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Abstract—We investigate fundamental characteristics of coop-
erative transmission in terms of power efficiency. By introdicing
the concept of “cooperative region”, we evaluate the averagy
power efficiency which is defined as the ratio of total consunte
transmit power with cooperation to that of direct transmission
and show how the average performance depends upon the
QoS requirement, distance between source and destinatiome
on node density. Further, we propose a dynamic cooperation
scheme that combines both cooperative and direct transmigm.
Analytical results are supplemented by simulation resultsto
demonstrate the energy saving of cooperation transmission

Fig. 1. An example of a wireless cooperative link

the relay cannot decode successfully. More specifically, we
investigate power consumption, using at most one relay node
as shown in Figure 1. It is shown in [2] that such a cooperative
Cooperative communication mechanisms [1]-[5] have begfotocol can achieve full second-order diversity and thoeee
proposed as an effective way of exploiting spatial divgrit provide significant improvement to reception reliabilitys
improve the quality of wireless links. The key idea is to havgyr interest is solely in the power consumption aspects, we
multiple wireless devices in different locations coop#ely assume that solutions to other practical issues in regligié
share their antenna resources and aid each other’s wirelggsin place (for example, medium access [13], channel state
transmission, forming virtual and distributed antennaysr estimation [14]), which are outside the scope of this paper.
and as a result, the overall quality of the wireless transiog Our focus is on characterizing the power consumption of
in terms of the reception reliability [2], [6], [7], the comm pAF over direct transmission, subject to given QoS require-
nication range [8], and power consumption [9], [10], can bgents. Our contribution is three-fold: first, we provide a
improved significantly. closed form solution for the minimum total transmission pow
We explore a fundamental aspect of cooperative commupiquired for DAF in a Rayleigh fading channel, subject to
cations (CC):power consumptianSince the participation of given QoS requirements. Second, we analyze the condition
a wireless device in other devices’ transmissions is @litic | ,nder which CC is preferable to direct transmission, and
cooperative communication, it is of fundamental impor@nGharacterize the geometric constraints (which we call the
to understand how much energy each participant is requirgsbperative regiopon the location of the relay (relative to
to consume in order to achieve the full benefit of GQUr those of the source and the destination) that lead to lower
focus is on the energy saving aspect of, @@d as such, we power consumption. Using the concept of the cooperative
want to answer the following fundamental questionbether region, we provide a probabilistic analysis of the expected
CC can save energy, and if so, under what conditions, agflergy saving obtained by CC. This is expressed as a function
how much given a desired quality of the wireless link. Theyf the node distances, the QoS parameters, and the density
Decode-And-Forward (DAF) cooperative protocol considergy the relays, where the potential relays are assumed to be
in this paper is similar to that in [11], [12], where at leaso poisson distributed. Third, with a better understanding6f
relay is always employed. In contrast, we consider an ad&ptiye propose an dynamic cooperation scheme, in which relay
version of DAF, which reverts back to direct transmission €gjection is based on the availability of relays and theityual
of the links.
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Il. SYSTEM MODEL AND POWER CONSUMPTION

We consider a cooperative network as shown in Figure 1:
source node (S), destination node (D), and a relay node (R),
which overhears S’s transmission to D, retransmitsetays
the received signal to D, improving the reception quality of



the (combined) signal at D. We assume that all nodes use BieDAF cooperative transmission
same transmit power. Our scheme employs two transmission et ds.a, ds., andd,.4 be the distances among the source,

slots: In the first time slot, the source broadcasts its data kjay and destination. During the first time slot, the dexton
the rela_ly and the de§t|nat|c_>n. In_ the secon_d time slot, mrereceiveSde _ ha—fé:vs + ny from the source. During the
transmits the signal it received in the previous time sfatheé i s,d o )

second time slot, the destination node receives

SNR exceeds a threshold; otherwise, the source retransmits

s_ignal. Thus an ACK from relgy to source is .assumed. Two %xs g, if |5;,2 2 < f(P)
time slots are used to transmit and relay a given data signal ¢, , = o R (5)
to avoid RF capture effects when simultaneously trangmgitti gz tng s "> f(P)

and receiving in the same frequency band. As a result, the

destination receives two independent copies of the sanie pathere f(P) = (2> —1)/P can be derived analogous to (3).
ets transmitted through different wireless channels. Bie N this protocol, the relay transmits only if the SNR exceads
gain can be achieved by combining the data copies using dhgeshold; otherwise, the source retransmits in the setored

of a variety of combining techniques, e.g., Maximum Ratiglot. We thus implicitly assume a mini-slot at the beginnarig
Combining (MRC) where the received signals are Weightéae second slot during which ACKs are sent error-free from

with respect to their SNR and then summed together. relay to source.
Our channel model incorporates path loss and RayleighAssuming that the relay node can perform perfect decoding
fading. The received signal at nogds modeled as when the received SNR exceeds a threshold, the channel
capacity of this cooperative link can be shown to be
Vi = &;Ti +n; @) L log(1 + 2Play g2 2 < (P
wherez; is the signal transmitted by nodendn; is additve I = { %ﬁi& I P|6|‘:Z-,ii2| 4)—’P|ar,d|2), IZSS:IQ ; ;EP%

white Gaussian noise, with varianeg, at the receiver. The

channel gain %/Qbetween the nodes and j is modelled Note that the same noise variance is assumed at both relay and
as a; = hy;/d;/”, whered;; is the distance between thedestination. Therefore, the outage probability of cootieza

nodes: and j, « is the path-loss exponent. The channgfansmission becomes
fading parametet,; is assumed to be complex Gaussian with .
zero mean and unit variance, and independent and idemticall p¢" = Prllc < R]
distributed (i.i.d.) across time slots and across links. = Prl|a.|* < f(P)]Pr2|asq|* < f(P)]
We derive the total power consumption of the source and +Prla,, 2 > f(P)Pr|asql? + |ard|2 < f(P)] (@)
the relay, required to satisfy given quality of service (oS T ' ’
requirement of the link. The QoS requirement is expressed byBy computing the high SNR limit, we obtain from (7)

a tuple(R, p°**), whereR is the desired data rate in bits/s/Hz 1 ,, 1 ) 1 )
andp°“ is the outage probability defined by the probability ﬁpocu = ?Pr[|as.,r| < f] ?PV[2|as,d| < f]
of channel capacity being smaller than the r&te
T1 T2

A. Direct transmission b 2 1 b ) 9 g

To establish baseline performance, we first consider direct +MF Tosal” +laral” < /1 (®)
transmission. The channel capacity between a sofirand a T3 R
destinationD is

Ip = log(1 + Plasq|?) (2) wheref = f(P), Tl — d,, T2 — dg,/2, T3 — 1,

4 — dg ,de /2. Becausef(P) = (2* —1)/P, we obtain

here P = E,/N, is defined the t issi T s
w erell d_b b/. 0 IS 0€ mg an eR r<’|:1|'1_5|;1|fssd|(_)n pg"”% closed-form expression for the outage probability betwee
normalized by noise power. Since for Rayleigh fadifeg,q| the source and the destination

is exponentially distributed with parametef ;, the outage

. g 1 22R -1 2
probability satisfies . P2t = 5 G +d?‘7d)( = ) 9)
2 —1)d?
%t =PrIp <Rl = 1-ex —M Hence the total normalized power consumption for DAF
Pp p
P cooperation is
ds (2R — 1> 3) 1 92R 2
~ s,d —1

P PDAF = 2PC == 2\/§d?7d(d?,,r + d,'of,d)i( out ) . (10)

for large P. Here R is the desired data rate in bit/s/Hz, ¢

which is defined by the quality of service (QoS) requirement. It is worth noting that for a fair comparison with direct
We then have the normalized transmission power for diregansmission using only one time slot, cooperative trassmi

transmission R sion actually employs twice the date rate2d® during two
Pp=d°, (2 _t1> _ (4) consecutive time slots, so that both schemes have the same
“\ pp effective data rate.



IIl. COOPERATIVEREGION FORDAF

In this section, we establish the conditions under which our
cooperative transmission scheme performs better thawctdire
transmission in terms of the energy efficiency and analyee th
geometric properties of the conditions with respect tooussi

parameters.
Given the locations of the source and the destination, we \\ P
define thecooperative regioras the geometric region of the T
location of the relay within which the ratié = PPLI’;F is smaller Fig. 2. Geometric analysis for path loss= 2

than 1. We will often refer tgg as an efficiency factor, so one

should keep in mind that small values Gfare preferable. The cooperative region is a circle and the foci coincide with
According to (4) and (10), the cooperative region is definggle origin. Withr denoting the distance of the relay from the

by origin, we have using (13)
« [e] R out d?
P \J e+ dy (27 +1)/2p 2, 2 _ 2 2 2 _ o2 %sd_ g2
3= ;AF _ <1 (11) x°+y e, dg,+deg=2r" + 5 K=d; 4 a7
P \ dga Hence, the radius of the cooperative region satisfies
- _ 1 . dz 1 1
Further defining a QOS fac_:td(_ e the bound- .o i T,d — K2, = i=dug §(K2 _ 5) (18)
ary of the cooperative region is defined by

) and the area of the cooperative regionds= 2.
dg, +d;, = Kdg, (12)
C. General path loss exponents
Consider the Cartesian Coordinate sysem shown in Figure 2g. oihar path loss exponents, e

i ds . .
V‘g'th relay at (x, ), source at=5*, 0) and destination at ,nerical analysis to characterize the shape of the cotpera
(=5*, 0). Then (12) yields region. Motivated by the case of = 1 or 2, it is natural to
de g . dy g . assume the cooperative region is a general ellipse which can
[(z + %)2 + 9% + [(x — %)2 +9°]? = K*d2, (13) be determined by minor and major radiusand b. Setting
x =0,y =0bin (13), we can obtain parameteexplicitly as:
Note that the cooperative region is determined by the QoS

5 3 or 4, we can use

factor K, the source-destination distantg;, and the path loss K2\ 1
exponent. In what follows, we analyze the characteristics of b=dsa o T4 (19)
the cooperative region w.r.t. these parameters, startitigtie . . .
special cases of — 1 anda = 2, Sett|_ngy = 0, x = a in (13), we can obtain parameter
implicitly via
A. Path loss exponent = 1 deal® ds.al®
oo e at =t +la- 50 =K, (20)
It is possible to have a path loss exponent smaller than 2 2 '

when there is a waveguide effect, such as in underwater acogfich can be solved numerically. Then the cooperative regio

tic communications or beamforming. Consider an extreme casan be defined, approximately, by the ellipse
« = 1 for which the boundary of the cooperative region is 2 g2

—+t5=1 21
ds,r + dr,d = K2ds,d (14) a? b2 ( )

. o ) ) i Figure 3 illustrates the curves obtained from (21) and sim-
Thus, the cooperative region is an ellipse in canonical forfiztion result. fora — 3 and 4 when the data rat8 — 2

with foci located at the source and destination and can BBs/Hz p°Ut — .01 and the source and destination are located
described through the canonical equation at (10n, 0) and (-1@n, 0), respectively, the two curves are
2 2 seen to overlap exactly. Moreover, we observe the same in the
2t =1 (15)  numerical results for different, R, and p°“, indicating that

the approximation of the cooperative region by an ellipse is

wherea = % and b = 7”(4;1‘1“‘ The area of the very accurate.
cooperative region isA = mwab. From the above analysis as well as the simulation results
in Figure 5 (a), we see that the cooperative region, which is
B. Path loss exponent = 2 a circle fora = 2, gets elongated along the x-axis for< 2
According to (12), we have and along the y-axis forr > 2. Even within the cooperative

region, different relays could have different power ratosl
a2, +d: = K*d, (16) we have the following result on the best relay location.
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Result 1: For o > 1, the best relay location for DAF 9 rea of cooperative region versus QoS factor

cooperation is midway between source and destination.

Proof: The best power efficiency can be achieved when 1158ip seen in the curve verifies the theoretical result in R&su
left hand side of (13) is minimum, and for amycoordinate of and confirms that the elliptical approximation is very aater

the relay locationd,,, andd,4 is minimum aty = 0. Setting In essence, the size of the cooperative region increashs as t

y = 0, we can obtain path loss exponent, targeted data rate or outage prolyatslit
creases. Moreover, a longer transmission distance bettieen
f(z) = |z + s, 1% + |& — @p (22) source and destination also indicates an extended opjyrtun
2 2 for benefiting from the cooperation when the link condition
Obtaining the first order derivativg (z) = a(z + %)afl _ between the source and the destination is poor.
a(%t —x)*~! for %5 <z < %4, we havef'(0) = 0. IV. AVERAGE POWER EFFICIENCY OF DAF

Moreover, it is not difficult to observe that’(z) > 0 for
x > 0, and due to symmetry of(x), we have the similar result
f'(z) < 0 for x < 0. This shows thatf(z) monotonically
decreases for < 0 and monotonically increases far > 0,
and hencef(z) is minimum atz = 0. O

In this section, we further investigate how much transmis-
sion power can be saved by using cooperative transmission
and propose a dynamic cooperation scheme. We assume that
relay candidates are randomly located in space according to

Notice that fora — 1, f(z) in (22) is constant over a I_30|s_son point process with density A sou.rce—destlngtlpn

da de g . M . pair will choose the best relay node to achieve the minimum
—=% <z < %%, The first order derivative of (z) is 0, and . . .

2 2 total transmission power among all available relay cartdila

al pomt_s on the Im_e_segment between source and desmnat\'/(\?here the best relay is the one that results in the best eftigie
can achieve the minimum value.

Result 2: The minimum K (QoS factor) to guarantee thefaCtor provided in (11.)' A network .W'th a higher denS|_ty of
. . L ot relay nodes can provide better choices for relay selection.
existence of the cooperation region V&1, i.e., p°“ <
1/[(2% +1)%2°7°). _ _ A. Average Power Efficiency fer = 2
Proof: From Result 1, the left hand side of (13) gives the When the path loss exponent— 2, the selected relay to

n?(ijnim?nl;vhem_: :.O angd%: 0, thdesrlvie ?_ﬁve tfhe right h"’mdachieve the minimungB will be as close as possible to the
side of (13) satisfyingi*dg, > 2(=57)". Therefore, we can qiqin (0, 0). We letr* be a random variable of the selected

obtain K > v21-c. _ _ U relay distance to the destination amddenote the distance
Thus, DAF is useful when low outage is required. between the closest relay and the destination. The pratyabil

Result 3: The area of the cooperative region depends on t@gstribution function ofr is given by
QoS factork = ((2%+1)/2p°vt)~1, the path loss exponent
a and transmission distaneg 4, and is boundedby

) Prir <r] = 1—Prr* >r]
2\ & 2\ = - . B a2
m l(%) - %1 &< Ala) <m (KT) 2, (23) = 1-PiN, =0 =1-¢ (24)
where N,. is the number of relays within distaneefrom the

Proof: From (19), we obtai < d, d(KTz)é' From (20), we origin. The probability density function (pdf) of the seted

obtaina > d, 4(52)% — %3¢, Note that the lower and upperrelay distance is

bound are given by a circle with radii andb, respectively. flr) = 2)\7rre"\”2, >0 (25)
The area of the cooperative region given by the ellipse with _

radii « andb is bounded byra? < A(a) < mb>. 0 According to (11) and (17), the expected value of the power

Figure 4 shows the area of the cooperative region, obtairgciency is
via numerical evaluation of (12) vé&(*/. The linear relation-
E[f]=E [

«
d?,r dr,d

— 26
dg K2 K 4+d§7d (26)

1The lower bound is only valid whety > 2.

_Elﬁ 1,
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Fig. 5. Simulation results

where the pdf of the random variabtés given by (25); hence  2) Geometric Upper Bound:

A E[(%5* +7)° +

ﬁe P 3 /\ﬂ'dg_ _ \/ 2

E] = —r{5.—]. @ Eu 4] K
K\ /Ard? , sk

(% = 1)°]

(31)

where E( 2d 4 o)) = 2)\7rf0 ”‘ + r) re=>dr and
where I(a,z) = [ e 't*~1dt is the incomplete gamma (L. 2d ) — 2 (% — ) Tefxm« dr.

function. Details are provided in Appendix A. Notice that
the parametep := w\d?,/4 has a nice interpretation as theC. Dynamic Cooperation scheme

expected number of relays in a circle with diamedgy, the We propose a dynamic cooperation scheme where coopera-

source-destination distance. tive transmission is only used if a relay is available witttie
Result 4: The average power efficiency of DAF cooperatiogooperative region, otherwise, direct transmission ispéeth
relative to direct transmission far = 2 is We compare its performance with unconditional cooperation

where cooperative transmission is always adopted regardle
,/ (1/ + 1> (28) of the location of the relay. Let. := d&d,/ (K2 — —) We
\/_K \/_K can derive an expression for the mean power efficiency for the

where) is the density of the relay nodes aiig, is the source- dynamic cooperation scheme
destination distance. Details are provided in Appendix tB. | E[8] = E[B]PIN,, > 0]+ 1- PN, = 0] (32)
is worth noting that targeting a smaller outage probability ‘ e ‘ s
or a longer distance can lead to better power efﬁmendf/om (24) we have RN, = 0] =e ™" =e~°, whered :=
which means that cooperative transmission can better combar>. The expression foE[3] is given in Appendix C. Note
a harsher network environment. that the scheme requires knowledge of the relay locations.

V. SIMULATION RESULTS

B. General Path Loss Exponent In this section, we provide simulation results to further

The average power efficiency for the general case is  illustrate the performance of cooperative transmission.
Figure 5 (a) shows the cooperative regions for different pat
\/m loss exponents. We assume the data Fate 2 bps/Hz,p°" =
E[8] =E - (29) 0.01 and the source and destination are located atn(10)
az K and (-10n, 0), respectively. The darker (blue) the colour is, the
' better the power efficiency (lower values@fcan be achieved.
1) Geometric Lower Bound? It is also clear that as the path loss exponent increases, the

cooperative region becomes smaller.

V2 Mj?,d 4 Arnd? Figure 5 (b) shows the performance of the dynamic coop-
EL[Bl= = © at , 8,d (30) eration scheme. The dynamic cooperation scheme can always
d;dK()wr)% 4 4 guarantee better performance even when the node density is

low. Moreover, theoretical results are seen to be very close

2Due to space limitations, we do not include the proof whicty e found to the S'_m_UIat'on results. Figure 5 (C) ShOWS_ the average
at http://www.commsp.ee.ic.ac.uk/~zs206/images/proidtom. pdf power efficiency for other path loss exponents; it tells that



theoretical bounds in (30) and (31) well define the behavior @. Upper bound:

5 for general path loss cases and furthermore we can observe
that a larger path loss exponent can lead to better power
efficiency.

o]
1
2

(p+s)2e 5ds < / (p? +s2)e"*ds = p? +F(g)
0

2. Lower bound:

VI. CONCLUSIONS
We have investigated some fundamental characteristics of

3
5) =

VT

g>/ tre~tdt = I(
0 2

cooperative transmission. We defined the notion of a COOPE(fing the two bounds in (27) leads to (28).

tive region and analyzed the average power efficiency of DAF
cooperative transmission. The cooperative region is apsell
when the path loss exponents unity, a circle fora = 2, and

APPENDIXC

Using (18), the expected power efficiency when the relay is

can be well approximated by an ellipse for> 2. The major available within the cooperative region can be derived lgimi
radius can be obtained in closed-form, and the minor radits (27) as

as the root of a non-linear equation. As may be expected, the
best relay location forv > 1 is midway between source and
destination. We showed that cooperation can lead to energy
savings only if the QoS parameter is larger than a threshold
which depends upon. Opportunities for cooperation increase
in harsher environments: as the source-destination distan

ds 4, the data rate or the path loss exponent increase, or as the

. 22\ [T
e - |
1 ertd 3 1 e’ 3

(33)

desired outage probability decreases. We establisheddsouherer. is defined in Section IV-Cp = mAd?,/4 was defined
on the average power efficiency due to cooperation in termaarlier, ands := TArs.

of the QoS parameter and, ;. Moreover, we will consider
more realistic channel models, e.g., shadowing, in ourréutu

work to further explore the characteristic of CC. (1]

APPENDIXA 2]

According to (25), we have

(3]
(4]

2

Lety = % + -, then Z=dr = dy, rdr = “*dy and [
s,d s,d
r? =d2 ,(y — 1), so that

6
Amdlg [0 2 °

no= )ﬂrdi J€ 7 / yie*)\ﬂds,dydy

' 1

1 (7]

Further let~ /\wdg_’d, and vy = t; then recalling the
definition of the incomplete upper gamma function

I'(u, x) :z/ et tat

whereu > 0, we have

(8]

El

[10]
) emi?,d - §7 )\de,d .
\/ng,d 2 4
which establishes (27). (12]
APPENDIXB

Let p := wAd?,/4. From the definition of the incomplete[13]

gamma function, we have

3 o0
g:=eT (—,p) :/ tzertdt
2 P

[14]
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