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Motivations – What is the Network Coding?

“Coding at a node in a network…”

R. Ahlswede, et al., ”Network information flow,” IEEE Transactions on Information Theory , vol. 46, no. 4, Jul. 2000.
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Motivations – What is Coding?

“Series of processes to convert information
into another form or representation…”
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Motivations – Basic Physical Layer Blocks using OFDM

Y. S. Cho, et al., ”MIMO-OFDM Wireless Communications with MATLAB,” Singapore: John Wiley & Sons (Asia) Pte Ltd, 210
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Motivations – Basic Physical Layer Blocks using OFDM

Y. S. Cho, et al., ”MIMO-OFDM Wireless Communications with MATLAB,” Singapore: John Wiley & Sons (Asia) Pte Ltd, 210

The network en/decoding is processed between these blocks
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Physical-layer Network Coding (PNC)

S. Zhang, S. C. Liew, and P. P. Lam, “Hot topic: Physical-layer network coding,”
in Proc. International Conference on Mobile Computing and Networking, Sep. 2006.
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Physical-layer Network Coding (PNC)

Two-way Relay Channel (TWRC)
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Physical-layer Network Coding (PNC)

1 32

Two-way Relay Channel (TWRC)



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 13

Physical-layer Network Coding (PNC) – Straightforward Scheduling

1 32
𝑆1
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Physical-layer Network Coding (PNC) – Straightforward Scheduling

1 32
𝑆1 𝑆1
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Physical-layer Network Coding (PNC) – Straightforward Scheduling

1 32
𝑆1 𝑆1

𝑆3



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 16

Physical-layer Network Coding (PNC) – Straightforward Scheduling

1 32
𝑆1 𝑆1

𝑆3𝑆3
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Physical-layer Network Coding (PNC) – Straightforward Scheduling

1 32
𝑆1 𝑆1

𝑆3𝑆3

4 time slots are required to complete the transmission
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Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32
𝑆1



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 19

Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32
𝑆1 𝑆3
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Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32
𝑆1 𝑆3

𝑆2 𝑆2

𝑆2 = 𝑆1⨁𝑆3𝑆3 = 𝑆1⨁𝑆2 𝑆1 = 𝑆3⨁𝑆2
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Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32
𝑆1 𝑆3

𝑆2 𝑆2

𝑆2 = 𝑆1⨁𝑆3

3 time slots are required to complete the transmission

(33% throughput improvement than the straightforward case)

𝑆3 = 𝑆1⨁𝑆2 𝑆1 = 𝑆3⨁𝑆2



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 22

Physical-layer Network Coding (PNC)

1 32
𝑆1 𝑆3
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Physical-layer Network Coding (PNC)

1 32
𝑆1 𝑆3

𝑆2 𝑆2

𝑆2 = ? ?𝑆3 = ? ? 𝑆1 = ? ?
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Physical-layer Network Coding (PNC)

1 32
𝑆1 𝑆3

𝑆2 𝑆2

𝑆2 = ? ?𝑆3 = ? ? 𝑆1 = ? ?

Only 2 time slots are required to complete the transmission

(100% throughput improvement than the straightforward case)
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Physical-layer Network Coding (PNC) – Digital Modulation

Digital
Modulator...011101001 𝑠(𝑡)

Bitstream Signal
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Physical-layer Network Coding (PNC) – Digital Modulation

Digital
Modulator...011101001 𝑠(𝑡)

Bitstream Signal

Amplitude
Shift Keying

Frequency
Shift Keying

Phase
Shift Keying

Quadrature Amplitude 
Modulation
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Physical-layer Network Coding (PNC) – Digital Modulation

Digital
Modulator...011101001 𝑠(𝑡)

Bitstream Signal

Amplitude
Shift Keying

Frequency
Shift Keying

Phase
Shift Keying

Quadrature Amplitude 
Modulation
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+1-1

Physical-layer Network Coding (PNC) – Binary PSK (BPSK)

BPSK

Bit Symbol

0 +1

1 -1

01
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Physical-layer Network Coding (PNC) – Quadrature PSK (QPSK)

+1-1

+1

-1

QPSK

Bit Symbol

I Q I Q

0 0 +1 +1

0 1 +1 -1

1 0 -1 +1

1 1 -1 -1

00

0111

10

I

Q

I and Q denote In-phase and Quadrature, respectively

𝑠 𝑡 = 𝑎 cos(𝜔𝑡) − 𝑏 sin(𝜔𝑡)
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Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 31

Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32
01
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Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32
01 11
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Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32

01⨁11 = 10

10 10

01 11
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Physical-layer Network Coding (PNC) – Straightforward Network 
Coding

1 32

01⨁10 = 11 11⨁10 = 01

10 10

01 11
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Physical-layer Network Coding (PNC) – Encoding

1 32

+1,−1

01

QPSK Modulator

QPSK

Bit Symbol

I Q I Q

0 0 +1 +1

0 1 +1 -1

1 0 -1 +1

1 1 -1 -1

−1,−1

11

QPSK Modulator
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Physical-layer Network Coding (PNC) – Encoding

1 32
+1,−1 −1,−1
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Physical-layer Network Coding (PNC) – Encoding

1 32
+1,−1 −1,−1

Symbol from Node 1
𝑎1 or 𝑏1

Symbol from Node 3
𝑎3 or 𝑏3

Superposed symbol
received at Node 2
𝑎1 + 𝑎3 or 𝑏1 + 𝑏3

Mapping to symbol to be 
transmitted by Node 2

𝑎2 or 𝑏2

+1 +1 +2 +1

+1 -1 0 -1

-1 +1 0 -1

-1 -1 -2 +1

0,−2
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Physical-layer Network Coding (PNC) – Encoding

1 32
+1,−1 −1,−1

Symbol from Node 1
𝑎1 or 𝑏1

Symbol from Node 3
𝑎3 or 𝑏3

Superposed symbol
received at Node 2
𝑎1 + 𝑎3 or 𝑏1 + 𝑏3

Mapping to symbol to be 
transmitted by Node 2

𝑎2 or 𝑏2

+1 +1 +2 +1

+1 -1 0 -1

-1 +1 0 -1

-1 -1 -2 +1

𝑦 𝑡 = 𝑠1 𝑡 + 𝑠2 𝑡
= 𝑎1 cos 𝜔𝑡 − 𝑏1 sin 𝜔𝑡 + 𝑎2 cos 𝜔𝑡 − 𝑏2 sin 𝜔𝑡
= 𝑎1 + 𝑎2 cos 𝜔𝑡 − 𝑏1 + 𝑏2 sin 𝜔𝑡



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 39

Physical-layer Network Coding (PNC) – Encoding

1 32
+1,−1 −1,−1

Symbol from Node 1
𝑎1 or 𝑏1

Symbol from Node 3
𝑎3 or 𝑏3

Superposed symbol
received at Node 2
𝑎1 + 𝑎3 or 𝑏1 + 𝑏3

Mapping to symbol to be 
transmitted by Node 2

𝑎2 or 𝑏2

+1 +1 +2 +1

+1 -1 0 -1

-1 +1 0 -1

-1 -1 -2 +1

+1 + −1 = 0 → −1

−1 + −1 = −2 → +1
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Physical-layer Network Coding (PNC) – Encoding

1 32
+1,−1 −1,−1

−1,+1 −1,+1
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Physical-layer Network Coding (PNC) – Decoding

1 32
+1,−1 −1,−1

−1,+1 −1,+1

+1 − 1 = 0

−1 + 1 = 0

−1 − 1 = −2

−1 + 1 = 0
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Physical-layer Network Coding (PNC) – Decoding

1 32
+1,−1 −1,−1

−1,+1 −1,+1

+1 − 1 = 0 → −1

−1 + 1 = 0 → −1

Symbol from Node 1
𝑎1 or 𝑏1

Symbol from Node 3
𝑎3 or 𝑏3

Composite symbol
received at Node 2
𝑎1 + 𝑎3 or 𝑏1 + 𝑏3

Mapping to symbol to be 
transmitted by Node 2

𝑎2 or 𝑏2

+1 +1 +2 +1

+1 -1 0 -1

-1 +1 0 -1

-1 -1 -2 +1

−1 − 1 = −2 → +1

−1 + 1 = 0 → −1
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Physical-layer Network Coding (PNC) – Decoding

1 32
+1,−1 −1,−1

−1,+1 −1,+1QPSK

Bit Symbol

I Q I Q

0 0 +1 +1

0 1 +1 -1

1 0 -1 +1

1 1 -1 -1

−1,−1

11

QPSK Demodulator

+1,−1

01

QPSK Demodulator
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Physical-layer Network Coding (PNC) – Idle Performance using QPSK

≈
𝟏
𝟎
𝟎
%

≈
𝟓
𝟎
%

≈
𝟑
𝟑
%

𝟏 −𝑩𝑬𝑹 𝒓𝒔
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Physical-layer Network Coding (PNC) – Chronic Problem

I-axis of 16QAM (i.e., 4ASK)

+3-1-3 +1

00 01 11 10

0-4-6 -2

00 01 00 / 11 10

+2

00 / 11

+4

01

+6

00

Superposed Constellation
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Physical-layer Network Coding (PNC) – Chronic Problem

I-axis of 16QAM (i.e., 4ASK)

+3-1-3 +1

00 01 11 10

0-4-6 -2

00 01 00 / 11 10

+2

00 / 11

+4

01

+6

00

Composite Constellation

AMBIGUITY
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Physical-layer Network Coding (PNC) – One Relay Butterfly

S1

S2

D2

D1

R

Interference Signal
(1nd Time Slot)

Intended Signal 
(1st Time Slot)

Intended Signal
(2nd Time Slot)

+1(11)

-3(00)
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Physical-layer Network Coding (PNC) – One Relay Butterfly

S1

S2

D2

D1

R

Interference Signal
(1nd Time Slot)

Intended Signal 
(1st Time Slot)

Intended Signal
(2nd Time Slot)

+1(11)

-3(00)

+1-3=-2
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Physical-layer Network Coding (PNC) – One Relay Butterfly

+3-1-3 +1

00 01 11 10

0-4-6 -2

00 01 00 / 11 10

+2

00 / 11

+4

01

+6

00

+3-1-3 +1

00 01 11 10

Original
Constellations

Superposed
Constellations

Original
Constellations
(remapping)

Known symbol in D2

Candidates affected by the known symbol
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Physical-layer Network Coding (PNC) – One Relay Butterfly

+3-1-3 +1

00 01 11 10

0-4-6 -2

00 01 00 / 11 10

+2

00 / 11

+4

01

+6

00

+3-1-3 +1

00 01 11 10

Original
Constellations

Superposed
Constellations

Original
Constellations
(remapping)

Known symbol in D2

Received symbol in D2
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Analog Network Coding (ANC)

S. Katti, S. Gollakota, and D. Katabi, “Embracing wireless Interference: Analog network coding,”
in Proc. ACM SIGCOMM Computer Communication Review, Aug. 2007.
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-1

Analog Network Coding (ANC) – Concept

1 32
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-1

Analog Network Coding (ANC) – Concept

1 32

+ =
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-1

Analog Network Coding (ANC) – Concept

1 32

+ =

It does like the amplify-and-forward (AF) 
relay
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Analog Network Coding (ANC) – Concept

1 32

- = - =
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Analog Network Coding (ANC) – BPSK Example

+1

−1

+2

−2

0

Node 1 Node 2 Node 3
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Analog Network Coding (ANC) – BPSK Example (1st Time Slot)

+1

−1

+2

−2

0

Node 1 Node 2 Node 3



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 58

Analog Network Coding (ANC) – BPSK Example (1st Time Slot)

+1

−1

+2

−2

0

Node 1 Node 2 Node 3
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Analog Network Coding (ANC) – BPSK Example (1st Time Slot)

+1

−1

+2

−2

0

Node 1 Node 2 Node 3
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Analog Network Coding (ANC) – BPSK Example (1st Time Slot)

+1

−1

+2

−2

0

Node 1 Node 2 Node 3
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent

Received
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent

Received

What did Node 2 send??
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent

Received

`
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent

Received
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent

Received
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent

Received
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Analog Network Coding (ANC) – BPSK Example (2nd Time Slot)

+1

−1

+2

−2

0

Node 1

Sent

Received

Not Valid…
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Analog Network Coding (ANC) – BPSK Example

• What did this example assume?

1. No fading, i.e., no distortion of amplitude and phase

2. Perfect synchronization

3. Perfect detection of a collision

4. Perfect knowledge of symbol used for decoding at each destination node
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Analog Network Coding (ANC) – More Practical Example

I

Q

0

𝜋/2

𝜋

3𝜋/2

𝜋/2 anticlockwise = 1

𝜋/2 clockwise = 0

Minimum Shift Keying
(MSK) S. Katti, S. Gollakota, and D. Katabi, “Embracing wireless Interference: Analog network coding,”

in Proc. ACM SIGCOMM Computer Communication Review, Aug. 2007.
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Analog Network Coding (ANC) – More Practical Example

-1

1 32
𝑠1(𝑡) 𝑠3(𝑡)

𝑦2 𝑡 = 𝑠1 𝑡 + 𝑠3(𝑡)
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Analog Network Coding (ANC) – More Practical Example

-1

1 32
𝑦2 𝑡 𝑦2 𝑡
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Analog Network Coding (ANC) – More Practical Example

-1

1 2
𝑦2 𝑡

𝑦2 𝑡 = ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1 + ℎ3𝑠3(𝑡)𝑒
𝑖(𝜃3 𝑡 +𝛾3)

𝑠1 𝑡
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Analog Network Coding (ANC) – More Practical Example

-1

1 2
𝑦2 𝑡

𝑠1 𝑡

𝑦2 𝑡 = ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1 + ℎ2𝑠2(𝑡)𝑒
𝑖(𝜃2 𝑡 +𝛾2)

If, we can know these values…
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Analog Network Coding (ANC) – More Practical Example

-1

1 2
𝑦2 𝑡

𝑠1 𝑡

𝑦2 𝑡 = ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1 + ℎ2𝑠2(𝑡)𝑒
𝑖(𝜃2 𝑡 +𝛾2)

𝑟 =
ℎ1𝑠1 𝑡 + 1 𝑒𝑖 𝜃1 𝑡+1 +𝛾1

ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1
= 𝑒𝑖 𝜃1 𝑡+1 −𝜃1 𝑡

How?? In the case of the phase…

If, we can know these values…
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Analog Network Coding (ANC) – More Practical Example

-1

1 2
𝑦2 𝑡

𝑦2 𝑡 = ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1 + ℎ2𝑠2(𝑡)𝑒
𝑖(𝜃2 𝑡 +𝛾2)

𝑠1 𝑡

𝑟 =
ℎ1𝑠1 𝑡 + 1 𝑒𝑖 𝜃1 𝑡+1 +𝛾1

ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1
= 𝑒𝑖 𝜃1 𝑡+1 −𝜃1 𝑡

Since we calculate the difference in the phase,
we can know what was transmitted before
because of the characteristic of MSK

How?? In the case of the phase…

If, we can know these values…
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Analog Network Coding (ANC) – More Practical Example

-1

1 2
𝑦2 𝑡

𝑦2 𝑡 = ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1 + ℎ2𝑠2(𝑡)𝑒
𝑖(𝜃2 𝑡 +𝛾2)

𝑠1 𝑡

𝑦 = ℎ𝑥, where 𝑥 denotes training signal

Thus, the estimated channel ℎ = 𝑦/𝑥

If, we can know these values…

How?? In the case of the channel…
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Analog Network Coding (ANC) – More Practical Example

-1

1 2
𝑦2 𝑡

𝑦2 𝑡 = ℎ1𝑠1 𝑡 𝑒𝑖 𝜃1 𝑡 +𝛾1 + ℎ2𝑠2(𝑡)𝑒
𝑖(𝜃2 𝑡 +𝛾2)

𝑠1 𝑡

If, we can know these values…

How?? In the case of the channel…

𝑦 = ℎ𝑥, where 𝑥 denotes training signal

Thus, the estimated channel ℎ = 𝑦/𝑥

This simple method is called
least square (LS) channel estimation
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Analog Network Coding (ANC) – Implementation using SDR

Ettus Research USRP N320
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Analog Network Coding (ANC) – Implementation using SDR

Ettus Research USRP N320
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Analog Network Coding (ANC) – Implementation using SDR

• ANC is relatively simpler than PNC to implement by Hardware

• However, easy to cause error propagation because of AF relaying
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Analog Network Coding (ANC) – Implementation using SDR

• ANC is relatively simpler than PNC to implement by Hardware

• However, easy to cause error propagation because of AF relaying
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Analog Network Coding (ANC) – Implementation using SDR

• ANC is relatively simpler than PNC to implement by Hardware

• However, easy to cause error propagation because of AF relaying

≈ 𝟕𝟎% ↑≈ 𝟑𝟎% ↑

ANC
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Analog Network Coding (ANC) – Implementation using SDR

• ANC is relatively simpler than PNC to implement by Hardware

• However, easy to cause error propagation because of AF relaying

≈ 𝟕𝟎% ↑≈ 𝟑𝟎% ↑

≈ 𝟗𝟗% ↑

≈ 𝟒𝟗% ↑

ANC PNC

L. Lu, et al. “Implementation of physical-layer
network coding,” in Proc. IEEE ICC, 2012
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Analog Network Coding (ANC) – Implementation using SDR

• ANC is relatively simpler than PNC to implement by Hardware

• However, easy to cause error propagation because of AF relaying

• In summary,

ANC
(AF-like) 

PNC
(DF-like)

Complexity Low High

Throughput Low High
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Soft Bit-based Network Coding



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 89

Soft Bit-based Network Coding – What is Soft Bit?

Channel
Encoder

Modulator

Demodulator
Channel
Decoder

Channel

Bit Bit Symbol

Symbol
Hard

or Soft BitBit
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Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q
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Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

Case 1

received
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Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

Case 1

received
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Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

00
Hard Decision

Case 1

received



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 94

Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

Case 2

received
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Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

?

Case 2

received



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 96

Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

Case 2

? received
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Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

Case 2

? ?received

AMBIGUITY
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Soft Bit-based Network Coding – What is Soft Bit?

00

0111

10

I

Q

Case 2

received
00

If we use
Hard Decision

“Because it’s slightly closer to 00”
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Soft Bit-based Network Coding – What is Soft Bit?

0111

10

I

Q

received

Case 2

00

What is the probability that the first bit is 1 or 0?

What is the probability that the second bit is 1 or 0?
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Soft Bit-based Network Coding – What is Soft Bit?

0111

10

I

Q

received

Case 2

00

The demodulator withholds the final decision
and passes only that possibility to the channel decoder

in order to make the improved final decision
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0111

𝑃(𝑏𝑖|𝑦) =
)𝑃(𝑦|𝑏𝑖)𝑃(𝑏𝑖

)𝑃(𝑦
=

)𝑃(𝑦|𝑏𝑖
)𝑃(𝑦

)𝑃(𝑏𝑖
)𝑃(𝑦

=
)𝑃(𝑦|𝑏𝑖

)𝑃(𝑦
2𝑃(𝑦) = 𝑃(𝑦|𝑏𝑖)𝑃(𝑦), 𝑖 = 1,2

Soft Bit-based Network Coding – What is Soft Bit?

10

I

Q

received

Case 2

00

by Bayes’ rule
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Soft Bit-based Network Coding – What is Soft Bit?

0111

10

I

Q

received

Case 2

00

1ib  ,  if
( | 1) ( )

log( ) 0
( | 0) ( )

i

i

P y b P y

P y b P y
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Soft Bit-based Network Coding – What is Soft Bit?

0111

10

I

Q

received

Case 2

00

( | 1)
log( ) 0

( | 0)

i

i

P y b

P y b





1ib  ,  if
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Soft Bit-based Network Coding – Encoding and Decoding

• Modulation Mapping Rule

 Binary 0→ +1 and Binary 1→ −1

 𝑏1⨁𝑏2 ≜ 𝑓(𝑏1)𝑓(𝑏2)

 ex) 0⨁1 = 1

 ex) +1 × −1 = −1 → 1



Dr.-Ing. Dongho You
Analog Inter Flow Network Coding
Technische Universität Dresden, Deutsche Telekom Chair of Communication Networks

Slide 105

Soft Bit-based Network Coding – Encoding and Decoding

• Modulation Mapping Rule

 Binary 0→ +1 and Binary 1→ −1

 𝑏1⨁𝑏2 ≜ 𝑓(𝑏1)𝑓(𝑏2)

 ex) 0⨁1 = 1

 ex) +1 × −1 = −1 → 1

• Therefore,

 𝑃 𝑏1⨁𝑏2 = +1 = 𝑃 𝑏1 = +1 𝑃 𝑏2 = +1 + 𝑃 𝑏1 = −1 𝑃 𝑏2 = −1

 𝑃 𝑏1⨁𝑏2 = −1 = 𝑃 𝑏1 = +1 𝑃 𝑏2 = −1 + 𝑃 𝑏1 = −1 𝑃 𝑏2 = +1

 where 𝑃 𝑏 = +1 =
𝑒𝐿

1+𝑒𝐿
and   𝑃 𝑏 = −1 =

1

1+𝑒𝐿

J. Hagenauer, E. Offer, and L. Papke, “Iterative Decoding of Binary Block and Convolutional Codes,”IEEE Transactions On Information Theory, Mar. 1996.
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Soft Bit-based Network Coding – Encoding and Decoding

• Modulation Mapping Rule

 Binary 0→ +1 and Binary 1→ −1

 𝑏1⨁𝑏2 ≜ 𝑓(𝑏1)𝑓(𝑏2)

 ex) 0⨁1 = 1

 ex) +1 × −1 = −1 → 1

• Therefore,

 𝑃 𝑏1⨁𝑏2 = +1 = 𝑃 𝑏1 = +1 𝑃 𝑏2 = +1 + 𝑃 𝑏1 = −1 𝑃 𝑏2 = −1

 𝑃 𝑏1⨁𝑏2 = −1 = 𝑃 𝑏1 = +1 𝑃 𝑏2 = −1 + 𝑃 𝑏1 = −1 𝑃 𝑏2 = +1

 where 𝑃 𝑏 = +1 =
𝑒𝐿

1+𝑒𝐿
and   𝑃 𝑏 = −1 =

1

1+𝑒𝐿

𝐿(𝑏1 ⊕𝑏2) = log(
)𝑃(𝑦|𝑏1 ⊕𝑏2 = +1

)𝑃(𝑦|𝑏1 ⊕𝑏2 = −1
) =

1 + 𝑒 )𝐿(𝑏1)+𝐿(𝑏2

𝑒 )𝐿(𝑏1 + 𝑒 )𝐿(𝑏2

)≈ 𝑠𝑖𝑔𝑛(𝐿(𝑏1)) ⋅ 𝑠𝑖𝑔𝑛(𝐿(𝑏2)) ⋅ min(|𝐿(𝑏1)|, |𝐿(𝑏2)|

J. Hagenauer, E. Offer, and L. Papke, “Iterative Decoding of Binary Block and Convolutional Codes,”IEEE Transactions On Information Theory, Mar. 1996.
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Soft Bit-based Network Coding – Example (1st Time Slot)

1 3

2
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Soft Bit-based Network Coding – Example (1st Time Slot)

1 3

2
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Soft Bit-based Network Coding – Example (2nd Time Slot)

1 3

2
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Soft Bit-based Network Coding – Example (2nd Time Slot)

1 3

2
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Soft Bit-based Network Coding – Example (2nd Time Slot)

1 3

2

)𝐿(𝑏1 ⊕ 𝑏2) ≈ 𝑠𝑖𝑔𝑛(−1.2)) ⋅ 𝑠𝑖𝑔𝑛(+2.2) ⋅ min( −1.2 , + 2.2|

≈ −1 ⋅ +1 ⋅ 1.2

≈ −1.2
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Soft Bit-based Network Coding – Example (2nd Time Slot)

1 3

2

)𝐿 𝑏1 ⊕ 𝑏2 ≈ 𝑠𝑖𝑔𝑛(−1.2)) ⋅ 𝑠𝑖𝑔𝑛(+2.2) ⋅ min( −0.2 , + 2.2|

≈ −1 ⋅ +1 ⋅ 1.2

≈ −1.2 ≥ 0?
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Soft Bit-based Network Coding – Decoding

𝐿(𝑏𝑟) = 𝐿(𝑏1 ⊕𝑏2) …

𝐿(𝑏1)

(Own soft bit)

(Received soft bit from the relay)

011101001… Network
Decoder

Channel
Decoder

Joint Network and Channel Decoder
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Soft Bit-based Network Coding – Decoding

𝐿(𝑏𝑟) = 𝐿(𝑏1 ⊕𝑏2) …

𝐿(𝑏1)

(Own soft bit)

(Received soft bit from the relay)

011101001… Network
Decoder

Channel
Decoder

Joint Network and Channel Decoder

• Convolutional Codes

• Turbo Codes

• LDPC Codes

• Polar Codes

• etc.
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Soft Bit-based Network Coding – Decoding (SISO Decoder Example)

SISO
Decoder

𝐿1 = 𝐿 𝑏1

(Own soft bit)

𝐿3 = 𝐿 𝑏3

𝐿2 = 𝐿 𝑏1 ⊕𝑏3

(Received from relay)

⊕
𝐿2
+

(Directly received
from Node 3)

𝐿3
+𝐿2

−𝐿3
−

※ SISO: Soft Input Soft Output

Enhancement
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Summary

• Motivations

• Physical-layer Network Coding (PNC)

• Analog Network Coding (ANC)

• Soft Bit-based Network Coding


