MITSUBISHI ELECTRIC RESEARCH LABORATORIES
http://www.merl.com

Spectrum Sharing Single-Carrier in the
Presence of Multiple Licensed Receivers

Kim, K.J.; Duong, T.Q.; Elkashian, M.; Yeo, P.L.; Poor, H.V.; Lee, M.H.

TR2013-099 September 2013

Abstract

In this paper, maximal-ratio combining (MRC) and selection combining (SC) are proposed in
spectrum sharing single-carrier networks with multiple primary user receivers (PURx). Taking
into account the peak interference power at the PU-Rx’s and the maximum transmit power at the
secondary user (SU), the impact of multiple PU-Rx’s on the secondary network is characterized
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exact and asymptotic expressions are derived for the cumulative distribution function (CDF),
taking into account two realistic scenarios: 1) non-identical frequency selective fading between
the secondary user transmitter (SU-Tx) and the PUs, and 2) frequency selective fading between
the SU-Tx and the SU-Rx. Based on these, exact and asymptotic expressions for the outage
probability and average bit error rate (ABER) are derived. Furthermore, an exact closed-form
expression for the ergodic capacity is derived. We corroborate that the asymptotic diversity gain
is entirely dependent on the number of receive antennas and the number of multipath channels.
We further confirm that the number of PU-Rx’s and fading severities between the SU-Tx and the
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Abstract—In this paper, maximal-ratio combining (MRC) and
selection combining (SC) are proposed in spectrum sharing
single-carrier networks with multiple primary user receivers (PU-
Rx). Taking into account the peak interference power at the
PU-Rx’s and the maximum transmit power at the secondary
user (SU), the impact of multiple PU-Rx’s on the secondary
network is characterized when the secondary user receiver (SU-
Rx) is equipped with multiple antennas. In doing so, exact and
asymptotic expressions are derived for the cumulative distribu-
tion function (CDF), taking into account two realistic scenarios:
1) non-identical frequency selective fading between the secondary
user transmitter (SU-Tx) and the PUs, and 2) frequency selective
fading between the SU-Tx and the SU-Rx. Based on these,
exact and asymptotic expressions for the outage probability and
average bit error rate (ABER) are derived. Furthermore, an
exact closed-form expression for the ergodic capacity is derived.
We corroborate that the asymptotic diversity gain is entirely
dependent on the number of receive antennas and the number
of multipath channels. We further confirm that the number of
PU-Rx’s and fading severities between the SU-Tx and the PU-
Rx’s have no impact on the asymptotic diversity gain.

Index Terms—Diversity, frequency selective fading, single-
carrier transmission, spectrum sharing.

I. INTRODUCTION

OGNITIVE RADIO (CR) networks with spectrum-

sharing, where the secondary user (SU) is able to share
the same radio medium licensed to the primary user receiver
(PU-Rx), is a most promising approach to alleviate the inef-
ficient use of the frequency spectrum [1]. In this paradigm,
the SU transmit power is controlled such that its interference
on the PU-Rx does not exceed a predefined threshold, which
is determined by the quality-of-service (QoS) at the PU-
Rx’s. To boost the performance of the SU, several enhanced
diversity techniques such as spatial diversity combining have
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been proposed. Specifically, maximal-ratio combining (MRC)
has been adopted to enhance the SU performance in CR
networks [2], [3]. In [2], exact and asymptotic expressions
for the average symbol error rate and the ergodic capacity
were derived for Rayleigh fading channels under a maximum
allowable interference power and peak transmit power. In
[2], it was shown that a full diversity order equal to the
total number of cognitive receive antennas is achieved when
the peak transmit power is much smaller than the maximum
allowable interference power. By relaxing this assumption, a
more accurate asymptotic result was presented in [3]. Com-
paring these two power allocation constraints, only the maxi-
mum allowable interference power is considered in spectrum
sharing systems [4]-[8]. Furthermore, the ergodic capacity
of spectrum-sharing over Nakagami-m fading channels was
addressed in [9], [10]. It was shown in [10] that MRC diversity
at the SU receiver (SU-Rx) can achieve capacity enhancement
and reduce the effect of asymmetric fading among the CR links
on the SU performance. It is important to note that all these
previous works have considered a single PU-Rx. Moreover,
the impact of frequency selectivity in fading channels has not
been reflected in the analysis of the aforementioned works.

To combat the effects of frequency selectivity in fading
channels, orthogonal frequency division multiplexing (OFDM)
has been proposed and adopted in several emerging technolo-
gies such as wireless local area networks (e.g. IEEE 802.11n
[11]) and wireless mobile broadband communication systems
(e.g. IEEE 802.16e [12]). However, OFDM transmission has
intrinsically high peak-to-average power ratios (PAPRs) and
high power back off in proportion to the number of subcarriers
[13], [14]. Thus, single-carrier transmission has been proposed
in very high-speed wireless networks (e.g. IEEE 802.11ad [15]
and 3GPP Long-Term Evolution [16]) to maximize the use of
battery power. For these reasons, single-carrier transmission
is of interest for the up-link transmission instead of OFDM
transmission [16]. For single-carrier transmission, several tech-
niques have been proposed to fit different problems and
accommodate different constraints. Among them, space-time-
block coding (STBC) was proposed in [17] and distributed
space-frequency-block coding (SFBC) was proposed in [18].
Cyclic delay diversity was investigated in [19] to achieve
transmit diversity with a less complex transmitter. Frequency
domain equalization (FDE) has been widely adopted due to
its low computational requirements [20] and [21]. Best relay
selection and best terminal selection were proposed to improve
the throughput of cooperative non-spectrum sharing systems
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[22] and [23]. In addition, channel estimation was considered
in [24] and [13]. Recently, single-carrier transmission has been
proposed for spectrum sharing systems [25] and [26]. In [25],
the impact of interference from the PU transmitter (PU-Tx) on
the secondary network was considered. In [26], several relay
selection and power allocation constraints were proposed. In
[25] and [26], a single antenna and a single PU-Rx were
considered. Moreover, the channel impulse response in [25]
and [26] comprised of independent and identically distributed
(i.i.d.) complex Gaussian random variables with zero means
and unit variances due to the assumption of Rayleigh fading
channels. More importantly, spatial diversity has not been
addressed in the aforementioned works. Against this backdrop,
the impact of spatial diversity on spectrum sharing single-
carrier networks is not intuitively obvious and is the main
focus of this paper.

In this paper, we introduce spectrum sharing single-carrier
transmission with multiple receive antennas in the secondary
network. We also address the more complete scenario of
multiple PU-Rx’s in the primary network. With this in mind,
the interplay between the transmit power with multiple re-
ceive antennas in the secondary network and the interference
temperature with multiple PU-Rx’s in the primary network is
not straightforward. Against the background, the preeminent
objective is to characterize the joint impact of multiple receive
antennas in the secondary network and multiple PU-Rx’s in
the primary network in the more general scenario of frequency
selective fading between the secondary user transmitter (SU-
Tx) and the SU-Rx. We summarize the main contributions of
this paper as follows.

1) We propose a single transmit antenna at the SU-Tx
and multiple receive antennas at the SU-Rx. In contrast
to previous works [2], [3], [25], [26], we consider
the co-existence of multiple PU-Rx’s in the network.
We incorporate two realistic scenarios: i) non-identical
frequency selective fading between the SU-Tx and all
the PU-Rx’s due to different multipath fading between
them, and ii) frequency selective fading between the
SU-Tx and the SU-Rx. Based on these, we present a
unified comparative analysis of two diversity combining
protocols at the SU-Rx, namely MRC and selection
combining (SC) .

2) We consider two interrelated power constraints: i) peak
interference power at the PU-Rx’s, and ii) maximum
transmit power at the SU. Based on these, we derive new
exact closed-form expressions for the outage probability,
average bit error rate (ABER), and ergodic capacity. We
also derive new asymptotic closed-form expressions for
the outage probability and the ABER. Our asymptotic
expressions reveal important design insights into the
joint impact of key network parameters — number of
PU-Rx’s, number of receive antennas at SU-Rx, and
number of multipath channels — on the behavior of

Tt is well-known that MRC is superior to SC at the cost of higher
power consumption and multiple radio-frequency (RF) chains. Nonetheless,
a performance/implementation tradeoff between MRC and SC is important,
and as such it is worth investigating and comparing the performance of these
two diversity combining techniques [27].

spectrum sharing single-carrier transmission.

3) We confirm that the asymptotic diversity gain is solely
determined by two network parameters: i) receiver di-
versity gain which corresponds to the number of receive
antennas at the SU, and ii) multipath diversity gain
which corresponds to the number of multipath channels
between the SU-Tx and the SU-Rx. This result is con-
sistent with non-spectrum sharing single-carrier systems
[22] and [23]. We corroborate that the asymptotic diver-
sity gain is entirely independent of the primary network.
For each diversity combining protocol, the asymptotic
diversity gain is the same, irrespective of the number of
PU-Rx’s and the fading severities which are proportional
to the number of multipaths between the SU-Tx and all
the PU-Rx’s.

Notation: The superscript (-)¥ denotes complex conjugate
transposition; F{-} denotes expectation; Iy is an N x N
identity matrix; O denotes an all zeros matrix of appropriate
dimensions; CA (u,0?) denotes the complex Gaussian dis-
tribution with mean p and variance o2, C™*" denotes the
vector space of all m x n complex matrices; F,,(y) denotes
the cumulative distribution function (CDF) of the random
variable (RV) ¢; The probability density function (PDF) of

¢ is denoted by f,,(x); The binomial coefficient is denoted
n\ & n!
by (k):(n—k)!k!'

II. SYSTEM AND CHANNEL MODEL

We assume a secondary network as shown in Fig. 1 in which
the SU-Tx is equipped with a single transmit antenna and the
SU-Rx is equipped with @) receive antennas. All K PU-Rx’s
are coexistent in the same frequency band. Similar to [28]-
[30], we have assumed that the PU transmitters (PU-TX’s) are
located far enough away from the SUs so as not to impinge
any significant interference upon the received signals at the
SU-Rx. In addition, as noted in [31], the interference at the
SU-Rx can be further neglected by treating it as noise under
the condition that the signals transmitted from the PU-Tx’s are
generated by random Gaussian codebooks. Thus, interference
in the SU network [25], [32], [33] from PU-Tx’s are neglected
in the considered system. Binary phase shift keying (BPSK)
modulation is employed such that the modulated block data
symbol transmitted from the SU-Tx, denoted by & € CV*!,
satisfies E{x} = 0 and E{xz"} = Iy. A cyclic prefix (CP)
of N, symbols is prefixed to the front of  to prevent inter-
block symbol interference (IBSI) and intersymbol interference
(ISD) [13], [14].

An instantaneous set of impulse channel responses from
the SU-Tx to the kth PU-Rx, g"’, is assumed to be comprised
of my multipath channels, that is, gké[gg,...,gﬁlkfl]T €
C™#*1 A pass loss component over the channel g” is denoted
by aj. An instantaneous set of impulse channel responses
from the SU-Tx to the qth receive antenna at the SU-Rx
is denoted by hIZ[AI, .. b, )T e CVeXlwith Ny,
being the multipath channel length for all channels in the SU
network. Comparing with «y, a path loss component over a
channel h? is normalized to 1. To suppress IBSI and ISI in
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Fig. 1. TIllustration of spectrum sharing single-carrier network with multiple
PU-Rx’s and multiple receive antennas at SU-Rx.

single carrier-transmission, it is assumed that N, < N, and
{mi}iy < Ny

The peak transmit power at the SU-Tx is denoted by
Pr and the maximum allowable interference at all the PU-
Rx’s is denoted by I,. Under a given peak transmit power
and maximum allowable interference constraints, the transmit
power allocation at the SU-Tx is defined as

Iy ) (1)

maxy—1.... x{ok|g®|?}

P, = min (PT7

After removing the signal associated with the CP, the received
signal at the gth receive antenna can be written as

y? = /PH% + 29 2)

where 29 ~ CN(0,021y). Recall that influential PU-Tx’s
are placed far away from the SU network, so that interference
from the PU-Tx is neglected in the proposed system. As such,
(2) corresponds to (1) in [25] without interference from the
PU-Tx.

In single carrier transmission, the time varying right circu-
lant channel matrix H? € CN*V is determined by h? €
CNex1 122], [34]. To construct the right circulant channel
matrix, it is necessary to insert (N — N},) zero paddings which
results in a size-N channel vector where N > Ny,.

Definition 1: The instantaneous channel power of a chan-

nel matrix A € CN*¥ is defined by v,élé\Tmce(Aﬂ2 =
Trace(A)Trace(A™). For a receive matrix B, the Cauchy-
Schwartz inequality for the instantaneous power of the channel
after the receiving operation is given by

|Trace( A" B)|?
< Trace(AA")Trace(BB") = v,y (3)

YAB

with equality if and only if B = cA, Ve # 0.

Definition 2: It was shown in [22] and [34] that when the
channel impulse responses are composed of independent and
identically distributed (i.i.d.) complex Gaussian random vari-
ables with zero means and unit variances, then the distribution

_ Trace((H)H™ HY) . e
of yy = ——5x— follows a chi-squared distribution
with 2V, degrees of freedom for circulant matrices { H?, Vq}.
We express the distribution of vz as vy ~ x2(2N},). The PDF
and the CDF of vy are, respectively, given by

fru(@) = F(Jl\[h)mN’l_le_mU(x) and
Nu 1l

Fu@) = (1= ) 5)u@ )
i=0

where U(-) denotes the discrete unit step function and
D(Ny)2 [ e=teNn—1t,

A RV 7y distributed by a modified chi-squared distribution
with 2N}, degrees of freedom with a real-valued constant Sy
is denoted by ¥z ~ x%(2N4, B#), whose PDF and CDF are,
respectively, given by

LI]}“LSCNh*lefBHxU(I) and
['(Nn)

(1 emome 3 (ne)

1!
i=0

f'_YH (l’) =

Fy,(z) = JU@).  ©

Note that 3 Héﬁ, where oy accounts for a path loss com-
ponent over a particular channel. Based on (5), ay|g"||?
x%(2my, Br) when g* is composed of my, i.i.d. complex Gaus-
sian random variables with zero means and unit variances.

~

III. DISTRIBUTION OF POST-PROCESSING SNR OF SIMO
SINGLE-CARRIER SYSTEM

In this section, we first derive the distributions of post-
processing SNRs of SIMO single-carrier systems employing
either MRC or SC at the SU-Rx. To this end, instanta-
neous post-processing SNRs for each combining protocol are
derived. Based on the instantaneous post-processing SNRs,
corresponding CDFs are derived.

Assumption 1: Frequency selective fading channels between
the SU-Tx and the K PU-Rx’s follow independent modified
chi-squared distributions with different degrees of freedom and
path losses, whereas all the frequency selective fading channels
between the SU-Tx and the (Q receive antennas at the SU-Rx
comprise of N}, i.i.d. complex Gaussian random variables with
zero means and unit variances.

A. MRC at SU-Rx

When MRC is employed at the SU-RX, all the antennas are
combined and the received signal is given by

Q Q
y = Y VRG)HZ Y () ©)
g=1 q=1

where G7 is the receive matrix for the ¢th receive antenna
branch at the SU-Rx. Based on Definition 1, the instantaneous
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post-processing SNR at the SU-Rx is given by

MMRC <
2
P, (zq‘?:l /Trace(( Gq)HGq)Trace((Hq)HHq))
o2 ZQ Trace((G7)" G1)

(7

When the receive matrix is G4 = HY, the maximum achiev-
able instantaneous post-processing SNR is given by

Py "% Trace((H?)" HY)
No? '

n

®)

IMRC =

Upon applying the expressions for P, defined in (1), we
evaluate (8) as follows

I, )
- x{owllghl?}
E TTace((Hq)HHq)

No2

IYMRC = min <PT7
maxy=1,.

)

According to the properties of the right circulant matrix [22],
[34], (9) becomes
+MRC = min (PT,fp/X) Y (10)

where I —% and PT— Pz are a normalized peak interference
at all the PU Rx’s and "the normalized transmit power at
the SU-Tx, respectively. For notatlonal purpose we define

A -
XEmaxi_1.. x{anllgh2} and Y28 SV R,

To derive the CDF of yyrc, the exact knowledge of the
distribution of X is necessary. The CDF Fx(z) is derived in
the following lemma.

Lemma 1: When ay||g*||? ~ x
is given by

2(my, Bx), the CDF Fx ()

mnlfl —1

k‘

ni=1 TL)C:1 l1:0

—_————
[n1Un2 U Unkl=k

ﬁ ( Bm

=1

) Zt 1 lf (25:1 B'nt)$

~+

— 1+Z[xfe*5ﬂ (11)
where [ny UnaU- - Unal denotes the car-
dinality of the union of k&  indices. Also,

Moy -1

11=0

M, — 1

>

lp=0

K % K K
Z kl Z
k=1 ni=1  ng=1

—_——
X [n1 Unz2 U--- Unel=k
H ( ﬁnt )

JEYE 1, and BE(SF B,).
=1

Proof A proof of this lemma is provided in Appendix

|
Using Assumption 1, Y follows a chi-squared distribution with
2N, @ degrees of freedom. Thus, we denote the distribution

HD

~

>

of Y as Y ~ x%(2NQ). For this fading, the CDF of yyrc
is given as

Fyre (v) = Fy (’Yﬂ/fp) (’Y/(-]rfth)

i{( /I i )—(NhQ-H)
C(MiQ+Ln (/1 +5)) ]
=1 Foyne(?) (12)

Ax = . . .
where p=I,/Pr is the ratio of the maximum interference to
the peak transmit power, and

- )N;LQ

)Nh

F’YMRC (’Y)éF(NhQaFYN/jp)/F(NhQ) ( /< )

SI(/h+58)
(M@ + L (v/1,+8)) |-
A detailed derivation of (12) is provided in Appendix B.

(I+NLQ)

13)

B. SC at SU-Rx

When SC is employed at the SU-Rx, the strongest antenna
is selected and the instantaneous post-processing SNR ~g¢ is
given by

1, )
- x{axllgk|?}

Ys¢ = min (PT,
maxke[l

ms o ( Z nf?) = min (Pr, 1,/X) 7 (14)

Np—1

where Z2  max ( Z |h{| ) According to the deriva-

q€[1,2,,Q]
tions provided in [34], the PDF fz(z) is given by

_ Q < Np+Np—1,—2z(k'+1)
f2(z) = F(Nh)zk' [’Z ¢ } (15
— Q-1
A Q-1 &
where Zk, []:];J < & >(1)
% . Np—1 L
mn) (@) 1
— -1, and
11‘1’2;11\% (ll'lz'lNh' tl;[) t!
ey, g
Nhé "_1 tl;41. Moreover, using the binomial and
multinomlal identities, the CDF of the RV Z is given by
Nh —Zk‘
Fy(z) =14 Fy(z _sz[ e } (16)

where we define Fz(Z)ZZk/ {zN’Le_Z’“/} with the notational
definition

Q K /
Zk/ [.]é; Cj)(l)k' N IQZ (M)

Np—1

I G [

t=0

7)
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Fro(v) = 14+ Fz(yp/I,) —

r (Nh + N+ l,u(v(

o 22 [0/

+ >/1p+ﬁ>)} —1- Fec(y).

Nh+Nh (’y(k’ + 1)/I~p + /B)_(N}L+N}L+l)

(18)

Using (15) and Assumption 1 for fading channels, the CDF
of vs¢ is derived in (18) at the top of this page. In (18), we
defined

—
-

Fre==Y" [0/, ) Ve (et T+ <

I'(Nn)
>3, [0/
(VK +1)/1, +5)”
F(Nh+Nh+l,u(y(k’+1)/fp+8))] (19)

Np+Np,

(Nn+Ny+1)

A detailed derivation of (18) is provided in Appendix C.

IV. PERFORMANCE ANALYSIS

In this section, we derive the outage probability, ergodic
capacity, and ABER using the newly derived CDFs of the
instantaneous post-processing SNRs.

A. Outage Probability

The outage probability at a pre-determined SNR threshold
~¢n, can be readily obtained as

Pl\(;llﬁc (’Yth) = 1- F’YMRC ('Vth) and
P& (ven) = 1= Fyge(vn)- (20)

It follows that the closed-form expression for Pyt (ver) is
given by

= Fy (’yth,u/jp) — m(%ﬁh/fp)lvh@

Z[(%h/fp + B)_(N}LQ—O—[)
F(NhQ + L pu(ven/Ip + B))}

Similarly, we can readily derive the closed-form expression for
P82 (4. Although the exact outage probabilities for both
combining protocols can be obtained, their complex forms
provide no insights into diversity gain.

To characterize the impact of the number of PU-Rx’s, fading
severities proportional to mys between the SU-Tx and all the
PU-Rx’s, the number of receiving antennas, and the number
of multipath channels on the outage probability, we proceed to
derive the asymptotic outage probability in the region of high
Pr [35]. To this end, we first use the following asymptotic
CDFs for each combining protocol

Piie (en)

21

n D P00 1 h
FY(’Y/PT) P% m@/ )N and
(v Br) TR (v/Pr)™ 9. 22

(T(N), + 1))°

Note that Fy ('y/pT) and Fy (7/15T) are in the form of

- ~ ~'\N - ~ =~ \N
Fy (’Y/PT) o (’y/PT) "? and Fy (v/PT) o ('y/PT) wQ
Using (22), the asymptotic outage probabilities for each com-
bining protocol are given by

Puie: (vin) (B1 + B2 — B3) (pT)iNhQ and
P2 () = (BatBs—Be)(Pr) Y (23)

. I
where ﬁlzir(NthH)Z[ﬂle ﬂ“(%h)NhQ}, Bzzm
=T ~ P - A

S [(B)- M@+ DD(NLQ + I, Bp) | and 852
S|B) Wer N+ T+ 1,5,

Also,
A — ~ - -~
we defined Ba=(rmTmE {ule Bﬂ(yth)NhQ]’
I~ 1

b= aie LUV IWNQ + L] and
Be AWZ{( )~ (NRQHDD(N,Q + 1+ 1, Bu)}. Note

that (23) verifies that an asymptotic outage diversity gain
is determined by the number of receiving antennas and the
number of multipath channels between SU-Tx and receiving
antennas. The number of PU-Rx’s and the fading severity of a
channel from the SU-Tx to the PU-Rx have no impact on the
asymptotic outage diversity gain. Both combining protocols
have the same asymptotic outage diversity gain. A derivation
of (23) is provided in Appendix D.

B. Ergodic Capacity Analysis

The ergodic capacity of the proposed network is defined as

[36]
1 >~ 1-F
C YMrc () d
MRE log(2) / 1+7
_ 1 /Oo F’YMRC(’Y) dy and
log(2) 1+~
1 >~ 1-—-F
C _ ysc () d
T log(2) /0 T+y

1 [®F
_ / vsc(y) d,y (2 4)
log(2) Jo 147
which follows (25) derived at the top of the next page after

some manipulations. In (25), we defined czéW,

A 1) A "
31_( )NiQ-H m—l41° and dm_F(erl) %) :
defined 04é - L

(1o /(1) 1)

p(k'+1)\™
nd é( T )
and €m="T(n11)

In addition, we

Np+Np+i—m?
T T
s > —m— ’
(Ip/(k’Jrl)fl)NthNhH I+1

fpééfp. Also, U (-, ;) denotes the confluent hypergeometric
function [37, Eq. 9.211.4]. A detailed derivation of (25) is
provided in Appendix E.

with
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(u/I,) U (k +1,k+ hu/fp)

3 3
IS

1 ~ f
+ TG 2oL ) T +1)

esa(B) V" OTTTNQ + 1)U (M@ + 1, M@ + 2~ 15 ) | and

g™
Nh g [

DN+ DUNy + N + 1, Ny + 1 k' /1) +

P 4 1) NN D pov, N ek

Np+Np+1-1
em (C4F(Nh +Np+ 1)U (Nh + Ni + 1, Ny + Ny + 15 u(k' + 1)/Ip) +
m=0
Np+Np+i—m fp N +Np+1—1 ~ ~ ~ _
Cs. (m) D(Np + Ny + DUN, + Ny + LNy + Ny +2 - Lp))|. - 25)
=1
C. Average Bit Error Rate and 07é 2(F(Nh1+1))@ (i [F(N"%l/z)ufe_ﬁ“ +

Here, we derive the ABER for BPSK modulation based on
the newly derived CDFs. The ABER is given as [36]

Pynvre = / Pb(d'VMRC)vaRc (V)d'y
= \/ﬂ/ Foine t /2) e /24t and
Pysc = / Py(elysc) frse (v)dy
0

(£2/2) e~/ at (26)

1 (o]
m /0 F Ysc
where P,(e|ymrc) and Py(e|vysc) are conditional BERs con-
ditioned on yyrc and ysc for MRC and SC, respectively. In
addition, f.,,,o(7) and f.o. () denote the PDFs of ynprc and
~sc. Note that the final forms in (26) make it possible to derive
the ABER without exact knowledge of PDFs. Substituting (12)

and (18) into (26), yields (27) at the top of the next page. In
(27), we defined ]\ufhéNh + N + 1/2. A detailed derivation
of (27) is provided in Appendix F. Using again asymptotic
CDFs, E,.c(7) and F...(7), asymptotic ABERs are given,
respectively, as

A P oo 1 oo,
Pb,MR,C PTS E /0 F’YMRC (t2/2) €_t2/2dt and
. Pr—oo 1 /C>o N 9 —2/2
B ~ R F t“/2) e dt 28
b,5C m o Ysc ( / ) (28)
which are computed as
N ~ N\ — V@ . ~ \ —Vu
Pome =cs (Pr) " and Bosc =cr (Pr)  @29)
JAN < |[T(N 1/2) [ —3
where 06:21«(1\[5@_,_1) (Z[ ( hf}; / ),ule B

+
NN, Q +1, Byr) — =N @IV, Q + 1, B )

B MQDD(NLQ+1, Ba) — BN VT (N, Q+1 m;\)j
Note that (29) shows an asymptotic diversity gain of N;(Q
independent of the combining protocols (MRC and SC).
Also, the number of PU-Rx’s and fading severities between
the SU-Tx and PU-Rx’s have no impact on the diversity gain.
Along with the asymptotic outage diversity gain analysis,
these results are novel compared with the previous works [2],
[31, [25], [26].

V. SIMULATION RESULTS

We assume N = 256 and N, = 16 for the data symbol
block size and the CP length, respectively. We use BPSK
modulation and a fixed 4, = 3 dB in the computation of
the outage probability. To investigate the frequency selective
fading severity effects on the performance, we use various
frequency selective fading sets : (Mlé{ml = 2,mg =
31, A, 2{a1 = 1/0.5,a2 = 1/0.3}), (Mo2{m1 = 2,ms =
3,ms = 4}, Av2{ay = 1/0.5,as = 1/0.3,a3 = 1/0.2}),
(M3é{m1 = 2,m2 = 3,m3 = 4,m4 = 5},A3é{a1 =
1/0.5,as = 1/03,a3 = 1/0.2,a4 = 1/0.1}), and
My={my = 3,ma = 4,m3 = 5}. In the figures, the curves
obtained from actual link simulations are denoted by EXx,
whereas analytically derived curves are denoted by An. In ad-
dition, asymptotically derived curves are denoted by Asymp.
Fading channels are generated according to Assumption 1, that
is, channels between the SU-Tx and all PU-Rx’s are generated
to follow independent modified chi-squared distributions with
different fading severities, whereas all frequency selective
fading channels between the SU-Tx and () receive antennas
at the SU-Rx are generated by Nj, i.i.d. complex Gaussian
random variables with zero means and unit variances.
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1 Nn@Q

Py vmre = 0.5 —

k=0

1 —

s o o [ ) T(NAQ + De

2y/7I(NnQ)

21 > F(k1+ 1) (UPT)kF

(k+1/2) (1+ 1/13T)*(k“/2) -

CNLQ+I-1

THENT dy (BT (NRQ + 1/2)

m=0

U (NhQ +1/2,m — 1 +3/2; B, +u5)} and

Pysc =05+ 2\1/%§k {(1/15T)Nhr (Nh + 1/2) (1 K /Py

)7(Nh+1/2)}

LZZH [(ip)[(k/ + 1)—(Nh,+Nh,+[)F(Nh +Nh + i)e—uﬁ

)" () U (8 T 72 P )]

K+ 1 &7

Outage probability
>

[An,MRC]:Nh=2 X ™~ i
— —  [AnMRC]N, =3
. _ N
10l o [EXMRCIN,=2
O [ExMRCEN, =3
— — —[AnSCIN, =2 2
10’5 [An,SCIN, =3 N 4
O [Ex,SC]:Nh=2
> [Ex,SC]:Nh=3 N
1076 L L L L 1 1 L
4 6 8 10 12 14 16 18

P [dB]

Fig. 2. Outage probability of MRC and SC for various values of N; with
K =2, Q=2 and (M1,A1).

A. Outage Probability

Fig. 2 shows the outage probability for various values of
Nj, with Q = 2, K =2, and (My, Ay). From this figure, we
observe a good match between the derived outage probabilities
and the exact outage probabilities for the two combining
protocols. In addition, for the same values of @, Nj; and
K, MRC achieves a lower outage probability than SC, which
follows the same behavior as non-spectrum-sharing networks.
Also, as Ny, increases, a lower outage probability is obtained
in both combining protocols due to a higher outage diversity
gain.

Fig. 3 shows the effects of fading severity of the fading
channel between the SU-Tx and all PU-Rx’s and the number
of PU-Rx’s (denoted by K) on the outage probability. For
different M and Ay, we observe that the outage probability
increases with increasing K. Also, for K = 3, a system with
(My, As) will have a worse outage probability than that of
(M2, As) due to more severe fading between the SU-Tx and
all PU-Rx’s. However, we can readily observe that the slopes

=
5 107
©
Qo
[<]
E_ N
° [MRCI:K=2,(M, A,) -
o N
€ 107} - - — IMRCIK=3,M,A,) S
e} —o— [MRCIK=4,(M A ) :
—p— [MRCK=3,(M, A,)
N
|| - m —[sCIK=2M A))
10 ¢ [SCIK=3,(M,,A,) E
— @ — [SCIK=4,(M A))
— » — [SCIK=3,M,A,)
4 6 8 10 12 14 16 18

P [dB]

Fig. 3. Outage probability of MRC and SC for various values of K and
fading severities {Mg, Ay }.

of the two curves for these two previous scenarios are same.

Fig. 4 shows the outage probability for various fading
severity and number of PU-Rx’s with fixed Q = 2 and
N;, = 2. Since the slopes of all curves do not change, we
find that the fading severity of the fading channel between the
SU-Tx and all the PU-Rx’s, as well as the number of PU-
Rx’s do not influence the outage diversity gain. It can be seen
that only the multipath diversity gain and the receive diversity
gain of the SU network simultaneously influence the outage
diversity gain.

B. Ergodic Capacity

Fig. 5 shows the ergodic capacity for various values of K
and fading severities. For a fixed number of PU-Rx’s, a higher
ergodic capacity is achieved with more antennas or more
multiple channels. Furthermore, we see that MRC achieves
a higher ergodic capacity compared with SC for the same
network configuration.
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Outage probability
/7
7
’

—6— [Ex,MRC]:K=2
—O— - [Ex,MRC]:K=3
— © — [Ex,SCl:K=2
-4|| O [Ex,SC]K=3
[Asymp,MRC]:K=2
----- [Asymp,MRC]:K=3
= = = [Asymp,SC]:K=2
------ [Asymp,SC]:K=3
n n

4 6 8 10 12 14 16 18 20
P [dB]

Fig. 4. Outage probability of MRC and SC for various values of K with its
corresponding (M1, A1) and (M2, A2). We use Q = 2 and N}, = 2.

7.5 : :
[An,MRC]:Q=3, N, =2 Phe
7H o [ExMRCLQ=3,N,=2 A
— — — [AnMRC]:Q=2, N, =4 b L
6.57] > [ExMRCLQ=2,N, =4 _ g o 7
6Ll — — [AnSCLQ=3, N =2 g o d
= o [Ex,SCLQ=3, Nh=2 B B o o~
S 55f [AnSC1:Q=2, N =4 |~ 5 po B
=2 Ex,SC]:Q=2, N, =4 -7
8 5L o [ExScra=2 N, o I2) |
(s} - -~
E B o Plog
[e)) L. - - 4
s 4.5 = =3 [} ~ °
p _
af 2 1
o _ o
3.5 Poi : N
_®e
35 g
25 i i i i
10 12 14 16 18 20
P [dB]

Fig. 5. Ergodic capacity of MRC and SC for various values of (Q, Ny, ) with
K =2and (M1,Aq).

Fig. 6 shows that a lower ergodic capacity obtained as
either K increases or fading between the SU-Tx and PU-
Rx’s worsens. However, we notice that the slopes of all
curves are the same irrespective of K and the combining
protocol. That is, the asymptotic outage diversity gain is seen
to be independent of K and the combining protocol. If we
measure the slope from the asymptotic curves, it is given by
qutage = N,Q with Nj, = 2 and Q = 2. As Pr increases,
the exact outage probability approaches the asymptotic outage
probability.

In generating Fig. 7, we calculate the exact ergodic capacity
for various values of (my, ms) and (o, a) with fixed Q = 2
and N, = 3. We consider m; = {3,4,5,6,7} and ms =
{3,4,5,6,7} with oy = {1/0.8,1/0.6,1/0.4,1/0.6,1/0.8}
and ay = {1/0.8,1/0.6,1/0.4,1/0.6,1/0.8} for the non-
equal channel power case and o; = g = 1.0 for the equal
channel power case. This figure shows the impacts of both the

6.5 , :

61| — — — [MRCJ:K=3, (M, 1

_ . _ [MRC]K=

55 p

5» ////,
> PREE
g 451 o7
Q - - - -
g Ll LT e e
(&) - - - -
g T e %
> L P - - - il
5 88 SR S

PR
3 LT T 1
PR
250~ P ~ B
ST
o~ o~ i

%o

15 ‘ ‘ ‘ ‘

10 12 14 16 18 20

P, [dB]

Fig. 6. Ergodic capacity of MRC and SC for various values of K with Q = 2
and Nj, = 2.

N

A
MRC equal channel powers
MRC,non-equal channel powers|
C,equal channel powers

Fig. 7. Ergodic capacity of MRC and SC for various values of (m1,1/a1)
and (m2,1/a2) with @ = 2 and N}, = 3.

fading severity and the channel powers on the ergodic capacity.
As in Figs. 5 and 6, MRC achieves a higher ergodic capacity
than SC.

C. Average Bit Error Rate

To obtain the exact ABER, we employ QRD-M [34],
[38]. In Fig. 8, we can see that as Pr increases, the exact
ABER approaches the asymptotic ABER. If we measure the
slopes from the asymptotically obtained ABER, it is given by
G(‘?BER = Np,Q. That is, a larger multipath channel length
is seen to have a better ABER due to the multipath diversity
gain.

Fig. 9 shows the effects of the number of PU-Rx’s on the
ABER. This figure shows that a lower ABER for MRC is
obtained for X = 2 and N;, = 4 than K = 3 and N;, = 3 due
to a higher multipath diversity gain. Similarly, a lower ABER
for SC is obtained for K = 3 and (@ = 3,N; = 2) than
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Fig. 8. ABER of MRC and SC for various values of (K, Np,) with Q = 2.
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Fig. 9. ABER of MRC and SC for various values of (Q, Nj) with K = 2.

K =3 and (Q = 2, N}, = 2) due to a higher receive diversity
gain. Thus, as in the outage probability, the diversity gain is
determined by the product of the multipath diversity gain N},
and the receive diversity gain Q).

VI. CONCLUSIONS

We have introduced spatial diversity and proposed MRC
and SC in spectrum sharing single-carrier networks. The
purpose of this paper is to showcase the joint prevalence
of 1) multiple receive antennas in the secondary network,
and 2) multiple users in the primary network, in the more
general and complete scenario of 1) non-identical frequency
selective fading between the SU-Tx and all the PU-Rx’s, and
2) frequency selective fading between the SU-Tx and the
SU-Rx. To facilitate this, we derived new exact closed-form
expressions for the outage, ergodic capacity, and ABER. We
also derived new asymptotic closed-form expressions for the
outage probability and the ABER. Our results are concise and
easy-to-evaluate, and more importantly, they take into account

the joint effects of the number of PUs, fading severities
between the SU-Tx and all the PU-RX’s, frequency selectivity
of the channels in the SU networks, the number of receiving
antennas in the SU-Rx, as well as the combining protocols
such as MRC and SC. From simulation and analysis, we have
verified that the number of PU-Rx’s and fading severities
between the SU-Tx and all the PU-Rx’s have no influence
on the asymptotic diversity gain. We have also confirmed that
the receive diversity and multipath diversity are the network
parameters that determine the overall asymptotic diversity gain
of MRC and SC.

APPENDIX A: A DETAILED DERIVATION OF LEMMA 1
Let us define X}, 2x||g"||2. The CDF of X is Fx, (x) =
(1 — eyl ll,(b’k:c)l) U(z) = (1 — 2)U(x), where
S Prw Yl % (Brz)!. Due to independent fading for
all links from the SU-Tx to all PU-Rx’s, the CDF of X =
L K
maxp—i,... xk Xy is given by Fx(z) = [[,_; Fx, (z)U(x) =
]_[,CKZ1 (1—24)U(x). With some manipulations, we can see that

K
> [zn-an

ni=1 ne=1 t=1
———
[n1Unz U Unkl=k
Replacing x; with its definition, we arrive at the following
expression

K

K (_1\k

k=1

K k

K K (—1)* K K
[Ta-20) = 14> X ey
k=1 k=1 ni=1 nr=1
————
[n1Un2 U Unkl=k
k My, —1 1
[Te e > 6. a2
t=1 1=0
After some simplifications, we obtain
K
[T =2 =
k=1
K (_1)k: K K mnlfl mnkfl
EOIL-ED SRS S YU S
k=1 n1:1 nkzl l]:O lk:()
—————
[n1 Unz U Unkl=k
k Ly y
I1 (w)?w) ) gt (i o (A3)
t=1 t
which proves (11).
APPENDIX B: A DETAILED DERIVATION OF (12)
The CDF of ~\re is given by
Finc(y) = Pr (min (]-:’T, fp/X> Y < 'y)
= Iurc1(y) + Ivrc2(y) (B.1)
where IMRC,l(’y)éPr (Y < W/Pij > XPT) and

Iaroa(7)2Pr (Y < X~/I,.I, < XPT). Since the fading
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between the SU-Tx and PUs is independent of the multipath
fading between the SU-Tx and SU-Rx, it is easy to see that

Ivrca(y) = Fy (V/JBT) Fx(p)-

The derived expression for the defined Ivrc,2 is given by

(B.2)

Ino2(7) = Pr (Y < Xv/I,, I, < X Pr)

-/ "By (va/1,) fx(@)da.

Using integration by parts, (B.3) can be evaluated to the
following expression

Iyrc2(y) = —Fy (7#/1 )

- <F%J\>7hQ) i{/mx

14

(B.3)

x(n) + Fy (%U/I)

N’LQ”—le”(ﬁ”)}d@«. (B.4)

Now collecting (B.2) and (B.4), yields (12).

APPENDIX C: A DETAILED DERIVATION OF (18)

Similar to derivations of the CDF of vyyrc, the CDF of y5¢
is given by

F,.(y) = Pr (min (PT,fp/X> zZ < ’y)
= Isca(y) +Isc2(v)

where ISC,1(7)éPr (Z < v/f’T,INp > XPT) is given by

(C.1)
Isci(v) =Fz (’Y/pT) Fx(p). (C.2)

Also, we define Iscao(y)2Pr (Z < X~/I,.I, < XPT).
Similar to the previous derivation used in (B.4), we can have

Iscp(v) = —Fz (’Y/IBT) Fx(p) + Fz (v/PT) — Féi[h)
Np+Np
sz/[<’y/ ) ¥ l
/ SNy -1, () } (C.3)
w
which is evaluated as
Isc2(v) = —Fz ('7/15T) Fx(p) + Fz (v/PT) — F(%h)
(Nn+Np+1)

sz[( (K +1)/1, +a)
(fy/fp) Np+Np,
r (Nh VAN (v(k/ +1)/I, + a))] (C4)

Collecting (C.2) and (C.4), we arrive to the following expres-

S ™

Fosc(v) = Fz <7/15T) _
(VW + 1)/, + 07) ~(Nn AN t)

r (Nh N VAN (W(k’ + 1)1, + am (C.5)

APPENDIX D: A DETAILED DERIVATION OF (23)

We first compute the PDF of the RV X. Differentiating
(11) with respect to x, we can find the corresponding PDF as
follows

fx() =Y [B e U] = Yo [He P um)]. o
Now we can have

Fourc(y) = Pr (min (I:’T,fp/X> Y < ,y)

PT*)OO A JANEN

~  Iarca () + harc2 (V)= Fyme (1) (D2)

Pr—oo 1 ~\ Nn@
a2 [T ()
MRC,2(7) /H oD /1y
(Z [[xiﬁlefgz} — Z {Bx[eﬁx]) dx. (D.3)
After some manipulations, we can derive
Pf,f;élt Foyme (7). Similarly, we can readily derive
PSS (74,) from the derivation of E.. (7).

APPENDIX E: A DETAILED DERIVATION OF (25)

To obtain the dependence on the power of  in ... (7),
we use [37, Eq. (8.352.4)] the power series expansion for
incomplete gamma function. That is, F,.(7) is given by

NLQ—1

F’)’MRC Z P(k;—‘rl) (u/]) ’y e (’W/I)
mz:[(fp) F(NhQ-l-i)e_“B
NhQZH 1d ,.yNhQ (,YJr[) (NLQ+I—m)
m=0
e_’”/ip}. (E.1)

Using (E.1), the ergodic capacity Cyigc is given by

1 /OO F’YMRC(QJ) d
log(2) Jo 1+

1 NpQ-1

log Z r kl—i- 1) (M/ )

/ v e*(w/f )d'er 1
0 L+y log(2)I' (N, Q)
NLQ+I-1

S[(E) riQ+De Y duz]

m=0
(E.2)

CMmrc =

A NhQe=71/Tp

(1+7) (v+1p )NhQ”_m
apply the partial fraction (PF) to (

where 7,= fo d~y. To compute Z;, we

1
1) (v41, ) Vhtm?

so that



KIM, DUONG, ELKASHLAN, YEOH, POOR, AND LEE : SPECTRUM SHARING SINGLE-CARRIER IN THE PRESENCE OF MULTIPLE LICENSED RECEIVERS 11

we can have

(14+y)* e

ANRQ+H-m (14
<7+Ip) (1+7)

C3.1
'V+Ip)

- (E.3)

N, Q+i—m
+
=

A A 1
Recall that CQ—W, and C3,1= ) NiQ{»)l 1"
Having applied (E 3) and [37, Eq. 9.211.4] to Il, it is evaluated

to the following form

00 NLQ,—vu/I,
~NrQe
I, = 02/ _—
0 (1+7)

dry+

NaQ+l-m 00 Nth ap/T,
> e A el
7+I>
= aT(NQ+ 1)U (NaQ+ 1, Ni@ + L y/I,) +
N Qt1=m L\ MR Q1
> e (D)
=1

P(NiQ + DU (NaQ + 1, NyQ +2 — 1 i) . (E4)
After final some manipulations, we have

1 NnQ—1

_ ok LF
CMre = T08(2) ,;J (u/I,) U(k+1,k+1,u/1p) +

1 N _—
s 2| ) @ +De?
NuQ+i—1

> dm[eaT(NaQ + DU(NAQ + 1,

m=0

NnQ+Ii—m

>

=1
T(NWQ + DU(N,Q + 1, NyQ + 2 — I; Bu)” (E.5)

which proves (25). For SC, we have an alternative form
Fyse () as

NpQ +1; ﬂ/fp) + 3,1 (fp)NhQ+1_l

—
j—

Fvsc (7)é_z ) [(/fy/[},) o e_(lW/fp)k'} + P(%h)
ZZkK p) (K 4 1)Vt

Np+Np+i-1

Np+Np
> emy "

m=0
3 —(Np+Np+i—m) — n(k/+1)
S

Thus, the ergodic capacity of SC is evaluated as follows

1 = - x Q
Csc = T2 )Zk, |:(:U’/IP)N;L1-2j| + V)

ZZ |:(p> (K +1)" (Nn+Nn+1)

} )  Np+Np+i—1
D(Nu+ Ny +De Y

m=0

F(Nh + Nh + Z)e_“B

(v+

eng} (E.7)

_,u.k ’y/Ip,.yNh(l +

7,2 [
A 5\ —(Nn+Ny+l—m)
13= fooo 7Nh+Nh (’V + k’{pﬂ)

)~ tdy and

(T+~)~"

where

W GNCESY!
e ( v >d’y. Again using the PF and [37, Eq. 9.211.4],
7> becomes

Ty = T(Ny, + D)U(Ny, + Np, + 1, Nj, + 1; uk’ /1) (E.8)
and
T3 = c4aT'(Ny + Nj 4+ 1)
U (No+ N+ 1, Mo+ N+ 1k +1)/1,) +

Np+Np+l—m

>

=1

U(Np + Ny + 1, N, + N, +2 — 1 1),
Using (E.8) and (E.9), we can obtain (25).

I Nh,+Nh,+1*lF N ]\7 1
5,l<7k/+1) (N, + Nj +1)

(E.9)

APPENDIX F: A DETAILED DERIVATION OF (27)

We again use (E.1) and (E.6) to obtain the dependence on
the power of v in F.,, .. (v) and F.4, (7). Thus, we can have

NpQ-—1 1
FVMRc(’Y):l— Z Tk + )<N/ ) —(yp/Lp) _
k=0
LS [(5) Tv@ s e
T(N. O) e
F(NILQ) P h
NpQ+I-1 0 (N Tm)
Z dm’Y " (’Yﬁ-[)
m=0
67’“”‘”} and
L= B
Fvsc(’Y):l-l—Zk/[(,wy/Ip) e (”’Y/Ip)k}_
—— N\ .
I) i 1 1)~ Nt Nat)
F(Nn)zzk’[(p (K" +1)
- 5 _ Np+Np+i-1 )
F(Nh + Np, + l)eiuﬂ Z em')/NthNh
m=0
Iy —(Nut B imm) —~ (240
(,y_’_k/il) ( htNp+ L)e ’7( Ip ):| (Fl)

Having applied [37, Egs. (3.351.3) and (9.211.4)] into (E.1),
we can readily obtain (27).

REFERENCES

[1] J. Mitola and G. Q. Maguire, “Cognitive radios: Making software radios
more personal,” IEEE Personal Commun. Mag., vol. 6, pp. 13—18, Aug.
1999.

[2] D. Li, “Performance analysis of MRC diversity for cognitive radio
systems,” IEEE Trans. Veh. Technol., vol. 61, no. 2, pp. 849-853, Feb.
2012.

[3] W. Xu, J. Zhang, and P. Zhang, “Comments on performance analysis of
mrc diversity for cognitive radio systems,” IEEE Trans. Veh. Technol.,
vol. 61, no. 6, pp. 2876-2878, Jul. 2012.

[4] J. Si, Z. Li, X. Chen, B. Hao, and Z. Liu, “On the performance of
cognitive relay networks under primary user’s outage constrain,” [EEE
Commun. Lett., vol. 15, pp. 422-424.



[5]

[6]

[7]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. X, NO. XX, XXXXX 2013

L. Li, X. Zhou, H. Xu, G. Y. Li, D. Wang, and A. Soong, “Simplified
relay selection and power allocation in cooperative cognitive radio
systems,” IEEE Trans. Wireless Commun., vol. 10, no. 1, pp. 33-36,
Jan. 2011.

L. Luo, P. Zhang, G. Zhang, and J. Qin, “Outage performance for cog-
nitive relay networks with underlay spectrum sharing,” IEEE Commun.
Lett., vol. 15, no. 7, pp. 710-712, Jul. 2011.

Y. Guo, N. Zhang, W. Zhou, and P. Zhang, “Outage performance
of relay-assisted cognitive-radio system under spectrum-sharing con-
straints,” Electronics Letters, vol. 46, Jan., 21st 2010.

Y. Zou, J. Zhu, B. Zheng, and Y.-D. Yao, “An adaptive cooperating
diversity scheme with best-relay selection in cognitive radio networks,”
IEEE Trans. Signal Process., vol. 58, pp. 5438-5445, Oct. 2010.

R. Duan, M. Elmusrati, R. Jantti, and R. Virrankoski, “Capacity for
spectrum sharing cognitive radios with MRC diversity at the secondary
receiver under asymmetric fading,” in Proc. IEEE Global Commun.
Conf., Miami, FL, Dec. 2010, pp. 1-5.

V. M. Blagojevic and P. N. Ivanis, “Ergodic capacity of spectrum sharing
cognitive radio with mrc diversity and nakagami fading,” in Proc. [EEE
WCNC, Paris, France, Apr. 2012, pp. 2797-2801.

IEEE P802.11n/D1.04, “Wireless LAN medium access control (MAC)
and physical layer (PHY) specifications: Enhancements for higher
throughput,” Sep. 2006.

IEEE P802.16e/D9, “Air interface for fixed and mobile broadband
wireless access systems - amendment for physical and medium access
control layers for combined fixed and mobile operation in licensed
bands,” Jun. 2005.

T.-H. Pham, Y.-C. Liang, A. Nallanathan, and H. Garg, “Optimal training
sequences for channel estimation in bi-directional relay networks with
multiple antennas,” IEEE Trans. Commun., vol. 58, pp. 474-479, Feb.
2010.

S. Kato, H. Harada, R. Funada, T. Baykas, C. S. Sum, J. Wang, and
M. A. Rahman, “Single carrier transmission for multi-gigabit 60-GHz
WPAN systems,” IEEE J. Sel. Areas Commun., vol. 27, pp. 1466-1478,
Oct. 2009.

IEEE P802.11ad/DO0.1, “Wireless LAN medium access control (MAC)
and physical layer (PHY) specifications: Enhancements for very high
throughput in the 60GHz band,” Jun. 2010.

S. Sesia, I. Toufik, and M. Baker, LTE : The UMTS Long Term Evolution:
From Theory to Practice. West Sussex, United Kingdom: John Wiley
and Sons Ltd, 2009.

D.-Y. Seol, U.-K. Kwon, and G.-H. Im, “Performance of single carrier
transmission with cooperative diversity over fast fading channels,” IEEE
Trans. Commun., vol. 57, pp. 2799-2807, Sep. 2009.

H. Mheidat, M. Uysal, and N. Al-Dhahir, “Equalization techniques for
distributed space-time block codes with amplify-and-forward relaying,”
IEEE Trans. Signal Process., vol. 55, no. 5, pp. 1839-1852, May 2007.
Y.-C. Liang, W. S. Leon, Y. Zeng, and C. Xu, “Design of cyclic
delay diversity for single carrier cyclic prefix (SCCP) transmissions
with block-iterative GDFE(BI-GDFE) receiver,” IEEE Trans. Wireless
Commun., vol. 7, pp. 677-684, Feb. 2008.

D. Falconer, S. L. Ariyavisitakul, A. B. Seeyar, and B. Eidson,
“Frequency domain equalization for Single-Carrier broadband wireless
systems,” IEEE Commun. Magazine, pp. 5866, Apr. 2002.

H. Eghbali, S. Muhaidat, and N. Al-Dhahir, “A novel receiver design
for single-carrier frequency domain equalization in broadband wireless
networks with amplify-and-forward relaying,” IEEE Trans. Wireless
Commun., vol. 10, no. 3, pp. 721-727, Mar. 2011.

K. J. Kim and T. A. Tsiftsis, “On the performance of cyclic prefix-based
single-carrier cooperative diversity systems with best relay selection,”
IEEE Trans. Wireless Commun., vol. 10, no. 4, pp. 1269-1279, Apr.
2011.

K. J. Kim, T. A. Tsiftsis, and H. V. Poor, “Power allocation in
cyclic prefixed single-carrier relaying systems,” IEEE Trans. Wireless
Commun., vol. 10, no. 7, pp. 2297-2305, Jul. 2011.

Y. Zeng and T. S. Ng, “Pilot cyclic prefixed single carrier transmission
communication: Channel estimation and equalization,” [EEE Signal
Process. Lett., vol. 12, pp. 56-59, Jan. 2005.

K. J. Kim, T. Q. Duong, H. V. Poor, and L. Shu, “Performance
analysis of cyclic prefixed single-carrier spectrum sharing relay systems
in primary user interference,” IEEE Trans. Signal Process., vol. 60, pp.
6729-6734, Dec. 2012.

K. J. Kim, T. Q. Duong, and X.-N. Tran, “Performance analysis of
cognitive spectrum-sharing single-carrier systems with relay selection,”
IEEE Trans. Signal Process., vol. 60, pp. 6435-6449, Dec. 2012.

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Z. Chen, J. Yuan, and B. Vucetic, “Analysis of transmit antenna
selection/maximal-ratio combining in Rayleigh fading channels,” IEEE
Trans. Veh. Technol., vol. 54, no. 4, pp. 1312-1321, July. 2005.

J. Lee, H. Wang, J. G. Andrews, and D. Hong, “Outage probability
of cognitive relay networks with interference constraints,” /EEE Trans.
Wireless Commun., vol. 10, pp. 390-395, Feb. 2011.

C. Zhong, T. Ratnarajah, and K.-K. Wong, “Outage analysis of decode-
and-forward cognitive dual-hop systems with the interference constraint
in Nakagami-m fading channels,” IEEE Trans. Veh. Technol., vol. 60,
no. 6, pp. 2875-2879, Jul. 2011.

H. Ding, J. Ge, D. da Costa, and Z. Jiang, “Asymptotic analysis of
cooperative diversity systems with relay selection in a spectrum-sharing
scenario,” IEEE Trans. Veh. Technol., vol. 60, no. 2, pp. 457-472, Feb.
2011.

R. Etkin, A. Parekh, and D. Tse, “Spectrum sharing for unlicensed
bands,” IEEE J. Sel. Areas Commun., vol. 25, p. 517528, Apr. 2007.
Y. Zou, J. Zhu, B. Zheng, and Y.-D. Yao, “An adaptive cooperating
diversity scheme with best-relay selection in cognitive radio networks,”
IEEE Trans. Signal Process., vol. 58, pp. 5438-5445, Oct. 2010.

T. Q. Duong, P. L. Yeoh, V. N. Q. Bao, M. Elkashlan, and N. Yang,
“Cognitive relay networks with multiple primary transceivers under
spectrum-sharing,” IEEE Signal Process. Lett., vol. 19, pp. 741-744,
2012.

K. J. Kim and T. A. Tsiftsis, “Performance analysis of QRD-based cycli-
cally prefixed single-carrier transmissions with opportunistic schedul-
ing,” IEEE Trans. Veh. Technol., vol. 60, pp. 328-333, Jan. 2011.

C. Zhong, T. Patnarajah, and K.-K. Wong, “Outage analysis of decode-
and-forward cognitive dual-hop systems with the interference constraint
in Nakagami-m fading channels,” IEEE Trans. Veh. Technol., vol. 60,
pp. 2875-2879, Jul. 2011.

H. A. Suraweera, P. J. Smith, and M. Shafi, “Capacity limits and perfor-
mance analysis of cognitive radio with imperfect channel knowledge,”
IEEE Trans. Veh. Technol., vol. 59, pp. 1811-1822, May 2010.

I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and
Products. New York: Academic Press, 2007.

K. J. Kim, Y. Yue, R. A. Iltis, and J. D. Gibson, “A QRD-M/Kalman
filter-based detection and channel estimation algorithm for MIMO-
OFDM systems,” IEEE Trans. Wireless Commun., vol. 4, pp. 710-721,
Mar. 2005.

Kyeong Jin Kim (SM’11) received the M.S. degree
from the Korea Advanced Institute of Science and
Technology (KAIST) in 1991 and the M.S. and
Ph.D. degrees in electrical and computer engineering
from the University of California, Santa Barbara in
2000. During 1991-1995, he was a research engineer
at the video research center of Daewoo Electronics,
Ltd., Korea. In 1997, he joined the data transmission
and networking laboratory, University of California,
Santa Barbara. After receiving his degrees, he joined
the Nokia research center (NRC) and Nokia Inc.,

Dallas, TX, as a senior research engineer, where he was, from 2005 to
2009, an L1 specialist. During 2010-2011, he was an Invited Professor at
Inha University, Korea. Since 2012, he works as a senior principal research
staff member in the Mitsubishi Electric Research Laboratories (MERL), Cam-
bridge, MA. His research has been focused on the transceiver design, resource
management, scheduling in the cooperative wireless communications systems,
cooperative spectrum sharing system, and device-to-device communications.

Dr. Kim currently serves as an editor for the IEEE COMMUNICATIONS
LETTERS. He also serves as guest editors for the EURASIP JOURNAL
ON WIRELESS COMMUNICATIONS AND NETWORKING: Special Issue on
”Cooperative Cognitive Networks” and IET COMMUNICATIONS: Special
Issue on ”Secure Physical Layer Communications”. He serves a TPC chair
for the IEEE GLOBECOM 2013 Workshop on Trusted Communications with
Physical Layer Security.



KIM, DUONG, ELKASHLAN, YEOH, POOR, AND LEE : SPECTRUM SHARING SINGLE-CARRIER IN THE PRESENCE OF MULTIPLE LICENSED RECEIVERS 13

Trung Q. Duong (S’05, M’12, SM’13) received his
Ph.D. degree in Telecommunications Systems from
Blekinge Institute of Technology (BTH), Sweden
in 2012, and then continued working at BTH as a
project manager. Since 2013, he has joined Queen’s
University Belfast, UK as a Lecturer (Assistant
Professor). He held a visiting position at Polytechnic
Institute of New York University and Singapore
University of Technology and Design in 2009 and
2011, respectively. Since November 2013, he has
joint Queen’s University Belfast (QUB), UK as a
faculty member, working at QUB as an Assistant Professor. His current
research interests include cooperative communications, cognitive radio net-
works, physical layer security, massive MIMO, cross-layer design, mm-waves
communications, localization for radios and networks.

Dr. Duong has been a TPC chair for several international conferences
and workshops including the most recently IEEE GLOBECOM13 Workshop
on Trusted Communications with Physical Layer Security. He currently
serves as an Editor for the IEEE COMMUNICATIONS LETTERS, WILEY
TRANSACTIONS ON EMERGING TELECOMMUNICATIONS TECHNOLOGIES
and the Lead Guest Editor of the special issue on “Secure Physical Layer
Communications” of the IET COMMUNICATIONS, Guest Editor of the special
issue on “Green Media: Toward Bringing the Gap between Wireless and
Visual Networks” of the IEEE WIRELESS COMMUNICATIONS MAGAZINE,
Guest Editor of the special issue on “Cooperative Cognitive Networks” of the
EURASIP JOURNAL ON WIRELESS COMMUNICATIONS AND NETWORK-
ING, Guest Editor of special issue on “Security Challenges and Issues in
Cognitive Radio Networks” of the EURASIP JOURNAL ON ADVANCES
SIGNAL PROCESSING. He is awarded the Best Paper Award at the IEEE
Vehicular Technology Conference (VTC-Spring) in 2013 and the Exemplary
Reviewer Certificate of the IEEE Communications Letters in 2012.

Maged Elkashlan received the Ph.D. degree in
Electrical Engineering from University of British
Columbia, Canada, 2006. From 2006 to 2007, he
was with the Laboratory for Advanced Networking
at University of British Columbia. From 2007 to
2011, he was with the Wireless and Networking
Technologies Laboratory at Commonwealth Scien-
tific and Industrial Research Organization (CSIRO),
Australia. During this time, he held an adjunct ap-
pointment at University of Technology Sydney, Aus-
tralia. In 2011, he joined the School of Electronic
Engineering and Computer Science at Queen Mary University of London
UK, as an Assistant Professor. He also holds visiting faculty appointments
at University of New South Wales in Australia and Beijing University of
Posts and Telecommunications in China. His research interests fall into the
broad areas of communication theory, wireless communications, and statistical
signal processing for large scale distributed data processing, massive MIMO,
mm-wave communications, cognitive radio, and network security
Dr. Elkashlan has been a TPC chair for several international conferences
and workshops including the most recent IEEE GLOBECOM 2013 Workshop
on Trusted Communications with Physical Layer Security. He currently serves
as an Editor of the IEEE TRANSACTIONS ON WIRELESS COMMUNICA-
TIONS, IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, and IEEE
COMMUNICATIONS LETTERS. He also serves as a Lead Guest Editor of the
Special Issue on “Green Media: Bridging the Gap between Wireless and Visual
Networks” of the IEEE WIRELESS COMMUNICATIONS MAGAZINE. He
received the Best Paper Award at the IEEE Vehicular Technology Conference
(VTC-Spring) in 2013. He received the Exemplary Reviewer Certificate of
the IEEE Communications Letters in 2012.

Phee Lep Yeoh received the B.E. degree with
University Medal from the University of Sydney,
Australia, in 2004, and the Ph.D. degree from the
University of Sydney, Australia, in 2012. From 2004
to 2008, he worked at Telstra Australia as wireless
network engineer. From 2008 to 2012, he was with
the Telecommunications Laboratory at the Univer-
sity of Sydney and the Wireless and Networking
Technologies Laboratory at the Commonwealth Sci-
entic and Industrial Research Organization (CSIRO),
Sydney, Australia. In 2012, he joined the Department
of Electrical and Electronic Engineering at the University of Melbourne,
Australia. He is a recipient of the best paper award at the IEEE VTC-Spring
2013 conference and the best student paper award at the IEEE AusCTW
2013 conference. He has served as a TPC member for international IEEE
conferences including GLOBECOM, ICC, and VTC. His research interests
include cooperative communications, MIMO, cross-layer optimization, and
physical layer security.

WA\
2
¥

. H. Vincent Poor (5’72, M’77, SM’82, F’87) re-
ceived the Ph.D. degree in EECS from Princeton
University in 1977. From 1977 until 1990, he was
on the faculty of the University of Illinois at Urbana-
Champaign. Since 1990 he has been on the faculty
at Princeton, where he is the Michael Henry Strater
University Professor of Electrical Engineering and
Dean of the School of Engineering and Applied
Science. Dr. Poor’s research interests are in the areas
of stochastic analysis, statistical signal processing
and information theory, and their applications in
wireless networks and related fields including social networks and smart
grid. Among his publications in these areas are the recent books Smart Grid
Communications and Networking (Cambridge University Press, 2012) and
Principles of Cognitive Radio (Cambridge University Press, 2013).

Dr. Poor is a member of the National Academy of Engineering and the
National Academy of Sciences, a Fellow of the American Academy of
Arts and Sciences, and an International Fellow of the Royal Academy of
Engineering (U. K). He is also a Fellow of the Institute of Mathematical
Statistics, the Optical Society of America, and other organizations. In 1990,
he served as President of the IEEE Information Theory Society, and in
2004-07 he served as the Editor-in-Chief of the IEEE TRANSACTIONS ON
INFORMATION THEORY. He received a Guggenheim Fellowship in 2002, the
IEEE Education Medal in 2005, and the Marconi and Armstrong Awards of
the IEEE Communications Society in 2007 and 2009, respectively. Recent
recognition of his work includes the 2010 IET Ambrose Fleming Medal for
Achievement in Communications, the 2011 IEEE Eric E. Sumner Award, and
honorary doctorates from Aalborg University, the Hong Kong University of
Science and Technology, and the University of Edinburgh.

Moon Ho Lee (SM’96) received the Ph.D. degree in
electrical engineering from Chonnam National Uni-
versity, Gwangju, Korea, in 1984 and the degree in
electrical engineering from the University of Tokyo,
Tokyo, Japan, in 1990. He is currently an Invited
Professor and former chair of the Department of
Electronics Engineering, Chonbuk National Univer-
sity, Jeonju, Korea. From 1985 to 1986, he was a
Post-doctoral researcher with the University of Min-
nesota, Twin Cities. He was conferred an honorary
doctorate from the Bulgaria Academy of Sciences,
Sofia, Bulgaria, in 2010. He has made significant original contributions in the
areas of mobile communication code design, channel coding, and multidimen-
sional source and channel coding. He has authored 41 books, 175 Science
Citation Index papers in international journals, and 260 papers in domestic
journals, and he has delivered 350 papers at international conferences.

Dr. Lee is a member of the National Academy of Engineering in Korea.
He is the inventor of Jacket Matrix, which was cited on Wikipedia over
89,652 times and also he has published Jacket Matrices: Construction and
Application for Fast Cooperative Wireless Signal Processing (LAMBERT,
Germany, November 2012).




	Title Page
	Title Page
	page 2


	Spectrum Sharing Single-Carrier in the Presence of Multiple Licensed Receivers
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13


