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Abstract—1In this paper, we propose jointly-optimized beam-
forming algorithms for cognitive networks to maximize the
achievable rates assuming single information stream in both pri-
mary and secondary links. The primary and cognitive users share
the same spectrum and are equipped with multiple antennas. No
coordination is required between the primary and cognitive users
and the interference cancellation is done at the cognitive user.
Specifically, the beamforming vectors of the cognitive link are
designed to maximize the achievable rate under the condition
that the interference both at the primary and cognitive receivers
is completely nullified. The sum rate performance of the proposed
algorithms is evaluated by Monte Carlo simulations.

I. INTRODUCTION

The opportunistic use of the wireless spectrum has been a
hot research topic in the wireless communications community
in recent years due to the intense competition for the use of
spectrum at frequencies below 3 GHz [1]. In particular, cog-
nitive networks have received much attention [2]. A cognitive
network consists of a number of traditional wireless service
subscribers and the so-called cognitive users. The traditional
wireless service subscribers have the legacy priority access
to the spectrum and are usually called the primary users in
the literature. On the other hand, cognitive users, which are
also known as the secondary users, are allowed to access the
spectrum only if communication does not create significant in-
terference to the licensed primary users. This can be achieved
in several ways as discussed in [3] and references therein.
For example, the cognitive user can transmit concurrently with
the primary users under an enforced spectral mask. Another
strategy, commonly referred to as spectrum sensing, is to have
the cognitive users monitor the spectrum and access it when
an unused slot is detected.

Since the primary user network should not be required to
change their infrastructure and topology for spectrum sharing
with the secondary users, the secondary users should be
able to detect the presence of primary users in the spectrum
independently and efficiently. Spectrum sensing [4] is the
fundamental problem that many researchers attempt to address
in the literature [5], [6], [7]. The problem is essentially
a detection where the goal is to find an optimal decision
threshold. The design of the threshold creates an interesting
trade-off between the probability of miss detection and the
probability of false alarm. A low probability of miss detection
can be achieved by using a low threshold at an expense of
high probability of false alarm. Likewise, one can design a
system with a low probability of false alarm by utilizing a high
threshold at an expense of high probability of miss detection.
A high probability of false alarm is not desirable because

the cognitive user remains silent even when the spectrum is
not being used by the primary user. On the other hand, the
cognitive user constantly creates interference to the primary
user in a system with a high probability of miss detection.

In this paper, we address the interference problem in
cognitive networks from another perspective. There is no
spectrum detection (sensing) involved and both primary and
secondary users can transmit simultaneously through the same
spectrum without interfering each others. In [8], the authors
proposed opportunistic spectrum sharing algorithms by ex-
ploiting multi-antennas but they mostly focused on removing
interference only from a secondary transmitter to primary
receivers. Unlike prior work, in this paper, we propose un-
coordinated beamforming techniques in cognitive networks to
completely remove the cross interference between the primary
and secondary users. The proposed algorithms also maximize
the achievable rates of both links through uncoordinated
beamforming. Beamforming is a well-studied subject in the
signal processing literature. It can be used for either directed
transmission or reception of energy in the presence of noise
and interference [9].

In this paper, we consider a cognitive network that consists
of a single primary and secondary user. Each user consists
of a transmitter and a receiver. Both transmitters and re-
ceivers are equipped with multiple antennas and beamforming
transmit/receive vectors. In particular, we claim the following
contributions:

o We propose three designs for the beamforming vectors.
The beamforming vectors are designed such that the
interference caused by the cognitive transmitter to the
primary receiver and the interference caused by the
primary transmitter to the cognitive receiver is completely
nullified while maximizing the rate of both the primary
and secondary links.

o The proposed designs do not require knowledge of the
cognitive communication link at the primary user. In fact,
the secondary user is invisible to the primary user and the
performance of the primary link is not affected by the
secondary user at all. This is in contrary to prior work
in the literature which requires coordination between the
primary and secondary users [10], [11], [12], [13].

Organization: This paper is organized as follows. In Section
I, we introduce the system model of the proposed trans-
mission scheme and formulate the beamforming optimization
problem. In Section III, we propose three beamforming solu-
tions which cancel the interference both at the primary and
secondary receiver while maximizing the spectral efficiency
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of both the primary and secondary links. Finally, we present
some simulation and numerical results in Section IV, and draw
some conclusions in Section V.

Notation: In this paper, bold upper case and lower case
letters denote channel matrices! and beamforming vectors,
respectively. []*, E{-}, j & v/—1, C, Null(-), Apax(+), and
1, denote Hermitian transposition, statistical expectation, the
imaginary unit, the set of complex number, the null space of a
vector, the largest eigenvalue of a square matrix, and an N x 1
vector with all ones, respectively.

II. NETWORK AND CHANNEL MODELS

Consider a cognitive network with a single primary user
and a single cognitive (secondary) user as depicted in Fig. 1.
Each user consists of a transmitter and a receiver. The pri-
mary transmitter and receiver are equipped with N and NP
antennas, respectively. Likewise, the secondary transmitter and
receiver are equipped with Ntc and N,.C antennas, respectively.
All antennas are assumed to be uncorrelated. Furthermore,
we assume that the channel is frequency non-selective which
can be easily achieved by using multiple-input multiple-
output orthogonal frequency division multiplexing (MIMO-
OFDM) [14]. Note that, however, our solution is not directly
related to the channel model. Once channel information is
known, the cognitive transmitter and receiver can compute
the transmit/recive beamforming vectors using the proposed
algorithms.
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Fig. 1. The network model under consideration. The primary user is equipped
with th and Nf antennas at the transmitter and receiver, respectively. The
cognitive user is equipped with NtC and NTC antennas at the transmitter and
receiver, respectively.

The MIMO channel between the primary transmitter and
receiver is denoted by W whereas the one between the
secondary transmitter and receiver is denoted by H . The inter-
ference channel from the primary transmitter to the secondary
receiver is denoted by D and the interference channel from
the secondary transmitter to the primary receiver is denoted by
G. We model the individual channel elements in W, H, D,
and G, as independent and identically distributed (i.i.d.) zero-
mean complex Gaussian random variables with unit variance

'We still use bold upper case letters for vector channels.

(Rayleigh fading). The primary transmitter employs a beam-
forming vector w for the transmission of its data symbol xp.
Note that we consider the transmission of a single stream of
information in the primary link. Of course this is not optimal
from the information theory perspective. However, we note
that this assumption is not restrictive. The results presented in
this paper is also valid for the case of spatial multiplexing.?
We consider single stream of information only for ease of
conveying the main idea. At the cognitive link, the transmitter
employs a beamforming vector f for the transmission of its
data symbol zc. xp and xc are assumed to be complex
zero-mean unit variance random variables. Furthermore, let v
and t be the receive combining vector for the primary and
secondary receiver, respectively. Finally, we impose a unit
energy constraint on all beamforming vectors, i.e., u*u =
fff=vv=tt=1.

Let Pp and Pc be the transmit power at the primary
and secondary transmitter, respectively, the received signal
at the primary receiver and the secondary receiver are given
respectively by

rp =/ Ppv*"Wuzp + va*Gfxc +v*np (1)

and

rg = Pct"H frc + \/ Pct* Duxp + t'ng. 2)

The elements in the noise vectors np and n¢ are modeled
as i.1.d. zero-mean complex Gaussian random variables with
variance o3 and o2, respectively. The resulting signal-to-
interference-plus-noise ratio (SINR) of the primary and cog-

nitive links are given by

Ppv*WHuu*Wo
SINRp = 3
v Pov*Gff G v + v*vod )
and Pot* H* f f*Ht
SINR¢ = < 4
¢ Pot*Duu*Dt + t'to2’ @

respectively. It is obvious from (3) and (4) that in order to
achieve zero interference, the beamforming vectors v, f, ¢,
and wu have to be designed such that v*G f =0 and t*Du =
0. In addition to gurantee zero interference, our goal is also
to maximize the sum rate. For a single stream transmission,
the sum rate is given by [15]

Rs = log, (1 + SINRp) + log, (1 + SINR() . 5)

Therefore, the design problem can be mathematically formu-
lated as given at the top of this page.

In the next section, we present three solutions to the
above optimization problem assuming that the primary user
has completely no knowledge of the secondary user while
achieving zero interference at both receivers.

III. BEAMFORMING VECTOR DESIGNS

Considering the first constraint of (6), it is obvious that zero
interference can be achieved by appropriately designing v or
f and t or u. We assume that the cognitive user is transparent
to the primary user since the performance of the primary

’In this case, the beamforming vectors become precoding matrices.



{voph foptv topta uopt} =

argmax {log, (1 4+ SINRp) + log, (1 4+ SINR¢)}

v,f.tu
. v*Gf=0 and t*Du=0
subject to { wu=f f—vu=tt=1 (6)

{UOPt7 -foptv tOpta uopt} =
v.ftu

subject to {

user should not be affected by the secondary link. To achieve
zero interference caused to the primary receiver, the secondary
transmitter can beamform in the null space of v*G. Likewise,
at the cognitive receiver the receive beamforming vector ¢ can
be designed such that it is in the null space of Dw in order to
avoid the interference caused by the primary transmitter. Note
that v*G is a 1 x N vector and the dimension of its null
space is N —1. Similarly, the dimension of Du is NC x 1 and
the dimension of its null space is N — 1. The optimization
problem in (6) now becomes (7) given at the top of this page.

Having achieved zero interference both at the primary and
secondary receivers, the remaining question is how to maxi-
mize the sum rate in (5). The first constraint in (7) obviously
suggests that f depends on v and t depends on w. The sum
rate optimal solution requires finding v and w such that Rg is
maximized and the optimal solution requires the knowledge of
W, H, D, and G, i.e., the global channel state information
(CSI). This is not reasonable from the primary user’s point
of view because the primary user should not be required to
know the existence of the secondary user. Therefore, it is
reasonable for the primary user to simply optimize v and u
to maximize its own rate assuming no interference from the
secondary transmitter. After obtaining v and w, the secondary
user can choose f and t (which are functions of v and wu,
respectively, cf. the first constraint of (7)) to maximize its
own rate.

The rate of the primary user can be maximized by appro-
priately designing v and u. Since no interference is created at
the primary user and the only constraint for the beamforming
vectors v and w is the energy constraint, standard approaches
in existing literature can be used to design v and w to
maximize the rate of the NF' x N interference-free MIMO
link [16], [17]. Since we restrict ourselves to the transmission
of a single stream of information, the spectral efficiency can
be maximized by maximizing the SINR due to the monotonic
property of the logarithm function. It is well known that
the SINR maximizing receive beamformer for a point-to-
point link is the maximal ratio combining beamformer. In
this case, the receive beamforming vector is simply vope =
Wu/Vu*W*Wu. With this design and the zero interference
condition, (1) becomes

VPru*W " Wu u*W*
rp = z Tp + = np ¥
wWWu wW " Wu

f e Null(v*G) 7
wu=ff=vwv=tt=1 : Q)

argmax {log, (1 + SINRp) + log, (1 + SINR¢)}

and t € Null(Du)

and the corresponding instantaneous SINR is given by

Pru*W*Wu
PiQQ )
9p

SINRp =

Obviously, the spectral efficiency of the primary link log, (1 +
SINRp) can be maximized by beamforming in the direction
of the eigenvector corresponding to the largest eigenvalue of
W*W. We denote the optimal transmit beamforming vector
as Uopt.

Using again the monotonic property of the logarithm func-
tion, the spectral efficiency of the cognitive link can be
maximized by maximizing SINR¢. To maximize the SINR of
the cognitive communication link, the design of f and ¢ is not
as flexible as the one for v and w. This is because the feasible
value of f and t is now constrained by the zero interference
requirement. Specifically, the optimal beamformers are given
by

{f()pt? topt} = argmax

f.t

f e Null(v;,,G)

t € Null(Dugypy,)

fffr=tt=1
We present three proposals for the design of f and ¢ in the
next three subsections.

A. Method 1: Discrete Search
Let F and T be the set of basis vectors which spans the

null space of vy G and Duypt, respectively. Note that the

cardinality of F and 7 are N° — 1 and N — 1, respectively.
The instantaneous SINR of the cognitive link given by
Pct*Hff*"Ht

t*to?,
can be maximized by performing an exhaustive search in F
and T, ie.,

{Pct*Hff H t} (10)

2
t*tog,

(an

subject to

SINRc = (12)

argmax

feF teT

{fdiscrete7 tdiscrete} =

Pct*Hff*"H"t
t*to?, '

(13)

Note that for N° = N = 2, there is only one vector in the set

F and T In general, (NF — 1) x (NS — 1) computations are

required to obtain the best beamformers f jiccroto a0d Laiscrete-

Although zero interference can always be guaranteed at both



receivers by selecting the beamformer pairs f, £ as in (13),
the obtained solution is not optimal in the sense of maximum
sum rate because the search in (13) is not carried out over the

entire null space of v G and Dupt.

B. Method 2: Gradient Algorithm

Since any vector in the null space of v7, G and Dugpt
satisfies the zero interference condition, there could be po-
tentially other vectors in those spaces which yield a higher
SINRc than fgiscrete @0 Laiscrete- Suppose the columns of
G and D contain the basis vectors of the null space of voptG
and Dy, respectively. The optimal beamformers are in the
form of

~ ~

Ga and t= D7b
va*a Vb'd

where @ € COVF =11 and b € CV7=D*1, The constrained
optimization problem in (10) can now be formulated as an
unconstrained one whose goal is to find a € CVZ=1x1 gng
b € CV7=Dx1 guch that the objective function in (10) is
maximized, i.e.,

= (14)

{@opt, bopt } = argmax

{Pcb*D HGaa*G H* Db}
a.b

b*ba*ac?

15)
Unfortunately, there is no closed-form solution to (15) and
we have to resort to numerical methods to solve the problem.
In particular, a simple gradient (steepest accent) algorithm
can be used to obtain apy and b,p, and we denote the
resulting solutions as @graq and bg,aq. Suppose f(ali], b[d]) is
the objection function in (15), the gradient algorithm is given
by

i) = Lo Lo etyont )

where 7 is the discrete iteration index and  is the adaptation
step size. Furthermore, the two gradients in (16) are given by
(17) and (18) shown at the top of next page, where K is an
irrelevant constant. The time index ¢ is dropped in the two
equations above for ease of presentation. In the next section,
some guidelines in choosing the adaptation constant y and the
initial values a[1] and b[1] are provided.

(16)

C. Method 3: Optimal Solution for NE = 2

As mentioned in the last section, there is no closed-form
solution to (15). However, if we fix the number of receive
antennas of the cognitive user to two, the joint optimization in
(15) becomes a single (vector) variable optimization problem
and a closed-form solution is feasible. We first rewrite (10)
as

{.fopta topt} = argmax

f.t

assuming the same constraints as in (11). Suppose NC = 2,
the null space of Du,p; is one dimensional. Assume that
the null space of Du,y is spanned by £y and therefore, the
receive beamforming vector at the cognitive receiver is given

{Pcf*H*tt*Hf} (19)

t'to?,

by £,pt = to. Recall that the optimal beamformers are in the
form of (14) and let

h =G H*t, (20)
the optimization problem in (19) becomes
Pca*hh’
{a@opt} = argmax % . (1)
a a*aocy

The argument in (21) (which is essentially the SINR, of the
cognitive user) is known as the generalized Rayleigh quotient

and by invoking the Rayleigh’s principle [18], it can be
bounded by
Pc)min(hh Poa*hh™a _ PoAmax(hh'
ML 2( ) < SINR = ca 2”9 ¢ 2( ).
& a*acy o
(22)

Therefore, SINR¢ can be maximized by choosing a,p to be
the elgenvector corresponding to the maximum eigenvalues of
hh". Consequently, SFopt = Gaopt It is 1nterest1ng to note

that although there is no constraint on a € CNE=1)x1 ] the
optimal solution a,p; always lies on the unit ball.

IV. NUMERICAL AND SIMULATION RESULTS

The sum rate Rg in (5) as a function of the average SNR £
E{SINRp} = E{SINR¢} for N® = 3 and N = 2 is shown
in Fig. 2. Note that since N = N = 1, W is simply a scalar
and u = v = 1. The three methods presented in Section III
are used to generate the beamformers. For comparison, the
sum rate results of a network with a 1 x 1 primary link and a
1x1, 3x2, and 2 x 1 secondary link system assuming that the
two links do not interfere with each others are also shown. In
these scenarios, the beamformers f and ¢ are designed only
to maximize the rate of the secondary link assuming single
stream without any interference nullification constraint. This
essentially gives us an idea of the price has to be paid for
interference nullification.

1x1
—— Method 1
—— Method 2
—&— Method 3
—&8— 2x1
——3x2

Sum Rate [bps/Hz]

1 i i i
0 5 10 15 20

SNR [dB]

Fig. 2. Sum rate comparisons vs. SNR for a network with NtC =3



df(ald], b[i])
dali]*

As expected, the sum rate performance of beamformers
obtained from Method 2 and Method 3 are identical and are
better than the performance of the ones obtained from Method
1. In general, Method 2 and Method 3 are 1.4 dB better than
Method 1. Finally, the gap between the 3 x 2 curve and Method
3 curve is about 4.5 dB and it essentially represents the price
that has to be paid in order to avoid cross interference between
the primary and secondary links.

In the last example shown in Fig. 3, we consider a system
with N = 10 assuming the rest of the parameters unchanged
as in Fig. 2. Similar observation as in Fig. 2 can be made.
In this case, Method 2 is about 5 dB better than Method 1.
Also, it is noted that the gap between the Method 3 and 10 x 2
curves reduces to about 2 dB. This is due to the diminishing
of return phenomenon observed generally in MIMO system as
the number of antennas increases.

12

1x1 g
—v— Method 1
10| —— Method 2
—4A— Method 3
—&— 91
——10x2

Sum Rate [bps/Hz]

0 i i i
0 5 10 15 20

SNR [dB]

Fig. 3.  Sum rate comparisons vs. SNR for a network with NtC =10

V. CONCLUSION

In this paper, we considered interference cancellation and
rate maximization via uncoordinated beamforming in a cogni-
tive network which consists of a single primary and secondary
user. The secondary cognitive user was allowed to transmit
concurrently with the primary licensed user. The beamforming
vectors of the cognitive user were designed such that the
interference is completely nullified both at the primary and
secondary receivers while maximizing the rate of the cognitive
link. Since no interference is created at the primary receiver,
traditional approaches can be used to design the beamforming
vectors or precoding matrices of the primary user. Three

= K[((b*ba*a))(G' H*Dbb*D HGa) — (a*G H*Dbb*D HGa)(b*ba)]

= K[(b*ba*a)(D HGaa*G H*Db) — (b*D HGaa*G H*Db)(a*ab)|

a7

A~k

(18)

approaches were proposed for the design of the beamform-
ing vectors of the cognitive link. The optimal beamforming
solution for the special case of N¢ = 2 was also derived.
For NS > 2, we resorted to numerical methods to solve the
optimization problem. Finally, it is noted that we motivate the
uncoordinated beamforming and rate maximization concept in
a cognitive network. However, the results can also be applied
to practical systems, e.g., small cell deployment in a macro
network.
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