements File Edit View Insert Tools Desktop Window Help ¥
O 4245 ULA (¥ Axis Looking East) ~ 8 NEES K RIRAOB)s- 2[R | =D
2 § ]
= 3D Radiation Pattem for UE #1
= Channel
=]
42355 - | = 20
g awgn T 10 dB
15
Communications Scheme
4235 10
F LTE n
UE#1
- .
1 1 1 1 1 1 1 1 1 1 A = = 5
71095 -71.09 -71.085 -71.08 -71.075 -71.07 -71.0685 -71.06 -71.055 -71.05 | Run Simulation | o T
Longitude Simulation Time: 10 seconds xz 4 = %
0.146 10.5 El0 5
0 I I User Equipment #1 | 0.4 Throughput o
’ Azimuth Radiation Patten for UE #1
-15
] ElO 20
0.142 L L I ) J L L ) I ko _
1 2 3 4 5 6 7 8 9 10 = 25
Time in Seconds g
Handsets é
Position (Latitude)|Position (Longitude)|\a’elocity (mfs)| Direction (d eg)l Code Rate |Power (dBm)| o 4
User Equipment #1 423485 -71.0740 0 0 QPSK1E « 0 [a]
User Equipment 22 423673 -71.0680 0 o arsk s - [N
User Equipment #3 ] ] -
User Equipment #4 0 0 -
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4G to 5G Evolution

4\ MathWorks
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Use cases

Ultra mobile wideband
Enhanced capacity
Massive device connectivity

Robust IoT

Requirements

Ultra broadband

Ultra narrowband

Reduced latency

Massive device connectivity
Energy saving

Cost reduction

Tight interworking with LTE

’— ‘\MathWorks*'
A 5G vision

Solutions

Existing & new bands
(below and above 6GHz)

Carrier aggregation

New waveforms
(OFDM based?)

Massive MIMO

Flexible duplex

Shorter TTls, small latency
Advanced receivers

Flexible cells (micro, pico,
femto)
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How Can Today’s MATLAB Help?

Simulation

Antenna-to-bits simulation
Design and verify wireless systems

Testing

Over-the-air testing
Validate models with SDR and RF instruments

Implementation

Prototyping and Implementation
U Deploy algorithms onto target system

Design continuity from simulation to prototyping to implementation
33



Some 5G Challenges and our Solutions

LTE and WLAN Evolution
— LTE and WLAN System Toolbox

New Modulation Schemes: FBMC, UFMC, etc...

— MATLAB & Communication System Toolbox

Beamforming and Massive MIMO
— Phased Array System Toolbox & Antenna Toolbox

New Frequency Bands: mmWave
— SIMRF & Antenna Toolbox

Advanced Receivers:
— DSP System Toolbox & Communication System Toolbox

Hardware Prototyping: Fast FPGA Prototyping
— HDL Coder: Automatic VHDL Generation
— SDR Support Packages

&\ MathWorks’
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5G Waveforms: New Modulation Schemes

« 5G systems require:
— spectral efficiency
— relaxed synchronization requirements

= Majority of candidates: Multi-carrier,
Non-Orthogonal waveforms

Some candidates:

1.

2.
3.
4

OFDM
FBMC: Filter-Bank Multi-Carrier
UFMC: Universal Filtered Multi-Carrier

GFDM: Generalized Frequency
Division Multiplexing

}

ELE

& 8 &5 & B 3 -

g5

&

i=Ey
IRRLRNEN

iw_Hl"l L
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Filter-Bank Multi-carrier (FBMC)

= Introduce per-subcarrier filtering to reduce the side-lobes

= Couple of implementation options:
— Frequency spreading (extended iFFT/FFT)
— Poly-phase network (more efficient, commonly employed)

Disadvantages:
= Non-orthogonal in complex plane, overlapped symbols
- A more complicated receiver structure, esp. for MIMO

&\ MathWorks
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Universal Filtered Multi-carrier (UFMC)

= Filtering applied per sub-bands (not per sub-carrier as in FBMC)
— Filtering parameterized by side-lobe attenuation
— Reduced filter length (compared to FBMC)
— Good for short bursts, suited for uplink with multiple users

UFMC with 10 Subbands

o

20

= Orthogonal in the complex plane of '

— use QAM symbols, reapply MIMO schemes

=40 r

= Receiver complexity
— Similar to OFDM, use per subcarrier equalization

PSD (dBW/Hz)

QT

05 04 03 02 04 0 01 0.2 0.3 0.4 0.5
MNormalized frequency
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Evaluating the Performance of UFMC

LTE System
Toolbox

I

I |

UFMC modulation Channel UFMC demodulation Channel estimation
& equalization

* Need reference symbols
* Need a realistic signal structure

I |

I

LTE resource grid

38
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Uplink UFMC

5 ]
4| UFMC Equalizaticn =NREf x|

LTE UL 4 Figure 3
File Tools View Help ]

Q- &Q-E- B4

File Edit View Insert Tools Desktop Window Help L

subframe grid
UEgde h R0 EA- 2| 0EH aD

UFMC, 60 Subcarriers UFMC Equalized Symbols
20 T T T T T
ol
. 2or
3
S
Q 4or
5
. -60
-80
data
-100
05 04 -0.3 02 -0.1 0 01 02 0.3 04 05
Normalized frequency Processing Frame=1
1) 0
o
3~
2 é’ UFMC modulation Fading channel UFMC demodulation Channel estimation
8o » & equalisation BLER
g O
S o
= O
©
(q\V] 1
— b
DRS
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Interference Reduction using Massive MIMO

/

Separate users in space
Measure interference

LTE System Toolbox

Phased Array System Toolbox

- ~
|4 Figure 3 = = EE_|

il Edit View Inset T Wi

e ools  Desktop indow  Help N'
NEEL | LARRODEL-G|0E | aD

MU-MIMO Interference

Cross-Correlation
- [

Mobile number
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System Setup

LTE waveform

‘ \ Beamform: N antennas

LTE waveform

‘ \ Beamform: N antennas

LTE waveform

‘ \ Beamform: N antennas

z Figure 1

UE: Signal decodin
Interference
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