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Abstract—Area spectral efficiency (ASE) was introduced as and compare the “greenness” of various transmission schieme
a metric to quantify the spectral utilization efficiency of cel- we need effective performance metrics that can charaeteriz

lular systems. Unlike other performance metrics, ASE takes hq jlization efficiency of both radio spectrum and energy
into account the spatial property of cellular systems. In ths resourcel[2]

paper, we generalize the concept of ASE to study arbitrary ) L. . .
wireless transmissions. Specifically, we introduce the nian of Wireless transmissions generate electromagnetic patiuti
affected area to characterize the spatial property of arbitary to the surrounding environment over its operating spectrum

wireless transmissions. Based on the definition of affectearea, pand. The size of the polluted area depends on the transgnitti
we define the performance metric, generalized area spectral power, the radiation pattern of transmit antenna, projagat

efficiency (GASE), to quantify the spatial spectral utilizgion . t etc. | L if ticular f b
efficiency as well as the greenness of wireless transmission environment, efc. In general, 1 a partcular frequency an

After illustrating its evaluation for point-to-point tran smission, iS heavily “polluted”, i.e., a significant level of transieid
we analyze the GASE performance of several different trans- signal power is observed, over a certain area, simultaneous

mission scenarios, including dual-hop relay transmissionthree-  transmission over the same frequency band in the area may
node cooperative relay transmission and underlay cognitie radio suffer high interference level. Neighboring transceiven c

transmission. We derive closed-form expressions for the G3E functi | | h .S high si | to int
metric of each transmission scenario under Rayleigh fading unction properly only when enjoying high signal to inter-

environment whenever possible. Through mathematical angkis ference ratio (SIR) or equipped with effective interferenc
and numerical examples, we show that the GASE metric provide mitigation capability. As such, an alternative design gfoal

a new perspective on the design and optimization of wireless fyture green wireless systems is &whieve high-data-rate
transmissions, especially on the transmitting power sel¢éion. We transmissions with minimum electromagnetic pollution in both

also show that introducing relay nodes can greatly improve hie tral and tial di . T the effecti
spatial utilization efficiency of wireless systems. We illstrate that Spectral and spalial dimensons. 1o compare the eliectiveness

the GASE metric can help optimize the deployment of underlay Of different wireless transmission schemes in approactiicg
cognitive radio systems. goals, we need a performance metric that can take into atcoun

this spatial effect of radio transmissions in the evaluatid
transmission efficiency.
|. INTRODUCTION Most conventional performance metrics for wireless trans-

Wireless communication systems are carrying an increasifssions focus on the quantification of either spectrum uti-
amount of multimedia traffics and, therefore, will have growlization efficiency or link reliability. In particular, eglic
ing ecological impact on our society. With the current rate@pacity and average spectrum efficiency evaluate therapect
of data traffic increase, the energy consumption in wirelegficiency of Wireless_ links, where the former serves as the
networks will grow by approximately 20 per year [1]. To UPPer bound of achievable average spectrum efficiency [3].
slow down the resulting increase of carbon dioxide emissiddie link reliability is usually quantified in terms of outage
and achieve more sustainable development, future wireld¥gbability, average error rate, and average packet lesg4h
communication systems need to operate in a more ene[él/ On another front, various energy efficiency metricséav
efficient fashion. Various transmission schemes and imgiem P€en developed and investigated, mainly at the componelnt an
tation structures are being developed to support high-daea €duipment level[2]. In the system/network level, ETSI defin
transmissions over limited radio spectrum with the minimu@nergy efficiency metric as the ratio of coverage area over
amount of power consumption, which is essentially the uit® power consumption at the base statidn [6]. Recently are

timate goal of green wireless communications. To evalug#@Wer consumption (W/K#) is introduced and used to opti-
mize base station deployment strategies for cellular netwo
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used performance metric to quantify the energy utilizatioA. Contribution, Organization and Notation
efficiency of emerging wireless systenis [9]. Recently, this
performance metric is applied to the analysis of CoMP catlul
systems as well as heterogeneous network [10], [11]. 8iill,

per Joule metric does not take into account the spatial teff
of wireless transmissions and is mainly applicable to tailu . .
networks. transmission. Then we extend the analysis to three trans-

Area spectral efficiency (ASE) performance metric was if; ission scenarios, namely dual-hop relay transmissiofj-[21

troduced in[[12] to quantify the spectrum utilization effioty 24], three-nodfe_cooper_atlve relay trgnsm|s’sior| [25]]-,[amq|_
ltléldeﬂay cognitive radio transmissioh [32]-[41]. Cogreti

of cellular systems. ASE is defined as the maximum data . . o X .
rate per unit bandwidth at a user randomly located in céﬁld'o hgs received significant a_ltlten_non Iat.ely as it carp hel
coverage area over which the same spectrum is used, with ﬁatly_|mprove the specf[rum utilization of I|censeq freF‘W
being bpg(Hz - m?). As co-channel cells in cellular system an_dW|dth [_32]_'[34]' Typ|cally, there are three main cayel .
are separated by a minimum reuse distanceDofthe same radio paradigms [;;5]: interweave, overlay and _u_nderlath|
spectrum will be used only once over an area of the size tglfe underlay paradigm, the .secondary gogmtwe USers can
7wD? /4. Note that the area used in ASE definition is based cess the fr_equency bandwidth of the primary radio qply i
the co-channel interference requirement of cellular systeot L (T res“'t‘?‘”t |r;:]erfe;]eT;:(;;%0v¥§;le\éel at ttl'|1e prtlmary ms:ret;
related to the properties of target radio transmissionseRity, elow a given thresnold 1. I = ]. Recen Y INEENSIVeAEE

Pgs been carried out to quantify the capacity gains of uagerl

the ASE performance metric was applied to characteri - : R —
the performance of two-tier heterogeneous cellular neiavorcgnItive radio transmissiofL[BBI=[11]. These researchifed
n the benefit of spectrum sharing by imposing a interference

[13]-[16]. The authors in[[17] studied the ASE performanc% traint on th ) : H th i
of cellular systems with cooperative relaying transmissiocONstraint on the primary receiver. However, the spa iappr

Meanwhile, ASE was also analyzed jointly with area poweql tyl Of_ p?rallelt_ra?m ttLansm|SS|?fnsta(;eb ovgrlolc;ke: in ¢hes
consumption (APC) from a green communication perspecti\"?‘g_Ia ysIS. In particuriar, the area attected by SImuitanexars-

[L8]-[20]. In these works, ASE was calculated by using githdhission should also be considered when evaluating overall

the cell area covered by the macro base station (BS) %/rstem spectrum utilization efficiency, especially in defre-
the intensity of the femtocells per unit area according to quency reuse scenario. For each communication scenagio, th

a certain distribution. The effect of smaller “footprint” of generic formu_la of GASE are presented Wit.h specific clo§ed-
microcell/femtocell due to lower transmission power weog nform expressions for Rayleigh fadmg environment derived
considered. After all, the application of ASE metric wadl Stiwhene_ver fea5|ble._ Selected numerical exgmples are p_aeisen
limited to infrastructure based cellular systems. and discussed to illustrate the mathematical formulatioth a

In this paper, we generalize the ASE metric and devel monstrate the new insights that GASE metric brings into

a new performance metric to evaluate the spectrum efficien yeless system ‘?'es',gn- . )

as well as transmission power efficiency of arbitrary wisele 1€ key contributions of this paper are summarized as
transmissions. The new performance metric, termed as ge gllows:

alized area spectral efficiency (GASE), is defined as the rati « We introduce the concept of affected area to arbitrary

In this paper, we present a comprehensive study on the
GASE metric for various transmission scenarios of prattica
'r&terest. We first formally introduce the definition of GASE
y illustrating its evaluation for conventional point{mint

of overall effective ergodic capacity of the transmissiork |
under consideration over the affected area of the trangmiss

The affected area is defined as the area where a significant
amount of transmission power is observed and parallel {rans

missions over the same frequency will suffer high intenfiere
level. The affected area characterizes the negative effect
radio transmission in terms of electromagnetic pollutidniles

transmitting information to target receivers. Note that an

wireless transmission will generate interference to nsagimg

wireless communications, based on which we present
a new performance metric GASE, which can evaluate
the spectrum utilization efficiency as well as power
utilization efficiency of arbitrary wireless transmissson
We observe that while the conventional spectral efficiency
performance metric is a monotonically increasing func-
tion of the transmission power, the GASE metric is no
longer a monotonic function of transmission power. In
fact, optimal transmission power value exists in terms

transceivers if they operate over the same frequency baad. W of maximizing the GASE of wireless transmissions. We
use affected area to quantify such spatial effect of wigeles also notice that larger transmission power leads to higher
transmissions. The affected area is directly related to the spectral efficiency but not necessarily higher GASE. As
properties of target transmission and makes the GASE metric such, the GASE metric provides a new perspective on the
applicable to arbitrary transmissions. Note that the sizthe design and optimization of wireless systems.

affected area depends on various factors, including tremsm « We study the GASE performance of dual-hop relay trans-
sion power, propagation environment, as well as antennarad mission and three-node cooperative relay transmission
ation patterns. In particular, the average radius of thectd scenarios with either AF or DF relaying modes. Through
area will be proportional to the transmission power. Thamf the analytical results and selected numerical examples, we
GASE also characterizes the transmission power utilimatio = demonstrate that relay transmission can achieve higher
efficiency in achieving per unit bandwidth throughput angl, a ~ maximum GASE with smaller transmission power than
such, serves as a suitable quantitative metric for meagthin point-to-point transmission. In addition, if the transmis
greenness of wireless communication systems. sion power is adjusted properly, relay transmission enjoys
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better overall GASE performance than that of point-tdsASE byn, we haven = C/A. The affected area refers to
point link. Therefore, relay transmission can effectivelthe area where a significant amount of transmission power is
improve the power efficiency of wireless transmission. observed, i.e., the received signal pow@r is greater than

« We derive the accurate analytical expressions of GASEcertain threshold valuéy,,, which will lead to significant
for underlay cognitive radio transmission, which includeamount of interference to neighboring transceivers. Theaeva
that for point-to-point transmission anXi channel trans- of P, should be selected based on the interference sensitivity
mission as limiting special cases. Through a comparatieé neighboring wireless transmissions. In particular, he t
study with the overall spectral efficiency metric, weneighbouring transmission is insensitive to interferereg.,
develop new design guidelines for underlay cognitivepread spectrum or ultra wideband (UWB) systefg, may
radio implementation. We show that GASE performandee set to a large value. Otherwise, it should be set to the
metric provides a new perspective on the design of undeame order of magnitude to background noise. The sBme
lay cognitive radio transmission. Specifically, the ovieralalue should be used to compare different design for thetarg
spectral efficiency with underlay cognitive transmissiotransmission. For point-to-point link, the probabilityathan
can not be worse than that of the point-to-point primariycremental area of distaneefrom the transmitter is affected
transmission only case. However, the GASE performanie equal to the probability that the received signal power,
can be much worse than that of point-to-point trans?.(r), is greater thanPm,, i.e., P{Pt AL Pmin}. It
mission if the power of secondary transmitter is ndbllows that the affected area of point-to-point transnoiss
properly chosen. The transmission power of secondargn be determined as
cognitive transmission should be carefully selected to

2T 00 o)
benefit overall GASE performance of underlay cognitive A = / / / fz(2)dzrdrdd
system, especially when the interfering link distance is 0 JOo JPninre/P
gpnaderably greater than the desired transmission link _ 27T/ (1= Fz (P - 7/ P;)) rdr. 1)
istance. 0

The remainder of this paper is organized as follows: Sectigfeanwhile, the instantaneous link capacity between soSrce
Il introduces the definition of GASE by considering convens,q destination D is given by € log, (1 + Lj . Z) where
tional point—to—point transmission. Section Il genezalei the > denotes a particular realization of fadinngower gdimnd
analysis of GASE to dual-hop relay transmission while iR js the noise power. As such, the ergodic capacity can be
Section IV, we consider GASE of three-node cooperative/relgsicylated by averaging the instantaneous link capacigr ov
transmission. Section V analyzes GASE of underlay co@itiyhe gistribution ofZ. Mathematically speaking, we have
radio transmission and shows its asymptotic charactesisti

Finally, section VI concludes the paper. = [~ Py

Throughout this papetr’x () denotes the cumulative dis- €= /0 logy (1 * Nde Z) dFz(2), 2)
tribution function (cdf) of random variable (RVX. fx(z)
denotes the probability density function (pdf) of. £()\)
denotes the exponential distribution with meap\. P {-}
denotes the probability of a random event.

where Fz(-) is the cdf of Z. Note that we ignore the effect
of external interference from neighbouring transmissian i
non affected area in the capacity calculation. We assunte tha
if Pmin iS chosen properly, due to the channel reciprocity
property, the neighbouring transmission from non affected
area will not generate significant interference to the targe
In this section, we formally introduce the definition oftransmission. The effect of such external interferencehen t
GASE metric and illustrate its evaluation for conventionargodic capacity as well as GASE will be addressed in our
point-to-point transmission. Consider a point-to-poimaless future work.
link between generic source S and destination D. The sourcelherefore, the GASE for point-to-point link can be calcu-
S is transmitting with powerP, using an omni-directional lated as
antenna. For analytical tractability and presentationitylave oo P,
assume that the transmitted signal experiences both psgh lo n= fO OologQ (1 + Nz Z) dFyz(z) .
and multipath fading effects, ignoring the shadowing dffec 2 fo (1 — Iz (Pmin : T“/Pt)) rdr
Specifically, the received signal powé&y. at distancel from
the transmitter is given byP. = P, - Z/(d/drwe)®, where
a is the path loss exponent, arid is an independent RV
that models the multipath fading effect,s is the reference

Il. GENERALIZED AREA SPECTRAL EFFICIENCY

®3)

Under Rayleigh fading environmeri,is an exponential RV
with unit mean, i.e..Z ~ £(1). The affected area of point-
to-point transmission specializes, with the help lof|[47,. Eq

. . : 3.326.2], to
distance. Without generality, we sét; = 1m. We also assume ]
that the fading channel is slowly varying and, as such, the om_ /92 P\
transmitter can adapt its transmission rate with the channe A=—T <a> <Pmin> ; (4)

condition for reliable transmission.

GASE is defined as the ratio of the ergodic capacity afhere I'(-) denotes the Gamma function. As we can see
the link, denoted byC, over the size of the affected area ofrom (4), the affected area for the point-to-point link over
the transmission, denoted by A. Mathematically, if we denoRayleigh fading is proportional t(ﬁ’f/“, wherea is the path
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loss exponent. Meanwhile, the ergodic capacity of the poirand

to-point link is given by Plim n=0. (8)
; —» 00
— 1 d°N d°N . . . : .
C= mEl < iz )exp< iz ) , (5) It is straightforward although tedious to verify thatis a
t t

concave function of,. As such, there exist optimal values for
whereE; () = [>° £ d¢ is the exponential integral function P; that maximize the GASE for point-to-point link far > 2
[47]. Finally, we can obtain the closed-form expression @fases, which can be analytically obtained by solvifigy = 0
GASE for point-to-point transmission over Rayleigh fadindor P;. After substituting[(B) into it and some manipulations,

as we arrive at the following equation that the optin#l satisfies
1 d*N d*N
753&(7r%ﬂ%77) d°N 2 d*N d°NY
0= . (6) + 2B S ) e =1 (9
27 (2 P, 2/a Py a Py by
Zr(2) (K)

Various numerical methods can be used to solve this integral
It worths noting that, by including the facton/“ in the equation for P. Note that the optimal transmitting power
denominator, the GASE performance metric also quantifiealue is proportional to the produdt N, but independent of
the energy utilization efficiency of wireless transmission the minimum power threshol&,,. Essentially, for a certain
achieving certain ergodic capacity while taking into agaou propagation environment and source-destination distaRte
radio propagation effects. The conventional bit per Jouleads to the largest ergodic capacity per unit affected.area
metric, specialized ta”'/P, for point-to-point transmission, The transmission power is therefore optimally utilized hwit
is roughly equivalent to the special case of GASE metric wittonsideration of the spatial effect of radio transmission.
a=2. Fig.[ also shows that the larger the path loss expomehte
larger the maximum achievable GASE. Meanwhile, we need
to use higher transmission power to achieve this maximum
GASE. This observation indicates that when the path loss
effect is significant, it is beneficial to use high transnassi
power as the affected area is not growing quickly. On therothe
hand, when there is severe shadowing effect between the S-
D link, the GASE performance will suffer from the excessive
increase of the transmission pow®y. In such scenario, relay
transmission is the ideal solution to increase link thrqugh
without significantly increasing the spatial footprint. the
next section, we examine the GASE performance of relay
transmission.

GASE 1) [bps/Hz/km?]

TEERT Tl e g0 100
Transmission Power P, [dBm] I1l. GASE oF DUAL-HOP RELAY TRANSMISSION

Fig. 1. The effect of transmission pow&¥ onn. N = —100 dBm, Ppyin =
—90 dBm, d = 1000 m.

dSR dRD
In Fig.[d, we plot the GASE of point-to-point link under /H' \
Rayleigh fading environment as function of the transmissio NSO
i 7D

power P, for different path loss exponent It is interesting

to see that, unlike conventional spectral efficiency metric

the GASEn is not a monotonic function of?; in general.

Only whena is very small will GASEn be a monotonically Fig. 2. Dual hop relay transmission. S, D and R representrtfernation

decreasing function of the transmission powerFor medium source, destination and relay node, respectively.

to largea, GASE is proportional taP; when P, is relatively

small, which implies that the ergodic capacity increasetefa  In this section, we consider the scenario where S transmits

than the affected area in this region. Whéh becomes data to D with the help of the intermediate relay node R, as

large, the affected area increases faster, which leads tdlléstrated in Fig.[2. Specifically, relay R carries out eith

decreasing GASE. As such, an optimB] value exists in decode-and-forward (DF) or amplify-and-forward (AF) omer

terms of maximizing the GASE of point-to-point transmissio tion in a half-duplex mode. We assume the relay transmission

These behaviors of can be mathematically verified with theoccurs in two successive time slots of equal durafforiThe

following limiting results based ori{(6), distance from source to relay and relay to destination are

denoted byds and dgrp, respectively. We assume that direct

0, a<2; S-D transmission is not possible, due to for example dee

P p ; p p

AN =2 (7)  shadowing. The GASE performance of cooperative three-node

0, a> 2, network will be considered in the next section.

lim n=<1 .
P,—0+ g 062°¢
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The transmission power of the source and relay node ¢
denoted byPs and Pg, respectively. The ergodic capacity ol —+— DF Relay
the relay transmission can be calculated, noting the hafek % o NoRelay
constraint, as

o
©
1

o
o
T
Q
1
g
-

o
3

_ 1 ™
Cr= 5/ logy (1 +7) * fre(v) d, (10) < 08
0 5
wherefr,, () denotes the pdf of the equivalent end-to-end SN £ °
Ieq. For DF relaying protocoll 8y is equal tomin {T'sz, Tro }, = 04
whereas for AF protocoll'sf is given by T8l = fSh= § oa

[24], whereI'sg andT'rp are the instantaneous received SNI

of S-R hop and R-D hop, respectively. The affected art 02
for the first and second relay transmission step, denoted ol
As and Arp, can be calculated usinf(4) with corresponde!
transmission powefPs and Pg, respectively. Note that &
and Agp will not be affected at the same time as S and
transmit alternatively. Therefore, the overall GASE foraHu
hop relay transmission is calculated by averaging GASE Bh. 3. Comparison of the dual-hop relay transmission andtgo-point
source and relay transmission steps, while noting that eagedsmissionN = —100 dBm, Pyin = —90 dBm, dsp = 1000 m, dr =
step finishes half of data transmission, as dro =500 m, 6 = 0.

Transmission Powe P‘ [dBm]

G T a
R =5 Axr Arp )’ The GASE performance of AF-based relay transmissions can

Under Rayleigh fading environment, the received SNR be similarly calculated by applying{1L6) iR{11).

. ) . ) In Fig.[3, we compare the GASE of dual-hop relay transmis-
(€ {S,R},j € {F D} andiz j)can be expressed 3S5ion with point-to-point transmission. Specifically, thA&E

T =~ - ~Noo— P i !
ij = Yij - Z, Wherey, Is the average received SNRof both DF and AF cases are plotted as function of common

d¢.-N
related to the distance from the transmittéo receiverj, d;;. ransmission powe’s — Pn — P, for different values
f path loss exponent. The relay node R is assumed to

Z is an exponential RV with unit mean. It follows that the pd
DF . . F . . .

of I'eq can be obtained, noting thmqu is the minimum of be at the center point along the line between S and D. As

we can see, similar to the point-to-point transmission case

two exponential RVs, as
froe(y) = ay - e~ 7, (12) there exist optimal values for transmitting powr in terms
eq . P . .
of maximizing GASE of dual-hop relay transmission. Based

wherea; = % + 7—;) Then the ergodic capacity for DF casen the analytical results on GASE, the optimal transmitting
can be derived as power for relay transmissions can be obtained by solving the
_ 1 following optimization problem
Cor = 75— Ei(a1) exp(aa). (13)
2In2 max 7ng (17)
Finally, GASE of DF relay transmission for Rayleigh fading Ps, PreR*
scenario is given, after applyingl (4) add](13) intal(11), by s.t.  Ps < Pmax, Pr < Prmax,
where Pnax is the maximum transmission power of the nodes.
noF = 1 Ei(a1) exp(ar) Eq(a1) exp(ar) ~ For DF relaying under Rayleigh fading environment, after
41n2 2 (2) (%)2/“ 21 (2) (%)2/“ applying [13) and[{4), the objective function specializes t
a
_ _ (14) Y =z Ei(on) exp(an) (18)
For AF relaying, the pdf of the equivalent SNRY, is 8rln2-T' (2)
approximately obtained as [42, eq. (18)] P —2/a Pr —2/a
X e .
(Pmin) (Pmin)

Jrae(v) = 2ﬂwe°‘”{a1 Ki(2617) + 261 K0(2517)},
(15) The resulting optimization problem can be easily solved nu-
where 5, = L__ Koy(-) andKy(-) is the second kind merically. We also note from Fil 3 that the maximum GASE

= o . .
modified BesSel function of the zero-order and ﬁrst-orde?f relay transmission are much higher and can be achieved

respectively[[47]. Substituting_(15) intb_(110), we can cddde with m_uch smaller transmission power thar_1 point-to-point
) = . : transmission. From this perspective, introducing a relagten
ergodic capacity of relay transmission with AF protocol as

can greatly improve the greenness of wireless transmission

On the other hand, if the transmission power are set too large
the GASE of point-to-point transmission becomes slightly

larger than that of relay transmission, partly due to thd hal

duplex constraint on relay transmission. Therefore, dhog-

Car :/ logy (1 4 v)B1ye” 17 x
0

{o1Ki(2817) + 261 Ko(2B17) Jdr. (16)
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relay transmission is more energy efficient than pointatp where Agr and Arp are the affected areas for the source and
transmission only when the transmission power is adjustedrelay transmission steps, which can be calculated ugihg (4)

proper values. with correspondent transmission powdy and C, are the
average ergodic capacity under direct and relay transomssi
IV. GASE oF COOPERATIVERELAY TRANSMISSION In what follows, we will calculateCq andC, for DF and AF

Previous section investigates the GASE performance '@laying protocols under Rayleigh fading environment.
relay transmission and ignores the direct source to de&tma
link. In this section, we utilize GASE metric to quantify the _
spectrum as well as power utilization efficiency of coopeeat A DF Relaying Protocol
transmissions while taking into account the spatial effeit  ynder Rayleigh fading environmenfs, = Jg, - Z and
each transmission stage. We focus on a three-node coofeeragj . £(1), Py can be specialized to
relay transmission where relaying is activated only if itlwi
lead to higher instantaneous capacity. In particular, thece
node decides to perform either direct or relay transmistion

communicate with the destination node based on the instanta ) ] ]
neous link capacity. Therefore, the instantaneous capatit With DF relaying, the pdf of equivalent received SNR over

such three-node cooperative transmission is given by relay link, T'og', is given by [I2). Substituting(12) intg_(26)
and carrying out integration, we can obtain the probability

1 o0
Py =— / Fr. (2° + 22) exp(—2/Fg) dz. (26)
T Jo

Cinst = max {Cq, G}, (19) that the system performs direct transmission with DF relgyi
where G and G are the instantaneous capacity of diredrotocol, as
transmission and relay transmission, respectiveyisCelated PRF—1— L@(al’%)’ (27)
to the instantaneous received SNR of S-D libkp, as Vs
Cy = logy(1+ '), (20) wherea; = = + =1, ap = =2 + == + 5=, andD(ay, az)
The instantaneous capacity of relay transmissigris@iven is defined as
by ° 2
1 D(ay, é/ ettt a2t gy
Cr = 3 logy(1 4 Teg), (21) (a1, 02) = |
. . . 1 [ °3
wherel'¢q is the equivalent received SNR of the relay channel, =3 T etan erfc(2a2 ), (28)
and the factori is due to the half-duplex constraint. Sub- ™ Vel
ituti 21) i i i 00 .
stltut!ng [20) and[{21) into[{19), the instantaneous CapaCIWhereerfc(x) _ ij o~ 4t is the complementary error
specializes to function [47] v Je
Crst = lmax { log,(1 + Tp)?, log, (1 + Feq)} .The eciuivalent_SNR of the three-node cooperative network
2 with DF protocol is given by
1
- o 1+Inax{F2 49T, T }} 22
2 %82 { o+ 2w Teqy g, (22) IOF = max {rgD +olg, rgg}. (29)

I'c

where I'c is the overall equivalent received SNR of that can be shown that the pdf 2" under the conditiod%, +
three-node cooperative transmission. The ergodic capeait oI'g, > FquF is given by
be derived by averaging the instantaneous capacity over the

distribution ofT'c, i.e., Vo * freo(§) - Fror(v)

26+ 1) (o — D, Ol%%%))

_ ©q
C=/ 5 logs (1+7) - fre() dy, (23)
0 where ¢ = /v +1 — 1. Substituting [(3D) into[(23) and

where frc(7) is the pdf of 'c. Meanwhile, the probability making some manipulations, we can obtain the average ergodi
that the system performs direct transmission is equal to tE‘&pacity of direct transmission as

probability that G > C,, i.e.,

frer(v | T+ 2T > T2F) =

5 CDF 1 1 _ L Ey( 1 )
- . - e —

Pd - ]P){FSD + 2FS) > Feq}. (24) d 1n2 733 . @(al’ 042) YD 1 733

Accordingly, the probability that the system performs yela — / In(1 + t)ealtzaﬁdt}, (31)

transmission is given b, =1 — Py. 0

The GASE of three-node cooperative transmission, deno
by n¢, can be calculated, while noting that the affected ar
of source and relay transmissions are different, as

tlggllowing the same procedure, we can arrive at the pdf5f
€& der the conditioZ, + 2T'y < Ie as

Gy 1/ © ) ory  Jo free(7) - Frg(§)
ne =P Ax P 2 (ASR + ARD) ’ (23) fre [T+ 2o < Teq) = D(a1,az)

. (32)
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It follows that the average ergodic capacity of relay traissm

sion is given by . :2,5:5,'3
oF 1 . ) —©— No relay s
—— = Jm-eME
" s e B < E
* Cant— 2L (VITE-1 2 8
_/ In(1+1) e 70 VT )dt}. (33) e 5
0 & 4 38
& i
B. AF Relaying Protocol 7 g
. , . 3 I
With AF relaying protocol, the pdf of the equivalent re- at o »
ceived SNR over relay Iinld:éqF, is given by ). Substituting L EEE : o
(I3) into [26), we can obtain the probability that the source goo® =~~~ Spectral Efficiency
node performs direct transmission, denotedRy, i.e., Y I e %
1 P_ [dBm]
PaT =1— —A(B, B2), (34)
iE»)
Wherem(ﬂl [32) is defined to be Fig. 4. The effect of the source node transmission pagon GASE with

DF and AF relaying protocol.#r = 10 dBm, dsp = 1000 m, dsr = drp =
500 m, 8 = 0, Pmin = —80 dBm, N = —100 dBm, a = 4.)

o0
A(B, B2) 2 / 28, (t2+2t)e P2 20 K (2, (12 +2t)) dt,
0 35)
where 3, = L By— 4L L ( Pg increases. UnIikg speqtral effi_ciency, v_vhose_ performance
V= Tro Yo - Twm o TR0 ) curves are monotonically increasing function with resgect
.The_equwalentSNR.of t_he three-node cooperative transmjséi the GASE curves show a peak as transmission pow-
sion with AF protocol is given by ers increase. This observation indicates that increagieg t
transmission power can lead to a higher spectral efficiency
but can not necessarily increase GASE. Therefore, GASE
provide a new perspective on transmission power selection f
wireless transmitters. Another interesting observat®rhat
the optimal transmission power, in terms of maximizing the
Yo« fre(§) - Frae (v) GASE, for point-to-point transmission is much larger thiaatt
(E+1)- (Fp — A(B1,B2))  for cooperative relay transmission. In summary, coopegati
(37) relay transmission can enjoy much higher energy efficiency
Correspondingly, we can calculate the average ergodicceapghan point-to-point transmission when the relay is properl
ity of direct transmissiorC; by averaging the instantaneougocated.
capacity over the pdf df2™ under the conditio?, +2I'sy >
2§ given in [37), as V. GASE OF UNDERLAY COGNITIVE RADIO

_ TRANSMISSION
AF 1 Yo * freo () - Frg\g ()
&= gm0 g G~ A5, 5))

'Y = max {P%SD + 2T, rg\g}. (36)

The pdf of g™ under the condition'd, + 2I'sy > I'a§ can be
obtained as

frw(v | Ty + 2T > Tgq) = 5

(38) S dr .[D.
Similarly, the pdf of"¢" under the conditioid, +2T'sp < ' r =P
is given by I >Sdes Pid
T frig (1) Fra€) d N7
- frae(7) - Frg
w (7| T + 2 < TAF) = 2~ . (39 d e
— ~
which can be applied to the calculation @fF. The resulting 7 ds "
expression is omitted for conciseness. SS > DS

C. Numerical Examples
. . Fig. 5. System model of underlay cognitive radio transmissiSp, Sg,
In Fig. [4 we plot the GASE and spectral efficiency ag,, pg represent a primary transmitter, a secondary transmétgrimary
function of the source node transmission powes for receiver and a secondary receiver, respectively.

DF and AF relaying protocol. For comparison, we include

the GASE curve of conventional point-to-point transmiesio So far, we have studied the scenarios where only a single
without relays. It shows that the cooperative transmissidransmitter is operating at any time. In this section, we
always enjoy better GASE performance than its conventiorggneralize the analysis to consider the case where parallel
counterpart. Meanwhile, the DF relaying protocol has sligh transmission occurs. Specifically, we extend the GASE analy
better overall performance than AF relaying protocol. Howsis to underlay cognitive radio transmission and examiee th
ever, this performance gain shrinks as the transmissiorepoweffect of interference on overall spectral utilization @#fincy
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a
while taking into account the larger spatial footprint ofgéel wherep, = % (”fi;f . It follows that the ergodic capacity of
transmissipn. We cons_ider the transmissipn scenariqm illthe primary user in the parallel channel over Rayleigh fgdin
trated in Fig[h. The primary user-Sransmits to the primary can be calculated, after substitutiigl(43) into the first pér
receiver D> with transmission powerP;. Meanwhile, the (@2) and applying integration by part, as

secondary user Sopportunistically communicates with the

secondary receiver P using the same frequency bandwidth A e ) (dSNp ) -3 (dSN) — exp (_@p )
with transmission powerP,. Both transmitters use omni- In21=py pore P B P
directional antennas. As such, the primary user (secondary X {g (wpp) - (df";_N) }7 pp # 1,
user) will generate interference on the secondary recéprer C’éR = B ! . y

; ) . . 1 d2N deN d&Iss,
mary receiver). The distance of the transmission link betwe TR 2 S( Pr ) — exp (_Tg)
Sp (Ss) and Dp (Dg) is denoted asip (ds); whereas the 48 (N4 L) e { dE(N4+Ion)
distance of the interference link between $Sg) and Dy X {1 — 3( B S )} }, pp =1,
(Dp) is denoted asips (dsp). The distance betweeRr and (44)

St is denoted ag. In the underlay paradigm, the secondanyhereF(z) £ exp(z) - E1 ().

user is allowed to utilize the primary user’s spectrum ag/lon The cdf of T, can be similarly obtained, but without the
as the interference it generates on the primary receival®\b nterference power constraint, as

a pre-determined thresholg,. Otherwise, the secondary user
should remain silent. We assume that, by exploring the aflann
reciprocity, the secondary transmitter can predict thetarhof
interference that its transmission will generate to thenpriy

. a
receiver. where p;, = % %f) . Finally, the ergodic capacity of the

We first focus on the scenario where parallel secondag¥condary user with the presence of primary user interéeren
transmission occurs, i.e., the received interference péwen g given by

secondary transmitter at the primary receiver is less than

Ps dgN )
Fr(v)=1- - , 45
. (7) T P ( 7 (45)

Based (_)n_the path loss anql fa_ding model adopted in this 1 p. S(dSN )—S(dgN) 21
work, this interference power is given % - Z/d%. As such, & In21-ps Py Ps Py » Ps ’
the probability that the parallel transmission occurs ienth CR™Y 1 dgNg dZN _
given by P = P{P» - Z/d% < I, }. Under Rayleigh fading m2) " P ( Py ) ’ ps = 2
environment, this probability specializes to (46)
P=1-exp <_Ith'd9°>. (40)
P

B. Affected area analysis

A. Ergodic capacity analysis Based on the definition of affected area adopted in this
In the underlay cognitive transmission scenario, the totalbrk, a particular area is affected if the total receivechalg
instantaneous capacity of both primary and secondary-trapswer from both transmitters is greater thBr,. Specifically,
missions is given by gk = log, (1+1T),) + log, (1+ 1), the probability that an incremental area of distangeto
whereT', andI'y denote the received signal-to-interferencehe primary transmitter $ and distancer, to secondary
plus-noise ratio (SINR) at primary receiverland secondary transmitter § is affected can be calculated as the probability
receiver Oy, respectively. Based on the adopted path loss atttht the total received signal powex(r,,) + P,(r,) is greater
fading models', andI'; can be shown to be given by than Prin, .64 P4 P, () + P, (r,) = Prin b. It follows that
= P Zp/dp I's = P - Zs/ds (41) the affected area of parallel transmission can be calaliase
TPy Zejdig t N 5 P ZpsJdig+ N’ P

respectively. It follows that the ergodic capacity of thegie! ot 2w oo _
transmission channel can be calculated as Acr = /0 /0 By Pr(rp) +Pr(rs) = Prin orpdrpdd, (47)

Cor = / logs(1+7) - dFr, (7) + / loga(1 +7) - dFr (7).
0 0

Ly

wherer, = /r2 4 dj — 2ryd, cosf. Note that we use the
location of S as the origin in the about integration.
(42) Under Rayleigh fading environment, the pdf of the total
where Fr(-) denotes the cdf of SINR. received signal power at a location of distamgéo transmitter
Under Rayleigh fading environment, the cdflof, Fr,(-), Sp and distance to transmitter §, X = P,(rp) + P-(rs),
can be derived, while considering the interference commgtracan be obtained as
on Dp, as

de, - T de . N L (e)‘PI—e)‘S””), Ay # s,
Fr (7)=1—exp () P o (T2, fx(@) = s (48)
' P2 v + Pp Pl C_Apma )\p = )\sa

X {1 — exp <_d33 : Ith> exp <—dp ' Ith'y)} , (43)
Py Py where\; = P;/r%, i € {p,s}. Accordingly, the probability

7

—p —s
CCR CCR

ﬁ>§| 8




IEEE TRANSACTIONS ON COMMUNICATIONS 9

that this location is affected is determined as as function ofl;;, while fixing s, = ks = k = 1.5. We can
see that ag;;, decreasing, the GASE performance of underlay
P{Pr(rp) + Pr(rs) > Pmin} cognitive radio transmission converges to that of the point

. _Pon/A . _Pun/ A to-point transmission case. This behavior can be explained
D B vy iR i v vy w Ap 7# As (49 that whenl;;, — 0, the probability of parallel transmission
(1 + Prin/Ap)e ™ Fn/Xp Ap = As. P given in [40) approaches t0. On the other hand, when
- : . Iy, — oo, the GASE performance of underlay cognitive radio
Substituting [4) intol{47), we can numerically calculdie t.gansmission converges to that &f channels, as expected

affected area Qf _underlay cognitive radio transm|55|_orh_W| y intuition. We also notice that the GASE performance of
parallel transmission, &. The GASE of parallel transmission L . o
. : underlay cognitive radio transmission is always worse thah
over Rayleigh fading channel can be calculated as . . o
of point-to-point transmission case but better tiarchannel
ot Cer + Cer transmission for the chosen system parameters. In the next
CR ~ : (30)  humerical exam le, we explore under what scenario underla:
p p y

o . _cognitive transmission will lead to better GASE performanc
When the parallel secondary transmission is prohibited, i.

the interference power constraif® - Z/d% < I, on Dp is
not satisfied, the secondary user is not allowed to utilize th sor
primary user's spectrum. Therefore, the parallel transimis
channel simplifies to the point-to-point link, whose GAGE,

is given by [6) with the transmission powé#} and distance
d substituted byP; anddp, respectively. Finally, GASE for
underlay cognitive radio transmission can be written as

Ner =P - nég+ (1 = P) - gk (51)

Note that the GASE expression derived above for underlay
cognitive radio transmission will reduce to that for thechan-
nels, resulted from insufficient spatial separation betwee
ceivers [43]-[45], when the interference threshold apghhea 5 ‘ ‘ ‘ ‘ ‘ ‘
infinity. In particular, whenl,, — oo, P approaches td, T e Tl & Interfernce Pover \ e D
which means two transmitters,,Sand S, always transmit

simultaneously over the same frequency band. The GASE of e of - erab f

i i O Fig. 6. The effect of the max tolerable interference powdgy on GASE.
X channels is then given by [46, eq. 17] P = Py — 20 dBmM, N — —100 dBm, Popy — 100 dBm. @ — 4,
do =dp =ds=100 m, k = 1.5.

- = = point-to—point link
——underlay cognitive radio

N
3]
T

X channel

N
o
T

GASE n [bps/Hz/km?]
.
(4]

i
o
T

— / —s
= Sonct Cor (52)
A’étR ’ In Fig. [4, we compare GASE metric with conventional
spectral efficiency of underlay cognitive radio systemsd#p
., B ically, we plot overall spectral efficiency in Fi§. 7(a) and
Cer = lim Cgg GASE in Fig.[7(b) as function of the transmission power
Iip—00 .
of secondary user, for different system parameters. As
A ) dp N -5 dp N £1 we can see, when the interfering transmitter is close to the
m2i-p, P Pp v Pp ) ) . . . . -
(53) target receiver, i.ex is small, introducing underlay cognitive
L{l _ dSNg (dSN) } pp = 1. transmission always deteriorates the overall system spect
In2 P1 P1 ? P . .
efficiency as well as the GASE performance. Basically, ca-
andCf;R and A{v:tR are given in[[@B) and(47), respectively. pacity gain incurred by the spectrum sharlng through palrall
transmission cannot compensate the capacity loss caused by
_ the mutual interference, even with underlaying interfesen
C. Numerical examples threshold requirement. The interference requirement at th
In Fig. [6, we investigate the effect of the maximunprimary user may protect the primary user transmission but
tolerable interference powef,;, on GASE performance of the secondary transmission will suffer severe interfezdnmm
underlay cognitive radio systems. To simplify the notatioprimary user transmission. This observation also justifies
and discussion, we denote the ratio of the interfering lindractical understanding that the radio spectrum should not
distance to transmission link distance for primary reaeivée simultaneously used by other transmissions very close
by k, = ds/dp and that for the secondary receiver byo the transmitter and/or the receiver. On the other hand,
ks = dps/ds. Note that the distance of the interfering linkwhen « is large, the underlay cognitive radio transmission
between g§ and Dp, ds, should satisfy|dy — dp| < ds» < results in different behaviors in terms of spectral efficien
|do + dp|. Therefore,x, = ds/dp should be bounded asand GASE. First, the underlay cognitive radio transmission
|do/dp—1| < kp < |do/dp+1|. Similar bound applies tg,. In  always benefits from the secondary user transmission insterm
Fig.[8, we plot GASE of underlay cognitive radio transmissioof spectral efficiency when the transmission power is not

where
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Fig. 7. The effect of the transmission power of secondary Wéseon the

system overall spectral efficiency and GASE. = 20 dBm, N = —100
dBm, Pnin = —100 dBm, I;;, = —80 dBm, a = 4, dp = ds = 100 m.
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relay transmission as well as cognitive radio transmission
Through analytical results and selected numerical exasnple
we showed that our research provided a new perspective on
the design, evaluation and optimization of arbitrary vessl
transmissions, especially with respect to the transmmssio
power selection. Meanwhile, we show that relay transmissio
is power efficient and can greatly improve the greenness
of wireless transmissions. Finally, the study on underlay
cognitive radio transmission implied that, if the power of
secondary transmitter is not properly chosen, the secgndar
user may degrade the GASE performance of overall system,
even worse than that of the point-to-point primary transiois

only case. While the analysis focuses on single antenna per
node scenario, the generalization of the analysis to meltip
antenna cases is straightforward. The GASE metric can also
apply to the spectral utilization efficiency of wireless amch
network and femtocell enhanced cellular systems aftergarop
adaptation.
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