Signal processing in the

upcoming wireless networks:
Untangling signals in space, in spectrum, and network coded

Francisco A. Monteiro

ISCTE £ University Institute of Lisbon

School of Technology and Architecture
Department of Information Science and Technology

DARNEC'15 mstltu’th-.. de
4th Nov. 2015 nicacoes
Istanbul

creating and sharing knowledge for telecommunications




How to offer more?
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Signal processing in the
upcoming wireless networks:

Untangling signals in space, in spectrum, and network coded

1- Spatial multiplexing (MIMO)

2- Massive MIMO

3- In-band full-duplex

4- TWRC and the Y-network

5- Full-duplex + massive MIMO + PLNC
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Multipath Fading
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Multipath Fading
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Multipath Fading
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Multipath Fading
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Multipath Fading
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It turns out that this can be made equivalent to...
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It turns out that this can be made equivalent to...

AL

TARER ‘IIIIII""I""

rAmmm

P nmeam

L ES 1 |

il
|
.

How?

instituto de
telecomunicagdes

ISCTE £ University Institute of Lishon , il
Department of Information Science and Technology S'gnal processing in theu : = etworks



ISCTE £ University Institute of Lishon . il ;
Department of Information Science and Technology Slgnal processing in the up -

Beyond Shannon’s capacity

1993 - 1998:
» Paulraj et al. research on MIMO (Stanford, CA).

» Gerard Foschini deduced the theoretical capacity for MIMO
and proved it experimentally (@ Bell Labs, NJ).

Gerard Foschini
(Bell Labs, NJ)

» Multipath can be beneficial by opening simultaneous channels.

» Multiple-input multiple-output (MIMO) was born. \/

* After 15 years of academic research — standards:
802.11n and 4G (LTE-A, WiMax).
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Multiple-input multiple-output (MIMO) detection

X1 V1
X
Transmitter () 2 72 Receiver
XN, VN,
y1 T hll hlz IN,. T Xl nl
yz _ h21 h22 2N, X2 n nz
_yNR | _hNRl hNRZ hNRNT | _XNT | _nNR |

Yy =HX+n

2
- mxin{ ly - H] }

instituto de
telecomunicacdes

ISCTE £ University Institute of Lishon . il ;
Department of Information Science and Technology Slgnal processing in the up -



MIMO channel is a linear transformation
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Example: 3 dimensions (3 antennas using PAM).

Signal proc's gin ..-/

Department of Information Science and Technology

ISCTE £ University Institute of Lishon



Virtual MIMO (non co-located antennas)

N users Npr antennas

1

Base

Y Station

TI,NR
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Orthogonal frequency division multiplexing MIMO
(OFDM-MIMO)

[ MIMOES.
Input Channel

Data Output

Data

PIS:>
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A rose by any other name would smell as sweet
I S O
IS| channels Communication
- e Zero-forcing (ZF)
In.versmn e Channel inversion Zero-forcing (ZF) equalisation Decorrelating
(linear) ¢ Decorrelation

Minimum
mean squared MMSE MMSE filtering MMSE detection
error (MMSE)

o Iterative multi-user
Decision feedback equalisation detection MUD)
(DFE) e Successive interference
cancellation (SIC)

¢ Nulling and cancelling
e Successive interference cancellation (SIC)
¢ VV-BLAST detection

Interference
cancellation

o ML detection
Optimum o Maximum likelihood detection (MLD) Maximum likelihood sequence e Brute force
detection e Exhaustive search detection (MLSD) ¢ Sphere decoding
(near optimum)

¢ |SI Precoding

- o Multiuser-MIMO ¢ Costas precoding . ;
) ¢ Broadcast channel (BC) e Tomlinson-Harashima 27 peTeeir eeeling (PIFE)
precoding (THP)

e Closed loop SU-MIMO

¢ Singular value decomposition (SVD) and water filling
Parallel e Communication over eigen- modes

subchannels o Eigen-beam spatial division multiplexing

¢ Precoding

¢ Beamforming

ISCTE € University Institute of Lisbon — . i .
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e OFDM
¢ Multi-tone modulation Not defined
o Filter bank multicarrier




Signal processing in the
upcoming wireless networks:

Untangling signals in space, in spectrum, and network coded

1- Spatial multiplexing (MIMO)

2- Massive MIMO

3- In-band full-duplex

4- TWRC and the Y-network

5- Full-duplex + massive MIMO + PLNC
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Massive MIMO
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Methods for
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Tufvesson, “Scaling up MIMO: Opportunities and Challenges with Very Large Arrays”,

IEEE Signal Procesessing Magazine, January, 2013.
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Efficient Linear Processing (for tall H matrices)

- Zero-forcing (or MMSE): H'H) 'H"y = H'
g ( ) (H"H) y y
Z
- Near optimal diversity: Nr— Npr+1=~ Npg
- Low complexity

- But requires inverse (O(N3))

(HHH) a.s.> D

- It is possible to use:

Neumann series (approximation)

Matrix inversion lemma
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Massive MIMO: antenna arrays
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Massive MIMO: antenna arrays
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Neumann series (approximation)

Np =128, Ny =8

10° —
—©6—MMSE-Neumann (K=1)
——MMSE-Neumann (K=2)| |
MMSE-Neumann (K=3)|
10-1 —B—MMSE-Neumann (K=4)|
——MMSE-exact

The Neumann series provides an
efficient, hardware-realisable,
method to compute the inverse
required to perform linear
processing.
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Large (symmetric) MIMO

64 x 64 , 256-QAM
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Signal processing in the
upcoming wireless networks:

Untangling signals in space, in spectrum, and network coded

1- Spatial multiplexing (MIMO)
2- Massive MIMO
3- In-band full-duplex

4- TWRC and the Y-network

5- Full-duplex + massive MIMO + PLNC
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Recent state-of-the-art in radio science

“It is generally not possible for radios to receive and transmit
on the same frequency band because of the interference that results.”

i : ' Andrea Goldsmith,

In Wireless Communications, Cambridge University Press, p. 454, 2003
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Two possible antenna setups

Y Transmitted signal
", Direct

 path Nearhy

- . Scatters -
Reflected path

Desired signal

.h Nearby

~“Refiected path =~ Scatters -

\ Desired signal
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MIMO full-duplex device

In-Band Full-Duplex Terminal

MN-transmit chains

V Transmit Signal
—
Vo s

' Interference
DirectPath | .~
: B . Self-Interference; .
Cancellation Controller - .‘:‘S !
N-receive chains .y

Desired Receive
Signal

Digital Domain Analog-Circuit Propagation Domain
Domain
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Multiple-input multiple-output (i.e., multi-antenna)

Input Data

—

MIMO Tx
Processing
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MIMO
Channel

Signal processing in the upcc §S networks

MIMO Rx
Processing

Qutput Data

B

Y
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In-band full-duplex relay station
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Filter design: receive filters and transmit filters
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Feedback filter for interference cancellation

Source
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How loopback interference impacts on SINR
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Protection to self interference gain
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Multi-pairs using virtual MIMO

Loopback

Decode-and-Forward
Full-Duplex

Relay
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Multi-pairs with a full-duplex relay (1)

. Self-Interference
. ST
| J
& 1
. - : Destinations
Sources . / . .
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Multi-pairs with a full-duplex relay (2)

K sources H, - it K destinations
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Multi-pairs with a full-duplex relay:
loop interference gain
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Multi-pairs with a full-duplex relay:

effect of the relay power on the performance

BER

| —©— MMSE e2e (M = 64,02, = 1)
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Multi-pairs with a full-duplex relay:
effect of the relay power on the rates
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Signal processing in the
upcoming wireless networks:

Untangling signals in space, in spectrum, and network coded

1- Spatial multiplexing (MIMO)
2- Massive MIMO

3- In-band full-duplex
4- TWRC and the Y-network

5- Full-duplex + massive MIMO + PLNC
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Two way relay channel

Two way relay channel

Has w, Has W,

Relay

Wants w, Wants w,
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Two way relay channel

TDMA

))) “ Relay

Time Slot 1

" <(( Relay )>> "

Time Slot 2

Relay y <<(

Time Slot 3

v <(( Relay ))) "

Time Slot 4
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Two way relay channel

Network Coding

)>> W, Relay

Time Slot 1
Relay W, <((
Time Slot 2
WyEw, ((( Relay ))) WiBw,
Time Slot 3
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Two way relay channel

Physical layer Network Coding

))) " Relay . <<(

Time Slot 1

— <<( Relay ))> wow,

Time Slot 2

Two time-slots. Can we do better?

= Merge both stages < in-band full-duplex.
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Multi-way channels. The Y-network with TDMA:

Six time-slots.

Can we do better?
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Three time slots: a protocol with SISO (1)

A M
4

y1l2] = hy1x; + hipxp, + 1 . T
&
Y2[2] = ha1%1 + hyyx, + 1 1% h L

Relay

&
3’3[2] = h31x1 + hgzxz +n .J X Y—

ISCTE £ University Institute of Lishon , il
Department of Information Science and Technology Slgnal processing in the upcc 2
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Three time slots: a protocol with SISO (1)

h”
}’1[2]=i%+ hix, + 1 .J . h, |-
&
v,[2] = hyyx, + MZ +n . . ¥q . T Relay

&
3’3[2] = h31x1 + hgzxz +n .J X Y—
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Three time slots: a protocol with SISO (1)

}’1[2]=’%+ higxa +n 5 .J

V2[2] = hy121 +M2 tno oz . S
&

V3 [2] = h31x1 + hgzxz +n V3 [2] . J X Y—
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Three time slots: a protocol with SISO (2)

. < oY
y1[3] = h11%X1 + hy3x3 +n X2 . -

&
y2[3] = h1%1 + hysX3 +n X1 . X

Y3 [3] — h31X1 + h33X3 + n y3 [2] Y h33 Y

N

Relay
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Three time slots: a protocol with SISO (2)

N [ < L
y113] 2%1 + hy3x3 +n X2 . "
&
R ! |
y2[3] = %"‘ hy3x3 +1n X1 . X

y3l3] = haix1 + % +n  ys|2] T % h~ Y

Relay
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Three time slots: a protocol with SISO (2)

N [ < L
y113] 2%1 + hy3x3 +n X2 . "

&
y2[3] = %"‘ hy3x3 +1n X1 . s
X

y313] = h31xq + % +n  ys(2]
X1

) Qi Relay

N
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Three time slots: a protocol with SISO (2)

A 4\1/ < hn |
y1l3] =%l + hi3x3 +n Xy . . [
X3
&
YZ [3] = % + h23X3 + n 5(:\1 . J - X \1/— Re|ay
X3
y3[3] = h31x; + % +n T g h, > Y
X1

y3l2] = hg1x1 + h3px, + 1
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Three time slots: a protocol with SISO (2)

N [ < L
y113] 2%1 + hy3x3 +n X2 . "

&
y2[3] = %"‘ hy3x3 +1n X1 . s
X

Y3 [3] — h31X1 + % + n 5&2 Y h,, Y

y3[2] = % + hzpxp + 1

) Qi Relay

N
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Two time slots: a protocol with SISO terminals =~

e

 Terminals have CSIR

y1 = hy11Xq + hipX; + hizx3 +1n

Vo = h21X1 + hszz + h23X3 +n REIBY

; \ &
Y3 = h31x1 + h32x2 + h33X3 +n | Terminal 3 | Y &
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e @O
Two time slots: a protocol with SISO terminals =~

e

« Each terminal cancels its own message

V1= %1 + h1pXy + hyzxz +n

Vo = h21X1 + % + h23X3 +n R@Iﬂy

Y3 = ha1X1 + hzpx; + %3 +n (remoals) — %
N
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Two time slots: a protocol with SISO terminals =~

e

« Joint detection (ML) to detect the last two messages

y1 =y1—hi1xg

Yo = Y2 — hyx; Relay
I __
Y3 = y3 — h33xs
instituto de
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e @O
Two time slots: a protocol with MIMO terminals =~

e

Each terminal cancels its own message and the
remaining two are MIMO detected.

Vi1 = hia¥s + hordp + hgyxs+n 7 R L

Termmal]
Y12 = hi3X1 + hyyxy + h3ox3 + 1 \_ / *
N Y

Termmal 2 '

\ J—T

e Relay

'/';'/ m nal> b \l/
ermi (N
\_ _/ —

Two time-slots only: Can we do better?
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e O
Two time slots: a protocol with MIMO terminals =~

e

Each terminal cancels its own message and the
remaining two are MIMO detected.

Y11 :Mﬁ + hy1X; + h31x3 +n ./ \_\T/ M

Termmal] Y h,, r—
\ /
Y12 :%51 + hypxy + hgpxz+n
7 %_ ¥
Termmal2" Y [ Relay
\_\_ J—
i T v
‘Termlna|3 j/ N
%

Two time-slots only: Can we do better?
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e O
Two time slots: a protocol with MIMO terminals =

Each terminal cancels its own message and the
remaining two are MIMO detected.
Y11 :Mﬁ + hyyxp + hgix3+n o Y e
/TermmaH 3 Y—
Y12 :%51 + haaxy + hgxs +1n \\-v-/'
N\ Y |
' Terminalzz: Y » - Relay
« A 2x2 MIMO detection problem: \_ =/ ——
e M N,
12 22 32 ‘  Terminal 3 Zall |
\\\;
Two time-slots only: Can we do better?
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Full-duplex in the Y-channel: how it can work =

Uplink Downlink

.’/» S \ r"/j \
’Terminal 1) ' Terminal l
“Terminalz" Y Relay “‘Terminalz‘; . Relay
\ //s “... / v
Terminal 3 : =t vaTerminaI 3
Time Slot 1 Time Slot 2 Time Slot N
Ky X Xy xu Xy Xy Xy Xy Xy Mow Xon Koy Xopn Xm0 Xana

One time slot only on average as the number of
messages exchanges increases!
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Full-duplex in the Y-channel: Performance

2| —€— Uplink — k = 10"
H —+— Uplink — K = 5x10°2
[l —#— Uplink — K = 1072
1 —B— Uplink - k = 107

...............................

e
1078 =G - Downlink - K= 10" |+
|~ Downlink - K= S0 NG
H— % - Downlink — K= 1002 | R
|~ B - Downlink - K= 107 : :
10 : : : :
0 5 10 15 20 25 30 35
SNR (dE)
Terminal 2 Relay
Terminnd 3
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Signal processing in the
upcoming wireless networks:

Untangling signals in space, in spectrum, and network coded

1- Spatial multiplexing (MIMO)

2- Massive MIMO

3- In-band full-duplex

4- TWRC and the Y-network |

5- Full-duplex + massive MIMO + PLNC
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Signal processing in the
upcoming wireless networks:

Untangling signals in space, in spectrum, and network coded

1- Spatial multiplexing (MIMO)

2- Massive MIMO

3- In-band full-duplex

4- TWRC and the Y-network

5- Full-duplex + massive MIMO + PLNC |
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Full-duplex with a massive MIMO relay and PLNC

VY. <Y

yr(n) = /paharza(n) + /pehBrZB(N) + \/PRERHRRXR(N) + DR(N)
yA(n) — \/p_RhRAXR(ﬂ) + \/EkAhAAiTA(H) + RA(H)
yg(n) = /pPrhreXR(n) + \/PBkBhBBTR(N) + NE(N)
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Self-interference model

Hrrxgr (1) — HRRXR (1)
= (ARg + Enn ) (XR(1) + Exn (n) ) — Hrpxr(n)

£ krHrrxgr(n)

(ka kB kr)
Natural isolation Reference (0 dB)
Conventional time-domain cancellation -20dB
Recursive least squares cancellation —30to —40dB
Perfect cancellation —co dB
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Denoise and forward with QPSK in the TWRC
M:ZQ%DQ SEZQ :{0,1,...,Q—1}

QPSK modulation uses: Z4 = {0,1,2, 3}

Decision at the relay:

(Sa,Sp) = argmin || yr(n) — (harM(s1) + hgrM(s2)) ||?
(31,32}622@}

Decisions at the terminals:

S = argmin || ya(n) — hraMp(C(Sa, )) ||’
SEEQ

Sy = argmin || yg(n) — hre Mr(C(Sp, s)) |
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Two mappings: GF(2) and GF(4)

C(s1,s2) # C(s7,s2) forany s; # s} € Zg and s, € Zg

6(81,82) 7é C(Sl,SIQ) for any s, < ZQ and S9 7é SIQ c ZQ

C: ZZQ — ZQ, C(Sl,SQ) =51 D5,

C: ZZQ — ZQ, C(Sl,SQ) = [Sl -+ Sg]mod Q

ISCTE £ University Institute of Lishon . Mgl - g
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Two mappings: GF(2) and GF(4)

C(51,592) =51© 52

C(51, 52) = [S1 + S2)mod@Q

0,00 | (0,1) | (0,2) | (03) 0,00 | (0,1) | (0,2) | (03)

Pair message || (1,1) (1,0) (1,3) (1,2) (1,3) (1,0) (1,1) (1,2)

(Sa,88) || (22) | (23) | (20) | (21) (22) | (23) | (20) | (21)

33 | B2 | (B1) | (80 3.1) | B2 | (83) | (3.0

Code Sg =C(S4,S8B) 0 1 2 3 0 1 2 3

wappingaAteat LY (| Alasd | tl=—d | =12 | == || FLd=g | <El~g | =L | =1—7
2| +¥1+5 | -1=-G | +1=F | -1+5|| +1+7 | -1—F | +1—F | =1+]
NN +1+5 ] +1—-F | -1=F | =1+5 || +1+j | +1=F | -1—j| =1+

ISCTE £ University Institute of Lishon

Department of Information Science and Technology
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Bit error probability

Pocra=P&#5)= 3 PO)|go—g L X PX-X)

S1€€g XEPQ X#XeDg

x dH(Bq(s: . Mrq(C($1,2)) = X), Ba(z : Mro(C(81,2)) = X))

Y Y Px-X)x

XeDg X?‘-XEIJ‘Q

Qk$2

[ > P(S) x du(Ba(a : Mro(C(S1,)) = X), Bo(x : Mrq(C($1,)) = X))
S1€Lg

_—

ANp(X—=X)

> ) P(X - X)Np(X - X).

X€Dq X#£XeDg

T Q lﬂgz Q
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Bit error probability

1]

P e e e e e T e e | Lot R PTSESRRET
[ G S b . : ~ 6 - - XOR_Map!
- = % = = XOR-Map2
- - & = - XOR-Map3
——&—— modQ-Map1
S | =—— modQ-Map2
_ ~7 ———t—— modQ-Map3
o -1 ¥ -
A s e A B g 31
m iy R .
.m—? | | 1 | 1 | 1 I 1
=10 -8B -6 -4 -2 4] 2 4 3] g8 10
P [dB]

kr=ka =kp =—20dB 02 = —10dB Mp =4
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Nested lattice coding

Lattice: A ={x=Mz, z € Z}

ax +by € A, forx,y € Aand a,b € Z

Quantiser: Qa(x) = argmin,, || x — A ||

Nested lattice code:

L= ArNVa,, € R" = {\ = [Ag]moda_, A\r € Af}

Isomorphism: ¢ : F¢y — £ = Ap N Vp. (€ R"™)

SA:‘SB — XA,XB

ISCTE £ University Institute of Lishon . Mgl - g
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instituto de
telecomunicacdes



Lattice-based physical layer NC
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Gaussian lattice

- ] - . e - - [ . . [ ) L] L] L ] L]
. . . . . - - . - ] . Fine La‘“ice
4.5 y
. . . . . - {2;1 } I:ﬂ‘-l} {1 '-1 } . ] : -Guar-se Laftlce O
= (2,0) (0,0) (1,0)
b4 L [ ] L L] [ ] L] L] [ ] L] L] [ ] L] L] [ ] ]
(22) (0,2) (1,2)
-4.5
™ ™ - . & ™ - e . - [ ] - L] L ] .
-15 -9 -3 a3 9 15
*R
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Relay reception

Yr(n) = /paharzra(n) + /peherrp(n) + /PrRERHRRXR(1) + nR(N)

h* h; 5
Relay (receiver): ¥r(n) = har (ﬁm(n}) + hgr (ﬁ mg(n)) + ii(n)

= gar - ®(Sa) + gBr - #(SB) + n(n)

/ N

hagh® h*
o PARVAR —_ BR'p R
gAR_ ({hAH}) QBR— (‘:hBR:”}

v=|aa -TA+ap-xrp)Modx, A, B € Lg

Processing Stage at the Relay for each y(n):
1) Scale the received relay signal, using the MMSE scaling factor: g = « - yg;
2) Quantize i to the closest fine lattice point: Qa.(7r);
3) Perform modulo operation with respect to the coarse lattice to obtain back a point in the nested

lattice code: zr = [Qa.(7r)]Mod,,..
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Terminal’s reception

Processing Stage at Terminal A (similar for B):
1) Decode the relay transmitted signal, taking into consideration the complex channel effect, using the

ML detector for the nested lattice code: &y = arg minAEﬂFHMC | ya — hral |;

2) Map the received information back to the finite field:

First component u; = ¢~ (R{Zgr}) = [gaSa1 + gpSp,1/modg and

second component uy = ¢~ (Z{Er}) = [gaSaz + gsSp,2)modg (where the coefficients g4, gp are
naturally given by ¢4 = [e4]modg and ¢z = [ag]mody);

3) Subtract own information: w4 ; = [u1 — qaSa,1Jmodg = ¢gpSp.1 and

wa2 = [ug — qaSa2)modg = qpSp.2;

4) Remove channel integer effect over the finite field, ¢, to obtain Sp = (5'5,1; .SA'BQ).
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TWRC with lattice-based PLNC

SER

—&— CF - Mejri

1072L..| —+— CF - Mejri - =M Lo ‘...’.m.,.g ....................................
L =D [ e
CF . I\.Iejrl ) gg — 10-3 G .,*'.;:'- MEMILIE L)
—_— T e o sty S . S "‘I, ¥
”}"3 | 1 | I 1 | "l"r, |
0 5 10 15 20 25 30 35 40 45
o;, [dB]

MMSE scale factor:
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TWRC with lattice-based PLNC

0
1'] ﬂ}}_l.lf. .hl ] | I 1 | 1 |
1U_i... = 5 I, e ™ T amee: snaes R T R
"':.u._.n]zlnm : S I s e L e L T T
H —e— CF - Feng '
n .| —— CF - Mejri
307 L e 0P B 2 =Y | o s S R
| —%— CF - Mejri - o, = 10~ i bR
CF - Mejri - 02 = 10°* e
”}"3 ! 1 ! ! 1 ! ri“.'l"--, !
0 <) 10 15 20 25 30 35 40 45
oz, [dB]

From an engineering perspective the scheme has a very poor performance.

How to improve it?
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Equivalent noise is composed of:

Cross-terms interference:

(Her 'Harxa (n)+Har Hprxs(n))

Self-interference: (HBRT + HART)kRHRRxR(n)

Noise term: (HBRT + HART) ng(n)

But, given the massive MIMO effect:

HBRTHAR — O,HARTHBR — 0, as Mr = ©
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Taking advantage of massive MIMO

M

R

yr(n) = Harxa(n) + Hprxp(n) + krHrrxr(n) + nr(n)

= Harxa(n) + Hegrxg(n) + Dr(n)
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Taking advantage of massive MIMO

Mg

R

V2

yp(n) =HAr'yYr(n) + Her'yr(n)
=(H{rHar) 'Higryr(n) + (HigHer) 'Hijpyr(n)
=(Har'Harxa(n) + Her'Hprxp(n))
+ (Hpr'Harxa(n) + Har'Hprxg(n)) + (Hpr' + Har')

= P_AKA{?E} + Dpxp (R}J + ng(n)

desired c;mponent equivalent total noise
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Reception at both terminals
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Reception at the relay and at both terminals

Procedure 3 PLNC Scheme for Massive MIMO Relaying
Processing stage at the relay for each yr(n):
1) Zero forcing process of the received signal: yp(n) = Har'yr(n) + Hgr'yr(n);
for i=1,--- ,Nrdo
2) Scale the processed relay signal, using the MMSE scaling factor ypi: 4ri = ai - yp.i;
3) Quantize jjp,; to the closest fine lattice point: Qu, (ip,);
4) Perform modulo operation with respect to the coarse lattice to obtain back a point of the nested

lattice code: z; = [Qa,(Fp,i)Jmod,,.:
end for
5) Transmit the signal xg(n) = [Tg1. * «TR.N.];
Processing stage at terminal .4 (similar for B):
1) Decode the relay transmitted signal using the ML detector for the nested lattice code:
&R = argminye apvyg v | ya — HRaA || ;
for i=1..--- ,Nrdo
2) Map the received information back to the finite field: u, ; = ¢~ ' (R{&n;}) = [Sa.1.i+Sp.1.:mod@
and up; = ¢~ (Z{@p,i}) = [Sa2i + Sp,2.:modQ (where here g4 = 1,45 = 1);
3) Subtract own information to obtain: .‘ST;;,.,.,- = |uy i = Sa1.;)Jmod@ and Spo;= [us.; = Sa2:modQ;
end for
4) Obtain Sp; = (Sp14;Spas)fori=1,---, Nr.
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Results: massive MIMO + full-duplex + PLNC

SER

10-3iif S e e e SRR e R R Rk, RS I R AR S R

: slf— _Jrl:fﬁ = 50

[ | —t— M = 150

10 F | —ge— My = 300

—tgp— Mp = 500

|+ =+ = Perfect Cancellation (Mp — o)

| 1 1

| -
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oy [dB]
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Effect of channel estimation errors

0

10

107

107

\:'1--- PV SR R P PRS WARREY RN _._.;

- "
*."l!. _..__F__'.-.-._.'.u._._q-.-._.!p
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-+ Mp = 150,08 = 1073 s
— My = 300,02 = 0
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Channel state information accuracy is crucial !
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How to offer more?

Required Performance

/ /]

NOMA
Full-Duplex
Massive MIMO
Physical layer network coding

I
Spectrum Efficiency ' |

Network Densification

Seamless Handovers
/ Phantom Cells

Device-to-Device

=
Spectrum Extension

Carrier Aggregation
FBMC
mmWave
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“Lattice are everywhere™”

Current growing/hot topics:

* Physical Layer Network Coding

[Gastpar, Nazer, Proc. of the IEEE, 2011],

L attice-based cryptography for physical layer
security.

*R. Zamir, “"Lattices are Everywhere", talk at the Information Theory and Applications Workshop
(ITA09), University of California at San Diego, February 2009.

- U. Erez, S. Litsyn and R. Zamir, "Lattices which are good for (almost) everything®“, IEEE
Transactions on Information Theory, pp. 3401-3416 Oct. 2005.
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Lattices in Cryptography

Phong Q. Nguyen

Brigitte Vallée (Eds)
COMPLEXITY OF
LATTICE PROBLEMS DAl Bomste -
A Cryptographic : aniel J. etrns ein |
Perspective Johannes Buchmann
Erik Dahmen
Daniele Micciancio Editors ..
Shafi Goldw .
B The LLL Algorithm

P S Po;'Quantum Survey and Applications
N Cryptography

a Springer &) Springer

2002
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Radio waves as symbols

A

Mechanical wave Imaginary (dim 2) )

st 4

|
‘ Real (dim 1)

Direction
of wave

isvr

[Picture from the Institute of Sound and Vibration,
University of Southampton, UK]

Receiver
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2D orthogonal lattices in SISO

30 dB

16-QAM SNR=30dB 64-QAM SNR=30dB
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2D orthogonal lattices in SISO

20 dB

o 16-QAM SNR=20dB 64-QAM SNR=20dB
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CVP in lattices in 8 dimensions (or more)

Closest vector problem (CVP) in a lattice
(NP-hard problem)

. -

Closest point to
the red one?

Dimension 3
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Equivalent basis: reduced and not reduced

H,=Q-H-M

-0 -0 -0 009

/

I “\_ Dimension 2

4 7 7/ 7/
7/ Ve Ve 7/
7/ 7/ 7/ 7/ Ve
Ve 7 7 7/ 7/
7/ 7/ 7/ Ve I /
7/ 7/ 7 7/ 7/
7 7/ 7/ /7 7/
7/ 7/ 7 7/ 7/
7/ 7/ 7 7/ 7/
./ ./ ./ I/ 7/
7/ 7/ 7/ 7/ 7/
, , , , , Dimension 1
7/ 7 / Ve Ve
7/ 7 / 7/ Ve

- Almost orthogonal vectors
- Short vectors
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LLL reduction

- Reduction in polynomial time Lenstra,Lentra,Lovasz (1982)
- The Gauss algorithm (1801) is LLL in 2D

A1\
MY :
Arjen Klaas Hendrik Willem
Lenstra Lenstra

Laszl6 Lovasz

1% step: replace h, by h,—h, which gives us h,
2% step: replace h; by hi—h, which gives us h;

~ Dimension 2
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NP Hard Problems: the worst

NP-hard A

NP-Complete

NP
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Linear receivers

y = Hx+n
Zero Forcing (ZF)

= slice(H™'y)

y :> W, =H" :> Slicing j>$(

(or pseudo-inverse H" = (HHH)_1 HY

Minimum Mean Squared Error (MMSE) E [Wy — XZJ

Y T W :[HHH+S]\1[RINT jl H | Slicing j>5(
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The geometry of zero-forcing




The geometry of successive interference cancelation

Dimension 2

yl 7"11 rlz 7"13 Xl nl
y2 = O 7"22 7’23 X2 + n2
_y3_ 0 0 ¥y _x3_ _n3_

Dimension 1
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V-BLAST - vertical Bell Labs space-time [1999]
or... SIC: successive interference cancelation
or... Babai's algorithm or the nearest plane algorithm [19806]

1¢t: select this
hyperplane
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V-BLAST - vertical Bell Labs space-time [1999]
or... SIC: successive interference cancelation
or... Babai's algorithm or the nearest plane algorithm [19806]

1¢t: select this
hyperplane

- /' -~
//0’ //‘. ys ~ ’// /,./
& .’/ - o &
— - P _ .r/ -
- - - -~ -
hjm] instituto de
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Vectors in the Dual Lattice define hyperplanes (1/2)

Dimension 2

Dimension 2

r r r r r r r r ‘
-1 -08 06 04 02 0O 02 04 06 08 1 -10 -8 -6

4 2 0 2 4 6 8 10
Dimension 1

Dimension 1

(a) Selection of (—2,1) in the dual lattice.
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Vectors in the Dual Lattice define hyperplanes (2/2)

Dimension 2
Dimension 2

r r r r r r r r ‘
-1 -08 -06 -04 -02 0 02 04 06 08 1 -10 -8

6 4 -2 0 2 4 6 8 10
Dimension 1

Dimension 1

(b) Selection of (—1,4) in the dual lattice.
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The geometry of sphere decoding

Hy- HXH2 £ x?

A

[=]

H = QR
r 2

( \

Y, TR STUR AP | IS n,
Y, | = 0 e n || X [T,
_y3_ \O 0 r33)_x3_ _n3_

Tree

exploration

\
Upper

/
Unitary matrix
triangular

(Rigid rotation)

ISCTE £ University Institute of Lishon

Department of Information Science and Technology

[Figure by Dr. Wai Ho Mow,
Univ. of hong Kong]

instituto de
telecomunicacdes




Sphere decoding or... tree decoding

+3

(] ( @ (
W W W W WO W Wl W W K
0 O O & W K W

Closest vector
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The notion of coverage (1/2)

[Figure by Dr. Karen Su, University of Cambridge ]|
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The notion of coverage (2/2)

Improves coverage of Voronoi cell by increasing the inradius of the decision

region

(Figure co-authored with Dr. Karen Su, University of Cambridge )
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The notion of coverage (2/2)

Improves coverage of Voronoi cell by increasing the inradius of the decision

region

(Figure co-authored with Dr. Karen Su, University of Cambridge )
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The notion of coverage (2/2)

Improves coverage of Voronoi cell by increasing the inradius of the decision

region

Zero-forcing

(Figure co-authored with Dr. Karen Su, University of Cambridge )
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The notion of coverage (2/2)

Improves coverage of Voronoi cell by increasing the inradius of the decision

region
Zero-forcing
D 4 D 4
D 4 D 4
% X X X X %
..... SIC
% o X i X

(Figure co-authored with Dr. Karen Su, University of Cambridge )

ISCTE £ University Institute of Lishon . Mgl - g
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The notion of coverage (2/2)

Improves coverage of Voronoi cell by increasing the inradius of the decision

region
Zero-forcing
% % % %
% % % %
% % % % % % % % %
..... SIC
% ] % % % % % % %

(Figure co-authored with Dr. Karen Su, University of Cambridge )

ISCTE £ University Institute of Lishon . il ;
Department of Information Science and Technology Slgnal processing in the up -

instituto de
telecomunicacdes




The notion of coverage (2/2)

Improves coverage of Voronoi cell by increasing the inradius of the decision

region

Zero-forcing

x
SIC

(Figure co-authored with Dr. Karen Su, University of Cambridge )
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Department of Information Science and Technology Slgnal processing in the up -~ -

@ | W

ZF with Lattlce Reductlon
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Two approaches for MIMO

Space-Time Coding

 Increase diversity (slope of the BER curves).

Spatial-multiplexing

* Increase spectral efficiency. Preferable to aim
at SM [Lozano & Jindal 2010]
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Two approaches for MIMO

Space-Time Coding

 Increase diversity (slope of the BER curves).

Spatial-multiplexing

rency. Preferable to aim
at SM [Lozano & Jindal 2010]
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MIMO detection brings together...

*Information Theory

«Coding Theory
» Detection and Estimation Theory CS Physics
« Statistical signal processing Engineering

*Algorithms SLAgL

o . Applied
* Optimization Theoretical Mathematics

 Pattern Recognition Com pu%
Science

*Machine Learning

*Cryptography

ISCTE £ University Institute uf Llsbon . Mgl - o
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Most used techniques

§ Zero Forcing (ZF)

= Minimum Mean Squared Error (MMSE)
V_BLAST(OS|CWIthZFC”tenon) .................

§ { V-BLAST (OSIC with MMSE criterion)

; Lattice Reduction Aided (with ZF criterion)

pd

Lattice Reduction Aided (with MMSE criterion)
Sphere decoder (with different enumerations)

Maximum Likelihood (ML)
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Most used techniques

§ Zero Forcing (ZF)

= Minimum Mean Squared Error (MMSE)
..................... V_BLAST(OS|CWIthZFCmenon)

g V-BLAST (OSIC with MMSE criterion)

; Lattice Reduction Aided (with ZF criterion)

pa

Lattice Reduction Aided (with MMSE criterion)

Sphere decoder (with different enumerations)

Maximum Likelihood (ML)
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Performance

4 2x2 64-QAM
10
— \
-
10* —
10> \*®\
x
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« \ 3
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| ——2zF.
- | —+-MMSE
~— —<—OSIC-ZF

104 —=—LLL-ZF
—+—LLL-OSIC-ZF

[ T TS
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Performance

y 3x3 64-QAM
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Performance

: 4x4 64-QAM
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3GPP Release

ISCTE £

LTE-Advanced user Equipment categories

Release 8
Release 8
Release 8
Release 8
Release 8
Release 10
Release 10
Release 10

University Institute of Lisbon

Department of Information Science and Technology

UE Category

Category 1
Category 2
Category 3
Category 4
Category 5
Category 6
Category 7
Category 8

Signal processing in /

Downlink rate  MIMO Layers

10.3 Mbit/s 1

51.0 Mbit/s 2

102.0 Mbit/s 2

150.8 Mbit/s 2

299.6 Mbit/s 4

301.5 Mbit/s 2o0r4
301.5 Mbit/s 2o0r4
2998.6 Mbit/s 8

e

Uplink rate
5.2 Mbit/s
25.5 Mbit/s
51.0 Mbit/s
51.0 Mbit/s
75.4 Mbit/s
51.0 Mbit/s
102.0 Mbit/s

1497.8 Mbit/s




State of the art in 2015

« LTE-Advanced: 30 b/s/Hz
» Using 8x8 (8 antennas on each side of the link).

« Efficient detection was still an open problem until 2013.
[e.g., IEEE Comms Mag Feb. 2012]

*“ Randomised SIC". MCMC: Gibbs sampling is a
surprisingly near-optimal solution. Perhaps a revolution.
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State of the art in 2015

« LTE-Advanced: 30 b/s/Hz
» Using 8x8 (8 antennas on each side of the link).

« Efficient detection was still an open problem until 2013.
[e.g., IEEE Comms Mag Feb. 2012]

*“ Randomised SIC". MCMC: Gibbs sampling is a
surprisingly near-optimal solution. Perhaps a revolution.

(In convencional symmetric MIMO)

ISCTE £ University Institute of Lishon
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Under development

» Co-operative relay networks
(Started with Laneman & Wornel, MIT 2003)

‘Relay

Q’d signal
‘Transmitted signal (« »»
) ‘

Source Destination
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Broadcast channel
Precoding
(or MU-MIMO in the LTE jargon)

Is a dual concept to spatial multiplexing

* Is the reverse (dual) of Spatial Multiplexing

*Base station transmits to all and each terminal only sees
its own signal

* Requires Channel knowledge at the transmitter (of

course!)
MU-MIMO

_ feedback

MU-MIMO up
to 4 streams
and layers

=
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Precoding
(or MU-MIMO in the LTE jargon)

Is a dual concept to spatial multiplexing

* Is the reverse (dual) of Spatial Multiplexing

*Base station transmits to all and each terminal only sees
its own signal

* Requires Channel knowledge at the transmitter (of
course!)
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Includes an introduction to
MIMO detection techniques

n'. ‘."

Fundamentals | .
and Evolution (e d  (CRC Press - Taylor and Francis, June 2014)

Edited by
Mario Marques da Silva
Francisco A. Monteiro
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