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Abstract—Interference alignment has proven to be a powerful
tool in characterizing the high SNR behavior of wireless net-
works. Using this technique, Cadambe and Jafar showed that
the sum degrees-of-freedom for theM -user interference channel
is M/2 rather than 1 as was originally expected. In recent
work, we showed that these gains are not limited to the high
SNR regime. In fact, for the interference channel, each user
can achieve at least half its interference-free capacity atany
SNR. The key to this result was a new achievability technique
called ergodic interference alignment. In this paper, we extend
this technique to include more general message sets. Specifically,
we consider the multicast case where each transmitter has a
message destined for more than one receiver. We also look at the
X channel configuration for 2 receivers where each transmitter
has an independent message for each receiver.

I. I NTRODUCTION

Significant progress has been made recently towards the
capacity of the interference channel. The work of Etkin, Wang,
and Tse characterized the capacity region of the two-user
Gaussian interference channel to within1 bit [1]. However,
extending this result to theM -user Gaussian interference
channel is more involved than one might originally suspect.
This is in part due to the possibility of interference alignment
[2], [3] which allows the transmitters to exploit the channel
to ensure that all of the interference at any one receiver only
occupies half of the dimensions, leaving the other half for the
desired signal.

One also has to deal with the fact that parallel interference
channels are inseparable [4], [5]. That is, one cannot separately
code for each channel instance and simply allocate power
across these codes since any variation in the channel could
be potentially exploited for alignment. By exploiting these
properties, Cadambe and Jafar characterized the behavior of
the M -user interference channel in the high signal-to-noise
ratio (SNR) limit [3]. Specifically, they showed that the sum
degrees-of-freedom isM2 . Recent work by Motahariet al. has
shown that this is also achievable for fixed channel matricesas
well [6]. High SNR results are also available for more involved
message structures such as the X channel framework where
each transmitter has an independent message for each receiver
[2], [7].
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In recent work, we showed that these high SNR results are
also available at finite SNRs for time-varying channels through
a new technique called ergodic interference alignment [8].Es-
sentially, each channel instance in a time-varying interference
channel can be paired with a complement to exactly cancel out
the undesired signals. Concurrent work by Jeon and Chung
proposed a similar scheme for finite field networks [9].

In this paper, we extend our results to more general classes
of message sets including the X channel configuration with
2 receivers. We also consider the multicast case where each
transmitter has one message and each receiver is interestedin
more than one of these messages.
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Fig. 1. M -user interference channel.

II. PROBLEM STATEMENT

There areM transmitters andN receivers that communicate
across a common wireless medium overT time steps. We
will use a fast fading model wherein the channel coefficients
change at every time step. At timet, the channel output seen
by thenth receiver is given by:

yn[t] =
M
∑

m=1

hnm[t]xm[t] + zn[t] (1)

wherehnm[t] indicates the channel coefficient between themth

transmitter and thenth receiver,xm[t] represents the channel
input from themth transmitter, andzn[t] is additive noise. The
inputs, outputs, noise, and channel coefficients all take values
on the complex fieldC.



We assume that at each time step each channel coefficient is
drawn i.i.d. from a distribution with uniform phase. We alsore-
quire that channel coefficients are independent of one another
(although they may be drawn from different distributions).The
uniform phase condition is critical for our achievable scheme
as it guarantees that:

P (hnm = a) = P (hnm = aejb) (2)

for all values ofa ∈ C andb ∈ [0, 2π).
The transmitters and receivers have causal knowledge of

all coefficients. That is, before timet, each transmitter and
receiver is givenhnm[t] for all n andm.

The channel inputs are subject to the usual power constraint:

1

T

T
∑

t=1

|xm[t]|2 ≤ Pm (3)

for somePm ∈ R+.
We also assume that each additive noise term is i.i.d. across

time and drawn from a circularly symmetric complex Gaussian
distribution with varianceσ2

n, zn[t] ∼ CN (0, σ2
n).

Our goal is to reliably communicate messages from trans-
mitters to receivers at the highest rates possible. In the most
general case, each transmitter would have a message intended
for each subset of receivers. In this paper, we will only
consider a few limiting cases of this general model. Each
message will be drawn independently and uniformly from the
set {1, 2, . . . , 2nR̃} for some choice ofR̃. Each transmitter
has one or more such messages which it maps intoT channel
inputs with an encoding functionEm. Each receiver, after
observingT channel outputs attempts to recover its desired
messages with a decoding functionDn.

Definition 1: The rateR is achievable for a given message
if for all ǫ > 0 andT large enough, there exist fixed encoders
and decoders, such that a message drawn at rateR̃ > R−ǫ can
be recovered at all intended destinations with total probability
of error not exceedingǫ.

We will use boldface lowercase letters to denote column
vectors and boldface uppercase letters to denote matrices.Let
h
∗ denote the Hermitian (or conjugate) transpose ofh.
We now describe the special cases of message sets.

A. Standard Message Set

In the classical interference channel model, there areM
transmitter-receiver pairs that wish to exchange messages. Let
wm denote the message from themth transmitter to themth

receiver and letRm denote its rate. See Figure 1.

B. Multicast Message Set

Now consider the case where there areM transmitters, each
with a single messagewm with rate Rm, and N receivers
that want exactlyL messages each. For simplicity, we will
assume that all messages are requested by the same number
of receivers. (Note that this implicitly assumes thatNL

M is an
integer.) Denote the subset of receivers that want messagem

by Sm. In Figure 2, we provide a block diagram of a case with
M = 4 transmitters,N = 4 receivers, and message requests
S1 = {1, 2},S2 = {2, 3},S3 = {3, 4}, andS4 = {4, 1}.
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Fig. 2. Multicast message set forM = 4 transmitters andN = 4 receivers.

C. X Message Set

In this special case, each transmitter has an independent
message for each receiver. Letwmℓ denote the message sent
from themth transmitter to theℓth receiver whereℓ takes values
from 1 to N . Each message has rateRmℓ. In Figure 3, we give
a block diagram of an X message set forM = 2 transmitters
andN = 2 receivers.
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Fig. 3. X message set forM = 2 transmitters andN = 2 receivers.

III. C HANNEL QUANTIZATION

Our scheme relies on matching up time indices based
on the phase and magnitude of the channel coefficients. In
order to ensure that most channel coefficients are matched,
we need strong typicality and for this we need the channel
coefficients to take values on a finite set. We will accomplish
this by quantizing the channel coefficients with the resolution
determined by our desired gap to the target rate. By taking
finer and finer quantizations, we can achieve the target rate in
the limit.

First, we will threshold the channel coefficients by throwing
out any time indices that contain a channel coefficient magni-
tude larger thanhMAX . This threshold is chosen such that the
probability that one or more channel coefficients violate itin
one time instant isτ .

Each channel coefficient is quantized as follows. The com-
plex plane (up to radiushMAX ) is divided up intoκ disjoint
rings of equal width. These rings are further subdivided into
equal segments based onη angles spaced equally between



0 and 2π where η. See Figure REF for a diagram. Each
segment is a quantization cell for the channel coefficients.The
parametersκ andη are chosen such that the maximum distance
between any two points in any segment isν whereν > 0 will
be specified later. We also assign all channel coefficients with
magnitude larger thanhMAX to an erasure symbol.

Lemma 1:Given hk ∈ C satisfying |hk| < hMAX for k =
1, 2, . . . , K, let ĥk be any other element of the quantization
cell of hk. For anyak ∈ C, the following upper bound holds:
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Proof: First, write eacĥhk = hk + ek where |ek| < ν.
Now, we have by the triangle inequality:
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Similarly, by the reverse triangle inequality, we have that:
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The above lemma will allow us to show that forν small
enough, matching up channel coefficients based on their
quantization cells has a negligible effect on the overall rate.

For the remainder of this paper, we will treat all channel
coefficients as if they are quantized. Thus, we can treat them
as if drawn from a discrete set where the probability of each
quantization cell is given by the total probability of all channel
coefficients in that cell. By construction, all quantization cells
at a given radius have the same probability.

We now recall the notion of strong typicality for sequences
of discrete random variables. LetH = {hnm} be the matrix
of channel coefficients which takes values in the setH and
let H[T ] denote the sequence of such matrices overT channel
uses. LetN(H|H[T ]) denote the number of times the channel
matrix H occurs in the sequenceH[T ].

Definition 2: A sequence of channel matrices,H
[T ], is γ-

typical if:
∣

∣

∣

∣

1

T
N(H|H[T ]) − P (H)

∣
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∣

∣

≤ γ ∀H ∈ H (8)

whereP (H) is the probability of channelH ∈ H under the
channel model. LetAT

γ denote the set of allγ-typical channel
matrix sequences.

Lemma 2 (Csiszar-K̈orner 2.12): For any i.i.d. sequence of
channel matrices,H[T ], the probability of the set of allγ-
typical sequences,AT

γ , is lower bounded by:

P (AT
γ ) ≥ 1 −

|H|

4Tγ2
(9)

For a proof, see [10]. Due to the channel quantization, the size
of H is |H| = (κη + 1)MN .

We will only work with sequences of channel matrices that
areγ-typical and declare errors on the rest. This ensures that
nearly all time indices can be matched up appropriately.

IV. EQUATION COEFFICIENTS

The key to our achievability proof is creating equations
of the transmitted codewords at the receivers which can be
solved for the desired messages. Essentially, at well-chosen
time indices, all encoders retransmit symbols that were sent
at an earlier time. This has the effect of giving the decoders
equations with the symbols as the variables and the coefficients
given by the channel.

First, we assume that all channel coefficients are quantized
as described in Section III. In order to ensure that all channel
coefficients can be appropriately matched, we only consider
matchings between individual coefficients of the same mag-
nitude. Since the phase of each coefficient is assumed to be
uniform, all equations will have the same probability.

The goal is to specify a set ofK equations such that the
receiver can recover its desired messages. Each receiver is
free to choose its own equations and repeat transmissions only
occur when all receivers see the appropriate equations. These
equations are fully specified by phase shiftsφ

(k)
nm (with φ

(1)
nm =

1 by default). For ease of analysis, these are restricted to take
values on the set{ejb : b = 0, 2π

η , 4π
η , . . . , 2π(η−1)

η } so that
they are in correspondence with the quantization cells. We
write the phase shifts at each receiver for thekth equation in
matrix form below:
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We now show how to match up channel matrices based
on these phase shifts. LetA ⊙ B , {anmbnm} denote the
Hadamard product ofA andB. We divide up theT channel
uses intoK intervals of lengthT/K. Using Lemma 2, we have
that forT large enough, allK intervals will beγ-typical with
probability at least(1 − ǫ

2 ). By Definition 2, this means that
the number of occurrences of each possible channel matrix in
each interval is bounded as follows:

T

K
(P (H) − γ) ≤ N(H|H[T/K]) ≤

T

K
(P (H) + γ) (11)



for all H ∈ H.
Each encoder uses a lengthTC codebookCm with rate

R̃m generated i.i.d. from a circularly symmetric Gaussian
distribution with variancePM − ǫ.

Assume that the intervals areγ-typical. Each matrix will
occur at leastTK (P (H) − γ) in each interval. During the first
time interval, each encoder transmits a new symbol from its
codeword at each time stept unless:

1) The channel matrixH[t] contains one or more elements
with magnitude larger thanhMAX .

2) The channel matrixH[t] does not violate the threshold
but has already occurred at leastT

K (P (H) − γ) times.

The number of useable time slots is equal to:

TC =
T

K

∑

H:|hnm|<hMAX

(P (H) − γ) (12)

=
T

K

(

1 − τ − (κη)MNγ
)

(13)

and we set this to be the length of the codebooks.
We then match up used time slots from the first interval

with time slots in the remainingK − 1 intervals. During
the kth time interval, when the channel matrixΦ(k) ⊙ H

occurs, it is matched with the first unmatched time slot from
the first interval that had channel matrixH. The encoders
retransmit the symbols from the first interval for all matched
time slots. Since are intervals are assumed to beγ-typical,
all T

K (P (H) − γ) time indices for each matrix from the first
interval can be successfully matched.

After T time steps, receivern has access to equations of
the form:

y(1)
n =

M
∑

m=1

hnmxm + z(1)
n (14)

y(2)
n =

M
∑

m=1

φ(2)
nmhnmxm + z(2)

n (15)

... (16)

y(K)
n =

M
∑

m=1

φ(K)
nm hnmxm + z(K)

n (17)

wherexm are the symbols from a single index in the chosen
codewords,hnm are fixed channel coefficients (up to the
quantization cells), andz(k)

n are the noise terms from the
matched time indices.

Given these equations, the receiver attempts to recover the
symbols from its desired by applying linear transformations.
For each desired symbolxℓ, the receiver forms an estimate:

unℓ =
K
∑

k=1

a
(k)
nℓ y(k)

n (18)

=

M
∑

m=1

hnmxm

K
∑

k=1

a
(k)
nℓ φ(k)

nm +

K
∑

k=1

a
(k)
nℓ z(k)

n (19)

for some choice ofa(k)
nℓ ∈ C.

Let δ[ℓ] be the Kronecker delta function. The follow-
ing lemma establishes a worst-case signal-to-interference-and-
noise ratio (SINR) for the channel betweenxℓ anduℓ.

Lemma 3:Assume thatφ(k)
nm anda

(k)
nℓ are chosen such that

∑K
k=1 a

(k)
nℓ φ

(k)
nm = βδ[ℓ−m] for someβ > 0. Then, the AWGN

channel between symbolxℓ and estimateunℓ has anSINR that
is lower bounded by:

SINR ≥
Pℓ

(

β|hnℓ| − ν
∑K

k=1 |a
(k)
nℓ |
)2

ν2
(

∑K
k=1 |a

(k)
nℓ |
)2
∑

m 6=ℓ Pm + σ2
n

∑K
k=1 |a

(k)
nℓ |

2

.

Furthermore, asν goes to zero, we have that:

lim
ν↓0

SINR ≥
Pℓβ

2|hnℓ|2

σ2
n

∑K
k=1 |a

(k)
nℓ |

2
. (20)

Proof: First, we lower bound the signal power which is
slightly diminished due to channel quantization. By Lemma
1, the signal power is lower bounded as follows:

Pℓ
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Now, we upper bound the power of the remaining interference
due to quantization. Again, by Lemma 1, the power of each
interfererm 6= ℓ at receivern is upper bounded as follows:
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Finally, the noise termsz(k)
n are each weighted bya(k)

nℓ

in unℓ. Since the noise is i.i.d. across time, we get that
σ2

n

∑K
k=1 |a

(k)
nℓ |

2 as the power of the sum of the noise.

The requirements ona(k)
nℓ and φ

(k)
nm in Lemma 3 can be

restated as a matrix condition. LetAn andΦn be defined as
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Assume that receivern wants messages with indices
ℓ1, ℓ2, . . . , ℓI . Then the following condition is equivalent to
∑K

k=1 a
(k)
nℓ φ

(k)
nm = βδ[ℓi − m] for i = 1, 2, . . . , I:
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V. STANDARD MESSAGESET

This setting is often referred to as simply the “M -user
interference channel.” In previous work, we developed an
interference alignment scheme that allows each user to achieve
slightly more than half its interference-free rate at anySNR

[8]. For completeness, we repeat this theorem and its proof
below.

Theorem 1:The following rates are achievable forM users
with the standard message set:

Rm =
1

2
E

[

log

(

1 + 2|hmm|2
Pm

σ2
m

)]

(25)

Proof: Receiverm will useK = 2 equations to recover its
desired messageswm. The phase shifts are given byφ

(2)
mm = 1

and φ
(2)
nm = −1 for n 6= m. The messages are recovered

using a
(1)
mm = a

(2)
mm = 1. It follows that

∑2
k=1 a

(k)
mmφ

(k)
nm =

2δ[n − m]. Essentially, we subtract out everything except the
desired message using the second equation. From Lemma 3,
receiverm can recover the channel inputXm with SINRm no
worse than:

SINRm ≥
Pm (2|hmm| − 2ν)

2

4ν2
∑

ℓ 6=m Pℓ + 2σ2
m

.

By choosingν, γ and τ small enough andT large enough,
we can guarantee thatSINRm is such that we can find a good
code with probability of error at mostǫ2 and rate at least

1

2
E

[

log

(

1 + 2|hmm|2
Pm

σ2
m

)]

− ǫ. (26)

Recall also that with probabilityǫ2 the channel is notγ-typical.
Since the total probability of error is less thanǫ, we get the
desired result.

Remark 1: It is also possible to optimize the power alloca-
tion over time. By water-filling over the channel realizations,
higher rates can certainly be achieved. However, in this paper
we only focus on the rates possible through equal power
allocation. See [11] for a study of power allocation for fast
fading 2-user interference channels.

VI. M ULTICAST MESSAGESET

Recall that in this setting there areM transmitters with one
message each andN receivers. Also,Sm denotes the index
set of all receivers that want messagem with |Sm| = L. Let
ωK , ej2π/K denote theK th root of unity and letWK be the
sizeK discrete Fourier transform (DFT) matrix:
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Recall that the inverse DFT matrix has the following form:
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Theorem 2:For the multicast message set, the following
rates are achievable:

Rm = min
n∈Sm

1

L + 1
E

[

log

(

1 + (L + 1)|hnm|2
Pm

σn

)]

(29)

Proof: Without loss of generality, assume that receiver
n is interested in messages from transmitters1, 2, . . . , L.
(Otherwise, just reindex the transmitters.) To recover these
messages, the receiver needsL + 1 equations:L for the
messages and one for the interference. The phase coefficients
are chosen from the DFT matrix of sizeWL+1:

φ
(k)
nℓ =







exp
(

j2π(ℓ−1)(k−1)
L+1

)

ℓ = 1, 2, . . . , L

exp
(

j2πL(k−1)
L+1

)

ℓ = L + 1, L + 2, . . . , M

and the recovery coefficients are chosen from the inverse DFT
matrix WL+1 scaled byL + 1:

a
(k)
nℓ = exp

(

−j2π(ℓ − 1)(k − 1)

L + 1

)

for ℓ = 1, 2, . . . , L

This immediately gives thatAnΦn = (L + 1)I. We can now
apply Lemma3 to show that the resulting channel from each
transmitter hasSINRnℓ no worse than:

SINRnℓ ≥
Pℓ ((L + 1)|hnℓ| − (L + 1)ν)

2

(L + 1)2ν2
∑

ℓ 6=m Pℓ + (L + 1)σ2
n

.

Since the message from transmitterℓ is multicast to several
receivers, the rate is governed by the worst channel:

SINRℓ = min
n∈Sℓ

SINRnℓ (30)

By choosingν, γ andτ small enough andT large enough, we
can guarantee thatSINRℓ is such that we can find a good code
to all receivers with probability of error at mostǫ

2 and rate at
least

min
n∈Sℓ

1

L + 1
E

[

log

(

1 + (L + 1)|hnℓ|
2 Pℓ

σ2
n

)]

− ǫ. (31)

Recall also that with probabilityǫ2 the channel is notγ-typical.
Since the total probability of error is less thanǫ, we get the
desired result.

Note that if we simply extended the scheme from Theorem
1, to cancel out the interference from each desired message
one-by-one, we do not achieve the same rates. Specifically, if
we have

Φ1 =











1 1 · · · 1 1 · · · 1
1 −1 · · · −1 −1 · · · −1
...

...
. . .

...
...

. . .
...

−1 −1 · · · 1 −1 · · · −1











(32)



then we only achieve a rate of

Rℓ = min
n∈ℓ

1

L + 1
E

[

log

(

1 + 2|hnℓ|
2 Pℓ

σ2
n

)]

. (33)

VII. X M ESSAGESET

Each transmitterm has an independent messagewmℓ for
each receiverℓ . Unlike the previous two cases, we cannot
hope for the channel to generate an independent coefficient
for every message. Transmitters must artificially separatetheir
messages by premultiplying them by phases. This leaves us
with fewer variables to work with to align the interference
at every receiver. As a result, we are currently only able to
provide a scheme for the case withN = 2 receivers.

For simplicity, we assume each transmitter splits its power
equally between its messageswm1 and wm2. The phase
rotations at the transmitter for thekth equation are given by
θ
(k)
m1 andθ

(k)
m2. This results in the following channel input:

X(k)
m = θ

(k)
m1Xm1 + θ

(k)
m2Xm2 (34)

It is also convenient to represent these phases in matrix form:

Θn =













θ
(1)
1n θ

(1)
2n · · · θ

(1)
Mn

θ
(2)
1n θ

(2)
2n · · · θ

(2)
Mn

...
...

. . .
...

θ
(K)
1n θ

(K)
2n · · · θ

(K)
Mn













. (35)

We are also free to choose the phases provided by the
channelφ(k)

nm. The receivers see equations of all transmitted
messages of the following form:

y
(k)
1 =

M
∑

m=1

φ
(k)
1mhnm(θ

(k)
m1xm1 + θ

(k)
m2xm2) + z

(k)
1 (36)

y
(k)
2 =

M
∑

m=1

φ
(k)
2mhnm(θ

(k)
m1xm1 + θ

(k)
m2xm2) + z

(k)
2 (37)

We can represent all of the phases seen at each receiver
in a single matrix by ordering the messages as follows
w11, w21, . . . , wM1, w12, w22, . . . , wM2. The matrix of phases
is

Bn = [Θ1 ⊙ Φn Θ2 ⊙ Φn] (38)

The key is to choose all of the phases such that the left half
of Bn is full rank at receiver1 and composed of identical
columns at receiver2 while at the same time ensuring the
right half is full rank at receiver2 and composed of identical
columns at receiver1. This is indeed possible as shown by the
following theorem.

Theorem 3:For the X message set withN = 2 receivers,
the following rates are achievable:

Rnm =
1

M + 1
E

[

log

(

1 +
M + 1

2
|hnm|2

Pm

σ2
n

)]

(39)

Proof: We will show that it is possible to design the
phases so that both receivers see a DFT matrix with indepen-
dent columns for the desired messages and the same column
for undesired messages. Choose the phases as follows:

θ
(k)
m1 = exp

(

j2π(m − 1)k

M + 1

)

(40)

θ
(k)
m2 = exp

(

j2πMk

M + 1

)

(41)

φ
(k)
1m = 1 (42)

φ
(k)
2m = exp

(

−j2π(m − 1)k

M + 1

)

(43)

Let α = exp(j2π/(M + 1)). We get thatB1 is equal to:










1 1 · · · 1 1 1 · · · 1
1 α · · · α(M−1) αM αM · · · αM

...
...

. . .
...

...
...

. . .
...

1 αM · · · α(M−1)M αM2

αM2

· · · αM2











andB2 is equal to:










1 1 · · · 1 1 1 · · · 1
1 1 · · · 1 αM αM−1 · · · α
...

...
. . .

...
...

...
. . .

...
1 1 · · · 1 αM2

αM(M−1) · · · αM











Now, receivers1 and 2 can treat this as a multicast problem
and chooseA1 to be the firstM columns of the sizeM + 1
inverse DFT matrix andA2 to be the lastM columns.
Following the remaining steps in the proof of Theorem 2 yields
the desired result.

REFERENCES

[1] R. H. Etkin, D. N. C. Tse, and H. Wang, “Gaussian interference channel
capacity to within one bit,”IEEE Trans. Info. Theory, vol. 54, pp. 5534–
5562, Dec. 2008.

[2] M. A. Maddah-Ali, A. S. Motahari, and A. K. Khandani, “Communica-
tion over mimo x channels: Interference alignment, decomposition, and
performance analysis,”IEEE Trans. Info. Theory, vol. 54, pp. 3457–
3470, Aug. 2008.

[3] V. R. Cadambe and S. A. Jafar, “Interference alignment and the degrees
of freedom for the K user interference channel,”IEEE Trans. Info.
Theory, vol. 54, pp. 3425–3441, Aug. 2008.

[4] V. R. Cadambe and S. A. Jafar, “Multiple access outerbounds and
the inseparability of parallel interference channels,”IEEE Trans. Info.
Theory, vol. 55, pp. 3983–3990, Sept. 2009.

[5] L. Sankar, X. Shang, E. Erkip, and H. V. Poor, “Ergodic two-user inter-
ference channels: Is separability optimal?,”Allerton 2008, (Monticello,
IL), Sept. 2008.

[6] A. S. Motahari, S. Oveis-Gharan, M.-A. Maddah-Ali, and A. K. Khan-
dani, “Forming pseudo-MIMO by embedding infinite rational dimen-
sions along a single real line,”IEEE Trans. Info. Theory, Submitted
Aug. 2009. See http://arxiv.org/abs/0908.2282.

[7] V. R. Cadambe and S. A. Jafar, “Interference alignment and the degrees
of freedom of wireless x networks,”IEEE Trans. Info. Theory, vol. 55,
pp. 2334–2344, May 2009.

[8] B. Nazer, M. Gastpar, S. A. Jafar, and S. Vishwanath, “Ergodic inter-
ference alignment,” inISIT 2009, (Seoul, South Korea), Jun. 2009.

[9] S.-W. Jeon and S.-Y. Chung, “Capacity of a class of multi-source
relay networks,”IEEE Trans. Info. Theory, Submitted Jul. 2009. See
http://arxiv.org/abs/0907.2510.

[10] I. Csiszár and J. Körner,Information Theory: Coding Theorems for
Discrete Memoryless Systems. New York: Academic Press, 1982.

[11] D. Tuninetti, “Gaussian fading interference channels: Power control,” in
Asilomar 2008, (Monterey, CA), Oct. 2008.


