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Abstract. In this paper, we study the performance of multiuser cog-
nitive generalized order user scheduling networks with multiple primary
users and imperfect channel estimation. The utilized generalized order
user selection scheme is efficient in situations where a user other than the
best user is erroneously selected by the scheduling unit for data reception
as in imperfect channel estimation or outdated channel information con-
ditions. In this scheme, the secondary user with the second or even the
N*® best signal-to-noise ratio (SNR) is assigned the system resources in a
downlink channel. In our paper, closed-form expressions are derived for
the outage probability, average symbol error probability (ASEP), and
ergodic channel capacity assuming Rayleigh fading channels. Also, to
get more insights about the system performance, the behavior is stud-
ied at the high SNR regime where the diversity order and coding gain
are derived and analyzed. The achieved results are verified by Monte-
Carlo simulations. Main results illustrate that the number of primary
users affects the secondary system performance through affecting only
the coding gain. Also, findings illustrate that a zero diversity gain is
achieved by the system and a noise floor appears in the results when
the secondary user channels are imperfectly estimated. Finally, results
show that the generalized order user scheduling in cognitive networks
has exactly the same diversity order as when implemented in the non-
cognitive counterparts.

Keywords: Multiuser cognitive networks - Generalized order user
scheduling - Imperfect channel estimation + Rayleigh fading

1 Introduction

The multiuser diversity is achieved by taking advantage of the channel fading
variations in wireless networks. More specifically, it was shown that selecting
the user with the best instantaneous channel each transmitting or receiving
time increases the chance of having the communication to occur over a good
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channel. As a way for improving the spectrum utilization efficiency in wireless
networks, the cognitive radio has been proposed in [1]. In such networks, the
secondary or cognitive users can share the spectrum with primary users via
underlay, overlay, or interweave paradigms [2]. The underlay paradigm which is
adopted in this paper allows secondary users to share the spectrum of primary
users if the interference between them is below a certain threshold.

The opportunistic scheduling where the user with the best instantaneous
channel is always selected by the scheduling unit for data communications was
used in [3] to select among secondary users. The multiuser diversity gain and bit
error rate for multiple access, broadcast, and parallel access channels in cognitive
radio networks with opportunistic scheduling were derived in [4]. Recently, Wang
et al. proposed in [5] a limited feedback based underlay spectrum sharing scheme
where the opportunistic scheduling was used to select among secondary users
in a downlink transmission. The opportunistic scheduling was also used in [6]
to select among secondary users in an uplink transmission. Most recently, the
secondary users were allowed to utilize the spectrum of primary users in an
opportunistic way in [7]. The performance of multiuser cognitive radio networks
with opportunistic scheduling and multiple primary receivers was studied in [8].
All the aforementioned papers assumed perfectly estimated channels.

Some scheduling fairness and power control schemes were presented in [9]
for multiuser cognitive networks with opportunistic scheduling among the sec-
ondary users. In [10], Khan et al. derived the exact outage and error rate
probabilities for multiuser cognitive networks with opportunistic scheduling and
Nakagami-m fading channels. In general, two important issues need to be consid-
ered when designing any multiuser network: the sum-rate capacity and fairness
among users. The maximum-rate schedulers such as the generalized order user
scheduling maximizes the sum capacity at the expense of unfairness among users;
whereas, the proportional fair user selection scheme satisfies fairness among users
at the expense of system sum-rate [11]. Therefore, the selection of the scheduling
scheme depends on the system requirements and nature of the system. Although
the proportional fair scheduling could be helpful for users of weak channels, the
loss happens in the throughput when this scheduling scheme is used can be large
in situations where users are scattered across the cell [12].

From our reading to the literature on the area of multiuser cognitive net-
works, we noticed that the most commonly used secondary user selection scheme
in these networks is the opportunistic scheduling. In this scheme, the user with
the best instantaneous channel is selected every time for data transmission or
reception. Also, we noticed that most of the papers on multiuser cognitive net-
works assumed perfectly estimated channels and ignored the effect of imperfect
channel estimation on the system performance. There exists several situations
in wireless networks where the opportunistic scheduling could fail, among which
is the presence of imperfect channel state information where the scheduling unit
could fail in error in selecting the best user among the available users and in
the presence of outdated channel information where the user which was the best
at the selection time instant could not be the best at the transmission time
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instant. An efficient selection scheme which can deal with such situations is the
generalized order user scheduling. In this scheme, the user with the second or
even the N best channel is selected instead of the best user for transmitting
or receiving data. This scheme was firstly proposed in literature to select among
antennas [13], then, it was presented to select among relays in relay networks [14],
and recently, it was used to select among users in multiuser relay networks [15].
Most of the previous papers consider the opportunistic scheduling and perfectly
estimated channels.

In this paper, we study the performance of multiuser cognitive generalized
order user selection network with multiple primary receivers in the presence
of imperfect channel estimation. In the considered scheme, the secondary user
with the first, the second, or even the N*! best signal-to-noise ratio (SNR) is
allowed by the scheduling unit for data reception. Closed-form expressions are
derived for the outage probability, average symbol error probability (ASEP),
and ergodic channel capacity assuming independent non-identically distributed
(i.n.i.d.) generic case of Rayleigh fading channels. Furthermore, the performance
is studied at the high SNR regime where approximate expressions are derived for
the outage probability and ASEP in addition to the derivation of the diversity
order and coding gain of the system. The effect of number of primary users, num-
ber of secondary users, and channel estimation error on the system performance
is illustrated via providing some simulation and numerical examples.

This paper is organized as follows. Section 2 presents the system and channel
models. The exact performance evaluation is conducted in Section 3. Section 4
provides the asymptotic performance analysis. Some simulation and numerical
results are discussed in Section 5. Finally, Section 6 concludes the paper.

2 System and Channel Models

The system under consideration consists of one secondary source S, K sec-
ondary destinations or users Dy (k = 1,...,K), and M primary receivers P,,
(m =1,..., M) using the same frequency band. All nodes are assumed to be
equipped with single antenna. The secondary source sends its message x to
K users under a transmit power constraint which guarantees that the inter-
ference with the primary users does not exceed a threshold Z,. To satisfy the
primary interference constraint, the source S must transmit at a power given
by P, = Ip/mnalx|gsym\2, m = 1,...,M, where g, is the channel coefficient of

the S — P,, link. Therefore, the message at the k' destination D from the
source S is given by ysp = \/Eh&kx + nsk, where hgj is the channel coeffi-
cient of the S — Dy, link and ns ; represents the additive white Gaussian noise
(AWGN) term at Dy, with a power of Ny. We assume that perfect channel infor-

mation including the interference channel is available at the secondary source’.

! Secondary source can know the channel information of the primary users by either
a direct reception of pilot signals from primary users [16], or by exchange of channel
information between primary and secondary users through a band manager [17].
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Also, we assume that no interference is introduced from the primary user on the
secondary receivers?. All channel coefficients are assumed to be Rayleigh dis-
tributed, so the channel gains |gs m,|* and |hsx|? follow exponential distribution
with mean powers jig, ,, and {2y, , respectively.

The channel coefficient of the S — Dy, channel can be written as [19]

hek = hs + €hg 1o (1)

where iLsyk is the estimate of the S — Dy, link and €h,, is the channel estimation

error, which is assumed to be complex Gaussian with zero mean and variance
2

Ten, . = $2hos —E[|hs.x|?], with E[.] denoting the expectation operator. Also, hs x
is complex Gaussian with zero mean and variance (2, == (2, + aghs.k. The
above definition also applies to the S — P, channel, i.e., §sm ~ CN(O, Hgem =
Hgem T Uggsym )

Upon using the values hs ) = ﬁm +en,, and gsm = Js;m + €q, ., the signal
at the £*® user can be rewritten as

T - 7,
ew ew

where W = max|gs»|*, m = 1,...,M and o2 is the variance of the channel
m
estimation error associated with the channel estimate maxgs .
m

From (2), the SNR of the S — Dy, link can be easily obtained after simple
manipulations as

_ ’7|Bs,k|2
R

ehs,k

= Yk, (3)

where 4 = Z,/Ny. The generalized order user scheduling is performed by choosing
the user which has the N*" best SNR ~,. The estimation error variance can be
made small by transmitting large number of pilots at medium to high SNRs
[19]3.

3 Exact Performance Analysis

In this section, closed-form expressions are derived for the outage probability,
ASEP, and ergodic channel capacity.

2 This assumption is valid when the primary transmitter is in a location far from the
secondary receiver [18].

3 The variance of the channel estimation error can be also assumed to be inversely
proportional to SNR as 1/SNR.
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3.1 Outage Probability

In this section, we derive the outage probability of the considered system. The
outage probability is defined as the probability that the SNR at the selected
destination 7se goes below a predetermined outage threshold vout, i-€., Pout =
Pr [vsel < Yout], where Pr[.] denotes the probability operation.

Theorem 1. The outage probability for multiuser cognitive generalized order
user selection network with multiple primary users and imperfect channel esti-
mation s given by

Pout = MCs,p A_/Iz_:l (MZ_ 1) (_1)i
N =1 » .
X Z >\s,l Z {((Z + 1)Cs,p)7l_(A1’yout + (’L + 1)Cs,p) }(A1)71 + Z (_1)j
=1 P j=1

x Y (A7 {((i+ 1)Cep) ! — (Awout i+ 1)gsyp)_1}]. (4)

51<...<Sj

Proof. To evaluate the outage probability, the cumulative distribution function
(CDF) of vse is required to be obtained first. Herein, we first apply the condi-
tional statistics on the fading channel from S to Pge, where Pgg is the primary
receiver who has the best channel with S. The CDF of the SNR in (3) conditioned
on W = m£x|gs’m|2, m =1,...,M can be easily obtained as

Ey (fIW) =1 = exp (<A sy W) , ®)
where Ay = (02, + UShSV,ﬂ + 1)/ (th,k’7>.

The conditional probability density function (PDF) of the selected secondary
user is given by [20]

K K—N K—1

f’Ysel(’y‘W) :Zf71(7|W)Z H Fij (’7|W) H (1_F’Yiw (V‘W)) ’ (6)
1=1 P j=1 w=K—N+1

where ), denotes the summation over all n! permutations (iy,i2,...,ix) of

(1,2,...,K) and N is the order of the selected user. Upon substituting (5) in
(6), and using the binomial rule and applying the identity

K—N K—-N _ J
II a-ty=1+> 17 > [t (7)

51<...<s; n=1

K—N—j+1 <~K—N—j+2
51:1 Z

with 3, . ., being a short hand-notation for }°

K-N .
sp=s141 " Zsjzsj71+1, (6) can be rewritten as
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Frsa (VW)
K K—N .
=Y AW fexp (=AW + Y (-1 D exp(=4:.W7) |, (8)
=1 P j=1 51<...<8;

where Ay = S8 70 L A, and Ay = A+ A+ A
Assuming identical S — Py, channels, that is ps , = ... = g, = Hg,,, the
CDF and PDF of W are respectively given by

Fiw (w) = [Fg.,2(w)] " = [1 = exp (= pw)]™
fw (w) = M flg, 2(w) [Fig, o (w)] "
M—-1
= MG, Y (M[ 1>(_1yexp<_(i+1)¢s,,,w>, 9)
1=0

where (sp = 1/pg, .
Up to now, the PDF of 7g. can be obtained using fooo Frsa (VIW) fv (w)dw
as follows

M-1 (M_l K

mEPBEDY

DINCVEDY (Am(z'H)cs,p)‘Q]Mcs,p, (10)

j=1 $1<...<S;

(A + G+ 1)Gp)

where [21, Eq.(3.381.4)] has been used in getting (10). The outage probability
can be obtained by integrating (10) using [ f,s.,(z)dz as given in (4).

3.2 Average Symbol Error Probability

In this section, we derive the ASEP of the considerd system. The ASEP can be
written in terms of the CDF of ~ysel, Fyg,, (V) = Pout(Yout =) as

avh [ exp (=by)

2V Jo Vel

where a and b are modulation-specific parameters.
By replacing yout with v in (4), and with the help of [21, Eq.(3.381.4)] and

[21, Eq. (3.383.10)] and after some simple steps, the ASEP can be obtained as
follows

ASEP =

Fysa(7)dy, (11)
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ASEP = MZ_:I (MZ_ 1)(—1)i

i=0
b(i41)¢s, b(it+1)C,
XiA S| L U6, o (Mg 1 (172, e )
s,1 Al b1/2 . 73
=1 P (Al(z + 1)§s’p>
K—N 4
+ (=) Y
Jj=1 $1<...<8;
b(’i+1)<5,p b(i+1)<§7p
| [ (et e (MR ) (172, M) | | s
’ X2 b/2 - 1/2 2 MCS,FN
(Az(z' + 1)<s7p)
(12)

where I'(.,.) is the incomplete Gamma function defined in [21, Eq.(8.350.2)].

3.3 Ergodic Channel Capacity

In this section, we derive the ergodic channel capacity of the considered system.
The channel capacity can be written in terms of the PDF of g as
1 o0
C= In(1 dry. 13
n [ mO N () (13)

Upon substituting (10) in (13), and with the help of [21, Eq.(4.291.15)], the
ergodic channel capacity can be obtained as

M-1 M—1 i K In ((Zﬁﬁ)
C = ; ( . )(—1) ;As’l; A (A = (i +1)Gsp)

K

N(_l)j Z In ((z‘flf@,p) M¢sp (14)

+ .
j=1 51<...<5; AQ (AQ — (2 + 1)<s,p) 1H(2)

4 Asymptotic Performance Analysis

To get more insights about the system behavior and to simplify the achieved
expressions, we study in this section the performance at the high SNR regime
where simple approximate expressions are derived for the outage probability and
ASEP in addition to the derivation of the diversity order and coding gain of the
system.
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4.1 Outage Probability

The outage probability can be expressed at the high SNR regime as Py~
(G.SNR)~%4, where G and G4 denote the coding gain and diversity order of
the system, respectively [22]. Obviously, G, represents the horizontal shift in
the outage probability performance relative to the benchmark curve (SNR)~¢
and Gy refers to the increase in the slope of the outage probability versus SNR
curve [22, Ch.14]. The parameters on which the diversity order depends will
affect the slope of the outage probability curves and the parameters on which
the coding gain depends will affect the position of the curves. In the upcom-
ing analysis, the secondary users are assumed to have identical channels, that
s As1 = ... = Ak = Asd = (agw + Ughsd"y + 1)/’?(2}~L5d, and the channels
from the secondary source to primary users are also assumed to be identical
(1 = ... = (s, = Gs,p- The PDF of the selected NP best user is given for
identical users’ channels as

a0l % (3 T KELGIW) L6 (0 B (9

As ¥ — oo, the CDF in (5) simplifies to F, (v|WW) ~ As ¢W and accordingly,
the PDF simplifies to f,,(v|W) &~ AsqW. Upon substituting the approximated
CDF and PDF in (15) and following the same procedure as in Section 3.1, the

outage probability at high SNR values can be evaluated with the help of [21,
Eq.(3.351.3)] as

P =k (K7 ey (M

=0
N-1
<3 (M)t G-

% ((Z + 1)Cs,p)_(k+K_N+1)('70ut)k+K_N+1- (16)

The result in (16) is still dominant for the first term of the summation k = 0.
With A\sg = (02, + 02, g+ 1)/7%2;_,, we may end up with three main cases.
These cases are determined by the status of the estimation process of primary
and secondary users’ channels:

Case 1: 02, =02, ,=0 (perfect channel estimation)

For this case, Asq sifnpliﬁes to 1 /;Y“QES , and the outage probability can be sim-
plified as

M-1
Poojic —{ <X Z <MZ 1> (_1)1((1 + l)Cs,pQﬁsvd)i(KiNJrl)
=0

ﬁ —K—N+1
X (70ut)KN+1> ;Y} ) (17)

where y = K(K — N)!(X 1) M.
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Case 2: agh ) # 0 (imperfect channel estimation of secondary users’ channels)
Here, the numerator of As4 can be approximated by (afh ﬂ) and hence, As g

simplifies to o2 / §2;, As a result, the outage probability can be simplified as

XZ( )1)i<W)_(K_NH). (18)

eh d Wout

Case 3: 02, =02 ~=1/SNR =1/5 (imperfect channel estimation)
For this case, )\S d snnphﬁes to 1 /’yQA . As a result, the outage probability can
be simplified as obtained in (17) Wlth the same coding gain and diversity order.

4.2 Average Symbol Error Probability

The asymptotic ASEP for the studied system can be obtained by replacing vout
by 7 in (16) and then substituting the result in (11). Upon doing that, and with
the help of [21, Eq.(3.381.4)], we can easily get the following three cases:

Case 1: 02 =02, ,=0 (perfect channel estimation)

For this case, the asymptotic ASEP can be obtained as

ASEP®™ —{ (x Mil (MZ_ 1) (—1)’ ((i +1)Gs p82
i=0

>—(K—N+1)

= ) —(E—N+1)
(K —-N+3/2)\" "
(b)K—N+3/2 v : (19)
Case 2: o2 75 0 (imperfect channel estimation of secondary users’ channels)

Here, the asymptotlc ASEP can be obtained as

I sV | (G DGpf, \NTENTY P N 4+3/2
ASEP>™ =y Z ( )(—1) <2ph) ((b)KN+3/2/ )

i=0 €hg g

(20)

Case 3: 07, = aghsd = 1/SNR = 1/7 (imperfect channel estimation)
For this case, the asymptotic ASEP can be obtained to be similar to that found
n (19).

It clear from (17), (19) that the multiuser cognitive generalized order user
selection network with multiple primary users using the same spectrum band
and imperfect channel estimation has a coding gain that is affected by several
parameters such as K, N, £2; , M, (p, and 7ou; while the diversity order
is constant at K — N + 1. Thlb is valid for the case where the channels are
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Fig. 1. Fout vs. SNR for different values of IV and pug,, = 15 dB, Q}}S . =0 dB,k =
1,...,3. .

perfectly estimated. Also, this applies when the estimation errors are inversely
proportional to SNR as shown in Case 3. On the other hand, when the channels
are imperfectly estimated with constant estimation errors, it is obvious from
(18), (20) that the system has zero diversity order and a coding gain that is
affected by the same previous parameters but now with the effect of the channel

estimation error o2, .
“fs.d

5 Simulation and Numerical Results

In this section, the achieved expressions are validated by Monte-Carlo simu-
lations and some numerical examples are provided to illustrate the impact of
several parameters on the system performance.

The effect of order of selected user N on the outage performance is illus-
trated in Figure 1. We can see from this figure that the asymptotic and analyt-
ical results perfectly match with Monte-Carlo simulations. Also, we can notice
that as N increases, the diversity order of the system decreases and the system
performance is more degraded. On the other hand, as NV decreases, the diversity
order increases and hence, better the achieved performance. These results on
the diversity order of the generalized order selection scheme were achieved also
when this scheme was implemented in non-cognitive systems.

Figure 2 studies the effect of number of primary users M on the system
performance. Clearly, as M increases, worse the achieved performance. This is
expected as having more primary users increases the probability of finding pri-
mary users of stronger channels and hence, having secondary users of smaller
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Fig.3. ASEP vs. SNR for different values of K and pg, , = 15 dB, QES . =0 dB,k =
1,...,4. '

transmit power which degrades the system performance. As expected, more sec-
ondary users (K = 4) gives better performance compared to the case where
K =2.

The error probability performance of the studied system is shown in Figure 3
for different numbers of secondary users K. The figure is plotted for two cases:
perfect channel estimation and imperfect channel estimation with constant esti-
mation error variance. Again, it is clear that the asymptotic and analytical
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results perfectly match with Monte-Carlo simulations. Also, we can see from

this figure that for the case of perfect channel estimation (02, =02, L= 0), as
s.p s,

K increases, the diversity order of the system increases and the system perfor-
mance is more enhanced. Also, it is clear that as K decreases, the diversity order
decreases and hence, worse the achieved performance. On the other hand, in the

presence of channel estimation error (62 =02 = 0.001), zero diversity gain
hs,p hs 4
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is achieved by the system and a noise floor appears in the results due to the
imperfect channel estimation effect on the system behavior. This can be easily
concluded from the asymptotic results where the diversity order of the system
becomes zero when O‘Shs \ # 0. In such case, any further increase in the SNR will

add no enhancement to the system behavior.

Figure 4 studies the effect of number of primary users M on the error rate
performance for the cases of perfect and imperfect channel estimations. Again, as
M increases, worse the coding gain and hence, worse the achieved behavior. Also,
as mentioned regarding Figure 3, it is clear in this figure that with imperfect
channel estimation, the diversity gain of the system reaches zero and a noise
floor appears in the results. This was illustrated in Case 2 of the asymptotic
analysis section. Clearly, the diversity order of the system is not affected by the
parameter M.

The effect of order of selected secondary user on the error probability per-
formance is studied in Figure 5. The figure includes two cases: perfect channel
estimation and imperfect channel estimation with an estimation error variance
that is inversely proportional to SNR. The effect of channel estimation error
on the system performance is obvious in this figure where worse behavior is
achieved compared to the case where the channels are perfectly estimated. More
importantly, for the case of imperfect channel estimation and as the variance of
channel estimation error is assumed to be inversely proportional to SNR, the
system can still achieve full diversity order when N decreases. This is also the
case when the channels are perfectly estimated.

Figure 6 shows the ergodic channel capacity of the system for different values

of Ugg , 02, . Two cases are shown in this figure: imperfect channel estimation
s,p s,d
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of the S — P link with perfect channel estimation of the S — D link; and perfect
channel estimation of the S — P link with imperfect channel estimation of the
S — D link. For the first case where 02 is taking different values and 0’ =0,

the system capacity or performance keeps enhancing as SNR increases. On the
other hand, when 02 = 0 and o2 . is taking different values, a noise floor

appears in all results of this case. The behavior of the system in the two cases
is expected as in the first case, the power of the channel estimation error of the
S — P link aggs , is not affecting the SNR as clear from the asymptotic results;

whereas, the power of the channel estimation error of the S — D link Ugh , is a
multiplied factor by the SNR in this case. ‘

6 Conclusion

In this paper, we evaluated the performance of multiuser cognitive generalized
order user selection network with multiple primary receivers and imperfect chan-
nel estimation. Closed-form expressions were derived for the outage probabil-
ity, average symbol error probability, and ergodic channel capacity assuming
Rayleigh fading channels. Furthermore, the system performance was evaluated at
the high SNR values. Main results showed that the number of primary receivers
affects the system performance through affecting only the coding gain. Also,
findings illustrated that zero diversity gain is achieved by the system and a noise
floor appears in the results when the channels of secondary users are imper-
fectly estimated. Finally, results showed that the imperfect estimation of pri-
mary receivers’ channels affects the system performance via affecting only the
coding gain.
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