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4 Current Students of 	

Prof. Sumohana Channappayya	


IIT Hyderbad 

4 Current & Past Students of 	

Prof. Kaibin Huang	


Hong Kong University

7 Current Students of 	

Prof. Chan-Byoung Chae	


Yonsei
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Motivation



Why Millimeter Wave?

Huge amount of spectrum available in mmWave bands	

Technology advances make mmWave possible for low cost consumer devices	

mmWave research is as old as wireless itself, e.g. Bose 1895 and Lebedew 1895
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This chart is a graphic single-point-in-time portrayal of the Table of Frequency Allocations used by the
FCC and NTIA. As such, it does not completely reflect all aspects, i.e., footnotes and recent changes
made to the Table of Frequency Allocations. Therefore, for complete information, users should consult the
Table to determine the current status of U.S. allocations.
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Gain and Aperture in mmWave

Smaller wavelength means smaller captured energy at antenna	

3GHz->30GHz gives 20dB extra path loss due to aperture	


Larger bandwidth means higher noise power and lower SNR	

50MHz -> 500MHz bandwidth gives 10dB extra noise power
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Constraints in mmWave Inform Theory & Design
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Constraints in mmWave Inform Theory & Design
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low gain
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Compounded by use of MIMO with 8 to 256 antennas or more
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The Channel at Microwave vs. mmWave

7

microwave	

WiFi or Cellular

mmWave	

WiFi

mmWave	

5G (???)

bandwidth 1.4 MHz to 160 MHz 2.16 GHz 100 MHz to 2 GHz

# antennas @ BS or AP 1 to 8 16 to 32 64 to 256

# antennas @ MS 1 or 2 16 to 32 4 to 16
delay spread 100 ns to 2 us 5 to 47 ns 12 to 40 ns
angle spread 1° to 60° 60° to 100°  up to 50°
# clusters 4 to 9 < 4 < 4

orientation sensitivity low medium high
small-scale fading Rayleigh Nakagami non-fading or Nakagami

large-scale fading
distant dependent + 

shadowing
distant dependent + 

shadowing
distant dependent + 

blockage

path loss exponent 2-4 2 LOS, 2.5 to 5 NLOS 2 LOS, 3.5 to 4.5 NLOS

penetration loss some varies possibly high

channel sparsity less more more

spatial correlation less more more

LOS: line-of-sight NLOS: non-line-of-sight Data  synthesized from various sources
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MIMO at mmWave



De-facto approach in	

IEEE 802.11ad / WiGig and	


Wireless HD

Analog Beamforming

Motivated by power consumption of ADCs and hardware complexity	

Suitable for single-stream transmission, multi-stream and multi-user complicated	

Joint search for optimal beamforming and combining vectors w/ codebooks

9

Phase shifters

BasebandRF	

Chain

RF	

ChainBaseband

* J.Wang, Z. Lan, C. Pyo, T. Baykas, C. Sum, M. Rahman, J. Gao, R. Funada, F. Kojima, H. Harada et al., “Beam codebook based beamforming protocol for multi-Gbps millimeter-
wave WPAN systems,” IEEE Journal on Selected Areas in Communications, vol. 27, no. 8, pp. 1390–1399, 2009. 	


* S. Hur, T. Kim, D. Love, J. Krogmeier, T. Thomas, and A. Ghosh, “Millimeter wave beamforming for wireless backhaul and access in small cell networks,” IEEE Transactions on 
Communications, vol. 61, no. 10, pp. 4391–4403, 2013.

1-bit	

ADCDAC 1-bit	


ADCADC

Phase shifters



Current research direction 
in industry and academiaHybrid Beamforming

Makes compromise on power consumption and hardware complexity	

Hybrid analog/digital precoding enables spatial multiplexing and multi-user MIMO	

Digital can correct for analog limitations	

Approaches baseband digital performance *, can exploit sparsity **

10

* O. E. Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath Jr, “Spatially sparse precoding in millimeter wave MIMO systems,” IEEE Trans. on Wireless 
Commun., vol.13, no.3, pp.1499-1513, March 2014. 	

** A. Alkhateeb, O. E. Ayach, G. Leus, and R. W. Heath Jr, “Channel estimation and hybrid precoding for millimeter wave cellular systems,” to appear in IEEE 
Journal of Selected Topics in Signal Processing, arXiv preprint arXiv:1401.7426, 2013. 
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Current academic	

 research directionUltra Low Resolution Receiver

Use1-bit ADCs (pair) for each RF chain, ultra low power solution	

Perform digital combining for all the highly quantized received signals	

Promising high SNR capacity results at high SNR*	

Many open topics: channel estimation, equalization, constellation optimization

11

* J. Mo and R. W. Heath Jr., “High SNR capacity of millimeter wave MIMO systems with one-bit quantization,” in Proc. of ITA Feb. 2014.	

See also extensive work by research groups led by U. Madhow, J. Nossek, G. Fettweis, G. Kramer, and O. Dabeer and others
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Different transmit 
architectures possible, 

analog, hybrid or otherwise 



Line-of-Sight MIMO

Multiple parallel mmWave LOS MIMO 
links can be established	

System relies on antenna element 
spacing from diffraction-limited optics	

Links are robust to deviations in antenna 
alignment and array positioning	

300Gbps data rates*	

Applications	


Data centers	


Chip-to-chip

12

Spatial Multiplexing Over a Line-of-Sight 
Millimeter-Wave MIMO Link: A Two-Channel 
Hardware Demonstration at 1.2Gbps Over 41m 

Range 
 

Colin Sheldon, Eric Torkildson, Munkyo Seo, C. Patrick Yue, Mark Rodwell, and Upamanyu Madhow 
Department of Electrical and Computer Engineering 

University of California, Santa Barbara, CA 93106, USA  
sheldon@ece.ucsb.edu 

 
Abstract—This paper presents recent experimental results from a 
novel hardware prototype of an outdoor millimeter-wave line-of-
sight (LOS) MIMO link.  The system architecture establishes 
multiple parallel data channels using antenna element spacing 
derived from the principles of diffraction-limited optics.  A 
millimeter-wave carrier frequency reduces the antenna array 
size to reasonably compact dimensions.  In principle, this system 
architecture is scalable to larger one-dimensional and two-
dimensional arrays supporting data rates >320Gbps.  A two-
channel LOS hardware prototype has been constructed and 
tested in an outdoor environment.  The hardware prototype 
achieved bit error rates (BER) <2x10-6 for two channels 
operating at 600Mbps each over a link range of 41m. 

I. INTRODUCTION 
The ability to support increased data rates without 

simultaneously increasing channel bandwidth motivates 
interest in MIMO communication links.  MIMO links 
establish multiple parallel communication channels using 
closely spaced transmitter and receiver antenna elements.  
Demonstrated approaches to low frequency (<10GHz) MIMO 
exploit multipath signals in non line-of-sight (NLOS) 
environments [1].   

An alternative approach, which we term millimeter-wave 
MIMO, establishes (Fig. 1) multiple parallel links in a LOS 
environment [2].  The basic theory for this system architecture 
first appeared in [3].  In this configuration, the transmitter and 
receiver use either 1×n linear or n×n rectangular arrays of 
antenna elements spaced according the relationship 

nRD λ⋅=     (1) 
where D is the antenna element spacing, R is the link range 
and λ is the carrier wavelength [2].   

Based on this result, a 4×4 (16-element) square antenna 
array of dimensions nD×nD= 3.4m×3.4m would operate at 
1km link range using a 60GHz carrier.  The bandwidth 
available in the 60GHz band is sufficient for 10Gbps QPSK  
transmission per antenna pair per field polarization.  A 4×4 
link exploiting both field polarizations [4] could therefore 
support a 320Gbps aggregate data rate.   Such an outdoor link 
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Fig. 1  LOS MIMO system  analysis using the principles of diffraction-limited 
optics. 
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Fig. 2  Two-channel LOS MIMO system diagram.  Transmitter and receiver 
signals are represented as vectors in the I/Q plane. 

would supplement optical fiber links carrying high-capacity 
traffic. In contrast, for indoor applications, a linear 1×4 link 
operating at 10m range would require an array of length 
nD=34cm. 

Recent work in the field of LOS MIMO has highlighted 
the potential for this system architecture.  Theoretical work 
has shown that one-dimensional and two-dimensional LOS 
MIMO links are robust to small deviations in individual 
antenna alignment and array positioning [2], [5], [6].  
Experimental results at 5 GHz, using offline software based 
receivers, and 60GHz channel sounding measurements have 
appeared in the literature [7], [8]. 

A LOS indoor MIMO link using 1× 2 linear arrays and 
operating at 1.2Gbps over 6 meter range was reported in [9].  
We report here experimental results from a hardware 

978-2-87487-008-8 © 2008 EuMA October 2008, Amsterdam, The Netherlands

Proceedings of the 1st European Wireless Technology Conference
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Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on February 20, 2009 at 21:04 from IEEE Xplore.  Restrictions apply.

mmWave LOS  MIMO system*

Link range
Antenna spacing

* C. Sheldon, E. Torkildson, M. Seo, C. P. Yue, M. Rodwell, and U. Madhow, “Spatial multiplexing over a line-of-sight millimeter-wave MIMO 
link: A two-channel hardware demonstration at 1.2Gbps over 41m range,” in 38th European Microwave Conference, October 2008.

Current academic research direction



MIMO with Polarization

Polarization works at mmWave	

Helps orthogonalize channels	

System design needs to deal with 
challenges, e.g., mobile misorientation	

Mobile orientation can be estimated 
without explicit channel knowledge*	

Diversity and multiple users** 

13

* A. A. Khaled, R. W. Heath. Jr., S. Rajagopal, S. Abu-Surra, and J. Zhang, “Cross-polarization RF precoding to mitigate mobile misorientation and 
polarization leakage,” IEEE Consumer Communications and Networking Conference (CCNC), Las Vegas, CA, Jan. 10-13, 2014.

** J. Song, S. G. Larew, D. J. Love, T. A. Thomas, A. Ghosh,"Millimeter wave beamforming for multiuser dual-polarized MIMO systems," Global 
Conference on Signal and Information Processing (GlobalSIP), 2013 IEEE , vol., no., pp.719,722, 3-5 Dec. 2013

Current academic &	

industry research direction
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Consumer Applications of mmWave MIMO



mmWave in Consumer Applications
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Concept of Automotive Radar

Long range radar (LRR) operates in 76-77 GHz with a bandwidth of 600 MHz	

Short range radar (SRR) operating in 24GHz band is getting replaced by 79-81 GHz band	

Medium range radar (MRR) operates in 77-81 GHz with a bandwidth of 600 MHz

16
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How Multiple Antennas are Incorporated

17Source: Schneider, Martin. "Automotive radar–status and trends." German microwave conference. 2005.	

Delphi, “Delphi Electronically Scanned Array”,[http://delphi.com/manufacturers/auto/safety/active/electronically-scanning-radar/], Accessed on 7-2014

DENSO  Electronically Scanning Radar (Phased Array)!

Delphi  Electronically !
Scanning  Radar!

 (Digital  Beamforming)!

Toyota CRDL Radar with DBF, 77 GHz !

Fujitsu Ten 3D- Scan Millimeter-Wave Radar: !
Digital Beamforming!

Bosch Long Range Radar!
 (Lens Antenna) !

Bosch Antenna Diagram! TRW Autocruise AC20 !
Monopulse (Lens Antenna)!



Research Issues in Automotive Radar
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Development of IEEE 802.11ad

Motivation	

Emerging data hungry apps (e.g. HDTV streaming, rapid sync, etc.)	


Why 60 GHz? Large unlicensed band, low co-channel interference, small form factor, etc.	


Consumer products already on market

19

Revision committee 
approved 

TGad formed 11ad Draft 1.0 802.11ad published

Project Activation 
Request approved

WiGig Alliance 
born

Wi-Fi Alliance and WiGig 
announced cooperation

Wi-Fi and WiGig signed 
merger MOU

Wi-Fi and WiGig signed 
merger agreement

Complete proposal 
based on WiGig 1.0

Initial sponsor 
ballots
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IEEE 802.11ad

11ad defines four PHYs:	

Control PHY	


Single carrier (SC) PHY	


OFDM PHY (optional)	


Low power SC PHY (optional)	


!

Multiple antennas for TX and RX	

Support only single stream MIMO	


Analog beamforming using phase shifters	


16 and 32 antennas are common

20

Frame structure!

Wilocity (now Qualcomm) 
chip 32 antennas

http://www.anandtech.com/show/6646/wilocity-bringing-wigig-to-your-desk-lap-home-and-office

Dell WiGig docking station

http://www.anandtech.com/show/6646/wilocity-bringing-wigig-to-your-desk-lap-home-and-office


Beam Training to Implement Single Stream MIMO

Sector level sweep	

Transmit sweep, receive sweep, feedback, and acknowledgement	


Trains a combination of sector (at one end) and antenna (at the other end)	


Beam refinement	

Training of different transmit and / or receiver antenna configurations	


Beak tracking	

Periodic refinement over a small number of antenna configurations

21

Sector Beam Patterns

#1

#2

#3

active Tx beam

Tx beam candidates

T1: Tx sector #1
T2: Tx sector #2
T3: Tx sector #3

STA1 STA2
T1: Tx beam #1
T2: Tx beam #2
T3: Tx beam #3

STA1 #2 STA2

#1

#3

sector level sweep station 1 sector level sweep station 2

Feedback/Ack STA2STA1

feedback phase



Related Research Challenges in mmWave WLAN
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New Application: mmWave Cellular



Why mmWave for 5G?

Practical spectral efficiency limits are being reached	

Conventional single user, multiple user, and network MIMO	


Turbo and LDPC coding, adaptive modulation, H-ARQ	


Huge amount of spectrum in mmWave band that could be repurposed*	

Current cellular systems live with limited microwave spectrum ~ 600 MHz	


29 GHz possibly available in 23 GHz,  LMDS, 38, 40, 46, 47, l49, and E-band	


MmWave is the new spectral frontier for 5G cellular (or maybe 6G…)

24

Microwave

3 GHz 300 GHz28 GHz 38-49 GHz 70-90 GHz300 MHz

1G-4G cellular 5G cellular ?

m i l l i m e t e r   w a v e

* Z. Pi and F. Khan. "An introduction to millimeter-wave mobile broadband systems." IEEE Communications Magazine, vol. 49, no. 6, pp.101-107, Jun. 2011. 
** T.S. Rappaport, R. W. Heath Jr., R. C. Daniels, and J. N. Murdock, Millimeter Wave Wireless Communication, Prentice Hall, 2014. 
*** S. Rangan, T.S. Rappaport, and E. Erkip, “Millimeter Wave Cellular Wireless Networks: Potentials and Challenges”, Proceedings of IEEE, 2014 
**** T. Bai, A. Alkhateeb, and R. W. Heath Jr., “Coverage and Capacity of Millimeter Wave Cellular Networks,’' to appear in IEEE Communications Magazine 2014. 



Imagining a mmWave 5G Future Network

Dense mmWave nodes as hotspots for high data rates	

Directional beamforming to boost signal power and reduce interference	

Users connect to multiple-nodes for high rates and better handover	

Coverage may suffer from blockage effects, e.g. buildings in urban areas	

Need additional layers for indoor coverage due to large penetration losses	


Microwave BSs for coverage and control signals*
25

Buildings
mmWave	

Femtocell

Microwave Macro BS

mmWave D2D

Indoor user

mmWave BS

Control signals

Multiple-BS access for fewer 
handovers and high rate

mmWave Wireless 
backhaul

Data center

NLOS link

LOS links

*T. Bai and R. W. Heath Jr., “Analysis of mmWave cellular networks with overlaid microwave base stations”, To appear in Proc. Asilomar Conf., Nov., 2014



Network Analysis of mmWave

26

Blockages as rectangular Boolean scheme  
K: # of blockages on a link

Sectored antenna pattern model

LOS path: K=0

non-LOS path	

K>0

Buildings

5

[2], we also remove the constraint that the LOS path loss exponent is 2, and extend the results

in [2] to general path loss exponents, in addition to providing derivations for all results, and new

simulation results.

This paper is organized as follows. We introduce the system model in Section II. We derive

expressions for the SINR and rate coverage in a general mmWave network in Section III. A

systematic approach is also proposed to approximate general LOS probability functions as a step

function to further simplify analysis. In Section IV, we apply the simplified system model to

analyze performance and examine asymptotic trends in dense mmWave networks, where outdoor

users observe more than one LOS base stations with high probability. Finally, conclusions and

suggestions for future work are provided in Section V.

II. SYSTEM MODEL

(a) System model for mmWave cellular networks

Mm
θ

(b) Sectored model to approximate beamforming patterns.

Fig. 1: In (a), we illustrate the proposed system model for mmWave cellular networks. Blockages are modeled as a random

process of rectangles, while base stations are assumed to be distributed as a Poisson point process on the plane. An outdoor

typical user is fixed at the origin, and the base stations can be categorized into three groups: indoor base stations, outdoor base

stations that is LOS to the typical user, and outdoor base station NLOS to the user. Directional beamforming is performed at

both base stations and mobile stations to exploit directivity gains. In (b), we illustrate the sectored antenna model G

M,m,✓

,

which is used to approximate the beamforming patterns.

In this section, we introduce our system model for evaluating the performance of a mmWave

network. We focus on the downlink coverage and rate performance experienced by an outdoor

user, as illustrated in Fig. 1(a). We make the following assumptions when formulating the system

model.

Main lobe beamwidth 

Main lobe array gain
Back lobe gain Use “sectored antenna” to simplify analysis	


Actual antenna patterns approximated by a sectored model	


Sectored model captures main lobe gain, HPBW, and FBR	


Steering orientation of interferers randomly distributed in space	


!

!

!

Use random shape theory to model blockages*	

Model buildings as a rectangular Boolean scheme	


A link of length   is LOS, i.e., unblocked, with prob. 	


Different propagation laws measured in LOS/ NLOS channels**	


Apply different path loss laws to LOS/ NLOS links

p(r) = e��rr

*T. Bai, R. Vaze, and  R. W. Heath, Jr., ``Analysis of Blockage Effects in Urban Cellular Networks”, To appear in IEEE Trans. Wireless Commun., June 2014. 
** S. Rangan, T.S. Rappaport, and E. Erkip, “Millimeter Wave Cellular Wireless Networks: Potentials and Challenges”, Proceedings of IEEE, 2014
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Use stochastic geometry to derive SINR coverage	

Assume base stations distributed as a Poisson point process	


Use general Nakagami distribution to incorporate small-scale fading	


Apply for general base station density & building distributions 	


Simplified expression available in dense network case*

Theorem [mmWave SINR Distribution]	

The SINR coverage probability (CCDF of SINR) in mmWave networks is	

!

where the conditional coverage probability by LOS BSs is evaluated as	

!

!

and the conditional coverage probability by NLOS BSs is

12

Now, based on Lemma 2 and Lemma 3, we present the main theorem on the SINR coverage

probability as follows
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↵L

CLNNt↵N

◆
(1� p(t))tdt, (12)

W
n

(T, x) = 2⇡�
4X

k=1

b
k

Z 1

 N(x)

f

✓
NL,

nCL⌘NākTx
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Proof: See Appendix D.

Though as an approximation of the SINR coverage probability, we will later show that the

expressions in Theorem 3 are comparable to the simulations in Section III-E. More importantly,

the expressions in Theorem 3 compute much more efficiently than prior results in [1], which

required inverting Fourier transform numerically. Last, the LOS probability function p(t) may
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n⌘LākTx
↵L

NLt↵L

◆
p(t)tdt, (11)

V
n

(T, x) = 2⇡�

4X

k=1

b
k

Z 1

 L(x)

f

✓
NN,

nCN⌘LākTx
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Though as an approximation of the SINR coverage probability, we will later show that the

expressions in Theorem 3 are comparable to the simulations in Section III-E. More importantly,

the expressions in Theorem 3 compute much more efficiently than prior results in [1], which

required inverting Fourier transform numerically. Last, the LOS probability function p(t) may

*T. Bai and R. W. Heath Jr., “Coverage analysis in dense millimeter wave cellular networks”, in Proc. of Asilomar Conf., Nov., 2013
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Dense mmWave networks can achieve good coverage and high rate	

mmWave SINR and rate sensitive to base station density	


SINR improves and converges to SIR when base station is dense	


Significant gain in data rate than microwave due to larger bandwidth and denser deployment
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Interference-limited as SINR converges to SIR

MmWave:	

Carrier freq. : 28 GHz	

Tx power: 30 dBm	

Tx directivity gain: 20 dB	

Tx beamwidth: 30 degree	

Rx directivity gain: 10 dB	

Rx beamwidth: 90 degree	

Bandwidth: 100 MHz	

!
Microwave:	

Carrier freq. : 2GHz	

TX power: 46 dBm	

Bandwidth: 20 MHz	

4X4 SU-MIMO ZF-precoding	

ISD: 1000 m	

!
!
Building statistics:	

the same as UT Austin campus	


Large gain in rate coverage 
due to larger BW

T. Bai and R. W. Heath Jr., “Coverage and rate analysis for millimeter wave cellular networks”, submitted to IEEE Trans. Wireless Commun., March 2014.
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Spectrum 
efficiency 
(bps/Hz)

# of users/
cell

Bandwidth 
(MHz)

Cell 
throughput 

(Mbps)

ISD 
(m)

Rate per area  
(Mbps/km2)

microwave SU 
w\ 4X4 ZF 

MIMO
7.9 1 20 158 400 1257

Massive MIMO 
64 antennas 1.2 10 20 240 400 1910

mmWave SU 
w\ analog BF 3.7 1 100 370 400 2945

mmWave SU 
w\ analog BF 5.8 1 100 580 200 18462

mmWave MU  
w\ hybrid BF 5.8 2 100 1160 200 36924

More antennas 
and users

Denser BS

More users and 
hybrid beamforming

(not dense enough)
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Conclusions
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Millimeter wave has massive consumer potential	

More than 1.7 billion 802.11ad devices predicted in 2017	


LAN will be the first wide scale deployment	


Cellular access will come in 5G, or possibly later in 6G	


!

MIMO and mmWave are a natural union	

Commercial systems consider primarily single stream MIMO beamforming	


More advanced multi-stream and multi-user MIMO is feasible	


Research is needed on the best holistic performing technologies
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Millimeter wave has massive consumer potential	

More than 1.7 billion 802.11ad devices predicted in 2017	


LAN will be the first wide scale deployment	


Cellular access will come in 5G, or possibly later in 6G	


!

MIMO and mmWave are a natural union	

Commercial systems consider primarily single stream MIMO beamforming	


More advanced multi-stream and multi-user MIMO is feasible	


Research is needed on the best holistic performing technologies

The future is bright for mmWave MIMO


