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Part 1: Intro. & Basics
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Outline

@ What is bi-directional communication?
@ Why multi-way?

© History
Point-to-point
Multiple-access channel
Broadcast channel
Relay channel
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What is bi-dire

Nodes acting as sources and destinations simultaneously.

Example: Device-to-device

® uni-directional treatment (one way):

® Point-to-point channel,
® Multiple-access channel,

® Broadcast channel,
® Bi-directional treatment (two-way):

® Two-way channel @

® Two-way relay channel 2s8

0
)

® multi-way, etc.
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What is bi-dir

Nodes acting as sources and destinations simultaneously.

Example: Device-to-device

® uni-directional treatment (one way):

® Point-to-point channel,
® Multiple-access channel,
® Broadcast channel,

® Bi-directional treatment (two-way):

® Two-way channel @ @
[ [}
® Two-way relay channel EEF EEH]

® multi-way, etc.

Introduce and discuss techniques for bi-directional communications.
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Outline

@ Why multi-way?
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Changing Game

Rapid changes in communications: applications, services, requirements, etc.

past present future
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Changing Game

Rapid changes in communications: applications, services, requirements, etc.

past present future

low-rate demand

Sources: experian.com, allmytech.pk, en.wikipedia.org, ecnmag.com, kpcb.com, play.google.com
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Changing Game

Rapid changes in communications: applications, services, requirements, etc.

past present future

low-rate demand high-rate demand
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Changing Game

Rapid changes in communications: applications, services, requirements, etc.

past present future

low-rate demand high-rate demand 777

t),) @ You[TD) @
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Sources: experian.com, allmytech.pk, en.wikipedia.org, ecnmag.com, kpcb.com, play.google.com
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Changing Game

Future: Everything can communicate!

=Y i R

Vehicle,asset,person & pet /fjricu/hw automation
monitoring & controlling

Cnergy consunption Secm‘i‘/ & 3“'74"17 managment

survedllance
’) Embedded . Everyday things for smarter
@ b Internet of things getcomected &
@

tomorrow

© 0500 g :I = i l“] E':‘/‘\
D"/——@S . i - ﬁ b .I.
//2?/ & w:ele.r; ‘g L g alh ﬁ @
Sensor network

Cveryday things Smart homes & cities Telemedicine & helthcare

New players, new rules!

Sources: influxis.com
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Towards 50B

THINGS 50B

é § i

Digital Society .

Sustainable World % @ vy
Personal
Mobile

Global
Connectivity

1875 1900 1925 1950 1975 2000 2025

Inflection

points PEOPLE 5.0B

PLACES ~0.5B

Source:  Ericsson, 2010

Increasing number of connected devices (loT, M2M, etc.)
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Towards 50B d

THINGS 50B

é § i

Digital Society b

Sustainable World % @ vy
Personal
Mobile

Global
Connectivity

1875 1900 1925 1950 1975 2000 2025

Inflection

points PEOPLE 5.0B

PLACES ~0.5B

Source:  Ericsson, 2010
Increasing number of connected devices (loT, M2M, etc.)

Consequence: Networks must support much higher data-rates
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Base-station
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Ideas

® Densification of networks
® Device-to-device
® |oT, etc.

® |mportant: Most communication is bi-directional (uplink/downlink,
feedback, etc.)

= need to study bi-directional communication
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to-machine
Point«>multi-point

Anas Chaaban and Aydin Sezgin Multi-way Communications 11



RUB Institute of Digital Communication Systems

More sophisticate

Machine-
to-machine =
Point«>multi-point

AN

'/vﬁ

to-ca
Multi-hop
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More sophisticate

Machine- @
to-machine = =
Point<>multi-point Device-to-device

Car- \\ P
to-car '/
Multi-hop
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Machine- <—> @
to-machine - =

Point<>multi-point . Device-to-device

®
@ =

s — ¥

Car- \\ (@)

to-ca
MUlti—hOp X-Channel
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L
pt

@
Machine- @ é
to-machine = = Star

Point<>multi-point Device-to-device

@ 0
Gao— ¥
Car- r\‘ '>ﬁ ‘ Q

X-Channel

to-ca
Multi-hop
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J/ \ Vé\s

@
Machine- =8 @ é
to-machine B R Star
Point<>multi-point Device-to-device

% 9 E«L%é
—<, a=i

X-Channel Interference
channel

Car- \ P
to-car '/
Multi-hop
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@

Machine- @ <—> é
to-machine = - Star
Point<>multi-point Device-to-device o

. % @ = <
Car. \ <o ‘ ® B =
to-car '/ X_Channel Interference
Multi-hop channel

® Important factors: Multi-way communications and Relaying!
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@
Machine- @ <—> é
to-machine = - Star

Point<>multi-point Device-to-device

G — W @ < EL% Xz

(D)
Car- (\‘ ; e =L,
to—car\« '/ﬁ == gv

Interference
: X-Channel
MU'tI—hOp channel

® Important factors: Multi-way communications and Relaying!

= need to study bi-directional communication
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Body-area netw

Wireless Body Area Network

*Blood pH
*Glucose

+Dissolved oxygen

«Carbon dioxide

« Temperature

® Multiple sensors communicating with a central node,

Sources: www.examiner.com
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Body-area netw

Wireless Body Area Network

*Blood pH
*Glucose

+Dissolved oxygen

«Carbon dioxide

« Temperature

® Multiple sensors communicating with a central node,

e Higher spectral /power efficiency = shorter transmission duration =
longer life-cycle/less radiation

Sources: www.examiner.com
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Wireless Body Area Network

*Blood pH
*Glucose

+Dissolved oxygen

«Carbon dioxide

« Temperature

® Multiple sensors communicating with a central node,

e Higher spectral /power efficiency = shorter transmission duration =
longer life-cycle/less radiation

= need to study bi-directional communication

Sources: www.examiner.com
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Tutorial Topics

® Two-way channel,
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Tutorial Topics

® Two-way channel,

® Two-way relay channel,

Multi-way relay channel,

MIMO cases,

One-way communication is an integral
part of two-way communication
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Tutorial Topics

® Two-way channel,

® Two-way relay channel,

Multi-way relay channel,

MIMO cases,

One-way communication is an integral
part of two-way communication

. .
Brief Review
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Outline

© History
Point-to-point
Multiple-access channel
Broadcast channel
Relay channel
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History

In the beginning... One-way (uni-directional) Communications:

® Point-to-point (P2P): [Shannon
48],

&
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® Relay channel (RC): [van der

Meulen 71], [Cover & El-Gamal
79],

e Multiple-access channel (MAC):
[Ahlswede 71], [Liao 72],

® Broad-cast channel (BC): [Cover
72], [Bergmans 73],

%

2%
0,02,
%,

D

2,

Anas Chaaban and Aydin Sezgin Multi-way Communications 15



RUB Institute of Digital Communication Systems

In the beginning... One-way (uni-directional) Communications:

® Point-to-point (P2P): [Shannon
48],

® Relay channel (RC): [van der
Meulen 71], [Cover & El-Gamal
79],

e Multiple-access channel (MAC):
[Ahlswede 71], [Liao 72],

® Broad-cast channel (BC): [Cover
72], [Bergmans 73],

® |Interference Channel (IC):
[Carleial 75], [Han & Koayashi
81], [Sato 81],

%

oZgoOQ
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2,
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One transmitter, one receiver: N
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with power P,
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P2P

)
One transmitter, one receiver: N

® Input: x = (z(1),--- ,z(n))

with power P,
® Qutput: y = x + z, where z is
) T; —_ y R
o
z
(noise)
Message

m € {1,--+, M} ~ Encoder | X —| Channel |~ ¥ —{ Decoder | 77
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P2P

/f‘:))
One transmitter, one receiver: eg?,g@
o

® Input: x = (z(1),--- ,z(n))

with power P,
® Qutput: y = x + z, where z is
) T; —_ y R
o
z
(noise)
Message

m € {1,--+, M} ~ Encoder | X —| Channel |~ ¥ —{ Decoder | 77

® Error probability: P. = Prob(r # m),

Anas Chaaban and Aydin Sezgin Multi-way Communications 16



RUB Institute of Digital Communication Systems

P2P

One transmitter, one receiver: N /gE
o

® Input: x = (z(1),--- ,z(n))

with power P,
® Qutput: y = x + z, where z is
) T; —_ y R
o
z
(noise)
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® Error probability: P. = Prob(r # m),

® Reliable Comm: P. — 0 as n — 00,
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P2P

One transmitter, one receiver: N /gE
o

® Input: x = (z(1),--- ,z(n))

with power P,
® Qutput: y = x + z, where z is
) T; —_ y R
o
z
(noise)
Message

m € {1,--+, M} ~ Encoder | X —| Channel |~ ¥ —{ Decoder | 77

® Error probability: P. = Prob(r # m),
® Reliable Comm: P. — 0 as n — 00,

® Goal: Find the maximum M.
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Let the code-length n =1
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Let the code-length n =1

Assume:
e Tx power P, e.g. |z| < VP

® Noise |z] < o
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P2P: Simple exa

Let the code-length n =1

Assume:
e Tx power P, e.g. |z| < VP
® Noise |z] < o

® Question: How many points ' .
can we place between —v/P -VP 0 VP
and /P at a distance of 207
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Let the code-length n =1

Assume:
e Tx power P, e.g. |z| < VP
® Noise |z] < o

® Question: How many points ; : ; . ; ;
can we place between —v/ P —VP 0 5 VP
and VP at a distance of 207

e Answer: M = 2YP — \/SNR

20
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P2P: Simple exa

Let the code-length n =1

Assume:
e Tx power P, e.g. |z| < VP
® Noise |z] < o

® Question: How many points ; : ; . ; ;
can we place between —v/ P —VP 0 5 VP
and VP at a distance of 207

e Answer: M = 2YP — \/SNR (1-D sphere-packing)

20
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Let the code-length n =1

Assume:
e Tx power P, e.g. |z| < VP R
® Noise |z] < o
® Question: How many points i i i i i zf
can we place between —/P —VP 0 vp "

and /P at a distance of 257

® Answer: M = ¥ = v/SNR  (1-D sphere-packing)
® M codewords = log, (M) = % log,(SNR) bits,
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Let the code-length n =1

Assume:
e Tx power P, e.g. |z| < VP R
® Noise |z] < o
® Question: How many points i i i i i zf
can we place between —/P —VP 0 vp "

and /P at a distance of 257

® Answer: M = ¥ = v/SNR  (1-D sphere-packing)
® M codewords = log, (M) = % log,(SNR) bits,

e Rate R = 28210 — 1150 (SNR) bits per transmission.
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P2P

In reality, Gaussian noise power E[2?] = o2 (not |z| < o).

e With n = 1, decoding errors occur,
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In reality, Gaussian noise power E[2?] = o2 (not |z| < o).

e With n = 1, decoding errors occur,

® instead, encoding with n > 1,
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P2P

In reality, Gaussian noise power E[2?] = o2 (not |z| < o).

e With n = 1, decoding errors occur,
® instead, encoding with n > 1,
® number of codewords: M = (/14 SNR)™ (n-D sphere-packing),
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P2P

In reality, Gaussian noise power E[2?] = o2 (not |z| < o).

e With n = 1, decoding errors occur,

® instead, encoding with n > 1,

® number of codewords: M = (v/1 +SNR)™ (n-D sphere-packing),
= Rate =820 _ 1160 (1 4 SNR) bits per transmission,
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P2P

In reality, Gaussian noise power E[2?] = o2 (not |z| < o).

e With n = 1, decoding errors occur,

® instead, encoding with n > 1,

® number of codewords: M = (v/1 +SNR)™ (n-D sphere-packing),
= Rate =820 _ 1160 (1 4 SNR) bits per transmission,

e Capacity [Shannon 48].
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MAC

Two transmitters, one receiver:
S A

0
%

0
&
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MAC

S

2
2%
&

Two transmitters, one receiver: é

0

)

® Inputs: x; and X2,

2%
%
9%

® Powers P; and Ps,
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MAC

Two transmitters, one receiver: >

® Inputs: x; and X2,

ﬂ

%
& o°

o@g)

® Powers P; and Ps,

X1
e Output: y = x1 + X2 + 2, >@-
Tx2 X2

(noise)

!
X
[an
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MAC

Two transmitters, one receiver: >

Inputs: x3 and xa,

ﬂ

%
& o°

[ ]
o@g)

® Powers P; and Ps,
x

e Qutput: y = x1 + X2 + 2,

® Goal: Find the rate-region. _)-
Tx2 X2

n0|se)
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MAC

S
Two transmitters, one receiver:
S
® Inputs: x; and X2, &
® Powers P; and P,

-—>-T 1 X1
® Output: y = x1 + X2 + 2, :
-R
Goal: Find the rate-region. _)H

nonse)

The rate-region is the set of achievable rate pairs (R1, R2).
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MAC

® Successive decoding:

A >
1 P
! 14 1
Ry 20g<+02+P2>,
X1
>@- y
Tx2 X2

Ry . (noise)

-

o
-
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MAC

2

® Successive decoding:

e Treat x as noise = sz:e >
1 P, )
R1=§10g;<1—1—71>7 @

o

-

%0

o2 + P X
® Subtract x; and decode x2 = Tx1 > X1
1 P y
Ry = — lOg 1+ —; s >®- _>-
2 o Tx2 > x2
Rs . (noise)
Ry
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MAC

® Successive decoding: @
® Treat X2 as noise = X >
1 P 2)
= -1 14+ ——+ K
Ry B og ( + o2 + P2) ’ %209
® Subtract x; and decode x2 = Tx1 > X1
1 P y
R2:*10g(1+7§), >GT9- _>-
2 o Tx2 X2 z

Ry . (noise)
® opposite order, : :

Ry
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® Successive decoding: @
® Treat X2 as noise = X >
1 P, ) A
= -1 14+ ——+ K
Rl B 0og ( + o2 + P2) ) %209
® Subtract x; and decode x2 = Tx1 > X1
1 P y
Rz:*log(l—i——;), >GT9-
2 4 Tx2 X2 z

® opposite order,

e Capacity region [Ahlswede 71], e .........

1 P .
R1S510g<1+§), 221,2, """"
1 P+ P
R1+R2§710g<1+%).
2 g Ry
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BC

S

2
602

one transmitter, two receivers: é

»

2
220
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BC

S

2
602

one transmitter, two receivers: é

»

® Input: x with power P,

2
55
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BC

%
0%

%%
052,

£

S

2
000
%

one transmitter, two receivers: % <
® Input: x with power P, @

0

e OQutputs: y; = x + 2, z1

e Noises: ¢} < o3,

i
& v -5
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BC

one transmitter, two receivers: %
® Input: x with power P,
e Qutputs: y; = x + zi, z1
e Noises: ¢} < o3,

® Goal: Find the rate-region,
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® Superposition coding:
® Send x = x3 + X2, powers /é @

BC

2%
0%

%%
052,

P+ P =P, D

S

z

v ~{Red

Z2
b v~

Anas Chaaban and Aydin Sezgin Multi-way Communications 22



RUB Institute of Digital Communication Systems

® Superposition coding:
® Send x = x3 + X2, powers A&
P+ P, =P,

® Both receivers decode xo

treating x1 as noise =
Y1 Rx1
1 P
Ry =-log (1 x
’ 2 8 ( * 03 5+ Pl)
YZ Rx2

BC

q

2%
0%
%%
°o°

&

®

%
550
%
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RUB Institute of Digital Communication Systems

2
203
o

Superposition coding: °
Send x = x1 + X2, powers &
P+ P =P, o°°°°

Both receivers decode x2 Z1
treating x1 as noise =

1 Py
Ry=_log |1 x
: 2°g<+ 2+P1>’

Rx1 subtracts x2 and decodes
X1 =

1 P
Rlzilog(l—i—P),

1
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® Superposition coding: &
® Send x = x1 + X2, powers & 2
Pi+ Py =P, D

® Both receivers decode x2 Z1
treating x1 as noise =

1 P
Ro=-log 14+ "2 x
273 °g< +o§+P1>’

BC

® Rx1 subtracts x2 and decodes

X1 = 45

4

1 P, 35

Ry = log (Hg—%), s

2

. 15

® Rate-region = Capacity region !
0.5

[Cover 72], [Bergmans 74], 0
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Relay Channel

@)}

one transmitter, one receiver, one

relay: é

)

%
%

£
&
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Relay Channel

@)}

one transmitter, one receiver, one

relay: é
® Inputs: x, x,,

® Powers: P, P,

)

%
%

£
&
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Relay Channel

@)

one transmitter, one receiver, one q
2)
O

relay: <
&

® Inputs: x, x,,

® Powers: P, P,

e Qutputs: y = X + X, + 7, 2@ Yr _, Zr

yr:X+zrv

[Tx > = ?y
z
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Relay Channel

@)

one transmitter, one receiver, one

relay: é

® Inputs: x, x,,

® Powers: P, P,

0
&

)

0
0000

e Qutputs: y = X + X, + 7, 2@ r _, z
yr =X + Z,, l

e Noise variance: o2 and o2. x ?7 Yy
z
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Relay Channel

@
® Main schemes: A g 0@

Decode-forward,
Compress-forward

[Tx > = ?y
z
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Relay Channel

@
® Main schemes: A Q oo@

Decode-forward,
Compress-forward

® Notice: Interaction between
consecutive symbols/codewords 2 =@ yr —[Relay}> =
at Rx! l
e ?7 Y
z

Anas Chaaban and Aydin Sezgin Multi-way Communications 24



RUB Institute of Digital Communication Systems

Relay Channel

@
® Main schemes: /& g 0@

Decode-forward,
Compress-forward

® Notice: Interaction between

consecutive symbols/codewords 2 =@ yr —[Relay}> =
at Rx! i rl\ =
i i Tx x > Y Rx
® |Interaction can be exploited Y
z

using block-Markov encoding
[Cover & El-Gamal 79],
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Relay Channel

@
® Main schemes: & g 0@

Decode-forward,
Compress-forward

® Notice: Interaction between

consecutive symbols/codewords 2 =@ yr —[Relay}> =
at Rx! i rl\ =
i i Tx x > Y Rx
® Interaction can be exploited Y
z

using block-Markov encoding
[Cover & El-Gamal 79],

® For simplicity: Consider a

separated relay channel [Tx}>>@> v -» Yy
] A
Zr z
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Relay Channel:

x—>+ Yr —» Y
z

Zr

Decode-forward:

® Relay decodes x =
1 P

r
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Relay Channel:

Zr

x—>+ Yr —» Yy

|ADecoder |—>| EncoderAl

Decode-forward:

® Relay decodes x =
1 P
R< 510g<1+;%).

® Relay re-encodes x to x, and sends it.
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Relay Channel:

o e I o

|ADecoder |—>| EncoderAl

Decode-forward:

® Relay decodes x =
1 P
R< 510g<1+;%).

® Relay re-encodes x to x, and sends it.

1 P,

® Rx decodes z, =
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[ v R0 »

|ADecoder |—>| EncoderAl

Decode-forward:

® Relay decodes x =
1 P
R< 510g<1+;%).
® Relay re-encodes x to x, and sends it.
1 P,

® Achievable rate min {% log (1 + 7P2> , 2log (1+ %)} .

® Rx decodes z, =
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Relay Channel:

x—»?—» Yr »(?-» Y
Zr z

Cut-set Bound: Capacity bounded by the rate of information flow from a
sub-set of nodes to the remaining nodes
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Relay Channel:

(B v ~[R - v
Cu"c' 1 - -

Cut-set Bound: Capacity bounded by the rate of information flow from a
sub-set of nodes to the remaining nodes

e Cutl=C<llog(1+5).

2
Iy
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Relay Channel:

(B v ~[R - v
oz z
Cut 1 Cut2

Cut-set Bound: Capacity bounded by the rate of information flow from a
sub-set of nodes to the remaining nodes
e Cutl=C<llog(1+5).

2
Iy

® Cut2=C<ilog(1+%5).
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[ - [R50 »
’ Zr .‘: z

Cut'1
Y Cut 2

Cut-set Bound: Capacity bounded by the rate of information flow from a
sub-set of nodes to the remaining nodes
e Cutl=C<llog(1+5).

® Cut2=C<ilog(1+%5).

= Upper bound C < min{%log <1+ g%) ,%log (1+ %)}
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[ - [R50 »
’ Zr .‘: z

Cut'1
Y Cut 2

Cut-set Bound: Capacity bounded by the rate of information flow from a
sub-set of nodes to the remaining nodes

e Cutl=C<llog(1+5).
® Cut2=C<ilog(1+%5).
= Upper boundCSmin{%log(lJrg%),%log(1+op—5)}.

e DF Optimal: Coincides with the cut-set bound.
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Relay Channel:

Qe v R} o0 v~
z

Zr

Compress-forward:
® Relay compresses/quantizes y, to ¥, =y, + Zc (2. compression noise)

yr-space
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Relay Channel: C

Qe v R} o0 v~
z

Zr

Compress-forward:
® Relay compresses/quantizes y, to ¥, =y, + Zc (2. compression noise)

quantization

yr-Space Quantized y,-space
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Relay Channel: C

Qe v R} o0 v~
z

Zr

Compress-forward:
® Relay compresses/quantizes y, to ¥, =y, + Zc (2. compression noise)
e Compression rate R. (£ log(number of bins))

quantization

yr-Space Quantized y,-space
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Relay Channel:

x—>+ Yr —» Y
z

Zr

Compress-forward:

e Compression noise variance D = (P + o7) - 272 (optimal
rate-distortion)
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Relay Channel:

o e e B 1

Zr

I‘Compres. |?>| Encodegl

Compress-forward:

e Compression noise variance D = (P + o7) - 272 (optimal
rate-distortion)

® Relay encodes §, to x, (rate R.).
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Relay Channel:

Zr

o e e B 1

I‘Compres. |?>| Encodegl

Compress-forward:

e Compression noise variance D = (P + o7) - 272 (optimal
rate-distortion)

® Relay encodes §, to x, (rate R.).

® Rxdecodes x, = R, = % log (1+ Z%).
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Relay Channel: C

o e Ll e

I‘Compres. |?>| Encodegl

Compress-forward:

e Compression noise variance D = (P + o7) - 272 (optimal
rate-distortion)

® Relay encodes §, to x, (rate R.).
® Rxdecodes x, = R, = % log (1+ Z%).

® Rx obtains y, = x + 2z, + 2.
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Relay Channel: C

RN [

I Compres. |?>| EncoderAl
”

Compress-forward:

e Compression noise variance D = (P + o7) - 272 (optimal
rate-distortion)

® Relay encodes §, to x, (rate R.).
® Rxdecodes x, = R, = % log (1+ Z%).
® Rx obtains y, = x + 2z, + 2.

® Rx then decodes x from y, =
2
R = jlog (1 + oz%) < 3log (1 + ag(prélsz:;z()ng))
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Part 2: SISO Bi-directional
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Outline

@ Two-way channel

@® Two-way relay channel
The linear-deterministic approximation
Lattice codes

© Multi-way relay channel
Multi-pair Two-way Relay Channel
Multi-way Relay Channel

O Multi-way Channel
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Two-way Chann

Channel with two transceivers: First
studied by Shannon (1961)

)
)

000
000
000

‘000

000

000
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Channel with two transceivers: First @
studied by Shannon (1961)

)

e Outer bound: Cut-set R; < I(X;,Y;|X;) maximized over P(X1, X>),
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Channel with two transceivers: First @
studied by Shannon (1961)

)

‘000
000
000

e Outer bound: Cut-set R; < I(X;,Y;|X;) maximized over P(X1, X>),

® Inner bound: P2P codebooks R; < I(X;,Y;|X;) maximized over
P(X1,X5) = P(X1)P(X2),
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Channel with two transceivers: First
studied by Shannon (1961)

)

e Outer bound: Cut-set R; < I(X;,Y;|X;) maximized over P(X1, X>),

® Inner bound: P2P codebooks R; < I(X;,Y;|X;) maximized over
P(X1,X5) = P(X1)P(X2),

L P(Xl,Xg) VS. P(X]_)P(Xz)

® P(Xi,X>) allows interactive coding: X; and Y; can be dependent,

X1 = 8(m1, Y1)
® P(X1)P(X2) does not allow interactive coding: X; and Y; independent,
X1 = 8(m1)
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Channel with two transceivers: First
studied by Shannon (1961)

)

e Outer bound: Cut-set R; < I(X;,Y;|X;) maximized over P(X1, X>),

® Inner bound: P2P codebooks R; < I(X;,Y;|X;) maximized over
P(X1,X5) = P(X1)P(X2),

L P(Xl,Xg) VS. P(X]_)P(Xz)

® P(Xi,X>) allows interactive coding: X; and Y; can be dependent,
X1 = 8(m1, Y1)

® P(X1)P(X2) does not allow interactive coding: X; and Y; independent,
X1 = 8(m1)

® Consequence: Bounds do not coincide
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Channel with two transceivers: First
studied by Shannon (1961)

)

e Outer bound: Cut-set R; < I(X;,Y;|X;) maximized over P(X1, X>),

® Inner bound: P2P codebooks R; < I(X;,Y;|X;) maximized over
P(X1,X5) = P(X1)P(X2),

L P(Xl,Xg) VS. P(X]_)P(Xz)

® P(Xi,X>) allows interactive coding: X; and Y; can be dependent,
X1 = 8(m1, Yl)

® P(X1)P(X2) does not allow interactive coding: X; and Y; independent,
X1 = 8(m1)

® Consequence: Bounds do not coincide

= unknown capacity!
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Two-way Chan

® However: Bounds coincide if
channel is separable!
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Two-way Chann

® However: Bounds coincide if
channel is separable!

@ @

® i.e., channel decomposes into two
P2P channels.
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Two-way Channe

® However: Bounds coincide if
channel is separable!

® i.e., channel decomposes into two
P2P channels.

® The Gaussian channel belongs to
this class.

Anas Chaaban and Aydin Sezgin

Institute of Digital Communication Systems

[— Y1 #947 X2 <]
Node 1 w2

—>x1L>€$>Y2—>

Node 2
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Two-way Channel

® However: Bounds coincide if
channel is separable!

® i.e., channel decomposes into two
P2P channels.

® The Gaussian channel belongs to
this class.

® Inputs: x; and x2 with powers P
and P,

Anas Chaaban and Aydin Sezgin

Institute of Digital Communication Systems

Bi-Directional Communications

Node 1 " ‘}?947
— x1 L»E#

X2 <—

Y2 —>

Node 2
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Two-way Channel

® However: Bounds coincide if
channel is separable!

® i.e., channel decomposes into two
P2P channels.

® The Gaussian channel belongs to
this class.

® Inputs: x; and x2 with powers P
and P,

® Outputs: y; = x; + hiX; + 2,
hi € R, z; has variance o2,

Anas Chaaban and Aydin Sezgin

Institute of Digital Communication Systems

Bi-Directional Communications

Node 1 " ‘}?947
— x1 L»E#

X2 <—

Y2 —>

Node 2




RUB Institute of Digital Communication Systems

Two-way Channel

()

® However: Bounds coincide if
channel is separable!

(@ (@
@

® i.e., channel decomposes into two
P2P channels.

® The Gaussian channel belongs to z1
this class.
® Inputs: x; and x2 with powers P; — V1 P X2 <
P P Node 1 h2 Node 2

hi
and Pz, > x1 L»G# y2 —>
® Outputs: y; = x; + hiX; + 2,
hi € R, z; has variance o2, 2z
R>

® Achievable rate:
RiS%log<1+% Cs
J

(independent of
self-interference!),

C
1 R
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Two-way Channel

()

® However: Bounds coincide if
channel is separable!

2
®

® i.e., channel decomposes into two
P2P channels.

‘000
000
000

® The Gaussian channel belongs to z1
this class.
® Inputs: x; and x2 with powers P; V1 Py X2 <
and P Node 1 w2 Node 2
2, —> X1 L»Gﬁ» Y2 —>
® OQutputs: y; = x; + hixj + 24,
hi € R, z; has variance o2, 2z

® Achievable rate: R

R,-S%log(l-i—%) Cy
J

(independent of
self-interference!),

e Capacity [Han 84], o

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 4
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Two-way Channel

Remarks:

Half-duplex vs. full-duplex:

7
e Half-duplex:
Risilog(u%). Y Dy X <
% Node 1 p{ 2 Node 2
® Full-duplex: > x1 L»Eﬂ» y2 —>|

R; < %10g<1+%).
J

Z3
® Full-duplex achieves double rate. R
full-duplex
Cs
half-duplex
Ch

Ry

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 5
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Two-way Channel

Remarks:

Half-duplex vs. full-duplex:

e Half-duplex:
R; < ilog (1—|— %)
i
e Full-duplex:
R; < %log <1+ %)
J

® Full-duplex achieves double rate.

Feedback vs. Two-way:

® Feedback does not increase the
P2P capacity [Shannon 56].

® Rate: Ry < 1log (1+ %)
2
® Two-way achieves double rate.

Anas Chaaban and Aydin Sezgin

R

Cs

Institute of Digital Communication Systems

y
Node 1 7 :?37127
— X1 L»Eﬁ»

full-duplex

half-duplex

X2 <—

Node 2
Y2 —>|

feedback C'1

Bi-Directional Communications

Ry
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Two-way Chann

® \What happens if nodes are
far/physically separated?

Anas Chaaban and Aydin Sezgin Bi-Directional Communications
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Outline

@® Two-way relay channel
The linear-deterministic approximation
Lattice codes

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 7



RUB Institute of Digital Communication Systems

Two-way Relay

Channel with two transceivers and a

(@
relay: First studied by [Rankov & >/
Wittneben 06] @

/

()

@0
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Two-way Relay C

Channel with two transceivers and a
relay: First studied by [Rankov &

@
Wittneben 06] - /@)/

Gaussian two-way relay channel:

2

000
000
000

Zy
® Inputs: x1, X2, X, with powers
Pl,PanndPTv —>x1—>€?<—X2<—
Node 1 Relay Node 2
< ¥1 <@ Y2 —
Z z2
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Two-way Relay Ch

Channel with two transceivers and a
relay: First studied by [Rankov &

Wittneben 06] /@)/

(@

(@

D)

0

Gaussian two-way relay channel:

z,
® Inputs: x1, X2, X, with powers
P, P>, and P, —>x1—>€?<—X2<—
® Outputs: y, = X1 + X2 + Zr, Node 1 Relay Node 2
yi = X, + Z;, noise variance 0]2-, <y <@ va -l
Z z2

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 8
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Two-way Relay Ch

Channel with two transceivers and a

(@
relay: First studied by [Rankov & >/
Wittneben 06] @

/

(@

@0

Gaussian two-way relay channel:

2z
® Inputs: x1, X2, X, with powers
P, P>, and P, —>x1—>€?<—X2<—
® Outputs: y» = X1 + X2 + 2r, Node 1 Relay Node 2
yi = X, + Z;, noise variance 0]2-, < v <P Vs —]
® Goal: Find the capacity region.
Z Zz2

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 8
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Classical approac

® Treat uplink as a MAC =
1 P;
1

Ri1+ R2 < - log 1+w
2 o2

Anas Chaaban and Aydin Sezgin

Institute of Digital Communication Systems

> x1 —>E?<— X2 <]

Node 1 @_,[m Node 2
< Y1 <D< y2 —

4 1

zy Z2

R2
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Zy

® Treat uplink as a MAC =

> X| —>(D<e— X2 <]
1 P;
R; < 3 log (1 + ;;) Node 1 Rehﬁ;] Node 2

< y1 D> 2 —
1 P+ P
Ri1+ R2 < - log 1+g ,
2 o2

A

® Treat downlink as a BC =

1 p1
3 log <1 + E)

1 P2
R —1 1
2S5 og< +a§+p1)

with p1 +p2 < P,

Ry

IN

A

R2

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 9
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Zy

® Treat uplink as a MAC =

> X1 — > (P<—— X2 <]
1 P;
Ri<Zlog|1+ — Node 1 Relay mi| | Node 2
2 o2 mao
< y1 D> v2 —
1 P+ P A s
Rl+R25§10g(1+T>v o om
50
® Treat downlink as a BC = 45
4
1 P1 3.5
R < -1 1+ =
< s (1 ) :
]_ p 2.5
Ry < 3 log (1 + %) 2| Decode-forward
o2 Th £ 151 inner bound
with p1 4+ p2 < P, 0_;
® Achievable region: intersection T I T o 5 s 1 s
R

Anas Chaaban and Aydin Sezgin
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Z,

® Treat uplink as a MAC =

> X| —>(D<— X2 <]
1 P;
R; < 3 log (1 + ;;) Node 1 Rehx;] Node 2

<
< y1 D> v2 —
1 P+ P
RI+R2§§1°g(1+T ) o om
5
® Treat downlink as a BC = 45
4
1 1 3.5 Cut-set
R, < 5 log (1 + %) 3 outer bound
oy
1 p 2.5
2
Ry < 3 log (1 + ﬁ) 21 Decode-forward
o3 T h1 < 15| inner bound
with p1 4+ p2 < P, o;
® Achievable region: intersection L e e 4.‘5\5‘.
® Cut-set bound: i

R; <

min{%log(l—i—%),%log(l—i—%)}

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 9
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Z,

® Treat uplink as a MAC =

> X| —>(D<— X2 <]
1 P;
R; < 3 log (1 + ;;) Node 1 Rehx;] Node 2

<
< y1 D> v2 —
1 P+ P
RI+R2§§1°g(1+T ) o om
5
® Treat downlink as a BC = 45
4
1 1 3.5 Cut-set
R, < 5 log (1 + %) 3 outer bound
oy
1 p 2.5
2
Ry < 3 log (1 + ﬁ) 21 Decode-forward
o3 T h1 < 15| inner bound
with p1 4+ p2 < P, o;
® Achievable region: intersection L e e 4.‘5\5‘.
® Cut-set bound: i

min{%log(l—i—%),%log(l—i—%)} o

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 9



RUB Institute of Digital Communication Systems

Sum-rate

Node 1 Rela
Let us focus on the sum-rate Y

Rs = R1 + Ra: ¥

Anas Chaaban and Aydin Sezgin Bi-Directional Communications
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Sum-rate

Node 1 Rela
Let us focus on the sum-rate Y

Rs = R1 + Ra: ¥

® simplifying assumption:
P=P,=P. =P,

sza%zaQZI,

Anas Chaaban and Aydin Sezgin Bi-Directional Communications
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Sum-rate

Node 1 Rela
Let us focus on the sum-rate Y

Rs = R1 + Ra: ¥

® simplifying assumption:
P =P =P =P,
Uf = o'% =c2=1,

® MAC: Ry < 1log(1+2P),

Anas Chaaban and Aydin Sezgin Bi-Directional Communications
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Sum-rate
Zr
> x1 —>€?<— Xo <]
Node 1 Relay Node 2
Let us focus on the sum-rate y y
RE _ Rl + RQZ < Y1 * 2 —>
VA% Z>

® simplifying assumption:
P=P,=P. =P,

sza%zaQZI,

® MAC: Ry < 1log(1+2P),
e BC: Ry < %log(l + P),
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Sum-rate
z,
> x1 —>€?<— X2 <
Node 1 Node 2
Let us focus on the sum-rate o Relay *
Rs = R1 + Ra: " s v
VA% Z2
® simplifying assumption: 10 : ‘ ‘
P=P,=P.=P, ol
ol=03=0"=1, 8r
. 1 7 o
e MAC: Ry < $log(1+2P), 6 &
i C
e BC: Ry < %log(l—kP), 5|
= max Rpr = 1 log(1 + P) ﬁgg of
.l
L
0% 0 10 20 30
P (dB)
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Sum-rate
z,
> x1 —>€?<— Xo <]
Node 1 Node 2
Let us focus on the sum-rate oce Relay o
R2:R1+R22 l<— Y1 * Y2 —
VA% Z>
® simplifying assumption: 10 ‘ ‘ ‘
P =P =P =P, 9l
ol=02=0%=1, 8|
1 T oy
® MAC: Rx < 5log(1+2P), . <&
[ C
e BC: Ry < %log(l—kP), 5t
al
= max Rpr = 1 log(1 + P) s of
® Question: How to improve? 2f
L
%0 0 10 20 30
P (dB)
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Network Coding

® Treat uplink as a MAC =
Ry < %10g(1+2p). Node 1

> x1 —>€?<—

4 1

Z Z2
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Network Coding

z,
® Treat uplink as a MAC = > X1 —>D<~— X2
Ry, < % log(l + 2P). Node 1 @_{ml] Node 2
mo
® Relay obtains x1(m1) and x2(m1). < ¥ 4-? GE* ¥z —
Z Zo
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Network Coding

Zy

® Treat uplink as a MAC = > X D X =

Rs < 3log(1+2P). Node 1| 1, —[Relay ml] Node 2

ma

® Relay obtains x;(m1) and x2(m1). < ¥1 ?» Y2 —|
e NC: Relay calculates m, = mi @& ms z1 Z2

(rate R, = max{R1, R2}), and sends

xr(mr).
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Network Coding

Zr

® Treat uplink as a MAC = > X D X =
Rs < 3log(1+2P). Node 1| 1, —[Relay ml] Node 2
ma
® Relay obtains x1(m1) and x2(mz1). < y1 ?» Y2 —
® NC: Relay calculates m, = mi & ma» Z1 Z2
(rate R, = max{R1, R2}), and sends
xr(mr).

® Node i decodes x,(m,) and
calculates m; = m, ® m;,
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Zr

® Relay obtains x1(m1) and x2(mz1). <~ ¥1 y2 —|

® Treat uplink as a MAC = > xi;’g ~—— X2 <
Rs < 3log(1+2P). Node 1| 1, —[Relay |_, ml] Node 2
mo
® NC: Relay calculates m, = mi & ma» Z1 Z2

(rate R, = max{R1, R2}), and sends
xr(mr).

® Node i decodes x,(m,) and
calculates m; = m, ® m;,

= R, < ilog(l+P)=
Ry, <log(l+ P)
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Zr

® Treat uplink as a MAC = e x;’% 2
Ry < % log(1 4 2P). Node 1| . —[Relay |_, ml] Node 2
mo

® Relay obtains x1(m1) and x2(m1). < 1 : G?’ ¥z —
® NC: Relay calculates m, = mi & ma» 7, Z3
(rate R, = max{R1, R2}), and sends 10
xr(m.), or
8|
® Node i decodes x,(m,) and 7 &
calculates m; = m, ® m;, 61 (,0/
= R, < llog(1+P) = [
af C
Rs <log(l+ P) 2 ¥
= Rnc = 31log(1+ 2P) (alternative: 2| oX
BC with side info.) 1
910 0 1‘0 20 30
P (dB)
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Zr

® Treat uplink as a MAC = e x;’% 2
Ry < % log(1 4 2P). Node 1| . —[Relay |_, ml] Node 2
mo

® Relay obtains x1(m1) and x2(m1). < 1 : G?’ ¥z —
® NC: Relay calculates m, = mi & ma» 7, Z3
(rate R, = max{R1, R2}), and sends 10
X (mr). o
8|
® Node i decodes x,(m,) and 7 &
4
calculates m; = m, ® m;, 61 (,0/
= R, < llog(1+P) = [
4F C
Rs <log(l+ P) 2 ¥
= Rnc = 31log(1+ 2P) (alternative: 2| oX
BC with side info.) 1
® Good at low SNR, but not at high o 0 10 20 30
SNR P (dB)
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Zr

® Treat uplink as a MAC = e x;’% 2
Ry < % log(1 4 2P). Node 1| . —[Relay |_, ml] Node 2
mo

® Relay obtains x1(m1) and x2(m1). < 1 : G?’ ¥z —
® NC: Relay calculates m, = mi & ma» 7, Z
(rate R, = max{R1, R2}), and sends 10
xr(m.), or
sl
® Node i decodes x,(m,) and 7 &
P
calculates m; = m, ® m;, 61 (,0/
= R, < llog(1+P) = [
af C
Rs <log(l+ P) 23 N
= Rnc = 31log(1+ 2P) (alternative: 2| oX
BC with side info.) 1
® Good at low SNR, but not at high o 0 10 20 %0
SNR P (dB)
.—!?
® Further improvement? @
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Improvement

Important insight: Relay does not need
to decode the messages! > 2,

Node 1 Node 2
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to decode the messages! > 2,

Node 1 Node 2

Example: Binary additive noiseless
channel
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Example: Binary additive noiseless
channel

® Inputs: z1,x2,z, € Fo,
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Improvement

Important insight: Relay does not need
to decode the messages! > 2,

Node 1 Node 2

Example: Binary additive noiseless
channel

® Inputs: z1,x2,z, € Fo,

e Outputs: yr = z1 @ T2, ¥Yi = Ty,
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Improvement

Important insight: Relay does not need
to decode the messages! > 2,

Node 1 Node 2

Example: Binary additive noiseless
channel

® Inputs: z1,x2,z, € Fo,
e Outputs: yr = z1 @ T2, ¥Yi = Ty,

e NC: Relay decodes z; then z2 (two transmissions), and constructs
ZTr =11 D T2
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Improvement

Important insight: Relay does not need
to decode the messages!

Node 1 Node 2

Example: Binary additive noiseless
channel

® Inputs: z1,x2,z, € Fo,

e Outputs: yr = z1 @ T2, ¥Yi = Ty,

e NC: Relay decodes z; then z2 (two transmissions), and constructs
ZTr =11 D T2

® Additive binary-noiseless channel: Relay can decode x, = x1 @ x> directly
(one transmission!),
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Important insight: Relay does not need

to decode the messages!

Example: Binary additive noiseless
channel

Node 1 Node 2

Inputs: x1, 22, x, € Fa,
Outputs: y, = 1 ® 2, Yi = Tr,

NC: Relay decodes x1 then z2 (two transmissions), and constructs
ZTr =11 D T2

Additive binary-noiseless channel: Relay can decode x, = x1 @ x> directly
(one transmission!),

But: Physical channels are not binary and not noiseless!

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 12



Improvement

RUB Institute of Digital Communication Systems

Important insight: Relay does not need

to decode the messages!

Example: Binary additive noiseless
channel

Node 1 Node 2

Inputs: x1, 22, x, € Fa,
Outputs: y, = 1 ® 2, Yi = Tr,

NC: Relay decodes x1 then z2 (two transmissions), and constructs
ZTr =11 D T2

Additive binary-noiseless channel: Relay can decode x, = x1 @ x> directly
(one transmission!),

But: Physical channels are not binary and not noiseless!

However: A binary-noiseless approximation exists!
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Improvement

Important insight: Relay does not need
to decode the messages!

Node 1 Node 2

Example: Binary additive noiseless
channel

® Inputs: z1,x2,z, € Fo,
e Outputs: yr = z1 @ T2, ¥yi = Ty,

e NC: Relay decodes z; then z2 (two transmissions), and constructs
ZTr =11 D T2

® Additive binary-noiseless channel: Relay can decode x, = x1 @ x> directly
(one transmission!),

® But: Physical channels are not binary and not noiseless!

® However: A binary-noiseless approximation exists!

Analyse using the Linear Deterministic (LD) Model
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Outline

@® Two-way relay channel
The linear-deterministic approximation
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The linear-deter

e Let 2 and z have unit power and y = V' Pz + z,
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The linear-deter

e Let 2 and z have unit power and y = V' Pz + z,

® \Write the binary representation

) ) ‘ oo )
y =22 =) Z x27" + Z zi27"

i=—00 i=—00
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The linear-determ

e Let 2 and z have unit power and y = V' Pz + z,

® \Write the binary representation

) ) ‘ oo )
y =22 =) Z x27" + Z zi27"

i=—00 i=—00

(oo} oo
~ 22 108(P) Zxﬂ_i + Z 227" assuming |z| < 1
i=1

i=—00

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 14



RUB Institute of Digital Communication Systems

The linear-determi

e Let 2 and z have unit power and y = V' Pz + z,

® \Write the binary representation

. oo ) oo ]
y =22 =) Z x27" + Z zi27"
1=—00 i=—00
~ 27 l08(P) Zx 27 4 Z 227" assuming |z| < 1
i=—o00

~ 23 1o8(P) Zm 27" —I—Zzl ~*  assuming |z] < 1

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 14



RUB Institute of Digital Communication Systems

e Let 2 and z have unit power and y = V' Pz + z,

® \Write the binary representation

) ) ‘ oo )
y =22 =) Z x27" + Z zi27"

i=—00 i=—00

~ 27 l08(P) Zx 27 4 Z 227" assuming |z| < 1
i=—o00

~ 23 1o8(P) Zm 27" —I—Zzl ~*  assuming |z] < 1

~ 2" Zmﬂ*i + Z 227" defining n = {% log(P)—‘
=1 =1
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e Let 2 and z have unit power and y = V' Pz + z,

® \Write the binary representation

) ) ‘ oo )
y =22 =) Z x27" + Z zi27"

i=—00 i=—00

~ 27 l08(P) Zx 27 4 Z 227" assuming |z| < 1
i=—o00

~ 23 1o8(P) Zox 27" —I—Zzl ~*  assuming |z] < 1

~ 2" Zmﬂ*i + Z 227" defining n = {% log(P)—‘
=1 =1

=2" Z 27+ Z(mzurn + 2)27%,  regrouping
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The linear-deter

y=~2" Zxﬂ_i + Z(mﬁn + zi)2_i,
i=1 i=1

noiseless bits noisy bits
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The linear-determ

y=~2" Zxﬂ_i + Z(mﬁn + zi)2_i,
i=1 i=1

noiseless bits noisy bits

® Ignore the noisy bits =
Yy ~ 2” Z?:l ZL‘i2_7'
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The linear-determi

y=2" Zaﬁﬂ_i + Z($1+n + zi)2_i,
i=1 i=1

Tx Rx
noiseless bits noisy bits O\ X1 O
(7 ——

O+ 0

® Ignore the noisy bits = @m\*o

y2" Y w27 O % >O

= Channel can be modelled asn ~~ —— =

bit-pipes! Impact of noise modelled by

clipping the least-significant bits
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The linear-determi

y=2" Zaﬁﬂ_i + Z($1+n + zi)2_i,
i=1 i=1

Tx Rx
noiseless bits noisy bits O\ X1 O
ol Clppn ve
® Ignore the noisy bits = C)\Q*O
y=2" YL w27 O % >0
= Channel can be modelled as n -
bit-pipes! Impact of noise modelled by
= C~n=|;log(P)] clipping the least-significant bits
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The linear-determi

y=2" Zaﬁﬂ_i + Z($1+n + zi)2_i,
i=1 i=1

Tx Rx
noiseless bits noisy bits O\ X1 O
ol Chupan ve
® Ignore the noisy bits = C)\Q*O
y=2" YL w27 oF >0
= Channel can be modelled as n -
bit-pipes! Impact of noise modelled by
= C~n=|;log(P)] clipping the least-significant bits

® A good approximation at high
SNR
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y=~2" Zxﬂ_i + Z(mﬁn + zi)2_i,
i=1 i=1

Tx Rx
noiseless bits noisy bits O\ X1 O
ol Chupan ve
® Ignore the noisy bits = C)\Q*O
y=2" YL w27 oF >0
= Channel can be modelled as n -
bit-pipes! Impact of noise modelled by
= C~n=|;log(P)] clipping the least-significant bits

® A good approximation at high
SNR

A Gaussian P2P can be approximated as a binary channel with input
X = [x1, T2, ,x4]" and output y = ST "x where ¢ > n = [% log(P)] and

S = [(I) g] is a down-ward shift matrix.
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The linear-determi

MAC with n1 > no

Similar approximation can be
applied to the:
o MAC:
y =S97"x; §STT"xo
where n; = [$log(P;)] and
g = max{ni,na},
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The linear-determi

MAC with n1 > no
Tx1

Similar approximation can be
applied to the:
o MAC: ™
y =S97"x; §STT"xo
where n; = [$log(P;)] and
g = max{ni,na},

Rx

lost bit
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The linear-determin

MAC with n1 > no

Tx1
Similar approximation can be
applied to the: Rx
o MAC: ™

y = S%"Mx; @ SI"2x,
where n; = [$log(P;)] and
g = max{ni,na},

e BC:y; =S9 Mix,

lost bit

BC with ni > no
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The linear-determin

MAC with n1 > no

Tx1
Similar approximation can be
applied to the: Rx
o MAC: ™

y =S9Mx; @ ST "2x,
where n; = [$log(P;)] and

q= max{nl, n2}, lost bit

e BC:y; =S9 Mix,

BC with ni > no
Rx1

>

lost bit at Rx2
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The linear-determin

MAC with n1 > no
Tx1

Similar approximation can be
applied to the: Rx
o MAC:
y = S? "x; @ SIT"2x,
where n; = [$log(P;)] and
g = max{ni,na}, lost bit
e BC:y; =S9 Mix,

® A very useful tool for BC with n1 > ng
studying Gaussian networks Rx1

>

lost bit at Rx2
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The linear-determin

Similar approximation can be
applied to the:

o MAC:
y =89 "Mx, @ ST "2x,
where n; = [$log(P;)] and
g = max{ni,na},

e BC:y; =S9 Mix,

® A very useful tool for
studying Gaussian networks

® Obtained insights in an LD
network can be extended to
corresponding Gaussian
networks

Anas Chaaban and Aydin Sezgin

Institute of Digital Communication Systems

MAC with n1 > no
Tx1

Rx

lost bit

BC with ni > no
Rx1

>

lost bit at Rx2

Bi-Directional Communications 16



RUB Institute of Digital Communication Systems

LD Two-way relay

Node 1 Relay Node 2
o om0
@ sz O Ton O

)
® 214 = o] 2
@ O O

e Uplink: MAC with
ny =ns =n =4,

® Node i sends x; € F3,
® Relay receives S "x; @S9 "xa,

® x; ® x2 decodable if
max{R1, R2} < n (send on the
most-significant bits)
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LD Two-way relay c

Node 1 Relay Node 2 1 R 2
O Z11 O ;21 O 0O e 211 iizl 0
O T12 O z22 o O O 12 = 22 o
O O —0 O Opra 22 50
O T14 O 24 O O O 14 24 '®)
e Uplink: MAC with ® Downlink: BC with
ny =ns =n =4, ny=ng =n=4,
® Node i sends x; € F3, ® Relay sends x, = x1 @ x2 with

rate R = max{Ri, R2},

® Node ¢ receives ST "x,.,

® Relay receives S "x; @ ST "xa,

® x; @ x2 decodable if
max{R1, R2} < n (send on the ® x, decodable if R, < n (send on
most-significant bits) the most-significant bits),
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LD Two-way relay

Node 1 Relay Node 2 1 R 2
O ill O ;21 O 0O e 211 iizl 0
O xl2 O :EZZ O O O » 2@1‘22 O
o o — e m—— . Ot b0
o+ O 20 O O+H4=2250
e Uplink: MAC with ® Downlink: BC with
ny=ng =n =4, ny=nz=n==4,
® Node i sends x; € F3, ® Relay sends x, = x1 @ x2 with

rate R = max{Ri, R2},

® Node i receives S™"x,,

® Relay receives S "x; @ ST "xa,

® x; @ x2 decodable if
max{R1, R2} < n (send on the ® x, decodable if R, <n (send on
most-significant bits) the most-significant bits),

Relay decodes a function (sum) of the transmit signals, and forwards this sum.
Each node can decode the desired signal using its own signal as side
information.
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LD Two-way relay

Node 1 Relay Node 2 1 R 2
D
O T11 O 21 O O O T11 21 O
O T12 O T22 ) 0O O T12 O T2 0
O £13 S 23 O O A |T13 D 23 O
€14 b T4 :—J\ X114 D Tog
@ O O O O

® Achievable rate max{Ri, Ro} < n = [1log(P)].
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LD Two-way relay

Node 1 Relay Node 2 1 R 2
D
O T11 O 21 O O O T11 21 O
O T12 O T22 ) 0O O T12 O T2 0
O £13 S 23 O O A |T13 D 23 O
€14 b T4 :—J\ X114 D Tog
@ O O O O

® Achievable rate max{Ri, Ro} < n = [1log(P)].
= Rcr =2n=2[3log(P)] ~ log(P)
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Node 1 Relay Node 2 1 R 2
D
O T11 O 21 O O O T11 21 O
O T12 O T22 ) 0O O T12 O T2 0
O £13 S 23 O O A |T13 D 23 O
€14 b T4 :—J\ X114 D Tog
@ O O O O

® Achievable rate max{Ri, Ro} < n = [1log(P)].
= Rcr =2n=2[3log(P)] ~ log(P)
® vs. Ryc = 1 log(1+ 2P) for network coding!
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LD Two-way rel

Node 1 Relay Node 2 1 R 2
D
O T11 O 21 O O O T11 21 O
O T12 O T22 ) 0O O T12 O T2 0
O £13 S 23 O O A |T13 D 23 O
€14 b T4 :—J\ X114 D Tog
@ O O O O

® Achievable rate max{Ri, Ro} < n = [1log(P)].
= Rcr =2n=2[3log(P)] ~ log(P)
® vs. Ryo = %log(l + 2P) for network coding!

CF (almost) doubles the rate in comparison to DF and to NC (at high SNR).
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LD Two-way rel

Node 1 Relay Node 2 1 R 2
D
O T11 O 21 O O O T11 21 O
O T12 O T22 ) 0O O T12 O T2 0
O £13 S 23 O O A |T13 D 23 O
€14 b T4 :—J\ X114 D Tog
@ O O O O

® Achievable rate max{Ri, Ro} < n = [1log(P)].
= Rcr =2n=2[3log(P)] ~ log(P)
® vs. Ryo = %log(l + 2P) for network coding!

CF (almost) doubles the rate in comparison to DF and to NC (at high SNR).

How to extend to Gaussian two-way relay channels?
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LD Two-way rel

® In CF, relay decodes the sum of input codewords.
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® In CF, relay decodes the sum of input codewords.

® |mportant requirement: Sum of two codewords is a codeword.
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LD Two-way rela

® In CF, relay decodes the sum of input codewords.
® |mportant requirement: Sum of two codewords is a codeword.

® True in the LD channel: XOR of two bits is a bit.
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LD Two-way rela

In CF, relay decodes the sum of input codewords.
® |mportant requirement: Sum of two codewords is a codeword.

True in the LD channel: XOR of two bits is a bit.

® Gaussian channels: normally random codes!
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LD Two-way rela

In CF, relay decodes the sum of input codewords.
® |mportant requirement: Sum of two codewords is a codeword.

True in the LD channel: XOR of two bits is a bit.

® Gaussian channels: normally random codes!

® sum of two random codewords is not necessarily a codeword!
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LD Two-way relay

® In CF, relay decodes the sum of input codewords.

® |mportant requirement: Sum of two codewords is a codeword.
® True in the LD channel: XOR of two bits is a bit.

® Gaussian channels: normally random codes!

® sum of two random codewords is not necessarily a codeword!

o Now what?
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Outline

@® Two-way relay channel

Lattice codes
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Computation

Computation is the process of recovering a function of transmit codewords from
a received sequence of symbols after sending the codewords through a channel.

How?
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Computation

Computation is the process of recovering a function of transmit codewords from
a received sequence of symbols after sending the codewords through a channel.

How?

Computation can be accomplished by using lattice codes.

Idea: Codes located on a grid so that the sum of two codewords is a codeword.
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Lattice-codes

Property: w1 and uso lattice codes = w1 + us2 lattice code!

Examples:

® 7 is a one-dimensional
lattice
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Lattice-codes

Property: w1 and uso lattice codes = w1 + us2 lattice code!

Examples:

® 7 is a one-dimensional
lattice
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Lattice-codes

Property: w1 and uso lattice codes = w1 + us2 lattice code!

Examples:
U2 Uy
2 1 0 1 2

® 7 is a one-dimensional
lattice

® two codewords:
ui,u2 € Z,
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Lattice-codes

Property: w1 and uso lattice codes = w1 + us2 lattice code!

Examples:
U ur 4 uz Ul
-2 —1 0 1 2

® 7 is a one-dimensional
lattice

® two codewords:
ui,u2 € Z,

® uy +u2 €7 also a
codeword,
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Lattice-codes

Property: w1 and uso lattice codes = w1 + us2 lattice code!

Examples:

u2 up +uz Uy

7 is a one-dimensional
lattice : o2

® two codewords:
U, U2 € 7,

® uy +u2 €7 also a
codeword,

e 72 is a 2-dimensional : :
lattice, : iz
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Lattice-codes

Property: w1 and uso lattice codes = w1 + us2 lattice code!

Examples:

U ul +u2 UL

® 7 is a one-dimensional

lattice : : 2 :
® two codewords: ........ ................ ’;’(1 .......
w1, uz € z, : : 1 R :

® u; +uz €Zalso a
codeword,

e 72 is a 2-dimensional F
lattice, :

Nested lattice codes achieve the capacity %log(l + P) of the P2P channel.
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Lattice-codes

Property: w1 and uso lattice codes = w1 + us2 lattice code!

Examples:

U ul +u2 UL

® 7 is a one-dimensional

lattice : : 2 :
® two codewords: ........ ................ ’;’(1 .......
w1, uz € z, : : 1 R :

® u; +uz €Zalso a
codeword,

e 72 is a 2-dimensional F
lattice, :

Nested lattice codes achieve the capacity %log(l + P) of the P2P channel.

What is a nested lattice code?

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 22



RUB Institute of Digital Communication Systems

Nested-lattice co

X X X X X
® x: Fine lattice Ay

X X X X X

X X X X X

X X X X X

X X X X X
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Nested-lattice cod

X X X X X
® x: Fine lattice Ay
. X X X X X
® Coarse lattice A, C Ay
X X [ X X
X X X X X
X X X X X
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Nested-lattice cod

X X X —X
I -
® x: Fine lattice Ay
X X X X X
® Coarse lattice A, C Ay /
® Modulo A, X \x (] X X
x L/x_ X X
X X X X X
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Nested-lattice co

® x: Fine lattice Ay

X X X
® Coarse lattice A, C Ay
® Modulo A, X X
® Nested lattice code / codewords
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Nested-lattice cod

® x: Fine lattice Ay

. X X X
® Coarse lattice A, C Ay
® Modulo A, X X
® Nested lattice code / °°deW°'d5
® Power Constraint satisfied by the

choice of A,
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Back to the two-w.

® Nodes use nested lattice codes « " « " «
with rate Ry = R = R and

power P, . . . . .

X X X X X

X X X X X

X X X X X

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 24



RUB Institute of Digital Communication Systems

Back to the two-wa

® Nodes use nested lattice codes « " « " «
with rate Ry = R = R and
power P, . . . X1 .
® send x3 and xo,
X2
X X -0 X
X X X X X
X X X X X
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Back to the two-wa

® Nodes use nested lattice codes
with rate Ry = R = R and

power P, . . . X1
< iy)
® send x; and xa2, "

X2

® Relay receives y, = x1 + X2 + 2, x x —® x
X X X X X

X X X X X
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Back to the two-wa

® Nodes use nested lattice codes
with rate Ry = R = R and

power P, . . . X1
< iy)
® send x; and xa3, X a
X2
® Relay receives y, = x1 + X2 + Zr, x ’K\—’._/ x
® calculates y. =y, mod A
yr yT e X X X X X
X X X X X
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Back to the two-wa

® Nodes use nested lattice codes
with rate Ry = R = R and

power P, . . X1 < 3
® send x; and x2, y.if Y

X2
® Relay receives y, = x1 + X2 + Zr, x ’K\—’._/ x
® calculates y. =y, mod A
y’f‘ y’l‘ e X X X X X
® decode to the nearest codeword,
X X X X X
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Back to the two-wa

® Nodes use nested lattice codes
with rate Ry = R = R and

power P, . X L X1 5/\
® send x; and x2, y.if Y

X2
® Relay receives y, = x1 + X2 + Zr, x ’K\—’._/ x
® calculates y. = y, mod A,
yr yT ¢ X X X X X
® decode to the nearest codeword,
® relay obtains x x x x x

xr = (x1 + x2) mod A,
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Back to the two-way

® Nodes use nested lattice codes « " « " «
with rate Ry = R = R and
power P, Xr X1 { \‘
X f X y
® send x; and xo, ¥ !
NP
® Relay receives y, = X1 + X2 + 2, x L e
® calculates y,. = dA
u Yr Y- Mo cy . « . N «
® decode to the nearest codeword,
® relay obtains x x x x x

xr = (x1 + x2) mod A,

Remarks:
® x, belongs to the same nested lattice codebook

= R, = R (same rate as x; and x2)
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Back to the two-

® Nodes use nested lattice codes
with rate Ry = R = R and

power P, . Xr . X1 ( 3
® send x; and x2, y.ij Y

X2
® Relay receives y, = X1 + X2 + 2, x L e
® calculates y. =y, mod A
yr YT e X X X X X
® decode to the nearest codeword,
® relay obtains x x x x x

xr = (x1 + x2) mod A,

Remarks:
® x, belongs to the same nested lattice codebook

= R, = R (same rate as x; and x2)

Relay can compute (x1 + x2) mod A, as long as R < [ log (5 + P)]+.
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Back to the two-w.

® Relay sends x, (rate R),

b3 X X X b3
Xr X1

X X X X X
X2

X X b3 b X

X X X X X

b3 X b3 X b3
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Back to the two-w.

® Relay sends x, (rate R),

® node 7 decodes x, =

1
R < 510g(1+P)' X X X X X
Xp X1
X X X X X
X2
X X X X X
X X X X X
X X X X X
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Back to the two-w.

® Relay sends x, (rate R),

® node 7 decodes x, =

1
RS 510g(1+P)' X X X X X
® Can x; be recovered from x,.7
X X1
X X X X X
X2
X X X X X
X X X X X
X X X X X
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Back to the two-wa

® Relay sends x, (rate R),

® node 7 decodes x, =

1
RS 510g(1+P)' X X X X X
® Can x; be recovered from x,.7
X X1
® Yes! Node i calculates x x x x x
(% — x;) mod A, X — X1 X2
K X X } X
\—_/
X X X X X
X X X X X
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® Relay sends x, (rate R),

® node 7 decodes x, =

1
R < 510g(1+P)' X X x X x
® Can x; be recovered from x,.7
X X1
® Yes! Node i calculates x x x x x
(% — x;) mod A, X — X1 X2
® CF rate constraints K ) ) } )
R = maX{R1, RQ} e ey
X X X X X
1 1 + .
R< 3 log 5 + P uplink X X X X X

R< %log (1+P) downlink
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® Relay sends x, (rate R),

® node 7 decodes x, =

1
R < 510g(1+P)' X X x X x
® Can x; be recovered from x,.7
X X1
® Yes! Node i calculates x x x x x
(% — x;) mod A, X — X1 X2
® CF rate constraints K ) ) } )
R = maX{R1, RQ} e ey
X X X X X
1 1 + .
R< 3 log 5 + P uplink X X X X X

R< %log (1+P) downlink

Max sum-rate for CF: Rer = [log (1 + P)]"

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 25



RUB Institute of Digital Communication Systems

CF sum-rate

> X1 X2 -
1 k
Rpr = 3 log (1 + P) Node 1|  xi —[Relay =" ©** | Node 2
1
Ryc = = log (1 + 2P) - e
2 Z Z>
R _ 1 P + 10 . . .
cr = |log 3 + ol i
8 il
7F ;,‘5’ 4
o I« j
sl
ol S |
fal |
2| O? |
1 i
qu 0 lb 20 30
P (dB)
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> X1 X2 -
1 F ~
Rpr = 5 log(1+P) Node 1| i —[Relay | ©**| Node 2
1
Ryc = ~log (1 +2P) v v
2 Z Z2
for— g (L4 )] v
cr = |log {5 + . ol
ol
7t &
® CF doubles the rate (at high of S«
SNR), st
B e
&al
2f o
n
q10 0 lb 20 30
P (dB)

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 26



RUB Institute of Digital Communication Systems

zr
> X1 X2 -
1 F ~
Rpr = 5 log(1+P) Node 1| i —[Relay | ©**| Node 2
1
Ryc = ~log (1 +2P) v v
2 Z Z2
for— g (L4 )] v
cr = |log {5 + . ol
sl
7t &
® CF doubles the rate (at high of S«
SNR), 5t
+ Close to capacity at high SNR £2 Ny
- zero rate at low SNR 2r oF
1L
qu 6 10 éO 30
P (dB)
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zr
> X1 X2 -
1 F ~
Rpr = 5 log(1+P) Node 1| i —[Relay | ©**| Node 2
1
Ryc = ~log (1 +2P) v v
2 Z Z2
Rer = |log (£ + P " Y
cr = |log {5 + . ol
sl
Th (,é“
® CF doubles the rate (at high of S«
SNR), 5¢
+ Close to capacity at high SNR £2 Ny
- zero rate at low SNR 2r o
® Best scheme: combination of CF :J i ‘
and NC -10 0 10 20 30
' P (dB)
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CF rate regio

Zr

> x1 Xo -]

Node 1 %, —| Relay X1+ %2 | Node 2

® CF achieves = ¥ (e
+ z Z2
1 1 Lan
Ri,Re < |=log| =+ P . :
2 2 1ol cut-set
1 CF
0.8 '1,0
0.6 \
< 04
0.2 I
00 0.2 0.4 0.6 0.8 1 1.2 1.4
R
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CF rate regio

Zr

> x1 Xo -]

Node 1 %, —| Relay X1+ %2 | Node 2

® CF achieves = ¥ (e
+ z Z2
1 1 .
Ri,Re < |=log| =+ P . :
2 2 1ol cut-set
® highest sum-rate ! CF
0.8 1
“©
0.6 \
< 04
0.2 I
00 0.2 0.4 0.6 0.8 1 1.2 1.4
R
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CF rate region

Zr

> x1 Xo -]

Node 1 %, —| Relay X1+ %2 | Node 2

® CF achieves = ¥ e
+ z Z2
1 1 .
Ri,Re < |=log| =+ P . :
2 2 Lol cut-set
® highest sum-rate ! CF
/.
o But: NC is better in some 08 T
regions, 06 N
< 04
0.2 .
00 0.2 0.4 0.6 0.8 1 1.2 1.4
R
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CF rate region

z
> X1 X2 -
Node 1 %, —| Relay X1+ %2 | Node 2
® CF achieves = ¥ e
Z Z>
1 1 + i
Ri,Re < |=log| =+ P . :
2 2 Lol cut-set
® highest sum-rate ! CF
/.
o But: NC is better in some 08 T
regions, 0.6 S

R

0.4

® Best: Time-sharing NC and CF,

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Ry
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CF rate region

What happens if P, > P» and P, arbitrary?

Zr

Node 1

Relay

< ¥1 <@
A

Eal Z2
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What happens if P, > P» and P, arbitrary?

Zr
> x1 —>€?<— X2 <
Node 1 Relay Node 2
® Reduce P; to P> and use CF: <~ y1 <D Y2 —
D
Z Z>

RR<llo 1—i—P "
1,2_2g22

Ri,Ry < %log(l + P)
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What happens if P, > P» and P, arbitrary?

z,
> x1 —>€?<— Xo <]
Node 1 Relay Node 2
® Reduce P; to P> and use CF: < y1 <-€? ?-» Y2 —
1 1 + Z1 Z2
RI,RQS |:§log (§+P2):| 14
: Lol cut-set
Ri,R; < Zlog(1+ P)
2 ' NC/CF
0.8 C
® Time-sharing NC and CF, o
< 04 NC \
0.2

00 02 04 06 08 1 12 14 16 18

Ry
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What happens if P, > P» and P, arbitrary?

z,
> x1 —>€?<— Xo <]
Node 1 Relay Node 2
® Reduce P; to P> and use CF: < y1 <-€? ?-» Y2 —
1 1 + Z1 Z2
RI,RQS |:§log (§+P2):| 14
: Lol cut-set
Ri,R; < Zlog(1+ P)
2 ! NC/CF
0.8 C
® Time-sharing NC and CF, o
® Far from sum-capacity! o NC
0.4
® Can we do better? 09 \

00 02 04 06 08 1 12 14 16 18

Ry
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Back to LD

o P> P = ni>ne,
® use no bits for CF,
® use ni — no bits for DF,

® R; and Rs achievable if Ry < n;
and R2 S ng
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Back to LD

Node 1 . 1 - R 2

Z11 . - v 2t

® Z12 o x T12 D T2 O

O O O O
Z13 ~T13 O T2

O @ o el Q

O+ O O O

® P> P = ni>ng, ® n, bit-pipes,

® use ny bits for CF, ® node 2 gets X1,

® use n; — n2 bits for DF, ® node 1 gets x2,

® R, and R, achievable if Ry < n; ® R; and Ry achievable if
and Ra < no max{R1, Ra} < n,
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LD Two-way relay

Node 1 : 1 Y R 2
L1 T )
x
OTt— O —O0 )
O Z12 O O T12 O w21 0O
13 13 B T22
O - O = |z 4 D o
o+ O O1— 250

e Achievable rates: Ry < min{ni,n,} and Rz < min{na,n,}.
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LD Two-way relay

Node 1 : 1 Y R 2
1 T S

O €11 . O . O €11 O

O T12 O O T12 O w21 0O

o 13 O O ?3 g izz O

O T14 0O O 14 23 0O

e Achievable rates: Ry < min{ni,n,} and Rz < min{na,n,}.
= R < [% log(min{P1, P, })], R2 < [% log(min{ P, P })],
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LD Two-way relay

Node 1 : 1 . R 2
1 T S
e
O 11 . O . O 11 O
O T12 O O T12 O w21 0O
o 13 O O ?3 g izz O
O T14 0O O 14 23 0O

e Achievable rates: Ry < min{ni,n,} and Rz < min{na,n,}.
= R < [% log(min{P1, P, })], R2 < [%log(min{PQ,Pr}ﬂ,

® asymmetric rates can be achieved by combining CF and DF
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LD Two-way relay

Node 1 : 1 . R 2
1 T S
e
O 11 . O . O 11 O
O T12 O O T12 O w21 0O
o 13 O O ?3 g izz O
O T14 0O O 14 23 0O

e Achievable rates: Ry < min{ni,n,} and Rz < min{na,n,}.
= R < [% log(min{P1, P, })], R2 < [%log(min{Pz,Pr}ﬂ,

® asymmetric rates can be achieved by combining CF and DF

How to extend to Gaussian two-way relay channels?
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CF rate region

Combination of CF and DF
® Node 1: x1 = v/ Pax14 + VPe.x1c

X1d

Xic
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CF rate region

Combination of CF and DF
® Node 1: x1 = v/ Pax14 + VPe.x1c

® Node 2: xo = v/ P.xac -
%
3 S
" »
X1 X2
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CF rate region

Combination of CF and DF
® Node 1: x1 = v/ Pax14 + VPe.x1c

® Node 2: x2 = v/P.X2c -

® Powers: P.+ Py < Py, P. < Ps. %
S S
" »
X1 X2
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CF rate region

Combination of CF and DF
® Node 1: x1 = v/ Pax14 + VPe.x1c

® Node 2: x2 = v/Pcx2c - ~
® Powers: P.+ Py < Py, P. < Ps. % %
® Relay receives: .
o
Vo »

yYr = deld+ Vv Pc(xlc+x2c)+z7"7 b(: + §
v

X1 g X2
Yr
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Combination of CF and DF
® Node 1: x1 = v/ Pax14 + VPe.x1c

e Node 2: x3 = v/ PeXac N N
® Powers: P.+ Py < P, P. < Pxs. % )
® Relay receives: .
Yr =V Paxi14+v Pc(x1c+-'172c)+zr, b?u i ﬁ
® decodes x,q = x14 followed by A
Xre = X1c + Xoc,
1 P, x1 N X2
< =1 1
Ra<3 Og( + 1+2Pc)
1 1 * yr
< |51 -+ P
o [y (37
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CF rate region

® X, = Prcxrc + v Prdxrd,

x"‘C

Xrd

Xy
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CF rate region

® x,. = V/PrXre + VPraXra,
e Powers: Pr. + Prq < Py,

x"‘C

Xrd

Xy
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CF rate region

® X, = \/Prcxrc"‘ \/Prdxrd,

® Powers: P.. + P < Py,
e Node i receives ;:zf xﬁ >§
Yi = VPrcxrc"‘ VPrdx'rd +z;
-] = ]
~ ~ 1S
» " »
] Xr S
Y1 y2
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CF rate region

® X, =/ PrXre + VFPraXrd,

® Powers: P.. + P.qg < Py,
® Node i receives ',E xg §
Yi = VPrcxrc + VPrdx'rd + z;
® both nodes decode x,.¢, and
extract desired CF signal ~ ® b
» " »
] Xr N
Y1 y2
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® X, =/ PrXre + VFPraXrd,

® Powers: P.. + P.qg < Py,
® Node i receives ',E xg §
N \/Prcxrc + \/Prdxrd + z;
® both nodes decode x,.¢, and
extract desired CF signal = ® b
® and node 2 decodes X4 - " "
1 P 3 X Q
R. < =1 1 N T N
©=3 Og( * 1+PTd)
1
Ry < B log (1 + Prq) Y1 y2
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Combining CF and DF achieves R1 = R. + R4, R2 = R, where
. 1 Py 1
< = ¢ =t
Rgq < mln{210g <1+ 1+2Pc) , 2log(l—}-Pd)}

1 1 ol P.
. < mi “log (= + P. ,=log (14+—2—
R _mm{[2 Og(2+P>] 20g< +1+Pd>}

fOI’Pc-i-PdSPl, PCSP2| Prc‘i'PrdSPr-
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Combining CF and DF achieves R1 = R. + R4, R2 = R, where
. 1 Py 1
< = ¢ =t
Rq _m1n{210g <1+ 1+2Pc) , 2log(l—}-Pd)}

1 1 T P,
C< i =S =~ c 7_1 1 o =
R _mm{[zlog(2+P>] 2og( +1+Pd>}
forPc+PdSP1;PcSPQ;Prc‘i‘PrdSPT-

1.4

19 cut-set

1 [

\
F/DF \
Achieves capacity within a 08 \
constant gap 06

Ra

0.4 |

0.2 ul

00 02 04 06 08 1 12 14 16 18

Ry
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Summary

e Key ingredient: CF using lattice codes (physical-layer network coding)
® Best scheme: Combination of CF, DF, and NC,
® Sum-capacity scales as log(P), (optimal scaling)
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Key ingredient: CF using lattice codes (physical-layer network coding)
Best scheme: Combination of CF, DF, and NC,
Sum-capacity scales as log(P), (optimal scaling)

Consequence: Using a relay as a two-way relay doubles the rate of
communication, which is of interest for applications with a delay
constraint

.
e P
e
Traffic Lights (((())) Relay
SO Te-al
\\ ~ -
~
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Outline

@ Two-way channel

@® Two-way relay channel

© Multi-way relay channel
Multi-pair Two-way Relay Channel

O Multi-way Channel
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Multi-pair Two-w.

Multiple users communicating pair-wise
through a relay [S. et al. 09]

® Combination of CF and DF,
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Multi-pair Two-wa

Multiple users communicating pair-wise
through a relay [S. et al. 09]

® Combination of CF and DF,

® In each pair (ik, ji), one node
sends X;, 4 + X;,c and the other
Xjrer
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Multiple users communicating pair-wise
through a relay [S. et al. 09]

® Combination of CF and DF,

® In each pair (ik, ji), one node
sends X;, 4 + X;,c and the other
Xjrer

® Relay decodes x;, 4 then
Xipe + Xj,c of pair k, then pair
K.

1 Pra
de S - lOg 1 +
2 < 1 +2Pkc+Zf_k+1(Pzd+2P5c)>

+

1 1 Pkc
Rie < |zlog| -+
[2 (2 1+ 3 (P + 2ch)>
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Multi-pair Two-

® Relay forwards a scaled sum of
the decoded signals
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Multi-pair Two-w.

® Relay forwards a scaled sum of
the decoded signals

® Nodes in pair k£ decode the
signals successively, starting with
pair 1 ending with pair k&
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Multi-pair Two-w.

® Relay forwards a scaled sum of
the decoded signals

® Nodes in pair k£ decode the
signals successively, starting with
pair 1 ending with pair k&

® within a constant of the cut-set
bound in the Gaussian case,
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Remarks

The multi-pair case is similar to the single pair case:
® Sum-rate scaling of log(P), (optimal scaling)
e Cut-set bounds are nearly tight. Achievability requires:
e CF: Bi-directional communication between two nodes via the relay, and

® DF: Uni-directional communication from one user to the other via the
relay.
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Remarks

The multi-pair case is similar to the single pair case:
® Sum-rate scaling of log(P), (optimal scaling)
e Cut-set bounds are nearly tight. Achievability requires:
e CF: Bi-directional communication between two nodes via the relay, and

® DF: Uni-directional communication from one user to the other via the
relay.

Do we require new ingredients in multi-user cases?
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Outline

@ Two-way channel

@® Two-way relay channel

© Multi-way relay channel

Multi-way Relay Channel

O Multi-way Channel
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Multi-way Relay

Channel with multiple users

communicating in all directions via a
relay [Lee & Lim 09]

)

—@)
e
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Multi-way Relay

Channel with multiple users @ <—><( »))/

communicating in all directions via a \
relay [Lee & Lim 09]

e

e Cut-set bound scaling of £ log(P)
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Channel with multiple users

communicating in all directions via a \ @

relay [Lee & Lim 09] &

ED

e Cut-set bound scaling of £ log(P)

® Genie-aided bound scaling of
log(P) [C. & S. 11]
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Channel with multiple users
communicating in all directions via a
relay [Lee & Lim 09]

e Cut-set bound scaling of £ log(P)

® Genie-aided bound scaling of
log(P) [C. & S. 11]

® Cut-set bounds are not tight!
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Channel with multiple users
communicating in all directions via a
relay [Lee & Lim 09]

Cut-set bound scaling of £ log(P)

Genie-aided bound scaling of
log(P) [C. & S. 11]

Cut-set bounds are not tight!

CF achieves the optimal scaling
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Multi-way Relay

® CF achieves optimal scaling as in the single and multi-pair case
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Multi-way Relay

® CF achieves optimal scaling as in the single and multi-pair case

e Capacity region?
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Multi-way Relay

® CF achieves optimal scaling as in the single and multi-pair case
e Capacity region?

® Two-way: Bi-directional and uni-directional
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Multi-way Relay

CF achieves optimal scaling as in the single and multi-pair case

e Capacity region?

Two-way: Bi-directional and uni-directional

Multi-way: Similar?
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Multi-way Relay

CF achieves optimal scaling as in the single and multi-pair case

e Capacity region?

® Two-way: Bi-directional and uni-directional
® Multi-way: Similar?
e No!
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Multi-way Relay

® CF achieves optimal scaling as in the single and multi-pair case
e Capacity region?

® Two-way: Bi-directional and uni-directional

® Multi-way: Similar?

e No!

® |et us check the LD model
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Multi-way Relay

Node 2
S
Outer bound: Cut-set and genie-aided. Node 1 Relay O
o o =
o O] -
O g Node 3
S lode
O ‘O
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O
o)
f6)
Node 2

Node 1

3
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Anas Chaaban and Aydin Sezgin Bi-Directional Communications 42



RUB Institute of Digital Communication Systems

Multi-way Relay

Node 2
o
Outer bound: Cut-set and genie-aided. Node 1 Re_,'ay//o
o o 3
® Letny =5 ny =4, n3 =3, O o __J
O Node 3
o g tode
O O
—J— 0O
O
O
O
Node 2

Node 1

3
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Multi-way Relay

NﬁZ

o

Outer bound: Cut-set and genie-aided. Node 1 Relay ﬁ
® Letny =5 ny =4, n3 =3, i

® Ri3=Ro1 =R32=2, Rz =1

1
2 Node 2

Node 1

Q0000
[77RR§]\

(00000
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Multi-way Relay

NﬁZ
o
Outer bound: Cut-set and genie-aided. Node 1 Relay O
o o) S
® Letn; =5 ny=4,n3 =3, o) o ad
O Nﬁ}
® Ri3=Ro1 =R32=2, Rz =1 g g (o
—J— 0
O
o)
O T O S0 )

1
2 Node 2

® Rates inside the outer bound Mode !

3

O00O0O0
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Multi-way Relay

NﬁZ
o
Outer bound: Cut-set and genie-aided. Node 1 Relay O
o o) S
® Letn; =5 ny=4,n3 =3, o) o ad
O Nﬁ}
® Ri3=Ro1 =R32=2, Rz =1 g g (o
—J— 0
O
o)
O T O S0 )

1
2 Node 2

® Rates inside the outer bound Mode 1

® Achievable?

3

O00O00
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Multi-way Relay C

NﬁZ
o
Outer bound: Cut-set and genie-aided. Node 1 Relay O
o o) S
® Letn; =5 ny=4,n3 =3, o) o ad
O N£3
® Ri3=Ro1 =R32=2, Rz =1 g g (o
—J— 0
O
o)
O T O S0 )

1
2 Node 2

® Rates inside the outer bound Mode !
o
® Achievable? (0}
O 3
® Try bi-directional and 8
uni-directional
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Multi-way Relay

Node 2
ge)
2 Node 1 Relay :8
® O >0 ” o
n O O w1 O
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O Node 3
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® Bi-directional 2 <+ 3 o &
- b2 ©
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3

(eJeXeJoX )

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 43



RUB Institute of Digital Communication Systems

Multi-way Relay

Node 2
| O
2 Node 1 Relay :8
® < >0 = o
n O O w1 O
2 O O] __J
O Node 3
9 (5]
® Bi-directional 2 <> 3 o L
J b5, O
| ’ g \Q‘
® Achieves 793 = 730 = 1 O
O

Node 2

Node 1
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3
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Multi-way Relay C

Node 2
ge)
2 Node 1 Relay :8
® O >0 ™ o
n O O w1 O
2 O O] __J
O Node 3
9 (5]
® Bi-directional 2 <+ 3 o &
- b2 ©
' A g \Q‘
® Achieves ro3 = r39 = 1 @)
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® Remainder Ri3 = Ro1 = 2, —

Rz =1=
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Multi-way Relay C

Node 2
ge)
2 Node 1 Relay :(O)
® O >0 ™ o
n O O w1 O
2 O O] __J
O Node 3
9 (5]
® Bi-directional 2 <+ 3 o &
- b2 ©
' A g \Q*
® Achieves ro3 = r39 = 1 @)
. O
® Remainder Ri3 = Ro1 = 2, —

Rz =1=

OO0
w Node 1

® Uni-directional 1 —+ 3, 2 — 1, and
3 — 2 requires 5 bit-pipes

Node 2

b3 & bap

(eJeXeJoX )
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Multi-way Relay C

Node 2
ge)
2 Node 1 Relay :(O)
® <2 >0 - (@ o
O 1O w1 O

\L/ 0 O] (|

O L g Node 3

o) L Pl
® Bi-directional 2 <+ 3 O [ = O
_J 6,1 O
' A g \Q‘
® Achieves ro3 =732 = 1 o
. O

® Remainder Ri3 = Ro1 = 2, __J

Rz =1=

OO0
w Node 1

® Uni-directional 1 —+ 3, 2 — 1, and
3 — 2 requires 5 bit-pipes

Node 2

b3 & bay

0000 e

Relay has only 4 remaining!
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Multi-way Relay C

Node 2
ge)
2 Node 1 Relay :(O)
® <2 >0 - (@ o
O 1O w1 O

\L/ 0 O] (|

O L g Node 3

o) L Pl
® Bi-directional 2 <+ 3 O [ = O
_J 6,1 O
' A g \Q‘
® Achieves ro3 =732 = 1 o
. O

® Remainder Ri3 = Ro1 = 2, __J

Rz =1=

OO0
w Node 1

® Uni-directional 1 —+ 3, 2 — 1, and
3 — 2 requires 5 bit-pipes

Node 2

b3 & bap

(eJeXeJoX )

® Relay has only 4 remaining!

= Achievability requires more CF
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Multi-way Relay
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Multi-way Relay C

Node 2
o
o . Node 1 Rela o
® Bi-directional 2 <+ 3 = — £
O O O
_ 1 5 5 bd
o iz“ Node 3
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Multi-way Relay Ch
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Node 1 Relay

U3

® Bi-directional 2 <+ 3
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® Cyclicl -3 —2—1:
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® Achieves 713 = 7130 =191 = 1
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® Uni-directional 1 — 3 and 2 — 1: e ””‘Bfﬁj
requires 2 bit-pipes : 13 @ ey
@ c13 B con

@

® Relay has 2 remaining
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Multi-way Relay Ch
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Node 1 Relay

U3

® Bi-directional 2 <+ 3
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® Cyclicl -3 —2—1:

B
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® Achieves 713 = 7130 =191 = 1

® Remainder R13 = Ro1 =1

oo~

2 (00e60)

U21

® Uni-directional 1 — 3 and 2 — 1: e ””‘Bfﬁj
requires 2 bit-pipes : 13 @ ey
@ c13 B con

@

® Relay has 2 remaining

® Desired rate achieved!
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Multi-way Relay

Relay

Node 1
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e Additional ingredient: Cyclic ol
Communication O
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Multi-way Relay Ch
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Node 1 Relay
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c13

e Additional ingredient: Cyclic
Communication

(o) X“XoXo]

® Remark:
Bi-directional: 2 bits per bit-pipe
Cyclic: 3/2 bits per bit-pipe

2 (00e60)

Uni-directional: 1 bit per bit-pipe
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Multi-way Relay Ch
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e Additional ingredient: Cyclic
Communication

(o) X“XoXo]

® Remark:
Bi-directional: 2 bits per bit-pipe
Cyclic: 3/2 bits per bit-pipe
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Uni-directional: 1 bit per bit-pipe

® Best scheme: Combination of the

three
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Multi-way Relay Ch

Node 1

U3

Relay

C13

c13

e Additional ingredient: Cyclic

(o) X“XoXo]

Communication

® Remark:
Bi-directional: 2 bits per bit-pipe
Cyclic: 3/2 bits per bit-pipe

Uni-directional: 1 bit per bit-pipe

® Best scheme: Combination of the
three

b3 & bap

® LD case: Capacity achieving [C.
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Multi-way Relay Ch

Uy

< li1bys + hobyy +— by

by Ci2 Up2 <= hybys + hsby i— by
<> Q= e hiciz +hacay .
-0 = R Q ot +hyen =
bz €13 €13 uy3 #) I +hoen €21
ha <= Dbz + hobyy h > un =euy Ul
U <= /by + hbyy
2 <= lisbys + hsbgy b b bis
by €1 U Q e +hacys <= hsboy + hsbg - byy
- o 7 Q ot + hsen h Q@ e +hicn i—cpn
- = o € hicis +hsess 2 @ hewsthese o
bog Ca3 Ca3 Uy O s+ haex O s + ez i -
= up = Uy et el us
U. hs = uy =y h3
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by ¢z uy <= lizbyg + hybyy — bag
- e - e haCas + hacar s oy
-> - 9 hicys + haezz i— Ci13
by, ¢ ug = = upi, W
uz3

Gaussian case:
® node 7 sends X;, + Xic + X4 (bi-directional, cyclic, uni-directional)

® relay computes the sum of bi-directional signals, cyclic signals, and
decodes the uni-directional ones

® nodes decode successively and obtain their desired signals

® Problem reduces to power allocation (near optimal allocation in [C. & S.
12])
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K-user case

® Sum-capacity upper bound scales
as log(P),

@

@
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\%@
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K-user case

® Sum-capacity upper bound scales
as log(P),

® Simple scheduling: Schedule one
pair of users at a time

s
® Channel reduces to a sequence of

two-way relay channels ((,‘\\\ \<<<( »))
()

000
000
000

/X E
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K-user case

® Sum-capacity upper bound scales
as log(P),

® Simple scheduling: Schedule one
pair of users at a time

s
® Channel reduces to a sequence of

two-way relay channels
°

Apply bi-directional
communication over each
two-way relay channel

000
000
000

/X ED
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K-user case

® Sum-capacity upper bound scales
as log(P),

® Simple scheduling: Schedule one
pair of users at a time

C])

—_—
\@

® Channel reduces to a sequence of
two-way relay channels

@

\%@

® Apply bi-directional
communication over each
two-way relay channel

000
000
000

® achieves sum-capacity within a
constant gap
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Summary

e Key ingredient: CF for bi-directional and cyclic communication
® Best scheme: Combination of bi-directional, cyclic, and uni-directional

® Sum-capacity scales as log(P),

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 48



RUB Institute of Digital Communication Systems

Summary

® Key ingredient: CF for bi-directional and cyclic communication
® Best scheme: Combination of bi-directional, cyclic, and uni-directional

® Sum-capacity scales as log(P),

e Consequence: Treating different modes of information flow differently
increases the communication rate
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Outline

O Multi-way Channel
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@

® 3 (or more) nodes communicating
with each other in multiple
directions

)

000
000
000

® Extension of Shannon's two-way
channel

® A suitable model for D2D systems (@

(offloading traffic from the
cellular network [Asadi et al.])

)

000
000
000
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W31, Waa —>

Node 3

Institute of Digital Communication Systems

VAN

Node 1 Node 2
Wia, Wis Wa1, Was

® Full message-exchange: Message W;; from node 7 to j,
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3-Way Channel (

W31, W32 —~ Node 3

4N\

Node 1 Node 2
Wia, Wis Wa1, Was

® Full message-exchange: Message W;; from node 7 to j,

® Tx signal: x;, power P,
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W31, W32 —>| Node 3 —

3\

Y1<— Node 1 h3 Node 2 —¥2

! I

Wia, Wis Wa1, Was

® Full message-exchange: Message W;; from node 7 to j,
® Tx signal: x;, power P,

® Rxsignal: y, = h;x; + hjx; + zi (reciprocal channels, unit noise power)
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W31, W32 —>| Node 3 —

3\

Y1<— Node 1 hi3 Node 2 —> Y2
Wia, Wis Wa1, Was
® Full message-exchange: Message W;; from node 7 to j,
® Tx signal: x;, power P,

® Rxsignal: y, = h;x; + hjx; + zi (reciprocal channels, unit noise power)
e wlog hZ>hZ>h?
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W31, W32 —> Node 3 —>¥3 —> W3, Wa3

A\

Wai, W31 <— ¥1<— Node 1 hi3 Node 2 —> Y2 — Wiz, W3s
Wia, Wis Wa1, Was
® Full message-exchange: Message W;; from node 7 to j,

Tx signal: x;, power P,

® Rxsignal: y, = h;x; + hjx; + zi (reciprocal channels, unit noise power)
e wlog hZ>hZ>h?

Node k decodes W, and Wiy,
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Node 3
® Two-way channel: Cut-set bound
tight, capacity scales as log(P), / \
® 3-way channel: Cut-set bound not /2 "
tight, capacity also scales as
log(P) Node 1 [~—/iz—| Node 2

The sum-capacity of the 3-way channel is bounded by

log(1 + h3P) < Cs < log(1 + h3P) + 2.

e Converse: Genie-aided bound [C. et al. 14]
® Achievability: Only users 1 and 2 communicate

® Optimal scaling can also be achieved by scheduling
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Capacity Region

Node 3
® Two-way channel /
scheme suffices A
for sum-capacity, /
Node 1 h Node 2
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Capacity Region

Node 3
® Two-way channel /
scheme suffices ho
for sum-capacity, /
® but no_t for . Node 1 h Node 2
Capacity region,
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Capacity Region

Node 3
® Two-way channel /
scheme suffices ho
for sum-capacity, /
® but no_t for . Node 1 h Node 2
Capacity region,

® Assume nodes 2 & 3 want to communicate, but h < 1
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Capacity Region

Node 3
® Two-way channel /
scheme suffices ho
for sum-capacity, /
® but no_t for . Node 1 h Node 2
Capacity region,

® Assume nodes 2 & 3 want to communicate, but h < 1

e Communication still possible via node 1 as a relay (two-way relay channel)
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Capacity Region

Node 3
® Two-way channel /
scheme suffices ho
for sum-capacity, /
® but no_t for . Node 1 h Node 2
Capacity region,

® Assume nodes 2 & 3 want to communicate, but h < 1
e Communication still possible via node 1 as a relay (two-way relay channel)

® Relaying is necessary for capacity region!
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Capacity Region

i . . Node 3
How to find the capacity region?
® Trick: Transform the channel into / \
ho h?
a Y-channel! /
Node 1 13 Node 2
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Capacity Region

Node 3

How to find the capacity region?
® Trick: Transform the channel into / \h
2 1

a Y-channel! /

® Split stronger node into two,
Node A [F——00—_| Node 1 ki Node 2
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Capacity Region

i . . Node 3
How to find the capacity region?
® Trick: Transform the channel into /
ha
a Y-channel! /
® Split stronger node into two,
Node A [F——0c0—| Node 1 13 Node 2

e Assume h? =0 = Y-channel!
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How to find the capacity region?
® Trick: Transform the channel into /
ha
a Y-channel! /
® Split stronger node into two,
Node A [F——0c0—| Node 1 13 Node 2

e Assume h? =0 = Y-channel!

= Capacity achieving scheme for the Y-channel is capacity achieving for the
3-way channel
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Capacity Region

i . . Node 3
How to find the capacity region?
® Trick: Transform the channel into /
ha
a Y-channel! /
® Split stronger node into two,
Node A [F——0c0—| Node 1 13 Node 2

e Assume h? =0 = Y-channel!

= Capacity achieving scheme for the Y-channel is capacity achieving for the
3-way channel

e What if h? > 0?
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Capacity Region

Node 3

If h? > 0: / \
® |Interference between nodes 2 and 1 )
3 (w.r.t. Y-channel scheme) /

Node A =00 Node 1 h Node 2
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Capacity Region
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3 (w.r.t. Y-channel scheme) /
® How to resolve interference?
Node A =T 00| Node 1 h Node 2
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Node 3
If h? > 0: / \
® |Interference between nodes 2 and 1 )
3 (w.r.t. Y-channel scheme) /
® How to resolve interference?

Node A =T 00| Node 1 h Node 2

If interference at 3 is:

® A desired signal at 3: Backward decoding:
y3(B) = hle(B)+h1X23(B)+Z3(B), y3(B+1) = hoX1 (B+1)+Z3(B+l)

e After decoding desired signals from x; (B + 1), node 3 removes
interference from x23(B) (Causality)
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Node 3
If h? > 0: / \
® |Interference between nodes 2 and 1 )
3 (w.r.t. Y-channel scheme) /

® How to resolve interference?

Node A 00| Node 1 I Node 2

If interference at 3 is:

® A desired signal at 3: Backward decoding:
y3(B) = h2X1(B)+h1X23(B)+Z3(B), y3(B+1) = hoX1 (B+1)+Z3(B+1)

e After decoding desired signals from x; (B + 1), node 3 removes
interference from x23(B) (Causality)

® A desired signal at 1: Interference neutralization
y3 = h2x1 + hixo1 + 23

® Node 2 pre-transmits a signal for interference neutralization:
/ h
X1 = X1 — T;le
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Capacity Region

Main ingredients
® Y-channel scheme: Bi-directional, Node 3

cyclic, and uni-directional / \
communication /2 )

Node A [F——0c0—| Node 1 13 Node 2
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® Y-channel scheme: Bi-directional, Node 3
cyclic, and uni-directional / \
communication i )
® For resolving interference between /
nodes 2 and 3: Backward
decoding and interference Node A =00 Node 1 h Nodef2

neutralization
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Main ingredients

® Y-channel scheme: Bi-directional, Node 3

cyclic, and uni-directional / \
ho A

communication

® For resolving interference between /
nodes 2 and 3: Backward )
decoding and interference Node Al 0T {Node1 h Nodef2

neutralization
e Quter bound: Genie-aided and cut-set
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Capacity Region

Main ingredients

® Y-channel scheme: Bi-directional, Node 3

cyclic, and uni-directional / \
ho A

communication

® For resolving interference between /
nodes 2 and 3: Backward )
decoding and interference Node Al 0T {Node1 h Nodef2

neutralization
e Quter bound: Genie-aided and cut-set

® Capacity region of the LD case, and approximate capacity of the Gaussian
case [C et al. 14],
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Application

= no D2D
9 | == traditional (separate UL/DL) | -
D2D communications: <o 3-way -
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Part 3: MIMO
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@ From Capacity to DoF

@ MIMO Two-Way Relay Channel
Channel diagonalization
Signal Alignment

© MIMO multi-way relay channel
Sum-DoF
DoF Region

O MIMO Multi-way Channel
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From Capacity t

Single-user (MIMO P2P):

(TR

Input covariance Q, tr(Q) < P
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Single-user (MIMO P2P):

Capacity: C = log|T + HQH” |

vV YV YV YV
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_ achievable rate
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Input covariance Q, tr(Q) < P
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Single-user (MIMO P2P):

Capacity: C = log|T + HQH” |

vV YV YV YV

H
_ achievable rate

0 c R

Input covariance Q, tr(Q) < P

Multi-user (MIMO MAC):

Input covariance Q;, i = 1,2,
tr(Q:) < P
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Single-user (MIMO P2P):

Capacity: C = log|T + HQH” |

vV YV YV YV

H
_ achievable rate

0 c R

Input covariance Q, tr(Q) < P

Capacity region:

Multi-user (MIMO MAC): Ri <log|I+ H1Q1HZH|.
Rs
Input covariance Q,;, i = 1,2,
tr Ql < P
(Q:) 0 R:
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Single-user (MIMO P2P):

Capacity: C = log|T + HQH” |

vV YV YV YV

H
_ achievable rate

0 c R

Input covariance Q, tr(Q) < P

Capacity region:
Multi-user (MIMO MAC): R; < log|I + H,Q,H/|,

Ri+ Ry <log|I+H,Q H{ + HQ.HY |

Rs

Input covariance Q;, i = 1,2,
tr(Q:) < P
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Single-user (MIMO P2P):

Capacity: C = log|T + HQH” |

vV YV YV YV

H
_ achievable rate

0 c R

Input covariance Q, tr(Q) < P

Capacity region:
Multi-user (MIMO MAC): R; < log|I + H,Q,H/|,

Ri+ Ry <log|I+H,Q H{ + HQ.HY |

Rs

Input covariance Q;, i = 1,2,
tr(Qi) < P

R
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Capacity to Do

Single-user (MIMO P2P):
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Single-user (MIMO P2P): Capacity:
o < o < C =log|I+ HQH" |
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Single-user (MIMO P2P): Capacity:
o < o < C =log|I+ HQH" |
i
Optimization: water-filling
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Single-user (MIMO P2P): Capacity:
v Y v v C =log|I+ HQH" |
i
Optimization: water-filling
DoF:

® M Tx antennas, N Rx antennas
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Single-user (MIMO P2P): Capacity:
v Y v v C =log|I+ HQH" |
i
Optimization: water-filling
DoF:

® M Tx antennas, N Rx antennas
= Hc CV*M = rank(H) = min{M, N’}
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Single-user (MIMO P2P): Capacity:
o < o < C =log|I+ HQH" |
i
Optimization: water-filling

DoF:
® M Tx antennas, N Rx antennas
= Hc CV*M = rank(H) = min{M, N’}
= C~min{M,N}C(P) at high P C(P): SISO P2P capacity
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Single-user (MIMO P2P): Capacity:
o < o < C =log|I+ HQH" |
i
Optimization: water-filling

DoF:
® M Tx antennas, N Rx antennas
= Hc CV*M = rank(H) = min{M, N’}
= C~min{M,N}C(P) at high P C(P): SISO P2P capacity
® DoF: d = limp_cc Y = rank(H) = d = min{M, N}
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Single-user (MIMO P2P): Capacity:
o < o < C =log|I+ HQH" |
i
Optimization: water-filling

DoF:
® M Tx antennas, N Rx antennas
= Hc CV*M = rank(H) = min{M, N’}
= C~min{M,N}C(P) at high P C(P): SISO P2P capacity
® DoF: d = limp_cc Y = rank(H) = d = min{M, N}

= Capacity equivalent to that of d parallel SISO P2P channels!
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Capacity to Do

Multi-user (MIMO MAC):
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling

DoF:

® M, Tx antennas, N Rx antennas
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling

DoF:
® M, Tx antennas, N Rx antennas
= H; € CV*Mi = rank(H;) = min{M;, N}
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling

DoF:
® M, Tx antennas, N Rx antennas
= H; € CV*Mi = rank(H;) = min{M;, N}
e Oy =~ min{M; + My, N}C(P) at high P
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling

DoF:
® M, Tx antennas, N Rx antennas
= H; € CV*Mi = rank(H;) = min{M;, N}
e Oy =~ min{M; + My, N}C(P) at high P

® DoF: d; = limp_,ec (k5
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling

DoF:
® M, Tx antennas, N Rx antennas
= H; € CV*Mi = rank(H;) = min{M;, N}

e Cs ~min{M, + Mz, N}C(P) at high P

R;
cD)

= DoF region: d; < rank(H;), di + d2 < rank([H;, Hs])

® DoF: d; = limp_
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling

® M, Tx antennas, N Rx antennas

= H; € CV*Mi = rank(H;) = min{M;, N}

o Oy~ min{M, + My, N}C(P) at high P

® DoF: d; = limp_oc &by
= DoF region: d; < rank(H;), di + d2 < rank([H;, Hs])
= dy = min{M; + M, N}
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Multi-user (MIMO MAC): Capacity region:

R; <log|T+ H,Q;H/ |
Ri+ Ry < log|I+H;QiH{ + HyQoHY|

Optimization: Iterative water-filling

® M, Tx antennas, N Rx antennas
= H; € CV*Mi = rank(H;) = min{M;, N}
e Cs ~min{M, + M>, N}C(P) at high P
® DoF: d; = limp_oc &by
DoF region: d; < rank(H;), di + d2 < rank([H;, Hs])
ds, = min{M; + M, N}
Sum-capacity equivalent to that of dx. parallel SISO P2P channels!

Py

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 5



RUB Institute of Digital Communication Systems

DoF

DoF d can be interpreted as the number of parallel streams that can be sent
simultaneously over a channel.
It leads to a capacity approximation as

Cs =dC(P) +o(C(P)),
(C(P): capacity of a P2P channel)

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 6
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Outline

@ MIMO Two-Way Relay Channel
Channel diagonalization
Signal Alignment
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MIMO Two-Way

Wai

e Node 1
Way < Wiz

DoF characterization [Giindiiz et al. 08]
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MIMO Two-Way R

Wia—>] War
e Node 1 Relay Node 2
Woy < Wia

Cut-set bound:
® Node 7 can not send more than M; streams,
® Node ¢ can not receive more than M; streams,
® Relay can relay at most 2N streams (PLNC gain),
= Total streams 2min{M;, M2, N} DoF

® achievable by Compress-forward e.g. [Giindiiz et al. 08]
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MIMO Two-Way R

Wia—>] War
e Node 1 Relay Node 2
Woy < Wiz

Cut-set bound:
® Node 7 can not send more than M; streams,
® Node ¢ can not receive more than M; streams,
® Relay can relay at most 2N streams (PLNC gain),
= Total streams 2min{M;, M2, N} DoF
® achievable by Compress-forward e.g. [Giindiiz et al. 08]

® Next: Simple achievability scheme
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Simple Achieva

Main Ingredients:
® Channel diagonalization

e Signal alignment

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 10



RUB Institute of Digital Communication Systems

Outline

@ From Capacity to DoF

@ MIMO Two-Way Relay Channel
Channel diagonalization

© MIMO multi-way relay channel

O MIMO Multi-way Channel
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Channel Diag

Transform an arbitrary MIMO channel matrix H to a diagonal matrix.
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)

M > N: ZF pre-coding: Tx Rx
H
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)

M > N: ZF pre-coding: Tx Rx
H

® Pseudo-inverse:
H' = HY[HA"]™! — H'
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding:

® Pseudo-inverse:
H' = HY[HHA"]!

e HH=1
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding: Rx

® Pseudo-inverse: ul| O Oy
t_ prH Hi—1
H' = HY [HH") "‘Q Q}f’

e HH=1

N parallel SISO P2P channels!
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding: Rx

® Pseudo-inverse: ul| O Oy
t_ prH Hi—1
H' = HY [HH") "‘Q Q}f’

e HH=1

N parallel SISO P2PRchanneIs!
X
Tx H
X y

M < N: ZF post-coding:
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding: Rx

® Pseudo-inverse: ul| O Oy
t_ prH Hi—1
H' = HY [HH") "‘Q Q}f’

e HH=1
N parallel SISO P2P_channels!
M < N: ZF post-coding: T Rx
X H
® Pseudo-inverse: < y y
H' = [H"H]'H" H' —
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding: Rx

® Pseudo-inverse: ul| O Oy
t_ prH Hi—1
H' = HY [HH") "‘Q Q}f’

e HH=1

N parallel SISO P2PRchanne|s!
X

M < N: ZF post-coding: Tx -

® Pseudo-inverse:
H' = [H"H|'HY
e HH' =1
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.

MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding:

Rx
® Pseudo-inverse: ul| O Oy
H' = gAY
[HH] o o

e HH=1

N parallel SISO P2P channels!
M < N: ZF post-coding: Tx

® Pseudo-inverse: x | O Oy
Hi _ HHH 71HH
[ ] O )

e HH' =1

M parallel SISO P2P channels!
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.
MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding:

Rx
® Pseudo-inverse: ul| O Oy
H' = gAY
[HH] o o

e HH=1

N parallel SISO P2P channels!
M < N: ZF post-coding: Tx

® Pseudo-inverse: x | O Oy
Hi _ HHH 71HH
[ ] O )

e HH' =1

M parallel SISO P2P channels!
DoF achievable by treating each sub-channel separately = Separability!
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Transform an arbitrary MIMO channel matrix H to a diagonal matrix.
MIMO M x N P2P channel can be diagonalized by zero-forcing (ZF)
M > N: ZF pre-coding:

Rx
® Pseudo-inverse: ul| O Oy
H' = gAY
[HH] o o

e HH=1

N parallel SISO P2P channels!
M < N: ZF post-coding: Tx

® Pseudo-inverse: x | O oy
Hi _ HHH 71HH
[ ] O )

e HH' =1

M parallel SISO P2P channels!

DoF achievable by treating each sub-channel separately = Separability!
MAC and BC are also separable
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@ From Capacity to DoF

@ MIMO Two-Way Relay Channel

Signal Alignment

© MIMO multi-way relay channel

O MIMO Multi-way Channel
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Signal Align

Placing two signals x1 and x» in signal space so that span(x1) = span(x2).
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Signal Alignm

Placing two signals x1 and x» in signal space so that span(x1) = span(x2).

. . A
Two signals can be aligned by :
pre-coding:
x1 = Viu FE - H, A
x2 = Vaua Node 1
Ao >
: : Node 3
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Signal Alignm

Placing two signals x1 and x» in signal space so that span(x1) = span(x2).

Two signals can be aligned by

pre-coding:
x1 = Viu H, x
x2 = Vaua

® V,, Vy arbitrary
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Signal Alignm

Placing two signals x1 and x» in signal space so that span(x1) = span(x2).

Two signals can be aligned by

pre-coding:
x1 = Viu H,
Xo = V2u2

® V,, Vy arbitrary
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Signal Alignm

Placing two signals x1 and x» in signal space so that span(x1) = span(x2).

Two signals can be aligned by

pre-coding:
x1 = Viu H,
Xo = V2u2

® V,, Vy arbitrary
e HiV,; =H,V,
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Signal Alignm

Placing two signals x1 and x» in signal space so that span(x1) = span(x2).

Two signals can be aligned by

pre-coding:
x1 = Viu H,
Xo = V2u2

® V,, Vy arbitrary
e HiV,; =H,V,
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Signal Alignm

Placing two signals x1 and x» in signal space so that span(x1) = span(x2).

Two signals can be aligned by

pre-coding:
x1 = Viu H,
Xo = V2u2

® V,, Vy arbitrary
e HiV,; =H,V,
® Useful for CF!
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Signal-alignm

Computing and forwarding a linear combination of two signals e.g. x1 + x2.
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Signal-alignm

Computing and forwarding a linear combination of two signals e.g. x1 + x2.

Recall: CF can be accomplished 9 1 0
by using lattice codes.
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Signal-alignme

Computing and forwarding a linear combination of two signals e.g. x1 + x2.

U2 ul Uz up
Recall: CF can be accomplished 9 1 0 1 2
by using lattice codes.
Example:
® x; =Viu,
X2 = Vaug, 38 A
H,V, =H.,V, =1, 1]7 ‘
Node 3
2
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Signal-alignme

Computing and forwarding a linear combination of two signals e.g. x1 + x2.

xS

Recall: CF can be accomplished 9 1 0
by using lattice codes.

Example:

® x; = Viu,

H
X2 = Vaug, !

H,V, =H.,V, =1, 1]7
® y3=(u1+us)[l, 1]"+n
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Computing and forwarding a linear combination of two signals e.g. x1 + x2.

xS

Recall: CF can be accomplished 9 1 0
by using lattice codes.

Example:

® x; = Viu,

H,

X2 = Vaoua,
H,V, =H.,V, =1, 1]7
® y3=(u1+u)[l, 1" +n

® compute u; + us from
[1, 1]ys = 2(u1 +u2) +n’

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 15
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Back to the MIM

Wia—>] War
Way <~ Wha

e Cut-set bound: d < 2min{M;, M, N}.
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Back to the MIMO

Wia—>] War
Way <~ Wha

e Cut-set bound: d < 2min{M;, M, N}.
® Use only m = g = min{M;, M, N} antennas at each transceiver:

= yr =Hixi + Hox2 +2z,, y:;=Dix,+z;, H;D; mxm.
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RUB Institute of Digital Communication Systems

Back to the MIMO

Wia—>] War
Way <~ Wha

e Cut-set bound: d < 2min{M;, M, N}.

® Use only m = g = min{M;, M, N} antennas at each transceiver:
= yr=Hixi + Hoxe +2,, y;=Dix,+2z; H;D; mxm.

® Channel diagonalization: x; = Hi_lui, yi = Di_lyi:

= yr=wtu+z, y;=x +2j
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Back to the MIMO

Wiz — Wai
Way <~ Wha

e Cut-set bound: d < 2min{M;, M, N}.
® Use only m = g = min{M;, M, N} antennas at each transceiver:

yr =Hixs + Hoxo + 2., y;=Dix,+2z;, H;D;: mxm.

4

® Channel diagonalization: x; = Hi_lui, yi = Di_lyi:

yr=u1+uz+2z, Yy;=xr+2,

oy

m parallel SISO two-way relay channels
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Wia—>] War
Way <~ Wha

e Cut-set bound: d < 2min{M;, M, N}.
® Use only m = g = min{M;, M, N} antennas at each transceiver:

yr =Hixs + Hoxo + 2., y;=Dix,+2z;, H;D;: mxm.

4

® Channel diagonalization: x; = Hi_lui, yi = Di_lyi:
yr=w +u+z, y;=x +2,
m parallel SISO two-way relay channels

Apply CF: achieve 2 [1 log (3 + P)]+ ~ 2C(P) (at high P) per
sub-channel

o L U
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m

M
Wia—>] War
e Node 1 Relay Node 2 e
Way < Wia

e Cut-set bound: d < 2min{M;, M, N}.

® Use only m = g = min{M;, M, N} antennas at each transceiver:

yr =Hixs + Hoxo + 2., y;=Dix,+2z;, H;D;: mxm.

4

® Channel diagonalization: x; = Hi_lui, yi = Di_lyi:
= yr=uwtu+z, y;==xr+2,
= m parallel SISO two-way relay channels

[ ]

Apply CF: achieve 2 [1 log (3 + P)]+ ~ 2C(P) (at high P) per
sub-channel

e Total rate 2mC(P) = 2m (= d) DoF
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Remarks

® Diagonalization ensures the alignment of each pair of signals in a 1-D
space
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Remarks

® Diagonalization ensures the alignment of each pair of signals in a 1-D
space

® Optimal DoF achievable by using either compress-forward,
compute-forward, or amplify-forward over each sub-channel (dimension)
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Possible improve

DoF achieving scheme:
® Reduce the number of antennas to min{ M, M2, N},
® apply MIMO pre-coding and post-coding for channel diagonalization,
= decompose channel into sub-channels,

® apply CF over each sub-channel
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RUB Institute of Digital Communication Systems

Possible improvem

DoF achieving scheme:
® Reduce the number of antennas to min{ M, M2, N},
® apply MIMO pre-coding and post-coding for channel diagonalization,
= decompose channel into sub-channels,

® apply CF over each sub-channel

Use excess antennas for sending a (uni-directional) DF signal Dirty-paper coded
against the remaining signals at the same node.
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Outline

© MIMO multi-way relay channel
Sum-DoF
DoF Region
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MIMO Multi-way

MIMO Y-channel [Lee & Lim 09]

Wiz, Wis —>| Node 1 | | Node 2 |<— Wai, Was
X2

X1

® inputs x; and X,

H; H,

® outputs
yr = Zfil H;x; + z, and
yi = Dixr + 24,

Wi, Wiz

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 20
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MIMO Multi-way

MIMO Y-channel [Lee & Lim 09]

Wiz, Wis —>| Node 1 | | Node 2 |<— Wai, Was
X2

X1

® inputs x; and X,

H; H,

® outputs
yr = 2K H;x; + 2, and
yi = Dix, + 2,

® channels H;: N x M;, and
DiZ Mz X N,

Wi, Wiz
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MIMO Multi-way

MIMO Y-channel [Lee & Lim 09]

Wiz, Wis —>| Node 1 | | Node 2 |<— Wai, Was
X2

X1

® inputs x; and X,

H, H,
® outputs 3
K
yr=> ;- Hix; + 2, and
yi = Dixr + 24,

® channels H;: N x M;, and
DiZ Mz X N,

® Question: DoF? Wi, Was
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@ From Capacity to DoF

@ MIMO Two-Way Relay Channel

© MIMO multi-way relay channel
Sum-DoF

O MIMO Multi-way Channel

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 21



RUB Institute of Digital Communication Systems

MIMO Multi-way

® |f My = My = Ms =M and
N > [3M/2], then:

® cut-set bound is achievable [Lee
et al. 10],

® Achievability: Signal-space
alignment for NC

= i.e,d=3M,
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MIMO Multi-way

o |f My = Ms = Ms = M and iy & R -
N > |'3M/2‘|’ then: w,;,vm—»-l Node 1 I | Node 2 |<—wz.,w23

X1 X2

® cut-set bound is achievable [Lee
et al. 10],

® Achievability: Signal-space
alignment for NC

= ie,d=3M,
® Question: What if N < [3M/2]?

Wy, Wz
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MIMO Multi-wa

® |f My = My = Ms =M and
N > [3M/2], then:

® cut-set bound is achievable [Lee
et al. 10],

® Achievability: Signal-space
alignment for NC

= ie,d=3M,
® Question: What if N < [3M/2]?

The sum-DoF of the MIMO Y-channel with My > M, > M3 (wlog) is given by

d= min{M1 + Mz + M3, 2M> + 2M3,2N}.

Cut-set bound New bounds
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Transmission Str

Signal-space alignment for network-coding

Hsxs

Haxz

Yr

® The signals Hix1, H2ox2, and Hsxs fill the entire space at the relay
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Transmission Stra

Signal-space alignment for network-coding

NisHsxs

468

Ni2Haxz

® The signals Hix1, H2ox2, and Hsxs fill the entire space at the relay

® Relay zero-forces Hax2 using N13 and Hsxs using N2
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Transmission Stra

Signal-space alignment for network-coding

Ni2Haxz

= NypHixg
® The signals Hix1, H2ox2, and Hsxs fill the entire space at the relay

® Relay zero-forces Hax2 using N13 and Hsxs using N2
® Result: N12Hi1x1 + N12Hoxo (2D) and N1gsH1x1 + Ni13H3sxs (1D)

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 23



RUB Institute of Digital Communication Systems

Transmission Strat

Signal-space alignment for network-coding

Ni2Haxz

/’""/ -
Ni2Hixg

The signals Hix1, H2x2, and H3sxs fill the entire space at the relay

Relay zero-forces Haxs using N13 and Hsxs using N12
Result: N12Hi1x1 + N12Hoxo (2D) and N1gsH1x1 + Ni13H3sxs (1D)

Tx's diagonalize their effective channels
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Transmission Strat

Signal-space alignment for network-coding

13 + U31

U2 4 U21
Oyt / !
12 + Y21 Upy 4 Uy

U3 4 Uz ey >

31

The signals Hix1, H2x2, and H3sxs fill the entire space at the relay

Relay zero-forces Haxs using N13 and Hsxs using N12
® Result: N12Hi1x1 + N12Hoxo (2D) and N1gsH1x1 + Ni13H3sxs (1D)

® Tx's diagonalize their effective channels = desired channel structure

Relay obtains net-coded signals: w12 + u21, uls + 51, and w1z + us1
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Transmission str
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Transmission strat

o— [ T12 T3 |

® Relay uses a similar beam-forming strategy to deliver the net-coded
signals to their desired destinations
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Transmission strat

U2 4 U2l
7
Ui f Uo1
u U3
ol £ Us

— .
\o

® Relay uses a similar beam-forming strategy to deliver the net-coded
signals to their desired destinations

® User 1 gets w12 + u21, uhs + ubhy, and uiz + usz1, and extracts ua1, uby,
and us1

® User 2 gets w12 + u21 and uf, + ub; and extracts ui2 and ufs

® User 3 gets w13 + u31 and extracts w3
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Transmission strat

U2 4 U2l
7
Ui f Uo1
u U3
ol £ Us

— .
\o

® Relay uses a similar beam-forming strategy to deliver the net-coded
signals to their desired destinations

® User 1 gets w12 + u21, uhs + ubhy, and uiz + usz1, and extracts ua1, uby,
and us1

® User 2 gets w12 + u21 and uf, + ub; and extracts ui2 and ufs

® User 3 gets w13 + u31 and extracts w3

6 symbols delivered successfully = 6 DoF (optimal)
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General Transmis

\L] Relay

\ / User 1

User 3 User 3

Case 1: d = min{2M2 + 2Ms, M1 + M2 + Ms, 2N} = 2Ms + 2M3

® Use only M> + Ms antennas at the relay
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General Transmissi

Relay User 1
My~ "Ms \ /
i | <

User 2

Case 1: d = min{2M2 + 2Ms, M1 + M2 + Ms, 2N} = 2Ms + 2M3

User 3 U3y

User 3

® Use only M> + Ms antennas at the relay

® Users send ui2 and ua1 (Ma-dim), and uiz and usy (Ms-dim)
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General Transmissi

Relay

\—I \ User 1
—
Uiz Uig /
User 2 _— Up1 U3y —_— User 2

N

Case 1: d = min{2M2 + 2Ms, M1 + M2 + Ms, 2N} = 2Ms + 2M3

User 3

User 3 U3y

® Use only M> + Ms antennas at the relay
® Users send ui2 and ua1 (Ma-dim), and uiz and usy (Ms-dim)

® Align u;2 and uzq, and align ui3 and us; @ relay

Anas Chaaban and Aydin Sezgin Bi-Directional Communications
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General Transmissio

User 1

Relay L(uyz,uz1)

. 12 User 1
Pr———— 2
M, M \ u / /
12 U13 <

User 2 _ —_— User 2

21 U31
\ \
Uusg1
- User 3

User 3 L(uy3, ugy)

Case 1: d = min{2M2 + 2Ms, M1 + M2 + Ms, 2N} = 2Ms + 2M3

Use only Ms + M3 antennas at the relay
® Users send ui2 and ua1 (Ma-dim), and uiz and usy (Ms-dim)

® Align u;2 and uzq, and align ui3 and us; @ relay

Relay decodes L(uiz2,u21) and L(uys, us;)
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General Transmission

user 1 BEEH [BF L(uiz,uzy U Ugs
Relay ( T ) RS User 1

Pr———— 2 3
M, i \ T / D

12 U13 = uj2

User 2 _— Us; Usp \ - | User 2
13 [

Uus1 \ Uiz
us1 User 3

User 3 L(uy3, ugy)

Case 1: d = min{2M2 + 2Ms, M1 + M2 + Ms, 2N} = 2Ms + 2M3

Use only Ms + M3 antennas at the relay
® Users send ui2 and ua1 (Ma-dim), and uiz and usy (Ms-dim)

® Align u;2 and uzq, and align ui3 and us; @ relay

Relay decodes L(uiz2,u21) and L(uys, us;)

Beam-form L(ui2,u21) and L(u13,us31) orthogonal to users 3 and 2,
respectively
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General Transmission

User 1 Rela L(uiz2, ugy)
—— — y Upo
M, M; \ / u
Uiz Ug 21
\ Uiz
Uusg1

User 3 L(uy3, ugy)

U2 Uzg
U2 U3y User 1

U2
yser2

ui3 User 3
usi ser

— K
—
—

Case 1: d = min{2M2 + 2Ms, M1 + M2 + Ms, 2N} = 2Ms + 2M3

Use only Ms + M3 antennas at the relay

® Users send ui2 and ua1 (Ma-dim), and uiz and usy (Ms-dim)

® Align u;2 and uzq, and align ui3 and us; @ relay

® Relay decodes L(ui2,u21) and L(uis, us1)

® Beam-form L(ui2,u21) and L(uis, us1) orthogonal to users 3 and 2,
respectively

® FEach user decodes the desired linear combinations, and extracts the

desired signals = 203 + 2M3 DoF

Anas Chaaban and Aydin Sezgin Bi-Directional Communications
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RUB

General Transmissio

er KIEN D
dip diz dy

] -

User 3

Case 2: d = min{2M2 + 2Ms, M1 + M2 + M3,2N} = M7 + Mo + M3

® Similar to [Lee et al. 10] but with an asymmetric DoF allocation

26
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RUB

General Transmissio

er
dip diz dy
b2 iz

User 3

Case 2: d = min{2M2 + 2Ms, M1 + M2 + M3,2N} = M7 + Mo + M3

® Similar to [Lee et al. 10] but with an asymmetric DoF allocation

® Use only % antennas at the relay

26
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RUB

General Transmissio

er
dip diz dy
User 2

User 3

Case 2: d = min{2M2 + 2Ms, M1 + M2 + M3,2N} = M7 + Mo + M3
® Similar to [Lee et al. 10] but with an asymmetric DoF allocation
® Use only % antennas at the relay

® Align ui2 and uz; in a di2-dim subspace
(d12 = dim(span(H1) Nspan(Hs)) = %)

26
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General Transmission

er
dip diz dy
User 2

User 3

Case 2: d = min{2M2 + 2Ms, M1 + M2 + M3,2N} = M7 + Mo + M3

® Similar to [Lee et al. 10] but with an asymmetric DoF allocation

® Use only % antennas at the relay

® Align ui2 and uz; in a di2-dim subspace
- My +My— M.
(di2 = dim(span(H1) Nspan(Hy)) = Xt72=1s)
® similarly, align ui3 and usy in dis = W dimensions, and align

us23 and uss in do3 = W dimensions

26
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General Transmission

et
diz “dig dys
User 2

User 3

Case 2: d = min{2M2 + 2Ms, M1 + M2 + M3,2N} = M7 + Mo + M3

® Similar to [Lee et al. 10] but with an asymmetric DoF allocation
® Use only % antennas at the relay

® Align ui2 and uz; in a di2-dim subspace
(di2 = dim(span(H1) Nspan(Hy)) = Mttl2=1s)

® similarly, align ui3 and usy in dis = W dimensions, and align
us23 and uss in do3 = W dimensions

® Achieve d = 2d12 + 2d13 —+ 2d23 = M; + Ms + M3 DoF
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Case 3: d = n’lil’l{?Mz =+ 2]\437 My + Ms + M3, QN} =2N

® Reduce the number of antennas at the users so that
N = min{2M2 —+ 2]\4'37 My + Ms + Mg}
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Case 3: d = n’lil’l{?Mz =+ 2M3, My + Ms + M3, QN} =2N

® Reduce the number of antennas at the users so that
N = min{2M2 —+ 2]\4'37 My + Ms + Mg}

® Use same scheme as case 1 or case 2
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Case 3: d = n’lil’l{?Mz =+ 2M3, My + Ms + M3, QN} =2N

® Reduce the number of antennas at the users so that
N = min{2M2 —+ 2]\/[37 My + Ms + Mg}

® Use same scheme as case 1 or case 2

Remark: If M3 = 0 = sum-DoF of the two-way relay channel
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@ From Capacity to DoF

@ MIMO Two-Way Relay Channel

© MIMO multi-way relay channel

DoF Region

O MIMO Multi-way Channel
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Importance of

R;;: Rate of signal from i to j
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Importance of

R;;: Rate of signal from i to j

dij: DoF defined as limp_, o (s
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Importance of

R;;: Rate of signal from i to j
. . 1Rsq
d;j: DoF defined as limp_, o, 7}%

dx: sum-DoF =3 d;;
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Importance of

R;;: Rate of signal from i to j

. . 1Rsq
d;j: DoF defined as limp_, o, 71%
dx: sum-DoF =3 d;;

D: Set of simultaneously achievable
DoF's d;; d12
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Importance of D

Defiigon

R;;: Rate of signal from i to j

dij: DoF defined as limp_, o %

dx: sum-DoF =3 d;; AN
D: Set of simultaneously achievable AN
DoF's dz‘j dE d12

+ ds is an overall measure of performance for a network
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Importance of D

R;;: Rate of signal from i to j
0 o R;j
d;j: DoF defined as limp_, o, 71% ?
dx: sum-DoF =3 d;; AN
D: Set of simultaneously achievable AN
DoF's dz‘j dE d12

+ ds is an overall measure of performance for a network

— dx, doesn't provide insights on the trade-off between individual DoF's
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Importance of D

R;;: Rate of signal from i to j
0 o R;j
d;j: DoF defined as limp_, o, 71% ?
dx: sum-DoF =3 d;; AN
D: Set of simultaneously achievable AN
DoF's dz‘j dE d12

+ ds is an overall measure of performance for a network

— dx, doesn't provide insights on the trade-off between individual DoF's
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Importance of D

?
R;;: Rate of signal from i to j
. . 1Rsq
d;j: DoF defined as limp_, o, 71% ?
dx: sum-DoF =3 d;; AN
D: Set of simultaneously achievable AN
DoF's dz‘j dE d12

+ ds is an overall measure of performance for a network

— dx, doesn't provide insights on the trade-off between individual DoF's
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Importance o

R;;: Rate of signal from i to j

0 o R;j
d;j: DoF defined as limp_, o, ﬁ
dx: sum-DoF =3 d;;

D: Set of simultaneously achievable
DoF's dij

+ dyx is an overall measure of performance for a network

— dx, doesn't provide insights on the trade-off between individual DoF's

Find the DoF region of the MIMO Y-channel.
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DoF Region

® Bi-directional communication suffices for sum-DoF,
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DoF Region

® Bi-directional communication suffices for sum-DoF,

® True for DoF-region?
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DoF Region

® Bi-directional communication suffices for sum-DoF,
® True for DoF-region?

e No!

Optimal scheme is a combination of bi-directional, cyclic, and uni-directional
schemes.
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Simple example

Goal: Achieve the DoF tuple: dis | das| dorl das| das| doa
over a Y-channel with
M=N=3
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Simple example

Goal: Achieve the DoF tuple:
over a Y-channel with
M=N=3

Lets try uni-directional

User1 A

User 2 ‘

User 3

RUB

Institute of Digital Communication Systems

diz | diz| do1| d23| d31| ds2
2 0 1 1 1 0
User1 A
/ JERLTTEeS >
DY ¥
f / User2 A
. Do—
......... RTINS
\ »
D3\ User3 A
RIS >
T
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Simple example

Goal: Achieve the DoF tuple:
over a Y-channel with
M=N=3

Lets try uni-directional

User 1

RUB

Institute of Digital Communication Systems

diz | diz| do1| d23| d31| ds2
2 0 1 1 1 0
User1 A
/ JERLTTEeS >
DY ¥
f / User2 A
. Do—
......... RTINS
\ »
D3\ User3 A
RIS >
T
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Simple example

Goal: Achieve the DoF tuple: dia | dus| dor] dos| dar] daa
over a Y-channel with D) 0 1 1 1 0
M=N=3
Lets try uni-directional
User 1 User1 A
/ ......... >
D1 »
User 2 / User2 A
Dy—>
» LRI >
\ .
User 3 D3\ User3 A
JRETI. >
&
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Simple example

Goal: Achieve the DoF tuple: diz | dus| doil das| dail dsa
over a Y-channel with D) 0 1 1 1 0
M=N=3

Lets try uni-directional

User 1 ‘ Uu1la

User 1
V23 N
D/ 5 v31
User 2 / User 2 ‘ w12
vzl
Dy—
o \
» U31

» v31
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Simple example

Goal: Achieve the DoF tuple:
over a Y-channel with
M=N=3

Lets try uni-directional

User 1

RUB

Institute of Digital Communication Systems

diz | diz| do1| d23| d31| ds2
Zi o [1 | fo| fo]o
User1 A 4,
V23 :
D/ 5 U31
/ User 2 ‘ U12
vaz
Do—
}'.. v31

vU31
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RUB

Simple example

Goal: Achieve the DoF tuple:

over a Y-channel with

M=N=3

Lets try uni-directional+ bi-directional

User 1

Institute of Digital Communication Systems

diz | diz| do1| d23| d31| ds2
Zi o [1 | fo| fo]o
User1 A 4,
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DoF Region

The DoF region of a 3-user MIMO Y-channel with N < M is described by

di2 +diz +dos < N
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DoF Region

The DoF region of a 3-user MIMO Y-channel with N < M is described by

di2 +diz +dos < N
diz +diz+dz2 <N

<

DoF region for N < M described by
dpipy + dpips +dpypy <N, Vp

where p is a permutation of (1,2,3) and p; is its i-th component.
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Overview

Achievability of D is proved using:
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Overview

Achievability of D is proved using:

Channel diagonalization:
MIMO N SISO
Yochannel Y-channels

(sub-channels)

Information exchange:
® Bi-directional: signal-alignment/compute-forward
® Cyclic: signal-alignment/compute-forward

e Uni-directional: decode-forward

Resource allocation: distribute sub-channels over users
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Channel Diagona
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® a MIMO Y-channel
with M =N =3

® actually looks like
this!

Downlink
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Bi-directional:

signal-alignment
compute-forward
exchanges 2 symbols

requires 1 sub-channel
(up- and down-link)

efficiency 2
DoF /dimension
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Cyclic:

signal-alignment
compute-forward
exchanges 3 symbols

requires 2 sub-channels
(up- and down-link)
efficiency 3/2

DoF /dimension

RUB

Institute of Digital Communication Systems
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Information trans

User 3 0
Uni-directional: @
® decode-forward
® exchanges 1 symbols Uplink

® requires 1 sub-channel
(up- and down-link)

efficiency 1
DoF /dimension

Downlink
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DoF tuple d = (dlz, di3,d21,d23, da1, d32) = (2, 0,1,1,1, O), Y-channel with
3=N<M
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Back to our exa

DoF tuple d = (dlz, di3,d21,d23, da1, d32) = (2, 0,1,1,1, 0), Y-channel with

3=N<M
Bi-directional 2 symbols | 1 sub-channel
Cyclic 3 symbols | 2 sub-channels
Uni-directional 1 symbol 1 sub-channel
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Back to our exam

User 1 A upy User 1 Aujy + gy
Y12 V12 + V23

» va3 + v31

User 2 Aujp + g
V12 + V23

Y i !

User 3 Aujp + ug

» Vo3 +ug1
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In General

Consider a DoF tuple d = (d12, dis, d21,d2s, ds1, d32)

di3
diz das
do1 ds
dz1
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In General

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

di3
diz das
do1 ds
dz1

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 40



RUB Institute of Digital Communication Systems

In General

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

di3
P . di2 da3
Bi-directional: @O@O@
da1 d3z
dSl

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 40



RUB Institute of Digital Communication Systems

In General

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

diz
P . di2 da3
Bi-directional: @O@O@
resolves 2-cycles
da1 d3z
dSl

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 40



RUB Institute of Digital Communication Systems

In General

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

P . di2 das
Bi-directional:

resolves 2-cycles @O@O@

Residual DoF tuple (e.g.) d' = (d}3,0,0,d53,d5s;,0) = 3-cycle!

Anas Chaaban and Aydin Sezgin Bi-Directional Communications

40



RUB Institute of Digital Communication Systems

In General

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!
Bi-directional:
resolves 2-cycles @O@O@

Residual DoF tuple (e.g.) d' = (d}3,0,0,d53,d5s;,0) = 3-cycle!

Cyclic:

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 40



RUB Institute of Digital Communication Systems

In General

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!
Bi-directional:
resolves 2-cycles @O@O@

Residual DoF tuple (e.g.) d' = (d}3,0,0,d53,d5s;,0) = 3-cycle!

Cyclic:
resolves 3-cycles

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 40



In General

RUB Institute of Digital Communication Systems

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

esves 2oyl O O 0
resolves 2-cycles
§ ds1

Residual DoF tuple (e.g.) d' = (d}3,0,0,d53,d5s;,0) = 3-cycle!

Cyclic:
resolves 3-cycles
Residual DoF tuple (e.g.) d’ = (dY5,0,0,d53,0,0) = no cycles!
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K-user Case

For the K-user Y-channel with N < M:
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K-user Case

For the K-user Y-channel with N < M:

® 2-cycles up to K-cycles,

oo o
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K-user Case

For the K-user Y-channel with N < M:
® 2-cycles up to K-cycles,

® (-cycles resolved by an /-cyclic strategy

® exchanges £ symbols /—\ @
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K-user Case

For the K-user Y-channel with N < M:
® 2-cycles up to K-cycles,

® (-cycles resolved by an /-cyclic strategy

® exchanges £ symbols /—\
® requires £ — 1 C - C - C @

dimensions
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For the K-user Y-channel with N < M:
2-cycles up to K-cycles,

{-cycles resolved by an /-cyclic strategy

® exchanges £ symbols /—/_\\«

® requires { — 1 @O@O@

dimensions w
e efficiency ¢/(¢ — 1)
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For the K-user Y-channel with N < M:

® 2-cycles up to K-cycles,

® (-cycles resolved by an /-cyclic strategy

® exchanges £ symbols /\\«
® requires { — 1 @O@O@

dimensions w
e efficiency ¢/(¢ — 1)

® DoF region described by

K-1 K
Z Z dpp; <N, Vp

i=1 j=i+1

where p is a permutation of (1,2,---, K).
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For the K-user Y-channel with N < M:
2-cycles up to K-cycles,

{-cycles resolved by an /-cyclic strategy

® exchanges £ symbols /\_\«

® requires £ — 1 @O@O@
dimensions w
e efficiency ¢/(¢ — 1)

® DoF region described by

K-1 K
Z Z dpp; <N, Vp

i=1 j=i+1

where p is a permutation of (1,2,---, K).

Cyclic communication requires joint encoding over multiple sub-channels=
MIMO Y-channels are in general inseparable!
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Outline

O MIMO Multi-way Channel
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MIMO 3-Way Ch

X3 > Node 3

—Yy3

—>Y2

H 23
13 H;
Hi»
Y1i<— Node 1 Node 2
¥ Has f
X1 X2

® vy, =Hyyjx; + Hyixi + zg,
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MIMO 3-Way Ch

X3 > Node 3 —>Y3

—>Y2

H 23
13 H;
Hi»
Y1i<— Node 1 Node 2
¥ Has f
X1 X2

® vy, =Hyyjx; + Hyixi + zg,
® Capacity scaling (DoF)?
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Y1<— Node 1

RUB

X3 » Node 3 —>Y3

13

Hs

Institute of Digital Communication Systems

Node 2

X1

Communication i < j:

21U21

Y2

121012

® Node ¢ sends x; = Vj;u;, node j sends x; = V;;u;
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Transmission Sch

> Node 3 —

A

H32V12U12

H31V12u12

Y1<— Node 1

H21

D

X1
21U21

Communication i < j:

Node 2

Y2

D

X2
12U12

® Node ¢ sends x; = Vj;u;, node j sends x; = V;;u;

e Alignment at node k: Set span(Hy;V;;) = span(Hy; Vi )

Anas Chaaban and Aydin Sezgin Bi-Directional Communications 44



RUB Institute of Digital Communication Systems

Transmission Sch

H32Visauss HiVioue
X3 > Node 3 —Y¥3
2

Hs

Vizuis

Vst Hs1Vizuie

H 3 H;31Viius:
13
Hi3Vasuzs HizVizu Hi2Vizus H23Vizuis

Hi»
Y1<— Node 1 Node 2 —Y2
Hi2Vi3ous2 H H21V3ius

21

[y [y

X1 X2

Hi3Vizuis 21u21 12112 H23Vasuas
Viius Vaauss

Communication i < j:
® Node ¢ sends x; = Vj;u;, node j sends x; = V;;u;

e Alignment at node k: Set span(Hy;V;;) = span(Hy; Vi )
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Transmission Sch

H32Visauss HioVioue

Vizuis

X3 > Node 3 —>Y3
Vst ode H31Viauiz
2
Hs

H 3 Hj31Viius:
13
Hi3Vasuzs Hi2Vizuin Hi2Vizuin H;3Vizuis

Hi»
Y1<— Node 1 Node 2 —Y2
Hi2Vi3ous2 H H21V3ius

21

[y [y

X1 X2

Hi3Vizuis 21u21 12112 H23Vasuas
Viius V3ausz

Achievable DoF:
e |f M, > Mo > M3, DoF is 2M>
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Transmission Sch

H32Visauss HioVioue
X3 > Node 3 [—>Y3
2

Hs

Vst Hs1Vizuie

H 3 Hj31Viius:
13
Hi3Vasuzs HizVizu Hi2Vizus H23Vizuis

Hi»
Y1<— Node 1 Node 2 —Y2
Hi2Vi3ous2 H H21V3ius

21

[y [y

X1 X2

Hi3Vizuis 21u21 12112 H23Vasuas
Viius V3ausz

Achievable DoF:
e |f M, > Mo > M3, DoF is 2M>

e Optimal scheme (genie-aided bound)
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Summary
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Two-way Relay Channel:

® Quantize-forward achieves similar rate as CF [Avestimehr et al. 10]
® Capacity region known within a constant gap [Nam et al. 10]

® Capacity of the BC phase is known [Oechtering et al. 08]

e Fading and scheduling [Shagfeh et al. 13]

® Impact of CSIT [Yang et al. 13]

® |mpact of direct channels [Avestimehr et al. 10]

® Energy harvesting [Tutuncuoglu et al. 13]

e Multiple relays [Vaze & Heath 09]
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Multi-way Relay Channel:

® 3-user LD case with relay private messages, and 4-user LD case [Zewail et
al. 13]

® Direct links between users [Lee & Heath 13]

® Multi-cast setting: compress-forward [Giindiiz et al. 13], compute-forward
[Ong et al. 12]

® Fading case [Wang et al. 12]

Multi-way Channel:

Capacity of classes of 3-way channels [Ong 12]

® Two-way interference channel [Rost 11]

Two-way IC (feedback better than info. transmission!) [Suh et al. 13]
e Two-way networks (MAC,BC, TWC) [Cheng & Devroye 14]
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MIMO Two-way Relay Channel:

® Diversity-multiplexing trade-off [Giindiiz et al. 08], [Vaze & Heath 11],
e Cognition, multiple relays [Alsharoa et al. 13],

e Multi-pair sum-rate optimization in [S. et al. 09],

DoF of the K-pair case [Lee & Heath 13], [Cheng & Devroye 13],
Imperfect CSI [Ubaidulla et al. 13], [Zhang et al. 13],

MIMO Multi-way Relay Channel:

Multi-cluster multi-way relay channels [Tian & Yener 12],
e Performance optimization [Teav et al. 14],

e K-user achievable sum-DoF [Lee et al. 12],

Full- vs. half-duplex, global vs. local CSI [Lee & Chun 11],
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Interesting Problems

® Optimizing the uplink in the two-way relay channel
® Exploiting two-way relaying in larger networks

e Constellations for PLNC and their performance

® Multi-relay cases

® General (approximate) capacity expression for the K-user multi-way relay
channel

® Extensions of the multi-way channel to K-users
® Fading multi-way channels
e Capacity region study of the MIMO two-way relay channel

® Sum-DoF of K-user multi-way relay channels (4-user case characterized
recently [Wang 14])

® Rate maximization/power minimization,

o Self-interference cancellation techniques and their impact
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Multi-way
Communications

Anas Chaaban
and
Aydin Sezgin

All this and more to appear in:
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Multi-way
Communications

Anas Chaaban
and
Aydin Sezgin

All this and more to appear in:

Thank you for your attention!
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Optimality

Bi-directional 2 symbols 1 sub-channel
Cyclic 3 symbols | 2 sub-channels
Uni-directional 1 symbol 1 sub-channel
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel

dimensions required to Cyclic 3 symbols | 2 sub-channels

achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional

——

2 3 3 3 3
Ne=3_ > dj+) 2di;+> > df
=2

i=1j=i+1 i=1j=1, j#i
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel

dimensions required to Cyclic 3 symbols | 2 sub-channels

achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional

——

2 3 3 3 3
Ne=Y > dy+) 2di+y, > dy (diy = dij — db; — d5;)
=2

i=1j=i+1 i=1j=1, j#i
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Optimality

RUB Institute of Digital Communication Systems

Total number of
dimensions required to
achieve d € D:

bi-directional
2 3
Z D d
i=1j=i+1
3 3
=2 X

i=1j=1, j#i

Bi-directional 2 symbols 1 sub-channel
Cyclic 3 symbols | 2 sub-channels
Uni-directional 1 symbol 1 sub-channel

cyclic uni-directional
—_—
3 3 3

C u
D2+ D dy
j=2 i=1j=1, j#i

2 3 3
dij Z Z d?j - Z dg]
1j=i+1 j=2

1=

(dfy = dij — Yy — d5))
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel

dimensions required to Cyclic 3 symbols | 2 sub-channels

achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional

——

2 3 3 3 3
Z P EDIETEDDED D (diy = dij — di; — df;)
i=1 j=it1 =2 i=1j=1, j#i
3 3
=2 2

2 3 3
dig—»_ > d—> di;  (dij+dj —dY; = max{di;,d;;})
1j=it1 j=2

i=1j=1, j#i i=

52
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel

dimensions required to Cyclic 3 symbols | 2 sub-channels

achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional

r—/‘ﬂ

3 3 3
> zﬂLZ?d +> > dy (dfy = dij — df; — df;)
—it1 j=2 i=1j=1, j#i
3 2 3 3
DI S S S e
=1, j#i i=1j=i+1 =2
= ma,x{dlg, d21} + max{di3,d31} + max{da3, d32} —dfs — df3

(R

di2+d23+d3) e.g.=df3=0, dl{2=d21
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel

dimensions required to Cyclic 3 symbols | 2 sub-channels

achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional

r—/‘ﬂ

3 3 3

Z ”—f—ZZd w5003 ay (dfy = dij — df; — df;)
=i+1 j=2 i=1j=1, j#i
P

2
3 3 2 3 3
Z =537 d =STds;  (dig + dys — dY = max{dy;, dji})
i=1j=1, j#i i=1j=i+1 j=2

= maX{d12, d21} + max{di3, d31} + max{das, d32} —di, — d3

di2+d23+d3) e.g.=df3=0, dl{2=d21

d12 + d23 +d31 — dfy
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel
dimensions required to Cyclic 3 symbols | 2 sub-channels
achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional
r—/‘ﬂ
2 3 3 3
b
2P RS SEIES Sl S (& = dij = di; — dfy)
i=1j=i+1 j=2 i=1j=1, j#i
3 3 2 3 3
=3 3 3 S Myt =l
i=1j=1, j#i i=1j=i+1 Jj=2

= maX{d12, d21} + max{di3, d31} + max{das, d32} —di, — d3

di2+d23+d3) e.g.=df3=0, dl{2=d21

d12 + d23 +d31 — dfy (dfy = di2 — dfy eg.)
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Optimality

Institute of Digital Communication Systems

i=1j5=1

Total number of Bi-directional 2 symbols 1 sub-channel
dimensions required to Cyclic 3 symbols | 2 sub-channels
achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional
r—/‘ﬂ
2 3 3 3
b
DIPILIL NS S S R R R
i=1j=i+1 j=2 i=1j=1, j#i
3 3 2 3 3
DI 3D DR ST NCIEU AR A
5 J Jj=2

j A1 i=1j=1i+1

= max{di2,dz21} + max{di3,ds1} + max{das, d3z2} —df,

di2+d23+d3) e.g.=df3=0, dl{2=d21
=di2 +d23 + d31 — dfy

=d8y + dos + da1

c
- d13

(dip = di2 — dlfz e.g.)
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel
dimensions required to Cyclic 3 symbols | 2 sub-channels
achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional
——
2 3 3 3 3
b b
Ne=3>_ A+ 2+ D dY (dij = dij — di; — di;)
i=1j=i+1 j=2 i=1j=1, j#i
3

3 2 3 3
Doodig—D . > dy = df; (dij +djs — dY = max{dy;, dji})
j=2

1j=1, j#i i=1 j=it1
= max{di2,dz21} + max{di3, ds1} + max{das, d32} —df,y — df3

i

dig+dg3+dz1 e.g=d§,;=0, dj,=da1
=di2 +d23 + d31 — dis (dSy = dia — ¥y e.g.)
=¥y + das + da1
=d21 +d23 +d31
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel
dimensions required to Cyclic 3 symbols | 2 sub-channels
achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional
——
2 3 3 3 3
b b
Ne=3>_ A+ 2+ D dY (dij = dij — di; — di;)
i=1j=i+1 j=2 i=1j=1, j#i
3

3 2 3 3
Doodig—D . > dy = df; (dij +djs — dY = max{dy;, dji})
j=2

1j=1, j#i i=1 j=it1
= max{di2,dz21} + max{di3, ds1} + max{das, d32} —df,y — df3

i

dig+dg3+dz1 e.g=d§,;=0, dj,=da1
=di2 +d23 + d31 — dis (dSy = dia — ¥y e.g.)
=¥y + das + da1
=d21 +d23 +d31

No cycles = Ny < N
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Optimality

Total number of Bi-directional 2 symbols 1 sub-channel
dimensions required to Cyclic 3 symbols | 2 sub-channels
achieve d € D: Uni-directional | 1 symbol 1 sub-channel
bi-directional cyclic uni-directional
——
2 3 3 3 3
b b
Ne=3>_ A+ 2+ D dY (dij = dij — di; — di;)
i=1j=i+1 j=2 i=1j=1, j#i

3 3 2 3 3
=3 > dig—p > dh - df; (i +dj — dYy = max{dy;, dji})
=2

i=1j=1, j#i i=1j=it1
= max{d12,d21} + max{di3,d31} + max{da3,d32} —di, — df3

dig+daz+dgy eg=d§,=0, db,=do1
=di2 +d23 + d31 — dis (dfp = d12 — dY; e.g.)
=dby + daz + da1
= d21 + d23 +ds1

No cycles = Ny < N = All d € D are achievable
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Outer bound

RUB

mi2, M13

}

Decl

<-y1\

Dec2

m21, M23

Institute of Digital Communication Systems

m32, M31

Relay

—D3> Y3 >{Dec3

Consider any reliable scheme for the 4-user MIMO MRC
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Outer bound

mi2, M13

ma1, m31 <———Decl{« Y1 \

Institute of Digital Communication Systems

m32, M31

Relay

—D 3> Y3 >

mi2, m32 «———Dec2t« Y2 /

m21, M23

Users can decode their desired signals

Dec3

——> ™M13, M23
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Outer bound

mi2, m13
ma1, m31 <———Decl Y1 \
D

Institute of Digital Communication Systems

m32, M31

m23, y2

Relay!

—D3> Y3 >

D3
mi2, m32 <——Dec2t< Y2 /

m21,| m23

Give mo3 and y2 to user 1 as side info.

Dec3

——— M13, M23
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Outer bound

mi2, M13

}

msl ~—Decli« Y1 N

m32, M31

D
‘

Relay—D s> ¥3 >{Dec3—— ™13, m23

D5
miz, m32 <——— Dec2« /

Now, user 1 has the info. available at user 2
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Outer bound

RUB

D3

mi2, m32 <———iDec2i« Y2 /

f

m21, M23

= User 1 can decode ms3s

Institute of Digital Communication Systems

m32, M31

Relay

—D 3> Y3 >

Dec3

———> mM13, M23
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Upper bound

side info.

—_—
User 1 can decode (TI’L21,m31,m32) from (mlg,mlg,yl,ng,yg)
mi2, M13, Mm23

m21, M31, M32 <— Decl:: i; Bl Relay
< 2
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Upper bound

side info.

—_—
User 1 can decode (mzl,m:’,l,mgz) from (mlg,mlg,yl,ng,yg)
mi2, M13, Mm23

m21, M31, M32 <— Decl:: i; Bl Relay
< 2

= Ro1 + Rs1 4+ Rs2 < I (Xr;y1,y2) =1 <X’r; [gl} X + [:1]) P2P Channel
2 2
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side info.

—_—
User 1 can decode (mzl,m:’,l,mgz) from (mlz,m13,y1,m23,y2)
mi2, M13, Mm23

m21, M31, M32 <— Decl:: i; Bl Relay
< 2

= Ro1 + Rs1 4+ Rs2 < I (Xr;y1,y2) =1 <Xr, [Dl} Xr + [:1]) P2P Channel
2

:>d21+d31+d32§rank<{D ]) N
D,
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side info.

—_—
User 1 can decode (mzl,mg,l,mgz) from (mlg,mlg,yl,mgg,yg)

mi2, M13, M23

ma21, m31, m32 <— Decl

Y1 —D;
< Y2 «—Ds

Relay

= Ro1 + Rs1 4+ Rs2 < I (Xr;y1,y2) =1 <X'r; [gl} X + [:1]) P2P Channel
2 2
Dy
= d21 + d31 + ds2 < rank - N
D,

Considering different combinations of users gives the desired outer bound

3
> dpp; <N, Vp

2
i=1 j=i+1
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Resource allocat

Consider a DoF tuple d = (dlg, dis, d21,das, ds31, d32)

di3
di2 d2s
do1 dsz
ds1
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Resource allocat

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

di3
di2 d2s
do1 dsz
ds1
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Resource allocati

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

. . - dl3
Bi-directional:
b .
1) set dY; = d3; = min{d;;, d;:} dix das
d21 d32
d31
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Resource allocati

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!
d13

Bi-directional:

1) set df; = dj; = min{ds;, d;i}

di2 das
2) requires d?; sub-channels @O@O@
do1 dsz
ds1
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Resource allocati

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

di3
Bi-directional:
1) set d?j = d?z = min{dij, dji} dia

2) requires d?; sub-channels @O@O@
3) resolves 2-cycles
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Resource allocati

RUB Institute of Digital Communication Systems

Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

di3
Bi-directional:

1) set d?j = d?z = min{dij, dji} dia das

2) requires d?; sub-channels @O@O@
3) resolves 2-cycles o, ds

4) residual DoF dj; = di; — d; ds
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Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!
di3

Bi-directional:

1) set d?j = d?z = min{dij, dji} di2 das

2) requires d?; sub-channels @O@O@
3) resolves 2-cycles o, ds

4) residual DoF dj; = di; — d; du

Residual DoF tuple (e.g.) d’ = (d}»,0,0,d53,d3;,0) = 3-cycle!
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Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!
di3

Bi-directional:

1) set d?j = d?z = min{dij, dji} di2 das

2) requires d?; sub-channels @O@O@
3) resolves 2-cycles o, ds

4) residual DoF dj; = di; — d; du

Residual DoF tuple (e.g.) d’ = (d}»,0,0,d53,d3;,0) = 3-cycle!

Cyclic:
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4) residual DoF dj; = di; — d; dan

Residual DoF tuple (e.g.) d’ = (d}»,0,0,d53,d3;,0) = 3-cycle!

Cyclic:

1) set d5; = dS), = df,; = min{d};, d,, dj;}
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1) set dij = dy;
2) requires d}; sub-channels
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Consider a DoF tuple d = (d12, d13, d21, d23, ds1, d32) = 2-cycles and 3-cycles!

Bi-directional:

1) set d?j = d?z = min{dij, d]‘i} dia das

2) requires d?; sub-channels @O@O@
3) resolves 2-cycles o, ds

4) residual DoF dj; = di; — d; dan

Residual DoF tuple (e.g.) d’ = (d}»,0,0,d53,d3;,0) = 3-cycle!

Cyclic:

1) set d5; = dS), = df,; = min{d};, d,, dj;}
2) requires 2d; sub-channels

3) resolves 3-cycles

4) residual DoF d; = d}; — d5;

Uni-directional:
1) set dij = dy;

2) requires d}; sub-channels d achieved!
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