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Abstract—We examine the effect of transmit antenna selection
on the secondary user (SU) and primary user (PU) capacity in a
multiple-input single-output cognitive radio system. We consider
antenna selection with the aim of improving SU and PU capacity
and mitigating the effects of incomplete channel knowledge by
the SU. Under a minimum PU signal-to-interference-and-noise
ratio constraint, analytical and semi-analytical expressions for
the permissible SU transmit power are derived, which are used
in obtaining capacity cumulative distribution functions by means
of simulations. We show that PU antenna selection is effective
at reducing the SU blocking probability, the probability that it
cannot transmit, while SU antenna selection leads to significant
gains in its capacity. Antenna selection at the SU is also shown
to effectively compensate for incomplete channel knowledge and
can be used to achieve moderate improvements in PU capacity.

I. INTRODUCTION

Cognitive radio (CR) [1] is a communication paradigm
in which secondary (cognitive) users (SUs) can access parts
of the primary user (PU) spectrum for their transmission,
provided they cause minimal or no interference to the PUs [2].
A number of papers have appeared on various aspects of CR
systems, including information theoretic capacity limits (see,
for eg., [3]-[7]). The SUs can protect the PU transmissions
by regulating their transmitter power so that average/peak
interference to the PU receiver remains below a threshold [4].

Regulating the interference to the PU-Rx requires a knowl-
edge of the channel state information (CSI) of the SU-Tx
to PU-Rx link. In [6], we evaluated the impact of out-
dated/quantized CSI on SU capacity. It was assumed that the
SU-Tx only has partial information about the SU-Tx to PU-Rx
link. As such, a conservative approach in determining the inter-
ference caused at the PU-Rx is required. Due to the outdated
CSI the interference threshold cannot be guaranteed all the
time; thus, based on the interference cumulative distribution
function (cdf), a probabilistic threshold margin was used.

The signal-to-noise ratio (SNR) at the PU-Rx is variable
due to fading on the PU link. In order to include these signal
variations, it is best to model interference to the PU receiver
via a minimum signal-to-interference noise ratio (SINR) con-
straint, beyond which degradation is not accepted. When the
PU SNR is below this level then the SU cannot transmit. The
SINR constraint allows the interference level to vary according
to the level of the PU-Tx to PU-Rx link. The price of this
relaxation is that information about the CSI of the PU-Tx to
PU-Rx link must be available to the SU-Tx.

In [7] we consider the SINR constraint and examine its
impact on SU capacity under different levels of CSI knowl-
edge. We derived SU capacity cdfs for single antenna links
and have shown that the absence of CSI severely limits the SU
transmission opportunities under realistic operating conditions.

Existing antenna selection literature, e.g., [8]-[11] considers
selection at the SU-Tx and assumes perfect CSI. In this work,
we explore antenna selection at both the SU-Tx and PU-Tx
and consider the impact of having precise or imperfect channel
knowledge of the various constituent links. We also consider
the impact of PU interference at the SU-Rx, where we explore
three possible benefits of antenna selection: improving the
SU and PU capacities, and counteracting the SU performance
degradation resulting from incomplete knowledge of various
channel links. We show that SU capacity is strongly affected
by periods of time when the SU cannot transmit due to low
SNR on the PU-Rx. The probability of this event (known as
SU-blocking) can be significantly reduced with antenna selec-
tion on the PU link. We show that for the cases considered, one
additional antenna at the SU-Tx can be used to compensate
for incomplete channel knowledge. We derive analytical and
semi-analytical expressions for the allowed SU transmit power,
and the probabilities or conditions for SU blocking. The model
complexity prevents the derivation of closed form SU capacity
cdfs. Instead, these are obtained by means of Monte-Carlo
simulations using the transmit power values derived.

II. SYSTEM MODEL

Consider a CR system in Fig. 1, with the SU-Tx and PU-Tx
transmitting simultaneously over a common frequency channel
to their respective receivers. We assume MISO SU and PU
links, with the users selecting one of N and M antennas
for transmission, respectively. Independent point to-point flat
Ray1e1gh fading channels are assumed. Let g = |nYP,
g = 112, ¢ = |72, and ¢{Y = |hLY|? denote the
instantaneous channel gains of the PU-Tx to PU-Rx, PU-
Tx to SU-Rx, SU-Tx to SU-Rx and SU-Tx to PU-Rx links,
respectively, with the channel indexes ¢ = 1,..., N and j =

, M. We will denote the exponential probability density

functlons (pdfs) of the random variables (RVs) gz(f ). g£ ). g,(,{),

and g‘?p by fgp( ), fgs( )’ fgps( ) and fgs;;( )’ respectively.
These distributions are governed by their corresponding pa-

rameters ng E(gl(,j)),Q = E(ggi)), Qgp = ]E(ggp)) and
Qps =E gp]S where E(-) denotes the expectation operator.
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Fig. 1. System model.

We consider the impact of antenna selection on the SU and
PU capacities, denoted respectively by C'syy and Cpy, with
the following aims

e Scenario A: improving the SU capacity.

e Scenario B: combating the lack of CSI, specifically when
the SU-Tx knows only the means €2, and/or ().

e Scenario C: improving the PU capacity by reducing the
SU interference at the PU-Tx.

In our model, we impose a constraint on the minimum

SINR, 7,, at the PU-RXx, that is
__h pgz(ﬂm)

T ) o

sGsp + o P

where yr is a predefined SINR threshold, P, is the PU

transmit power, P; is the permissible SU transmit power, and

012, is the additive white Gaussian noise (AWGN) variance at

the PU-Rx. Superscripts m and n denote the indices of the

selected PU-Tx and SU-Tx antennas, respectively. The former
is chosen by the PU to maximize the PU link gain, that is

’ and Tp Z T, (1)

m = arg max gzgj). 2
j=1,...,M

Note that if the PU-Rx SNR, P,gs™ /o2 < ~r, the SINR
constraint in (1) cannot be satisfied, and thus the SU transmit
power is zero. We will refer to this condition as SU blocking. In
addition, we impose a maximum SU transmit power constraint,
denoted by P,,, which arises in practice, for example, due to
power amplifier nonlinearities. A similar constraint exists for
the PU transmit power. Thus, in scenarios where the SU-Tx
knows gl(,m) the actual SU transmit power is given by

P oo
p={" <%, 3)
min (P, P,,) otherwise

where P, is obtained from (1) by solving yr = ,. As will
be shown in Section III, the P, = 0 condition for some of
the cases in Scenario B will depend on the choice of system
parameters and thus (3) will be modified accordingly.

We note that the above constraints can only be guaranteed
if the SU-Tx has knowledge of g,(,j ) and ggi,), that is under
Scenarios A and C. As a result, in analysing Scenario B we use
probabilistic constraints, where we require the SINR constraint
to hold with an acceptably high probability, 1 — a, where «
is small. These are described in detail in Section III-B.

The SU and PU capacities are given by

(n)
Pigs
W) , )

Csu =logy [ 1+
o2+ Pygps

P (m)
Cpu = log, (1 + L} , )

Ug + Ptggg

where o2 is the AWGN variance at the SU-Rx.
The main system variables are parameterized as in [7], that
is using Q
=50 (©)
which represents the ratio of SU interference to desired SU
channel strength, and
T

= — 7
P, 02 (7

C2
which is the ratio of the minimum target SINR to the actual
SNR at the PU-Rx. Thus, increasing co corresponds to reduc-
ing the allowable interference.

In what follows, we describe in detail the scenarios consid-
ered, deriving in each case the permissible SU transmit power,
Py, under the SINR constraint (1).

III. SU AND PU CAPACITY
A. Scenario A

The SU-Tx performs antenna selection to increase its ca-
pacity. It selects the antenna which maximizes the received
signal strength at the SU-Rx based on the gain ggl) and the
transmit powers satisfying the SINR constraint. Hence,

n = arg max Pt(i)ggi), (8)
i=1,...,N

)

where each possible transmit power, Pt(i , is given by (3) as

Ppgf(’M) 2
Pt(i) = 0 . T <% s ©)]
min (PS(Z), Pm> otherwise

and Ps(i) is obtained by letting vy, = v in (1), giving

. P (m) 1
(i) p9p 2
PV = < — Up> Ok
T Jsp

In (9) and (10) it is assumed that the PU selects its antenna
based on (2). The SU capacity is computed from (4), with
the SU transmit power given by (9), where for notational
simplicity we let P, = Pt(") with n given by (8). To derive
the SU blocking probability we use (3) and (7) to give

Pr{P, =0} =Pr {gl()m) < CQQP} .

(10)

(1)
Since g,(,m) is the maximum order statistic of M independent
exponential random variables, the cdf in (11) is given by

Pr{P, =0} = (1—e )", (12)

B. Scenario B

The SU-Tx utilizes antenna selection with the aim of
reducin% the effects of incomplete knowledge of the channel
ins g/ and g}). Specificall ider th h
gains gy~ and gsp. Specifically, we consider the case where
only the means €2, and/or 2, are available, and thus the SINR
constraint can only be satisfied with some probability 1 — .

We present three sub-cases.



1) Scenario Bl - gz(;j ), Qsp known: ! In this case the CR
target is to satisfy (1) with a probability 1 — «.. Hence,

P (m)
Pr % Z YT g;()m)7 Qsp =1- «,
Pagslﬂ +o 2

where the optimum PU channel is selected using (2). We use
the cdf of ggz) to compute (13) and solving for P obtain

13)

Ppgz(7 ™ _ 'YTU;%
In(a )'YTQSP

Here, due to the lack of knowledge of gg,)' the SU-Tx is unable
to compute the permissible powers, Pt(l), and thus antenna
selection is performed based on the link gains ggl), that is

15)

P, =— (14)

n = arg max ggi).
i=1,...,N
The SU capacity is then computed from (4), with the SU
transmit power given by (3) and (14), with n given by (15).
We note that the zero transmission probability for Scenario
B1 is given by (12) derived for Scenario A.
2) Scenario B2 - ggp, , known: Here, the probabilistic
SINR constraint is given by
(m)
PI‘{P()Pp(gl;zZ'YT gg?,ﬂp}la, (16)
s g +0p

sp

which gives
(@) (3) 2
YT (P gsp + )
P (m) < P
r {gp < P,

g8, Q, }:a. 17)

As in (11), using the cdf of the maximum order statistic of M
independent exponential variables, solving (17) gives

, In(1 — a/M)P,Q 1
Ps(z) - _ < D( « ) P op + 3) ot (18)
T sp
giving
P = maX{O,min {Pm,Bﬁ)}} . (19)

The SU-Tx can maximize the received signal strength accord-
ing to (8) and the SU capacity is found using (19) and (4).

The zero SU transmission condition is found by solvmg for
the system parameters resulting in a negative PS( in (18).
Rearranging (18) shows that the SU will fail to satisfy the
SINR constraint when

3) Scenario B3 - g, and Q, known: Following a similar
approach to Scenarios Bl and B2 gives

P (m)
Pr % > 7|, Qb =1—a. (21
Psggp +0127

Conditioning on géﬁ)

E <1—e

'As it is assumed that these links are estimated by the PU-Rx, it is
reasonable to consider a case of more precise knowledge of g(] ) than g( )

02>—ln(1—a

one can show that

M
v (Ps g§2)+a§>
B — a. (22)

Binomial expansion of the power term in (22) gives

M _ kvped o2
B MY (—1)e Py Py,
=2 ( k ) P, + K, Py (3)

k=0

To the authors’ knowledge, no analytical solution for Ps in
(23) exists and a numerical approach is required. We note that
P, is dependent only on the system parameters,

0 P,<0
P=<qP, 0< P, <P, (24)
P, Ps>P,

Blocking occurs when P;, obtained from (23), is negative.
Finally, C'syy is obtained by substituting (24) into (4) with
indices m and n determined via (2) and (15), respectively.

C. Scenario C

We consider SU-Tx antenna selection with the aim of
reducing the interference to the PU-Rx. The SU reduces
its transmit power such that it achieves an average capacity
equivalent to that of a SISO link. We assume the SU-Tx has
a knowledge of g(J ) and ggg, and thus it is able to compute

the achievable capacities for each of its transmit antennas,

JSON0
0f) =tog, 1+ L8
02 + P,gps

where Pt(i) is computed from (9) and (10), and the PU
selected antenna is given by (2). The SU selects the antenna
corresponding to the highest instantaneous capacity,

(25)

n = argmax Cy}). (26)

i=1,...,N

Up to this point, the SU is seeking to optimize its capacity.
However, once the best antenna is selected, the SU then backs
off its transmit power to reduce the interference to the PU.
In doing this the SU does not want to reduce power too far.
In particular its target is to not drop below the mean capacity
of a SISO link. Hence, the SU-Tx reduces the transmit power
to P/ such that the SU capacity using antenna n equals the
average capacity offered by the N antennas,

P/ ‘g”)
ZCSU —log, [ 1+ L(m) .
02 + P,gps

Solving (27) gives

O’f + Ppgz(;n)

P = (200 1) Bk
Js

(28)
The SU and PU capacities are given by (4) and (5) with P/
used in place of P;.

Finally, we note that the zero transmission probability for
Scenario C is governed by (12).
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IV. SIMULATION RESULTS

We present simulation results describing the capacity perfor-
mance under the scenarios described in Section III. In all cases
we have normalized the powers so that P,/ Uf, =P,/c2=0
dB and ,/02 = Q,/02 = 5 dB, where we have assumed
O'g = 0'3. In Scenario B we set o« = 0.1. In all simulations,
unless otherwise stated, ¢; = 0.3 and ¢ = 0.9, which

corresponds to relatively strict requirements placed on the SU.

A. Scenario A

Figure 2 shows the SU capacity cdfs under Scenario A
simulated using (4) with SU-Tx power governed by (9) and
(10). The capacity improvement is mainly influenced by the
number of PU-Tx antennas, as this dictates the probability of
SU transmission. For M = 4, increasing SU-Tx antennas to
2 and 4 increases the median capacity by approximately 0.4
and 0.8 bps/Hz, respectively, as expected.

As demonstrated by Fig. 2, the dominating factor for the
capacity cdf is the SU blocking probability due to the low
PU SNR relative to . Figure 3 shows this probability as
a function of co. This applies to Scenarios A, Bl and C.
Simulated and theoretical values from (12) are plotted for
varying M. We note that the curves are independent of the
number of SU-Tx antennas, N, and the parameter c;.
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1
capacity (bps/Hz)
Fig. 4. Scenario Bl: Cgy cdfs (c; = 0.3, c2 = 0.9).
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B. Scenario B

Figure 4 shows the C'syy cdfs under Scenario BI as obtained
from (4) with transmit power determined by (14) and (9). As
discussed in Section II, the aim is to use antenna selection
to compensate for the lack of CSI, in this case that of ggé).
The target cdfs (plotted with bold lines in Fig. 4) are thus
obtained from Scenario A. For M = 1 and M = 4 two SU-Tx
antennas are required to compensate for incomplete knowledge
of ggg, with additional antennas providing further gain. The
improvement from M = 1 to M = 4 is expected as increasing
M simply increases the PU channel strength.

In Scenarios B2 and B3, the parameters c¢; = 0.3 and co =
0.9 are too restrictive to allow the SU-Tx to transmit. This is
consistent with the findings in [7], where it was shown that
the knowledge of the PU-Tx to PU-Rx link is more valuable
to the SU than the SU-Tx to PU-Rx link. The results are thus
obtained for the relaxed value of ca = 0.3. Figure 5 shows the
Cysy cdfs for M = 2,4, when SU transmission is possible. For
Scenario B2, we observe that for M = 2 two SU-Tx antennas
are required to compensate for imperfect knowledge of g;(,] )2,
For M = 4, when the PU has a strong link, the SU-Tx is able
to transmit at the maximum level P,,. Thus, the performance

2For a stricter probabilistic SINR constraint, i.e. a < 0.1, more antennas
are required, assuming no SU blocking occurs.
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is the same as for Scenario A for M = 4°. In the case of
Scenario B3, the curves were obtained by numerically solving
for P, in (23), which was subsequently used to determine
the actual transmit power from (24) and the capacity via (4).
For M = 2 PU-Tx antennas, the limitations of Scenario B3
necessitate N = 4 or more SU antennas to compensate for
the lack of knowledge of both gl(,J ) and ggi,). The results are
significantly different for M = 4, where the added diversity
provided to the PU allows for maximum SU transmit power
P, = P,, = 1. This is confirmed by the results in Fig. 6, noting
the ¢; = 0.3 curves for M = 2 and M = 4 at ¢co = 0.3. The
limiting case of P; = P,, results in the same performance of
Scenarios A and B3, as evidenced by the plots in Fig 5. As
noted in Section III-B3, the transmit power, P;, in Scenario
B3 is determined entirely by the choice of system parameters,
which determines the outcome of (24). Figure 6 shows the
resulting P; values for a range of ¢; and cy. The results show
that when operating under demanding conditions (i.e., ca >
0.5) the SINR constraint cannot be satisfied with a probability
of 1—a = 0.9 unless the PU is equipped with M = 4 branches
thus ensuring a strong link to the PU-Rx.

C. Scenario C

Figure 7 shows C'p; cdfs, including reference capacity cdfs
achievable in the absence of SU transmission.

Referring to Fig. 7, we note that in the high capacity regime,
the SU-Tx with N = 4 antennas is able to reduce by half the
capacity loss caused to the primary, specifically from a loss of
1.2 bps/Hz to 0.6 bps/Hz. In the low capacity region, corre-
sponding to weak g;"”, the SU-Tx is not permitted to transmit,
and thus all Cpy cdfs overlap with the reference curves of no
SU interference. There exists some threshold value of gj(,m)
(independent of NN) and a corresponding threshold capacity
value at which the SU-Tx commences transmission, resulting
in a sudden drop in Cpyy as observed in Fig. 7. This jump is
most pronounced for N = 1 where the SU-Tx is not able to
use antenna selection to reduce its interference at the PU-Tx.

3While not shown due to space constraints, similar results are obtained for
Scenario Bl for M = 4 and co = 0.3
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Fig. 7. Scenario C: Cpy cdfs (c1 = 0.3, c2 = 0.9)

V. CONCLUSIONS

We examined the impact of transmit antenna selection on
the SU and PU capacity in a CR system. Three uses of antenna
selection were considered, two aiming at improving SU and
PU performance, and one to compensate for the lack of SU-
Tx CSI. We derived expressions for the permissible transmit
power under a SINR constraint, which were used to obtain
capacity cdfs. SU capacity is dominated by the probability of
zero transmission, and, as expected, antenna selection by the
PU-Tx was shown to effectively reduce this probability. SU-
Tx antenna selection provided additional gains in capacity. The
SU antenna selection was shown to compensate for incomplete
CSI, with one additional antenna sufficient in most cases
considered. Finally, we showed that SU-Tx antenna selection
can be used to reduce the PU capacity loss by a factor of two.
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