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Current cellular spectrum in US

Total available bandwidth = ~600MHz 0 CLR J: PCs

700MHz auctioned in 2008 AWS-3 auctioned in 2015 -fAWS'I I :AWS-3
- $18,957,582,150 - $41,329,673,325 Bl 700 MHz [l 800 MHz
- 1090 licenses _ 1611 licenses [l Unlicensed |jjjj: BRS/EBS

Bl Iljllz

300MHz j<----->  900MHz |.7GHz i€¢----=-> 2.IGHz |  i¢-------
700-800MHz 1.8-2GHz 2.4GHz 5 5.9 7GHz

¢ Spectra below 3 GHz is packed and $$/Hz of bandwidth"is hiige™ ™"

To get more bandwidth, need to go to higher carrier frequencies

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 2
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Future cellular spectrum could be in the
mmW oave bands (30GHz to 300GHz)
I : Proposed by FCC in 2015

@ Unlicensed @ 10 GHz E-band

LMDS . ! |
osscHz | /1. ci \ 7 GHz 7GHz | \

37 GHz A0 GHz 57 GHz 64 GHz 71 GHz 86 GHz
Auctioned in 2000 Expected to be unlicensed

- $410,649,085/ 2,173 licenses Even more is available above 90GHz

27 GHz

¢ Lots of potential spectrum currently used for backhaul or legacy systems

¢ Different licensing options available for many bands

Spectrum for 5G is ready!!!

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 3
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MmWave regulation worldwide
V-band E-band

57 GHz 59 GHz Old bands 63GHz 64 GHz

_ Unlicensed bands _ |

New wide continuous band

I
63 GHz 64 GHz 71 GHz 76 GHz 81 GHz 86 GHz

Countries with band open but details unknown

m Countrieswhere no part of the band is open
m Countries with only new wide band - more than 4 GHz
= Countries with at least one old band and a new wide

band

| Countries with only, at least, one of the old bands

" Countries with other band fragmentations

@ Open B Closed ™ Under review No information

¢ Special interest on the V-band and the E-band
+ Fragmention of the V-band in many countries

+ FCC has just proposed rulemaking of mmWave bands for mobile cellular

TEI Communications Technolod Situation today,is still not well harmonized 4
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What are the potential rate gains with mmWave?

5% Average

E 700 120.0
Q
€ 600 100.0
2
8 50.0 300
g‘ 40.0
—_ 60.0
a\ 30.0
= 40.0
2 200
% 20.0 '
o 100 . '
>< 0.0 0.0
28 sparse 28 dense 72 sparse 72 dense 28 sparse 28 dense 72 sparse 72 dense

Expect 40x
Baseline 2 GHzw/ Upper cmWave 28 GHz: mmWoave 72 GHz:

50 MHz BW 500 MHz (expect 10x) 2 GHz (expect 40x)

MmWave gains are more than a spectrum multiplier

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 5
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Implications of using millimeter wave spectrum

. satellite o .
Shared licensed access o Cognitive radio for
communications

possible to reduce cost, shared spectrum with
give carriers access to satellite or radar*®
more spectrum®* |

carrier A ’ " ‘
surface movement

radar (K, Ka bands)

Different propagation models** carrier B Antennas are much smaller™*

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 6



THE UNIVERSITY OF

TEXAS WHAT STARTS HERE CHANGES THE WORLD
—— AT AUSTIN —— Slides © Robert W. Heath Jr. (2016)

Implications of mmWave on new 5G killer apps

Vehicle
driving VIRTUAL
, cloud REALITY
AUTONOMOUS high data rate
ROBOTS @
small size <
equipment £ l mmWaVN ﬁ\
’ base station
AUTONOMOUS

DRIVING

ﬂ-\ data rates

V2X COMMUNICATIONS
low latency
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Differentiating features of mmWoave

Directional and adaptive antenna arrays

TFI Communications Technology& Asset Valuation Conf. Jan. 21, 2016 8
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Use of directional and adaptive antenna arrays

16-element array 1

\X\ mmWave aperture 16-element array 2
Prototype 64 = . Prototype phased
isotropic s
radiator | oo | e!ememf arrays by Samsung
--------- ’ dielectric lens by ok koK
TX RX NO ki a* Array antenna

Antenna arrays provide
larger aperture sub-6GHz aperture

Early mmWave devices will use simple adaptive beam steering

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 9
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Implications of adaptive arrays

New antennas, cables,
infrastructure, baseband

Configuring the link
(beam pointing) is hard

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016

Interference is bursty,
less severe

stronger interference ﬁ g

<. Wweakerinterference

Beams should not be too
pointy due to mobility

10
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Differentiating features of mmWoave

Blockage

TFI Communications Technology& Asset Valuation Conf. Jan.21, 2016 11
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Blockage is a major channel impairment

r.r.; (O
FEE 133
;f—“;ﬁ ecpd O} 0092000 EHE:
£FE|373 EEF 333 rr 111rr|" [ Y e
. - “Henam o e
[d A bb] IFREE 233
dasph
£REI3 rfa L Lt

FEE A ERE 173,

ERT| % FE Tﬂlme- ghtﬂ'_‘h

©E| 3 R 2 By -Ime -of-sight
il ﬂ'n FRE
EEE IR rEr IR

|

blockage due to buildings blockage due to people

User Base station
FRRECRRRR ’
Hand
Blocked by users’ body

hand blocking self-body blocking

Need models for blockage & system analysis including blockage

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016
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Implications of blockage

Indoor users not covered by
outdoor infrastructure

More BS/km? and multibase
connectivity provide diversity

user with
no coverage

grfam
blocked e |7 %
interferer [FEE 273 Emm

unblocked interferer
used for macro diversityl

upper array
l blocked with fingers
[ 4

A\

Multiple arrays on handset

lower array
blocked by person

Blockages reduce the
impact of interference

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 13
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Differentiating features of mmWoave

Power consumption

TFI Communications Technology& Asset Valuation Conf. Jan.21, 2016 14
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Power consumption may be high with mmWave

L e R -
RF Lver wit
LNA . For a vecel
Power at 60 GHz Chain ADC ANEEANAS, the Po’wev
|GHz BW . someunmed by this front
20mW

end at MW ave would be
w1t

Baseband
processing

m Power consumed bg a.4
n aHz, 20 MHz BW front
| — LNA Chain ADC

end would be 120 mw

Alternative mmWave MIMO architectures are needed

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016
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Implications of power consumption

Small size cell to Process more
reduce PA power signals with lower

consumption resolution

Baseband
combining Combining

Process a fraction of the
band per time slot at the
UE to reduce baseband
power consumption

Hybrid architecture at the BS
and the UE with many fewer
RF chains than antennas

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 16
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MmWave for 5G cellular
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Infrastracture becomes complicated w/ mmWoave

network

diversity

self-backhauled
networks

mmVYVave BS Conventional BS at sub-6 GHz

Indoor user

’ Multlple BSaccess for

NLOS interference /& Lo L
‘ fewer handoversand

high rate Non-Iine-of—sighi(N LOS)

link

multi-band connectivity

TFI Communications Technology& Asset Valuation Conf. Jan.21, 2016 18
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Revisiting building blockage

Option|:Add more Option 2: Resort to lower

infrastructure 55 frequency and lower rate
|l m
Pid FEE A7 FE| 73,

% £Em
\ i e
,,,,,,, Jicath
il

e Non-line-of-sight link
(blocked by building)

lllllll
|||||||

Line-of-sight lin

Option 3:User...go around the

building if you want coverage

Need to cover the non-line-of-sight user

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016
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Revisiting body and self-body blocking

[qdshhb}
FEF A7

P
[ddskbnl

({7 Eby

Mg R
0ne. . FE I

System must detect

.....
-

blockage

[k 3
FREAAT
FER 373,
£ 733 FEE 9T
[l ]Ij‘h’.h’.ﬁf 33
SR ERR 33

Unblocked BS EFE| 3

Network must support fast switching

Body
blocked BS

Similar infrastructure requirements as building blockage
TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016
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Revisiting hand blockage

16-element array 1

CCJ

no handset diversity handset diversity

16-element array 2

4 Multiple arrays on handset if space is available (hard with multi-band)

¢ Train users not to block the arrays with their fingers (warning labels or s

Hand blockages and variable orientation require careful device engineering

Device picture from W. Roh et al. "Millimeter-wave beamformingas an enabling technology for 5G cellular communications: theoretical feasibility and prototype results,"

T GrogompiinicationssMagezing IEEE & ot S5 In&22) BPO06-103] FeBruaty 2004 6
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Alternatives to more base stations

mmWVave relay

Uses other devices

as a relay

FELART NI
=N R T3 =l\|=l\‘ -
[T — mmWave BS
IFIAT ='|\|-l\ directed link blocked

Relays seem unlikely to be a long-term solution

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 22



THE UNIVERSITY OF
TEXAS WHAT STARTS HERE CHANGES THE WORLD

—— AT AUSTIN —— Slides © Robert W. Heath Jr. (2016)

How to backhaul mmWave base stations?

Out-of-band e il Inband wireless backhaul will

wireless backhaul work due to pointy beams with
possible in other low overlap

mmVVave spectra ))) -
A

Wired backhaul
will require very

high capacity
Tens of Gbps

Backhaul is a 5G killer

TFI Communications Technology& Asset Valuation Conf. Jan.21, 2016 23



THE UNIVERSITY OF
TEXAS WHAT STARTS HERE CHANGES THE WORLD

—— AT AUSTIN —— Slides © Robert W. Heath Jr. (2016)

Estimating potential performance gains

Carrier freq. 2 GHz 28 GHz 73 GHz
bandwidth 100 MHz Varies Varies
# of base station ) 8X8 20X20
antennas
# of UE antennas 2 . 2X2 _ 5X5
TX power 46 30 30

Performance comparison including building blockages and

reasonable channel modeling assumptions

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 24
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Comparing single-user downlink performance

28 GHz average rate

Gain for mmWave 73 GHz average rate

2000
N 1900 I5
T 1800
> 1700
= 1600 10
10
-5 1300
5
o
0
-5
210
.15

Gain over 2 GHz in cell throughput

(in dB)

© OO O O o o O O OO o OO O
o w o W o o o w o wo o w O w
— T NN ™ I o W O O r~ [celve o) BN o))

Gain for sub-6 G

I

o
Lo
<

z
di

Inter-site distance in meters

Inter-site distance in meters

100 min ISD= 128 BS/ km?
2GHz setup:bandwidth fixed as 100 MHz, while ISD varies 200 min ISD = 32 BS/ km?

MmWave ceIIuIar requwes dense BSs to achieve high rate

TFI Communications
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mmWave massive MIMO
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Massive MIMO is a sub-6 GHz 5G technology

Large antenna arrays
to increase cell throughput

Reduced out-of-cell o
. “
interference 4“‘

Massive MIMO supports many users at the same time

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 8
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Massive MIMO also works at mmWave

Less out of cell interference

FEFTT5

FEEAT3
FEERT3

256 antennas
or more @ BS

Large arrays
@M
3 -t J'IF-,E,F‘

FEE I

w

Large arrays are a natural application of massive MIMO techniques

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016
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Implications of using mmWoave for massive MIMO

MmWave massive MIMO M Hybrid Number of users limited by
needs dense BS HH precoding RF configuration

deployment

Hybrid l Hybrid
combining combining

Hybrid
combining

Choice of carriers depends on MmWave provides large gain in area
base station density throughput in small-cell regime

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 29



THE UNIVERSITY OF
TEXAS WHAT STARTS HERE CHANGES THE WORLD

—— AT AUSTIN —— Slides © Robert W. Heath Jr. (2016)

Comparing sub-6 GHz and mmWoave massive MIMO

Carrier freq. 2 GHz 28 GHz 73 GHz
bandwidth 100 MHz Varies Varies
# of scheduled 10 4 |
user per cell _
: teeep-tiresarreaprtore 2 S-St
# of base station 8X8 16X 16 40X 40
antennas
# of UE antennas I 2X2 5X5
TX power (DL/ UL) 46/ 20 dBm 30/ 20 dBm 30/ 20 dBm

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 30
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Comparison of average cell throughput

28 GHz Cell throughput Gain for mmWave
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MmWave massive MIMO benefits more from network densifications

TFI Communicatid BT
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Comparing mmWoave massive vs. small cells

28 GHz 73 GHz Sub-6 GHz
massive massive Small cell
MIMO MIMO MIMO
# user/ cell 4 | I
# BS antenna 16 x 16 40 x 40 2
# User antenna 2x2 5x5 2
Bandwidth varies varies 100 MHz

|. Small cell serves its user by 2x2 spatial multiplexing or SISO
2. Assume perfect channel knowledge for small cell case
3. Assume user density 40x macro massive MIMO BS density

Compare throughput per unit area b/w massive MIMO and small cell

TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016 32
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MmWave massive MIMO vs. sub-6 GHz small cell

Gain for massive MIMO

Keep the same BS density for both
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73 GHz vs 2x2 SM small cell

MmWave provides large gain in area throughput in small-cell regime
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MmWave massive MIMO vs. sub-6 GHz small cell

Keep the same scheduled UE density for both Gain for massive MIMO
I5dB
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15 dB Inter-site distance of mmWave cells in meters

28 GHz vs 2x2 SM small cell Gain for small cell 73 GHz vs 2x2 SM small cell

~— — (N

Inter-site distance of mmWave cells in meters

MmW/ave provides large gain in area throughput w/ small ISD
TFI Communications Technology& Asset Valuation Conf. Jan. 21,2016
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Conclusions
¢ MmWave will be a part of 5G — the only way for per-user Gbps
¢ Infrastructure is a key component of a mmWave network

: : illimeter Wave
@ The future is bright for mmWave evnireless g)?ﬂ?llunications

TFI Communications Technology& Asset Valuation Conf. Jan.21, 2016 35
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