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• IMS2020: 21-27 June 2020, LA 
Convention Center

• Theme: “Connectivity Matters”
– IMS is place to be to make connections 

for networking, technical information 
exchange and Exhibition

– MTT-s FOI: Connectivity enabled by 
wireless technologies

– Connectivity for the digital economy
– Broadband Connectivity for rural / under-

served communities
• Systems Emphasis

– 5G / 6G for eMBB, URLLC, and mM2M
– Aerospace – SatCom, SmallSat
– Autonomous vehicles – V2X
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IMS2020: Connectivity Matters

Please register at https://ims-ieee.org



ieee.org/futuredirections

2019 FUTURE DIRECTIONS 
Initiatives & Activities
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Environmental 
Engineering

Roadmaps Strategy 
and Governance (IRSG)

Quantum Computing

Small Projects

Graduated Initiatives

http://ieee.org/futuredirections


The IEEE INGR identifies new infrastructure needs for future 
generations (6G, 7G,  etc.)
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Takes the 
lead for 

technical 
needs!

Develop
IEEE 
International 
Network 
Generations 
Roadmap
Content 

v Extends well beyond 5G
v Includes ecosystem drivers: 

(AI, ML, etc.)
v Identifies technology gaps 

and showstoppers
v Involves industry review 

and input

Provides forward-
thinking guidance 
(not theoretical 
nor 
implementation-
oriented)

Broad vision = “IEEE International Network Generations Roadmap (INGR)” 

The INGR projects the next 10 years:  2019 – 2029, with Key 
Timeframe points at 3, 5, and 10 years.
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https://futurenetworks.ieee.org/roadmap



INGR Edition 1 - December 2019
• INGR Chapters
• Executive Summary
• Applications and Services
• Edge Automation Platform
• Hardware
• Massive MIMO
• Satellite
• Standardization Building Blocks
• Millimeter Wave and Signal Processing
• Security
• Testbed

• White Papers (available 1st Quarter 2020)
• Artificial Intelligence & Machine Learning
• Deployment
• Energy Efficiency
• Optics
• Systems Optimization
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INGR 5G 
Technology 

Overview

Tim Lee
January 2020
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If DATA is the New Oil Then SPECTRUM is the Pipe to Move Data

Spectrum Sharing Where and When it Makes Sense!

• Spectrum Pipeline Act & Mobile NOW 
Act requires 100 MHz of spectrum be 
allocated for licensed use.

• 3.45-3.55 GHz band under Commerce 
Dept review

• This band is used by military radar 
systems

Author, 1/27/20, Filename.ppt | 11
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5G Spectrum Targeted Allocations
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https://www.gsmaintelligence.com/research/2018/02/the-mobile-economy-2018/660/

https://www.gsmaintelligence.com/research/2018/02/the-mobile-economy-2018/660/


Courtesy: Qualcomm: Making 5G NR a Commercial Reality, Sept 2018
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5G Key Performance Metrics



Some Predictions on the 5G in 2020 - Spectrum Matters (Tim Lee)
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17• Below 6 GHz, 5G deployments will gain momentum in 2020 with many installations across the globe. 
Meanwhile, mmWave 5G deployments will lag due to challenges of small cell deployment issues, costs, and 
regulatory hurdles. American carriers like Sprint with sub-6 GHz bands (i.e., 2.5 GHz) may gain an edge since 
they do not have to deploy small cells so soon.

• Shared Spectrum Access will be a key technology in the US that will enable sharing of commercial licensed, 
unlicensed, and government bands. Once proven, this will allow sub-6 GHz spectrum for more rapid 
deployment, especially in rural regions.

• Second generation mmWave transceivers will be released in 2020, paving the way to improved performance 
and much reduced costs for user equipment (UE).

• What will be the first 5G killer app to gain attention in 2020? AR/VR? Autonomous cars? Enhanced 
Broadband? MM2M for IoT? Some other use case?

https://futurenetworks.ieee.org/publications/7-experts-forecast-what-s-coming-for-5g-in-2020



The wild-card for 5G emergence is deployment 2020 (David Witkowski)
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• Until the mobile device ecosystem begins widely offering 5G support, initial deployments of 5G will focus on 
Fixed Broadband as a competitor to cable

• 5G Enhanced Mobile Broadband (EMBB) will ramp up in late 2020, and initially they will focus on in-building 
networks and downtown areas with high user densities.

• Industrial IoT (IIoT) deployments using 5G Ultra-Low Latency Communications (URLLC) and Massive Machine-
Type Communications will likewise depend on availability of sensors, actuators, and, in some applications, 
edge computing. We expect this to begin in 2021 as IIoT device vendors release 5G-enabled products.

• Availability of 5G URLLC will enable augmented reality (AR) and virtual reality (VR) products
• Citizens Broadband Radio Service (CBRS) will enable private 4G/5G networks and will be disruptive. 
• Widespread availability of CBRS support in devices will be disruptive to Wi-Fi, especially in enterprise and 

municipal/public deployments, then in SOHO deployments. 
• The wild-card for 5G emergence is deployment. Local governments have struggled with 4G small cell 

deployments, and the higher density of 5G sites in millimeter wave bands presents additional challenges to 
application and permitting at the local level. Fears about 5G health effects will require deliberate response 
from industry, governments, and medical academia to counter misinformation, pseudoscience, and 
superstition.

https://futurenetworks.ieee.org/publications/7-experts-forecast-what-s-coming-for-5g-in-2020



5G Enables Smart Factory Applications

• Key manufacturing industry requirements
– Ultra-reliable low-latency communication for machine-type 

communication (MTC) in 5G – critical MTC (cMTC) – is 
designed to meet communication demands with stringent 
requirements on latency, reliability and availability

– The ability to integrate with the existing industrial Ethernet 
LAN and existing industrial nodes and functions is another 
fundamental requirement.

– Data integrity and privacy are also critical, as well as real-time 
performance monitoring. In addition, 5G capabilities in terms 
of positioning, time synchronization between devices, 
security and network slicing will also be essential for many 
manufacturing use cases.
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https://www.ericsson.com/49232f/assets/local/reports-papers/ericsson-
technology-review/docs/2019/5g-and-smart-manufacturing.pdf

industrial automation pyramid

Industry 4.0 – the fourth industrial revolution – is already transforming the manufacturing industry, 
with the vision of highly efficient, connected and flexible factories of the future quickly becoming a 
reality in many sectors. Fully connected factories will rely on cloud technologies, as well as 
connectivity based on Ethernet Time-Sensitive Networking (TSN) and wireless 5G radio



Latency and reliability aspects of spectrum and 
technology choice
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https://www.ericsson.com/49232f/assets/local/reports-papers/ericsson-technology-review/docs/2019/5g-and-smart-manufacturing.pdf

WiFI 6



Which 5G is the Best for IIOT?

• Low-Band for long haul low date rate use cases (Smart Citites) 
• Mid-band spectrum is well suited for indoor deployments since its 

propagation characteristics make it easy to provide good coverage with a 
limited set of transmission points. 

• mmWave requires denser radio deployment but enables higher system 
capacity, and small form factor suitable for indoor deployment
– Significantly shorter latencies (even though the spectrum is TDD), as a higher 

numerology with shorter transmission time intervals is used
– Easier management of the coexistence between indoor shop floor networks and 

outdoor mobile networks, as mmWave radio signals are easier to confine within 
buildings.
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Ericsson 5G Factory Automation Solution
22

https://www.ericsson.com/49232f/assets/local/reports-papers/ericsson-technology-review/docs/2019/5g-and-smart-manufacturing.pdf

• 5G installations must work with 
legacy systems

• Cybersecurity will vital



Tactile Internet
Tactile Internet will enable humans 
and machines to interact with their 
environment in real time with haptic 
interaction, visual feedback with ultra-
low latency (1 ms). 
• Industry
• Robotics and Telepresence
• Virtual Reality
• Augmented Reality
• Healthcare – tele-diagnosis & tele-

surgery

(G. Fettweis – TU Dresden, IEEE J. Selected Areas on Communications, March 2016)
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INGR Millimeter-
Waves and Signal 

Processing Chapter 
Summary

Tim Lee
January 2020



mmWave and Signal Processing Chapter: 
Vision

§ Working Group Roadmap Vision Statement (What does a successful 
landscape look like in 3 years, 5 years, 10 years?)

§ 3 years: Initial deployments of 5G hardware will, at first, grow rapidly for 
mid-band and more slowly in high-band (millimeter-wave). 

§ 5 years: more high-band deployments as the cost of millimeter-wave 
infrastructure comes down

§ 10 years: defining 6G with potential use of high millimeter-wave bands 
(70- to 300-GHz) for another 10X improvements in data rates with low 
latency

25

Visit Our Website | futurenetworks.ieee.org/roadmap



mmWave and Signal Processing Chapter:  Scope

• Elements that will be covered in the MMW-SP roadmap includes:
– Millimeter-Wave Propagation models
– RF hardware combined with optimized accelerators with programmable logic at both MAC 

and PHY levels to enable the performance of novel millimeter-wave algorithms
– Use of multi-antenna (MIMO) techniques at millimeter-waves for front-haul and backhaul
– Software-Defined Radio (SDR) 

• Elements not covered in this chapter but addressed in other INGR chapters includes:
– Satellite backhaul
– Fiber backhaul
– Architectures covered include:
– Beam forming techniques to achieve large array gains
– Analog, digital and hybrid beamforming

26

Visit Our Website | futurenetworks.ieee.org/roadmap



Technology/Capability Gaps and Showstoppers
Guiding questions: 
• What MUST be resolved for evolution to future technologies. Identify gaps in technology sectors 

(infrastructure, equipment, materials, policy, research)
– High performance low-cost 5G modems for UE which supports multiple 5G bands
– Tight Integration for mm-wave Phased Arrays
– Selection of Semiconductor Technology Based on Output Level

• Core competencies that are disconnected or missing?
– Multi-physics based design tools that enable optimization of electrica,, mechanical, analog, 

digital and antenna functions
– Low-Loss substrates with fine-pitch geometries

• Who are the key players? (Industry sectors? Types of research needed? 
– Silicon and GaAs/GaN foundries
– OSAT – for advanced packaging technology

27

Visit Our Website | futurenetworks.ieee.org/roadmap



Technology/Capability Gaps and Showstoppers
28

Visit Our Website | futurenetworks.ieee.org/roadmap



Technology/Capability Gaps and Showstoppers
29

Visit Our Website | futurenetworks.ieee.org/roadmap



“Architectures and Technologies for the 5G mmwave Radio”, ISSCC 2018, T. Cameron, Analog Devices, Ottawa, Canada

5G Roadmap will address the 
system trade between Silicon and 
III-V



Active Circuits Needs, Challenges and Potential 
Solutions

Need Challenge(s) and
Enablers and Potential
Solutions Sets

Current State
(2019)
(details)

3 years 
(2022)
(details)

5 years 
(2024)
(details)

Future State
10-years (2029)
(details)

Need:  Active 
Components – LNA, PA, 
PS, Switches, Mixers

silicon RFIC + 
GaAs/GaN PA and SW

all silicon – analog 
beamformer

all silicon – analog, 
digital and hybrid 
beamformers (20 GHz 
to 40 GHz)

all silicon - digital 
beamformers (20 GHz 
to 40 GHz, 60 GHz, 80 
to 120 GHz)

Challenge(s) for Need High parts 
count/complexity to 
support > 40 band 

Even higher complexity 
to add sub-6GHz and 
mm-waves bands

ADC/DAC data 
converter at every 
element for EDBF, 
Multiple RAT for each 
mm-wave band

Programable RAT that 
can generate 
waveforms for multiple 
use cases, extremely 
wideband components

Possible Solution for 
Challenge

non-beamformer – PS
not needed

Antenna in Package 
(AiP) integration (2.5D)

Antenna in Chip (AiC) 
integration (2.5D), 
leverage antenna gain

3D-stacked RFFE 
vertical integration; 
wafer level integration
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Overall Potential Solutions – for those Gaps 
that need solutions by a certain timeframe

• What Other Areas of opportunity? KEY QUESTION: What must happen to enable a 
solution?
– Known solutions – mmWave and beamforming technologies from radar and 

SATCOM
– Challenged solutions – why are these a challenge?  

• mmWave RF Front-Ends at scale (millions of units)
• Fitting even more bands into the FEM with Advanced Packaging
• Design for Test

– Unknown solutions – identify gaps in knowledge
• Accurate channel and propagation models for mmWaves (outdoors, 

indoors, urban, rural)
• mmWaves signals will not penetrate buildings

32
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New Architectures will need new solutions





Courtesy: Gabriel Rebeiz, UCSD

Highly Integrated System Where the Circuits,  Antenna and Package are 
Functioning as One Microsystem for Small Cells

32 Elements



Courtesy: Gabriel Rebeiz, UCSD
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Courtesy: CP Hung, ASE



Wafer-Level Fan-Out Packaging for 5G
Scaling from 200 mm/300mm wafers to 600mm 
x 600mm panels for 6.5X scaling
Advantages

▪ Low-Cost for high volumes
▪ Size of package nearly the same as die size
▪ No Interposer needed

Challenges
▪ Performance – RDL losses
▪ RDL trace width & pitch (# of I/O)
▪ Reliability - warpage
▪ Lack of standard panel size for tooling

Today’s wafer-level fan-out is moving towards 
RDLs at 2-2μm line/space with 1-1μm or below 
in R&D. In comparison, panel fan-out is around 
10μm line/space

Comparison of number of die exposed on 300mm wafer to 
number of die on panel. Source: STATS ChipPAC, Rudolph

Chip first vs. chip last. Source: TechSearch International
https://semiengineering.com/panel-fan-out-ramps-challenges-remain/



Overall Potential Solutions – for those Gaps 
that need solutions by a certain timeframe
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https://www.qualcomm.com/news/releases/2018/10/22/qualcomm-announces-latest-and-smallest-additions-its-family-5g-nr-mmwave



Importance of Modem-to-Antenna Design in 5G
• The 5G era opens new challenges for the core electronics supplier – Modem to antenna design

– Qualcomm has clearly captured the first-mover advantage of this new design paradigm of a complete 5G RFFE
– Expect the RFFE components market to heat up as incumbent component makers respond by offer more 

complete RFFE solutions as 5G smartphones mature.
– Balancing act of cost verse performance.

• The first-generation designs featuring the Qualcomm X50 platform for sub-6 GHz or mmWave 
RFFE.

– Complete modem-to-antenna solution saves development cost and de-risk early 5G designs (just as it has done 
in 4G LTE)

– Benefits such as optimization for power consumption up and down the RF chain
• Few competitive 5G component providers driving early wins for Qualcomm’s complete modem 

to antenna solution

https://technology.ihs.com/616863/in-5g-smartphone-designs-rf-front-end-graduates-from-traditional-supporting-role-to-co-star-with-modem



Samsung S10 5G 
Teardown

https://techinsights.com/blog/samsung-galaxy-s10-5g-teardown

https://techinsights.com/blog/samsung-galaxy-s10-5g-teardown


Samsung S10 5G 
Teardown



Samsung S10 5G 
Teardown

Galaxy S10 
5G has the 
Exynos
Modem 
5100, which 
supports 
mmWave



Samsung S10 5G 
Teardown

Substrate-like PCB (SLB)

Exynos RF 5500 supports 
legacy networks and 5G-
NR sub-6GHz networks in 
a single chip. The Exynos
RF 5500 has 14 receiver 
paths for download, and 
supports 4×4 MIMO 
(Multiple-Input, Multiple-
Output) and 256 QAM 
(Quadrature Amplitude 
Modulation).



Samsung Galaxy S10 mmWave 5G

The application processor uses MCeP style PoP structure for the Qualcomm Snapdragon 855 application 
processor.   The twin wirebond memory packages are mounted over the lower application processor, which 
was flip chip mounted over 3 layer Embedded Trace Substrate (ETS) 10 um L/S. The application 
processor die with Cu pillar 25 um height and 100 um pitch is thermal compression bonded over NCF 
underfill.  

21 
PACKAGING TRENDS IN SMARTPHONES 

 

P A R T N E R S  L L C
PRISMARK 

© PRISMARK PARTNERS LLC  SPR Q1 2019 

As with the P30, most of the main components utilize FCCSP or SiP configurations. There are 
in fact many fan-in WLCSP for PMIC, RF transceiver, and audio codec devices as well. 
 
The Qualcomm 855 continues to use a PoP solution. 
 

QUALCOMM SNAPDRAGON™ 855 

 
In the Package-on-Package (PoP) approach, two (or more) packages are stacked on top of 
each other. Each package is fully finished and could be separately mounted onto the main 
board. At least the bottom package (or the lower packages, if more than two are involved) has 
been specifically designed to provide an electrical and mechanical interconnect platform for the 
top package(s).  
 
PoP solutions today are most common in baseband and applications processors in mobile 
phones. High-end phones have seen the fastest adoption of PoP packaging in order to cope 
with high I/O and performance requirements. The main advantage of stacked PoP is that 
devices can be fully tested before assembly. This is critical, especially with lower yielding die.  
However, it is often more expensive than a stacked die solution since PoP solutions will require 
a larger and more complex substrate.   
 
The Snapdragon 855  uses a PoP package with the MCeP style substrate/package 
configuration from Shinko and Amkor, which adds an “upper substrate” to the bottom package 
to allow a full-array memory package to be stacked on top.   
 
The 100µm thick processor die is flip chip mounted in the bottom package, using 25µm 
Cu/SnAg bumps at <100µm pitch and thermo-compression bonding. The 3L substrate of the 
bottom package uses embedded traces, providing 10µm lines/spaces and just 130µm 
thickness. Four thin profile 0402 capacitors are mounted onto the ball side of the bottom 
package. 
 
Peripheral balls (with copper cores to maintain appropriate standoff) are used to connect to a 
2L, 120µm thick microvia upper substrate at the top of the bottom package. This approach 
provides a full interconnect area on the top side of the bottom package, so that the top DRAM 
memory package can have full ball array (rather than just peripheral ball rows).   
 
The top DRAM package includes eight 1GB LPDDR4x die, each 50µm thick, that are wire 
bonded to a 3L, 90µm thick substrate. The final collapsed height of the complete PoP stack is 

• 12.3 x 12.4mm MCeP® style PoP  
– 1.3mm height, with 4 die DRAM stack 
– Reduced substrate thicknesses 

• Samsung LPDDR4X with 8 (1GB) Die 
– Gold wire bonds 
– Die: 50µm thick; FOW: 50µm 
– 120µm EMC thickness over die 

• Processor Package  
– 100µm thick die; 25µm Cu bump height  
– TCB with NCP at <100µm pitch  
– 4 capacitors (0402) between bottom solder balls 
– 2L “Upper substrate”: 100µm thick 
– 3L Embedded Trace Substrate (ETS);  130µm thick, 

10µm L/S, 55µm via diameter 

 
Photo source: Prismark/Binghamton University 

DRAM Stack 

Processor ETS 
Substrate 

Capacitor 

FOR INTERNAL USE ONLY - ASE Advanced Semiconductor Engineering, INC

12.3 x 12.4mm MCeP® style PoP
– 1.3mm height, with 4 die DRAM stack 
– Reduced substrate thicknesses 

Samsung LPDDR4X with 8 (1GB) Die 
– Gold wire bonds 
– Die: 50μm thick; FOW: 50μm 
– 120μm EMC thickness over die 

Processor Package 
– 100μm thick die; 25μm Cu bump height 
– TCB with NCP at <100μm pitch 
– 4 capacitors (0402) between bottom solder balls 
– 2L “Upper substrate”: 100μm thick 
– 3L Embedded Trace Substrate (ETS); 130μm thick, 

10μm L/S, 55μm via diameter 



Samsung S10 5G Teardown

https://technology.ihs.com/616863/in-5g-smartphone-designs-rf-front-end-graduates-from-traditional-supporting-role-to-co-star-with-modem

Samsung S10 5G is first to the 
market with 5G mmWave. Most 
of the components are the same 
with addition of 5G baseband 
component, additional RF 
module and the 
antenna/tranceiver modules 

Substrate-like PCB (SLB)



First Gen RFFE Cost Comparison (5G vs LTE)
• The teardown data shows that Sub-6GHz 5G 

RFFE carries a cost premium of around half of 
the cost of existing LTE RFFE.

• While the mmWave solution (illustrated by the 
Samsung device) represent a staggering twice 
the cost of existing LTE RFFE.

• Subsequent generations of 5G phone design 
should lessen the 5G RFFE cost premium. In 
mature 5G designs, the 5G RFFE is expected to 
be absorbed into an integrated 5G/4G/3G RFFE 
design.

• This cost premium chart highlights the 
significance of 5G RFFE and can be used to 
argue the point that in terms of component cost, 
5G RFFE is just as important as the modem 
chipset.

https://technology.ihs.com/616863/in-5g-smartphone-designs-rf-front-end-graduates-from-traditional-supporting-role-to-co-
star-with-modem



What to Expect in 2nd Generation 5G RFFE Designs
• In 2020, second-generation 5G solutions are expected to feature tighter component integration between 

4G LTE and 5G NR.
• We will begin to see 5G devices that combine both Sub-6GHz and mmWave in the same RFFE.

– These designs will allow for better chip-level integration, convergence of 4G and 5G RFFE and 
reduced overall cost. Second-generation 5G design are defined as multimode 5G/4G/3G/2G capable 
modem (single chip modem) capability and converged single RF transceiver handling both LTE and 
5G as well as a converged RFFE design. Multiple 

– 5G designs based on Qualcomm’s X55 second-generation 5G platform are slated to be released 
allowing OEMs to make bigger strides in component integration and cost optimization of the modem 
as well as the RFFE.

• The RF design challenges of mmWave 5G will still be present in the second-generation 5G phones.
– Millimeter wave attenuation continues to present the problems for mobile RFFE designs.
– Qualcomm will continue to evolve their  mmWave technology for smaller antenna module designs

• As the industry moves through the 5G transition in the coming years, significant changes to the RFFE 
landscape are expected. Large OEMs will likely attempt to move away from a single supplier modem-to-
antenna solution in order to preserve multi-source capabilities, but the benefits of a complete solution are 
hard to ignore, especially for competitive OEMs with ambitions of growing their market position with 5G 
technology.

https://technology.ihs.com/616863/in-5g-smartphone-designs-rf-front-end-graduates-from-traditional-supporting-role-to-co-star-with-modem



Design for Test Needs, Challenges and Potential 
Solutions

Need Challenge(s) and 
Enablers and Potential 
Solutions Sets 

Current State
(2019)
(details)

3 years 
(2022)
(details)

5 years 
(2024)
(details)

Future State
10-years (2029)
(details)

Need: Design for Test Testing at 
component, cell and 
array levels

Low cost mfg. OTA 
(Over the Air) test up 
to 60GHz

Low cost mfg. OTA 
(Over the Air) test up to 
120GHz

Low cost mfg. OTA 
(Over the Air) test up 
to 400GHz

Challenge(s) for Need Cost of testing and 
yield loss

Isolation box, test 
equipment, known 
good units

Calibration for unit 
variation

Testing and 
calibration of array on 
chip

Possible Solution for
Challenge

mmWave chamber, 
passive and active 
measurement
Separate design, test 
and verification 
environments result 
in issues discovered 
at test

Correlated box w/ 
chamber, standard 
interface w/ golden 
unit
Integrated design, test 
and verification 
environments reduce 
issues discovered at 
test

Build-in self calibration 
on package
Multi-physics-based 
simulators enable co-
design of EM, thermal 
and radiated patterns 
to enable correct by 
design at FEM level

Build in self-test and 
self-calibration on chip 
with self-repair.
Achieve > 95% for 
FEM  at 20 to 40 GHz
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Issues and Topics Expected to be Addressed 
in 2020 2nd Edition of INGR

• More accurate technology assessment as problems are discovered during 
initial 5G rollout

• Beginning tracking of Rel 17 architecture, specifications, and gaps
• Design for Multiple Use Cases
• What do YOU think? 

– We want your feedback

– To email us, write to 5GRM-mmWave@ieee.org
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