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Abstract—Cognitive broadcast channel, where two multi-
antenna transmitters communicate with their respective re-
ceivers, is considered. One of the transmitters is said to be
cognitive (secondary) as it is assumed to know the messages
of the other (primary) transmitter non-causally. The goal is to
design cooperative schemes between the two transmitters, which
impose only minimal changes to the primary broadcast channel
(compared to the non-cognitive scenario). Towards this end, an
achievable scheme is provided under which both intra cell and
inter cell interferences at the primary receivers are aligned. The
interference at the secondary receivers, on the other hand, is
canceled by dirty paper coding. The corresponding achievable
region and an outer bound region are provided in terms of
the degrees of freedom (DoF) metric. Special cases shows the
optimality of the proposed scheme in the high SNR regime for
those cases. We also illustrate the advantage of the cognitive
cooperation over the non-cognitive system by proving that the
achieved sum DoF is strictly larger than the non-cognitive case.

I. INTRODUCTION

Cognitive cooperation has been proposed to improve the
performance of the existing (single frequency, single protocol)
wireless systems [1], [2]. In this work, we consider the appli-
cation of cognitive cooperation to a cellular network with two
base stations where each base station (BS) serves a number
of mobile users in its cell. Under our considered setting,
the messages of one cell’s (henceforth the non-cognitive or
primary cell) is assumed to be non-causally known at the
other cell’s (henceforth the cognitive or secondary cell) BS.
The validity of this assumption hinges on the fact that in many
cellular applications the base stations can be assumed to be
connected by high capacity links. While the cognitive BS is
assumed to be able to adapt its signaling strategy, we assume
that few changes can be made to the communication scheme
of the primary cell.

For either the primary or secondary users, the signals
transmitted for the opposite cell is interference, which is
also referred to as inter cell interference. In general, inter
cell interference can significantly degrade the throughput of
cellular systems. A similar problem arises in a K-user MIMO
interference channel where the data of indirect users interfere
with the direct ones. An important technique proposed to
mitigate these effects is interference alignment (IA) [3], [4].
Heuristically speaking, IA aligns all the unwanted (interfering)
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signals to certain dimensions and makes it possible for the
intended messages to be communicated over the interference
free ones. The IA technique proposed in [3] assumes the
availability of perfect and global channel state information
(CSJ) at all the transmitters. However, the overhead introduced
by the training sequences and feedback to obtain global CSI
can significantly deteriorate the system throughput.

In a previous work ( [5]), we considered the same setting
with the assumption that the available CSI at the primary BS
consists only of its own cell. In this paper, we consider a new
scenario of CSI availability. Let us refer to the set of channels
from the primary BS to the receivers in the primary cell as
the primary intra cell channels and the set of channels from
the primary BS to the receivers in the secondary cell as the
primary inter cell channels. In this work, we assume that the
primary BS has full knowledge of both primary inter cell and
intra cell CSIs. As in [5], we assume the cognitive BS to be
equipped with full CSI information.

In the following, we propose a novel interference manage-
ment scheme for this new setting: Each mobile user experi-
ences two types of interference: 1) The signals intended for the
mobile users in the opposite cell or the inter cell interference,
2) The signals intended for the other mobile users in its
own cell which cause intra cell interference. In the proposed
scheme, the intra cell interference for each primary mobile
user is aligned to the linear space spanned by the inter cell
interference using the A technique proposed in [6]. By doing
so0, they can be canceled at the same time. Utilizing the full
CSI availability at the cognitive BS, the inter cell interference
from the primary BS to cognitive users is canceled using dirty
paper coding (DPC) [7].

An outer bound on the sum DoF region is also derived by
employing the techniques of [8] and [9]. Using the derived
outer bound, it is established that the proposed scheme is
optimal under some special cases.

The rest of the paper is organized as follows. Section II
introduces the system model and problem formulation. In
Section III, we explain our proposed signaling scheme in
detail. The outer bounds and special cases are studied in
Section IV, and, finally, the paper is concluded in Section V.

II. SYSTEM MODEL

A cellular system with one primary and one secondary base
stations (denoted respectively by P and S) is considered.



The primary and secondary base stations serve K p (denoted
by Pi,Pa,--- ,Pk,) and Kg (denoted by S1,S5s,- -+ ,Sky)
mobile users in their cells respectively.

Let us denote the messages intended for primary users
by Wp,,Wp,, -, Wp, ., and for the secondary users by
Ws,, Ws,, -+, Ws . The total power available at the base
stations is denoted by p. Rates of Rp,(p), Rs,(p) are said
to be achievable with power p, if there exists a coding
scheme to reliably communicate messages of sizes |Wp, ()| =
2P () and |Ws, (p)| = 2", (P) o mobile users P; and
Sj, where n is the number of channel uses. Let us denote
(R51 (p)v T 7R5KS (p)a RP1 (p)a e 7R5KP (p)) by R(p) and
the set of all achievable rate tuples at power p by C(p).
Following the notation introduced in [8], the sum DoF in
the secondary and primary cells dg and dp are respectively
defined by:
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Rs;(p) .
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dp = lims S hnt @
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The set of all achievable pairs of (dg,dp) is denoted by
Dqum, and is referred to as sum DoF region. We also refer to
ds + dp as the total sum DoF.

Throughout the paper, it is assumed that the secondary
base station non-causally knows the messages intended for
the primary users, i.e., at S, the messages {Wp,(p)} =" are
known prior to transmission. The users are also assumed to
be equipped with multiple antennas. Let mp and mg denote
the number of antennas at the primary and secondary base
stations, np and ng be the number of antennas at the primary
and secondary users. The explained model is referred to as a
{mp,mg,np,ng, Kp, Kg} cognitive system.

In general, using time and/or frequency expansions (by
multiple fading blocks and/or multiple OFDM subcarriers) we
can generate L extra dimensions on each user. In that case,
the number of available dimensions on each node is equal
to: Mp = L xmp, Mg = L xmg, Np = L X np and
Ng = L x ng respectively.

The received signal at user P; is given by:

(1)

ds = limsup
p—00

sup
R(p)EC(p) =1

and

yp, = Hp,xp + Hp x5 + zp,, 3)

where H’s represents the extended MIMO channel coefficients
to the users and H”’s are the extended MIMO channel from
the cognitive base station. For both, H and H’ the subscript
denotes the receiver. For example, Hp, which is a matrix
of size Np x Mp and H’Pi which is Np x Mg are the
channels from the primary and secondary base stations to the -
th primary user respectively. (xp ), x1 and (xs) a4 x1 denote
the signals transmitted from the primary and secondary base
stations and z’s are the zero mean unit variance i.i.d. additive
white Gaussian noise.

Similarly, the signal received at the j-th secondary mobile
user will be:

ys; = Hs;xs + Hg xp + zs, 4)

In this paper, it is assumed that the channel coefficients are
drawn independently from a continuous distribution and thus
the channel matrices are full rank almost surely. Also, we
assume the cognitive base station to have full CSI knowledge.
The primary base station is assumed to know its own cell’s
CSI as well as the inter cell CSI. That is, all Hp,’s and H, ’s
are known at the primary BS.

III. MAIN RESULT

In this section, we present an achievable region for the sum
DoF in the primary and secondary cells under the explained
system model.

Theorem 1: For a {mp,mg,np,ns, Kp, Kg} cognitive
system, denote the set of all pairs (dg,dp) for which

0<ds < min{KSns,ms}

0 <dp <min{Kp(np —ds)™, (mp +ms —ds)},
by Dl

Proof: First let us assume dg to be a rational number and
denote its irreducible form by

Then, D" C Dyym.

sum —

ds = T
L € Z7% extra dimensions in time or frequency (through
multiple fading blocks or OFDM subcarriers) are generated.
The achievable sum DoF in the secondary cell cannot exceed
mg, and we always have: S < Mg.

Because the cognitive BS has full CSI knowledge including
the CSI from itself to the primary users and also knows all
the primary messages it can lend (Mg — S)* of its available
dimensions which are not used for data transmission of the
secondary users to the primary BS. More specifically, for
each primary user P; we “append” the channels from the first
(Mg — S) dimensions of the cognitive BS (corresponding to
the first (Mg — S) columns of H, ) to Hp, to form a new
matrix Hp, of size Np x (Mp + Mg — S). Those columns
are deleted from H’, and the Np x S matrix H'p, is formed.

Similarly, by allocating first (Mg — S) dimensions of the
secondary BS to data transmission of the primary users, the
data transmitted from those can be thought of as inter cell
interference on each secondary user. In other words, we can
form the matrices I:ISJ. and I:I’gj of sizes Ng x S and
Ng x (Mp + Mg — S) capturing the matrices which carry
intra cell and inter cell data to user S;.

Let us specify the transmission scheme to the primary
users first. For each (H’ )(x,xs). the primary base station
calculates r linearly independent normalized basis vectors of
its null space denoted by up , ..., u, where r = (Np — S)*.
The goal of P, is to find zero forcing beam forming vectors
such that on each primary user the intra cell interference is
aligned to the same linear space spanned by the inter cell



interference.
To this end, the following matrix is formed:

(Up) [Kp(Np—8)tx (Mp+Ms—5)] —

T
(uTPKP) HPKP

To achieve dp < + min{Mp+ Mg — S, Kp(Np—S)*} sum
DoF in the primary cell, without loss of generality pick the
first P = L x dp rows of Up as:

(a)”
- ——r
S ™y

Denote the right pseudo-inverse of matrix Up by Vp:
VP: { ‘_fpl |‘_’:D2 | |‘_’;DP }

which means UpVp = (I)px p.

For each v,,, denote its first Mp elements by v, and the
next (Mg — S) ones by v;, . The signal transmitted from the
primary BS is formed as:

XP = Xp, Vp, T Xpy Vpy, T+ XppVpp,

where P streams of data, x,,, , Xp, - -
a Gaussian codebook.

It remains to specify the transmission scheme from the
cognitive BS. Let us define:

,Xpp are encoded Using

Hs,_

In order to achieve a sum DoF of dg in the secondary cell, S
streams of data are required to be reliably transmitted to the
secondary users. To this end, let us denote the .S rows of Hg
by

[(h81)T? e (hSS)T]7

and form the zero forcing beam-forming vectors to the sec-
ondary users similar to a MIMO broadcast channel. That is,
the beamforming vector v is picked as the orthonormal basis
of the null space of the vector space spanned by:

[(he)T5 s (B, )T (B )75 oo ()]

Si41

This is possible for S < Kg x Ng. Next, the data stream
X5, 1s encoded using dirty paper coding in X,, considering
(h,)Txp to be the known interference where (h/, )7 is the
i-th row of (HY) and %Xp is defined as:

Xp =Xp, Vp, T XpyVpy T+ XppVpps

It should be again noted that because we assumed the sec-
ondary BS to be cognitive and have full CSI knowledge thus,
(b )Txp is fully known at S and the secondary BS can
employ dirty paper coding to cancel the interference caused
by the data intended for primary mobiles on its user.

Define v, and vy, as:

Vpo = [(vo)T10,---,0]" vy = [0, ,0](v.)T]".
() (Ms—5)

Then, the signal transmitted by the secondary BS is equal to:

P S
Xs = § :{fpixpi + E :VSjXSJ‘
i—1 j=1

Decoding: Without loss of generality, we explain the decod-
ing of the first data streams intended for the first primary and
secondary users, i.e., X5, and x,,, . Because we are concerned
with degrees of freedom which is studied asymptotically as
SNR goes to infinity, following [8] for simplicity the noise
vectors are ignored. In that case, the signal received at user
&1 is equal to:

/ T/ 5 s / s /
ys, = H81XP+H31X3 = H81X73+H51 (X81V51+' : 'xSsVss)

Due to the choice of zero-forcing vectors, the signal received
on the first dimension (first antenna on the first OFDM carrier)
of user &1 which carries x;, is equal to:

)A(Sl + (}_1/51 )Tipv

and x,, is recovered by dirty paper decoding considering
(b, )"xp as the known interference.
The signal received at P; is equal to:

yp, = Hp xp + Hp x5 =
1:1731 (Xpl‘_’m +ooet pr\_’pp) +
Hp, (%0, Vs + 0+ %oV )
Next, to decode x,,,, user P, multiplies its received signal
in uy, i.e.,
(ul)T}’P1

Because u; is in the null space of P_IQDI, the inter cell
interference is canceled. By construction of v,,,’s we have:

(ul)Tﬁpl Vp, = 1,

()" Hp, vy, =+ = (1) Hp, v, =0

Thus by multiplying (u;)? in the received signal at Py,
the inter cell interference carried by I:I;31 and the intra cell
interference caused by v,,,---,V,, are both zero forced
at the same time through the utilized interference alignment
technique and x,,, is decoded at P;.



Therefore, the proposed joint interference alignment and
dirty paper coding (IA+DPC) achieves the sum DoF of dp <
min { Kp(np —ds) ", (mp + ms —ds)} in the primary cell
with a secondary sum DoF of dg < min {Kgng,ms}.

Now for an irrational dg there is a sequence of rational
numbers converging to it. For each one the claimed dp is
achievable which means in the limit it will go to the same dp
which completes the proof of the theorem. [ ]

IV. SPECIAL CASES AND DISCUSSION

We begin the study of special cases by presenting an outer
bound on the achievable sum DoF. Next, using the derived
outer bounds we establish the optimality of our proposed
scheme for a special case. The benefit of the cognitive message
sharing versus the case when that is not available is also
established using the following outer bound.

Theorem 2: Let dp, and ds; be an achievable DoF for
mobile users P; and S;. Then the DoF region of a cognitive
cellular system satisfies the following bounds:

Ly : dp, <np,for 1 <i< Kp, dp +ds < (mp +ms)

Ly
L3

dg < min{ms, Ksns}.

dp, + dg < max{mg,np}, 1<i<Kp.

Proof: The bound L; follows from the outer bounds on
the point to point MIMO channel and the fact the degrees
of freedom cannot exceed the number of receive or transmit
antennas. Lo follows by assuming full cooperation between the
mobile users of the secondary base station and assuming they
perfectly know the interference caused by the primary base
station. This cannot reduce the DoF region and Ly follows
from the outer-bounds on the DoF of the point to point MIMO
channel as well.

To establish L3, we first let dp, = 0 for [ # i to get a bound
on dp, and assume full cooperation at the secondary users.
This reduces the problem to a MIMO interference channel (IC)
with a cognitive transmitter. After the problem is reduced to
a cognitive MIMO IC, we apply the sum DoF outer bound of
[10] which is based on the genie aided method of [9]. It should
be noted [10] assumes full and global CSI at all nodes which
is not the case in our problem. However, we can assume that
the extra CSI information is also provided to all nodes which
does not reduce the DoF region. Using [10] we can directly
show that:

dp, + dg < max{mg,np}

A. Special Case I

Let us consider the system with mp = mg =np = K +1,
ng =1, Kp = K+ 2 and Kg = K for an integer K > 1.
Thatisa {K+1, K+1, K+1,1, K+2, K} cognitive system.
Henceforth, this system is referred to as example channel of
type K. Using the achievable strategy, and applying Theorem
1 the achievable region is the line connecting the following

points:

(dS:K;dP:K+2)
(ds = 0;dp = 2(K +1))

Noting that the total sum DoF of the system cannot exceed
the number of transmit antennas, and the fact that dg = 0 and
ds = K corresponds to the corner point of the sum DoF region
we can conclude that for {K +1, K+1, K+ 1,1, K+2,K}
cognitive system the proposed signaling scheme is optimal in
terms of DoF (i.e., in the high SNR regime).

Now, let us consider the case when cognitive message
sharing is not possible. If we assume all the users in the
primary and secondary cell fully cooperate with all the users
in their own cells, in the absence of cognition this system
reduces to a

{My=K+1,My = K+1, N1 = (K+2)(K+1), N2 = K}

MIMO interference channel where M7, M5 denote the number
of antennas on the first and second transmitter and Ny, No
are the number of antennas on the first and second receiver
respectively. This full cooperation cannot reduce the DoF
region of the cellular system without cognition. Using the
bound derived in [9], the maximum total sum DoF of this
MIMO interference channel is equal to K + 1 whereas our
proposed scheme with cognition achieves a total sum DoF
of dp +dg = 2(K + 1) which shows cognitive cooperation
under our proposed scheme strictly outperforms the case when
cognitive message sharing of the primary messages is not
available to the secondary base station.

The achievable sum DoF region for the example channels
of type 2 and 3 are depicted in Fig. 1.

Corollary 3: Fora {K+1,K+1,K+1,1,k, K} cognitive
system with K > 1 achieves the optimal corner points of the
sum DoF region for 2 < xk < K + 1.

Proof: Applying Theorem 1 at dg = K, the following
point is achieved by the proposed scheme:

(ds = K;dp = k)

In other words using the proposed scheme the DoF of dp, =
ds; = 1 per mobile user is achievable for this system.
Note that for this system the maximum sum DoF of the
cognitive cell is equal to K, which is also achieved by the
proposed signaling scheme. If we assume the cognitive cell
does not loose any of its DoF by helping the primary cell i.e.,
transmitting at dg = K, and applying the bound L3, we arrive
at dp, < 1. By the proposed method, dp, = 1 is attainable.
Basically, (ds = K;dp = k) is a corner point of the sum
DoF region, Dy, -

On the other extreme at ds = 0, and applying Theorem
1 sum DoF in the primary cell is equal to dp = 2(K + 1)
(see also Theorem 2 for the converse) , i.e., D in this case

sum

includes all the corner points of Dgyp- |
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Fig. 1. Achievable sum DoF for the example channels of type 2 and 3.

B. Special Case II: One antenna at all nodes

In this subsection, we apply the result obtained in Theorem
1 to a system with mp = mg = np = ng = 1 and equal
number of users in each cell i.e., Kp = Kg = K > 2. This
system without a cognitive base station is considered in [6] and
the normalized DoF of ﬁ per mobile user which translates
to normalized sum DoF of KLH per cell is achieved. That is,
the point
N (SR (S
B T
is achieved by [6]. Our goal in this subsection is to show
that point (5) is included in the sum DoF region achieved
by our proposed scheme. Moreover, in [6] both of the base
stations need to adapt their signaling scheme to handle their
interference on the users of the other cell. However, in our
proposed scheme the primary BS does not modify its trans-
mission scheme to handle its interference on the secondary
users and those are canceled by DPC.

Applying the Theorem 1 the following sum DoF region is
achievable

(ds ) (&)

IN

dg <1
< dp < min{(2 — ds), K(1 — )}

Using the above, at dg = KLH

is dp = KLH which means the point (5) is included in our
region. Fig. 2 compares the achievable sum DoF region of our
proposed scheme for the cognitive system and that of [6] for
the non-cognitive counterpart.

the sum DoF in primary cell

V. CONCLUSIONS

Downlink communication for a cognitive cellular system
was considered and a novel signaling scheme based on inter-
ference alignment, zero forcing and dirty paper coding was
proposed. We also presented an outer bound and showed our
proposed scheme to be optimal for some special cases. The

Achievable sum-DoF region with 1 antennas at all nodes

G

. . .
Sso + =4= Scheme of [7]
18l Sl - © - Proposed scheme | |

Fig. 2. Achievable sum DoF region with 1 antennas at all nodes, for K = 5.

benefits of the cognitive paradigm was also illustrated using
the outer bound by proving the total sum DoF of the system is
strictly larger than the case where cognitive message sharing
is not available.

As a future work, studying other cases of CSI availability,
tighter outer bounds and extending to multiple number of cells
with different cognitive scenarios will be considered.
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