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Abstract— The performance of user-cooperation in a multi- processing relative to that for transmission. By accountin
access network is compared to that of using a wireless relasing  for both the transmit and processing power (energy) costs,

the total transmit and processing power consumed at all node we identify the processing factor regimes where the two
as a cost metric, the outage probabilities achieved by dynaim . -

decode-and-forward (DDF) and amplify-and-forward (AF) are cooperaﬂvg approaches are energy efficient. .
compared for the two networks. A high SNR outage analysis in  VWe consider single-antenna half-duplex nodes and constrai

conjunction with area-averaged numerical simulations is sed to the source nodes in both networks to time-duplex their trans

show that user and relay cooperation can achieve a maximum mjssions. Thus, in the relay network, each source cooogerat

diversity of K and 2 respectively for a K-user multiaccess i the relay over two-hops. For the user cooperative net-

network under both DDF and AF. However, by accounting for . .

the energy costs of cooperation it is shown that relay coopation work, for. K > 2 we consider both two-hop and multi-hop

is more energy efficient than user cooperation, i.e., it aceives COoperative schemes. We compare the outage performance of

coding (SNR) gains that override the diversity advantage of the the two networks as a function of the total transmit SNR fer th

latter. cooperative strategies ofynamicdecode-and-forward (DDF)

[2] and amplify-and-forward (AF). We present upper and Iowe

i ) bounds on the outage probability of DDF and AF for both
Cooperation resglts when nodes in a network share thﬁgtworks and compare their outage performance \iading

power _an_d bandwidth resources to mL_JtuaIIy enhgnce th NR) gain3]. For single-antenna nodes, the maximum DDF

transmissions and receptions. Cooperation can be induce hd AF diversity for two-hop relaying i8 [2]. For the two-

several ways. We compare two approaches to inducing COOREL, | ser cooperative network, we show that, if relay sedecti
ation in a multiaccess channel (MAC) comprisediofources is allowed, AF achieves a maximum diversity f Further,

and one destination. First, we allow .source nodes_ to forw. chpt for aclusteredgeometry where the maximum diversity
data for each other and second, we introduce a wireless re roachesds, DDF also achieves a maximum diversity f

node when cooperation between the sources nodes is ei ?rChap. 4]. On the other hand, when users cooperate using

undesirable or not possible. We refer to networks employi K-hop scheme, both DDF [2] and AF [3], [4] achieve a

the former approach asser cooperative networkand those maximum diversit’y of i '

err_1rphloy|ng th? latter ase:ja}% networksb . The coding gains achieved are in general a function of
d erle are lmpolitantt_] ffferences between uselr CO‘;perat{H% transmission parameters and network geometry. In an

gr]: relay nEtwor s that arfe not Ie;\asy to ar|1a yz€ oM Qo rt to generalize such results, we presentega-averaged

n ormauonl;t eoreFE pl)omt Od VIEW. For €xampie, In CO(T; numerical comparison. Specifically, we consider a secta of

tive netwpr S One likely neeas econ.0m|c |r_10ent|ves ol . U&ircular area with the destination at the center, a fixedyrela

cooperation. On the other hand, hierarchical networksrlncblOsition and the users randomly distributed in the setier

infrastructure costs (see [1]). While incentives and istfinac- remark that this geometry encompasses a variety of cerecall

ture costs are important elements that need to be consid ork architectures ranging from wireless LAN and celtul
in comparing the two networks, we use the total transmit apdl sensor networks. Our analytical and numerical results

proces&pg ;tjower _copsum_ed fOL boih cioperatlvet andrr.n Smonstrate the effect of processing power in cooperation
COOperative transmissions in each network as a cost el L,y 56 symmarized by the following observations: i) user

our c;)mpa_lrlsor;s.hTo this er_ld,_we model tgehproces?ng_povE%rOperation can achieve higher diversity gains than relay
asa I””C“OU oft s_:trag's\lrlglssk(/)vn ratle, an gnce, the t_"ansg?)operation but at the expense of increased complexity and
signal-to-noise ratio ( X ). We also_Introdugeocessing relay cooperation achieves larger coding gains when we
scale factorsto characterize the ratio of the energy costs of..,nt for the energy costs of cooperation thus drambtical

This work is supported in part by the NSF under grants ITRSZ82 and d'm'mSh'_ng the effect of the diversity gains achieved bgrus
CCR-0429724. cooperation.
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This paper is organized as follows. In Section II, we presefif = Pr (M, = L) = 1 — Pr(M, = T). The time-duplexed
the network and channel models and develop a power-based-hop scheme for the MARC is illustrated in Fig. 1 for user
cost metric. In Section Ill, we present the outage approximawhereC, = {r} denotes the set of nodes that cooperate with
tions for the DDF and AF strategies for both networks. loser2. We remark that the time-duplex multiaccess (TDMA)
Section 1V, we present the numerical results. We concludeimodel considered here simplifies the analysis for the MARC to
Section V. that for single-source relay channel and henceforth we tefe
this model as a TD-MARC. Note that Fig. 1 also includes the
slotting schemes for a MAC and a MAC with time-duplexed
A. Network Model sources (TD_MAC)

Our networks consist o’ users (source nodes) humbered _

1,2,..., K and a destination nodé For the relay network C. Cooperative Network

there is one additional node, the relay nodérhe input and ~ We model the cooperative network as a Gaussian MAC-

output alphabets of node are X}, and )., respectively. We GF [7]. In general, there is a combinatorial explosion in the

impose ahalf-duplexconstraint on every node, i.e., each nodeumber of ways one can duplgX sources over their half-

can be in one of two modeksten (L) or transmit(T) (LoT). duplex states. We present two schemes that allow each user

We write € = {1,2,..., K} for the set of users and for theto be aided by an arbitrary number of users, upAo In

relay network, we writ’ = U{r} for the set of transmitters. both schemes the users time-duplex their transmissioes; th
Let X, € X be the input of nodé: at timei, ¢« = 1, two schemes differ in the manner the peribds further sub-

II. CHANNEL AND NETWORK MODELS

2, ...,n. We model the wireless multiaccess networks unddivided between the transmitting and the cooperating users
study as additive Gaussian noise channels with fading. FoWe first consider &wo-hop schemsuch that the period over
such channels, the output of nodeat timei is which userk, for all k, transmits is sub-divided into two slots.
In the first slot only usek transmits while in the second slot
> hmkiXni | + Zmi My =L both userk and the set;, C KC\{k} of users that cooperate
Yini = kEm ' ’ (1)  with userk transmit. This is shown in Fig. 1 for usérand
My, =T Co = {3, 4}. We remark that this scheme has the same number

; are independent, proper, complex, zero—meaﬂf hops as the TD'MARC except now usecan be aided by
more than one user i€;. We write §,, and1 — 6, to denote
the time fractions associated with the first and second slots
userk such thatd, = Pr(M; =L) =1—-Pr(M; =T) for
all j € Cg.
We also consider amulti-hop scheme where the total
transmission time for sourck is divided into L;, slots,1 <
M < K, whereL;, = |C|+ 1. Specifically, in each time-slot,
except the first slot where only usetransmits, one additional
user cooperates in the transmission untiliallusers transmit
E|Xnil> <nP, keT. ) in slot L. We denote thé'" time fraction for usefk as6j,,
1 1=1,2,...,L (see Fig. 1 for use2 with C5 = {3,4}). We
We assume that the moddg, ; for all &, are shared, as refer to this model as a MAC-GF with time—duplexed sources
needed, between all nodes with negligible overhead. Finaer simply a TD-MAC-GF.
we use the usual notation for entropy and mutual information Remark 1:For AF we assume equal length slots and con-
[5], [6] and take all logarithms to the base 2 so that oufider symbol-based two-hop and multi-hop schemes.
rate units are bits. We write random variables (1g.) with
uppercase letters and their realizations (eug) with the
corresponding lowercase letters. Finally, throughoustiguel ~ We use the total power consumed by all the nodes as a

where theZ,,,
unit variance Gaussian noise random variables, ; is the
half-duplex mode at node:, and h,, . ; is the fading gain
between transmittek and receivern at timei. Note that for
both networks as well as the (non-cooperative) MAG,; =

0, i.e., My, = L, for all 5. Further, for the relay network and
the MAC, we also havé}, ; =0, i.e., M, =T, for all  and
for all k£ € K. We assume that the transmitted signals in bo
networks are constrained in power as

n

K2

D. Cost Metric: Total Power

we use the words user and source interchangeab|y_ cost metric for Comparisons. Observe that in addition to its
transmit power a node also consumes power in processing,
B. Relay Network i.e., in encoding and decoding its transmissions and rearent

We model the relay network as a Gaussian multiaccesspectively. Further, in addition to its own transmissand
relay channel (MARC) withK + 1 inputs X;;, k € 7, processing costs, a node that relays consumes additional
and two outputs,; and Yy, given by (1). We consider a power in encoding and decoding packets for other nodes. We
time-duplexed model where each source transmits over thecount for this by introducing processing costs for (devic
channel for a period” = 1/K of the total time (see Fig. 1). and protocol) overhead, encoding, and decoding as a fumctio
Further, the transmission period of souigefor all k, is sub- of the transmission and reception rates [4, Chap. 3]. Far e.g
divided into two slots such that the relay listens in firsttsla relay node that uses DDF consumes power for overhead,
and transmits in the second slot. We denote the time frasticencoding, and decoding costs while a relay using AF only has
for the two slots a®,, and#, = 1 — 6, for userk such that overhead costs. We model these costs by defining encoding
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Fig. 1. Time-duplexed transmission schemes for the MARE,MAC-GF, and the MAC.

and decoding factorg, and d;, respectively, and write the k incurs in cooperating with all other source nodes. Note that
power required to process the transmissions of nodenode at high SNR, i.e., highP; for all &, the dominating term in
k as (5) is P, since P is usually a constant anil; can at most
proc  pproc ene 1 - dec (1Y . _ increase logarithmically inP;, for all k,5 € K. The total

Pey =B T (nklk (7) + 0k (J)) F(8j), power consumed by all transmitting nodes in each network is

forall ke T,j ek (3) given as
whereP,gz.oc is the power required by usérto cooperate with > Piiot MAC-GF or MAC
userj, Ig"¢ (j) and I (j) are indicator functions that are P = { FEL (6)

S Pisot MARC.

set tol if user k encodes and decodes, respectively, for user e

- proc - . :
7y _Pk_’0 is the minimum processing power at usielvvmch E. Fading Models
is in general device and protocol dependent, g(&;) is a ) )
function of the transmission rafe; at user;j. The scale factors ~We model the fading gains as

n, andd, quantify the energy in Joules required at uBeo P A ki @)
encode and decode a bit, respectively. Note that for the rela myk,i = T
node, we haveP?;°° = PP(° which accounts for the costs of \V mok

simply operating the relay. The processing cost funcficin where d,, , is the distance between the'" receiver and
general depends on the encoding and decoding schemes ysgd.th soyrce ~ is the path-loss exponent, and,, .
as well as the device functionality. For simplicity, we cBeo 4o jointly i.i.d. zero-mean, unit variance proper, Cérﬁple

fas Gaussian random variables. We assume that the fading gain
f(Ry) = Ry, forall k. (4) B x.i is known only at receivem. We assume that the fading

Finally, we assume that the destination in typical multessc 9ains are independent of the transmitted signels for all
networks such as cellular or many-to-one sensor networks a€ 7 - Finally, without loss of generality, we assume that no
access to an unlimited energy source and ignore its pragpsdWo nodes are co-located.
costs.

We write the total power consumed at noklek € 7, as

Ill. GEOMETRY-INCLUSIVE OUTAGE ANALYSIS
We compare the outage performance of the two coopera-

Po+ PP+ Y ()P kek tive networks via a limiting analysis in SNR of the outage
Petot =1 p LY (.)3;’,?;{,?'“ R probabilities achieved by DDF and AF. Limiting analysis of
b jex R B the outage probability enables the characterization of two

(5) key parameters, namely, the diversity order and the coding
where I;(j) is an indicator function that takes the valugains, which correspond to the slope and the SNR intercept
1 if node k£ cooperates with nodg. The first P}"°° term respectively of the log-outage vs. SNR in dB curve [3]. In
corresponds to the power used to process its own messi®]e Laneman develops bounds on the DF and AF outage
while the second summation term accounts for the power ngo®babilities for a relay channel where the source and tlag re



transmit on orthogonal channels. In [2], the authors iniced where the approximatiorfi(xz) ~ g(x) is meant in the sense

the DDF strategy and show that DDF achieves the diversityf lim,_.., f/g = 1. Thus, from (11) and (13) we see that for

multiplexing tradeoff performance [8] of an equivalent MIM a fixed rate transmission, the maximum diversity achieved by

channel in the regime of small multiplexing gains for botlotw DDF is 2, as predicted by the diversity-multiplexing tradeoff

hop and multi-hop relay channels. However such an analysisalysis for DDF in [2, Theorem 4]. The factdt, upper

does not characterize the coding gains thus neglecting theunds thecoding gainsby which Po(k) differs from the

effect of geometry on the outage performance of distributédiMO lower bounds.

cooperative networks. 2) Time-Duplexed MAC-GF — Two-Hop Schen@ne can
To quantify the diversity and coding gains achieved bgxtend the analysis for the two-hop single relay TD-MARC to

both user and relay cooperative networks, in [4, Chap. 4], wiee two-hop TD-MAC-GF where more than one cooperating

develop geometry-inclusive upper and lower bounds on thser inC; can relay the signals of usér We thus have

DDF and AF outage probability for both two-hop and multi-

hop cooperative schemes. We present a brief summary of the Ry,

0r = min | 1, max — (14)
results below. JECk | 1og (1 4 Ihj,k|2Pk)
A. Dynamic-Decode-and-Forward N )
) ) ) . and the outage probability for uséris
1) MARC with Time-Duplexed Sourced®Ve consider in-
dependent Gaussian signaling at the sources and relay with PO(’@ =Pr(I5(k) < Ry) (15)
transmit varianceP, = KP, and P, = P./0; at the . _
sources and relay respectively. The outage probabilityger Wherel; (k) is
k transmitting at a fixed rat®y, is —
g : 15(k) = O log (1 -+ [has Py) + (16)
P =Pr (I (k) < Ry) ®) _
_ _ P,
where I (k), the mutual information achieved by userand Oclog [ 1+ |hasl*Pr+ > |hayl? 5—7 17)
the relay at the destination, is JECy k
15 (k) = O log (1 + |hal? pk) I The diversity-multiplexing tradeoff for this two-hop mialt

relay scheme is not yet known. However, from (14) and (16),
0 log (1 + |hd,k|2 Py + |hd_rr|2?7¢) (9) we see that irrespective of node geometry for a fixgd one
can choosé’;, and henceP), sufficiently large such thak; is
and the relay remains in the listen mode until successfhjég"gime_ Thus, we can asymptotically approach the aatag
decoding such that probability Pz, 1 of a L, x 1 MIMO channel for a fixed rate.
In [4, Chap. 4], we show that

. R
0 =min | 1, i P (10) Ry, Le |, \Lip—1
1Og (1 + |hr,k| Pk) (2 O% — 1) (Gk) d'y
. L < plk) < “d,j
In [4, Chap. 4], we develop the mixed distributionfqf, p(6s), PoLixa < P < (Ls)) (ﬁk)Lk 44 A
and show that it can be simplified in the high SNR regime by IEOn
a two-sample discrete distribution &t and1 wheref; is the 27k —1)%dy (Zjeck d;k)
half-duplex fraction at which () is maximized. We use this + 57 (18)
simplification to boundP'® as k
(27 — 1)2d) ) !\{khere)\j = P;/Py for all j € Sk, 0; = argmaxg, p(6y),
Pyox1 < PP < K, —Lkdr (11) 9, =1-6;, and
2P,
oRx _ 1 Ly, d .
where Pyrx1~ er-y - 1T 2. (19)

(Li!) (ﬁk)Lk jesy, Aj

Note that forL; = 2, our analysis simplifies to the outage
. . . analysis for the TD-MARC. Consider the case bf > 2
and I, 51 is the outa%? probaplhty of a . 1 dlstnbgted where the two-hop cooperative network can potentially ahi
MIMO channel whose™ transmit antenna is at dIStanCqarger diversity gains than the time-duplexed relay nekwor

dq;, © = k,r, from the destination. For the assumption th%omparing the two terms on the right-hand side in (18), we
the nodes are not co-located, one can use the hypoexpdnegg% that the first term dominates only when
distribution [9, p. 11] to writeP, 2x1 as [4, Appendix C]

2R -1 QdV d/V Ck
( )_2 d,k"d,r (13) Z d;y,k < = Lp-2 (20)
2Pk 7€l (Pk)

oR/1-67) _ 12P,  2d
T L T 2 T
RFE—12P/(1—6y) @ 4,

Pyoxi ~



whereC, is obtained by substituting (20) in (18) and equatingzhere we write the received signél at the destination and
the two terms in the summation. Thus, to achieve the matke scale factor; at the cooperating nodg for all j, as

imum diversity Ly, we need to choosé’, for all k& large 9
enough that the finite distancek; for all j € C; satisfy 90— 1 P Ci
(20). Alternately, for a fixedP;, for all k, we require usek S = |hai|” P <1 + c_s) ) Z éhd,jhj-,k (23)

and its cooperating users @), to be clustered close enough . JECk
to satisfy (20). Thus, the maximum DDF diversity for a two- c.|2 B 2P; 214 Z e;h .|2
hop cooperative network does not exceed that of a TD-MARCS| = hiel?Pr+1" " jec, ANl
except when usek and its cooperating users ackustered "

i.e., the inter-node distances satisfy (20). We demoresthis A lower bound onP,,; is obtained by observing that all the
distance-dependent behavior in Section IV. cooperating nodes forward a noisy signal from ukdo the

. ) destination over two symbols. We thus lower bouRgd; by
ml?t{alt-iroDn-l\cfr?CCk-Slch m:itﬂ:gr?ks(f)hggﬁ?ig t(r';nbsem?sggésthe outage probability of d;, x 1 MIMO channel where all
in the fractiond;,;, for all [ = 2,3, ..., L. We further define but one of the antennas transmit the same signal as
7, (1) = k. Unlike the two-hop case where the choice of 2
0 is dictated by the node with the worst receive SNR, wp, , > Pr | log [ 1+ |hd,k|2ﬁk + Py Z ha < Ry
now choose the fractiofi,;, for l = 1,2,..., Ly — 1, small
enough to ensure that at least one cooperating node, denoted
as m (I + 1), decodes the message from ugerNote that )

O, = 1— 1% " 0).,.In general, computing the probability (2% —1)"dy
distribution of p(6),;) is not straightforward. In [4, Chap. 4] ~ 9P (Z- 1/d) )
we show that it suffices to consider specific valuep @, ;) k JECk d.j
to obtain upper and lower bounds " as Thus, we see that the maximum diversity is bounded2by
Further, since AF achieves a maximum diversity 20fvith

(24)

JECK

(25)

(26)

R Ly Li—1 one cooperating node or relay [3], allowing selection of the
(29k,Lk — 1) (GZ,Lk) ., best cooperating node, we can upper bouygd; by the AF
P, . <P® < ] % outage probability of a relay channel wit8i;| = 1. The high
et = e = L)) (F )L’C , Aj;  SNR AF bound for an orthogonal relay channel are developed
(L k jECK ) ; :
R . , , in [3] and we apply it to obtain
Mt (Mcc. ) s (21) (227 —1)% ] (a7, +a3,)
— . k— max; L+ .
Pi/k Py < d,k J€Ck \ Y5k d,j (27)

2P,
Thus, we see that the maximum diversity achievable by a two-
hop AF scheme in the high SNR regime is at mdsind is
independent of the number of cooperating user§xin
B. Amplify-and-Forward 2) Multi-hop Cooperative NetworkWe consider anly-
hop cooperative AF protocol where only uskrand user
A cooperating node or a relay can amplify its received signa). (1), 1 = 1,2,..., Ly, transmit in thel?” fraction, i.e., user
and forward it to the destination; the resulting AF strategy, (1) forwards in the fractiord;; a scaled version of the
is appropriate for nodes with limited processing capaesit signal it receives from usek in the first fraction. Note that
We present the outage bounds for the two-hop andthe 7, (1) =k and#j; = 1/L for all I. The destination decodes
hop cooperative networks. We remark that fof = 2 and after collecting the received signals from dll, fractions.
Cr = {r}, the two-hop analysis specializes to that for a timeshoosingX;, for all /, as independent Gaussian signals, and
duplexed MARC. We considef, = 1/2 and6x; = 1/Lx, denoting the channel gains matrix at the destination dyer

Thus, we see that DDF achieves a maximum diversity. pf
for a Li-hop cooperative network.

I = 1,2,...,Ly, for the two-hop andL-hop schemes, time fractions asf, we write
respectively. 1
1) Two-hop User- and Relay-Cooperative Networ&snce Pout = Pr (L_k log|I + PHH'| < Rk) (28)

the transmitters lack CSl, the mutual information is maxziedi

by choosing the signalX}, ; and X}, » transmitted by usek where H' is the conjugate transpose &f. We lower bound
in the first and second fractions, respectively, as independ P,,,; with the outage probability of &; x 1 MIMO channel

Gaussian signals [10]. Over two-hops aid, — 1) cooperat- with i.i.d. Gaussian signaling at thk;, transmit antennas to
ing nodes one can simpliff,,; as (see also [11]) obtain

L L
(% =) L2 d )

—L
(Lx!) Py"

Pou = Pr (% log (1+5) < Rk) (22) Pout 2 Po,Lix1 ~ (29)
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Fig. 2. Sector of a circle with the destination at the origiml & 00 randomly chosen locations for a three-user MAC.

On the other hand, one can upper boutgd; by the outage normalizingP; by the unit variance noise. We also plBs,;
probability of an orthogonal AF protocol where ugeand its as a function ofP,,; in dB whereP,,; is given by (5) and (6).
cooperating users transmit on orthogonal channels, irdy, oFor user cooperation, we plot the outage for both the two-hop
usermy, (1) transmits in the fractio, ;, as developed in [3]. and three-hop schemes.
Thus, we have .
A. Outage Probability: DDF
(2LkRk - 1)Lk dZ,k HjGCk (dlj + d;‘,k) We compare the outage probability of a three user MAC
—" iy - B0 Figs. 3 and 4. The figures clearly validates our analytical
Li\Py, i
results that the two hop cooperative scheme on average does
Comparing (29) and (30), we see that thg-hop AF scheme not achieve the maximum diversity gains 2f On the other
can achieve a maximum diversity df;, in the high SNR hand, the slope aP,,, for the three-hop scheme approacBes
regime at the expense of userepeating the signdl times. but does not achieve coding gains relative to the relay mitwo
in the SNR regime shown. This SNR gain of the relay network
relative to the user cooperative network is not diminisheshe
We consider a planar geometry with the users distributéite energy costs of cooperation are accounted for in sub-plo
randomly in a sector of a circle of unit radius and ang8. 2 and Fig. 4 by plottingP,,;, as a function ofP,,. This
We place the destination at the center of the circle and plagiference in SNR gains between user and relay cooperation i
the relay at(0.5,0) as shown in Fig. 2. Thek users are due to the fact that user cooperation increases spatiaisitive
distributed randomly over the sector excluding a dead zoae the expense of requiring users to share their power for
around the destination of radis3. We compute the outage cooperative transmissions. Observe that with increagirige
probabilities for the TD-MARC, TD-MAC-GF, and TD-MAC outage curves are translated to the right. In fact, for a fiRgd
networks assuming a random distribution of users and agerafje processing costs increase with increasipgnd thus, we
the results over 100 random placements. Finally, we alegpect the SNR gains from cooperation to diminish relative t
averager,,,; over all time-duplexed users. TD-MAC, particularly in the SNR regimes of interest. This is
We consider a three-user MAC. We assume that all thrdemonstrated in Fig. 4.
users have the same transmit power constraint, Pe+~ P, -
for all k. For the relay we choos® = f, - P, where B- Outage Probability: AF
fr € {0.5,1}. We set the path loss exponemnt= 4 and In Figs. 5 and 6 we plot the two user AF outage probability
the processing factorg, = J, = n for all k. We compare for all three networks. As predicted, we see that both relay
P,,; as a function ofP,,; for n = 0.01, 0.5, and 1 thereby and user cooperation achieve a maximum diversity2 gér
modeling three different regimes of processing to transnifte two-hop scheme. The three-hop user cooperative scheme
power ratios. We consider a symmetric transmission rageg, i.achieves a maximum diversity approachifg However, it
all users transmit ai? = 0.25 bits/channel use. We first plotachieves coding gains relative to the relay network only as
P,,: as a function of the transmit SNR; in dB obtained by the SNR increases. These gains are a result of the model

Pout <

IV. I LLUSTRATION OF RESULTS
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Fig. 4. Three user DDF outage probabilif§s,: vs. total transmit SNRP;,; in dB for n = 0.5 (sub-plot 1) andy = 1 (sub-plot 2).

chosen for the processing power (only model costs of engodicase of multiple cooperating users. We presented geometry-
and decoding) and the choice 8f 7 = 0 for all k for the inclusive upper and lower bounds on the outage probability
purposes of illustration. In generdi’,fro"C > 0 since it models of DDF and AF to facilitate comparisons of diversity and
protocol and device overhead |nclud|ng front-end procegsicoding gains achieved by the two cooperative approaches. We
and amplification costs, and thus, the total processing povahowed that the relay network achieves a maximum diversity
will scale proportionate to the number of users that a nodé 2 for both DDF and AF. We also showed that a two-
relays for. hop K-user cooperative network achievedsafold diversity
gain with DDF only when the cooperating users are physical
V. CONCLUDING REMARKS proximal and achieves a maximum diversity Dfwith AF.

We compared the outage performance of user and ref@yp the other hand, d-hop scheme achieves a maximum
cooperation in a multiaccess network using the total transrdiversity of K for both DDF and AF. Using area-averaged
and processing power as a cost metric for the comparison. Wénerical results that account for the costs of cooperatien
developed a model for processing power costs as a functiordgimonstrated that the relay network achieves SNR gains that
the transmitted rate, and hence, transmitted power. Waaongither diminish or completely eliminate the diversity adtzge
ered a time-duplexed transmission model for both cooperatiof the user cooperative network. Besides a fixed relay positi
networks and the MAC and developed a two-hop scheme fbuis difference is due to the fact that user cooperationlt®su
both the relay and user cooperative network. We also predenin a tradeoff between diversity and SNR gains as a result of
a multi-hop scheme for the user cooperative network for tis@aring limited power resources between the users.



Sub-plot 1

Sub-plot 2

10° 10°
K =3 K=3
Rate R = .25 proc. factor n = 0.01
Rate R = .25
4 10'1 L 4
3 E
o o 2
2 7 oz W0 E
3 3
] ]
Q Qo
<) <]
o o 4
g 1 8 w0’ :
& &
=] =]
o ——=—— Coop. 2-hop o ——=—— Coop. 2-hop
. Coop. 3-hop . Coop. 3-hop \
10 '+ Relay P, = 0.5P, E 10 '+ Relay P, = 0.5P; \ E
—— —Relay P =P, —— —Relay P, =P,
—+— TD-MAC N —+— TD-MAC \
| | | . N N . I\
-10 -5 0 5 10 15 -10 -5 0 5 10 15
Transmit SNR P, (dB) Total (transmit+proc.) SNR P, (dB)
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vs. Piot for n = 0.5 (sub-plot 1) andy = 1 (sub-plot 2).

In conclusion, we see that user cooperative schemes gm L. Sankar, “Relay cooperation in multiaccess netwdrig).D. disser-
desirable only if the processing costs associated witheaaig
the maximum diversity gains are not prohibitive, i.e., ire th [5]

regime where they achieve positive coding gains relatitbeéo

relay and non-cooperative networks. The simple processir§

cost model presented here captures the effect of transnﬂﬁ F. M. J. Willems, “Informationtheoretical Results fohe Discrete

rate on processing power. One can also tailor this model

to explicitly include delay, complexity, and device-sgdci
processing costs. Finally, one can also compare the energyr

efficiency and diversity of a variety of cooperative schemes

(1]

(2]

(3]
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