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On the Outage Behavior of Interference Temperature
Limited CR-MISO Channel

Hyung Yun Kong and Asaduzzaman

Abstract: This paper investigates the outage behavior of peak in-
terference power limited cognitive radio (CR) networks with mul-
tiple transmit antennas. In CR-multi-input single-output (MISO)
channel, the total transmit power is distributed over the transmit-
antennas. First, we use the orthogonal space-time codes (STC)
to achieve the transmit diversity at CR-receiver (rx) and investi-
gate the effect of the power distribution on the interference power
received at the primary-receiver (P-rx). Then, we investigate the
transmit antenna selection (TAS) scheme in which the CR system
selects the best transmit antenna and allocates all the power to
the selected best antenna. Two transmit antenna selection strate-
gies are proposed depending on if feedback channel is available
or not. We derive the closed form expressions of outage proba-
bility and outage capacity of all schemes with arbitrary number
of transmit-antennas. We show that the proposed schemes signif-
icantly improve the outage capacity over the single antenna sys-
tems in Rayleigh fading environment. We also show that TAS based
scheme outperforms the STC based scheme when peak interference
power constraint is imposed on the P-rx only if a feedback channel
from CR-rx to CR-transmitter is available.

Index Terms: Cognitive radio (CR), fading channel, interference
temperature, outage probability, transmit diversity.

I. INTRODUCTION

In recent years, the demand of radio spectrum has rapidly in-
creased due to the dramatic growth of wireless applications. In
current spectrum management policy, most of the spectrum has
already been allocated and it is difficult to find spectrum for the
new wireless applications. As a solution of this problem, the
concept of cognitive radio (CR) has been proposed in [1]. In
cognitive radio networks, the unlicensed CR users access to the
frequency bands of a licensed network (primary network) oppor-
tunistically by using their cognition capabilities [2]. To do this,
CR users must be capable of sensing the spectrum of the pri-
mary users. Depending on the spectrum sensing, the CR users
can access to the spectrum of a primary network provided that
the operation of the primary network is not compromised [3].

In CR networks, the CR users may coexist with the primary
users either on non-interference basis or interference tolerant ba-
sis. In case of non-interference basis systems, the CR users are

allowed to operate in the unused frequency bands, commonly

Manuscript received March 12, 2010; approved for publication by Inkyu Lee,
Division I Editor, February 7, 2011.

This work was supported by the 2011 Research Fund of University of Ulsan.

H. Y. Kong is with the Department of Electrical Engineering, University
of Ulsan, Korea and he is the corresponding author of this paper, email:
hkong @mail.ulsan.ac.kr.

Asaduzzaman is with the Department of Computer Science and Engineer-
ing, Chittagong University of Engineering and Technology, Bangladesh, email:
asad78 @mail.ulsan.ac kr.

known as spectrum holes or white spaces [2]. Contrarily, in-
terference tolerant basis systems allow CR users to access the
frequency band of the primary users provided that the interfer-
ence power level at the primary-receivers (P-rxes) is kept below
some certain threshold [3] and [4]. Such limit on the interfer-
ence power is commonly known as interference temperature. In
such CR systems, the users may not be able to provide the re-
quired quality of services (QoS) all the time due to the interfer-
ence temperature constraint. Consequently, there exists an out-
age phenomenon and the system operates on a certain outage
probability [5]. In order to guarantee a certain quality of service
by reducing the outage probability transmit-diversity may be an
attractive choice.

It is well known that transmit diversity is an effective way
to mitigate the channel fading with total transmit power con-
straint [6]. In interference limited CR networks, the users may
need to operate in low signal-to-noise ratio (SNR) to protect the
P-rxes. Hence, the transmit diversity may be the efficient tech-
nique to ensure the quality of services of CR users in fading en-
vironment. The outage analysis of such interference limited sys-
tems with transmit diversity is important to understand the fun-
damental limits of the system. The outage capacity along with
the power allocation problems for interference temperature lim-
ited single antenna fading channel have been investigated in [3]
and [4]. In this paper, we consider that the CR users access the
frequency band of primary users provided that the interference
power level at P-rxes is kept below some certain threshold. The
CR users use their cognition capabilities to decide the level of
transmit power corresponding to the interference temperature. In
such scenario, the main objective of a CR transmitter-receiver
pair is to maximize the link capacity by maintaining the inter-
ference temperature constraint.

To achieve transmit diversity, we consider two types of trans-
mission technique. First, we consider STC based simultaneous
transmission. In this case, all the antennas transmit at the same
time using orthogonal STC [7]. Next, we consider transmit an-
tenna selection (TAS) based transmission schemes. We propose
two antenna selection policies: TAS without feedback and TAS
with feedback. There are several works in existing literature that
analyzed the performances of multi-input single-output (MISO)
systems [6]-{9] under peak transmit power constraint. The ca-
pacities and power allocation problem of such systems are ana-
lyzed in [6] and [8]. The bit error rate (BER) performance of a
non-cognitive radio MISO system has studied in [9]. To the best
of our knowledge there is no such work for interference temper-
ature limited MISO systems.

The main focus of this paper is to show the effect of trans-
mit diversity on the interference temperature at the primary-
receiver. In case of STC based simultaneous transmission, due
to the transmit diversity, the signal received at the P-rx also
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achieves diversity. We show that this effect of multi antenna di-
versity at the P-rx can be reduced by using single antenna se-
lection technique. We derive the closed form expressions of the
outage probability of the transmission schemes. The outage ca-
pacities of the schemes are also calculated. We show that the
STC and the TAS with feedback can achieve the diversity of
order of number of antennas. On the other hand, TAS without
feedback does not achieve any diversity but still outperforms the
single antenna system. Results show that the TAS based scheme
outperforms STC based scheme only if the CR-receiver (CR-1x)
selects the antenna and feedback to the CR-transmitter (CR-tx).

The rest of the paper is organized as follows. In Section II, we
describe the system and channel models. Section 11 presents the
outage analysis of the transmission schemes. Simulation results
and discussions are given in Section IV and, finally we conclude
this paper in Section V.

II. SYSTEM MODEL

We consider a spectrum sharing scenario where CR-users co-
exist with primary-users, and they are using the same frequency
band as shown in Fig. 1. Assume that the CR-transmitters are
equipped with M antennas. In this work, we focus on the ef-
fect of the transmit diversity on CR network with peak in-
terference temperature constraint. Consequently, we assume
both P- and CR-rxes are single antenna devices, for simplic-
ity. Therefore, the assumed channel model is a simple MISO
channel. We consider flat Rayleigh fading channel with addi-
tive white Gaussian noise (AWGN). Let G = [g1, g2, -, g
and H = [hy, ho, -+, hay] represent the instantancous channel
power gain from the CR-tx to CR-rx and P-rx, respectively. As-
sume, the antenna separation of CR-tx is enough to ensure that
the entries of G and H are uncorrelated. For Rayleigh fading,
gm and h,,, m € {1,2,---, M} are the exponential random
variables with parameter A, and )y, respectively.

Assume that perfect CSI are available at the CR-rx but not
at the transmitter. This can be achieved by transmitting a se-
quence of pilot symbols from CR-tx. Due to the perfect CSIs
at the receivers coherent detection is possible and thus only the
channel power gains are of interest. We also assume that the
channel power gain of CR-tx to P-rx is known to the CR-tx. The
main drawback of interference limited CR system is that, to im-
plement such spectrum sharing system, CR-tx must use some
power control technique based on the instantaneous channel
power gains with P-rx. Hence, the CR-tx should have perfect
knowledge of H. Assume that only the channel power gains,
i.e., square amplitude of the channel state information (CSI) is
known at the CR-tx but not the phase of the CSIs. The CR-tx can
achieve the information about H through feedback. The feed-
back may carried out directly by the P-rx [3] or through a band
manager [10]. In any case, some sort of cooperation among the
primary and CR system is required to realize the considered sys-
tem model. Throughout this paper, similar to other works on
interference limited CR systems {3}-{5], we consider that the
entries of H are perfectly known at the CR-tx. The knowledge
about the channel between CR-tx and CR-rx can also be ob-
tained at the CR-tx through feedback. But it is not a must to
maintain the interference temperature. In this paper, we consider

CR-rx

S

Fig. 1. System model.

both cases with and without the knowledge of G at the CR-tx,
in case of TAS scheme with feedback and TAS scheme without
feedback, respectively.

We investigate STC based simultaneous transmission and
TAS based transmission to achieve diversity at the CR-rx. As-
sume that a suitable space time block code [7] is used by the
transmitter for STC based transmission. In case of TAS based
transmission, we propose a single transmit antenna selection
procedure. In this case, only the selected best antenna will take
part in the transmission. We propose two antenna selection poli-
cies: (1) TAS without feedback and (2) TAS with feedback. In
case of TAS without feedback. the CR-tx selects the best an-
tenna that minimizes the interference at the P-rx. Contrarily, in
case of TAS with feedback, the CR-rx selects the best antenna
and informs the decision to the CR-tx through a low rate feed-
back channel. We assume that the feedback channel is error free.

For the purpose of theoretical analysis and to understand the
outage behavior of the MISO-CR system, we consider only one
CR-tx and one P-rx. In practical applications, there must be mul-
tiple CR and primary users. In case of multiple CR-txes, there
should be some channel access protocol to avoid collision which
is beyond the scope of our outage analysis. On the other hand,
the proposed outage analysis can be implemented on scenar-
ios with multiple P-rxs. In such case, the CR-tx must consider
the P-rx which is closest to it in terms of communication dis-
tance. Without losing generality, we consider a system model in
which only the nearest P-rx is considered to protect from inter-
ference constraint.

The ergodic capacity is the measure of the maximum
achievable long-term rate without considering any delay con-
straint. However, in reality many wireless applications have cer-
tain delay constraints. In such environment, delay limited ca-
pacity which defines the constant-rate that is achievable in all
fading states, is a more appropriate notion. However, the delay
limited capacity in Rayleigh fading environment is zero as the
transmitter has to spend a huge amount of power for channel
states in deep fades to maintain a constant rate. Alternatively,
a non zero capacity can be achieved in Rayleigh fading chan-
nel by declaring outage when the channel states are in deep
fade. Such capacity is known as outage capacity that exist a
capacity-versus-outage phenomenon. Hence, outage capacity is
an appropriate measure of the channel capacity for slowly vary-
ing Rayleigh fading channel {11]. In this paper, we investigate
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the outage probability and outage capacity of both STC and TAS
based schemes while the P-rx is protected by the peak interfer-
ence power (PIP) constraint, ).

ITII. OUTAGE ANALYSIS

The main goal of the CR system is to provide a certain qual-
ity of service to its users without hampering the operation of
the primary users. This paper is concerned about the interfer-
ence tolerant based operation where the primary users are pro-
tected by a predefined peak interference power. In such scenario,
the CR users always look for the transmission opportunity with
certain quality of services by maintaining the peak interference
constraint. The fundamental measure of the quality of service is
the transmission rate in bits/s/Hz. Assume that the CR system
needs to maintain a target transmission rate of r bits/s/Hz. The
CR system abandons the transmission if the achievable trans-
mission rate is less than the target rate. Such event can be defined
as the outage event and the probability of occurring this event is
known as the outage probability of the system [11]. Therefore,
the outage probability is a good measure of the transmission op-
portunity of the interference tolerant CR systems.

A. STC Scheme

In this scheme, all the antennas of the CR-tx take part
in simultaneous transmission using orthogonal space-time
codes. The interference power received at the P-rx due to the
transmission of CR-tx can be given as, Z 1 Pmhi. The op-
timal power allocation for single antenna CR network has been
investigated in [4]. To allocate optimal power over the antennas,
conditioned on the fading coefficients, solution of tedious opti-
mization problem is required. To solve such optimization prob-
lem, CR-tx requires the full instantaneous CSI [8]. In this paper,
we consider that the instantaneous CSIs are available at the re-
ceivers but not at the transmitters. Consequently, optimal power
allocation is not possible and equal power allocation to all anten-
nasas, P, = Py =--- = Py = P/M is considered. The trans-
mit power constraint in terms of the peak interference power,
can be given as

1)

where hy = an‘[:l
can be written as

hp. Now the received SNR at the CR-rx

P
Y= MN,B mZZIQm

Q gr

~ NoBhr @

where Ny is the variance of AWGN, B is the total bandwidth
and gr = Ei\n/]:l gm. In space time codes, the transmitted sym-
bol from each antenna is different from others. Therefore, the
interference at the P-rx is the sum of all interference induced
by each transmit antenna. The mutual information between the
CR-tx and rx, considering the peak interference power () at the

P-rx, can be given as

I = log, <1+&9T) 3

NoB hr
Considering the fact that the transmission is abandoned when
the mutual information is less than r bits/s/Hz, the outage prob-
ability can be found as
PSTC

out

Pr[I <]
=Pr [logz ( +
=Pr {g—T < a]

= Far (a)

hp

i9_> T]
NoBh

“4)

where oo = (2" — 1)NoB/Q and Fi_’l"() is the cumulative dis-
T

tribution function (CDF) of the random variable % which is
derived in Appendix.

Now, the outage capacity [11], associated with a given outage
probability, €, of STC based transmission scheme under the peak
interference power constraint can be given as

C55C(e) < Blog<1+—Q—) (1—¢) (5)

NoB

where the value of & is the solution of (4) for the target outage
probability, €.

B. TAS Scheme without Feedback

In this subsection, we propose a transmit antenna selection
scheme for interference limited MISO channel without any feed-
back from the CR-rx. Among the M transmit-antennas, CR-tx
selects the best antenna and all the power that satisfies the
PIP constraint is allocated to the best antenna. The CR-tx only
knows channel power gains with the P-rx, H. With this knowl-
edge, the best antenna is the antenna that causes less interfer-
ence to the P-rx. Therefore, the selection criterion is to select the
antenna that has minimum channel power gain with P-rx. The
transmit antenna selection criterion without feedback can be
written as

(hm)

The interference power received at the P-rx due to the trans-
mission of the antenna-m can be given as, Ph,,. The power al-
location to antenna m, considering PIP constraint, can be given
as, P = % The mutual information between the any antenna-
m and CR-rx, considering the peak interference power ¢} at the
P-rx, can be written as

Q m
Im:10g2< NoB fim

Logarithm is a monotonically increasing function with any
positive argument. Therefore, minimizing h,, is equivalent to
maximizing I,,, conditioned on g,,. In this scheme, the outage
of the CR system occurs if the end-to-end mutual information
through the best antenna is less than r bits/s/Hz. The probability

m* =arg  min (6)

m€{1727 i 7M}

)
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that the end-to-end mutual information through the best antenna
is less than r bits/s/Hz, conditioned on g,,, can be given as

Py (gm) = Prmax{In} < 7 |gm]

M
= H Pr{I, <7|gm]
m=1

- Q g
= Pr |l 1 Im
"1;[1 r[ogz( +NOma)<7’ gm]
M
:HPr{hng_m‘gm}
| Q

I
= 3

o< o]
- ()}

— exp {—M)\h%”} )

3
ﬂ‘

It
——

where the superscript “TAS1” represents the TAS scheme with-
out feedback and F3 (-) represents the CDF of . The last equal-
ity of (8) is obtained by considering that h,, is an exponential
random variable.

The unconditional outage probability of this scheme can be
obtained by integrating over the PDF of g,,, as

PTASl —

out

exp [—M/\hg} Agexp [—Agz]| da

2\8

S L ©)
A M+ )\ga'

Finally, the outage capacity of TAS based transmission scheme
without feedback under the peak interference power constraint

can be given as
aQ)
1-—
) a-o

where the value of & is the solution of (9) for the target outage
probability, €.

CTIAS(e) = Blog (1 + (10)

C. TAS Scheme with Feedback

The transmit antenna selection strategies in peak transmit
power limited MISO communication system with low rate feed-
back have been investigated in [9]. In this paper, we consider the
similar antenna selection strategy considering peak interference
power constraint at a third party receiver (P-rx). In case of TAS
scheme with feedback, the CR-rx selects the best transmit an-
tenna. The selection criterion considered for the antenna selec-
tion is the mutual information. The mutual information between
antenna-m and CR-1x is defined in (7). The antenna that max-
imizes the mutual information is selected as best antenna. The
transmit antenna selection criterion can be written as

m* = arg max (L) -

me{1,2,--,M}

arn

The mutual information between antenna-m and CR-rx (1,,,)
is a function of both g,,, and h,,. Only h,, is known at the

CR-tx. Hence, CR-tx cannot calculate the I,,,, and consequently
cannot select the best antenna that maximizes the mutual infor-
mation. On the other hand, CR-rx can measure g,,, from the pi-
lot symbols and A, is included in the transmit power of the
pilot symbols. Therefore, it is possible to calculate the I,,, at the
CR-rx. The CR-rx selects the best antenna that satisfies the con-
dition of (11) and feeds back the index of the best antenna to the
CR-tx.

In this scheme, the outage of the CR system occurs if the end-
to-end mutual information through the best antenna is less than
7 bits/s/Hz. The probability that the end-to-end mutual informa-
tion between antenna-m and CR-rx is less than r bits/s/Hz can
be calculated as

Q gm
m =Pr |l 14 —==
Pr{l, <] r[0g2<+N0ma <r
:Pr[Z—:<a]
= Fyu (a) (12)

where Flom (-) is the CDF of the rv {= which is derived in Ap-
pendix. "

The CR system is in outage when the end-to-end mutual infor-
mation through the best-antenna is less than r bits/s/Hz. There-
fore, the outage probability of TAS scheme with feedback
(TAS2) can be obtain as

PTAS2 _ py [ max

me{1,2,--, M}

M
=11 [Fen o]
m=1

The last equality is obtained by considering that the random
variables ¢,, and h,, are identically independent. Finally, the
outage capacity of TAS based transmission with feedback under
the peak interference power constraint can be given as

out

(In) < r}

13)

CTAS2(¢) = Blog (1 + 33) (1—¢) (14)

out NO B
where the value of & is the solution of (13) for the target outage
probability, e.

IV. RESULTS AND DISCUSSIONS

In this section, we provide some numerical and simulation re-
sults of the outage probabilities and capacities of the proposed
transmission schemes that are developed in the previous sec-
tion. For all cases, we consider NgB = 1. Figs. 24 show the
outage probability of the transmission schemes against peak in-
terference power constraint (@) in dB) with different number
of antennas (M). M = 1 indicates the conventional single-
input single-output (SISO} system which is taken as the refer-
ence of the outage performance. For these figures, we assume,
An = 0.5, Ay = 2 and r = 1 bits/s/Hz. In Figs. 2-4, the ana-
lytical (a) outage probabilities of the transmission schemes, de-
veloped in Section III, are also verified with simulation (s) re-
sults. In all cases, the simulation and numerical results match
very well.
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STC(%,=2, ,=0.5, r=1)

QOutage probability

10 20 30
Q(dB)

Fig. 2. Outage probability of STC based scheme for different number of
antennas.

The outage probability of STC based transmission scheme is
shown in Fig 2. It clearly indicates the improvement of outage
performance as the number of transmit-antennas increases at the
high PIP region. Importantly, in the low values of ) (less than
—5 dB) MISO system (M > 1) with STC based transmission
is worse than the SISO system (M = 1). The slope of the out-
age probabilities at high interference temperature increases as
the number of transmit-antennas increases. The high PIP slope
for different number of antennas indicates that the STC based
transmission scheme achieves full diversity of the order of the
number of transmit antennas. Obviously, the source of this di-
versity gain is the complex orthogonal space-time processing.

The outage probability of the TAS scheme without feedback
for different number of antennas is shown in Fig. 3. The outage
probability of this scheme decreases as the number for antenna
increases but the slope of the outage curves are the same for
all M over the whole range of (). This indicates that the TAS
scheme without feedback achieves some power gain but not the
diversity gain. This scheme selects the antenna that has mini-
mum channel power gain with the P-rx. The allowable transmit
power that satisfies the PIP constraint is inversely proportional
to the channel power gain with the P-rx. Therefore, this an-
tenna selection policy maximizes the transmit power. The chan-
nel power gain between CR-tx and rx is not considered in TAS
scheme without feedback. Hence, this scheme does not achieve
any diversity gain.

The TAS based transmission scheme with feedback, on the
other hand, utilizes both the channel power gains from CR-tx to
P-rx and CR-tx to CR-rx. Consequently, this scheme achieves
both transmit power gain and diversity gain. As shown in Fig. 4,
similar to STC based scheme, the high PIP slope of the out-
age curves increases as the number of antennas increases. The
diversity gain achieved by the TAS based transmission scheme
with feedback is in fact selection diversity. It is important to note
here that the outage performance of MISO system for both TAS
based transmission scheme is better than the SISO system over
the whole range of PIP constraint, (). Due to the transmit power
gain achieved by both the TAS based schemes, the outage per-
formance of MISO systems is better than SISO systems even at

TAS1(A,=2, 1,=0.5, r=1)

Outage probability

Fig. 3. Outage probability of TAS based scheme without feedback for
different number of antennas.

TAS2(A,=2, 1,=0.5, r=1)

Outage probability

Fig. 4. Outage probability of TAS based scheme with feedback for differ-
ent number of antennas.

very low PIP as shown in Figs. 3 and 4.

Fig. 5 shows the comparison of the transmission schemes, in
terms of outage probability, for M = 4. The STC based scheme
and TAS based scheme with feedback achieve same diversity or-
der as the slope of the outage probabilities at high interference
temperature is the same for both. The TAS based scheme with-
out feedback does not achieve diversity but it performs better
than the STC based transmission at the low range of PIP. Among
the transmission schemes, TAS based transmission scheme with
feedback outperforms the other two schemes at the cost of the
overhead required for feedback. The STC based scheme does
not require any feedback but it requires complex space-time pro-
cessing to achieve diversity. The simplest scheme, in terms of
implementation complexity, is the TAS scheme without feed-
back that achieves only power gain. This scheme is very effec-
tive at very low PIP region but not at the medium and high PIP
region as shown in Fig. 5.

The outage capacities (bits/s/Hz) of (5), (10), and (14) for dif-
ferent number of transmit-antennas are plotted against the peak
interference power constraint in Fig. 6. For this figure, we con-
sider A, = Ay = 1 and ¢ = 0.001. Fig. 6 clearly indicates



KONG AND ASADUZZAMAN: ON THE OUTAGE BEHAVIOR OF INTERFERENCE TEMPERATURE... 461

hy=2, %, =0.5, r=2, M=4

Qutage probability

-10 0 10 20 30 40
Q(dB)

Fig. 5. Comparison of outage probabilities of different transmission
schemes for M = 4.

hy=1,2, =1, B,=0.001

Outage capacity (bits/s/Hz)
3

107 . g
: |- -we2as2)|
107 |—e- M=4 (TAS2) |,
- : :‘ B "/A{':Z(TAS‘])‘i
oo SO o M=4 (TAST)
-5 N
10 . -
-20 -10 0 10 20
Q (dB)
Fig. 6.  Comparison of outage capacities of different transmission

schemes for P,y = 0.001.

that the outage capacity improves as the number of antennas in-
creases for all three schemes. Expectedly, the TAS based scheme
with feedback achieves the maximum outage capacity than other
two schemes. The capacity gap between TAS with feedback and
STC based scheme increases as the number of antennas increase
as shown in the figure.

V. CONCLUSION

In this paper, we investigated the information theoretic limits
of the interference temperature limited MISO-CR channel. In
a CR-tx and rx pair with multiple antennas at transmitter side,
the allowable transmit power is distributed over the transmit-
antennas to achieve diversity at the receiver. We investigated the
effect of this power distribution when peak interference power
constraint is imposed to protect the P-rx. We proposed three
transmission schemes based on space time coding and trans-
mit antenna selection. The outage probability and the outage
capacity of such systems are derived. We showed that the trans-
mit diversity significantly improves the outage capacity under

the peak interference temperature. Numerical as well as simula-
tion results are given to support the arguments. For STC based
scheme, we investigated the orthogonal space-time code that
gives upper bounds of the performance. In this paper, we also
assumed that the channel power gains among antennas are un-
correlated. Performance losses due to the loss of orthogonality
and due to the antenna correlation are interesting topics for fu-
ture research. In this paper, we consider peak interference power
constraint on the P-rx. Similar analysis with average interfer-
ence constraint would be a good topic for further research.

APPENDIX

A. PDF and CDF of gm/hm

If g,,, and h,, are rvs of exponential distribution with param-
eter A, and A respectively then the PDF and CDF of g,,, /A,
can be given using [12, (6-60)] as

(e 9]
AgAn
= ' 2 dy = el 15
fom (2) = /yfgm(y ) (Y)dy BYESWE (15)
y=0
g
m gm (2}d — 16
Fin / ()i = 0 (16)
0
B. PDF and CDF of g7 /hr
For Rayleigh fading, random variables, g, and A, for all m,

are the exponential random variables with parameter A, and Ap,
respectively. Hence, g7 and ks are the random variables with
chi-square distribution with 2M degree of freedom. The PDF of
gr and kg can be written as [13, (9.5)]
. A M—1_ ~Agx
fQT(‘/E) (M gl)lw le gl7
Fre (W)
hT y ( 1)’ y
The PDF of the random variable g7 /h can be written as [12,
6-60]

a7

M—Llo=Mny, (18)

o0

Fiz @) = [ whorwhfie )y
y=0
- AgAn 2M—1ZM~1€—(Agz+,\h)ydy
(M —1)1)°
y=0
AgAnl(2M Yy
{( ;_(1>'}> M= 1(Agz+)\h) 23!' (19)
Now, the CDF of - can be given as
z
F;;T(,) = /f%p_(z)dz
vp . T
0
A MI@2M) M
(-1} MR
o FL (M2M, M +1;,-Ag2/An) 20)

where I'(-} is the gamma function and 2 Fy (-, ; -; -} is the Gaus-
sian hypergeometric function [14].
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