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Information at the CR-Transmitter
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Abstract

In interference tolerance based spectrum sharing systems, primary receivers (PRs) are protected by a predefined peak
or average interference power constraint. To implement such systems, cognitive radio (CR) transmitters are required
to adjust their transmit power so that the interference power received at the PR receivers is kept below the threshold
value. Hence, a CR-transmitter requires knowledge of its channel and the primary receiver in order to allocate the
transmit power. In practice, it is impossible or very difficult for a CR transmitter to have perfect knowledge of this
channel state information (CSI). In this paper, we investigate the impact of imperfect knowledge of this CSI on the
performances of both a primary and cognitive radio network. For fixed transmit power, average interference power
(AIP) constraint can be maintained through knowledge of the channel distribution information. To maintain the peak
interference power (PIP) constraint, on the other hand, the CR-transmitter requires the instantaneous CSI of its channel
with the primary receiver. First, we show that, compared to the PIP constraint with perfect CSI, the AIP constraint
is advantageous for primary users but not for CR users. Then, we consider a PIP constraint with imperfect CSI at
the CR-transmitter. We show that inaccuracy in CSI reduces the interference at the PR-receivers that is caused by
the CR-transmitter. Consequently the proposed schemes improve the capacity of the primary links. Contrarily, the

capacities of the CR links significantly degrade due to the inaccuracy in CSI.
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The main feature of CR systems is to take the advant-
age of unoccupied or partially-occupied frequency bands
to improve spectrum utilization. In CR networks, the CR
users may coexist with the primary users either on a
non-interference basis or an interference tolerant basis.
In the case of non-interference systems, the CR users
are allowed to operate in the unused frequency bands,
commonly known as spectrum holes or white spaces [1].
Contrarily, the interference tolerant systems allow CR
users to access the frequency band of the primary users
provided that the interference power level at the primary
receivers is kept below some certain threshold [1], [2].
This threshold is an interference temperature. In this in-
terference temperature, Quality of Service (QoS) of the
primary user can be guaranteed. So a CR system based
on interference temperature permits primary users and
CR users to use the interference temperature to simulta-
neously transmit signals. The fundamental limits of in-
terference temperature in a single channel CR-system
are studied in [1]. The capacities, along with the power
allocation problems of such systems for fading channels,
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are investigated in [2]. The closed form expressions of
the capacities are derived in [3]. So far, most of the
work on interference temperature limited spectrum-shar-
ing systems considers that the CR transmitter has perfect
knowledge of the channel state information (CSI) of the
CR-transmitter relative to the primary receiver channel.
Such perfect knowledge of the CSI ensures that the in-
terference power received at the primary receivers due
to the transmission of the CR-transmitter strictly satisfies
the pre defined constraint. In this paper, we consider
that the CSI known at the CR-transmitter is not perfect.
The impact of imperfect CSI on both the primary and
cognitive radio links is investigated. The analysis and
results show that imperfect CSI actually increases the
capacity of the primary-link but significantly reduces the
capacity of the CR-link.

II. System and Channel Model

We consider a spectrum sharing scenario in which CR
users are coexisting with primary users and are sharing
the same frequency band. For the purpose of exposition,
we consider a single CR-link consisting of a CR trans-
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mitter (CR-tx) and a CR-receiver (CR-rx), and a single
primary-link consisting of a primary-transmitter (PR-tx)
and a primary receiver (PR-rx). The primary users are
willing to share their spectrum provided that interference
power received at the primary receivers is below some
certain threshold. The primary transmitters are assumed
to be located far away from the CR-receiver. So, the in-
terference power received at the CR-receiver due to the
transmission of the primary transmitters is negligible.
We consider a flat Rayleigh fading channel with addi-
tive white Gaussian noise (AWGN). Perfect CSI is as-
sumed to be available at the receivers so that coherent
detection is possible. The instantaneous CSI between the
PR-transmitter and PR-receiver, CR-transmitter and CR-re-
ceiver, and CR-transmitter and PR-receiver can be repre-
sented by f, g and h, respectively. In Rayleigh fading,
the channel coefficients f, g, and h are zero mean circu-
larly symmetric complex Gaussian random variables with
variances o}, o, and o, respectively. The interference
constraint can be imposed on the PIP or AIP. The PIP
and AIP constraints at the PR-receiver can be defined as
E{PcghP}< I, and PcylhP < I, respectively. Here, Ly
and I are the predefined AIP and PIP constraints, Pcr
is the transmit power of the CR-tx and E represents the
statistical expectation operator. Considering that E{lhf}=
o;, the fixed power allocation to the CR-tx under the
AIP constraint can be written as P., < I,./o7. Hence, to
implement and AIP limited CR system, the CR trans-
mitter only requires an average channel power gain of
consistent with the CR-tx to PR-rx link.

The power allocation to the CR-tx considering the
PIP constraint can be given as, P.y < I, /Ihf’. Hence, to
satisfy the peak interference constraint, the CR-trans-
mitter must know the amplitude of the CSI between the
CR transmitter and PR-receiver, |hl. The CR-tx and
PR-rx are two nodes from two different networks.
Consequently, measuring the CSI (h) of such cross net-
work links requires some sort of cooperation among the
PR and CR system. Simply, the CR-transmitter can ach-
ieve the information about h through feedback. The
feedback may be carried out directly by the primary re-
ceivers [1] or through a band manager [4]. Alternatively,
the PR-rx can send a pilot signal so that the CR-tx can
measure the CSI from the pilot symbols. If the PR sys-
tem uses some handshake signaling e.g., ready-to-send
(RTS) and clear-to-send (CTS), then the pilot symbols
can be included in the CTS. Due to the different radio
specifications of the two different networks, it is not
easy to measure the perfect value of |h| at the CR-trans-
mitter in any one of the methods explained above. The
accuracy of the feedback or channel measurement is

vulnerable to noise, estimation error, and feedback de-
lay, etc. Considering this reality, we assume that the
CR-transmitter knows a noisy version of the channel
state amplitude |h| where h=h+e. Similar to [5] and
[6], the additional error term in the estimated channel
coefficient, e, and it is modeled as a zero mean complex
Gaussian random variable with a variance . Now, the

transmit power allocated to the CR-tx with the imperfect
knowledge of CSI can be written as Pcp < I,/ .

III. Performance of the PR-link

In this section, we investigate the ergodic capacity of
the primary link under both the AIP and PIP constraints.
In the case of PIP constraint, we consider that the
CR-transmitter knows an erroneous version of the CSI
h. The error in h leads a power allocation to the CR
transmitter which may cause degradation in the perform-
ance of the PR-link. The instantaneous interference pow-
er, considering the PIP constraint, received at the PR-rx
can be given as

h?

PIP — 2 —
[PIP = Peglhl? = Ly o 0

Eq. (1) clearly shows that at zero error (e=0), the in-
stantaneous received interference power is exactly equal
to the PIP constraint. For any nonzero error component,
the received interference power is always less than the
PIP constraint. Moreover, the interference power re-
ceived at the PR-receiver decreases as the error compo-
nent of the CSI increases. Hence the erroneous CSI at
the CR-transmitter always satisfies the PIP constraint at
the primary-receiver. The ergodic capacity of the
PR-link considering PIP constraint is given as

Chw'" < E[log 1+ ;Pﬂg{zp)]

(2)

where Ppr is the transmit power of the PR-tx and Nj is
the noise variance. The expectation operation of (2)
should be performed over the probability density func-
tion (PDF) of the random variables f, h and e.

In the case of the AIP constraint we assume that the
CR-tx knows its distance from the PR-rx perfectly.
Hence, the average channel power gain (o7} ) is also per-
fectly known. Under the AIP constraint, the instantaneous
interference power received at the PR-rx is

|hj2
oh (3)

Obviously, the instantaneous interference power is a

A = PCR|h|2 < lay

function of the random variable |h’, which is normal-
ized with its mean value. Therefore, the long term aver-

129



JOURNAL OF THE KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 11, NO. 2, JUN. 2011

age interference always satisfies the AIP constraint. The
ergodic capacity of the PR-link considering AIP can be
given as

C?;{P’er <E [log(l n Ppglf|? )]

Ng+IATP

4)

Here, the expectation should be taken over the PDF
of f and h.

IV. Performance of the CR-link

The ergodic capacities of CR links with AIP and PIP
constraints for different power allocations have been in-
vestigated in [1], [2]. In this paper we will investigate
the impact of the different levels of knowledge on
CR-tx to PR-rx links at the CR-transmitter. The ergodic
capacity of the CR-link considering the PIP and AIP
constraints can be given as

2
Cgp’er <E [log(l + E—:%)] and

(5)

Chre < Elog(1+ o 2)| "

Eq. (5) shows that the received SNR part of the ca-
pacity is inversely proportional to the error term, e.
Hence any nonzero error will cause degradation in the
ergodic capacity of the CR-link.

Along with the ergodic capacity, outage probability is
also an important measure of performance. The outage
probability of the CR link can be defined as the proba-
bility that the instantancous achievable rate at the
CR-receiver is less than that at a certain threshold, R.
The outage probability of the CR-link with PIP and AIP
constraints can be expressed as

OUTEL = Pr log(l + ["—kﬁ) < R]
CR ) NO |’1:1“|2
_p.[le? _
= Pr[f; <B,| = F(B,) and -
OUTAY = Pr(log( 1+ La lgl*) < R
Ci Ngcfl
2
= Pr(|g|* < Bz07] = 1 —exp (B, D)
%g (8)

where 3, = (28 —1)Ny/L,, 8,=(2%~1)N,/I,, and F(-)
is the CDF of the random variable |gf2/lh|> which can be
given as

z(6f+62)
z(o},+03)+0f, 9)

F(z) =

Eq. (9) is derived considering that |g? and |hF are ex-
ponentially distributed random variables and it follow
the basic theory of deriving the PDF of two random
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variables.

V. Simulation Results

In this section, we provide some numerical and simu-
lation results to show the effect of inaccurate CSI at the
CR-transmitter on the performance of the primary and
CR links. For all cases, we consider No=1 and o;:
o, =0;,=1. In this paper, we consider both PIP and AIP
constraint and compare their performances. For fair
comparison among the PIP and AIP constraints, we as-
sume I=I.=Q. The ergodic capacity of the primary
link of Egs. (2) and (4) against Ppr/Ny is plotted in Fig.
1. First we compare the capacity achieved under the
AIP and PIP constraints with perfect CSI at the CR-tx
(02=0. Tt has been shown in [7] that the AIP constraint
is more advantageous than the PIP constraint in terms of
the performance of the PR-link. Our results also show
that the PR-link achieves higher ergodic capacity under
the AIP constraint than the PIP constraint over the
whole range of interference power constraint, Q.

In Fig. 1 we also investigate the effect of the error
component in the CSI of the CR-tx to PR-rx channel, h.
One could expect the erroneous CSI at CR-transmitter to
cause a incorrect power allocation which would degrade
the performance of the PR-link. Surprisingly, our results
show that inaccurate knowledge of the CSI of the CR-tx
to PR-rx channel (0?>0) actually improves the ergodic
capacity of the PR-link. The capacity of the PR-link lin-
early increases as the variance of the error, o7

e’ in_
creases. This is due to the fact that the interference power
received at the primary-receiver under the PIP constraint

decreases with e as shown in Eq. (1). This capacity im-

Ergodic Capacity

Fig. 1. Ergodic capacity of the primary link.
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provement in the PR-link is very low at the lower PIP
constraint but increases as the PIP constraint increases.
Therefore, an inaccurate CSI of the CR-tx to PR-rx link
at the CR-tx improves the performance of the PR-link
rather than causes any performance degradation.

Fig. 2 shows the ergodic capacity of the CR-link of
Egs. (5) and (6) against the interference power constraint,
Q. Unlike the PR-link, the CR-link achieves higher er-
godic capacity under the PIP constraint compared to the
AIP constraint over the entire range of Q. This extra ca-
pacity gain associated with the PIP constraint comes
from its implementation complexity which requires ac-
curate knowledge of instantaneous CSI of the CR-tx to
PR-rx link, h, at the CR-tx. Fig. 2 shows that the ergo-
dic capacity achieved by the PIP constraint is highly de-
pendent on the accuracy of the knowledge of h. As the
variance of the error component, o2, increases, the ergo-
dic capacity of the CR-link decreases. Eq. (5) shows
that the SNR term in the ergodic capacity is inversely
proportional to the error component e which justifies the
degradation in the capacity of the CR-link. Importantly,
at 0”=0.5 (which is half the actual channel variance) the
capacity of the CR-link with the PIP constraint is well
above the capacity with the AIP constraint. Therefore,
the PIP constraint with inaccurate knowledge of the in-
stantancous CSI of the CR-tx to PR-rx link is superior
to the AIP constraint even though the level of in-
accuracy is very high.

Fig. 3 shows the outage probability of the CR link of
Egs. (7) and (8). We consider 0=2, o7=1, and R=0.5
for this figure. Fig. 3 depicts that, at the low interfer-
ence constraint region, the outage probability of the
CR-link under the AIP constraint is higher than the out-
age probability under the PIP constraint. As the interfer-

Ergodic capacity

-10 -5 0 5 10
Interference constraint Q (dB)

Fig. 2. Ergodic capacity of the cognitive radio link.

| = = —PIP (62=0)
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Outage probability

Interference constraint Q (dB)

Fig. 3. Outage probability of the cognitive radio link.

ence constraint increases, the outage probability of the
AIP constraint approaches the outage probability of the
PIP constraint. At a high interference constraint the out-
age probability of both the AIP and PIP constraints is
the same. We show in Fig. 2 how the AIP constraint
achieves less ergodic capacity compared to the PIP con-
straint over the entire range of the interference cons-
traint. Fig. 3 shows that the outage behavior under the
PIP and AIP constraints is different from the ergodic
capacity. This observation is very interesting, since the
implementation complexity of the AIP constraint is con-
sidered to be lower than that of the PIP constraint but
it achieves the same performance in the low outage pro-
bability region. Fig. 3 also confirms that the outage per-
formance of the CR-link, under the PIP constraint, de-
grades as the error variance increases over the entire
range of the interference constraint.

VI. Conclusion

The implementation issues of the interference tolerant
basis cognitive radio network have been investigated.
The simplest implementation of one such CR network is
done by allocating a fixed power to the CR-transmitter,
to satisfy the AIP constraint that requires only the chan-
nel distribution information of the CR-tx to PR-rx link
at the CR transmitter. Such implementation achieves a
higher capacity for the PR-links but does not fully lever-
age the capacity of the CR-link. Under the PIP con-
straint based implementation, on the other hand, the CR
network requires perfect and instantaneous CSI of the
CR-tx to PR-rx link which is difficult to achieve at the
CR-transmitter. The effects of erroneous CSI on the per-
formance of the PR and CR links are investigated. We
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show that the imperfect CSI at the CR-transmitter re-
duces the instantaneous interference power received at
the PR-receiver. But, this imperfect CSI causes a reduc-
tion in the ergodic and outage capacities of the CR-link.
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