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Abstract—This paper considers the K-user cognitive interfer-
ence channel with one primary and K — 1 secondary/cognitive
transmitters with a cumulative message sharing structure, i.e.,
cognitive transmitter i, ¢ € [2 : K], non-causally knows all
messages of the users with index less than i. We first propose
a computable outer bound valid for any memoryless channel
and show the sum-rate to be achievable for the symmetric K-
user Linear Deterministic Channel. Interestingly, for the K-
user channel having only the K-th transmitter know all other
messages is sufficient to achieve the sum-capacity, i.e., cognition
at transmitters 2 to K —1 is not needed. Next, the sum-capacity of
the symmetric Gaussian noise channel is characterized to within
a constant additive and multiplicative gap, which depend on K.
As opposed to other interference channel models, a single scheme
suffices for both the weak and strong interference regimes.
Moreover it is only required for transmitters 2 to X' — 1 to have,
in addition to their own message, non-causal message knowledge
of the transmitter 1’s message.

I. INTRODUCTION

The cognitive radio channel, first introduced in [1], consists
of two source-destination pairs in which one of the transmitters
called the secondary transmitter has non-causal knowledge of
the message of the other transmitter known as the primary
transmitter. This non-causal message knowledge idealizes a
cognitive radio’s ability to overhear other transmissions and
exploit them to either cancel them out at their own receiver
or aid in their transmission. For the state-of-the-art on the
2-user cognitive channel we refer the reader to [2], [3]. In
this paper we extend the 2-user cognitive interference channel
model to K-users. The K-user cognitive interference channel
(CIFC) consists of one primary and K —1 secondary, or cogni-
tive, users. We assume a cumulative message sharing (CMS)
cognition structure introduced in [4] for the 3-user channel,
and extended here to K-users, whereby user 1 is the primary
user, and cognitive users i, ¢ € [2 : K|, know the messages of
user 1 through 7 — 1. The cumulative message cognition model
is inspired by the concept of overlaying, or layering multiple
co-existing cognitive networks. The first “layer” consists of
the primary users. Each additional cognitive layer transmits
simultaneously with the previous layers (overlay) given the
lower layers’ codebooks. We idealize higher layers being able
to obtain lower layers’ messages through non-causal cognition.

Past Work. The literature on multi-user cognitive interfer-
ence channels is limited, in part since the 2-user counterpart
is not yet fully understood [2], [3]. The only other work
on a K-CIFC with K > 3 is that of [5], [6] to the best
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of our knowledge. In [5] the channel model consists of
one primary user and K — 1 parallel cognitive users; each
cognitive user only knows the primary message in addition to
their own message (thus not a cumulative message structure);
for this channel model the capacity in the “very strong”
interference regime is obtained [5]. In [6] the sum capacity of
the K -user linear deterministic cognitive interference channel
with cumulative message sharing is obtained. In [4], [6]-
[10] different 3-user cognitive channels are considered which
differ from the one considered here either in the number
of transmitter/receivers, or in the message sharing/cognition
structure in all but [4], [6], [7]. In [7], several types of 3-
user cognitive interference channels are proposed: that with
“cumulative message sharing” (CMS) as considered here, that
with “primary message sharing” where the message of the
single primary user is known at both cognitive transmitters,
and finally “cognitive only message sharing” (CoMS) where
there are two primary users who do not know each others’
message and a single cognitive user which knows both primary
messages. In [6] the sum-capacity for the 3-user channel with
CMS for the linear deterministic channel (LDC) is obtained
— our work generalizes this to K -users and to the Gaussian
noise channel, where a constant gap to capacity is obtained.
Contributions and Outline. We consider the K -user CIFC
with CMS (K-CIFC-CMS), with the following contributions:
1) In Section III we obtain a novel outer bound region that
reduces to the outer bound of [2] for the 2-user case (partially
presented in [6] for the LDC). The bound is valid for any
memoryless channel and any number of users, and does not
contain auxiliary random variables and is thus computable for
many channels including the Gaussian noise channel.
2) In Section IV we derive the sum-capacity for the symmetric
K-user LDC exactly; the outer bound was obtained in [6]
and here we show achievability. Interestingly, the scheme only
requires one user to be fully cognitive of the messages of all
other users, which considerably relaxes the CMS requirement.
3) In Section V we derive the sum-capacity for the symmetric
K-user Gaussian noise channel to within a constant additive
and multiplicative gap. The additive gap is a function of the
number of users and grows as (K — 2)logy(K — 2); the
proposed achievable scheme can be thought of as a MIMO-
broadcast scheme where only one encoding order is possible
due to the CMS mechanism; interestingly, a single scheme
suffices for both the weak and strong interference regimes;

2034



2013 IEEE International Symposium on Information Theory

WsW2 W1 | Xs

Fig. 1.

The Gaussian 3-CIFC-CMS

moreover the achievable scheme only requires the first K — 1
cognitive users to know the message of the primary user but
not those of other cognitive users, again considerably relaxing
the CMS requirement. The multiplicative gap is K and is
achieved by having all users beam-form to the primary user.

II. CHANNELMODEL

The K-CIFC-CMS channel consists of: channel inputs
X; € X;, i € [1 : K], channel outputs Y; € YV;, i €
[1 : K], a memoryless channel P(Y1,...,Yg|X1,...,XK),
and independent messages W,; known to users 1,2,...,1,
i € [1 : K]. A code with non-negative rate vector
(R1,...,Rk) and block length N is defined by: messages
W;, i € [l : K], uniformly distributed over [1 : 2NFi],
encoding functions XV (W1,...,W;), i € [1 : K], decoding
functions /W( N), i € [1 : K], and probability of error
PN = max;e[1:x] IP[W # W;]. The capacity of the K-
CIFC-CMS channel consists of all rates (R, ..., Rg) such
thatPe( )%OaSN%oo.

A. The Gaussian Noise Channel

The single-antenna complex-valued K -CIFC-CMS with Ad-
ditive White Gaussian Noise (AWGN), shown in Fig. 1 for the
case K = 3, has input-output relationship

> huXi+ Zo, L1 K], (1
i€[1:K]

where, without loss of generality, the inputs are subject to the
power constraint E[|X;|?] < 1, i € [1 : K], and the noises
are marginally (the joint distribution does not matter as the
receivers cannot cooperate) proper-complex Gaussian random
variables with parameters Z, ~ N(0,1), ¢ € [1 : K|. The
channel gains h;j, (i,7) € [1: K]?, are constant. Without loss
of generality we may assume the direct links h;;, @ € [1 :
K] to be real-valued and non-negative since a receiver can
compensate for the phase of one of its channel gains.

B. The Linear Deterministic Approximation

The Linear Deterministic approximation of the Gaussian
Noise Channel at high SNR (LDC) was first introduced in [11]
and for the K-CIFC-CMS has input-output relationship:

Y, = Z SmTni X, (el K], )
i€[1:K]

where m = max(; j)e[1:x)2{n;}, S is the binary shift matrix
of dimension m, X; and Y; are binary vectors of length m,

and the channel gains ny;, (¢,i) € [1: K]?, are non-negative
integers. The channel in (2) can be thought of as the high
SNR approximation of the channel in (1) with their parameters
related as n;; = [log(1 + |hi[?)], (i,7) € [1: K]

III. OUTERBOUND FOR THE K-USER CIFC wiTH CMS

We obtain a general and computable outer bound next. The
sum-capacity bound is obtained by giving S; as side informa-
tion to receiver i, i € [1 : K|, where S; := [S;_1, W;_1, Y¥,]
starting with S; := (). With this “nested” side information,
the mutual information terms can be expressed in terms of
entropies which may be recombined in ways that can be easily
single-letterized. This form of the side information allows us
to extend the result from the 3-user case [6] to any number of
users. Other partial sum-rate bounds are obtained with similar
side information structure.

Theorem 1. The capacity region of a general memoryless K-
CIFC-CMS is contained in the region defined by i € [1 : K|

Ry < I(Yi; Xpik) | X (1:i-1)),

K K
ZRj < ZI(Yj;X[j;K]\X[1:j—1]7Y[1:j—1])’i €l: K]
=i =i

(3b)

(3a)

for some joint input distribution Px, . x,, where Xs :=
{X; : i € S} for some index set S C [1 : K]. Moreover,
each rate bound in (3b) may be tightened with respect to the
channel joint conditional distribution as long as the channel
conditional marginal distributions are preserved.

Proof: The the individual rate bounds in (3a) are trivial
cut-set bounds, we therefore present the proof of (3b):

NZ(

K
Rj —en) < Z[(YjN; W) Fano’s inequality
j=i

1N, Wiz, W[i:jfl]ay[?fj_l]QWj)

.
Il
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(Y[fvj], W;[W.j—1)) independence of messages

Il
:Mw

<
I
&

e
- 1M

I(Yk sWilWij—j, Yy _yy) chain rule

I(Yk ’W|W[1J 1] Yv[zk 1])

= 11~
1
b

~

(Yk s Wi Winsi—1, Wiik—11, Yiiir—n))

>
I
-,

] >
] =

I(Ye,ts Xy, el X(1ik—11,60 Yiisk—1),2)-

=~
Il
o
~
Il
—

Finally, by introducing a time-sharing random variable and by
‘conditioning reduces entropy’, we arrive at (3b). [ ]
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IV. SUM-CAPACITY OF THE LDC K-CIFC-CMS

For the LDC, we show a sum-capacity achieving scheme
that only requires cognition of all messages at one trans-
mitter. For simplicity we consider the symmetric case only.
In a symmetric LDC all direct links have the same strength
ni; = nq > 0,4 € [1: K], and all the cross links have the
same strength ng; = n. = a ng > 0, (4,i) € [1: K], { # .

Theorem 2. The sum-capacity bound in (3b) for ¢+ = 1 is
achievable for the symmetric LDC K-CIFC-CMS.

Proof: For the symmetric LDC K-CIFC-CMS the sum-
capacity in was shown to be upper bounded by [6], [12]:

Zszl Ry, < {

nq

Kmax{l,a} —a fora#1

1 fora=1 @)

The discontinuity at & = 1 in (4) follows from the fact that
when ng = n. the channel reduces to a K-user MAC with
sum-capacity given by max H (Y1) = nq.

To show the achievability of (4), let U;, j € [1 : K], be a
vector composed of i.i.d. Bernoulli(1/2) bits. Let the transmit
signals be

X;=Uj, jell: K—1],

L.

[na—nc]t xXne

K-—1
One x [na—ne]+ ] ZUJ'

&:[
0 <

0["d—nc]+ X[ng—nc]t

Onc X Ne

+
|:O[nd —ne]t Xne

where 0,,«,, indicates the all zero matrix of dimension n X m,
I,, the identity matrix of dimension n, and [z]™ := max{z,0}.
Recall that operations are on GF(2). With these choices,
it may be shown that Y, = (S™ ™ 4+ S™~"<)X,. Then,
since the matrix S™ "4 + S~ "< ig full rank for ng # ne,
receiver ¢, ¢ € |1 K], decodes U, from (S™ ™ +
§m-ne)=ly, = X,. Hence receiver £, ¢ € [1 : K — 1],
can decode m = max{ng,n.} = nqmax{l,a} bits since
X, = Uy, while receiver K can decode the lower [ng—n¢]™ =
nq(max{1, a} — ) bits of Ux from Xg. [ |

Remark: Interestingly, with the proposed scheme, receivers
from 1 to K — 1 are interference free, while receiver K
decodes n. bits of the ‘interference function’ ZjK:? U;.
Hence, cognition is only needed at one transmitter in all
interference regimes, i.e., our sum-capacity result holds for all
symmetric LDC cognitive channels where user ¢ is cognizant
of any subset (including the empty set) of the messages of
users with index less than 3.

Onc X [ng —nc]+] UK7

I[nd—nc]Jr

V. SUM-CAPACITY OF THE GAUSSIAN K-CIFC-CMS

In this section we derive the sum-capacity for the symmetric
Gaussian channel to within a constant gap. We denote the
direct link gains as |hq|, which can be taken to be real-
valued and non-negative without loss of generality, and the
interference link gains as h;. For this channel, we may show
constant additive and multiplicative gaps which depend on K
but not the channel parameters. To do so, we first evaluate our

outer bound, then obtain a generic achievability scheme, and
finally show the additive and multiplicative gaps.

A. Upper Bound

For the symmetric Gaussian K -CIFC-CMS with |hg| # h;
the bound in (3b) with ¢ = 1 is further upper bounded as

K K
ZRu < ZI(Xua 7XK7YU. leifla"' 7Xu—17Yu—1>
u=1 u=1
K
= 1(X1, 0 Xpi hal X0 + 1 Y X+ 2)
1=2
K—-1 K
3 (X X hal X+ B > X+ Z
u=2 i=u+1

’X@, hizK:Xi—s—Zg, te [lzu—l])

i=u

+ (X hal X + ZK’XL;, hiXK + Ze, L€ 1 K —1])

K
< h(|hd\X1 + hi ZXi + Zl) — h(Z1)

=2

K-1
+ > h(llhal = hi)Xu + Zu = Zu-1) = h(Z)
u=2

+ h(|hd|XK + 7k

K-1
1
hiXK + ﬁ ; Zl) - h(ZK)'

Finally, by the “Gaussian maximizes entropy” principle:

imsm@+meK4Mf)
k=1

2
+ (K —2)log(2) + (K — 2)log (1 + "hdl;h’> (5b)

(5a)

+ log 1+—|hd|2
1+ (K —-1D)|k|2 )

For h; = |hq| all received signals are statistically equivalent,
therefore the K-CIFC-CMS is equivalent to a K-user MAC
with correlated inputs, whose sum-capacity is bounded by

(5¢)

K
Z Ry, <log(1l+ K2|hd|2)~
k=1

B. Achievable Scheme

In this section we describe a scheme which will be used
to show a constant gap to the symmetric upper bound de-
rived in Section V-A. Inspired by the capacity achieving
strategy for the Gaussian MIMO-BC, we introduce a scheme
that uses Dirty Paper Coding (DPC) with encoding order
1 -2 —= 3 — ---K. We denote by X, the covariance
matrix corresponding to the message intended for decoder ¢,
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¢ € [1: K], as transmitted across the K antennas/transmitters.
The input covariance matrix is

Zze

COV[)(l,...7

35,

(=1

<1, ke[l: K],
bk

(6a)

where the constraints on the diagonal elements correspond to
the input power constraints. Moreover, since message ¢ can
only be broadcasted by transmitters with index larger than £,
we further impose

[Ef]k,k

The achievable rate region is then the set of non-negative
rates (R, ..., Ry) that satisfy, for hz = lheahes .. he k]

=0forall 1<k < /(< K. (6b)

h)3h,
L +h} (Zf:eﬂ Ek) h,

for £ € [1: K] and all possible Cov[X1,..., Xk]| complying
with (6), with the convention that ZkK: K1 2k = 0.
In particular we consider the transmit signals

X1 =a1Uy,
Xj=Uj + 6

Ry <log |1+

)

Ut a0y, je2: K -1,
K-1

Xk =vkUk = Br Y U;ZF) + ax Ui,

i=2

where Uy, U are iid. N(0,1),0 € |1 :
coefficients {a;, B;,7;}jeq:x] are such that

K], and the

laa | <1,
il + 18517 + layl* < 1, j € [2: K =1,
v ? + 1B [*(K —2) + ax [ <1,
in order to satisfy the power constraints. Notice the negative

sign for (g, which we shall use to implement zero-forcing

of the aggregate interference Zf:_zl U ;ZF). Moreover, all

transmitters cooperate in beam forming U; to receiver 1.
These two facts can be easily seen by observing that for

pr=...=Bk:=p

K K K
SNoXe = vl mi=)
=1 =1 =1

With these choices the message covariance matrices are
T
Oé[{} )

35 =yl e ]+|6|2 (ej —ex)(ej —ex)', j€[2: K],

¥, =aal, a:=|ay,...

where e; indicates a length-K vector of all zeros except for
a one in position j, j € [1 : K], T indicates the Hermitian
transpose, and where = 1 = ... = k. We next express
the channel vectors hy for the symmetric Gaussian channel as

= (|ha| — hy) es + Iy (Zek> (el: K]

By noticing that hge} =0[¢ — jl(|hal — hi) + hi, L€ [1: K],
where 0[k] is the Kronecker’s delta function, the following
rates (see [12]) are achievable

K 2
[nal + [ =i 0

Ri=log |1+ ) (8a)
L+ |mal? s el?
2
. [1hal = bi| 1812 + [Ral? |12 )
j = 108 K )
L [hil? 2oy el
Ry =log (1 + [hal? [vx[?) , (8¢)

for j € [2: K — 1] and with a3 = exp(jZhi) (notice the
phase of a;; which allows coherent combining at receiver 1 of
the different signals carrying Uy, i.e., all users beamform to
the primary receiver).

C. Constant Additive Gap

Theorem 3. The sum-capacity bound in (3b) is achievable
for the symmetric Gaussian K-CIFC-CMS to within 6 bits
per channel use for K = 3 and to within (K — 2)logy(K —
2) + 3.88 bits per channel use for K > 4.

Proof: We now choose the parameters in (8) so as to
match the upper bound in (5). We recall that user K is the
most cognitive user and can therefore ‘pre-code’ the whole
interference seen at its receiver by using DPC; by doing
so, receiver K would not have anything to treat as noise
besides the Gaussian noise itself. We therefore interpret the
term W < 1 in (5¢) as the fraction of power
transmitter K dedicates to its own signal. This is as setting

1
1+ (K —1)|hf?
in (8c). This choice guarantees that (8c) exactly matches (5¢).

Next we match the upper bound term in (5b) to the achievable
rates in (8b) by setting

|'7K|2

1_ |8]2
2 1+ vkl?

However, from the power constraint for user K, |3|?
1-|vk|?
K—2

’-Yj:o7 ]6[2’[(71]7

, which imposes the following condition

K -4 2
— hil? + —— Z<o.
s+ (P 5 ) el <
The above condition cannot be satisfied for K > 4; for K = 3
it requires that
2 Lo
14 2/hi2 — W2 +2°

|73

which can be satisfied by |h;|? > 1. Therefore, in the following
we shall assume |h;|2 > 1 and set v; =0, j € [2, K —1] and

I-lyxl® _ 1 1
K-2 ~— K-2 1= 1+(K—1)[hi[2 K =>4
LR lysl? 1430 _ ’
2 — 2(1+2[hi[?) K=3

18I =
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which implies

o= ol
ail® = Z14|hy)?
L= 181 = hwl® = areramm K =3

Finally, for j € [2: K — 1]

K- 1
2 2 K2 + K 2 1+(K—-1)|hi|? K =>4

la;|* = 1= = 1+|h 2 K—3

AT =

The rates may then be bounded for K > 4 (using |h;|? > 1):

|hal?
R =1 14—
K °g< T TEE )P
2
|[ha] — hi|” K —
- > 1 2:K—-1
RJ—Og + K*? K+1 ?]E[ ]7
2
hal + |l K—-3)(K -2
Ry > log 1+H dl \\\/(2 )( )| ’
and for K = 3
‘hd|2 21
Ry=log (1+ 4" ) " Ry —log (14 ]|ha] — hi|*2
3 0g( +1+2|hi|2 , Ry =1log ( 1+ ||hql 5
hal + || L
Ry > log 1+7|| al + il

2

By taking the difference between the upper bound in (5)
and the derived achievable-rates, we find that the gap is upper
bounded by, for K > 4:

GAP < (K — 2)log (K — 2) + log(2exp(2)),
(where we used K log,(1+1/K) < 1), and for K > 3
2
GAP < log(2) + log (1 + (|hd| + 2|hi|> >

l1hal + 73]
2

—log 1+ < 6log(2).

For |h;|? < 1, set B; = a; =0,7; =1 for j € [2: K] so that
|ha?
Ry = 1 1
S 3w (1
The gap to the upper bound is at most

=, (K-t
GAP < (K —2)log(2) 4+ 2log(K — 1) —|—Zlog( 5 )

=2
which is smaller than the gap for |h;|> > 1. Details on the
calculation of the gaps are found in [12]. ]
D. Constant Multiplicative Gap
We next consider the sum-capacity to within a multiplicative

gap, more relevant at low SNR than additive gaps.

Theorem 4. The symmetric sum-capacity is achievable to
within a factor K by beamforming to the primary user.

Proof: The rate of user j in (3a) is upper bounded by
Cj = log(L + (Jha| + (K — j)|m])?) < C1.j € [1 : K]

this implies that the sum-rate is upper bounded by K x Cfj.
Consider an achievability scheme in which all users beamform
to user 1: this achieves the sum-rate Ry +--- Rx = C;. This
is to within a factor K of the upper bound, proving Th. 4. &

Interestingly, the achievable scheme only requires user K
to be cognitive of the messages of all other users, while the
rest of users only need to know the message of user 1 in
addition to their own message; this considerably relaxes the
CMS requirement.

VI. CONCLUSION

We presented a general outer bound region for the K-
user cognitive interference channel with cumulative message
sharing. This computable outer bound was used to show
that the symmetric sum-capacity is exactly achievable for the
linear deterministic channel and to within constant gap for the
Gaussian noise channel. While the focus of this paper was on
cumulative message sharing, we note that, interestingly, the
same sum-capacity outer bound may be achieved with a dif-
ferent message sharing structure with less message knowledge
at the cognitive transmitters.
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