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Figure 1. Cisco Forecasts 15,2 Exabytes per Month of Mobie Data Traffic by 2018 Figure 10. Mobile Video Will Generate Over 60 Percent of Mobile Data Traffic by 2018
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Current Industry Approach: o
Small Cells & Heterogeneous Networks
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Some challenges: interference , backhaul
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New Frequencies: mm-wave and cm-wave @

“*ISCONSIN

UNITEI 3kHz

STAT 300k
FREQUENCY

ALLOCA 3MHz
THE RADIO SPECTRUM

Rt s e 506

Current cellular wireless: 300MHz - 5GHz

Mm-wave - Short range: 60GHz cm-wave: 6-30GHz
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Mm-wave Wireless: 30 -300 GHz @

A unique opportunity for addressing the wireless data challenge
8 Large bandwidths (GHz)
& High spatial dimension: short wavelength (1 -100mm)

Compact high-dimensional (massive) multi -antenna arrays
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Highly directive narrow beams

. . . Large antenna gain
(low interference/higher  security)
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AMS - mmWw 3D MIMO .
Current & Emerging Applications e

A Wireless backhaul ; alternative to fiber

A Indoor wireless links  (e.g., HDTV) IEEE 802.11ad, WiGig
A Smart base -stations for 5G mobile wireless (small cells)

A New cellular/mesh/heterogeneous network architectures

A Space-ground or aircraft -satellite links

Multi - Gigabits/s speeds
Multiple Beams
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Key Operational Functionality:
Electronic multi -beam steering & MIMO data multiplexing

Key Challenges:
A Hardware complexity: spatial analog-digital interface

A Computational complexity: high-dimensional DSP

Our Approach: Beamspace MIMO
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Beamspace MIMO @_

Multiplexing data into
multiple highly -directional (high-gain) beams
Discrete Fourier Transform

Antenna space (DFT) Beamspace

multiplexing D ] i > multiplexing
n dimensional signal space
a0 1

n orthogonal beams

|

n spatial channels

n-element array
( % spacing)

AAAdad

(AS602; AS&NB 610; JB, AS&NB 613)
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n-element (Phased) Antenna Array

4 High efficiency Low-loss
=
4 A—nd Spatial | Power amplifier phalssgfi:;er
patial angle
—q o
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4 RF signal
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— Spatial f requency: § = 3 sin(¢)
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ToepeT LI 11
g S0y 5 <0< 3
) 1
TX: steering vector e—d2m
or a,(0) = spatial

RX: response vector :
e—jZTrB(n—l)
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By shifing discrete phase,
beam direction is steering

n-dimensional

Antenna-array

sinusoid

Orthogonal Spatial Beams

Spatial resolution/ beamwidth : n=40
A00 — l > A¢o = % :
! ] UTL
i —| (DFT
n orthogonal spatial beams — | (OFT)
1 Xy,
" Xp = Un X
X = Unxb

DFT spatial modulation matrix:

Un = —= [an(00),an(01), -+~ an (001}

MfUn = UnUf = I"J
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(n-dimensional orthogonal basis)
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Antenna vs Beamspace Representation @
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Massive MIMO Channel: 0

Beamspace Sparsity
Massive Arrays (mmw) — _| |« T
_ < >— —
A Directional, quasi -optical | . | > —
A Primarily line -of -sight ] < — "
A Single-bounce multipath _JOFD) [ 4 :: (OFT) [~
P0|Et-éol:_pok|nt Point-to - multipoint
) 05 Hn multiuser link
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TX Beam Dir. = TX BEAM DIRECTION (DEG)

Communication occurs in a low-dimensional (p) subspace
of the high -dimensional (n) spatial signal space

How to optimally access the communication subspace
with the lowest & O(p) - transceiver complexity?

(AS&NB310; Pi &Khanoé11; Rappaport ef
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Practical Hybrid Analog -Digital Beamspace MIMO Transceiver

(patented)
Focal surface feed antennas: Lens computes
direct access to beamspace analog spatial DFT

TR+
DAC/ADC

MFI chains
Id:fP
R

Data multiplexing
through

\ active beams

; \ n analog
O(p) transceiver .
p digital (F():)omplexity Beam Selection beams
data streams p <<n
active beams

Performance vs Complexity Optimization

fMS - mmWw 3D MIMO (AS& NB 6.1 08B, AS, NB, 43) 2

Digital vs Analog Beamforming: _@_
Spatial Analog -Digital Interface T

Conventional MIMO: Beam Selection CAP MIMO:
Digital Beamforming p <<n Analog Beamforming
R aDC active beams
p da.ta. chaips ndim. Anm;
streams p data
streams  2TR*

41 DAC/ADC

3d.(p

AT TN

O(n) transceiver complexity O(p) transceiver complexity

n: # of conventional MIMO array elements (1000  -100,000)
p: # spatial channels/data streams (10 -100)
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CAP-MIMO vs Phased -Array -Based @
Hybrid Architectures WisConsin

Lens
+
BeamspaceArray
+
mmW Beam Selector
Network

pTR+

CAR-MIMO:

>4 Multi -beam formin
— g

O(p) transceiver mechanism

complexity
Phased Array -Based: i
: Phase Shifter
n phase shifters Network (np)
per data stream "
S Combiner
> Network
RFs\qni_HJ i
>
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Point-to - Multipoint Network Links _@_
WISCONSIN

Fixed (backhaul) and dynamic (access) links

(siliconsemiconductor.net)

60 GHz
Macro Cell Small Cell

Backhaul

Electronic multi -beam steering and MIMO data multiplexing
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Dense Beamspace Multiplexing

small-cell access points
i3
Cus(p K n) = K log, (1 + pE)

Idealized upper bound (non -interfering K users):
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2D Arrays for Small -Cell AP

a, (0", 96!) = an,. (0°%) ® An,, (961)

2D steering vector:

Beamspace
Transformation
Matrix:

U, = Unaz & U'n'el

Np

hi = Bioan (0%, 000) + Y Brian (055, 67)

i=1

k-th user channel:

Ry sinng

1
- \/{Rk cos . cos ¥ + hsint)? + REsin® ne
1 R cosnsiny — heos

o5l =
R} cosny + 2
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Small-Cell Design: 2D Beam Footprints 797
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Sparse Beamspacelinear Precoding o

K x n system; K users
Downlink system: r=H"x +w = fob +w = HbeS +w
Multiuser channel: ~ Hj, = UPH = [hy;,--- ,hy k]  H=T[hy, .-+  hg], hy = Bra,(0)

Beamspaceprecoder . Gb = [gb.l,gb.?: ceey gb,K]

MOBILE STATION MOBILE STATION
NDE.

oy JNPEX Lower-dimensional system

| A : ' K x p system; p < n active beams
S 9 8 . r= Itlfébsb T W ﬁb = [Hp(L, :)]eem
T e v ;:t‘s‘ i 5}
Shioh e B E
2 e 9 i = Beam Sparsity Mask: M = UF_, M,
:' @ *> i
g 6 ’U"xf k-th user mask:
8 ¢ " M = {i : o (D)[* > y maxg [k (€)]*}

b

i / B

Sparse set of dominant active beams
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Sum Capacity: Sparse MMSE Precoding

Beamspace
Downlink:

MMSE
Precoder:

Capacity:
- K
Cp|Hy) = Zlog.zil + SINR . (p|H)) bits/s/Hz
P2l [ £ 2

SINRy(p|Hs) = —— _ )
pJT«:L mgk B £ |2 + 02

(MMSE precoder :
JB&AS Joham,)Utschick , & Nossek 2005) 0

(JB&AS 613,
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2D Array AP: Performance vs Complexity @

Upperbound vs MMSE precoder performance
L p=4K=400 p=16K=1600
p=K=100 beams beams

beams
2.36 x 126

0.586 xant . 1.16 x 606 ant.
@ 80GHz @ 80GHz @ 80GHz

2-3 x times larger number of
antennas in conventional arrays

p=16K=1600 WISCONSIN
(2.36 x 126) x 10
400 max
AK=400 X 3 active beams p=16K=1600

p=4K=

(1.16 x 6)

p=K=100 4 beam mask/user

(0.56 x 306) vs

Full dimension
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