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Singleuser (SU) MIMO
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A One user scheduled in each cell
on a given timdrequencyresource

A Maximize singldink throughput

A Spatial Multiplexing
(with or without CSI at the transmitter)



Multi-User (M U)Vl IMO [clerckx2013a]

A Multiple users scheduled in each cafla given
time-frequency resource> intracell interference

A Maximize cell throughput IREEE
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Multi-Cell (M C)\/l IMO [clerckx2013a]

w Denoted asCoMPin LTEA

w Jointlyallocate resources across the whole network (and not for eath
independently and use the antennas of multiple cells to improve the
receivedsignal qualityat the mobile terminal and tonanagethe intra and
inter-cell interferences

w Targets primarily cell edge users

w Paradigm shift: maximize a network utility metric rather than a cell utility

metric \

{S*, W*, G*, K*} =arg max

T S.W,G,KcCK|*
_ Sum over all
Txpower Rx filter cells in the

Txbeamformer

network




Multi-Cell (M C)\/l IMO [clerckx2013a]

w Two maincategories: data sharing (cooperation) and no data sharing
(coordination)

Interference
converted
Into useful

signal

No data sharing
No CSI sharing

Data sharing
CSI sharing

No data sharing "= g
CSlI sharing

(b) Coordination - CS/CB/PC (d)y Cooperation - DCS

= desired signal —— = = > interfering cell that could transmit desired signal
— =3 interference @ = = sreeeeees > decreased interference 6



Coordination-&y’ 2 RIF O0F &Kl NRy 3éE

w Userdata is available at a singl@nsmitter
w Modelled as a MIMO Interference Channel

w Coordinatedbeamforming- CB (including interference alignment)
¢ spatial domain cooperation

¢ beamformingdesign among cells for a predefined set of scheduled users and
allocated power

w Coordinated schedulingCS

¢ user domain cooperation

¢ Identifies users to schedule in the different cells and on the appropriate
frequency resources assuming heamformingand a predefined power
allocation

w Coordinated power contraglPC

¢ power domain cooperation

¢ controls the power in each cells and each frequency resource for a predefinec
of users andeamformersand a predefined power allocation

w Combination of various coordination methods



A general framework of Coordination

w Iterative Algorithm

L At iterationn, each cell refreshes its decisions on the user schedule and the
transmitprecoders(beamformersand power) based on the decisions made
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between cells.

L Interference pricing: scheduling decisions in a given cell i should also based a
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Cooperation- & R [a0KHF NR&A y 3 €

w User data is available at multipleansmitters

w Modelled asa MIMO Broadcast Channel

w JointTransmission (J®y NetworkMIMO
¢ Similar to MUMIMO
¢ Nosum power constraint anymore but p&S powerconstraint



MIMO Networks: Multuser, Multrcell, Massive,
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A MIMO Networks exploit more and more channel state information at the
transmitter (CSIT)

]

(b) Coordination - CS/CB/PC (d) Cooperation - DCS

A Performance crucially rely on accurate CSIT



Questions

1. How much gain do those techniques provide in realistic scenarios?
2. What are the major impairments?

3. Can we makeoordination/cooperation morgractical and still get
performance benefits?

4. Are the right strategies standardized/implemented? If not, what
should we do?

5. Can we exploit interference rather than simply manage it?



Part 1:
An industry perspective how to make it work?

1. LTEAsystem level performance evaluations
2. Practical coordination/cooperation strategies



1. 3GPR.TE and LTAdvanced

w LTE Re8 (finalized in Dec 2008):
¢ Up to 4x4(up to4 layers transmission
¢ primary focus on SWMIMO design

¢ Stoneage MUMIMO based on common reference signals (CR$)

w LTE Reb (finalized in Dec 2009):

¢ Up todx4(up to4 layers transmission
¢ Introduction of demodulation reference signals (ER®)
¢ Enhancement of MUIMIMO to support ZFBkke precoding

w LTEA Rell0 (finalized mid 2011):
¢ Up to 8x8 (up to 8 layers transmission)
¢ New channel measurememneference signaléCSIRS)
¢ New feedback mechanisms for 8Tx

w LTEA Relll (finalized in Dec 2012).

¢ Coordinated MultiPoint Transmission/Receptio@¢9MBP
w Homogeneous (Macro) and heterogeneopg¢, DAS) networks

w LTEA Rel. 12n-going

SUMIMO centric

MU-MIMO centric

MCMIMO CoMB
centric

14



L TEA PerformanceEvaluationScierckx2013a]

R;:ﬁmeﬂm— [ |FD&RMControl)
s [ ] PDSCH (Ba«e{
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w Assumptions:

Time

\

P

¢ DLsynchronized. TEAdvanced network ,:” \
basedon FDD and 10 MHz bandwidth ',' 35 B EREREG
madeof 50 resource blocks (RB). . | &|EE e

¢ 19hexagonal cell sites with 3 sectors per | \\'\‘ a .
cellare wraparound modelled and | ‘\ g /
10 users are dropped per sector. ‘} i k‘)”-'f‘ms) //

¢ Fultbuffer traffic NS - -

¢ HARQ based on Chase Combining
(target BLER 10%) /)

¢ Proportional Fair scheduling ’ |
w Performance gain: ’

¢ SUMIMO (SM with quantized feedback) /
vs MU-MIMO (ZFBF with quantized feedback) ""‘.‘
¢ SUMIMO vs. coordinated SMIMO ’ ”

Cooperation/coordination itHetNet
° P P NAPN

15
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MU-MIMO: Antenna deployment

- Notations:
g 4 ' ' Nbrof >N X1 (d/<AS)
o=
5 8 35 1 Txant. Angle
£ N Nbrof  Ant.
oL 3 1 . spread
5o Rx ant. spacing
S0
035 25 i : :
& ‘ ‘ | ULA: Uniform Linear Array
D ‘ ‘ ‘ - '
S 8x2 (0.5,15) 4x2 (0.5,15) 4x2 (4,15) DP: Duapolarized
Four antenna arrays

s 0.15 ! T T
_§' — - ULA (1) iiyzpied ?medely spig (3|) closely-spao|ed
g-, 8 : : :| DP dual-polarized set-up  dual-polarized set-up  single-polarized set-up
9 ﬁ 01 ........................................... . Eoht antenna arrays
53 | | | KK LT
29 005 I [ R A 1| e o

0
== _ _ _ X X X X
(&) 1 L 1 (3) widely-spaced dual-polarized set-up

8x2 (0.5,15) 4x2 (0.5,15) 4x2 (4,15)
Observations:

AULA > DP for cell average for any numbeT>ov] _ : _
AULA > DP at the cell edge X  owdzdeploy DP in practice

A0.5<> 4< 16



MU-MIMO: Antenna configuration

cell average throughput
[bits/s/HZ/cell]
1N

B 22 (0.5,15)|

| 8x2 (0.5,15)| | | i
| [ 18x4 (0.5,15)

ULA

- 0.2
=3
=

()]
g% 0.15F oo
=T
g 01r W | | |
09
8 005

DP ULA
Observations:

A8x4 provides significant gain over 8x2

A8Tx ZFBF is far fronullingout MU interference
Amore pronounced in DP
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MU-MIMO: Dimensioning

5 4.5 : - ! T

a B max-2 streams ? - K

S5 4r\[_Imax4streams| i
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EN 35 1
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s 3r o | . ]

S

o 25 BM14% S | B | .

()] ‘ ‘ ‘

3 2 ‘ ‘ ‘ ‘ N .
8 4x2,q.CDl 4x2,unq.CDI 8x2,q.CDI 8x2,ung.CDI CDI: Channel Direction Informatic

g.: quantized

0.15 ; ? ung.: unquantized

B max-2 streams : :
I:lmax_4streams ............. A

ser]
o
-
N
(¢}

'50.075 -

[

cell edge throughput
bits/s/Hz/u
o

005 ; : ; ;
4x2,q. CDl 4x2,unq.CDI 8x2,q.CDI 8x2, unq. CDI

Observations (with DL overhead):
Adx2: 2 streams > 4 streams even with accurate feedback

A8x2: 4 streams > 2 streams if accurate feedback, 2 streams enoughAfdoEEbook
18



MU-MIMO: CSI measurement and feedback

- 4x2
3 35 n - ”
S 3 - [ 130%( e ]
= _n B gs =
2 ® 25 cx mc_ B 19 21 A
o N Lz PR% % sw | | 5o
gL 2 o= 185 1189 Assumptions:
2215 O Mo cOR ez |82 - A 6RBsubbandsize
% 8, 1 Sc §s52z € O - A 5ms feedback delay at
S ‘ v ‘ oy ’ 3km/h
CSl CSl

~ 0.125 measurement  feedback
= 0.
;:,:, e R e i CSIRS: Reference signals
§ § 16% 239 42% for CSI measurement before
SN o4l ... N B Y | | feedback
= 0.1
o L
D) »
? 8 DM-RS: reference signals
7= for demodulation
© 0.075

Observations:

Aranking of losses in increasing order of severity:
CSIRS < g. CQI < DRB << g. CDI

19



SU vs. MU v&SU/MUMIMO dynamic switching

cell edge throughput

[bits/s/Hz/use

cell average throughput

[bits/s/Hz/cell]

g
-
>

=)
o
<
o

I SU - SU report
~| I MU - rank-1 report
[ 1MU - SU report
B :SU/MU Su report [l
K |

w
3,

w

N
(6)]
T
o
X
5 I

2 ‘ ] ] ] | L
4x2 DP (4) 4x2 DP (0.5) 4x2 ULA 8x2DP  8x2 ULA MU: 1 layer per UE
SU/MU: SU or muHayer MU

o
—

5 | |
4x2 DP (4) 4x2 DP (0.5) 4x2 ULA  8x2DP  8x2 ULA

Observations:

AMU & SU/MU bring negligible gain over SU in 4x2 DP (4,15)

AMU & SU/MU bring only-6% gain over SU in 4x2 DP (0.5,15)

AMU ¢ rank-1 report outperforms MU, SU report and SU/MIJ SU report
ASU/MU performs the same as MU 20



y [m]

Multi-cell MIMO cooperation/coordination

w Which users benefit from cooperation ?

600 600
400 400+
200 200F
0 E 9
-2
-200+ —200L
-400 400}
_600 1 1 1 1 1$ 1 1 I 1 8 7 ‘ 18
=500 -400 -300 -200 - 300 400 500 -600 : A A ¢ : e
500 ~400 -300 -200 ~100 0 100 200 9 500 —400 —300 —200 —100 0 100 200 300 400 500
X [m] X [m]
200¢
1 BS :
2 BS > - 3D antenna pattern
3 BS 2004+ = |ntra'S|te .
- 10 dB triggering threshold
-400}
17 16
_600 1 1 1 1 18 1 1 1 1
2500 -400 -300 -200 -100 O 100 200 300 400 500 0

x [m]



Clustering

w Usercentric clustering vs. Network predefined clustering




Clustering

w Assume a 10dB triggering threshold for coordination/cooperation

CoMP measurement set size 1 2 3 4 5 6

Inter-eNodeB CoMP

53% | 23% | 18% | 3% | 2% | 1%

Intra-eNodeB CoMP

5% | 19% | 6% | 0% | 0% | 0%

¢ network predefined clustering (e.g. intrsite) constraints the number and

occurenceof CoMPUEs

¢ no benefit to have more than threeell cooperation
¢ Feedback overhead forusers (B bits overhead per reported link):

Deployment Absoluteoverhead

Intra-eNodeB

Inter-eNodeB

0.75*K*B+0.19*K*2B+ ~31% increase
0.06*K*3B=1.31*K*B

0.53*K*B+0.23*K*2B+ ~71% increase
0.24*K*3B=1.71*K*B

23



Coordinated StMIMO using CS/CB

w Coordinated SWIMO: one user scheduled at a time in each cell on a
given time/frequency resource

w network level iterative coordinated scheduling ameamforming

Outer loop iteration
Precoding update

eNB-eNB
UE CQI Outer loop MCS User : Coordinated Coordinated
feedback [—*{ calculation [ link adaptation [ selection selection scheduling P beamforming
UE-eNB Per-cell scheduling eNB-eNB eNB-eNB

Scheduling update

16 Iteratlons interference pricing,
Ho)s1 UNquantized SLNR filter design and
R usercentric clustering

H(l),s,l

Signatto-Leakageand-NoiseRatio

I_I(O)s:%
(1)33

H(O),s,2
H(l),s,2

1,3,6RB¢> Hoey),s,3 Hoey . s
24



SUMIMO vs.coordinated SkMIMO (CS/CB)

N
o

cell average throughput
[bits/s/Hz/cell]
N

o oS o
o o -
< © -

cell edge throughput
[bits/s/Hz/user]

o
o
3

- Gain of coordination of ~30% at the cell edge

4x2

I N
NN (o)]
T T

N
N
T

B SU

g

[ ]CSCB SU 16 iterations |

(4,15 1RB

(0.5,8) 1RB

(4,15) 3RB

(0.5,8) 3RB

- but overhead increase of 71%
- bigloss as the CSI accuracy decreases

Assumptions:
Aungquantizedfeedback
Auserreceiver
Implementation assumed
known at the BS

Aperfect CSI measuremen
Ano delay

25



SUCS/CBtransmission rank

1 RB, 4x2 ULA, 0.5), 8'AS
| __BlY
o |:| CSCB SU |-

y
©c o
o o

robabilit
(e]
N

p
o
(V)

o

3 RB, 4x2 ULA, 0.5, 8 AS
H SsU
...................... |:| CSCB SU -

o
o)

probability
o
N

o
N

1
number of transmitted streams

CS/CB allows cell edge users to benefit from spatial multiplexing gains
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CS/CB: Link adaptation

4x2

E SU |
[ CS/CB SU 4 iter.
|[__]cs/CB SU 4 iter. - id. LA |

(@)

(&)

D

N NNNN
N W

[bits/s/Hz/cell]

—_—

cell average throughput

N

(4,15) 3RB (0.5,8) 3RB Most of thepotential gain
lost dueto inaccuratelLA

©
—

cell edge throughput
[bits/s/Hz/user]

(4,15) 3RB (0.5,8) 3RB

Inaccurate CQI prediction hampers the appropriate selection of the users, the
transmission ranks and tHeeamformersat every iteration of scheduler and
ultimately the whole link adaptation and the convergence of the scheduler



CSvs. CS/CB

cell edge throughput

cell average throughput

4x2
2.8 : : : .

1 B Cs
=26 W | [ 1CSCB |-
(&) ;

E 24 W | B 1 .

l, .

(/2] .

E 22r @ | . | .. """" .

) ‘ ‘ ‘ B
(4,15)1RB  (0.5,8) 1RB  (4,15)3RB  (0.5,8) 3RB

0.1

goog ............................................................... .

2

EOOS U P .

@

(2]

5007 M | EE | B— .
0.0

4,15)1RB  (0.5,8) 1IRB  (4,15)3RB  (0.5,8) 3RB

CS only brings all the gains
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Heterogeneousetwork (NetNet) - DAS

A InHetNet the numerous

w Distributed Antenna Systems (DAS) nodescreatemore cell

Cluster1 — boundaries, and the overlay o
6 B’ — macroand small cellsvith
& 6 different transmissiorpowers
B ) § Cluster2 enlargeshe interference

Zone.

(w)
/ AK =S 5 .
¢ E ) A More UEs becomeligible to

Distributed antenna _ :
Remote Radio Head (RRH) Clusters benefit fromCoMPin HetNet

w Dynamic point selection with dynamic blanking (ON/OFF power control)
PERFORMANCE OF DAS IN CLUSTERED HETEROGENEOUS DEPLOYMENTS.

N | Av. area thrpt cell edge thrpt
Rel. 10 (0dB RE,no ABSF) 4 16.41 0.0574
Rel. 10 (20dB RE,60% ABSF) 4 16.50 (1%) 0.0668 (16%)
DAS with DS 4 15.55 (-5.2%) | 0.0698 (21.6%)
DAS with DS/DB 4 16.68 (1.6%) | 0.0840](46.3%)
Rel. 10 (0dB RE.,no ABSF) 10 22.33 0.0708
Rel. 10 (20dB RE,60% ABSF) | 10 23.76 (6%) 0.0937 (32%)
DAS with DS 10 | 22.66 (1.5%) | 0.0820 (15.8%)
DAS with DS/DB 10 | 2327 (4.2%) | 0.1067|(50.7%)

w cooperation/coordination gain larger in heterogeneous than homogeneou:

29



Conclusions (1/3)

w Potential gain of singleell and multicell MIMO in theory but benefits may
vanish in practical scenarios

Sensitivity to CSI measurement Feedback and message exchange
AChannekstimationerrors particularly | overhead
large for cell edge users ATarget cell edge users

CSl feedback inaccuracy Inaccurate link adaptation
ALimitedfeedback Adue to feedback inaccuracy
ASubbandeedback with strong ABS does not know the receiver at the
frequency selectivity withisubband mobile terminal
AParticularly problematic in dual ATraffic model
polarized antenna deployments Afast variation of the intercell

interference
Latency of the feedback and the backhi Scheduler convergence and complexity

YFye 20KSNJ AadadzSa fSTFiadY GAYSKTNBI
w Sensitivity different depending on SMIMO, MUMIMO, Multi-Cell MIMO

30



Conclusions (2/3)

w Current wireless system design is at the network level
¢ Lots of aspects interact with each other

w Network designs become more and more sensitive to impairments

SU MIMO MU MIMO Multi-cell MIMO

CSI Feedback CSI Feedback
measurement measurement

scheduler
Link adaptation Link adaptation Link adaptation

CSI Feedback
measurement

CSI Feedbac
accuracy

CSI Feedbac CSI Feedbac
accuracy accuracy

w Gap between theory and practice gets much bigger as we move from-sing
cell to (cooperative/coordinated) muttelldesigns

w Account for impairments!

31



Conclusions (3/3)

w MU-MIMO
¢ A mere 56% gain over SMIMO expected with current systems
¢ room left for improvement if CSlirther enhanced

w MGMIMO

¢ Gain of cooperation/coordination larger in heterogeneous networks

32



2. How to make coordination/cooperation more practic:

w Observations:

¢ Common assumption in both performance and design points of view

» DoFanalysis, anjocalCShvailable at the base station (BS) with no delay, no
measurement error, no constraint on the uplink and backhaul overhead, no dynam
interference,perfect CSI feedback on evesybcarrier, perfectink adaptation, receiver
implementationassumedoerfectly known at the BS.

¢ Terminals considered as dumb so far, i.e. the BS takes all the decisions and te
them what to do. All the coordination burden is put on the network side.

w Questions:
1. Can we design impairmentsvare (robust) cooperative schemes ?

2. Canwe decrease the coordination burden at the network side by bringing the
contribution of the receivers into the mulgell coordination?

3. Canthe receivers be smarter and help the network to take appropriate schedt
decisions?
» not be helpful in ideal situations because the network possesses all necessary
information to make accurate decisions

» particularly helpful when the aim is to design mdéll coordination schemesr
scenarios wheréhe network does not have enough information to make accurate
decisions 33



System Modetkierckx2013b]

w MIMO-OFDMA network with
N, transmit antennas

N, receive antennas
necells

K; users in celi

1" subcarriers

N N N N N

w DL multipoint multiuser MIMGOFDMA network
¢ Received signal of usaischeduled in cellon subcarriek
.
(k),q.i

1/2 1/2
y(k),q aq,i (k)aq (k)%s(k)%x(k)z




Joint scheduling and rank coordinati@@rckx2013b]

w Improve cell edge user experience
¢ Enable robust muI{streams transmission to cell edge users

iy %ééi

N

Two major issues:
- User scheduling
- Transmission rank

(number of transmitted
streams in each cell)
¢ Directly addresshe problem of user scheduling and rank coordinatiming a simple

distributed scheduler with limited CSI knowledge and with@ajuiring the heavy
machinery of the iterativescheduler for CS/CB/PC.

35



Joint scheduling and rank coordinati@m@rckx2013b]

w Network-level scheduler and rardoordination

Set of scheduled users inf Set of transmission ranks
all cells and subcarriers in all cells and subcarriers

([BE) - -3 1

1=1

Welghted sumrate in cell
[d= 3 vt

qu(k) i

Liyi > Lyin. AScheduler decisions of cell 1 influenc
o)< T | cell 2, which will influence cell 3
Transmission rank in — Tmaz Ascheduler and resource allocation to

done at the network level

underconstraints

celli and subcarrier k

Assumption: beamforming directions are fixed and

predefined for every  transmission rank .



Interference pricing
w Interference pricing can be used for rank coordination

w Out ofLagrangiamptimization, each celltries to maximize the following
surplus function

Liny.i :[TU@),J_ H(k),i] é
Singlecell weighted Tax to be paid due to the
sumrate interference created to victim

users in adjacent cells

=2 2 (L Ty wirwsmd

77?»?53 SEK(k).“rn Tax funCtiOI’l Of

I*k)“s.z argmax 1) s.m (L(k {L(k 3} #z) Adeviationw.r.t to preferred
- Lk J interference rank

preferred interference rank Aprice (sensitivity of victim
AT
-

{ W(k),s,m,q:]: — W

' 9Qa UKNRIzAKL
transmission rank of
interfering cells)

AQoSws of victim UEs




Rankrecommendation (RR)

w Each cell edge UE recommends the interfering cells to use a transmissior
rank that is the most beneficial to its performance

G user s recommends to choo: L, ; = I,

(k),s,i
¢ Preferred interference rank computed at thehe\

Computed over the throughput average
., Current systems, [
S lesy

é /@ m The.g.i (Fk,i: Ly, {Lij}jqu) R~ S{Fk,jEC}ﬁMq {Thq.i}
El
Serving cell channe

Coordinated schedulingdeamformingpower

nterfering ce :
c A Serving cell channe

Rank coordinatio

accountfor the
receiver interference
rejectioncapability!




Master-Slave distributed scheduler

w Goal: strive to guarantel Ly = 0|

with a small number of iterations

w Principle:
¢ Strive to havel(ky; — [}, =0 on subcarriers where user s is schedule
¢ At each time instant, one cell acts as Master (M) and the rest as Sla\®} (S
time 1 2 3 ] 4 5 6 7 8 9
BS; M, L=2 Si Sy M, Ljar=1 Si Sy M, Ly=2 Si Sy
BS; S M. L=l S S M, Ly =2 S5 S M, L=l S5
BS; S S M, Ljr=3 N N M, L=1 S N M, Ljr=3
¢ Cells take turns to act as Master, having priority for accepting recommended
interference rank
¢ Based on the rank recommendation, Master decides the value of transmissior
rank Ly, (fairness controlled based on price @o&of users)
¢ The slave BSs schedule with highest priority its users whose recommended r:

IS equal tc [y,

39



Performance evaluation

A Assumptions inline with 3GPP LA#&vanced cellular system
A SUMIMO with and without coordination

State of the art
Iterative CS/CB

_ _ =kl He, . , unquantized o 2bit recommended
16 Iteratlcy Hili’s,l 1 iteratioy interference rank
'S,

Rank coordination

—Z \\X/,//3

ék[: H).s

H ]
H(l),s,3 B H(l),s,2
1, 3 or 6 RBJ He o)

sy 31 H ey s 2

Ahigh feedback overhead Alow feedback overhead
Ahigh scheduler complexity Alow scheduler complexity
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iterative coordinated scheduling angeamforming

5 42
o

L

o= 4
o8
N 38
T
2B 36
L7
QS 34
®

T 32
Q

5
2014
o3

3 5013
_EN
I 0.12
Q0
og 011
292 o1
8 009

N sU

[ 1CSCBSU|T

N sU
[_]cscBsSU|

compared
uncoordlnated SU\/IIMO desplte a71%

Abig loss as the CSI accuracy
decreases

Abig loss due to norideal link
adaptation

X FyR aaArtt az
Aunquantizedfeedback
Auserreceiver implementation
assumed known at the BS
Aperfect CSI measurement
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Joint scheduling and rank coordination

w Better performance gain with a significantly lower feedback overhead and
scheduler complexity

4x4, 6RBubbandsize

sy W . _______
I dyn. RR SU (A) 1%

| T dyn. RR SU (B)
[ Istat. RR SU

3.8

w
N

w
o)

[bits/s/Hz/cell]

w
o
|
|

cell average throughput

-—
H

N sU ~ ™\

-| I dyn. RR SU (A & |- < o~ | i
[Jdyn. RR SU (B) . 6.5"/:5

—_
w

© © © o
-— e

= N

T

)

o

(8]

2

cell edge throughput
[bits/s/Hz/user]

o
\

About 20% gain at the cell edge with only- 2

bit additional feedback compared to
uncoordinated SLMIMO 42




Joint scheduling and rank coordination

w Distribution of transmission rank after scheduling

0.5

N SU
[ Jdynamic RR SU|]
04 | R ]

045 7

o I — AN R

probability
o

© u ©

N (8} w

©
—_
(8}

o
—

oos; WM | |

number of transmitted streams

Larger transmission rank (i.e. number of data streams)

for cell edge users with only 2 bits additional feedback
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Joint scheduling and rank coordination

w Account for impairments
¢ Easier convergence of the scheduler despite the low feedback overhead

¢ Link adaptation
w Accurate CQI/MCS because computed at the user side and accounting for coopera
w Accounts for receiver implementation
¢ Sensitivity to CSI measurement
w Less sensitive given the wideband properties
¢ Low feedback overhead
w Recommended rank (2 bit additional feedback)
w No need for additional CSI feedback compared to single
w Can be applied to both OL (e.g. sp#ioee/frequency coded) and CL MIMO
w Works also based on statistical recommended interference rank
¢ Robustness of control channels
w recommended interference rank has very low overhead
w Easy to report for cell edge users
¢ Feedback delay and backhaul delay
w Less sensitive due to wideband feedback
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Conclusions

w Impairmentsaware (robust) cooperative schemes using a simple joint
scheduling and rank coordination

w Decreaseahe coordination burden at the network side by bringing the
contribution of the receivers into the mwtell coordination

w Make the receivers smarter to help the network in making appropriate
scheduling decisions
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Part 2:
Anacademic perspective how to exploit interference?

1. MIMO Broadcast Channel with Imperfect CSIT
2. MIMO Interference Channel with information and energy transfer



1. MIMOBroadcast Channel with Imperfect CSIT

A Transmission strategies originally designed for perfect CSIT are tested-in |
ideal conditions with imperfect CSIT

A Potential large benefits with perfect CSIT but benefits quickly vanish in
practicalscenarios

A Many sources of inaccurate CSIT

Sensitivity to CSI measurement
AChannekstimationerrors
particularly large for cell edge users

[ CSI feedback Inaccuracy

ALimitedfeedback
major ASubbandeedback with strong
issue | frequency selectivity within
subband

AParticularly problematic in dual
polarized antenna deployments

—

Secondary issue as about
Latency of the feedback and the backhé—— 8004 of the users are

indoor/pedestrian
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1. Pursue the conventional approach: design MIMO strategies for perfect C
and assess performance loss due to imperfect CSIT
A Approach taken by 3GPP andMAXfor many years

A Suitable only for high CSIT accuracy: total DL throughput scaiéesoa?( )
_ with nt transmit antennas
Grassmannian

codebook A DL throughput and UL feedback overhead of DL-NMIMO with quantized
CSI [Jindal2006,Clerckx2008]

"‘ Deployment DL throughput UL overhead

l.i.d n 10g,(") n, (n-1) log(")

Adaptive/dual Spatially correlated n, log,(") n, (r-1) log(")
codebook r: rank of transmit correlation matrix

SNR=10dB\[ n £ . ifidbn FA¥VYR . Fn Ay &L} GALF T
every subcarrier vs. B=4 for 72 contiguous subcarriers (as4ALTE

A 3GPPWiMAXdo not provide high enough CSIT accuracy
A 1s 3GPP/5G willing to increase CSIT accuracy drastically once for all?



¢cg2 hLIIAZYya X

2. Pursueanother approach: design MIMO networks for imperf&@3IT

A New perspective triggered by [MAT2012]
A completely outdated CSIT is still useful

A overhear interference and use feedback as a way to exploit the overheard
interference.

A Use Degree of Freedor®¢F as metric: number of interfereneteee streams
at high SNR
A Example: 2user 2 antenna MISO BC
A If full CSITDoFper user of 1
A 1If no CSITDoFper user of ¥
A If completely delayed (perfect) CSDigFper user of 2/3 > 1/2
A Triggered much research in the last 12 months to analyze delayed CSIT:

outdated CSIT [MAT2012], outdated CSIT + partial current CSIT [Yang2013,C
2012]



Problem statementX

A Imperfect CSIT in frequency domain more critical !
A Multi-user/Multi-cell/Massive/Network/Cooperative/Coordinated MIMO

OFDMA for imperfect CSIT
U _R'E_:Bﬁwm— - -D.PDCDH,LContrOI)

I_-'l'"— ’ PDSCH (D
(A\‘ ,6—. Time U ( EIEQ
8 “\
K ' L
L D AN EEEERE EES
6 \ /] < i
fo! AN 'l = N
® © SR L, ]2 s )
3 N i
h < \‘\‘ CRREE | BE PR i
Al N
asstmuIti-ceII network . \‘ :. \\\\ S _. = @ V4
N 77 ORDM symbol (0.5ms) ,/
MIMO-OFDMA network with various CSI feedback 1'RR (Resouree Block) e
~ -

-

qualities acrossubbandsand users

A Gvenimperfectfeedback in the frequency domain,
A what is the maximum achievable rate region?
A what are theoptimal/suboptimaltransmission and reception strategies?

A How to optimally make use of feedback resources?



SystemModel [Hao2013a,Hao2013b]

A Consider a MISO Broadcast Channel with »aatenna transmitter and
two singleantenna users over twsubbandwith imperfectCSIT

Userl User2 User 1

SubbandA U SubbandA

~

User 2

~

Subband U Subband U U

Unmatched Matched

A Transmit signal vector isubband ass subject to a pessubbandbased
power constraintO [|&]] * 0 (P is the SNR).

A Observations at receiver 1 and 2 are respectively (with unit power AWGN
noise)

H
yi =hi'si + €y

H
Zi = 8 Si T €z



SystemModel

A i and™Hare the CSl igubbandi of user 1 and user 2, respectively. The
CSl are.i.d across users ansubbands

A Imperfect CSIT: of user 1 is andHof user 2. Error vectoris | |
andH "H "H8

A UnmatchedO ||i || =OI'H|l x 0 andO|ji || =OI[HI
X 0

A Matched:O[[i || =OI'HlI x 0 andOfi || =OIHI
X 0

Assumeé h.i hn~ 1ip represent the quality of the CSIT. O represents
no CSIT and 1 represents perfect C8&hg201B

A Degrees of Freedom per user and per channel use

Ry,
dp = 1i k=1,2
g Pl—l;%oSlogP’ ’

whereR, is the rate achieved by us&pover Schannel uses.




Achievabilitythe building blocks

1. ZFBF: designed for perfect CSH1( =1)

A Transmit signal osubbandA (similar forsubbandB)with u, for user 1 ands,
for user 2

User 1

User 2
1

SqA = quA —+ hj’UA
A Received signals @ubbandA (similar forsub

H ~ L Hy{ L
ya =hagaiua +hihyva + €Ay, B

H L Hy. L
zA =gagaua +Zabhiva tea ..

A SumDoE 2
A If imperfect CSIT ()
8 R | User1 User2
H ~ L H{ L =
ya =higaua +haihyva +€a,y, A U
H A~ 1 Hy{ L B U
ZA=gA8auA +gah va +eq.. :
\ ; \ , Unmatched
pL-* P

SumDoE | (rate ofu,) +h (rate ofv,)



Achievability: the building blocks

User 1

2. MAT: designed for delayed CSIT in the tdonenain 5 0

A Broadcast private symbols at slot 1 and 2 o 3] user2

i
%o
—_

~

™X¥ o O] ¢ [6 D]

Rxt @ - fJo o ] ¢ isdecodableat user 1
Re2 a | o a - ] o - w fJon 5
w Qw Q- ¢ h
A Broadcastsumof - atslot3
5 Remarks:
Txv § § Im 1. Outdated CSFboost theDoF
Rxl] ® O a) Eliminate interference
, G ° @ b) Provide side information
Rx2 @ N _J 2. Only| and] are actually needed
at the Tx

MATIn the frequencydomain over 3subbands

SA = VA,/Sm,m = [nm,2%\

A
ya=mna1,  yp = hzups, yo =he, (a1 +182), B
ZA =gAVA, ZB=10B2, 2zc=¢gc1(Ma1+nB2), C

User 1 User 2




Achievability: the building blocks

3. 85’/2: designed for alternating CSIT, i.e. the transmitter has perfect CSIT
of only one user at a time €1 =0) [Tandon2012]
A Transmit signal osubbandA and Bwith u, andug for user 1 and, for user 2

U 5 Userl User?2
SA — 00 + hJJél_rUAa ]
[ wo P
SB = + EBUB,
b 0 SEUE. Unmatched
A SumDoEF 3/2
A If imperfect CSIT (1)
P pl-a
wo | oo Userl User2
SA = 0 + hAUA: A L"J
[ w 1 L Bl U
Sp = + EBUB, ’
0 | Unmatched
p1l-a

SumDoF 1/2(i (rate%fuo) +1 (rate ofv,) + 1(rate ofug)) = 1+/2
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Achievabillity in the unmatched scenard@en2o13)

Userl User2

SubbandA U

SubbandB U
7 Unmatched

3/2

w Strategy lintegratingZFBF anS;
w Transmit signals isubbandA and B

-----------------------------------------------------------

---------------

----------------

> o
----------------------------------------------------------

FDMA ZFBF 533/2

where

A TcA and Te,B  are messages to be decoded by both users (intended to use
1 and user 2 respectively or exclusively to user 1 or user 2)

A ua, uo and up are symbols sent to user 1
A VA andvp are symbols sent to user 2



Achievability in the unmatchescenario

w Power and rate allocation

~

sa = [Ten,0]" +[&T, &a]ua, uo) +hiva,
1
B

Sp = [CIJC,B,O]T‘F[A

A

hg|[vs, u|" +&5usB.

subband A  subband B Power Rate (logP)
Le, A Lec,B P—PF 1—5
uA VR Peg o
uo uo (PB—PO‘)/Q B — «
vA upg PB/2 B

w Received signals subbandA and B

« Hal H A Hy L
ya=hi 12ca+hygyua+hygaug+hyhjoa,
\ , N ~~ J/ N ~~ 7 A ~~ J/

P P« pe PO

* Hal H 4 Hy L
YA a1 Te, A 8ABAUA T BBl +gahyva

P PO ps )=
« Hi L oy Hal
yp=hp 2c 5 +hghpup+hghpuo+hpgpup,
\ ; A\ ~~ 4 A\ ~~ 7 N ~~ 7
P PO PB pPB

. HT L HY Hoal
2p=gp12e,s +8phpvp +gphpuo + gpgpus,
\ ; A\ ~~ S/ A\ ~~ J/ A\ ~~ >y

P P P/B PO

Decoding strategy (for user 1)

1. Decoder: A alx.p by treat
all the other terms as noise.

2. Decodeug anu g4 frcya US
SIC

3. With the knowledge ofug
decodeup frorYB

t o o
Ayt '=1/2 (2-26+20+b-0+2D) :1+5+T@



Achievabillity in the unmatchescenarioHaozo13a)

Userl User2

SubbandA

.'. A A « LA & A
w{UNFUOS3ITe HY AYyuUuSEN] Sé\s}{b%noB

w Transmit signals isubbandA and B

----------------------------------

S
--------------------------------

Rather than having 1 symbol, we have 2
symbols, leading to the overheard
interference re-transmission

-> DoF loss compared to strategy 1

where

A z.aandz.p are messages to be decoded by both users (intended to use
1 and user 2 respectively or exclusively to user 1 or user 2)

A ug,up1 anups are symbols sent to user 1
A vp,va1 anvas  are symbols sent to user 2



Achievabillity in the matched scenari@ozo13b)

User 1 User 2
SubbandA

SubbandB U U
Matched

w Transmit signals

.........................................
"""""

i p— Py P iPij2  Pi/2
FDMA ZFBF

w Decoding strategy
1. Decodex. ; by each userwithi(1—j)logP  subbandi
2. Each user decodes respectively its own private symbol with jlog P

t - o
Ay =112 (1-b+1-Ur26+20) =144



OptimalDoFRegionHac2013]

Theorem.The outerbound of theDoFregion in the frequency correlated
Broadcast Channel (for both unmatched and matched scenario) with
iImperfect CSIT is specified by

d1+d231+ﬁ%,

dl S 17d2 S 1.
Giventhat the outer-boundis achievablethis isthe optimal DOFRegion

Bothscenariodhavethe sameDoFregions

b ;r “ canbe viewedasthe averagequality of CSIof auser.



Interpretation of the OptimaDoFRegion (1/3)Hao2013b)

w Assumed&he unmatchedscenario

w Virtually decompossubbandsnto subbchannels
A 6 : no CSIT, each with channel use; 1

A 6 (0): perfect CSIT of user 1 (2), with channeliuse
A 6,6 perfect CSIT of both users, with channel use

User 1 User 2

Subband A B o
Subband B o B
Userl User?2 User1l User?2 User1l User?2
A1 |1 A1 | 0O A 0O O
ol o B 1B
Al 1 1 B O 1 B O 0)



Interpretation of the OptimaDoFRegion (2/3)

TheDoFregion in the originasubbandsA and B can be obtained as the
weighted sunof the regionsof eachsubchannel

D.=(1-p8)D+ (8 —a)D+aD

A Subchannebhd can be categorized as
the BC with naCSIT
~ Unlnlatchled CSIITj 3=0.8, a=0.5

A __ B _ ) 1.2 : S
10 |

~
-

A Subchannebd, 6 can be categorized as
the BC with perfect CSIT of both users®-%

DA—DB_D.d <1,dy<1 ~°°

|( 1. 3 ; f.r)“‘_

0.4

A Subchanneb hd have an alternating -
CSIT setting with two states: (perfect

CSIT, no CSIT) and (no CSIT, perfect % 02 04 06 0= i R
CSIT) i



Interpretation of the OptimaDoFRegion (3/3)

w Assume thematchedscenario

w Virtually decompossubbandsnto subbchannels
A 6h5: no CSIT, each with channel usednd 1h;
A 6, 6: perfect CSIT of both users, with channséi andbh.

fta ~ BFa

w Weighted sum of th&oFregions D, = (1 —

Matched CSIT, 5=0.8.4=0.5
(%21

o di+do=1+212=1.65

16—

i

(1-2D




Mode switching among subptimal strategies (1/2)a0
2013b]

w Optimal scheme integrates FDMA, ZFBF 5274 . What about a simple
switching strategy?

A FDMA only: surboF df=1
A ZFBF only: suloF dZ =3+«
A s3/2 only (for unmatched case): subDoF d%zl—i—g

w For the unmatched scenariimax(ds, d4, d3) > 0.8 x d&*, V3, a € [0, 1]

02 04 06 O

[ 4
Achievingd0%of the optimal surDoF dy¥*  AchievingB0%of the optimal sumDoF dy?



Mode switching among subptimal strategies (2/2)

w For the matched scenaricmax(d%, d) > 2/3 x d&*,V3,a € [0,1]

& .  ZFBF 0.8

QR \
.0 6

3 ; 3
0.4 Optimal 0.4

°2 FDMA o2 FDMA

0 e 05 1 D 05 1
p

B

Achieving75%of the optimal sunDoF de?*  Achievings6.7%of the optimal sumDoF ds?*




Conclusions

A
A
A
A
A

Time for a proper design of MIMO networks relying on CSIT accounting fc
imperfect CSIT

Derive the optimaDoFregion of a TwdJser frequency correlated MISO
Broadcast Channel

Interpretation as a weighted sum of th®oFregions achieved by FDMA,
ZFBF anis;/?

Achievablescheme is obtaineds an integratiorof FDMA, ZFB&nd S/

Simple switching strategy can get a big chunk of the Baifa
3/2

A Unmatched scenario: 80% of the sidoFachievable by switching betwees;
and ZFBF

A Matched scenario: 66.7% of the suDoFachievable by switching between
FDMA and ZFBF

To be done: generalization of the twser twosubbandanulti-user

MIMO-OFDMA to a general Multiser/Multi-

cell/Massive/Network/Cooperative/Coordinated MIMOFDMA



2. MIMOInterference Channel with information and
energytransferparkzo13

w RF signals carry information as well as energy

¢ RF energy harvesting over short (feasible with reasonable efficiency)
and long (more challenging but @going research) distances

w One single wireless
network: information
network and energy
network merged

w If we canexploit
(harvest)the energy
originating from the
interference, would
interference be
beneficial or Cellular network

detrimental to system ————> desired signal
performance? = =2 interference




SystemModel (1/2)

w Two user IC with M antennas at each transmitter/receiver
yv1 = Hiix1 + Hioxs + ny,

y2 = Hoixy 4+ Hooxo + no,

w Each receiver can either decode the information (ID mode) or harvest
energy (EH mode) from the received signal but cannot decode informatiot
and harvest energy at the same time due to the hardware limitations.

w The transmitters have perfect knowledge of the local CSI (i.e. the links
between a transmitter and all receivers) but do not share those CSI
between them.

w Interference is assumed ndecodableat the receivers
wQ; = E[xjxjH ] : covariance matrix of the transmit signal at transmitter
w Transmit power constrainttr(Q;) < P
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System Mode(2/2)

w ID mode: achievable rate at receiver
R; = log det (I + Hz.z. Q)

Covariance matrix of R_;=1Iy+ H12Q2H11q2

noise + interference at
receiver i R_s =1y +H Q HE

w EHmode:harvested energwt receiven
E; = GE[lyill’]

2
Efficiency =_Gtr | Y _H;QH[ +1y |,
assumed J=1
equal to 1 9

Noise power ~ tr|) H;QH[
negligible j=1

compared to o %
transferred = tr (HilQlHi1)+tT (Hi2Q2Hi2) Energy (or interference)

transferred fromTx1 and
Tx2 to receiver i

= Ej+ EpS
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w When the receiver decodes the information data from the associated
transmitter under the assumption that the interfering signal from the

other transmitter is nodecodable the interference is to be mitigated.

w In contrast, when the receiver harvests the energy, the interference
becomes a useful energyansferring source.

w Mitigate or Exploit interference? Interfere or not interfere?

—=< Energy flow >—
. < .
| < ™ Interferencel >— |
| Transmitterl RN 7 Receiverl(EH)
.. .o -
"""""""""""""""""""""""" // TN
~ ;
—< _ “Interference2 ™ .
. ~ .
: >— .
—< _ :
| Information flow ‘ |
{ Transmitter2 ) Rece1ver2(lD) B

Interference to
be increased

Interference to

be reduced
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Tworecelivers on a single mode

w Two ID receivers: maximum achievable sum rate
(P1) maximize Z?:l R;
subject to  tr(Q;) <P, Q; =0 forj=1,2,

Solution: Iterativewater-filling [Scutari2009]
Harvested energy is zero.
w Two EH receivers: maximum harvesgeaonenergy

(P2) maximize 212:1 E;
subjectto  tr(Q;) <P, Q; =0 forj=1,2,

Proposition 1: The optimal Q; for (P2) has a rank equal to one and is given as Q; = P[V,];[V}]

where Vj is a M x M unitary matrix obtained from the SVD of H; =

where ¥ = diag{G;1.....0: with g1 > ... > & \r. .
j 910515 0 } b= =Y5M Rankl beamforming

along the dominant
singular vector 71

Achievablerate iszero.




One ID receiver and OrieHRecelver (1/4)

w Assume (EHID,) - the first receiver harvests the energy and the second d
ecodes informationR=Rand E=EE,+ E,

w Achievable rateenergy region (characterizes the interfere/not interfere
tradeoff)

Crp(P)2 {(R, E): R < logdet(Iy + HER 1H»%Q,),

E<Y 2 tr(H;Q;HI) tr(Q;) < P,Q; =0, 5 = 1,2}-

w Anecessary condition for the optimal transmissginategy
Proposition 2: In the high SNR regime, the optimal Q; at the boundary of the achievable rate-energy

region has a rank one at most. That is, rank(Q;) < 1.

| —< Energy flow >—
Rankl at most P o >
—< ™ lnterferencel _ ~ v o> i
_ _ . ~ . :
Assume a boundary POIr(R, E) , Eiria’msmltterl \7}” // Recewe?rl(EHi)m:i
D < H 7~ ~
I l? - tr(HlQQQHlQ) , rn off Qﬁ]-:e 0 ) —< //ln/terferenceZ\ S a 9_
If E>tr(H2Q.HI) , turn on Tx1rank(Q) 31 = - 5
Information flow

Transmitter2 Receiver2 (ID)

1



One ID receiver and One EH Rece(2ét)

w Even though the identification of the optimal achievabl& Roundary is
an open problem, it can be found that the first transmitter will opt for a

rank-one beamformingscheme. —< Energy flow >
: — :
—< T~ lnterferencel -~ M ;
 Transmitterl R -7 Receiverl (EH )
_.é - ’TnterferenceZ\ S a >_
_:< - Infa tion fl g >_
w Rankone Beamformingdesign? Transmitter2 Receiver2(ID)

¢ Maximumenergybeamforming(MEB:
Rankl beamforming

Qi =P [Vl [Vl along the dominant
singular vector of H

H;, = U3V

0< P <P
¢ Minimum-leakagebeamforming(MLB):
Rankl beamforming
Q1 = Pi[Var]u[Vall4 along the weakest

singular vector of K
Hy = Uy Xy VY
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One ID receiver and One EH Rece(8&t)

. : | < Energy fl
w Achievable FE region : neryllow 7T
—< T~ {nterferencel -~ M |
Energy harvested from Transmitter] \\\ 7 Receiver!(EH)
the first transmitter. * PN
s ~ >
It can be computed for < nterference? S 7
MEB and MLB e - 5 |
] nformation flow . ;
| Transmitter2 Receiver2(ID)

CR_E(P) = {(R, E) :R=Ro,F = F11 + Eqo,

Ry <logdet(I; + H%R:%H22Q2)7E12§tr(Hl2Q2H%)a :
function of P,

Covariance matrix o tr(Q2) < P,Qy =0y,
noise + interference. ~
It can be computed for Hy = R:;/ “Has
MEB and MLB \

. 3 T H
(P3) ma)gzmze log det(Ins + HarQ2Hy) Remaining energy to

: H o be harvested from
subject to tr(H12QaH)) z.maX(E E11,0) interference to reach

' boundary poin E
Q) < P, Qu 0, " Doundapoink
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One ID receiver and One EH Receiver (4/4)

w lIterative identification of the achievableRregion

1. n=0,P"”=p , comp B\ R(_O% for either MEB or MLE
2. For n= 0Nmax solve the optimization problem (P3) ng"’) as a

function of Eﬁ”) angk")

(n) (n) . = Gol dGlIBpND AL SE | LILINE |
If tr(H12Q,"H[}) + Eyy > E ,

l.e. total harvested energy is larger : _
: If <0, R=0, i.e. rankD,)=0
than the required harvested energyv , ' ) 2

o (n) gy H
pltl) _ (E tr(H12Qy le)’())

P, is reduced to lower the /®
interference to 1D receiver Parameter than depends on

beamformingstrategy (MEB, MLB)

Then,Pl("’H) = min(P, Pl("H)) and Eﬂ””& R_’”“;l)nd
with Pl(”H)
3. The boundary point on the achievableERegion is given as
(R,E) = (logdet(In; +HypQ e TVHH), pNmeetl) 4 g (H,QNV e TV HA)).



EnergyRegularized SLERaximizingBeamforming

w Signalto-Leakageand-NoiseRatio (SLNRmaximization of the ratio of
the desired signal power to leakage of the desired signal on other users

plus noise
w Signalto-Leakageand-harvested Energy Ratio (SLER):

[Hyv||?

SLER = —
HH21V||2 -+ ma:z:(E — PlHHHHQ,O)

¢ replace noise by the minimum required harvested energy

¢ the required harvested energy minus the energy directly harvested from the
first transmitter is the main performance barrier of the EH receiver

¢ Softly evolves between MEB and MLB.
w Mode switching between (EHD,) or (1D,EH):

¢ higher SLER implies that the transmitter can transfer more energy to its
associated EH receiver incurring less interference to the ID receiver

¢ If SLER> SLER(EH,ID,) is selected.
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Massive MIMO Interference Channel

w When nodes have a large number of antennas, the transmit signal for
energy transfer can be designed by caring about its own link (using MEB)
not caring about the interference link to the ID receiver.

w massive MIMO effect makes the joint information and energy transfer in

the MIMO IFC naturally split into disjoint information and energy transfer
In two noninterfering links.
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Evaluations (1/3)

R~E tradeoff curves when M =M =4
250 T T T T I I ' (EH_' IDZ)
: : : : Max. energy beamforming
= = = Min. leakage beamforming
=== SLNR max. beamforming [22], [23]
=—f—= SLER max. beamforming

The RE region of the
proposed SLER

¢ : : : : : ; ; maximizing
T A50p = = = e g S - beamformingcovers
E: : : : : : : : | most of those of both
é MEB and MLB
. | | | z | . ;
2 ook S . AN e \ R
5 ~— N No need to turn on the
: : : : : : : : 15t Tx

i No transmission at 1st Tx. - _Energy harv_ested from
rank(Q,)=0 ; interference is sufficient
I } : : I I 3 ;
0 9 95 10 10.5 1M 11.5 12 12.5 13 NO Interference tO the
Rate (bits/s/Hz) ID recelver.
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Evaluationg2/3)

Energy (Joule/sec)

350

300

250

200

150

100

50

R-E tradeoff curves when Mr=Mt=1 5

Max. energy beamforming
Min. leakage beamforming

As MIMO gets massive,

A the gap betweerthe
achievable rates of
MEB and MLB Isss

5 apparent

i A MEB exhibitsvider R
§ E region

No transmission at 1st Tx. :

5 rank(Q1)=O | |

| | 1

15 20 25 30

Rate (bits/s/Hz)
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Evaluationg3/3)

X %
N 4
1 \\ A
1 So P 1
1 \,\’ |
| // 1
| S 1
\ 74 "NV
RX; R»%

SLERasedscheduling,
l.e. switching between
(EH,ID,) and(ID,EH),
extendsthe achievable
R-E region

Note: shape of rate
region function of path
loss
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