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of use in for example the two-way interference channel
where each receiver sees one desired message and interference
signals from two users. At least this may be the case when
considering restricted nodes - when they are unrestricted then
this combined interference signal may actually contain useful
cooperative information. At this stage it might be useful to
have the users align or cooperate in some way so that a
similar combination of messages is decoded and used - i.e.
rather than trying to decode individual cooperate messages
from the users. No structured codes are used (they cite them
being too complex) - all that is assumed is that there is a
form of invertibility condition and the assumption that the
combined interference signals take on values in a finite set.
Very nice paper - need to understand this one fully!! Nice
simple deterministic examples of treating interference as noise
versus decoding it - is there a simple two-way deterministic
interference channel that can use here as an example? A-la
Figure 4 of [5]? But it needs to be MORE than decoding
interference - it needs to also have a two-way aspect to it (this
would be unrestricted - so the decoded sum interference could
maybe carry a message?)

Fading
In [1] a channel in which CSIT and CSIR are both non-

ideal and are obtained/agreed upon over a noisy channel
in the forward channel and over a noisy feedback channel,
are obtained. As the channel state information is unknown,
diversity-multiplexing tradeoffs are key metrics to consider;
the authors derive achievable diversity-multiplexing tradeoffs
for FDD and TDD systems which exploit multiple rounds of
conferencing to extract more bits about the actual channel
state - a form of iterative refinement scheme which increases
the diversity order with every round of communication. In
addition, the authors develop a multi-round protocol for the
TDD system which exploits channel reciprocity and achieves
the maximal diversity-multiplexing tradeoff and dominates its
FDD counterparts where no reciprocity is available.

Source coding two-way
The work of Alon Orlitsky on two-way source coding

problems and interactive communications is of great relevance
when approaching the two-way problem from a joint source-
channel coding perspective. Orlitsky’s work has mainly fo-
cussed on source coding, assuming the communication channel
to be ideal, or focussing on zero-error communication prob-
lems over noisy channel (thereby requiring the probability
of error to be exactly zero rather than vanishingly small as
the number of channel uses tends to infinity). HAS THE
GENERAL CASE BEEN CONSIDERED? ASK ORLITSKY
AT ISIT? In [2] Orlitsky considers the zero-error capacity
of a channel and exhibits sources for which communicating
multiple instances requires about 1 bit per instance but com-
municating one instance requires arbitrarily many bits, and
also exhibit sources for which the number of bits required for
a single instance is comparable to the source’s size, but two
instances require only a logarithmic number of additional bits.
I don’t believe [2] has any two-way communication involved
but the question of zero-error capacity of a two-way channel
- is that open?

In [3] Orlitsky considers another communication problem

where a sender wants to accurately convey information to
a receiver who has some possibly related data, i.e. sender
wants to send X and receiver has Y where (X, Y ) ∼ p(x, y).
The authors obtain bounds on the number of symbols that
must be transmitted using a zero-error, one-way, deterministic
protocol to exactly obtain X and the receiver who has Y .
Bounds on the number of bits in unresticted model, and
multiple instances (multiple (Xi, Yi) pairs) are considered.
Still a one-way problem. All these problems map to graph
theoretic problems due to the zero-error nature of the desired
communication - vertices of the graph are messages and two
messages are connected if they are confusable at the output.
A random graph is a graph and a random variable that is
randomly distributed over this graph.

Slepian-Wolf coding
The Slepian-Wolf theorem deals with the lossless com-

pression of two or more correlated data streams. Wyner-Ziv
coding extends this in two ways: first it considers a point-
to-point transmission where X is desired at receiver which
has Y where X and Y are correlated (zero-error source-
coding problem with side information). Furthermore, Wynzer
and Ziv considered the problem where the channel is no
longer noiseless and obtain the rate-distortion function for
transmitting X and rate R(d) when distortion d is tolerated and
the receiver has side-information Y . In [17] this is generalized
to networks, where sufficient conditions for multicasting a set
of correlated sources over cooperative networks (nodes may
transmit, receive and forward what they overhear) is presented,
which uses a joint source-Wyner-Ziv encoding/sliding-window
decoding scheme.
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of use in for example the two-way interference channel
where each receiver sees one desired message and interference
signals from two users. At least this may be the case when
considering restricted nodes - when they are unrestricted then
this combined interference signal may actually contain useful
cooperative information. At this stage it might be useful to
have the users align or cooperate in some way so that a
similar combination of messages is decoded and used - i.e.
rather than trying to decode individual cooperate messages
from the users. No structured codes are used (they cite them
being too complex) - all that is assumed is that there is a
form of invertibility condition and the assumption that the
combined interference signals take on values in a finite set.
Very nice paper - need to understand this one fully!! Nice
simple deterministic examples of treating interference as noise
versus decoding it - is there a simple two-way deterministic
interference channel that can use here as an example? A-la
Figure 4 of [5]? But it needs to be MORE than decoding
interference - it needs to also have a two-way aspect to it (this
would be unrestricted - so the decoded sum interference could
maybe carry a message?)

Fading
In [1] a channel in which CSIT and CSIR are both non-

ideal and are obtained/agreed upon over a noisy channel
in the forward channel and over a noisy feedback channel,
are obtained. As the channel state information is unknown,
diversity-multiplexing tradeoffs are key metrics to consider;
the authors derive achievable diversity-multiplexing tradeoffs
for FDD and TDD systems which exploit multiple rounds of
conferencing to extract more bits about the actual channel
state - a form of iterative refinement scheme which increases
the diversity order with every round of communication. In
addition, the authors develop a multi-round protocol for the
TDD system which exploits channel reciprocity and achieves
the maximal diversity-multiplexing tradeoff and dominates its
FDD counterparts where no reciprocity is available.

Source coding two-way
The work of Alon Orlitsky on two-way source coding

problems and interactive communications is of great relevance
when approaching the two-way problem from a joint source-
channel coding perspective. Orlitsky’s work has mainly fo-
cussed on source coding, assuming the communication channel
to be ideal, or focussing on zero-error communication prob-
lems over noisy channel (thereby requiring the probability
of error to be exactly zero rather than vanishingly small as
the number of channel uses tends to infinity). HAS THE
GENERAL CASE BEEN CONSIDERED? ASK ORLITSKY
AT ISIT? In [2] Orlitsky considers the zero-error capacity
of a channel and exhibits sources for which communicating
multiple instances requires about 1 bit per instance but com-
municating one instance requires arbitrarily many bits, and
also exhibit sources for which the number of bits required for
a single instance is comparable to the source’s size, but two
instances require only a logarithmic number of additional bits.
I don’t believe [2] has any two-way communication involved
but the question of zero-error capacity of a two-way channel
- is that open?

In [3] Orlitsky considers another communication problem

where a sender wants to accurately convey information to
a receiver who has some possibly related data, i.e. sender
wants to send X and receiver has Y where (X, Y ) ∼ p(x, y).
The authors obtain bounds on the number of symbols that
must be transmitted using a zero-error, one-way, deterministic
protocol to exactly obtain X and the receiver who has Y .
Bounds on the number of bits in unresticted model, and
multiple instances (multiple (Xi, Yi) pairs) are considered.
Still a one-way problem. All these problems map to graph
theoretic problems due to the zero-error nature of the desired
communication - vertices of the graph are messages and two
messages are connected if they are confusable at the output.
A random graph is a graph and a random variable that is
randomly distributed over this graph.

Slepian-Wolf coding
The Slepian-Wolf theorem deals with the lossless com-

pression of two or more correlated data streams. Wyner-Ziv
coding extends this in two ways: first it considers a point-
to-point transmission where X is desired at receiver which
has Y where X and Y are correlated (zero-error source-
coding problem with side information). Furthermore, Wynzer
and Ziv considered the problem where the channel is no
longer noiseless and obtain the rate-distortion function for
transmitting X and rate R(d) when distortion d is tolerated and
the receiver has side-information Y . In [17] this is generalized
to networks, where sufficient conditions for multicasting a set
of correlated sources over cooperative networks (nodes may
transmit, receive and forward what they overhear) is presented,
which uses a joint source-Wyner-Ziv encoding/sliding-window
decoding scheme.
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of use in for example the two-way interference channel
where each receiver sees one desired message and interference
signals from two users. At least this may be the case when
considering restricted nodes - when they are unrestricted then
this combined interference signal may actually contain useful
cooperative information. At this stage it might be useful to
have the users align or cooperate in some way so that a
similar combination of messages is decoded and used - i.e.
rather than trying to decode individual cooperate messages
from the users. No structured codes are used (they cite them
being too complex) - all that is assumed is that there is a
form of invertibility condition and the assumption that the
combined interference signals take on values in a finite set.
Very nice paper - need to understand this one fully!! Nice
simple deterministic examples of treating interference as noise
versus decoding it - is there a simple two-way deterministic
interference channel that can use here as an example? A-la
Figure 4 of [5]? But it needs to be MORE than decoding
interference - it needs to also have a two-way aspect to it (this
would be unrestricted - so the decoded sum interference could
maybe carry a message?)

Fading
In [1] a channel in which CSIT and CSIR are both non-

ideal and are obtained/agreed upon over a noisy channel
in the forward channel and over a noisy feedback channel,
are obtained. As the channel state information is unknown,
diversity-multiplexing tradeoffs are key metrics to consider;
the authors derive achievable diversity-multiplexing tradeoffs
for FDD and TDD systems which exploit multiple rounds of
conferencing to extract more bits about the actual channel
state - a form of iterative refinement scheme which increases
the diversity order with every round of communication. In
addition, the authors develop a multi-round protocol for the
TDD system which exploits channel reciprocity and achieves
the maximal diversity-multiplexing tradeoff and dominates its
FDD counterparts where no reciprocity is available.

Source coding two-way
The work of Alon Orlitsky on two-way source coding

problems and interactive communications is of great relevance
when approaching the two-way problem from a joint source-
channel coding perspective. Orlitsky’s work has mainly fo-
cussed on source coding, assuming the communication channel
to be ideal, or focussing on zero-error communication prob-
lems over noisy channel (thereby requiring the probability
of error to be exactly zero rather than vanishingly small as
the number of channel uses tends to infinity). HAS THE
GENERAL CASE BEEN CONSIDERED? ASK ORLITSKY
AT ISIT? In [2] Orlitsky considers the zero-error capacity
of a channel and exhibits sources for which communicating
multiple instances requires about 1 bit per instance but com-
municating one instance requires arbitrarily many bits, and
also exhibit sources for which the number of bits required for
a single instance is comparable to the source’s size, but two
instances require only a logarithmic number of additional bits.
I don’t believe [2] has any two-way communication involved
but the question of zero-error capacity of a two-way channel
- is that open?

In [3] Orlitsky considers another communication problem

where a sender wants to accurately convey information to
a receiver who has some possibly related data, i.e. sender
wants to send X and receiver has Y where (X, Y ) ∼ p(x, y).
The authors obtain bounds on the number of symbols that
must be transmitted using a zero-error, one-way, deterministic
protocol to exactly obtain X and the receiver who has Y .
Bounds on the number of bits in unresticted model, and
multiple instances (multiple (Xi, Yi) pairs) are considered.
Still a one-way problem. All these problems map to graph
theoretic problems due to the zero-error nature of the desired
communication - vertices of the graph are messages and two
messages are connected if they are confusable at the output.
A random graph is a graph and a random variable that is
randomly distributed over this graph.

Slepian-Wolf coding
The Slepian-Wolf theorem deals with the lossless com-

pression of two or more correlated data streams. Wyner-Ziv
coding extends this in two ways: first it considers a point-
to-point transmission where X is desired at receiver which
has Y where X and Y are correlated (zero-error source-
coding problem with side information). Furthermore, Wynzer
and Ziv considered the problem where the channel is no
longer noiseless and obtain the rate-distortion function for
transmitting X and rate R(d) when distortion d is tolerated and
the receiver has side-information Y . In [17] this is generalized
to networks, where sufficient conditions for multicasting a set
of correlated sources over cooperative networks (nodes may
transmit, receive and forward what they overhear) is presented,
which uses a joint source-Wyner-Ziv encoding/sliding-window
decoding scheme.
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of use in for example the two-way interference channel
where each receiver sees one desired message and interference
signals from two users. At least this may be the case when
considering restricted nodes - when they are unrestricted then
this combined interference signal may actually contain useful
cooperative information. At this stage it might be useful to
have the users align or cooperate in some way so that a
similar combination of messages is decoded and used - i.e.
rather than trying to decode individual cooperate messages
from the users. No structured codes are used (they cite them
being too complex) - all that is assumed is that there is a
form of invertibility condition and the assumption that the
combined interference signals take on values in a finite set.
Very nice paper - need to understand this one fully!! Nice
simple deterministic examples of treating interference as noise
versus decoding it - is there a simple two-way deterministic
interference channel that can use here as an example? A-la
Figure 4 of [5]? But it needs to be MORE than decoding
interference - it needs to also have a two-way aspect to it (this
would be unrestricted - so the decoded sum interference could
maybe carry a message?)

Fading
In [1] a channel in which CSIT and CSIR are both non-

ideal and are obtained/agreed upon over a noisy channel
in the forward channel and over a noisy feedback channel,
are obtained. As the channel state information is unknown,
diversity-multiplexing tradeoffs are key metrics to consider;
the authors derive achievable diversity-multiplexing tradeoffs
for FDD and TDD systems which exploit multiple rounds of
conferencing to extract more bits about the actual channel
state - a form of iterative refinement scheme which increases
the diversity order with every round of communication. In
addition, the authors develop a multi-round protocol for the
TDD system which exploits channel reciprocity and achieves
the maximal diversity-multiplexing tradeoff and dominates its
FDD counterparts where no reciprocity is available.

Source coding two-way
The work of Alon Orlitsky on two-way source coding

problems and interactive communications is of great relevance
when approaching the two-way problem from a joint source-
channel coding perspective. Orlitsky’s work has mainly fo-
cussed on source coding, assuming the communication channel
to be ideal, or focussing on zero-error communication prob-
lems over noisy channel (thereby requiring the probability
of error to be exactly zero rather than vanishingly small as
the number of channel uses tends to infinity). HAS THE
GENERAL CASE BEEN CONSIDERED? ASK ORLITSKY
AT ISIT? In [2] Orlitsky considers the zero-error capacity
of a channel and exhibits sources for which communicating
multiple instances requires about 1 bit per instance but com-
municating one instance requires arbitrarily many bits, and
also exhibit sources for which the number of bits required for
a single instance is comparable to the source’s size, but two
instances require only a logarithmic number of additional bits.
I don’t believe [2] has any two-way communication involved
but the question of zero-error capacity of a two-way channel
- is that open?

In [3] Orlitsky considers another communication problem

where a sender wants to accurately convey information to
a receiver who has some possibly related data, i.e. sender
wants to send X and receiver has Y where (X, Y ) ∼ p(x, y).
The authors obtain bounds on the number of symbols that
must be transmitted using a zero-error, one-way, deterministic
protocol to exactly obtain X and the receiver who has Y .
Bounds on the number of bits in unresticted model, and
multiple instances (multiple (Xi, Yi) pairs) are considered.
Still a one-way problem. All these problems map to graph
theoretic problems due to the zero-error nature of the desired
communication - vertices of the graph are messages and two
messages are connected if they are confusable at the output.
A random graph is a graph and a random variable that is
randomly distributed over this graph.

Slepian-Wolf coding
The Slepian-Wolf theorem deals with the lossless com-

pression of two or more correlated data streams. Wyner-Ziv
coding extends this in two ways: first it considers a point-
to-point transmission where X is desired at receiver which
has Y where X and Y are correlated (zero-error source-
coding problem with side information). Furthermore, Wynzer
and Ziv considered the problem where the channel is no
longer noiseless and obtain the rate-distortion function for
transmitting X and rate R(d) when distortion d is tolerated and
the receiver has side-information Y . In [17] this is generalized
to networks, where sufficient conditions for multicasting a set
of correlated sources over cooperative networks (nodes may
transmit, receive and forward what they overhear) is presented,
which uses a joint source-Wyner-Ziv encoding/sliding-window
decoding scheme.

REFERENCES

[1] V. Aggarwal and A. Sabharwal, “Bits about the channel:
Multi-round protocols for two-way fading channels,”
http://arxiv4.library.cornell.edu/abs/0909.1011.

[2] N. Alon and A. Orlitsky, “Repeated communication and Ramsey
graphs,” IEEE Trans. Inf. Theory, vol. 41, no. 5, pp. 1276–1289, 1995.

[3] ——, “Source coding and graph entropies,” IEEE Trans. Inf. Theory,
vol. 42, no. 5, pp. 1329–1339, 1996.

[4] E. Ardestanizadeh, M. Wigger, Y. Kim, and T. Javidi, “Linear Sum
Capacity for Gaussian Multiple Access Channels with Feedback,”
http://arxiv4.library.cornell.edu/abs/1002.1781.

[5] B. Bandemer and A. El Gamal, “Interference Decoding for Deterministic
Channels,” http://arxiv.org/abs/1001.4588.

[6] A. Bell, “The co-information lattice,” in Proceedings of the Fifth
International Workshop on Independent Component Analysis and Blind
Signal Separation: ICA 2003, 2003.

[7] M. Chen and A. Yener, “Power allocation for F/TDMA multiuser two-
way relay networks,” IEEE Trans. Wireless Comm., vol. 9, no. 2, pp.
546–551, 2010.

[8] H. Eggleston, Convexity. Cambridge Univ. Press, 1963.
[9] R. Fano, The Transmission of Information: A Statistical Theory. MIT

Press, 1961.
[10] T. S. Han, “Multiple mutual informations and multiple interactions in

frequency data,” Inform. Control, vol. 46, no. 1, pp. 26–45, July 1980.
[11] A. Hekstra and F. Willems, “Dependence balance bounds for single

output two-way channels,” IEEE Trans. Inf. Theory, vol. 35, no. 1, pp.
44–53, Jan. 1989.

[12] R. Khosravi-Farsani, “Two-way writing on dirty paper,”
http://arxiv4.library.cornell.edu/abs/1005.3561v18.

[13] G. Kramer, “Feedback strategies for white gaussian interference net-
works,” IEEE Trans. Inf. Theory, vol. 48, no. 6, June 2002.

[14] G. Kramer and M. Gastpar, “Dependence balance and the gaussian mul-
tiaccess channel with feedback,” in IEEE Information Theory Workshop,
2006, pp. 198–202.

Multiple terminals:
with base-station

Base-station = node 0



Contributions
Base-

station

Relay

End 

user

End 

user

End 

user

W1,0

W0,1

W0,2

W0,3

W2,0

W3,0

W0,1

W1,0

W2,0

W3,0W0,2

W0,3

~

~

~

~

~

~

Base-

station

Relay

End 

user

End 

user

End 

user

- Achievable rate regions (DMC)

- Cut-set based outer bounds

- Numerical results for Gaussian channel



``Protocols’’ = time ``phases’’

Channel 
assumptions

Base-

station

Relay

End 

user

End 

user

End 

user

W1,0

W0,1

W0,2

W0,3

W2,0

W3,0

W0,1

W1,0

W2,0

W3,0W0,2

W0,3

~

~

~

~

~

~

Base-

station

Relay

End 

user

End 

user

End 

user

Half-duplex nodes

Decode + forward relay

Phase 2 = BC phase

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 1 = MAC phase

Base-

station

Relay

End 

user

End 

user

End 

user



Protocol 1: FMABC (Full MAC then BC)

Phase 2 = BC phase

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 1 = MAC phase

Base-

station

Relay

End 

user

End 

user

End 

user

Node 
number

Time

Multiple-
access 
period

Broadcast 
period

}
}

Phase 1 Phase 2



Protocol 2: PMABC (Partial MAC then BC)

Phase 4 = BC phase

Base-

station

Relay

End 

user

End 

user

End 

user

Multiple-
access 
period

Broadcast 
period

}
}

Phase m+1Phase mPhase 1 Phase 2

Node 
number

Time

Phase 1

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 2

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 3

Base-

station

Relay

End 

user

End 

user

End 

user



Protocol 3: FTDBC (Full Time Division then BC)

Multiple-
access 
period

Broadcast 
period

Phase 3

}
}

Node 
number

Time

Phase 5

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 4

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 3

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 2

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 1

Base-

station

Relay

End 

user

End 

user

End 

user



Protocol 4: PTDBC (Partial Time Division then BC)

Phase 3

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 1

 !1  !2  !3 

Phase 1 Phase 2 Phase 3

(d) PTDBC protocol

Multiple-
access 
period

Broadcast 
period

}
}

Node 
number

Time

Base-

station

Relay

End 

user

End 

user

End 

user

Phase 2

Base-

station

Relay

End 

user

End 

user

End 

user



!"#$%
&'()$*

+,($

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

7824$%9 7824$%:

7824$%(;97824$%(7824$%9 7824$%:

7824$%(;:7824$%(;97824$%9 7824$%: 7824$%<

Which protocol is “better”?

1. Extended Marton’s region for broadcasting

2. Per-flow network coding

3. Random-binning to exploit side-information

 !1  !2  !3 

Phase 1 Phase 2 Phase 3

(d) PTDBC protocol

Multiple-
access 
period

Broadcast 
period

}
}

Node 
number

Time

4. CF-based Terminal node cooperation



Marton’s region 

Relay

Base-

station

Relay

End 

user

End 

user

End 

user

W1,0

W0,1

W0,2

W0,3

W2,0

W3,0

W0,1

W1,0

W2,0

W3,0W0,2

W0,3

~

~

~

~

~

~

Base-

station

Relay

End 

user

End 

user

End 

user



Extended Marton’s in our notation Base-

station

Relay

End 

user

End 

user

End 

user

W1,0

W0,1

W0,2

W0,3

W2,0

W3,0

W0,1

W1,0

W2,0

W3,0W0,2

W0,3

~

~

~

~

~

~

Base-

station

Relay

End 

user

End 

user

End 

user

Relay



Use extended Marton’s region at:
Base-

station

Relay

End 

user

End 

user

End 

user

W1,0

W0,1

W0,2

W0,3

W2,0

W3,0

W0,1

W1,0

W2,0

W3,0W0,2

W0,3

~

~

~

~

~

~

Base-

station

Relay

End 

user

End 

user

End 

user

Base-

station

Relay

End 

user

End 

user

End 

user

Base station

Base-

station

Relay

End 

user

End 

user

End 

user

End user

Base-

station

Relay

End 

user

End 

user

End 

user

Relay



!"#$%
&'()$*

+,($

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

7824$%9 7824$%:

7824$%(;97824$%(7824$%9 7824$%:

7824$%(;:7824$%(;97824$%9 7824$%: 7824$%<

Which protocol is “better”?

1. Extended Marton’s region for broadcasting

2. Per-flow network coding

3. Random-binning to exploit side-information

 !1  !2  !3 

Phase 1 Phase 2 Phase 3

(d) PTDBC protocol

Multiple-
access 
period

Broadcast 
period

}
}

Node 
number

Time

4. CF-based Terminal node cooperation



Per-flow Network coding (N) Base-

station

Relay

End 

user

End 

user

End 

user

W1,0

W0,1

W0,2

W0,3

W2,0

W3,0

W0,1

W1,0

W2,0

W3,0W0,2

W0,3

~

~

~

~

~

~

Base-

station

Relay

End 

user

End 

user

End 

user

RelayRelay

Relay

,



!"#$%
&'()$*

+,($

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

7824$%9 7824$%:

7824$%(;97824$%(7824$%9 7824$%:

7824$%(;:7824$%(;97824$%9 7824$%: 7824$%<

1. Extended Marton’s region for broadcasting

2. Per-flow network coding

3. Random-binning to exploit side-information

 !1  !2  !3 

Phase 1 Phase 2 Phase 3

(d) PTDBC protocol

Multiple-
access 
period

Broadcast 
period

}
}

Node 
number

Time

Which protocol is “better”?

4. CF-based Terminal node cooperation



Random binning (R) for exploiting overheard information

Relay Relay Relay



!"#$%
&'()$*

+,($

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

-'./,0.$1
233$44%
0$*,"#

5*"2#324/%
0$*,"#

6
6

7824$%9 7824$%:

7824$%(;97824$%(7824$%9 7824$%:

7824$%(;:7824$%(;97824$%9 7824$%: 7824$%<

1. Extended Marton’s region for broadcasting

2. Per-flow network coding

3. Random-binning to exploit side-information

4. CF-based Terminal node cooperation

 !1  !2  !3 

Phase 1 Phase 2 Phase 3

(d) PTDBC protocol

Multiple-
access 
period

Broadcast 
period

}
}

Node 
number

Time

Which protocol is “better”?



Cooperation (C) between terminal nodes

r : xr   (wr|(k))
(3)

0 : x0   (w0,1|(k+1),w0,2|(k+1))

1 : x1   (w1,0|(k+1),w1,2|(k))

(1)

(1)
0 : x0   (w0,1|(k+1),w0,2|(k+1))

2 : x2   (w2,0|(k+1),w2,1|(k))

(2)

(2)Transmit 

slot k

phase 3 phase 1 phase 2

slot k+1

compress

(3) (3)

(3) (3)

^

^
Process 

decode

(1) ~

(1) ~

(3) (3) ~ ~

(2) ~

(2) ~

(3) (3) ~ ~

^

^

(1) (2)

decode

~ ~

Phase 1 Phase 2 Phase 3

PMABC - NRC Base-

station

Relay

End 

user

End 

user

Base-

station

Relay

End 

user

End 

user

Relay

End 

user

End 

user

Base-

station



Cooperation (C) between terminal nodes

r : xr   (wr|(k))
(3)

0 : x0   (w0,1|(k+1),w0,2|(k+1))

1 : x1   (w1,0|(k+1),w1,2|(k))

(1)

(1)
0 : x0   (w0,1|(k+1),w0,2|(k+1))

2 : x2   (w2,0|(k+1),w2,1|(k))

(2)

(2)Transmit 

slot k

phase 3 phase 1 phase 2

slot k+1

compress

(3) (3)

(3) (3)

^

^
Process 

decode

(1) ~

(1) ~

(3) (3) ~ ~

(2) ~

(2) ~

(3) (3) ~ ~

^

^

(1) (2)

decode

~ ~

Phase 1 Phase 2 Phase 3

PMABC - NRC Base-

station

Relay

End 

user

End 

user

Base-

station

Relay

End 

user

End 

user

Relay

End 

user

End 

user

Base-

station



Cooperation (C) between terminal nodes

r : xr   (wr|(k))
(3)

0 : x0   (w0,1|(k+1),w0,2|(k+1))

1 : x1   (w1,0|(k+1),w1,2|(k))

(1)

(1)
0 : x0   (w0,1|(k+1),w0,2|(k+1))

2 : x2   (w2,0|(k+1),w2,1|(k))

(2)

(2)Transmit 

slot k

phase 3 phase 1 phase 2

slot k+1

compress

(3) (3)

(3) (3)

^

^
Process 

decode

(1) ~

(1) ~

(3) (3) ~ ~

(2) ~

(2) ~

(3) (3) ~ ~

^

^

(1) (2)

decode

~ ~

Phase 1 Phase 2 Phase 3

PMABC - NRC Base-

station

Relay

End 

user

End 

user

Base-

station

Relay

End 

user

End 

user

Relay

End 

user

End 

user

Base-

station



Cooperation (C) between terminal nodes

r : xr   (wr|(k))
(3)

0 : x0   (w0,1|(k+1),w0,2|(k+1))

1 : x1   (w1,0|(k+1),w1,2|(k))

(1)

(1)
0 : x0   (w0,1|(k+1),w0,2|(k+1))

2 : x2   (w2,0|(k+1),w2,1|(k))

(2)

(2)Transmit 

slot k

phase 3 phase 1 phase 2

slot k+1

compress

(3) (3)

(3) (3)

^

^
Process 

decode

(1) ~

(1) ~

(3) (3) ~ ~

(2) ~

(2) ~

(3) (3) ~ ~

^

^

(1) (2)

decode

~ ~

Phase 1 Phase 2 Phase 3

PMABC - NRC Base-

station

Relay

End 

user

End 

user

Base-

station

Relay

End 

user

End 

user

Relay

End 

user

End 

user

Base-

station



Cooperation (C) between terminal nodes

r : xr   (wr|(k))
(3)

0 : x0   (w0,1|(k+1),w0,2|(k+1))

1 : x1   (w1,0|(k+1),w1,2|(k))

(1)

(1)
0 : x0   (w0,1|(k+1),w0,2|(k+1))

2 : x2   (w2,0|(k+1),w2,1|(k))

(2)

(2)Transmit 

slot k

phase 3 phase 1 phase 2

slot k+1

compress

(3) (3)

(3) (3)

^

^
Process 

decode

(1) ~

(1) ~

(3) (3) ~ ~

(2) ~

(2) ~

(3) (3) ~ ~

^

^

(1) (2)

decode

~ ~

Phase 1 Phase 2 Phase 3

PMABC - NRC Base-

station

Relay

End 

user

End 

user

Base-

station

Relay

End 

user

End 

user

Relay

End 

user

End 

user

Base-

station



12

Fig. 4. An example of the PMABC protocol with m = 2 and cooperation.

TABLE I

PROTOCOLS AND CODING SCHEMES

Protocol Multiple Access Marton’s Broadcast Network coding Random binning User cooperation

Simplest – – – – –

FMABC X X – – –

FMABC-N X X X – –

PMABC X X – – –

PMABC-NR X X X X –

PMABC-NRC X X X X X

FTDBC – X – – –

FTDBC-NR – X X X –

FTDBC-NRC – X X X X

PTDBC X X – – –

PTDBC-NR X X X X –

Table I and derive an outer bound for FMABC, PMABC, FTDBC and PTDBC separately. All outer

bounds are variations of cut-set outer bounds along the lines of [14]–[16].

III. EXTENSION OF MARTON’S INNER BOUND

Due to the presence of > 2 independent messages at the relay who will wish to broadcast messages

to the terminal and base-station nodes, for completeness, we first present a simple extension of Marton’s

achievable rate region for the 2 user discrete memoryless broadcast channel [27] to m independent

receivers in the absence of common information. This Theorem will be used in the derivation of the

January 29, 2010 DRAFT

N = Network coding
R = Random binning
C = Cooperation between terminals
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Simulations in Gaussian noise

25

D. PTDBC protocol

Theorem 20: (Outer bound) The capacity region of the half-duplex bi-directional relay channel under

the PTDBC protocol is outer bounded by the set of all points (R0,b, Rb,0) for all b ∈ B satisfying

R{0},S ≤ min
{

∆1I(X(1)
0

;Y (1)
r , Y

(1)
S ) + ∆2I(X(2)

S̄
;Y (2)

r |X(2)
S , Q),

∆1I(X(1)
0

;Y (1)
S ) + ∆3I(X(3)

r ;Y (3)
S )

}

(74)

RS,{0} ≤ min
{

∆2I(X(2)
S ;Y (2)

0
|X(2)

S̄
, Q) + ∆3I(X(2)

r ;Y (2)
0

, Y
(2)
S̄

),

∆2I(X(2)
S ;Y (2)

0
, Y

(2)
r |X(2)

S̄
, Q)

}

(75)

for all choices of the joint distribution p(q)p(1)(x0)
∏m

i=1 p(2)(xi|q) p(3)(xr) with |Q| ≤ 2m − 1 over the

restricted alphabet
⊗m

i=0 Xi × Xr ×Q for all possible S ⊆ B.

Proof outline : The proof of Theorem 20 follows the same argument as the proof of Theorem 17.

These outer bounds will be evaluated in Gaussian noise, as described next.

VI. GAUSSIAN NOISE CHANNEL

In this section, we evaluate the achievable rate regions and outer bounds obtained in the previous

section to an AWGN channel. To do so, we assume an additive white Gaussian noise (AWGN) channel

model, assume Gaussian input distributions for the achievability schemes, which may or may not be

optimal, and evaluate the mutual information terms. The resulting rate regions are indeed quite complex:

our goals are to demonstrate, at least under Gaussian input distributions, that:

• Network coding, Random Binning, and Cooperation all improve the rate regions over simpler schemes

which employ standard multiple access and broadcast channel coding schemes.

• There are no inclusion relationships between FMABC, PMABC, FTDBC and PTDBC regions.

Furthermore, we include entirely the somewhat laborious analytical expressions in the Gaussian noise

regime; we hope that these expressions may be of use to the further exploration of the obtained regions

in for example the high or low SNR regimes, which is the subject of current investigation [20].

A. Channel model

The corresponding mathematical channel model is, for each channel use k :

Y[k] = HX[k] + Z[k] (76)
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VII. NUMERICAL ANALYSIS

In this section, we numerically evaluate the rate regions obtained in the previous section for the case

of two terminal nodes m = 2. We first compare the achievable rate regions and outer bounds of the

different protocols, using different combinations of encoding schemes, for both reciprocal channel H1

and asymmetric channel H2:
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We then proceed to examine the maximal sum-rate R0,1 + R0,2 + R1,0 + R2,0. Finally, we dedicate the

last section to the evaluation of the cooperation coding gain.

A. Achievable rate region comparisons

We compare the achievable rate regions of the different protocols, using different combinations of

encoding schemes, with the simplest protocol. We set P0 = P1 = P2 = Pr = 0 dB and H = H1. In

Fig. 6, there are three achievable rate regions; 1) the simplest protocol (Simple), 2) convex hull of the

FMABC, PMABC and FTDBC protocols (MB) and 3) convex hull of the FMABC-N, PMABC-NR and

FTDBC-NR protocols (MB-NR). The 4-dimensional rate regions (R0,1, R0,2, R1,0, R2,0) are projected

onto (R0,1 + R0,2, R1,0 + R2,0) 2-dimensional space. For more realistic comparison, we add lower limits

of individual data rates, i.e., R0,1 ≥ 0.01, R0,2 ≥ 0.01, R1,0 ≥ 0.01, R2,0 ≥ 0.01 to guarantee minimum

information flow in each data link. Without this limitation, the maximum sum-rates will be reached when

both the transmission rates R0,2 and R2,0 equal zero at least in the Simplest case because the link between

the relay and the node 2 is very poor. We want to emphasize that the value of the minimum data rate

(set as 0.01 here) do not affect the following simulation outcomes. The Simple region is outer bounded

by the MB region. This implies that the proposed protocols using only conventional MAC and extended

Martons broadcasting coding largely enhance the performance. Furthermore, we can significantly improve

the achievable rate region by Network coding and Random binning schemes (in MB-NR).

We next evaluate the achievable rate regions and outer bounds for different SNR regimes and channel

conditions. We plot the inner bounds of the FMABC-N, PMABC-NR and FTDBC-NR protocols. The

main outcome is that different protocols are optimal under different channel conditions. This is because

the amount of side information and multiple access interference is different. In the low SNR regime (Fig.
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FMABC, PMABC and FTDBC protocols (MB) and 3) convex hull of the FMABC-N, PMABC-NR and

FTDBC-NR protocols (MB-NR). The 4-dimensional rate regions (R0,1, R0,2, R1,0, R2,0) are projected

onto (R0,1 + R0,2, R1,0 + R2,0) 2-dimensional space. For more realistic comparison, we add lower limits

of individual data rates, i.e., R0,1 ≥ 0.01, R0,2 ≥ 0.01, R1,0 ≥ 0.01, R2,0 ≥ 0.01 to guarantee minimum

information flow in each data link. Without this limitation, the maximum sum-rates will be reached when

both the transmission rates R0,2 and R2,0 equal zero at least in the Simplest case because the link between

the relay and the node 2 is very poor. We want to emphasize that the value of the minimum data rate

(set as 0.01 here) do not affect the following simulation outcomes. The Simple region is outer bounded

by the MB region. This implies that the proposed protocols using only conventional MAC and extended

Martons broadcasting coding largely enhance the performance. Furthermore, we can significantly improve

the achievable rate region by Network coding and Random binning schemes (in MB-NR).

We next evaluate the achievable rate regions and outer bounds for different SNR regimes and channel

conditions. We plot the inner bounds of the FMABC-N, PMABC-NR and FTDBC-NR protocols. The

main outcome is that different protocols are optimal under different channel conditions. This is because

the amount of side information and multiple access interference is different. In the low SNR regime (Fig.
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dB, H = H1.

bounds since the sum rate constraints don’t affect to the outer bounds.

C. Cooperation coding gain

To show the cooperation coding gain, we plot the achievable rate region of the different protocols

with and without cooperation. In Fig. 12, we fixed the data rates (R0,1, R2,0) to the rate pair ((0.19,0.01)

and plot rate regions in the (R1,0, R0,2) domain. We do this to highlight the cooperation gain, which

comes from re-allocating node 1’s transmission resources (i.e. relative power) to the two information

flows; 1 → r (R1,0) and 1 → 2 (R0,2). As expected -NRC protocols achieve much better performance

than -NR protocols. Notably, the cooperation protocols improve R0,2 without any degradation of R1,0 in
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APPENDIX A

LEMMA FOR THEOREM 1

Lemma 21: For a given subset S ⊆ B, |S| > 1, we define w = {wi, i ∈ S}, w0 = {wi0|i ∈ S},

u(w0) = {ui(wi0)|i ∈ S}, U = {Ui|i ∈ S} and the set

Dw :=

{

u(w0) ∈ A(U)|w0 ∈
⊗

i∈S

Bi
wi

}

. (138)

Then for any choice of w, ε > 0 and sufficiently large n :

P [‖Dw‖ = 0] ≤ ε (139)

with

∑

i∈S

Ri <
∑

i∈S

(

I(Ui;Yi) − I(Ui;US(i))
)

− |S|ε − δ(ε) (140)

where δ(ε) → 0 as ε → 0.

Proof: We use the similar proofs to Lemma in [9]. From Chebychev’s inequality, we have

P [‖Dw‖ = 0] ≤ P [|‖Dw‖ − E[‖Dw‖]| > εE[‖Dw‖]] ≤
(σ[‖Dw‖])2

ε2(E[‖Dw‖])2
(141)

and

P [u(w0) ∈ Dw] ≥ 2n(H(U)−
P

i∈S H(Ui)−δ(ε)) (142)

= 2−n(
P

i∈S I(Ui;US(i))+δ(ε)) (143)
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of use in for example the two-way interference channel
where each receiver sees one desired message and interference
signals from two users. At least this may be the case when
considering restricted nodes - when they are unrestricted then
this combined interference signal may actually contain useful
cooperative information. At this stage it might be useful to
have the users align or cooperate in some way so that a
similar combination of messages is decoded and used - i.e.
rather than trying to decode individual cooperate messages
from the users. No structured codes are used (they cite them
being too complex) - all that is assumed is that there is a
form of invertibility condition and the assumption that the
combined interference signals take on values in a finite set.
Very nice paper - need to understand this one fully!! Nice
simple deterministic examples of treating interference as noise
versus decoding it - is there a simple two-way deterministic
interference channel that can use here as an example? A-la
Figure 4 of [5]? But it needs to be MORE than decoding
interference - it needs to also have a two-way aspect to it (this
would be unrestricted - so the decoded sum interference could
maybe carry a message?)

Fading
In [1] a channel in which CSIT and CSIR are both non-

ideal and are obtained/agreed upon over a noisy channel
in the forward channel and over a noisy feedback channel,
are obtained. As the channel state information is unknown,
diversity-multiplexing tradeoffs are key metrics to consider;
the authors derive achievable diversity-multiplexing tradeoffs
for FDD and TDD systems which exploit multiple rounds of
conferencing to extract more bits about the actual channel
state - a form of iterative refinement scheme which increases
the diversity order with every round of communication. In
addition, the authors develop a multi-round protocol for the
TDD system which exploits channel reciprocity and achieves
the maximal diversity-multiplexing tradeoff and dominates its
FDD counterparts where no reciprocity is available.

Source coding two-way
The work of Alon Orlitsky on two-way source coding

problems and interactive communications is of great relevance
when approaching the two-way problem from a joint source-
channel coding perspective. Orlitsky’s work has mainly fo-
cussed on source coding, assuming the communication channel
to be ideal, or focussing on zero-error communication prob-
lems over noisy channel (thereby requiring the probability
of error to be exactly zero rather than vanishingly small as
the number of channel uses tends to infinity). HAS THE
GENERAL CASE BEEN CONSIDERED? ASK ORLITSKY
AT ISIT? In [2] Orlitsky considers the zero-error capacity
of a channel and exhibits sources for which communicating
multiple instances requires about 1 bit per instance but com-
municating one instance requires arbitrarily many bits, and
also exhibit sources for which the number of bits required for
a single instance is comparable to the source’s size, but two
instances require only a logarithmic number of additional bits.
I don’t believe [2] has any two-way communication involved
but the question of zero-error capacity of a two-way channel
- is that open?

In [3] Orlitsky considers another communication problem

where a sender wants to accurately convey information to
a receiver who has some possibly related data, i.e. sender
wants to send X and receiver has Y where (X, Y ) ∼ p(x, y).
The authors obtain bounds on the number of symbols that
must be transmitted using a zero-error, one-way, deterministic
protocol to exactly obtain X and the receiver who has Y .
Bounds on the number of bits in unresticted model, and
multiple instances (multiple (Xi, Yi) pairs) are considered.
Still a one-way problem. All these problems map to graph
theoretic problems due to the zero-error nature of the desired
communication - vertices of the graph are messages and two
messages are connected if they are confusable at the output.
A random graph is a graph and a random variable that is
randomly distributed over this graph.

Slepian-Wolf coding
The Slepian-Wolf theorem deals with the lossless com-

pression of two or more correlated data streams. Wyner-Ziv
coding extends this in two ways: first it considers a point-
to-point transmission where X is desired at receiver which
has Y where X and Y are correlated (zero-error source-
coding problem with side information). Furthermore, Wynzer
and Ziv considered the problem where the channel is no
longer noiseless and obtain the rate-distortion function for
transmitting X and rate R(d) when distortion d is tolerated and
the receiver has side-information Y . In [17] this is generalized
to networks, where sufficient conditions for multicasting a set
of correlated sources over cooperative networks (nodes may
transmit, receive and forward what they overhear) is presented,
which uses a joint source-Wyner-Ziv encoding/sliding-window
decoding scheme.
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