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Network Coding Concept

+: module 2 addition I

(a) Link capacity (b) IP multicast (c) Network Coding
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Network Coding

1998 HKCU Robert Li, Raymond Yeung,
Start to Study Network Coding

2000 Alswede, Ning, Bob, Raymond.
IEEE Transactions Information Theory, “Network Information Flow”,

2002 IEEE Transactions Information Theory
“Linear Network Coding” 2005 IT Best paper Award

« 2002, MIT, UIUC, UCLA, Caltech, Princeton, University of Maryland, Toronto etc.

e 2003 China, Tsinghua U. etc.

e 2010, more than a few hundreds Universities and Research Institutes all over
the world.

« 3GPP2 Selected Network coding as its potential technology in 4G wireless
systems
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Network Coding Research Directions
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Main topics ()

 Network coding at network layer

(1) Codeword size and finite field size,
Answer: Linear code, a finite field with relatively large size.
Random linear code, Algebraic code (Matrix theory)

(2) Encoding/decoding complexity,
Coding node number in a network
Routing algorithm and encoding node finding
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Maxi-Flow Min-Cut Theorem for fixed networks

Random Graph Theory for Ad Hoc Networks

(4) Secure Network Coding
Finding Security Rate Region
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Main topics (Il)

Network Coding at Physical Layer

(1) Digital Network Coding (at encoding node,
bit processing or symbol processing)

(2) Analogue Network Coding ( at encoding
node, signal wave superposition or mixing)

« Modulation and coding Selection
Multi-resolution encoding/decoding

e  Superposition and signal recognition
/estimation /recovery

 Dirty paper coding
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Main topics (l1)

e Cross Layer Design

For some simple network topologies or Ad Hoc
networks with random characteristics

Formulating some optimal problems based on
certain criteria.

(1) Increasing network coding gain

(2) Maximizing total throughput

(3) Increasing Signal to noise ratio for broadcast
(4) Maximizing some Utility functions

(5) Increasing multi-user fairness
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Some examples on network coding
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Three-node Network

Applicat

= = Relav link
*  Access link
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Two-way Relay network

-\~

Traditional TD Mode
Four time Slots

Network Coding Mode
Three time Slots

may be used to
Satellite Communicationsl
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Butterfly Network

Two-source Two-destination and one Relay
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(1) ARQ

(2) Network Coding
+ARQ
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Rayleigh Fading Rayleigh Fading

e \WWhat Is the effect of the Channel Gain
difference between these two links on
Network Coding Gain?

 How to improve Network Coding Gain?

« How to Select a Relay node In the
presence of many Relays ? (Proper position)

2011/7/13
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How to do?
Review the Channel fading Characteristics

e Consider a single link case
(uplink in three —node mode)

e Consider two links used for information
broadcast (downlink in three-node mode)

(1) Little Channel Side Information:

Some statistics on the channels, i.e.

Fading mode, Average SNR etc.

(2) Completely Known Channel Side Information:
Instantaneous Channel fading coefficients.
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Some Definitions
on Rayleigh fading Channel Characteristics

 Received Power’s Probability Density Function for
Rayleigh fading

e

—wfﬁ

1 —
J'rF':*r =::|

where 7 denotes the averace received power
e OQutage Probability

F.:.ut_ = p1'|:"'. < F:-'|:|_:

- Maximum Data Rate |
Clogt =max(l — F ;) - K.

P Ly Ny ¢
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Over Rayleigh Fading

Foue = Py <70) = f fo(y)dy=1—e /7

C(R)=(1—-F,)-R=R- eI

Single link

The optimization Maximize ° 'l'__.’i;ﬂ] — R.eg M0/

Problem:
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Downlink case: Dual Cast (Stage 3),
Little Channel Side Information

G':R:l =2R - [1_F-:-ut,1::”::1_P-:-ut_.2:|+R ) I:]-_P-:-ut,ljlpcuut_.ﬂ
T H- Faut,l[]-_Faut,E:]

_ R{E—Tnfﬁ 40 fﬁ}_ (11)

Maximize : C'(R) = R(e="0/71 4 g=70/72)
Subjectto: H =0

vo = 28/W 1.

Network Coding Constant Power Outage Capacity:

'

J— _l_-r' ; "lﬁ _l—'r' | .'-ﬁ-
out,neep = RDPt-,l‘LEL‘-P . |:t- o noop + ¢~ foymecp/ fl-
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Two links case or Dual-Cast (Stage 3)
Full Channel Side Information

Water L
Filling Pl — {%-FS. 7= 0
Policy 0, 7= o

Since the maximal average transmission power is ., the value
of o can be given by

o
1 [
—=/ — [ (v)dy.
T a

To
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Network Coding Channel Inversion Outage
Capacity

Maximize :
CI:;’}D:I =W llflgg I:; 1—|—|:T;:I |:;IE"'_-:'D"-I M g—¥0/72 :I
Subject to :

:-: —
1 1 i) ST | v
—>—FEi| = )— ———F1| = | dy
- ST M Y2 1
T
x P —
1 .ﬁl tﬂ_-"ill-:'i 1 =
+ —F, :D — —— —F :1 d~
19 T2 T T2 10
T
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Some numerical results
For Downlink transmission

A B

4._._._A_ ........... ()

What is the effect of the difference of channel gains over
these two links on Network Coding Gain?
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Difference between Channel Gains on Outage Capacity

Outage Capacity,
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Outage Capacity Comparison
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Two Observations:

o If the difference of Channel Gains is relatively small,
the network coding gain will be close to 2. If the
difference of channel gains is very large, the networ
coding gain will disappear.

 Using network coding will get a certain coding gain.
Full CSI will provide more throughput than without
CSl.

K

One Suggestion:

- Multi-antenna, or Relay position selection are required,
Which will increase the system throughput
or network coding gain

2011/7/13
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First Way: On the Relay Position Selection

n

o o
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2011

How to Select Relay Position

Theorem 1: Assuming that the average channel gain of link
(X, 5)isg; = 4 -d; 7,1 =1, 2, the NCCP outage capacity is
maximized, if nodes X, 5y, and S are on a straight line and
dy = do, where d; denotes the distance between the relay node

X and receiver 5.
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Second Way: On the Multi-antenna Processing

2011/7/13
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MISO on Three-node Relay Network
Two difference Cases

°° > qQ= = === ==== = O O
Q‘I | | ] u | | I I u | | ] u | I> -
B

Single Antenna M antennas Single Antenna

Stage 3, Employing Beam-forming:

Need to design beam-forming,

How to select the weighting factor
for multi-antenna W?

e Simple Case: Full CSI

 Practical Case: Estimated CSI with bias

2011/7/13 31




Coill OCI CAacAha

Full ool uvao’d
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Stage 3, Problem :

Need to design beam-forming,
How to select the weighting factor \W?

The received signal

L
Wy = Zhi:j ey - 8 + 1.
1

m...
I
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)

r T
;= (hy” wls + n;.
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Max-flow Min-cut Theorem:

R < logy(1 + min{-,

12})

Simple Case: Full Channel Side Information:

5.1

max 111'111{|]11T“-'|E. |]13Tw|2}
o

|wil2 < P
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Some Useful Results

Lemma 1: The optimal beamforming vector w™ 1s in the
space spanned by the complex conjugates of users’ channel
vectors, 1.2. w = Ay hy 4+ Ashy, where by denotes the complex
conjugate of channel vector h;, Ay and As are complex
Cconstants.

h2 Y2

2011/7/13 Illustration on the weighting factor
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Simple Case

Theorem 1 When the users’ channel vectors liy and hs
are orthogonal (1.e. cq15 = cg- = U), the optimal coefficient Ay
and A5 should satisty

! .-_IP
|;-'i1| = .||I,'II - . (D)
| C1 + 109
and |
Aol =/ oLl (10)
V = Pl L

which will lead to the maximum of the objctive function as

c1ca P
N = Yq = i {l]'}
R T e e
where ¢,;. i = 1,2, stands for hh; = ||h;]|2. ¢12 for hi'h,
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General Case
Orthogonal e1 = Iy
Generalization |™ > .
—  hy"hy—
ez = ho — L.
|
c12
le? = ct,  [lea]® = e2 — 12221
Cq
.T -
i =hy" ws 4 ng = pe1s 4 na,
2= 'IIIETW]S + g = ILL1I:111H119:IS + ptgl|es| 251 ng.
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Optimal Problem Formulation

max  min{|pq[2e3. [pihi ™ he + po (i-‘z .:13 ) °}
TRgTE

3
.1, |,t.:1|2c.‘1 + |,iLg|E (t‘g — JCI—EI—) < P

c1

Theorem 3: If |cy2| is smaller than both ¢y and es, the
objective function achieves its maximum when

|' I-: 1T —|-'_"‘1".-|2|_|!'

- 20)
|,i|!.1| 1l'|'l {__2|{__1 —|—E'E—E|I'."'1"-'|| (
and
|'I Ir-:“l — |£“1q|ﬁIEP .
o] = (21)
“El E. (i —I—n:-:-—.3|t 1'?| 100 — |E‘1g|
which leads to the resulting maximum
o 2
B L ol O S (22)

1 + ea — 2|epa|
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1V IENS W\

g
EI_ e e e
_ o The coefficient
Boar : Is larger,
3 ; the NC gain is larger,
2. E ZFB gain is worse
g ]
B 5
E :_ +l_|_,.|:"".i:++ - 1
» ettt MCE or ZFE with p=0
' e L - MCE Wit p=0.5
1_-..-..-.;.1..-_.'__*-}-'.".-..-..-.--i-..-..-..-.- _____ ZFR with p'l:l.fl
++++ ' — — —MNCS with pe0.2
o T : : 4 ZFB wih p=0.9
¥ 10 20 3 AL 50
SNR

wwhere \rou is the coefficient of the two channel gainsse



Consider Channel estimation error

]

]]g — ]];; + £5.

Two Ways to solve the beam-forming design:

(1) Using the estimated CSI to replace Full CSI

(2) Finding other ways to start new design

2011/7/13
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Estimated CSI with bias

Consider Channel estimation error

]

]]g — ]];; + £5.

New max min{|aqhiw|?, |ashl w|?}
Proposed w )
Weighting N\ s.t. ||1w||2 < P.
Mode
\ o |:'__1,'1
TGy 42
CEp — ——— E
2 f_?g -+ ':TE'.E

2011/7/13

41



Theoram 7: The outage probability of nser i 15 upper

bounded by
by — )
Prut(9) < (exp(~ 27 N
L"-s': !

hi+@2% 1 3
- f::q:-(—T;]— Aresin o
€,1 T d

Note That \betais a predefined threshold

2011/7/13
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Beam-forming Gain with Estimation Errors

Two different ways

0.15~ -

u-1-.f

SHNR gain

04 -

—0.05 o

D.O5 -
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Outage Probability
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Different Ways

To deal with the network coding Application

2011/7/13
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Second Variant on Three-node Relay Network
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o ARQ with limited times
« D2 and S1 ----Almouti Space Time coding

o ARQ with limited times
« D1 and S2 ----Almouti Space Time Coding

* Repeat Transmissions and Opportunistic Network

o sSsions an rtut

(1) Throughput
(2) Packet Delay
(3) Network Coding Gain

2011/7/13 48



Distributed Space time Cooperation+ ONC

(1) Four Time Slots Transmission
(2) Opportunistic Network Coding

(3) Distributed Space Time
Cooperation + ONC

Da i)

Butterfly Network with Some Modifications
2011/7/13 49
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Throughput Comparison

Thresghput (Packst [ Times kot)

L] L]
gl EEE I EERE I EE
[

CP—OMNGC Theonstical| -

O  CP-0OMNC Simulative |=

= # = Tradicnal FSMH .
=t Tradicnal GNG

20 2L 30 a5
Transrmt SMNAR (dB)

Every node uses the same transmit power
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Fachket Delay
Marmalized by the delay of Traditional FSMH

Packet Delay Comparison

25

CF—ONG Theomstical :

O  CP-OMNGC Simulative |*
= 4% = Traditiznal FSMH .
e Traclitiznal QNG

30
Transmit SMR (dB)

b
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Throughput Gain via Distance Ratio

1? II I I EE I I I EEE I I EEN Il I EEE RN NI EENEI] EEE Il I EERIR]

—&— CP-ONC Gain| -
: - # = ONC Gain | What the
: Physical
1.5} Topology
variation on
T| T Coding Gain

Thvcughpt Gain

Compared with

D F (Four time slots’
Transmission

1 1.5 2 2.5 3 Mode

2011/7/13 The distance ratio between D1-R and D2-R 53
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Low SNR, Distributed Space time Cooperation +

ONC provides considerable coding gain.

 High SNR, the coding gain of Distributed Space
time Cooperation + ONC will close to that of
ONC.

o Distributed Space time Cooperation + ONC has
a better robust to the distance ratio variation or
the physical topology variation.

2011/7/13
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Summary

« Show how to do the cross layer design on Network
Coding by three examples.

 Network coding will provide some coding gains in
some cases, but not always.

 Optimal Problem formulations are based on some
resource constraints. Here we employed maximum
transmission rate with outage probability.

Other Utility Functions may be good selections.
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Thanks!

Question?
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