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M Tx antennas N Rx antennas

M Tx antennas N Rx antennas
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Example: GNU Radio+USRP2 Tutorial 4 - The USRP Board

Figure 1: The USRP board: One Mother board, two RX / two TX daughter boardsSunday, May 16, 2010



Sunday, May 16, 2010



M Tx antennas N Rx antennas

M Tx antennas N Rx antennas

With 
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Efficient, reliable communications
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Fundamental Limits of Cognitive Networks

Capacity regions

Sunday, May 16, 2010



X Y
Channel: p(y|x)

Channel capacity
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Capacity bits/channel useC = max
p(x)

I(X; Y )

1

X Y
Channel: p(y|x)

Channel capacity
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Capacity bits/channel useC = max
p(x)

I(X; Y )

1

I(X; Y ) =
∑

x,y

p(x, y) log

(

p(x, y)

p(x)p(y)

)

B = B1 + B2

γ = α, β

(R1α, R1β, R2α, R2β)

6

X Y
Channel: p(y|x)

Channel capacity
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Capacity bits/channel useC = max
p(x)

I(X; Y )

1

X Y
Channel: p(y|x)

Channel capacity

Highest rate (bits/channel use) that can 
communicate at reliably
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Mathematical description of capacity

• Can achieve reliable communication for all transmission rates R:

R < C C0

R
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YX = h X + N
h 

N Gaussian noise ~ N(0,PN)

Wireless channel 
with fading

AWGN channel capacity
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YX = h X + N
h 

N Gaussian noise ~ N(0,PN)

Wireless channel 
with fading

AWGN channel capacity

C = 1
2 log

(
|h|2P+PN

PN

)

= 1
2 log (1 + SNR) (bits/channel use)
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Capacity and capacity regions

• Point to point capacity
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Achievable region

Capacity region
Outer bound
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Fundamental Limits of Cognitive Networks

Motivation?
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Motivation 1: smart cognitive devices
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Motivation 2: spectral efficiency
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Spectrum licensing: future 

Primary users/ primary license holders
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Secondary users

Spectrum licensing: future 

Primary users/ primary license holders

Sunday, May 16, 2010



Secondary users ↔ Cognitive radios

Spectrum licensing: future 

Primary users/ primary license holders
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Secondary spectrum usage
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Secondary spectrum usage
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(cognitive)

What can the cognitive link do?
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Cognition

• Assumptions on primary/secondary models will dictate behavior + 
performance

• Cognition boils down to side-information and how to use it

• Use information theory to tell us which techniques are most promising
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Side-info needed?

I(X1;Y1)

I(X2;Y2)
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2. Just transmit
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2. Just transmit
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(

0 0
0 x

)

, x ∈ R}

γ = α, β

(R1α, R1β, R2α, R2β)

R1 ≤
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2
log2
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Power of signal 1

Interference from signal 2 + Noise

)
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)

4

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

γ = α, β

(R1α, R1β, R2α, R2β)

R1 ≤
1

2
log2

(

1 +
Power of signal 1

Interference from signal 2 + Noise

)

R2 ≤
1

2
log2

(

1 +
Power of signal 2

Interference from signal 1 + Noise

)

4

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

γ = α, β

(R1α, R1β, R2α, R2β)

R1 ≤
1

2
log2

(

1 +
Power of signal 1

Interference from signal 2 + Noise

)

R2 ≤
1

2
log2

(

1 +
Power of signal 2

Interference from signal 1 + Noise

)

4

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

γ = α, β

(R1α, R1β, R2α, R2β)

R1 ≤
1

2
log2

(

1 +
Power of signal 1

Interference from signal 2 + Noise

)

R2 ≤
1

2
log2

(

1 +
Power of signal 2

Interference from signal 1 + Noise

)

4

Sunday, May 16, 2010



Y
1

X
1

X
2

Y
2

P1

[0, P2]

Sunday, May 16, 2010



Y
1

X
1

X
2

Y
2

P1

[0, P2]

Sunday, May 16, 2010



Y
1

X
1

X
2

Y
2

P1

[0, P2]

Maximum interference

Current interference

``Interference temperature’’

Sunday, May 16, 2010



Y
1

X
1

X
2

Y
2

P1

[0, P2]

Maximum interference

Current interference

``Interference temperature’’

Cognitive Tx can add!

Sunday, May 16, 2010



Y
1

X
1

X
2

Y
2

P1

[0, P2]

Maximum interference

Current interference

``Interference temperature’’

Cognitive Tx can add!

Side-info needed?

Sunday, May 16, 2010



3. Opportunistic “cognitive” decoding
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Assumption:  Tx 2 knows message 
encoded by X1 a-priori

4. Simultaneous  Cognitive  Transmission
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Cognitive Tx may overhear primary’s message 
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Gaussian noise channel capacity

YX = h X + N
h 

N

Power limited to P

Gaussian noise ~ N(0,PN)

Wireless channel 
with fading

Sunday, May 16, 2010



Gaussian noise channel capacity

Capacity

(bits/channel use)

An (2!nR1", 2!nR2", n, Pe) code consists of en-
coding functions that map messages W1 ∈
{1, 2, · · ·2!nR1" and W2 ∈ {1, 2, · · ·2!nR2" and
decoding functions that recover these messages
such that the average error probability is less
than Pe.

|h|2P
PN

C = max
p(x)

I(X; Y )

C = max
p(x):E[|X|2]≤P

I(X; Y )

=
1

2
log2

(

|h|2P + PN

PN

)

=
1

2
log2 (1 + SNR)

C =







1
2 log2(1 + |h|2P/PN)

Eh

[

1
2 log2(1 + |h|2P/PN)

]

C =







maxQ:Tr(Q)=P
1
2 log2

∣

∣IMR
+ HQH†

∣

∣

maxQ:Tr(Q)=P EH

[

1
2 log2

∣

∣IMR
+ HQH†

∣

∣

]

Y = HX + N

X = H−1U

= BU

⇓

Y = H(H−1U) + N

= U + N

[

X1

X2

]

=

[

b11U1 + b12U2

b21U1 + b22U2

]

5

YX = h X + N
h 

N

Power limited to P

Gaussian noise ~ N(0,PN)

Wireless channel 
with fading
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Y1X1

Y= H X + N

H 

N1 Gaussian noise ~ N(0,PN1) 

Wireless channel 
fading matrix

X2 Y2

N2 Gaussian noise ~ N(0,PN2) 

Power limited to P1

Power limited to P2

Gaussian noise channel capacity
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Y1X1

Y= H X + N

H 

N1 Gaussian noise ~ N(0,PN1) 

Wireless channel 
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X2 Y2

N2 Gaussian noise ~ N(0,PN2) 

Power limited to P1

Power limited to P2

What rates are achievable?

R1

R2

Gaussian noise channel capacity
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γ = α, β
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1

2
log2
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Power of signal 1
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2
log2
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P1 P ′
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message 1

Y
1

X
1

X
2

Y
2

R1

R2

Message 1: encoded 
by a codeword 

which is generated 
jointly Gaussian 

according to N(0,B1)

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B2)H
†
2 + PN2

PN2

)

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

R1 ≤
1

2
log2

(

H1(B1 + B2)H
†
1 + PN1

H1(B2)H
†
1 + PN1

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

9

=

Message 1
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>

>

:

(R1, R2) :

R1 ≤ 1
2 log2

„

H1(B1+B2)H†
1
+Q1

H1(B2)H†
1
+Q1

«

= R1(π12)

R2 ≤ 1
2 log2

„

H2(B2)H†
2
+Q2

Q2

«

= R2(π12)

S

R1 ≤ 1
2 log2

„

H1(B1)H†
1
+Q1

Q1

«

= R1(π21)

R2 ≤ 1
2 log2

„

H2(B1+B2)H†
2
+Q2

H2(B1)H†
2
+Q2

«

= R2(π21)

B1, B2 # 0, B1 =

»

P ′
1 z′

z′ P ′
2

–

, B2 =

»

P ′′
1 z′′

z′′ P ′′
2

–

, B1 + B2 $

»

P1 (z′ + z′′)
(z′ + z′′) P2

–

, (z′ + z′′)2 ≤ P1P2

9

>

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

>

;

(6)

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

9

Overall transmit covariance matrix 

Send the superposition

Sunday, May 16, 2010



Y
1

X
1

X
2

Y
2

R1

R2

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Cognitive region = Convex hull of















































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+Q1

H1(B2)H†
1+Q1

)

= R1(π12)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+Q2

Q2

)

= R2(π12)

B1, B2 " 0, B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

, B1 + B2 !

[

P1 z
z P2

]

, z2 ≤ P1P2















































MIMO BC region = Convex hull of
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>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

:

(R1, R2) :

R1 ≤ 1
2 log2

„

H1(B1+B2)H†
1
+Q1

H1(B2)H†
1
+Q1

«

= R1(π12)

R2 ≤ 1
2 log2

„

H2(B2)H†
2
+Q2

Q2

«

= R2(π12)

S

R1 ≤ 1
2 log2

„

H1(B1)H†
1
+Q1

Q1

«

= R1(π21)

R2 ≤ 1
2 log2

„

H2(B1+B2)H†
2
+Q2

H2(B1)H†
2
+Q2

«

= R2(π21)

B1, B2 # 0, B1 =

»

P ′
1 z′

z′ P ′
2

–

, B2 =

»

P ′′
1 z′′

z′′ P ′′
2

–

, B1 + B2 $

»

P1 (z′ + z′′)
(z′ + z′′) P2

–

, (z′ + z′′)2 ≤ P1P2

9

>

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

>

;

(6)

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

9

Per antenna power constraints

Send the superposition
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Y
1

X
1

X
2

Y
2

R1

R2

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Cognitive region = Convex hull of















































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+Q1

H1(B2)H†
1+Q1

)

= R1(π12)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+Q2

Q2

)

= R2(π12)

B1, B2 " 0, B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

, B1 + B2 !

[

P1 z
z P2

]

, z2 ≤ P1P2















































MIMO BC region = Convex hull of

8

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

:

(R1, R2) :

R1 ≤ 1
2 log2

„

H1(B1+B2)H†
1
+Q1

H1(B2)H†
1
+Q1

«

= R1(π12)

R2 ≤ 1
2 log2

„

H2(B2)H†
2
+Q2

Q2

«

= R2(π12)

S

R1 ≤ 1
2 log2

„

H1(B1)H†
1
+Q1

Q1

«

= R1(π21)

R2 ≤ 1
2 log2

„

H2(B1+B2)H†
2
+Q2

H2(B1)H†
2
+Q2

«

= R2(π21)

B1, B2 # 0, B1 =

»

P ′
1 z′

z′ P ′
2

–

, B2 =

»

P ′′
1 z′′

z′′ P ′′
2

–

, B1 + B2 $

»

P1 (z′ + z′′)
(z′ + z′′) P2

–

, (z′ + z′′)2 ≤ P1P2

9

>

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

>

;

(6)

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

9

Ensures Tx covariance 
matrix  is positive semi-

definite

Correlation between 
two antennas

Send the superposition

Sunday, May 16, 2010



Y
1

X
1

X
2

Y
2

R1

R2

What rates R1, R2 
are achievable?

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Cognitive region = Convex hull of















































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+Q1

H1(B2)H†
1+Q1

)

= R1(π12)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+Q2

Q2

)

= R2(π12)

B1, B2 " 0, B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

, B1 + B2 !

[

P1 z
z P2

]

, z2 ≤ P1P2















































MIMO BC region = Convex hull of
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>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

:

(R1, R2) :

R1 ≤ 1
2 log2

„

H1(B1+B2)H†
1
+Q1

H1(B2)H†
1
+Q1

«

= R1(π12)

R2 ≤ 1
2 log2

„

H2(B2)H†
2
+Q2

Q2

«

= R2(π12)

S

R1 ≤ 1
2 log2

„

H1(B1)H†
1
+Q1

Q1

«

= R1(π21)

R2 ≤ 1
2 log2

„

H2(B1+B2)H†
2
+Q2

H2(B1)H†
2
+Q2

«

= R2(π21)

B1, B2 # 0, B1 =

»

P ′
1 z′

z′ P ′
2

–

, B2 =

»

P ′′
1 z′′

z′′ P ′′
2

–

, B1 + B2 $

»

P1 (z′ + z′′)
(z′ + z′′) P2

–

, (z′ + z′′)2 ≤ P1P2

9

>

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

>

;

(6)

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

9

Ensures Tx covariance 
matrix  is positive semi-

definite

Correlation between 
two antennas

Send the superposition

Sunday, May 16, 2010



R1: Rate of message 1

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

B =

[

P1 z
z P2

]

= B1 + B2

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

B = B1 + B2

γ = α, β

(R1α, R1β, R2α, R2β)

5

Y
1

X
1

X
2

Y
2

H1

N1

R1
B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + N2

H2(B1)H
†
2 + N2

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

= conv















































































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+N1

H1(B2)H†
1+N1

)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+N2

N2

)

B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

Bi " 0, z2 ≤ P1P2

B1 + B2 !

[

P1 z
z P2

]














































































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B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

B =

[

P1 z
z P2

]

= B1 + B2

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

B = B1 + B2

γ = α, β

(R1α, R1β, R2α, R2β)

5

Y
1

X
1

X
2

Y
2

H1

N1

Interference + noise power 

Signal power at Y1

R1

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

R1 ≤
1

2
log2

(

H1(B1 + B2)H
†
1 + PN1

H1(B2)H
†
1 + PN1

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

9

R1: Rate of message 1
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B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

B =

[

P1 z
z P2

]

= B1 + B2

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

B = B1 + B2

γ = α, β

(R1α, R1β, R2α, R2β)

5

Y
1

X
1

X
2

Y
2

H1

N1

Interference + noise power 

Signal power at Y1

R1B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

= conv















































































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+PN1

H1(B2)H†
1+PN1

)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+PN2

PN2

)

B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

Bi " 0, z2 ≤ P1P2

B1 + B2 !

[

P1 z
z P2

]















































































9

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

R1 ≤
1

2
log2

(

H1(B1 + B2)H
†
1 + PN1

H1(B2)H
†
1 + PN1

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

9

R1: Rate of message 1
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B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

B =

[

P1 z
z P2

]

= B1 + B2

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

B = B1 + B2

γ = α, β

(R1α, R1β, R2α, R2β)

5

Interference + noise power 

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

= conv















































































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+PN1

H1(B2)H†
1+PN1

)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+PN2

PN2

)

B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

Bi " 0, z2 ≤ P1P2

B1 + B2 !

[

P1 z
z P2

]




























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




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


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B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

B =

[

P1 z
z P2

]

= B1 + B2

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

B = B1 + B2

γ = α, β

(R1α, R1β, R2α, R2β)

5

Interference + noise power 

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

= conv















































































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+PN1

H1(B2)H†
1+PN1

)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+PN2

PN2

)

B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

Bi " 0, z2 ≤ P1P2

B1 + B2 !

[

P1 z
z P2

]














































































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B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}
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]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
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2 + PN2

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]
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













































































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+PN1

H1(B2)H†
1+PN1

)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+PN2

PN2

)

B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

Bi " 0, z2 ≤ P1P2

B1 + B2 !

[

P1 z
z P2

]


























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
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Since Tx 2 knows message 1,                
it can mitigate interference!
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Since Tx 2 knows message 1,                
it can mitigate interference!

Dirty paper coding
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Dirty-paper coding 

[Costa, 1983]

[Gel’fand, Pinsker, 
1980]
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D I R T Y

Dirty-paper coding 
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Dirty-paper coding 
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write in black ink?

D I RTY

Dirty-paper coding 

Sunday, May 16, 2010



adjust your ink ✓

D I R TYD I R T Y

Dirty-paper coding 
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00

01

10

11

Send 2 bits:

Example of dirty-paper coding 
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00

01

10

11

Send 2 bits:

Power limited

Example of dirty-paper coding 
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Interference

Example of dirty-paper coding 

Sunday, May 16, 2010



Interference

Do NOT have 
enough power 
to subtract off 

the interference!

Power limited

Example of dirty-paper coding 
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How to send 01?

00

01

10

11

Example of dirty-paper coding 
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How to send 01?

00

01

10

11

Example of dirty-paper coding 
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How to send 01?

00

01

10

11

Interference

Example of dirty-paper coding 
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How to send 11?

00

01

10

11

Example of dirty-paper coding 
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How to send 11?

00

01

10

11

Example of dirty-paper coding 
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How to send 11?

00

01

10

11

Interference
Example of dirty-paper coding 
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X
2

Y
2

=

NO power penalty!
NOT subtracting off interference!

Y
1

X
1

X
2

Y
2

Dirty-paper coding 
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Rate of message 2: 
WITHOUT and WITH dirty-paper coding

Interference + noise power 

Signal power at Y2

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

= conv















































































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+PN1

H1(B2)H†
1+PN1

)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+PN2

PN2

)

B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

Bi " 0, z2 ≤ P1P2

B1 + B2 !

[

P1 z
z P2

]














































































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WITHOUT
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No interference + noise 

Signal at Y2

Rate of message 2: 
WITHOUT and WITH dirty-paper coding

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B2)H
†
2 + PN2

PN2

)

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

R1 ≤
1

2
log2

(

H1(B1 + B2)H
†
1 + PN1

H1(B2)H
†
1 + PN1

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

9

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]

B2 =

[

0 0
0 P ′′

2

]

B1 =

[

P ′
1 z

z P ′
2

]

R2 ≤
1

2
log2

(

H2(B1 + B2)H
†
2 + PN2

H2(B1)H
†
2 + PN2

)

B = B1 + B2
[

P1 z
z P2

]

=

[

P ′
1 z

z P ′
2

]

+

[

0 0
0 P ′′

2

]

= conv




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
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
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
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

















(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+PN1

H1(B2)H†
1+PN1

)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+PN2

PN2

)

B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

Bi " 0, z2 ≤ P1P2

B1 + B2 !

[

P1 z
z P2

]








































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






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


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WITHOUT

WITH
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Gaussian cognitive channel

 Matrices with zeros

B = {(B1, B2)|B1 ! 0, B2 ! 0, B1 + B2 " S, B2 =

(

0 0
0 x

)

, x ∈ R}

Cognitive region = Convex hull of















































(R1, R2) :

R1 ≤ 1
2 log2

(

H1(B1+B2)H†
1+Q1

H1(B2)H†
1+Q1

)

= R1(π12)

R2 ≤ 1
2 log2

(

H2(B2)H†
2+Q2

Q2

)

= R2(π12)

B1, B2 " 0, B1 =

[

P ′
1 z

z P ′
2

]

, B2 =

[

0 0
0 P ′′

2

]

, B1 + B2 !

[

P1 z
z P2

]

, z2 ≤ P1P2















































MIMO BC region = Convex hull of

8

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

:

(R1, R2) :

R1 ≤ 1
2 log2

„

H1(B1+B2)H†
1
+Q1

H1(B2)H†
1
+Q1

«

= R1(π12)

R2 ≤ 1
2 log2

„

H2(B2)H†
2
+Q2

Q2

«

= R2(π12)

S

R1 ≤ 1
2 log2

„

H1(B1)H†
1
+Q1

Q1

«

= R1(π21)

R2 ≤ 1
2 log2

„

H2(B1+B2)H†
2
+Q2

H2(B1)H†
2
+Q2

«

= R2(π21)

B1, B2 # 0, B1 =

»

P ′
1 z′

z′ P ′
2

–

, B2 =

»

P ′′
1 z′′

z′′ P ′′
2

–

, B1 + B2 $

»

P1 (z′ + z′′)
(z′ + z′′) P2

–

, (z′ + z′′)2 ≤ P1P2

9

>

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

>

;

(6)

Y1 = H1X + N1

B2 =

[

0 0
0 ∗

]

B1 =

[

∗ ∗
∗ ∗

]
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Gaussian broadcast channel, multi-antenna

Appendix B: Framework for Cognitive Networks 108

3) Broadcast channel: Here there are two messages, each known to both Tx, but

destined to only one Rx. Hence, WLOG T1 = {1, 2}, T2 = {1, 2}.

The full rate region is then given by

MIMO BC region = Convex hull of






(R1, R2) :

R1 ≤ 1
2 log2

(
H1(B1+B2)H

†
1+Q1

H1(B2)H
†
1+Q1

)
= R1(π12)

R2 ≤ 1
2 log2

(
H2(B2)H

†
2+Q2

Q2

)
= R2(π12)

⋃ R1 ≤ 1
2 log2

(
H1(B1)H

†
1+Q1

Q1

)
= R1(π21)

R2 ≤ 1
2 log2

(
H2(B1+B2)H†

2+Q2

H2(B1)H
†
2+Q2

)
= R2(π21)

B1, B2 " 0, B1 =






b11 b12

b12 b22




 , B2 =






c11 c12

c12 c22




 , B1 + B2 # S






Permutation 1
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Gaussian broadcast channel, multi-antenna

Appendix B: Framework for Cognitive Networks 108

3) Broadcast channel: Here there are two messages, each known to both Tx, but

destined to only one Rx. Hence, WLOG T1 = {1, 2}, T2 = {1, 2}.

The full rate region is then given by

MIMO BC region = Convex hull of






(R1, R2) :

R1 ≤ 1
2 log2

(
H1(B1+B2)H

†
1+Q1

H1(B2)H
†
1+Q1

)
= R1(π12)

R2 ≤ 1
2 log2

(
H2(B2)H

†
2+Q2

Q2

)
= R2(π12)

⋃ R1 ≤ 1
2 log2

(
H1(B1)H

†
1+Q1

Q1

)
= R1(π21)

R2 ≤ 1
2 log2

(
H2(B1+B2)H†

2+Q2

H2(B1)H
†
2+Q2

)
= R2(π21)

B1, B2 " 0, B1 =






b11 b12

b12 b22




 , B2 =






c11 c12

c12 c22




 , B1 + B2 # S






Permutation 2
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Gaussian broadcast channel, multi-antenna

Appendix B: Framework for Cognitive Networks 108

3) Broadcast channel: Here there are two messages, each known to both Tx, but

destined to only one Rx. Hence, WLOG T1 = {1, 2}, T2 = {1, 2}.

The full rate region is then given by

MIMO BC region = Convex hull of


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V. CONCLUSION

A new achievable rate region for the DM-CIFC has been derived and shown to encompass all known achievable rate regions.

Of note is the inclusion of a Marton-like broadcasting scheme at the cognitive transmitter. Specific choices of this region have

been shown to achieve capacity for the linear high-SNR approximation of the Gaussian CIFC [22], [23], and lead to capacity

achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an

outer bound, regardless of channel parameters in [24]. Numerical evaluation of the region under Gaussian input distributions

for the Gaussian CIFC, and further comparisons with the region of [4] are our short-term goals, while extensions of the CIFC

to multiple users will be investigated in the longer term.
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V. CONCLUSION

A new achievable rate region for the DM-CIFC has been derived and shown to encompass all known achievable rate regions.

Of note is the inclusion of a Marton-like broadcasting scheme at the cognitive transmitter. Specific choices of this region have

been shown to achieve capacity for the linear high-SNR approximation of the Gaussian CIFC [22], [23], and lead to capacity

achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an

outer bound, regardless of channel parameters in [24]. Numerical evaluation of the region under Gaussian input distributions

for the Gaussian CIFC, and further comparisons with the region of [4] are our short-term goals, while extensions of the CIFC

to multiple users will be investigated in the longer term.
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A new achievable rate region for the DM-CIFC has been derived and shown to encompass all known achievable rate regions.

Of note is the inclusion of a Marton-like broadcasting scheme at the cognitive transmitter. Specific choices of this region have

been shown to achieve capacity for the linear high-SNR approximation of the Gaussian CIFC [22], [23], and lead to capacity

achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an

outer bound, regardless of channel parameters in [24]. Numerical evaluation of the region under Gaussian input distributions

for the Gaussian CIFC, and further comparisons with the region of [4] are our short-term goals, while extensions of the CIFC

to multiple users will be investigated in the longer term.
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V. CONCLUSION

A new achievable rate region for the DM-CIFC has been derived and shown to encompass all known achievable rate regions.

Of note is the inclusion of a Marton-like broadcasting scheme at the cognitive transmitter. Specific choices of this region have

been shown to achieve capacity for the linear high-SNR approximation of the Gaussian CIFC [22], [23], and lead to capacity

achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an

outer bound, regardless of channel parameters in [24]. Numerical evaluation of the region under Gaussian input distributions

for the Gaussian CIFC, and further comparisons with the region of [4] are our short-term goals, while extensions of the CIFC

to multiple users will be investigated in the longer term.
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achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an
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V. CONCLUSION

A new achievable rate region for the DM-CIFC has been derived and shown to encompass all known achievable rate regions.

Of note is the inclusion of a Marton-like broadcasting scheme at the cognitive transmitter. Specific choices of this region have

been shown to achieve capacity for the linear high-SNR approximation of the Gaussian CIFC [22], [23], and lead to capacity

achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an

outer bound, regardless of channel parameters in [24]. Numerical evaluation of the region under Gaussian input distributions

for the Gaussian CIFC, and further comparisons with the region of [4] are our short-term goals, while extensions of the CIFC

to multiple users will be investigated in the longer term.
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V. CONCLUSION

A new achievable rate region for the DM-CIFC has been derived and shown to encompass all known achievable rate regions.

Of note is the inclusion of a Marton-like broadcasting scheme at the cognitive transmitter. Specific choices of this region have

been shown to achieve capacity for the linear high-SNR approximation of the Gaussian CIFC [22], [23], and lead to capacity

achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an

outer bound, regardless of channel parameters in [24]. Numerical evaluation of the region under Gaussian input distributions

for the Gaussian CIFC, and further comparisons with the region of [4] are our short-term goals, while extensions of the CIFC

to multiple users will be investigated in the longer term.
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A new achievable rate region for the DM-CIFC has been derived and shown to encompass all known achievable rate regions.

Of note is the inclusion of a Marton-like broadcasting scheme at the cognitive transmitter. Specific choices of this region have

been shown to achieve capacity for the linear high-SNR approximation of the Gaussian CIFC [22], [23], and lead to capacity

achieving points in the deterministic CIFC [23]. This region has furthermore been shown to achieve within 1.87 bits of an

outer bound, regardless of channel parameters in [24]. Numerical evaluation of the region under Gaussian input distributions

for the Gaussian CIFC, and further comparisons with the region of [4] are our short-term goals, while extensions of the CIFC

to multiple users will be investigated in the longer term.
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V. A PRELIMINARY RESULT ON THE CAPACITY REGION FOR THE HIGH SNR CHANNEL IN THE PRESENCE OF

INTERFERING LINKS

The outer bound of Theorem III.1 is tight in the absence of interfering links. We now demonstrate achievability of this

outer bound for a specific scenario in a case with interfering links. We consider the case of strong signal, mixed cognition

and weak interference at both decoders, i.e., when n11 > n1c > n12, n22 > n2c > n21. In this case the outer bound, after

some reductions, becomes R1 ≤ n11, R2 ≤ n22 and therefore capacity can be proved simply by showing the achievability of

a single corner point. The formalized proof of the achievability of this point is provided in [13], with a graphical illustration

provided in Fig. 4. The decoders utilize bits received above the interference level to create a set of bits where they observe

the same interference. The cognitive relay is aware of the interference received by each decoder and thus is able to cancel

it through the XOR operation. Note that the relay would not be able to simultaneously cancel the interference seen at both

decoders. Instead, it relies on the decoders’ ability to recreate the same interfering signal for the set of bits for which it cannot

mitigate interference.

Fig. 4. Capacity achieving scheme of Section V.

VI. CONCLUSION

In this work we derived an outer bound for the interference channel with a cognitive relay and showed the achievability

of the proposed outer bound for the high SNR approximation of the Gaussian interference channel with a cognitive relay

with no interfering links. The proposed outer bound is in addition tight for the deterministic channel models it encompasses:

the deterministic BC, the semi-deterministic IFC as well as certain cases of the deterministic CC. We furthermore presented

a scenario in which the outer bound can be achieved in the general (with interfering links) high SNR approximation of the

Gaussian interference channel with a cognitive relay. Our results leave multiple interesting open questions. We are currently

investigating whether the presented high-SNR outer bound is tight in general. Outcomes and insights obtained for the general

high-SNR capacity region will be used in determining a constant gap between inner and outer bound for the Gaussian IFC-CR

- a result which would generalize numerous “constant gap” results including that of the interference and cognitive channels.
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R′
1c ≥ I(U1c;X2|U2c) (3a)

R′
1c + R′

1pb ≥ I(U1pb, U1c; X2|U2c) (3b)
R′

1c + R′
1pb + R′

2pb ≥ I(U1pb, U1c; X2|U2c) + I(U2pb;U1pb|U1c, U2c, X2) (3c)
R2c + R2pa + (R1c + R′

1c) + (R2pb + R′
2pb) ≤ I(Y2;U2pb, U1c, X2, U2c) + I(U1c; X2|U2c) (3d)

R2pa + (R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c, X2|U2c) + I(U1c; X2|U2c) (3e)
R2pa + (R2pb + R′

2pb) ≤ I(Y2;U2pb, X2|U1c, U2c) + I(U1c; X2|U2c) (3f)
(R1c + R′

1c) + (R2pb + R′
2pb) ≤ I(Y2;U2pb, U1c|X2, U2c) + I(U1c; X2|U2c) (3g)

(R2pb + R′
2pb) ≤ I(Y2;U2pb|U1c, X2, U2c) (3h)

R2c + (R1c + R′
1c) + (R1pb + R′

1pb) ≤ I(Y1;U1pb, U1c, U2c), (3i)
(R1c + R′

1c) + (R1pb + R′
1pb) ≤ I(Y1;U1pb, U1c|U2c), (3j)

(R1pb + R′
1pb) ≤ I(Y1;U1pb|U1c, U2c), (3k)

pX2|U2c,U2pa

pX1|U2c,U2pa,X2,U1c,U1pb,U2pa

U2c

U1pb, U2pb

U2pa

Fig. 2. STE: update figure and caption The achievable encoding scheme of Thm 1. The ordering from left to right and the distributions demonstrate
the codebook generation process. The dotted lines indicate binning. We see rate splits are used at both users, private messages W1pb, W2pa, W2pb are
superimposed on common messages W1c, W2c and U1c is binned against (U2pa, X2) conditioned on U2c, while U1pb and U2pb are binned against each
and X2 other in a Marton-like fashion (conditioned on other subsets of random variables). U1pb is binned against U2pa as well.

the Appendix. To prove inclusion of [19, Th.1] in RRTCD

consider the following assignment in (3):

U2c = Q R2c = 0
U1c = U1c R1c = R1c R′

1c = I(U1c;U2pa|U2c)
U2pa = X2b R2pa = R2b

U1pb = U1a R1pb = R1a R′
1pb = I(U1pb;U2pa|U1c)

U2pb = U2pa R2pb = 0 R′
2pb = 0

Moreover let X1 and X2 be deterministic
function, that is X2 = fX2(U2c, U2pa) and
X1 = fX1(U2c, U2pa, U1c, U1pb, U2pb). With this assignment
(3h) can be dropped since incorrect decoding of U1c at
decoder 2 does not cause an error. Also X2 can be dropped
from the binning rates using the conditional version of the
data processing inequality. From this we conclude that the
region of [19] ⊆ RRTD. The weak interference regions of
[15], [28] are special cases of [19, Th.1] by [19, Thm. 3],
hence they are also contained in RRTD.

B. Marton’s region [21, Thm. 2]
One key ingredient that was missing in all previous regions,

as also noted in [4] and first addressed in thecontext of the
CIFC in [3], was the inclusion of a broadcast strategy from the
cognitive Tx to both receivers. To remedy this obvious gap,
we proposed a Marton-like [21] binning of U1pb and U2pb. Our

region may be reduced to Marton’s broadcast channel region,
using the notation of [21, Thm. 2] by the following assignment
of random variables:
U1pb = U R1pb = Rx,
U2pb = V R2pb = Rz,

R′
1pb + R′

2pb = I(U1pb; U2pb|U2c)
U2c = U1c = U2pa = W R1c = R2c = R2pa = 0

R′
1c = 0

X2 = fX2(U2c). X1 = fX1(U1pb, U2pb, U2c)

C. Jiang and Xin’s region [14]
We compare RRTD with the region described by (11)-(12),

(17)-(19) of [14] subject to input distributions which factor ac-
cording to their (1). Note that the indices 1 and 2 are switched.
Our region may be reduced, with some manipulation, to that
of [14] for the following choices of random variables:

U2c = Q R2c = 0

U1c = U R1c = R21 R′
1c = I(U1c; U2pa|U2c)

U2pa = W R2pa = R1

U1pb = V R1pb = R22 R′
1pb = I(U1pb; U2pa|U2c, U1c)

U2pb = U2pa = W R2pb = 0 R′
2pb = 0

Note that we may drop (3h) and (3g) since incorrect decoding
of U1c at decoder 2 is not an error.

1

DT’s notes

I. ACHIEVABILITY: MODIFIED BY DT ON FEB 27 2010
We propose a new achievable scheme for a general DMC C-IFC that generalizes all schemes proposed in literature.

Theorem I.1. A rate pair (R1, R2) such that

R1 = R1c + R1pb, (1)
R2 = R2c + R2pa + R2pb. (2)

is achievable for a general discrete memoryless C-IFC if

(R′
1c, R

′
1pb, R

′
2pb, R1c, R1pb, R2c, R2pa, R2pb) ∈ R8

+

satisfies:

R′
1c ≥ I(U1c;X2|U2c) (3a)

R′
1c + R′

1pb ≥ I(U1pb; X2|U1c, U2c) + I(U1c;X2|U2c)ADDED (3b)
R′

1c + R′
1pb + R′

2pb ≥ I(U1pb; X2, U2pb|U1c, U2c) + I(U1c; X2|U2c) (3c)

R2c + R2pa + (R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c, X2, U2c) + I(U1c; X2|U2c) (3d)
R2pa + (R1c + R′

1c) + (R2pb + R′
2pb) ≤ I(Y2;U2pb, U1c, X2|U2c) + I(U1c; X2|U2c) (3e)

R2pa + (R2pb + R′
2pb) ≤ I(Y2;U2pb, X2|U1c, U2c) + I(U1c; X2|U2c) (3f)

(R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c|X2, U2c) + I(U1c; X2|U2c) (3g)
(R2pb + R′

2pb) ≤ I(Y2;U2pb|U1c, X2, U2c)REMOV ED + I(U1c; X2|U2c) (3h)

R2c + (R1c + R′
1c) + (R1pb + R′

1pb) ≤ I(Y1;U1pb, U1c, U2c), (3i)
(R1c + R′

1c) + (R1pb + R′
1pb) ≤ I(Y1;U1pb, U1c|U2c), (3j)

(R1pb + R′
1pb) ≤ I(Y1;U1pb|U1c, U2c), (3k)

for some input distribution

pY1,Y2,X1,X2,U1c,U2c,U1pb,U2pb = pU1c,U2c,U1pb,U2pbpX1,X2|U1c,U2c,U1pb,U2pb
pY1,Y2|X1,X2 .

Proof: The meaning of the random variables (RV) in Theorem I.1 is as follows. Both transmitters perform superposition
of two codewords: a common one (to be decoded at both decoders) and a private one (to be decoded at the intended decoder
only). In particular:

• Rate R1 is split into R1c and R1pb and conveyed through the RV’s U1c and U1pb, respectively.
• Rate R2 is split into R2c, R2pa and R2pb and conveyed through the RV’s U2c, X2 and U2pb, respectively.
• U2c is the common message of transmitter 2. The subscript “c” stands for “common”.
• X2 is the private message of transmitter 2 to be sent by transmitter 2 only. It superimposed to U2c. The subscript “p”

stands for “private” and the subscript “a” stands for “alone”.
• U1c is the common message of transmitter 1. It is superimposed to U2c and–conditioned on U2c–is binned against X2.
• U1pb and U2pb are the private messages of transmitter 1 and transmitter 2, respectively, and are sent by transmitter 1 only.

They are binned against one another conditioned on U2c, as in Marton’s achievable region for broadcast channels [1].
The subscript “b” stands for “broadcast”.

The formal description of the proposed encoding scheme is as follows:
a) Rate splitting: Let W1 and W2 be two independent random variables uniformly distributed on [1 : 2nR1 ] and [1 : 2nR2 ]

respectively. Consider splitting the messages as follows:

W1 = (W1c,W1pb),
W2 = (W2c,W2pb,W2pa),

where the messages Wi, i ∈ {1c, 2c, 1pb, 2pb, 2pa}, are all independent and uniformly distributed on [1 : 2nRi ], so that

R1 = R1c + R1pb,
R2 = R2c + R2pa + R2pb.
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the Appendix. To prove inclusion of [19, Th.1] in RRTCD

consider the following assignment in (3):

U2c = Q R2c = 0
U1c = U1c R1c = R1c R′

1c = I(U1c;U2pa|U2c)
U2pa = X2b R2pa = R2b

U1pb = U1a R1pb = R1a R′
1pb = I(U1pb;U2pa|U1c)

U2pb = U2pa R2pb = 0 R′
2pb = 0

Moreover let X1 and X2 be deterministic
function, that is X2 = fX2(U2c, U2pa) and
X1 = fX1(U2c, U2pa, U1c, U1pb, U2pb). With this assignment
(3h) can be dropped since incorrect decoding of U1c at
decoder 2 does not cause an error. Also X2 can be dropped
from the binning rates using the conditional version of the
data processing inequality. From this we conclude that the
region of [19] ⊆ RRTD. The weak interference regions of
[15], [28] are special cases of [19, Th.1] by [19, Thm. 3],
hence they are also contained in RRTD.

B. Marton’s region [21, Thm. 2]
One key ingredient that was missing in all previous regions,

as also noted in [4] and first addressed in thecontext of the
CIFC in [3], was the inclusion of a broadcast strategy from the
cognitive Tx to both receivers. To remedy this obvious gap,
we proposed a Marton-like [21] binning of U1pb and U2pb. Our

region may be reduced to Marton’s broadcast channel region,
using the notation of [21, Thm. 2] by the following assignment
of random variables:
U1pb = U R1pb = Rx,
U2pb = V R2pb = Rz,

R′
1pb + R′

2pb = I(U1pb; U2pb|U2c)
U2c = U1c = U2pa = W R1c = R2c = R2pa = 0

R′
1c = 0

X2 = fX2(U2c). X1 = fX1(U1pb, U2pb, U2c)

C. Jiang and Xin’s region [14]
We compare RRTD with the region described by (11)-(12),

(17)-(19) of [14] subject to input distributions which factor ac-
cording to their (1). Note that the indices 1 and 2 are switched.
Our region may be reduced, with some manipulation, to that
of [14] for the following choices of random variables:

U2c = Q R2c = 0

U1c = U R1c = R21 R′
1c = I(U1c; U2pa|U2c)

U2pa = W R2pa = R1

U1pb = V R1pb = R22 R′
1pb = I(U1pb; U2pa|U2c, U1c)

U2pb = U2pa = W R2pb = 0 R′
2pb = 0

Note that we may drop (3h) and (3g) since incorrect decoding
of U1c at decoder 2 is not an error.

1

DT’s notes

I. ACHIEVABILITY: MODIFIED BY DT ON FEB 27 2010
We propose a new achievable scheme for a general DMC C-IFC that generalizes all schemes proposed in literature.

Theorem I.1. A rate pair (R1, R2) such that

R1 = R1c + R1pb, (1)
R2 = R2c + R2pa + R2pb. (2)

is achievable for a general discrete memoryless C-IFC if

(R′
1c, R

′
1pb, R

′
2pb, R1c, R1pb, R2c, R2pa, R2pb) ∈ R8

+

satisfies:

R′
1c ≥ I(U1c;X2|U2c) (3a)

R′
1c + R′

1pb ≥ I(U1pb; X2|U1c, U2c) + I(U1c;X2|U2c)ADDED (3b)
R′

1c + R′
1pb + R′

2pb ≥ I(U1pb; X2, U2pb|U1c, U2c) + I(U1c; X2|U2c) (3c)

R2c + R2pa + (R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c, X2, U2c) + I(U1c; X2|U2c) (3d)
R2pa + (R1c + R′

1c) + (R2pb + R′
2pb) ≤ I(Y2;U2pb, U1c, X2|U2c) + I(U1c; X2|U2c) (3e)

R2pa + (R2pb + R′
2pb) ≤ I(Y2;U2pb, X2|U1c, U2c) + I(U1c; X2|U2c) (3f)

(R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c|X2, U2c) + I(U1c; X2|U2c) (3g)
(R2pb + R′

2pb) ≤ I(Y2;U2pb|U1c, X2, U2c)REMOV ED + I(U1c; X2|U2c) (3h)

R2c + (R1c + R′
1c) + (R1pb + R′

1pb) ≤ I(Y1;U1pb, U1c, U2c), (3i)
(R1c + R′

1c) + (R1pb + R′
1pb) ≤ I(Y1;U1pb, U1c|U2c), (3j)

(R1pb + R′
1pb) ≤ I(Y1;U1pb|U1c, U2c), (3k)

for some input distribution

pY1,Y2,X1,X2,U1c,U2c,U1pb,U2pb = pU1c,U2c,U1pb,U2pbpX1,X2|U1c,U2c,U1pb,U2pb
pY1,Y2|X1,X2 .

Proof: The meaning of the random variables (RV) in Theorem I.1 is as follows. Both transmitters perform superposition
of two codewords: a common one (to be decoded at both decoders) and a private one (to be decoded at the intended decoder
only). In particular:

• Rate R1 is split into R1c and R1pb and conveyed through the RV’s U1c and U1pb, respectively.
• Rate R2 is split into R2c, R2pa and R2pb and conveyed through the RV’s U2c, X2 and U2pb, respectively.
• U2c is the common message of transmitter 2. The subscript “c” stands for “common”.
• X2 is the private message of transmitter 2 to be sent by transmitter 2 only. It superimposed to U2c. The subscript “p”

stands for “private” and the subscript “a” stands for “alone”.
• U1c is the common message of transmitter 1. It is superimposed to U2c and–conditioned on U2c–is binned against X2.
• U1pb and U2pb are the private messages of transmitter 1 and transmitter 2, respectively, and are sent by transmitter 1 only.

They are binned against one another conditioned on U2c, as in Marton’s achievable region for broadcast channels [1].
The subscript “b” stands for “broadcast”.

The formal description of the proposed encoding scheme is as follows:
a) Rate splitting: Let W1 and W2 be two independent random variables uniformly distributed on [1 : 2nR1 ] and [1 : 2nR2 ]

respectively. Consider splitting the messages as follows:

W1 = (W1c,W1pb),
W2 = (W2c,W2pb,W2pa),

where the messages Wi, i ∈ {1c, 2c, 1pb, 2pb, 2pa}, are all independent and uniformly distributed on [1 : 2nRi ], so that

R1 = R1c + R1pb,
R2 = R2c + R2pa + R2pb.

Analytically shown to be largest known region
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R′
1c ≥ I(U1c;X2|U2c) (3a)

R′
1c + R′

1pb ≥ I(U1pb, U1c; X2|U2c) (3b)
R′

1c + R′
1pb + R′

2pb ≥ I(U1pb, U1c; X2|U2c) + I(U2pb;U1pb|U1c, U2c, X2) (3c)
R2c + R2pa + (R1c + R′

1c) + (R2pb + R′
2pb) ≤ I(Y2;U2pb, U1c, X2, U2c) + I(U1c; X2|U2c) (3d)

R2pa + (R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c, X2|U2c) + I(U1c; X2|U2c) (3e)
R2pa + (R2pb + R′

2pb) ≤ I(Y2;U2pb, X2|U1c, U2c) + I(U1c; X2|U2c) (3f)
(R1c + R′

1c) + (R2pb + R′
2pb) ≤ I(Y2;U2pb, U1c|X2, U2c) + I(U1c; X2|U2c) (3g)

(R2pb + R′
2pb) ≤ I(Y2;U2pb|U1c, X2, U2c) (3h)

R2c + (R1c + R′
1c) + (R1pb + R′

1pb) ≤ I(Y1;U1pb, U1c, U2c), (3i)
(R1c + R′

1c) + (R1pb + R′
1pb) ≤ I(Y1;U1pb, U1c|U2c), (3j)

(R1pb + R′
1pb) ≤ I(Y1;U1pb|U1c, U2c), (3k)

pX2|U2c,U2pa

pX1|U2c,U2pa,X2,U1c,U1pb,U2pa

U2c

U1pb, U2pb

U2pa

Fig. 2. STE: update figure and caption The achievable encoding scheme of Thm 1. The ordering from left to right and the distributions demonstrate
the codebook generation process. The dotted lines indicate binning. We see rate splits are used at both users, private messages W1pb, W2pa, W2pb are
superimposed on common messages W1c, W2c and U1c is binned against (U2pa, X2) conditioned on U2c, while U1pb and U2pb are binned against each
and X2 other in a Marton-like fashion (conditioned on other subsets of random variables). U1pb is binned against U2pa as well.

the Appendix. To prove inclusion of [19, Th.1] in RRTCD

consider the following assignment in (3):

U2c = Q R2c = 0
U1c = U1c R1c = R1c R′

1c = I(U1c;U2pa|U2c)
U2pa = X2b R2pa = R2b

U1pb = U1a R1pb = R1a R′
1pb = I(U1pb;U2pa|U1c)

U2pb = U2pa R2pb = 0 R′
2pb = 0

Moreover let X1 and X2 be deterministic
function, that is X2 = fX2(U2c, U2pa) and
X1 = fX1(U2c, U2pa, U1c, U1pb, U2pb). With this assignment
(3h) can be dropped since incorrect decoding of U1c at
decoder 2 does not cause an error. Also X2 can be dropped
from the binning rates using the conditional version of the
data processing inequality. From this we conclude that the
region of [19] ⊆ RRTD. The weak interference regions of
[15], [28] are special cases of [19, Th.1] by [19, Thm. 3],
hence they are also contained in RRTD.

B. Marton’s region [21, Thm. 2]
One key ingredient that was missing in all previous regions,

as also noted in [4] and first addressed in thecontext of the
CIFC in [3], was the inclusion of a broadcast strategy from the
cognitive Tx to both receivers. To remedy this obvious gap,
we proposed a Marton-like [21] binning of U1pb and U2pb. Our

region may be reduced to Marton’s broadcast channel region,
using the notation of [21, Thm. 2] by the following assignment
of random variables:
U1pb = U R1pb = Rx,
U2pb = V R2pb = Rz,

R′
1pb + R′

2pb = I(U1pb; U2pb|U2c)
U2c = U1c = U2pa = W R1c = R2c = R2pa = 0

R′
1c = 0

X2 = fX2(U2c). X1 = fX1(U1pb, U2pb, U2c)

C. Jiang and Xin’s region [14]
We compare RRTD with the region described by (11)-(12),

(17)-(19) of [14] subject to input distributions which factor ac-
cording to their (1). Note that the indices 1 and 2 are switched.
Our region may be reduced, with some manipulation, to that
of [14] for the following choices of random variables:

U2c = Q R2c = 0

U1c = U R1c = R21 R′
1c = I(U1c; U2pa|U2c)

U2pa = W R2pa = R1

U1pb = V R1pb = R22 R′
1pb = I(U1pb; U2pa|U2c, U1c)

U2pb = U2pa = W R2pb = 0 R′
2pb = 0

Note that we may drop (3h) and (3g) since incorrect decoding
of U1c at decoder 2 is not an error.

1

DT’s notes

I. ACHIEVABILITY: MODIFIED BY DT ON FEB 27 2010
We propose a new achievable scheme for a general DMC C-IFC that generalizes all schemes proposed in literature.

Theorem I.1. A rate pair (R1, R2) such that

R1 = R1c + R1pb, (1)
R2 = R2c + R2pa + R2pb. (2)

is achievable for a general discrete memoryless C-IFC if

(R′
1c, R

′
1pb, R

′
2pb, R1c, R1pb, R2c, R2pa, R2pb) ∈ R8

+

satisfies:

R′
1c ≥ I(U1c;X2|U2c) (3a)

R′
1c + R′

1pb ≥ I(U1pb; X2|U1c, U2c) + I(U1c;X2|U2c)ADDED (3b)
R′

1c + R′
1pb + R′

2pb ≥ I(U1pb; X2, U2pb|U1c, U2c) + I(U1c; X2|U2c) (3c)

R2c + R2pa + (R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c, X2, U2c) + I(U1c; X2|U2c) (3d)
R2pa + (R1c + R′

1c) + (R2pb + R′
2pb) ≤ I(Y2;U2pb, U1c, X2|U2c) + I(U1c; X2|U2c) (3e)

R2pa + (R2pb + R′
2pb) ≤ I(Y2;U2pb, X2|U1c, U2c) + I(U1c; X2|U2c) (3f)

(R1c + R′
1c) + (R2pb + R′

2pb) ≤ I(Y2;U2pb, U1c|X2, U2c) + I(U1c; X2|U2c) (3g)
(R2pb + R′

2pb) ≤ I(Y2;U2pb|U1c, X2, U2c)REMOV ED + I(U1c; X2|U2c) (3h)

R2c + (R1c + R′
1c) + (R1pb + R′

1pb) ≤ I(Y1;U1pb, U1c, U2c), (3i)
(R1c + R′

1c) + (R1pb + R′
1pb) ≤ I(Y1;U1pb, U1c|U2c), (3j)

(R1pb + R′
1pb) ≤ I(Y1;U1pb|U1c, U2c), (3k)

for some input distribution

pY1,Y2,X1,X2,U1c,U2c,U1pb,U2pb = pU1c,U2c,U1pb,U2pbpX1,X2|U1c,U2c,U1pb,U2pb
pY1,Y2|X1,X2 .

Proof: The meaning of the random variables (RV) in Theorem I.1 is as follows. Both transmitters perform superposition
of two codewords: a common one (to be decoded at both decoders) and a private one (to be decoded at the intended decoder
only). In particular:

• Rate R1 is split into R1c and R1pb and conveyed through the RV’s U1c and U1pb, respectively.
• Rate R2 is split into R2c, R2pa and R2pb and conveyed through the RV’s U2c, X2 and U2pb, respectively.
• U2c is the common message of transmitter 2. The subscript “c” stands for “common”.
• X2 is the private message of transmitter 2 to be sent by transmitter 2 only. It superimposed to U2c. The subscript “p”

stands for “private” and the subscript “a” stands for “alone”.
• U1c is the common message of transmitter 1. It is superimposed to U2c and–conditioned on U2c–is binned against X2.
• U1pb and U2pb are the private messages of transmitter 1 and transmitter 2, respectively, and are sent by transmitter 1 only.

They are binned against one another conditioned on U2c, as in Marton’s achievable region for broadcast channels [1].
The subscript “b” stands for “broadcast”.

The formal description of the proposed encoding scheme is as follows:
a) Rate splitting: Let W1 and W2 be two independent random variables uniformly distributed on [1 : 2nR1 ] and [1 : 2nR2 ]

respectively. Consider splitting the messages as follows:

W1 = (W1c,W1pb),
W2 = (W2c,W2pb,W2pa),

where the messages Wi, i ∈ {1c, 2c, 1pb, 2pb, 2pa}, are all independent and uniformly distributed on [1 : 2nRi ], so that

R1 = R1c + R1pb,
R2 = R2c + R2pa + R2pb.

Analytically shown to be largest known region

Reduces to capacity whenever it is known
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Contributions

• new inner bound (largest region)

• new outer bound (not tightest, but computable)

• capacity for deterministic channels (also semi-deterministic)

• 1.8 bit gap result for Gaussian channels (preliminary 
simulations show smaller gap)
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High-SNR linear deterministic 
cognitive interference channel

Fig. 9.

Fig. 10.

n2c from the initial condition, we can write

R1 ≤ n11

R2 ≤ n22

R1 + R2 ≤ n22 + n11R1 + R2 ≤ n11 + n22R1 + R2 ≤ max{n11 − n21, n1c} + max{n22 − n12, n2c} + n12 + n21

To show that the last sum rate is loose we write

max{n11 − n21, n1c} + max{n22 − n12, n2c} + n12 + n21

max{n11 + n12, n1c + n12 + n21} + max{n22 + n21, n2c}
≥ n11 + n22

We now show how the point can be achieved in 11.

XII. CONCLUSION

Say translation to Gaussian noise is next step, along with

full capacity region (if not obtained) for the general case with

Fig. 11.

interfering links. Ideas about what the teaser may correspond

to in Gaussian noise may be nice to put in.

[4]

REFERENCES

[1] S. Rini, D. Tuninetti, and N. Devroye, “The capacity region of deter-
ministic cognitive radio channels,” Proc. IEEE ITW Taormina, Italy, vol.
Oct., 2009.

[2] A. E.-G. M. Costa, “The capacity region of the discrete memoryless
interference channel with strong interference.” IEEE Transactions on

Information Theory, vol. 33, no. 5, pp. 710–711, 1987.
[3] H. Sato, “An outer bound to the capacity region of broadcast channels,”

IEEE Trans. Inf. Theory, vol. IT-24, pp. 374–377, May 1978.
[4] L. Ghabeli and M. R. Aref, “A new achievable rate and the capacity of

a class of semi-deterministic relay networks,” in Proc. IEEE Int. Symp.

Inf. Theory, June 2007, pp. 281–285.

!"#$%&'()*+,)-.)/010

!"#$%&'(%)*+*,-"."/+"0%0$1..*2/

Tx 1

Tx 2

Rx 1

Rx 2

Tx 1

Tx 2

Rx 1

Rx 2

Tx 1

Tx 2

Rx 1

Rx 2

D-IFC D-CIFC D-MIMO-BC

Sunday, May 16, 2010



Contributions

• new inner bound (largest region)

• new outer bound (not tightest, but computable)

• capacity for deterministic channels (also semi-deterministic)

• 1.8 bit gap result for Gaussian channels (recently reduced to 1 
bit gap)
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Known Gaussian results

100

by the definition of Si. Since the sum rate bound is valid for any ρz we conclude that

R1 + R2 ≤ 1
2 log(1 + P2 + |b|2P1 + 2|ρ|

√
|b|2P1 P2)

+minρz∈[0,1]
1
2 log

(
1−ρ2

Z+(1−ρ2)P1(|b|2+1−2|b|ρZ)

[1−ρ2
Z ][1+|b|2(1−ρ2)P1]

)
. (4.2)

We obtain Equation 4.1c after substitution in Equation 4.2 of the optimal value for ρz given by

ρ∗z = arg min
ρz

|b|2 + 1− 2|b|ρZ

1− ρ2
Z

= min
{

|b|, 1
|b|

}
.

4.2.1 Comparison with existing outer bounds

Strong interference. In strong interference (|b| > 1), the bound Equation 4.1b is redun-

dant and Routreduces to (5, Th.5). Furthermore, the outer bound in Equation 4.1 is known to

be achievable in very strong interference, that is, when |b| > 1 and

α a ≥
(√

α2 + |b|2 − 1 + 2ραb + ρ2 − ρ
)

, α !
√

P1/P2, (4.3)

holds for every |ρ| ≤ 1. Capacity is achieved BY a scheme where both receivers decode both

messages, as in a compound multiple-access channel. Notice that, in strong interference, re-

ceiver 2 can decode both messages without imposing any rate penalty on the rate for user 1.
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P1/P2, (4.3)

holds for every |ρ| ≤ 1. Capacity is achieved BY a scheme where both receivers decode both

messages, as in a compound multiple-access channel. Notice that, in strong interference, re-

ceiver 2 can decode both messages without imposing any rate penalty on the rate for user 1.
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Extensions of ``cognition’’ in multi-user IT

• causal versus non-causal cognition

• cognitive relay: interference, relay channels X1(W1)

X2(W2)

XC(W1, W2)

• more cognitive users, more scenarios....

X1(W1)

X2(W1, W2)

X3(W1, W2, W3)

X1(W1)

X2(W1, W2)

X3(W1,W3)
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Degrees of freedom: classical

M Tx antennas N Rx antennas

DOF = min(M,N)=2

MIMO

DOF = 1 

Interference 
channel

DOF = # “clean” channels in a multi-stream network
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Degrees of freedom: classical

M Tx antennas N Rx antennas

DOF = min(M,N)=2

MIMO

2 Tx antennas

DOF = 2

Broadcast
channel

2 Rx antennas

DOF = 2

Multiple-access
channel

DOF = 1 

Interference 
channel

DOF = # “clean” channels in a multi-stream network
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Degrees of freedom: cognitive, M antennas

DOF = M

MIMO interference 
channel

        Syed A. Jafar, Shlomo Shamai,  Degrees of Freedom 
Region for the MIMO X Channel , IEEE Transactions on 

Information Theory, Vol. 54, No. 1, Jan. 2008, Pages: 151-170.
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Degrees of freedom: cognitive, M antennas

DOF = M

MIMO interference 
channel

        Syed A. Jafar, Shlomo Shamai,  Degrees of Freedom 
Region for the MIMO X Channel , IEEE Transactions on 

Information Theory, Vol. 54, No. 1, Jan. 2008, Pages: 151-170.

MIMO cognitive 
channel, cases a,b,c DOF = M

MIMO cognitive 
channel, cases d,e,f DOF = 2M
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•Degradation is due to multi-hop and interference 
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Scaling laws # nodes n → ∞

•[Gupta+Kumar 2000]: Non-cooperative ad hoc networks

• per-node throughput ~ O(1/√n log(n))

•Degradation is due to multi-hop and interference 
between nodes

•[Ozgur, Leveque, Tse 2007]: Cooperative ad hoc networks

•nodes may cooperate as in a MIMO system

•per-node throughput ~ O(1) (constant)

•Many many more...

•[Franseschetti et al. 2000]: ad hoc networks

• per-node throughput ~ O(1/√n)

• percolation theory
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• What we guarantee:

Primary nodes act as if cognitive network does not exist

Primary nodes achieve same scaling law as if cognitive network does not exist
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Scaling laws: with cognition

• What we guarantee:

Primary nodes act as if cognitive network does not exist

Primary nodes achieve same scaling law as if cognitive network does not exist

• What we prove:

For a sufficiently large and , the primary and secondary

networks can achieve the following per-node throughputs and

sum throughputs almost surely:

(1)

and

(2)

where and are the per-node and sum throughputs

of the primary network (similarly and for the

secondary network).

Note that the constraint that primary network does not alter

its protocol because of the secondary network is what makes

the problem non-trivial. Indeed, if the primary network were

to change its protocol when a secondary network is present, a

simple time-sharing or TDMA scheme is able to achieve the

above throughput-scaling.

For the primary network, we use a routing protocol as a

simple modification of the nearest neighbor multi-hop scheme

in [1]. We propose a novel routing protocol for the secondary

network. This protocol also uses multi-hop routing, in which

the secondary routes avoid passing too close to the primary

nodes, reducing the interference to them. We show that these

protocols achieve the above throughput scalings simultane-

ously. This implies that when a denser network is layered

on top of a sparser one, then both may achieve a scaling of

, where is the number of nodes

in each network, respectively. This result may be extended to

more than two networks, provided each layered network obeys

the same three main assumptions as in the two network case.

Throughout this paper, we will be dealing with events which

take place almost surely (a.s.), or with probability 1 as the node

density . For simplicity, we use the notation a.s. in this

paper to mean an event occurs almost surely as .

This paper is structured as follows. In Section II we outline

the system model: we first look at the network geometry, co-

existing primary and secondary ad hoc networks, then turn to

the information theoretic achievable rates, before stating our

assumptions on the primary and secondary network behaviors.

In Section III we outline the protocols used to prove our

achievable throughput scalings. In Section IV we show that

using these protocols, the claimed single network throughput

scalings may be achieved. We conclude in Section V and refer

the proofs of lemmas to the paper in preparation [15].

II. SYSTEM MODEL

In this section, we define the underlying network models and

then look at the transmission schemes, the resulting achievable

rates, and assumptions made about the primary and secondary

networks.

A. Network geometry

We consider a planar area in which a primary network and

a secondary network co-exist. Primary nodes are distributed

according to a Poisson point process of density over a

unit square which are randomly grouped into primary S-D

pairs. For the secondary network, nodes are again distributed

according to a Poisson point process of density over the

same area and are also randomly grouped into secondary S-

D pairs. The densities of primary and secondary nodes are

related according to

(3)

where , meaning that the density of the secondary nodes

is higher than that of the primary nodes. We consider a path

loss channel model such that the channel power gain ,

normalized by a constant, is given by

(4)

where denotes the distance between a transmitter (Tx) and

its receiver (Rx) and denotes the power exponent.

B. Rates and throughputs achieved

Each network operates based on slotted transmissions. We

assume the duration of each slot and the coding scheme are

such that one can achieve the Gaussian noise channel capacity.

We further assume all the primary and secondary nodes are

subject to a transmit power constraint .

We will characterize the rates achieved by the primary

and secondary S-D pairs. Suppose that primary pairs and

secondary pairs communicate simultaneously. Let

denote the distance between the Tx of the -th primary pair

and the Rx of the -th primary pair and denote the

distance between the Tx of the -th secondary pair and the

Rx of the -th primary pair. Similarly, denotes the

distance between the Tx of the -th secondary pair and the Rx

of the -th secondary pair and denotes the distance

between the Tx of the -th primary pair and the Rx of the

-th secondary pair. The -th primary pair can communicate

with a rate of

(5)

where is the interference power from the primary nodes,

is the interference power from the secondary nodes,

and is the thermal noise power. and are

given by and ,

respectively. The -th secondary pair can communicate with a

rate of

(6)

where is the interference power from the secondary

nodes and is the interference power from the primary

nodes. and are given by

and , respectively.
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