NEW YORK UNIVERSITY

NYU:POLly

Millimeter Wave Cellular

A road to 5G

Prof. Theodore S.Rappaport
NYU WIRELESS

Polytechnic Institute of New York University (NYU-Poly)
Brooklyn, NY 11201
tsr@nyu.edu

June 11, 2013
IEEE ICC Plenary Presentation

Ip¥a)
© T.S. Rappaport 2013 @\



Agenda NYY

* Motivation for mm-wave cellular for 5G
 Key Requirements for Channel Models:
 Multipath Channel Statistics
e Simulation/Beamforming
« PHY/MAC prototyping
o Cooperation

« NYU WIRELESS and industry first-movers
are making new investments for mmWave

3
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NYU WIRELESS Mission and Expertise | NYU

« EXCITING NEW CENTER: 25 faculty and 100 students across NYU

« Solving problems for industry, creating research leaders, and developing
fundamental knowledge and new applications using wireless technologies

 NYU-Poly (Electrical and Computer engineering)
 NYU Courant Institute (Computer Science)
 NYU School of Medicine (Radiology)

« NYU WIRELESS faculty possess a diverse set of knowledge and expertise:
 Communications (DSP, Networks, RF/Microwave, Antennas, Circuits)

« Medical applications (Anesthesiology ,EP Cardiology, MRI, Compressed
sensing)

« Computing (Graphics, Data mining, Algorithms, Scientific computing)
—Current in-force funding:
e ~ $10 Million/annually from NSF, NIH, and Corporate sponsors
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About NYU N

New York University

 One of the largest and oldest private universities in the USA
(1831)

e Origins in Telecom: Samuel Morse (Morse Code) first faculty
member

 Pioneering the Global Network University w/campuses in Abu
Dhabi, Shanghal, Toronto, Buenos Aires, and 18 other countries

 Faculty have received 34 Nobel Prizes, 16 Pulitzer Prizes, 21
Academy Awards, 10 National of Science Medals

 New focus in Engineering for the Urban, Telecom, Bio-Med future

« NYU isranked #32 in 2013 USNWR National University Ranking
 (GATechis 36, UT Austin is 46)
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- . NYU
Atmospheric Attenuation: mm-waves e

e 0.012 dB over 200 m at 28 GHz

/ e (0.016 dB over 200m at 38 GHz
100

e 7 i A « White
- 4 / \ —  Current cellular frequencies and low mm-wave

 Blue
Y 7 — Short-range indoor communications, whisper

\ _.,.p-"' radios of the future

» Higher attenuation

= -  Green

— Future backhaul and cellular frequencies
\\ﬁ * Low atmospheric attenuation
* Multi-GHz Bandwidth

&‘...  Directional Antenna Arrays with
), Beamsteering

* CMOS: cost-effective with high
frequency limits

* Atmospherics are challenging

Rl

Sea Level Attenuation (dB/km)
[
,f

[ttt L

S

7~

0-1( —

0.01

0 20 40 60 80 100120140 160 180 200220 240 260 280 300 320 340 360 380400
Frequency (GHz)

T. S. Rappaport, J. N. Murdock, and F. Gutierrez, “State of the Art in 60-GHz Integrated
Circuits and Systems for Wireless Communications,” Proceedings of the IEEE, vol. 99, no. 8,
pp. 1390-1436, August 2011.
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Measurement Campalgns
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28 GHz Channel Sounder NYU

ON Semiconductor Transmitter
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» 183 dB path loss dynamic range

» LabVIEW-controlled angular motor

Transmitter Block Diagram
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28 GHz Channel Sounder NYU
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28 GHz Channel Sounder NYU

TX Hardware
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Manhattan Environment — Dense s,

Urban .

3 TX sites
» 25 RX sites

Legend

= © Receiver Site

#1 [ Receiver Site
behind a building

* Pedestrian and @ E Z
vehicular traffic B\ 4 h

« High rise-buildings, g . '
trees, shrubs

» TX sites and heights:
*TX-COL1-7m
eTX-COL2-7m
* TX-KAU — 16 m

* RX sites:
* Randomly selected
near AC outlets :
« Located outdoors on e
or near sidewalks
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Small Scale Linear Track TNYy
Measurements

i 90"
180° ¢ 0°

' 80°

 0° RX azimuth angle
- RX directly points to TX

Linear track setup in Brookiyn  Total track length: 107 mm (10A)
measurement campaign.
o Step sizes: 5.35 mm (A/2)
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Small Scale Linear Steps - [0

Power Delay Profiles (PDPs)

-64 dBM/Ns power delay profiles measured
over a 10A linear track. TX was

-68 dBm/ns  on the rooftop of Rogers Hall in
downtown Brooklyn. RX was on
Bridge street (135 meters away
from the TX). The TX and RX
were pointed for maximum signal
power. Track step size was A/2
using 24.5 dBi horn antennas
10.9 3-dB beamwidths at both TX

*and RX.
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Track Position K. Wang., Y. Azar, T. S. Rappaport, et al, “28 GHz

1 Angle of Arrival and Angle of Departure Analysis for
Outdoor Cellular Communications using Steerable-
Beam Antennas in New York City,” submitted to IEEE
Vehicular Technology Conference (VTC), June 2013.

__ 3-dimensional PDP at angles along a small-scale track. AA
NYU:POL
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Power Delay Profiles [

WIRELESS

Largest Observed Multipath Excess Delay:

LOS: 753.5 ns
TX Location: KAU, RX Location: 11
'46 1 T I ] J T T
Line of sight
-48
50 52 m TR separation
w
E 520 Configuration 1
M C B 40°
3-54_ TXAZIEL' -57/-10
% =56 RXAZ!EL: 20/0
a -58 c_=203.1ns
3 60 :
> I -
= PL 5, =567dB
o 62H _
o Ty 10dB = 4125ns
-64H
o5l ‘ Tax20ds ~ (039 NS
%8 200 400 600 800 1000 1200

Excess Delay (ns)

PDP in LOS environment.

Received Power (dBm/ns)

NLOS: 1388.4 ns
TX Location: COL1, RX Location: 5

Highly obstructed

97 m TR separation

Configuration 10 4

TX, e -107-10° ]

RX 7 :-40/0

c = 163.0ns 7

PL =56.6dB
rel 5m

Tmax10ds — 10-8 NS

T e 20dB = 1388.4 ns

| | L 1
0 500 1000 1500 2000
Excess Delay (ns)

PDP in NLOS environment.

Y. Azar, G. N. Wong, T. S. Rappaport, et al, “28 GHz Propagation Measurements for Outdoor Cellular Communications Using
Steerable Beam Antennas in New York City,” submitted to IEEE International Conference on Communications (ICC), June 9-13 2013.
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28 GHz Path Loss Exponent

Manhattan Path Loss versus Distance
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Measured path loss values relative to 5 m free space in Manhattan.
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Y. Azar, G. N. Wong, T. S. Rappaport, et al,
“28 GHz Propagation Measurements for
Outdoor Cellular Communications Using
Steerable Beam Antennas in New York City,”
submitted to IEEE International Conference
on Communications (ICC), June 9-13 2013.
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Received power, multipath, and

RMS delay spread

Power Received at
RX in Lobby of Courant

51, 70.3dB, 1047 Bns
B2, B7.0dE, 1288 4ns

21, 66.9dB, 100.6ns

2B, 70.2dB, 749.0n=
38, 71.5d8, 766.4ns

o 28, 68.2dB, 804 9ns
72,B6.50B, 1107.6ns 120° ---~"" 771 7L 6P 20, 66 4dB, 49 6ns
20, B7.3dB, B6.0ns B 14, 76.2dB, 1084 2ns
17,64.808, 76305 500, . f(:»;‘ s S 149, 66.508, 161.3ns
33, 69,98, 592 fins dQ‘iqw %'P AP 8, 62.9d8, 10.6ns
R - A R L R T
28, 64.5dB, 791 Bns [N ‘gq‘x;{n,__ Ao 36, 57 6dB, 189.7nz
NS L R 1 A Y
25,80.5[2]8,81.1!’18 1BD°€_":-—{E"_t""\":;;:’ i:;z'la_‘i,’:"_;'_?_‘ifn":::é§DO 17,53.3[18,147.4“8
38, 61.2dB, 137 5ns by \\u o 27,52 1dB, 131 2ns
52,6248, 171680 5 5 | ;&;, L 3ns
40,7028, 1136 Ons 2107 L T Rt o 2. 61.0dB, 101.0
BO,B9.0dB, 8408ns 23, 60.8dB, 134 .6nz
2407 e e a0 28, 61.8dB, 153 8ns
7oe 21,B6.2dB, 14E.3ns

number of pealks, path loss (5m), RMS delay

Polar plot representing power received.
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* NLOS Environment
« 78 m TX-RX separation

« Signal received in 28 of 36
angles (10° increments)

« Radius = Path loss relative
to 5 m free space cal (dB)

«32,61.0dB, 101.0 ns:
« # of resolvable multipath
 Path loss (relative to 5
meter free space cal)
* Excess delay spread
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Resolvable Multipath Components [N

Average Number of Multlpath per TX-RX link vs Distance
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=
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[mn]
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Average Number of Multipath per TX-RX IinI(

s8]
=

Distance (m)

Average number of multipath (X10) in LOS and NLOS
conditions.

NYU )
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§ Mo = 17 -LDS
: o [ IMLOS
.............. T e e
GNLOS_E'Q
i | I NI i“ | i
40 B 80 100 120 140 16O 180 200

Multipath in Urban Environment
for each viable link:

« LOS: 72 resolvable multipath
components on average when
energy received

* NLOS: 68 resolvable multipath
components on average when
energy received

» Key Finding: Many resolvable
multipath components in a
specific directional link,
regardless of environment

Y. Azar, G. N. Wong, T. S. Rappaport, et al, “28 GHz
Propagation Measurements for Outdoor Cellular
Communications Using Steerable Beam Antennas in
New York City,” submitted to IEEE International
Conference on Communications (ICC), June 9-13 2013.
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28 GHz TX-RX Angular Links | NYy

scatter Plot of Links at Tranamitter and Receiver Azimuth Angles
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28 GHz Small Scale AoA Measurements INYU

* AOA measurements from the TX on
the rooftop of NYU-Poly’'s Rogers Hall
in downtown Brooklyn to the RX on
Bridge street (135 meters away from

. the TX)

- ==+ Received power versus receiver

antenna azimuth angle using a 24.5

= dBI horn antenna. Each plot

represents a position (Track Location
1, 5, 10, and 21) along a small-scale
21-step linear track with step sizes of
N2 and a total length of 10A

~ « Small scale movement does not

Track 1 Track 5

T Ty g
Track 10 Track 21
' I-__ d:

affect AOA

K. Wang., Y. Azar, T. S. Rappaport, et al, “28 GHz
Angle of Arrival and Angle of Departure Analysis for
Outdoor Cellular Communications using Steerable-
Beam Antennas in New York City,” submitted to IEEE
Vehicular Technology Conference (VTC), June 2013.

NYU:PDOLY Power received vs. receiver antenna azimuth angle. @\’j
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Cumulative RX Distribution Functld®
of AOA Power Azimuth Spread

Power Azimuth Spread {F‘ﬁS} CDF in NLOS Manhattan at RX Elevation = -20°, 0°, 20°

100%
90% - CDF of the AOA power azimuth spread
Normal (1 = 50.9 °, o = 36.2 °) (PAS) about the RX 0° azimuth angle
% 80% ’ (pointing directly at TX) in NLOS
:.: Manhattan, combining RX elevations of
< 70% -20°, 0° and 20°, for 28 GHz and with TX
}'; 60% - | and RX antenna gains of 24.5 dBi. The red
= circles represent the experimental PAS
2 50% data, and the black line represents the
g Gaussian fit to the experimental data.
4 DU_
g 0%
w 30%
x
S 20%f
10% - O PAS Data |-
e Mormal Fit

0% < '
=100 -50 0 50 100 150 200
Azimuth Spread ()

NYUDOly @
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Signal Outage in Manhattan NYY

 Signal acquired up to 200 m TX-RX
separation

» For outage: total path loss > 170 dB

* 57% of all locations found to be outages
(up to 500 m)

* Only 16% of locations within 200 m were
found to be outages (massive building)

Transmitter Site
L Receiver Site

ﬁ . Receiver Site
behind a building

N Ny Legend
= B8

A

3-Dimensional view of downtown Manhattan.

NYU poly

LYTECHNIC INSTITUTE OF NV ©TS. Rappaport 2013

st WPy
ley i, 7 n-a-n’--' @ Superdry
%% 7 - * & Snakespesre &

N

Legend
ﬁ Transmitter
© signal Acquired
A Signal Detected
¥ No Signal Detected

Sectorized view of cellular coverage.

Y. Azar, G. N. Wong, T. S. Rappaport, et al, “28 GHz
Propagation Measurements for Outdoor Cellular
Communications Using Steerable Beam Antennas in
New York City,” submitted to IEEE International
Conference on Communications (ICC), June 9-13 2013.




Reflection and Penetration
Measurements
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Channel Sounder Equipment— Tnyu
Reflection

_-__Co_ncrete
- aII TX RX

Photographs for reflection measurements

NYU:DO! )
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Channel Sounder Equipment—  Jnvu
Penetration

WIRELESS

Photographs for penetration loss measurements.

© T.S. Rappaport 2013
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Channel Sounder Equipment—  Jnvu

Penetration

i !

o TX-RX separation distance: 5m

*

— Free space
T T — Test Material
5 meters T smetars TX and RX horn antennas:
Free Space — 24.5 dBi gains
T T — 10° half power beamwidth
+ — 1.5 m heights

| i i

Setup for penetration loss measurements.

i
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Penetration Loss Equation 1™+

e Penetration LosSS:

d7d
Pr = Pr + Gr + Gr — 20logio(——)
Pp: Received power
Pr: Transmitted power
[Prvalues used: -8.55 dBm, +11.63 dBm and +21.37 dBm)]
Gy, Gg: Transmitter and receiver antenna gains (24.5 dBi each)
A - Wavelength of the carrier wave (10.71 mm at 28 GHz)

dy- Far field close-in reference distance (5 m)

H. Zhao, R. Mayzus, T. S. Rappaport, et al, “28 GHz Millimeter Wave Cellular Communication Measurements for Reflection
and Penetration Loss in and around Buildings in New York City,” submitted to IEEE International Conference on Communications
(ICC), June 9-13 2013

© T.S. Rappaport 2013
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Reflectivity of Materials at TNV

28 GHz

Environment | Location Material Angle Reflection Coefficient

©) (1)

Tinted Glass 10 0.896

Qutdoor OFH Concrete 10 0.815
45 0.623

Clear Glass 10 0.740

Indoor MTC Drywall 10 0.704
45 0.628

Reflectivity for different common building materials.

H. Zhao, R. Mayzus, T. S. Rappaport, et al, “28 GHz Millimeter Wave Cellular Communication Measurements for Reflection
and Penetration Loss in and around Buildings in New York City,” submitted to IEEE International Conference on Communications
(ICC), June 9-13 2013

NYU-POLy )
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Penetration Loss of Materials

at 28 GHz

TNYU

WIRELESS

Received Received
Power - Power - Penetration
Environment | Location | Material | Thickness | Free Space Material Loss
(cm) (dBm) (dBm) (dB)
Tinted
Outdoor ORH | Glass 3.8 -34.9 -75.0 40.1
Clear
MTC Glass <1.3 -35.0 -38.9 3.9
Tinted
Glass <1.3 -34.7 -59.2 24.5
Indoor WWH | Clear
Glass <1.3 -34.7 -38.3 3.6
Brick 1854 -34.7 -63.1 28.3
Wall 38.1 -34.0 -4(.9 6.8

Penetration loss for different common building materials.

H. Zhao, R. Mayzus, T. S. Rappaport, et al, “28 GHz Millimeter Wave Cellular Communication Measurements for Reflection
and Penetration Loss in and around Buildings in New York City,” submitted to IEEE International Conference on Communications

(ICC), June 9-13 2013

NYU:DOI)
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In-Building Reflections @ ORH %

e

Tin-ted
Glass Walls | |
S Elevators |

g ;'  Possible reflector after wave
5\ | penetration:

?—!—-—
_Reflected

— Elevator (metallic)

-§ wave

pa—

H. Zhao, R. Mayzus, T. S. Rappaport, et al, “28 GHz
Millimeter Wave Cellular Communication Measurements
for Reflection and Penetration Loss in and around
Buildings in New York City,” submitted to IEEE International
Conference on Communications (ICC), June 9-13 2013

Possible in-building reflection paths.

NYU: 3(){ ’ Y
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NEW YORK UNIVERSITY (m‘9>
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=1
. ' NYU
Indoor Penetration Loss
B U T | E )y « Signal acquired
f B ol W3 e 1 "4 @ sSignal Acquired — SNR sufficiently high for accurate
S U [ S—ivz o b A SomiDewced acquisition
TS 5 e=mamm B, o — Penetration loss (relative to a 5 m free

|13 B

s A e 2 _ space test) : <64 dB

Signal detected:

— SNR is high enough to distinguish signal
from noise

— Penetration loss (relative to a 5 m free
space test): between 64 and 74 dB

No signal detected:

— Qutage

— Penetration loss (relative to a 5 m free
space test): >74 dB

H. Zhao, R. Mayzus, T. S. Rappaport, et al, “28 GHz Millimeter
Wave Cellular Communication Measurements for Reflection
and Penetration Loss in and around Buildings in New York City,”
submitted to IEEE International Conference on Communications

Outage map for penetration loss of multiple (ICC), June 9-13 2013

obstrrctions in an office environment. AR
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Penetration L f Multipl []
enetration Loss of Multiple I Nvu
. Power | Received
TX-RD # of Partitions Transmitted | Received | Power — )
RX . Penetration
Separation Power — Free Test
1D dB S Material Loss (dB)
(m) Wall | Door | Cubicles | Elevator (dBm) pace -vlateri
(dBm) (dBm)
1 4.7 2 0 0 0 -3.6 -34.4 -58.8 24.4
2 7.8 3 0 0 0 -8.6 -38.7 -79.8 41.1
3 114 3 1 0 0 11.6 219 -67.0 451
5 25.6 4 0 2 0 21.4 -15.0 -64.1 451
4 30.1 3 2 0 0 21.4 -30.4
6 30.7 4 0 2 0 214 -30.5 Weak Signal Detected
7 32.2 5 2 2 0 21.4 -30.9
8 35.8 5 0 2 1 21.4 -31.9 No Signal Detected

Penetration loss for multiple obstructions in an office environment.

H. Zhao, R. Mayzus, T. S. Rappaport, et al, “28 GHz Millimeter Wave Cellular Communication Measurements for Reflection and Penetration
Loss in and around Buildings in New York City,” submitted to IEEE International Conference on Communications (ICC), June 9-13 2013
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Key Requirement: Channel TryL
Simulation Software for Modems

« Based roughly on the previously-

developed “Simulation of Indoor Radio » SR T s Fames
Channel Impulse-Response Models” ¥ i Tt o - 10 nears
aka “SIRCIM” program § - Operating frequency = 60.0 GHz
:-:EZ .4
» Make use of experimentally calculated g
2 0240 »

statistics to simulate the effect a channel P AN
might have on a broadcasted signal S

300 400 500 @
e
Excess Delay (nanosecongds) W

» Criteria such as environment (LOS / NLOS), transmitter-receiver separation,
precipitation, angle of arrival (AOA), angle of departure (AOD) used to specify
type of channel to model

« Simulate delay spread / power delay profile, small scale fading, etc.

POLYTECHNIC INSTITUTE OF NY1 ©T.S. Rappaport 2013



Concepts and Applications of [N
Beamforming

Beamforming or spatial filtering, is the method of creating the radiation pattern of the antenna
array by adding constructively the phase of the signals in the direction of the targets/mobiles
desired, and nulling the pattern of the targets/mobiles that are undesired.

Desired Interfering
user user
.
Y.Y
) 4

5G can exploit smart antenna systems, with more focus being placed on pointing in the direction
of maximum signal levels using multiple beams (for simplicity, first ignore interference)

g8
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Beamforming history in NYY
cellular standards

» Passive mode: (almost) non-standardized solutions

* Wideband Code Division Multiple Access (WCDMA) supports direction of arrival (DOA) based
beamforming

» Active mode: mandatory standardized solutions
 2G — Transmit antenna selection as an elementary beamforming
e 3G — WCDMA: Transmit antenna array (TxAA) beamforming

* 4G evolution — LTE/UMB: MIMO precoding based beamforming with partial Space-Division
Multiple Access (SDMA)

* Beyond 3G (4G, 5G, ...) — More advanced beamforming solutions to support SDMA such as
closed loop beamforming and multi-dimensional beamforming are expected

Y pis]
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Beamforming Architecture NYY

Desired direction
(main beam) Antennal

Antenna 2

Beamforming
signal

Antenna 3

e

vt

Antenna 4

Undesired
direction (null)

Adaptive
algorithm

NYUpOly

LA
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Possibility of performing

TNYU

WIRELESS

beamforming and beam-

combining

The PDP in the figure to the right shows
the type of diversity of multipath at 28 GHz,
where strong RF energy may be

received and combined to improve

link budget and MIMO capacity.

A different pointing angle at the same RX
location yields a completely different
channel PDP. There is rich diversity in
the different beams, themselves, and from
beam to beam.

NYU:DOLY
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o
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=

ax 20 d5294_‘5‘»3?'5 ns

-90 ' .
20 0 20 40 60 80 100 120 140 160

Excess Delay (ns)

Measured Power Delay Profiles (PDPs) at 28
GHz for a LOS cellular channel in New York

City using steerable beam 24.5 dBi antennas
with 32 meter distance separation between

transmitter and receiver -
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Requirement: Adaptive NYY
Algorithms for Beamforming

» Non-blind adaptive algorithms
* Wiener Solution

o Steepest-Descent Method

o Least-Mean-Squares Algorithm

* Recursive Least-Squares Algorithm

» Blind Adaptive Algorithms
» Algorithms based on estimation of DOAs of received signals (MUSIC, ESPRIT)

» Constant Modulus Algorithm (CMA) (including Steepest-Descent CMA and Least-
Squares CMA)

e Marquardt Method

oA
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Multipath shape factor theory  [NYY

WIRELESS

e We are exploring the multipath shape factor theory (by Durgin) to find the

pointing angles of multipath using very low overhead CW pilots received at
multiple elements of an adaptive array

Spatial Represantation Angular Distribution
of Arriving Power of Power
R, Angular distribution of power, p(6), for a

- — [ — Py
TS g ] a
oL -

0 & Azimuthal Angle 27T

p(a)

sector of arriving multipath components

The multipath shape factor theory showed that the cross correlation of
narrowband fading across an antenna manifold can accurately predict
both the physical direction and the angular spread of multipath

G.D. Durgin and T.S. Rappaport, "Effects of Multipath Angular Spread on the Spatial Cross Correlation of Received

Envelope Voltages," in IEEE Vehicular Technology Conference, vol. 2, 1999, pp. 996-1000. Also see subsequent journal
papers.

~ v £
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28 GHz conclusion (1) NYY

v' Small-scale fading measurements along a track (limited number)
* Movement along a small-scale track does not induce much fading.

* Power received has only 4 dB/ns variance, maximum of 12 ns
excess delay variation

 AOA does not change along a 107 mm track (10A)
v' Path Loss Exponent (NLOS conditions)
s Overall: n=5.76
¢ Strongest power received angles only: n=4.58
¢ Cross Polarization diversity may allow independent signals
v Link distributions (more data to come this month)
s AOA link: Sinusoidal
s AOD link: Gaussian
v" Signal outage: Maximum radial cell size for urban environment is ~ 200m

© T.S. Rappaport 2013
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28 GHz Conclusion (2)

v" Outdoor building materials
s Excellent reflectors
» Largest reflection coefficient: 0.896 (tinted glass)
% Highly attenuation from inside to outside of buildings
» Largest penetration loss: 40.1 dB (tinted glass)
v Indoor building materials
% Less attenuation / Less reflective
» Penetration Loss: 3.6 dB — clear glass; 6.8 dB — drywall
» Reflection Coefficient: 0.62 — clear glass; 0.74 — drywall
v' Penetration loss for multiple obstructions
s Material dependent
+» Distance dependent

RECENT JOURNAL PAPERS:

Rappaport, et. al., IEEE Trans. Ant. Prop., April 2013.
Rappaport et. al., IEEE ACCESS, May 2013.
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« NEW TEXTBOOK: Millimeter Wave Wireless Communications, Pearson Prentice Hall, coming this
summer! Rappaport, Heath, Daniels, Murdock.
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