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5G Development Process
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Simulate Design Validate

Build simulations that prove Design the RF and Analogue  Validate that the system meets the
that the impossible is hardware. design requirements, at component,

achievable Design the control algorithms sub-system and phone levels.
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5G Mobile

RF Front End - Simulation




5G Target Hardware

'Mobile Test Platform b
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The target hardware is a fully function The RF Front End supports over 30* different RF
phone including 5G Mobile Data Modem bands using multiple Power Amplifiers and Envelope

and 5G RF-Card Trackers

(*) The number of bands supported is chosen by the phone manufacturer




Simulation: Building the MATLAB System Model

'MATLAB Simulation
Power 5 € TX Signal | | DAC
Processing

o Digital , Low
Calibration %Slgf;sl | ADC |« Noise Filter
cessing Amplifier
-

MATLAB is used to build a The digital blocks are We include accurate Power
complete model of the TX and RX modelled in a bit accurate Amplifier models based on

paths manner bench measurements

Toolbox’s used: Signal Processing, DSP System, Communications System



Simulation: Predictions

Predicted System Parameters: System Parameters that are

« Error Vector Magnitude optimized:

 Adjacent Carrier Leakage Ratio * PA Qutput Power

- System Efficiency * Analogue Architectures

- RX Band Noise - Digital Settings

: « DPD Settings

Powerl/frequency (dBm/Hz)

-30
-40
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-16040200@06040200 204060 80100204060
Frequency (MHz)

Error Vector Magnitude Power Signal Density

At each test point the key system Design parameters are optimized
parameters can be predicted to balance performance against

efficiency

System Parameters that are
swept:

« Operating Band and Channel
« Channel Bandwidth

* Number of Resource Blocks
* Modulation Schemes

« Time Slot Allocation

* PA Output Power

Predictions are repeated for
different waveform types, to make
sure we have a full solution
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5G Mobile

RF Front End - Validation




Validation Challenges: Number of Waveform Combinations

5G NR (Sub 6MHz) >10,000

4G (LTE-A 3 Component Carriers)

4G (LTE)

Early 4G: 16

Waveform Combinations by Technology [Not to scale]

Channel Bandwidths:
: - : Modulation Schemes:
The number of possible Waveform Combinations is Active Resource Blocks:

increasing exponentially with each new standard Time Slots per Sub-Frame:

Frequency Division Multiplexer:

Sub-Carrier Spacing:

x10
x5
1to 273

x8 (UL or DL)
X2
X3 10



Validation Challenges: Number of Supported RF Bands

Number of Supported RF Bands:

* 1990 2

-+ 2000 5*

- 2010 10"
- 2018 20"

PA module incl. duplexer
(PAMID)

Mobile phones are being used in  Each band is powered bya LTE-A: 48 bands
more bands around the world. different Power Amplifier 5G NR: 26 bands

chain. - 5G is being targeted at some LTE bands
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(*) The number of bands supported is chosen by the phone manufacturer



Validation Tools: Automated Test Sequence
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" Modem Model 1|LTEB12 INLTX75M ET GO 7075 0 1RBO exponential 155 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 2
e 2ITEB12 INLTX75M ET GO 7075 0 1RBO exponential 155 15 3.8 1.8 reuse  vmaxcpoint 3 Oreuse  firmware  Oreuse  bas 0 0 2
e ISR JPM4620-QSW2B20C\Test defi =
P Ol TCPIP0:192.168.0.100:2 3|LTE B12 IN1_TX7 5M ET GO 7075 @ 1RBO exponential 145 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
4 LTE B12 IN1_TX7 5M ET GO 7075 0 1RBO  exponential 145 15 3818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
SIGAN (rfRX) TCPIP0:192.168.0.120 5|LTE B12 IN1 _TX7 5M ET GO 7075 0 1RBO  exponential 135 15 3.8 18 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
completed passed testnum test tag dut_pa 6 LTE B12 IN1_TX7 5M ET GO 7075 0 1RBO  exponential 135 15 3.8 1.8 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0O 0 22
(REBSERNEIE G0 | T721 2 il 27 2240 ] 0 |3t 1RB Pawer Sweep - cal [QPM4620 B8 7\LTE B12 IN1_TX7 5M ET GO 7075 0 1RBO exponential 1 315 3818 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
POWERMETER (p=0ut) AR ET] :; i:: ::::x:sca‘ g}‘:mg;g :g BLTEB12 INLTX75M ET GO 7075 0  1RBO Exponerltial 1 315 3818 reuse vmax-cpoint 3 Oreuse firmware Oreuse bas 0 0 22
9|LTE B12 IN1_TX7 5M ET GO 7075 0 1RBO  exponential 125 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
e AEr N TCPIP0:192.168.0.130:ANS :‘; 12: :::;zx:sca‘ g';mg:g :: 10 LTE B12 IN1LTX7 5M ET GO 7075 0 1RBO exponential 12515 3.818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
. S TRE Power Sweep QPM2520 2 5 11|LTE B12 IN1_TX7 10M ET GO 7075 0 12RBO exponential 155 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
SIGAN (mxbn) = TRE Power Sweep - col[QPMAEZ0 = 12|1TE B12 IN1_TX7 10M ET GO 7075 0 12RBO exponential 15515 38138 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas © 0 22
RESIGGEN (nDe | | - 13|LTE B12 IN1_TX7 10M ET GO 7075 0 12RBO  exponential 145 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
esense) . 14 LTE B12 IN1_TX7 10M ET GO 7075 0 12RBO  exponential 145 15 3.818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
put Running test - out Uf : Faled: - 15(LTE B12 IN1_TX7 10M ET GO 7075 0 12RBO exponential 135 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
B0l U -Po251-QETS 1007 ~ e _ Ol cnams O on completion 16 LTE B12 IN1 TX7 10M ET GO 7075 0 12RBO exponential 13515 3818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
17|LTE B12 IN1_TX7 10M ET GO 7075 0 12RBO  exponential 1 3 15 3818 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
[ QPMA620 Setup 18 LTE B12 IN1_TX7 10M ET GO 7075 0 12RBO  exponential 1 3 15 3818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
19(LTE B12 IN1 TX7 10M ET GO 7075 0 12RBO  exponential 125 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
QPOET L - conmen: [ 20/LTE B12 INLTX7 10M ET GO 7075 0 12RBO exponential 125 15 3.8 1.8 reuse  vmaxcpoint 3 Oreuse  firmware  Oreuse  bas 0 0 2
Board ID Operstor [ Debug Mode 21|LTE B12 IN1_TX7 10M ET GO 7075 0 S0RBO exponent?sl 155 15 3.8 18 calibration vmax-cpu?nt 3 0 calibration f?rmware 0 calibration bas 0 0 22
22|LTE B12 IN1_TX7 10M ET GO 7075 0 50RBO  exponential 155 15 3818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
Results path _ 23(LTE B12 IN1 TX7 10M ET GO 7075 0 S0RBO exponential 145 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
24|LTE B12 IN1_TX7 10M ET GO 7075 0 50RBO  exponential 145 15 3818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
——— 25|LTE B12 IN1_TX7 10M ET GO 7075 @  50RBO exponential 135 1.5 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
Calibration Measurements — 26/LTE B12 IN1TX7 10M ET GO 7075 0 50RBD exponential 135 15 3.8 18 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 2
0 Auto Trace Loss | S E =TS 27|LTE B12 IN1TX7 10M ET GO 7075 0 50RBO exponential 1 3153818 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 2
Trace Input Loss (dB) B Tracking Analysis 28|LTE B12 IN1_TX7 10M ET GO 7075 0 50RBO  exponential 1 315 3818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
29(LTE B12 IN1_TX7 10M ET GO 7075 0 50RBO  exponential 125 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
Trace Output Loss (dB) Vi [ElCE e 30|LTE B12 IN1_TX7 10M ET GO 7075 0  SORBO exponential 125153818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
. _ 31|LTE B12 IN1 TX7 5M ET GO 7015 0 1RBO  exponential 155 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
aroer 7 Gain [ Ol ST e 32LTE B12 IN1TX7 5M ET GO 7015 0 1RBO exponential 155 15 3.8 18 reuse vmax-cpoint 3 Oreuse  firmware 0 reuse bas 0 0 2
O OBW Emissions 33|LTE B12 IN1TX7 5M ET GO 7015 0 1RBO exponential 145 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
8-09-23 QPOET ET Offset (V) - 34LTE B12 IN1_TX7 5M ET GO 7015 0 1RBO exponential 145 15 3.8 1.8 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0O 0 22
10:30:16 y 35|LTE B12 IN1_TX7 5M ET GO 7015 0 1RBO  exponential 135 15 3.8 1.8 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
36 LTE B12 IN1_TX7 5M ET GO 7015 0 1RBO  exponential 135 15 3.8 18 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
37|LTE B12 IN1_TX7 5M ET GO 7015 0 1RBO  exponential 1 3 15 3.8 18 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22
38 LTE B12 IN1_TX7 5M ET GO 7015 0 1RBO  exponential 1 3 15 3818 reuse vmax-cpoint 3 0 reuse firmware 0 reuse bas 0 0 22
39|LTE B12 IN1_TX7 5M ET GO 7015 0 1RB0  exponential 125 15 3.8 18 calibration vmax-cpoint 3 0 calibration firmware 0 calibration bas 0 0 22

A test sequencer controls the Test definitions are created using Excel We have over 50 test parameters
DUT and test equipment. The files containing 2,000+ tests per Power that can be swept during a test

same application is used to Amplifier module sweep. From waveform to
control all platforms. temperature.

Qualcomm QET5100, and QPM4620 are products of Qualcomm Technologies, Inc. and/or its subsidiaries.




Validation Tools

We record test parameters
and RF measurement results
using Excel

This is useful for smaller test
runs, but parsing 1,000 Excel
sheets is tedious for longer
runs.

Qualcomm QET5100 is a product of Qualcomm Technologies, Inc. and/or
its subsidiaries

Validation Tools: Data Visualization
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Validation Tools: Data Visualization
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Validation Tools: Waveform Generation

" MATLAB Simulation |

TX Signal
Processing

Waveform
Files

Phase#1
Generated waveform files using the

MATLAB system simulation.
At 250 LTE waveforms the release image
was too large for our release system.

" MATLAB Simulation |

TX Signal
Processing

Phase#2
Integrated simulation into the test
software. Could not be shipped to
customers as the IP was too
sensitive.

" MATLAB Simulation

TX Signal
Processing

" MATLAB MEXDLL |

TX Signal
Processing

Phase#3
Used MATLAB Coder to create a
MEX DLL, which allowed the

sensitive |IP to be released externally.
15



Waveform Generation: MATLAB CODER Challenges

» Code was not designed for code generation
- Needed to rewrite some sections that used cells marLAB R2017p and later supports cells)

 Large number of files involved; over 400 files per Modem model

* The code generation process is complicated having multiple phases:
- Review, Compile, Execute

» Specific versions of MATLAB need to be used, due to MEX API changes

* Needed to pass open source code scanning before external release.

Our first pass at generating a waveform We can only ship binaries where the source

library took several months code has been scanned for 3™ party code.

16



Waveform Generation: MATLAB CODER Advantages

* Building a library has the following advantages:

- Dependences on MATLAB toolboxes are reduced
* But this may affect performance (FFTY)

- Replaces 400+ files with a single file:
* Allows different waveform generation libraries to be used in parallel in an application

o Enables secure IP delivery, both internally and externally.

o Using waveform genration libraries removes the need to ship waveforms
* Reduces build copy times from 2hrs to 15mins

Building a MEX library enables native Building a Windows DLL enables other

MATLAB functions to be called. technologies to use the IP block

(*) Third party FFT libraries are available to license on a commercial basis



Waveform Generation: MATLAB CODER Successes

* We have now generated Modem waveform libraries for the following 3GPP
standards:
o LTE
o LTE Advanced
o LTE TDD Advanced
- 5G NR

These libraries are fully Building the 5G NR library We have also released
integrated into our range of took a few weeks, and can waveform generation tools

RF test applications. be rebuilt in hours as the for IC simulation and
standard matures. Product Test departments.




Validation Tools: Discrete Component Testing

MATLAB Test Sequencer

MATLAB Simulation h Test a Discrete Components

Instruments
TX Signal
Processing
RX Signal p
/

Most of the MATLAB System Model  Third party test equipment is The PA and RF Systems
IS used to calibrate the system and used to generate and capture the groups use this system to

generate pre-distorted test signals 5G RF signals. validate components and
algorithms 19




Validation Tools: RF-Card Testing with Wireless Transceiver

MATLAB Test Sequencer

' MATLAB Simulation | |

gl oo [
=% s
=) 4

Wireless Transceiver ik nRnan . °

» [ ‘, - :u ‘.n.‘ -G‘Ath
g T RIS
) Low ° . S . \
RX Signal . . |
P gin - ADC |« Noise |~  Filter g e S
rocessing Amplifier "
- 4

The MATLAB System Model is Settings from the MATLAB The IPS group uses this
used to calibrate the system and System model are used to platform to validate RF-Cards.

5G RF-Card

generate pre-distorted test signals program the Wireless The systems group use it for
Transceiver algorithm development =




Validation Challenges: Multiple Test Platform Support

National Instruments:
RF TX and RF TX are integrated

into one card.

SMW 2000A

A

Cacesns D116

FSW

Rohde & Schwarz:

RF TX and Envelope TX
are in the SMW. RF RX is

in the FSW.




Scalability: Using MATLAB OO

Instrument Class Diagram MIPI Device Class Diagram

We use abstraction to support many different DUTs may contain any combination of: Envelope
types of test equipment, and DUT variants. Tracker, Power Amplifier, RF Switches, Low Noise

Amplifiers




Validation Challenges: Code Testing

User Interface Testing

TX Settings
Delay Method FNdE¥sHEN -
we

[ 12 RB waveform

Envelope Backoff (<5) [T~ S~V Cannot find instrument [vec,

One GUI has over 50 different operating modes.

Using MATLAB OO we are able to
programmatically control and verify correct GUI
operation.

Device Driver Testing

Using a class based on matlab.mixin.SetGet we
can replace the Instrument Control VISA object.
Thus allowing unit testing of instrument drivers

23



 MATLAB has enabled. Qualcomm Technologies, Inc. to fully
Summa ry model the RF Transceiver and key analogue and RF
components.

 The MATLAB models are then used to optimize and verify the RF

lcomm
Qualco 5G Front End through all phases of its development.

built using MATLAB

 The MATLAB Coder product has allowed us to release sensitive
IP both internally and externally in a secure manner.

- MATLAB’s OO features have enabled a scalable and
maintainable set of tests solution to be created by a small team.

24



Qualcom

Thank you!

Followuson: ¥ ¥ in
For more information, visit us at:

www.qualcomm.com & www.qualcomm.com/blog

Nothing in these materials is an offer to sell any of the
components or devices referenced herein.

©2018 Qualcomm Technologies, Inc. and/or its affiliated
companies. All Rights Reserved.

Qualcomm, MSM and Snapdragon are trademarks of
Qualcomm Incorporated, registered in the United States and
other countries. Other products and brand names may be
trademarks or registered trademarks of their respective
owners.

References in this presentation to “Qualcomm” may mean Qualcomm
Incorporated, Qualcomm Technologies, Inc., and/or other subsidiaries
or business units within the Qualcomm corporate structure, as
applicable. Qualcomm Incorporated includes Qualcomm’s licensing
business, QTL, and the vast majority of its patent portfolio. Qualcomm
Technologies, Inc., a wholly-owned subsidiary of Qualcomm
Incorporated, operates, along with its subsidiaries, substantially all of
Qualcomm’s engineering, research and development functions, and
substantially all of its product and services businesses, including its
semiconductor business, QCT.



Inventing the
5@G foundation




Invention for what’s next

in the increasingly smart and connected world

Leadership
in advanced computing,
connectivity, and
systems design

The last 30 years The next 30 years

Interconnecting people Interconnecting their worlds

27



Our vision for 5G is a unifying connectivity fabric

 Delivering always-available, secure cloud access

Enhanced mobile Mission-critical Massive Internet
broadband services of Things

Unifying connectivity platform for future innovation
Convergence of spectrum types/bands, diverse services, and deployments

28



Scalability to address diverse service and devices

Deep coverage

To reach challenging locations Strong security

Ultra-low energy e.g. Health / government/ financial trusted

10+ years of battery life

N
Massive
Internet of
Things Mission-
critical

control Ultra-low latency
As low as 1 millisecond

Ultra-high reliability
P <1 out of 100 million packets lost

Ultra-low complexity
10s of bits per second

T e

Ultra-high density
1 million nodes per Km?2

Extreme capacity Enhanced
10 Tbps per Km* mobile broadband -
Extreme user mobility

/ Or no mobility at all

Extreme data rates Deep awareness

Multi-Gbps peak rates; Discovery and optimization
100+ Mbps user experienced rates

Based on target requirements for the envisioned 5G use cases

29



Envelope Tracking Performance

Envelope Tracking (ET) QET4100
Env Tracker
\/\A/v A\ AT Qualcomm®
[ITHTTRATIRATTHTTT Up to 305 higher U m— i
HEALIB ][ power efficiency N — e
/\/\/\/\ compared to APT

LTE waveform and envelope
44%
better

22%
better

Current
consumption

Source: Lab measurements
= Wasted energy on commercial devices

Average Power Tracking (APT) @22 dBm Poutatantenna | o\ pand (85)  Mid band (B3)  High band (B7)

Envelope Tracking eliminates wasted PA power Current consumption and thus battery life is a
for LTE and 5G waveforms key performance indicators, especially for high

end devices

Qualcomm Snapdragon SDR660 and QET4100, and X12 are products of Qualcomm Technologies, Inc. and/or its subsidiaries.



