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Abstract

The performance of user-cooperation in a multi-access or&tis compared to that of using a
wireless relay. Using the total transmit and processinggsg@ensumed at all nodes as a cost metric, the
outage probabilities achieved by dynamic decode-anddmiyDDF) and amplify-and-forward (AF) are
compared for the two networks. A geometry-inclusive higinai-to-noise ratio (SNR) outage analysis
in conjunction with area-averaged numerical simulatidmaas that user and relay cooperation achieve
a maximum diversity ofK’ and 2 respectively for ai-user multiaccess network under both DDF and
AF. However, when accounting for energy costs of procesaimdj communication, relay cooperation
can be more energy efficient than user cooperation, i.ey @operation achieve®ding (SNR) gaing

particularly in the low SNR regime, that override the divigradvantage of user cooperaton.

. INTRODUCTION

Cooperation results when nodes in a network share their pangrbandwidth resources to
mutually enhance their transmissions and receptions. Catipe can be induced in several ways.

We compare two approaches to inducing cooperation in a acckiss channel (MAC) comprised

The work of L. Sankar and N. B. Mandayam was supported in part &\gttional Science Foundation under Grant N&-
0205362 The work of G. Kramer was partially supported by the Board of Trssigfethe University of lllinois Subaward
No. 04-217 under NSF Grant N@CR-0325673and by the Army Research Office under the ARO grant W911NF-0&8[2.
The material in this correspondence was presented in part at the lE&Bdtional Symposium on Information Theory, Adelaide,
Australia, Sep. 2005; and at thig*" Annual Allerton Conference on Communications, Control, and Computanticello,

IL, Sep. 2007. L. Sankar is with Princeton University. G. Kramer is witdl BRabs, Alcatel-Lucent. N. B. Mandayam is with
the WINLAB, Rutgers University.

August 29, 2008 DRAFT



of K sources and one destination. First, we allow source nodésw@rd data for each other
and second, we introduce a wireless relay node when coopetatween the sources nodes is
either undesirable or not possible. We refer to networksleyimy the former approach asser
cooperative (UC) networkand those employing the latter eday cooperative (RC) networks

There are important differences between user cooperatseeday networks that are not easy
to analyze from an information-theoretic point of view. example, in cooperative networks one
likely needs economic incentives to induce cooperationtl@nother hand, relay networks incur
infrastructure costs (see [1]). While incentives and inftagure costs are important issues, we
use the total transmit and processing power consumed fordmuperative and non-cooperative
transmissions in each network as a cost metric for our cosgas. To this end, we model
the processing power as a function of the transmission eatd,thereby the transmit signal-
to-noise ratio (SNR). We also introdugeocessing scale factor® characterize the ratio of
the energy costs of processing relative to that for transons While the processing (energy
and chip density) costs involved in encoding and decodiegcamplex functions of the specific
communication and computing technologies used, the pdresa#n we introduce through scale
factors allows us to study the impact of such processingscost

We motivate our analysis with examples of wireless devieegisg three different applications
[2, p. 141]. Consider a Motorola RAZR GSM mobile phone with a mmaxm transmit power
constraint of 1 (2) W in the 900 (1900) MHz band. With a 3.7 Vteat rated at 740 mAh this
device has a capacity of almost 10 kJ of energy resulting iavemage talk time of 4 hours. On
the other hand, an Atheros whitepaper [3] found that typ8€8.11 wireless local area network
(WLAN) interfaces consume 2 to 8 W for active communicatioRarthermore, the transmit
power for this device in the range of 20 to 100 mW is only a srfralttion of the processing
costs. Finally, consider low-power sensor devices sucha8erkeley motes. The authors in [4]
model the energy cost per bit for a reliable 1 Mbps link overstashced and path-loss exponent
a by a transmitter cost of,, = & + &£,,d* where&, = 0.36 J/MB is the energy dissipated in
the transmitter electronics an},, = 8 x 10~° J/nm?/MB scales the required transmit energy
per bit. Accounting for the signal processing costs at theziver as&,, = 1.08 J/MB, they
show that for distances less than the transition distancé ef /&, /&,, = 67 m, processing
energy cost dominates transmission cost and vice-versgemeral, the ratio of processing to

transmission power depends on both the device functignélling distance vs. local links)
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and the application (high vs. low rate) supported. Thuspaectng for both the transmit and
processing power (energy) costs in our comparisons all@mv® udentify the processing factor
regimes where cooperation is energy efficient.

We consider single-antenna half-duplex nodes and cons#litransmitting nodes in both
networks to time-duplex their transmissions. Thus, in #lay network each source cooperates
with the relay over two-hops where in the first hop the souraasmits while the relay listens
and in the second hop both the source and relay transmit.ifeouser cooperative network,
for K > 2 we consider the cooperative schemestwb-hop where the cooperating users of
any source transmit in the second hop, andlti-hop where the cooperating users transmit
sequentially in time. We assume that transmitters do noe lidnannel state information (CSI)
and compare the outage performance of the two networks ascéidn of the transmit SNR at
each user for the cooperative strategieslyriamicdecode-and-forward (DDF) [5] and amplify-
and-forward (AF). We present upper and lower bounds on thageuprobability of DDF and
AF for both networks and compare their outage performanaeadoding (SNR gain [6]. For
single-antenna nodes, the maximum DDF and AF diversity iar-tiop relaying is2 [5]. For
the two-hop user cooperative network, we show that, if rakalection is allowed, AF achieves
a maximum diversity oR. Further, we also show that, except focksteredgeometry where
the maximum diversity approaché&s, DDF also achieves a maximum diversity ®ffor this
network. On the other hand, when users cooperate usikighap scheme, our bounding analysis
agrees with the earlier results that both DDF [5] and AF [8], dchieve a maximum diversity
of K.

The coding gains achieved are in general a function of thestnéssion parameters and
network geometry. In an effort to generalize such resulespvesent aarea-averagedchumerical
comparison. Specifically, we consider a sector of a circal@a with the destination at the
center, a fixed relay position, and the users randomly Higkd in the sector. We remark that
this geometry encompasses a variety of centralized netamthitectures such as wireless LAN,
cellular, and sensor networks. Our analytical and numkeriesults demonstrate the effect of
processing power in cooperation and are summarized by th@ving observations: i) user
cooperation can achieve higher diversity gains than relayperation but at the expense of
increased complexity and ii) relay cooperation achievegelacoding gains when we account

for the energy costs of cooperation, thus diminishing thiecefof the diversity gains achieved
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by user cooperation.

This paper is organized as follows. In Section Il, we preseatnetwork and channel models
and develop a power-based cost metric. In Section Ill, wegnethe outage approximations for
the DDF and AF strategies for both networks. In Section IV, present the numerical results.

We conclude in Section V.

[I. CHANNEL AND NETWORK MODELS
A. Network Model

Our networks consist ok users (source nodes) numbered, ..., K and a destination node
d. For the relay network there is one additional node, theyretader. We impose analf-duplex
constraint on every node, i.e., each node can be in one of tageslisten (L) or transmit
(T) (LoT). We write K = {1,2,..., K} for the set of users and = Ku{r} for the set of
transmitters in the relay network.

Let X, be the transmitted signal (channel input) at nddat timei, i = 1, 2, ..., n. We
model the wireless multiaccess links under study as aédi@ussian noise channels with fading.
For such channels, the received signal (channel outputpde m at time: is

> HopiXei | + Zmi My =L

1)

0 My, =T
where theZ,,; are independent, proper, complex, zero-mean, unit vagidbaussian noise
random variables),, ; is the half-duplex mode at node, and H,, ;; is the complex fading
gain between transmittdr and receivern at timei. Note that for both networks as well as the
(non-cooperative) MACM,, = L, for all . Further, for the relay network and the MAC, we
also haveM,, =T, for all ; and for allk € K. We assume that over all uses of the channel,

the transmitted signals in both networks are constraingabimer as
SN E|Xpi° <nP, keT. (2)
=1

Throughout the sequel we assume that all transmitters wsEp@mdent Gaussian codebooks
with asymptotically large codelengths and the total traesion bandwidth is unity. Further,
we assume that the modég,; are known by all nodes. Finally, we use the usual notation

for entropy and mutual information [8] and take all logamith to the base 2 so that our rate
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units are bits/channel use. We write random variables (&.0.with uppercase letters and their
realizations (e.gh;) with the corresponding lowercase letters and use the iootét(z) =
log(1+ x) where the logarithm is to the base 2. Finally, throughoutsiguel we use the words

“user” and “source” interchangeably.

B. Relay Cooperative Network

The relay cooperative (RC) network with' + 1 inputs X;;, £ € 7, and two outputsy;
andY,; given by (1) is typically modeled as a Gaussian multiaccets/rchannel (MARC) [9],
[1]. We consider a time-duplexed relay cooperative (TD-RCletavhere each source transmits
over the channel for a peridtl = 1/K of the total time (see Fig. 1). Further, the transmission
period of sourcek, for all k, is sub-divided into two slots such that the relay listendiiist
slot and transmits in the second slot. We denote the timeidrec for the two slots a8, and
0, = 1—0), for userk such tha®), = Pr (M, = L) = 1—Pr (M, = T)) where the duratiory, of
the relay modeV/, can be different for different. The time-duplexed two-hop scheme for the
RC nework is illustrated in Fig. 1 for us@r Also shown is the slot structure for a time-duplexed
MAC (TD-MAC). Time-duplexing thus simplifies the analysis feach user to that for a single-
source relay channel in each peridd We assume that the relay uses negligible resources to
communicate its mode transition to the destination. We assmme that, to minimize outage, the
transmitters use all available power for transmissionettijo (2). Thus, in thé!” time period,
for all &, userk and the relay transmit at powél, = K P, and P, = PT/@C, respectively, where

0, = 1 — 0. Finally, throughout the analysis we assume tRais proportional toF;.

C. User Cooperative Network

In a user cooperative (UC) network, there is a combinatoxkplasion in the number of ways
one can duplexx< sources over their half-duplex states. We present two rimessson schemes
that allow each user to be aided by an arbitrary number ofsusgrto X' — 1. In both schemes
the users time-duplex their transmissions; the two schatiffes in the manner the period is
further sub-divided between the transmitting and the croaip®y users.

We first consider awo-hop schemsuch that the period over which ugerfor all &, transmits
is sub-divided into two slots. In the first slot only usetransmits while in the second slot both

userk and the set;, C K\{k} of users that cooperate with uskrtransmit. This is shown in
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Fig. 1 for user2 andC, = {3,4}. We remark that this scheme has the same number of hops as
the TD-RC network except now usércan be aided by more than one useCjn We write 6,
and1 — 6, to denote the time fractions associated with the first andrsgslots of usek such
thatf, = Pr(M; =L)=1—Pr(M; =T) for all j € Cy.

We also consider enulti-hopscheme where the total transmission time for soéreedivided
into L;, slots,1 < L, < K, whereL; = |C,| + 1. Specifically, in each time-slot, except the first
slot where only usek transmits, one additional user cooperates in the transmisstil all L,
users transmit in slof,. When the cooperating users decode their received signalssaume
that the users are ordered in the sense that the new useothzgrates in th&”" fraction is the
first user that can decode the message whermn do®perating users are transmitting. We denote
the /" time fraction for usek asfy,;, [ = 1,2,..., L (see Fig. 1 for use? with C, = {3,4}).

We refer to this model as time-duplexed user cooperationnoplg TD-UC.
User k transmits at power
P.=P,-K/(N,+1) 3)

where N, < K — 1 is the total number of users whose messages are forwardeddyy.u
Further, for the two-hop scheme, in those sub-slots whesekuacts as a cooperating node, its
transmission power is scaled by the appropréateThe energy consumed in every cooperative
slot is therefore exactly given by (3). Lef, () be a permutation od; such that userr (1)
begins its transmissions in the fractiép,, for all [ = 2.3,..., Ly, andn (1) = k. Thus, when
userk acts as a cooperating node for ugey # k, such thatr; (/) = k for somel > 1, its power
P, in (3) is scaled by the total fraction for which it transmits fusery, i.e., Zf,j:l@m. We
assume that a cooperating node or relay uses negligiblenesto communicate its transition
from one mode to another to the destination as well as otheperating nodes. For AF we
assume equal length slots and consider symbol-based twadnd multi-hop schemes.

Finally, throughout the sequel, we assume that due to lackKSif at the transmitters, the
transmitters do not vary power as a function of channel staferthermore, each user uses
independent Gaussian in each transmitting fraction. Tlans.g., for two-hop TD-RC and TD-
UC networks under AF, usér transmits independent codebooks with the same power imibe t
fractions. Similarly, for the multi-hop TD-UC network und&F, subject to (3), usek transmits

independent signals with the same power in/allfractions.
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D. Cost Metric: Total Power

We use the total power consumed by all the nodes as a costrfa@ticomparisons. Observe
that in addition to its transmit power a node also consumesgssing power, i.e., in encoding
and decoding its transmissions and receptions, respbctivarther, in addition to its own
transmission and processing costs, a node that relays ro@ssadditional power in encoding
and decoding packets for other nodes. We model these costsfimng encoding and decoding
variablesn, andd;, respectively, and write the power required to process rdaesmissions of

node; at nodek as
P = Pl + (el (j) + ouliee (j)) - f(R;) forallkeT,jek 4)

where P"* is the power required by usér to cooperate with usef, 77" (j) and I ()
are indicator functions that are set toif user £ encodes and decodes, respectively, for user
j» PPy is the minimum processing power at usewhich is in general device and protocol
dependent, and(R;) is a function of the transmission rafg in bits/sec at usej. The unitless
variablesn, andJ, quantify the ratio of processing to transmission power & ésto encode
and decode a bit, respectively. For example, a relay nodeudes DDF consumes power for
overhead, encoding, and decoding costs while a relay nadg #¢ only has overhead costs.
Note that for the relay node, we have;* = P/* which accounts for the costs of simply
operating the relay. Thus, for the examples in Section |, weely < 1 andé < 1 for the
RAZR phone,n >> 1 andd >> 1 for the Atheros LAN card, ang and ) determined by the
cross-over distance for the Berkeley motes. In general, theegsing cost functiori depends
on the encoding and decoding schemes used as well as the derationality. For simplicity,
we choosef as

Finally, we assume that the destination in typical multesscnetworks such as cellular or many-
to-one sensor networks has access to an unlimited energgesand ignore its processing costs.
We write the total power consumed on average (over all cHarses) at nodé:, k € 7, as
Pe+PI+ X2 LGP kek
Pitot = Jekaz (6)

jex
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where I;.(j) is an indicator function that takes the valuédf node k£ cooperates with nodg.
For userk, the first P} term in (6) corresponds to the power used to process its ovasage
while the second summation term accounts for the power #odeurs in cooperating with all
other source nodes. Note that at high SNR, i.e., higtfor all £, the dominating term in (6)
is P, since Iy is usually a constant an@t; increases logarithmically i}, for all &, j € K.
The total power consumed by all transmitting nodes in ead¢ior is given as

> Piiot TD-MAC or UC

F)tot = ek (7)

> Pt RC.
keT

E. Fading Models

We model the fading gains a,,x; = Ak /d%i where d,,  is the distance between
the m' receiver and the' source,v is the path-loss exponent, and thg, ;,; are jointly
independent identically distributed (i.i.d.) zero-meanjt variance proper, complex Gaussian
random variables. We assume that the fading dain.; is known only at receivem. We also
assume that{; ,,; remains constant over a coherence interval and changeseindently from
one coherence interval to another. Further, the cohererteeval is assumed large enough to
transmit a codeword from any transmitter and all its codjireganodes or relay. Finally, we also
assume that the fading gains are independent of each otHendependent of the transmitted
signals Xy ;, for all k € 7 andi.

[1l. GEOMETRY-INCLUSIVE OUTAGE ANALYSIS

We compare the outage performance of the user and relay @mgenetworks via a limiting
analysis in SNR of the outage probabilities achieved by DB& AF. Such an analysis enables
the characterization of two key parameters, namely, thersity order and the coding gains,
which correspond to the slope and the SNR intercept, respggtof the log-outage vs. SNR
in dB curve [6]. In [6], Laneman develops bounds on the DF amdotage probabilities for
a relay channel where the source and the relay transmit drogohal channels. In [5], the
authors introduce a DDF strategy where the cooperating/reldg remains in thdisten mode
until it successfully decodes its received signal from therse. The authors show that, for both

two-hop and multi-hop relay channels, DDF achieves therditgemultiplexing tradeoff (DMT)
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performance [10] of an equivalent MIMO channel for small tipléxing gains. In an effort to
guantify the diversity and the effect of geometry, we préggometry-inclusive upper and lower
bounds on the DDF and AF outage probability for TD-RC and twp-and multi-hop TD-UC

networks. We summarize the results here and develop thdedktmalyses in the Appendices.

A. Dynamic-Decode-and-Forward

1) TD-RC: In general, obtaining a closed form expression for the au@agbability of each
user is not straightforward. Suppose that= AP, for some constank and recall thatP, =
P,/ 0. In Appendix Il, we develop upper and lower bounds on the DDfage probabilityPo(k)
of userk transmitting at a fixed rat&,, for all k£, as
(280 — 1)%G;  2d], (2% — 1>2] (2% — 1)°d},d],

Pyox1 < P(Ek) < —
g (2R —1)? dj,. (25 —1)? NP,

+o (F,j”) 8)

where P, 5« is the outage probability of 2 x 1 distributedMIMO channel whose®" transmit
antenna is at a distaneg;, i = k,r, from the destination and; < (0, 1) is a fraction chosen
to upper bound”*). The notationO () in (8) means that there is a positive constantsuch

that theO (z) term is upper bounded by/ |z| for all = > z,. In Appendix Il, we show that
Pogar = (2% = 1%}, ], /2AP, +0 (P.”). 9)

Thus, from (8) and (9) we see that for a fixed rate transmissinmaximum diversity achieved
by DDF is 2, as predicted by the DMT analysis for DDF in [5, Theorem 4]. @anng (8) and
(9), we further see that the bracketed expressions on thegide of the inequality in (8) upper
bounds the coding gains by whidh® differs from the MIMO lower bounds.

2) TD-UC — Two-Hop:The outage analysis for the two-hop TD-RC network can be ebegn
to the two-hop TD-UC network. In Appendix Il, for sufficieptlarge powerP,, we boundP "
as (see 55) and (61))

(QRk — I)Lk HjeSk dg,j
(L)) (Pe)™ TT A

JESk

Pyt < PP < - +o (P (10)

where)\; = P, /Py for all j € Sy = C, U{k}, 65 € (0,1), P, 1,1 is the outage probability of a

Ly x 1 distributedMIMO channel whose" transmit antenna is at a distantg, i = 1,2, ..., Ly,
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10

from the destination such that

L
Posa = E T %o (B (1)
(L) (Pr)™ jes, N
and
—x Lk — % kal N o Lk—2
K2 _ (2Rk/9k — 1) <9k> n (2Rk/9}g — 1)2 (ZjeCk d;,k) (Lk') (Pk:) | (12)

(2Rk‘_'1)Lk (2Rk‘_’1)Lk (Iljeck‘ﬁlj/Aj>
Note that forL, = 2, our analysis simplifies to the outage analysis for the TD-R@vork. For
Ly > 2, comparing the two terms in the right-hand sum in (12), wethaé a lower bound on
the diversity from the first and second terms dneand 2, respectively. In fact, the first term

dominates only when
— Lyi—2
Ry /0, _ Y .
(Z d) ) < 1) (s di) (13)
5k ] = — \Lp—2 A7 :

Thus, for a givenP,, for all £, achieving the maximum diversity,;, requires that usek and

JECk

its cooperating users i€, are clustered close enough to satisfy (13). Thus, the mariDF
diversity for a two-hop cooperative network does not excérad of TD-RC except when user
k and its cooperating users atkistered i.e., the inter-node distances satisfy (13). We illustrat
this distance-dependent behavior in Section IV.

3) TD-UC — Multi-Hop: Recall thatry (-) is a permutation o€, such that user (1) begins
its transmissions in the fractiod,;, for all | = 2,3,..., Ly, and (1) = k. Unlike the two-
hop case wher®,, is dictated by the node with the worst receive SNR, the fractig;, for
l=1,2,...,L, — 1, is the smallest fraction that ensures that at least oneeratippg node,
denoted asr; (I + 1), decodes the message from ugerln general, developing closed form
expressions for" is not straightforward. In Appendix Ill, we lower bourie*) by the MIMO
outage probability,?, ;, .1 and use the CDF 08y, for all [, to upper boundPo(’“) for any

0 <6, <1, foralll, as (see (74))

oRk _ 1)t [ Lx gy -
s ((L )P ))Lk (H Ad’ﬁ'l(i)) K+ K+ 0 (P (1)
k- k j=1 "k

where the constant&, and K; are given by (75) in Appendix Ill. Our analysis shows that DDF

achieves a maximum diversity df, for a L,-hop TD-UC network.
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B. Amplify-and-Forward

A cooperating node or a relay can amplify its received sigmal forward it to the destination;
the resulting AF strategy is appropriate for nodes witht@diprocessing capabilities. We present
the outage bounds for the two-hop TD-RC and TD-UC andipdnop TD-UC networks. We
assumef, = 1/2 and 6, = 1/L, | = 1,2,..., Ly, for the two-hop andL,-hop schemes,
respectively.

1) TD-RC and TD-UC — Two-hopWe first consider a two-hop AF protocol where only user
k transmits in the first fraction and both ugeand its cooperating users (TD-UC) or relay (TD-
RC) transmit in the second fraction. Usetransmits with a different codebook in the first and
second fractions. The outage analysis for the two-hop TD-B@ark, i.e.,|C| = 1, is the same
as that developed for the half-duplex relay channel in [Recall that due to lack of transmit
CSI, we assume no power control and independent Gaussiabammdein each transmit fraction
at userk, for all k. For the TD-UC network, i.e.l, > 2, where allL, — 1 cooperating nodes
amplify and forward their received signals in the secondtiom, the received and transmitted

signals(Yy 1, Ya2) and (X1, Xy 2), respectively, in the two fractions are

Yo Hay, 0 Xk N Zga (15)

Yia > ¢HaiHjr Hak| | X, Z,

’ J€ECk ’ ’

where
— 255 1/2
lcj| = (2P;/ /|Hjx|" Pr+1) (16)
Ziy = (Sjec,ciHlasZin) + Za (17)
2 2

=1+ Zjéck lc;Hay,|? . (18)

andZ;, Z41, andZ,, are i.i.d. Gaussian noise variables. Scalifyg by c, to sett [‘Zt/mﬂ =

1, the outage”" is given as

1 — 1 P
P = Pr | ZC | |Hyyl* Pi (1 + —) + =
CS

19
) 2 < Rk ( )

J€Ck
where the pre-log factor of /2 is a result ofd, = 1/2. For |C| > 1, the terms in (19) with

cross productdd, ;H;, may not add constructively. Accordingly, we lower bourd’ by the

August 29, 2008 DRAFT



12

outage probability of a, x 1 MIMO channel where all but one of the antennas transmit the

same signal, i.e.,

2R _ 1) ) _
2><sz): ( )" i +O<Pk3>.

Po(k) > Pr (C' (|Hd,k’2ﬁk + Py, )ZjECkHdJ 52 Y
2P <Zjeck 1/ dd,j)

(20)
Thus, the maximum diversity of two-hop AF is bounded hyFurther, since AF achieves a
maximum diversity of2 with one cooperating node or relay [6], allowing selectidhone
cooperating node with the smallest outage, we can upperdﬁﬁ“ﬁ by the AF outage probability
of a relay channel witHC;| = 1. Finally, using the fact thar®) for a non-orthogonal relay
channel is at most that for the orthogonal relay channel, pmyathe high SNR (no CSI at
transmitters) bound developed for the latter in [6] to bouitl as
220k _ 1)2 dlk maxjec, (d;k + d;”j)
2P, '
Thus, we see that the maximum diversity achievable by a twpAF scheme in the high SNR

P® < ( (21)

regime is at mos2 and is independent of the number of cooperating uset.in

2) TD-UC — Multi-hop: We consider anl,-hop cooperative AF protocol where only user
k and userr (1), | = 1,2,..., Ly, transmit in thel*" fraction, i.e., userr, (1) forwards in the
fraction ), a scaled version of the signal it receives from uken the first fraction. Uset
transmits with a different codebook in the first and secomdtions. Note thatr, (1) = k£ and

0. = 1/ Ly for all . We write the received signal;;,, at the destination in th&" fraction as

Hyp X+ Zag =1
Ya: = ) (22)
Hip Xei + HimyXmeyp + Zgy 1=2,..., Ly

where the signal transmitted by usef (/) in the [** fraction is Xeo)i = Cre)Yme)n =
ooty (Hroy ke Xe1 + Zay@ya) » @and cq ), ¢l ..qp @nd Z}, are given by (16)-(17), respectively,
with C,, = {m,. (1)}. Similar to (15), (22) can also be written compactly¥ds= HX, + Z, where
the L, entries ofY; and X, are related by (22) anH is the resulting channel gains matrix. The
destination decodes after collecting the received sigftals all L, fractions. ChoosingXy ;,

for all [, as independent Gaussian signals, we have

P® = Pr (log | + PyHH'| < Ly Ry) (23)
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whereH' is the conjugate transpose Hf. We lower boundP® with the outage probability of

a L, x 1 MIMO channel with i.i.d. Gaussian signaling at tlhe transmit antennas to obtain

P® >P, = (24)

(QRk — 1)Lk ljli"l d},m(l) L0 <F;Lk—1> ‘
(Li!) Py

On the other hand, one can upper bound’ by the outage probability of an orthogonal AF
protocol where usek and its cooperating users transmit on orthogonal channelspnly user
7, (1) transmits in the fractiow,;, as developed in [6]. Thus, we have
(2545 = 1) i e, (43, + 43)

L\ P* ‘
Comparing (24) and (25), we see that thehop AF scheme can achieve a maximum diversity

Pout S (25)

of L in the high SNR regime at the expense of ukeepeating the signal, times.

IV. | LLUSTRATION OF RESULTS

We consider a planar geometry with the users distributedaaty in a sector of a circle of
unit radius and angle/3. We place the destination at the center of the circle andeftlae relay
at (0.5,0) as shown in Fig. 2. Th& users are distributed randomly over the sector excluding an
area of radiu$).3 around the destination. We considéX such random placements and for each
such random placement, we compute the outage probabiktigsfor the TD-RC, the TD-UC,
and the TD-MAC network as an average over the outages ofallitte-duplexed users in each
network. Finally, we also averagg,,; over the 100 random node placements. We consider a
three-user MAC. We assume that all three users have the sammmit power constraint, i.e.,
P, = P, for all k. For the relay we choosE. = f,- P, wheref, € {0.5,1}. We set the path loss
exponenty = 4 and the processing factorg = 6, = n for all k. We plot P,,; as a function of
P,,; for n =0.01, 0.5, and 1 thereby modeling three different regimes of processingaonsamit
power ratios. We consider a symmetric transmission rage, all users transmit ak = 0.25
bits/channel use. We first pla®,,; as a function of the transmit SNR; in dB obtained by
normalizing P; by the unit variance noise. We also plB,; as a function ofP,; in dB where
P, is given by (6) and (7). For user cooperation, we plot the gaitor both the two-hop and

three-hop schemes.
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A. Outage Probability: DDF

We compare the outage probability of a three user MAC in F3gand 4. The plots clearly
validate our analytical results that DDF does not achieeenttaximum diversity gains df for
the two hop TD-UC network (denoted Coop. 2-hop in plots). Om dther hand, the slope of
P, for the three-hop TD-UC network, (denoted Coop. 3-hop) apgines3. Further, DDF for
this network achieves coding gains relative to the TD-RC pédtwonly as the SNR increases.
In fact, this difference persists even when the energy cokisooperation are accounted for
in sub-plot 2 and Fig. 4 by plottind’,,; as a function ofP,,. This difference in SNR gains
between user and relay cooperation is due to the fact that assgoeration increases spatial
diversity at the expense of requiring users to share theiepdor cooperative transmissions.
Observe that with increasing the outage curves are translated to the right. In fact, fioxea
R, the processing costs increase with increasjn@nd thus, we expect the SNR gains from
cooperation to diminish relative to TD-MAC, particularly ihe lower SNR regimes of interest.

This is demonstrated in Fig. 4.

B. Outage Probability: AF

In Figs. 5 and 6 we plot the two user AF outage probability tbtheiee networks. As predicted,
we see that both TD-RC and TD-UC networks achieve a maximuersity of 2 for the two-
hop scheme. The three-hop scheme for TD-UC achieves a maxidiersity approaching.
However, it achieves coding gains relative to the relay nétwnly as the SNR increases. These
gains are a result of the model chosen for the processingrp@my model costs of encoding
and decoding) and the choice 6f 7 = 0 for all & for the purposes of illustration. In general,
By > 0 since it models protocol and device overhead including tfeord processing and
amplification costs, and thus, the total processing powé#rseale proportionate to the number
of users that a node relays for.

The numerical analysis can be extended to arbitrary relajtipos [7, Chap. 4]. In general,
the choice of relay position is a tradeoff between coopegatvith as many users as possible
and being, on average, closer than the users are to the atestinTo this end, fixing the relay

at the symmetric location of0.5,0) is a reasonable tradeoff.
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V. CONCLUDING REMARKS

We compared the outage performance of user and relay cdmpelia a time-duplexed
multiaccess network using the total transmit and procgspower as a cost metric for the
comparison. We developed a model for processing power egsésfunction of the transmitted
rate. We developed a two-hop cooperation scheme for bothrdlay and user cooperative
network. We also presented a multi-hop scheme for the usgpecative network for the case
of multiple cooperating users. We presented geometry:giagt upper and lower bounds on
the outage probability of DDF and AF to facilitate compansmf diversity and coding gains
achieved by the two cooperative approaches. We showedhbalD-RC network achieves a
maximum diversity oR for both DDF and AF. We also showed that under a two-hop trésssan
scheme, aK-user TD-UC network achieves &-fold diversity gain with DDF only when the
cooperating users are physically proximal and achieves>ammuen diversity of2 with AF. On
the other hand, for d(-hop transmission scheme, the TD-UC network achieves amuami
diversity of K for both DDF and AF. Using area-averaged numerical reshts$ account for
the costs of cooperation, we demonstrated that the TD-RCanktachieves SNR gains that
either diminish or completely eliminate the diversity adtzge of the TD-UC network in SNR
ranges of interest. Besides a fixed relay position, this iiffee is due to the fact that user
cooperation results in a tradeoff between diversity and $JdiRs as a result of sharing limited
power resources between the users.

In conclusion, we see that user cooperation is desirableibtile processing costs associated
with achieving the maximum diversity gains are not prolbiti.e., in the regime where user
cooperation achieves positive coding gains relative toréfey cooperative and non-cooperative
networks. The simple processing cost model presented lagtares the effect of transmit rate
on processing power. One can also tailor this model to eXglinclude delay, complexity, and

device-specific processing costs.

APPENDIX |

DISTRIBUTION OF WEIGHTED SUM OF EXPONENTIAL RANDOM VARIABLES

Consider a collection of i.i.d. unit mean exponential rand@mablesE;, [ =1,2,..., L. We
denote a weighted sum d,;, for all [, asH = Zle ¢ Ey; wheree; > 0 andc, # ¢, for all

andm # k. The following lemma summarizes the probability distribatof H [12, p. 11].
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Lemma 1 ([12, p. 11]):The random variablé! has a distribution given as

ZlL—l Gghle h >0
1y

pu (h) = , (26)
0 otherwise
where the constants;, for all /, are
1 L=1
Cl = L(_Cl)Lfl L>1 (27)
Hj:l,j;él(cj_cl)
The cumulative distribution function off is
L
Fy(n) =Y C/(1—e) (28)
=1

such that the first non-zero term in the Taylor series expansif Fj () aboutn = 0 is
nt /L! (Hle cl> :

APPENDIX I

DDF OUTAGE BOUNDS
A. Two-Hop Relay Cooperative Network

For a DDF relay, the listen fraction is the random variabke(§, (13), pp. 4157])

9—
r.k

O is a mixed (discrete and continuous) random variable witbrawdative distribution function
(CDF) given as

0 6, <0
Ry /60 _1\.17
FO(0) =3 exp {-%} 0<6 <1 (30)
1 0, = 1.

The mutual information collected at the destination ovethkibe listen and transmit fractions
is (see [5, Appendix D])
D7 = 6,G1 + 6,Gs (31)

Where@k = (1 — @k), Fk = KP,, FT = Pr/@ky and
Gi = C (|Haxl Py) (32)

Gy = C (|Hapl* Py + |Ha,|* P,) - (33)
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The outage probability for usdr transmitting at a fixed rat&;. is then given as
P = Pr (IPF < Ry) (34)

From (29),0, = 0 only for d,.,, = 0, i.e., only when usef and the relay are co-located, and

for this case (34) simplifies to the outage probability af a 1 MIMO channel given as

Ay Py |Ag, P P
Poox1 = Pr ((J (’ dé‘;' e | déﬁ| ) < Rk> . (35)
d,k d,r

Let P. and P, scale such thaPT/?k = )\ is a positive constant. Using (28), we have

(2Rk — 1)2dlkdg,r Lo (__3> ‘

— P (36)
Ve ’

Po,2><1 =

P,541 is a lower bound onPo(k) becausez, > (1. On the other hand, for ang, in (31),

P¥(6,) can be upper bounded as

P®(0y) < Pr(6,G1 < Ry) = P(6)) (37)
P& (G,) < Pr (6,G5 < Ry) = P (6,) (38)
Thus, we have
P® = EPM(0)) < Emin(PY(04), P (64)) = P (39)
Let
n=2//0 1 ¢ = CZ—”;, Co = CZ;. (40)

From (27), we havejl =C /(Cl — CQ) and Cy=cy /(CQ — Cl).
Using Lemma 1, we can expadéfﬁ)(ek) and PO(,’;)(Q,C) in (39) as

R —(28/% — 1)}, (28x/% —1)d]
b (00) = Pr( Gy < * oxp = < (41)
2 Ry/0k _ 1)2@ ) d
&)\ Rp\ ey (2 kg O —-3
‘Po <9k) = Pr (G < _—) == Cl 1—e M) = p— + O(P (42)
2 2< 7 ?1: ( ) 2)\Pi ( K )

where the bound in (42) follows from expanding and simptifythe exponential functions. From
(42), we see that for a fixeRt), andd;, for all j, k, the minimum in (39) is dominated hyff;)(ek)
for small ¢, and by P.")(6,) as#, approached. Finally, we haveP, ., = P (6, = 0).
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In generaI,P((]’g IS not easy to evaluate analytically. Since we are intetlestehe achievable

diversity, we develop a bound oﬂ(fg for a fixed R,. We have, for any;, 0 < 0; < 1,

P} = /0 Po, (6 min (P60, P 60)) db (43)
</ " Po, 00) P 0000, + [ Po, 00) P 0010 (44)
< Fo, (0}) P2 (0) + (1= Fo (67)) P21 (67) (45)
< P3O0 + (QP%/@;_ ek piay (46)
k

ofk/0 _ 1)27  2d0, (2% —1)2\ | (28 —1)2d),d], _
< ( ) k + ,k’( ) . ( )_ d,k™"d, +O PkS (47)
(2R —1)? d;, (2R = 1) 3Ver

where the equality in (44) holds wheﬁo(g)(ek) < P§ﬁ>(0k) for 6, < 6; and vice-versa, and
(45) follows becauséj(fﬁ)(ek) and Po(f;) (0,) decrease and increase, respectively, Wjtland (46)
follows from using (30) to bound — Fg, (6;). Finally, we note that for any fixed < ¢; < 1,
for fixed inter-node distances, the term in square bracket@7) is a multiplicative constant

separating the upper bound (47) and the lower bound (36’5’55%

B. Two-hop User Cooperative Network

The above analysis extends to the two-hop TD-UC network. IRét a DDF cooperating
node remains in théstenmode until it successfully decodes its received signal ftbensource.
Thus, for the two-hop TD-UC network, tHesten fraction for each cooperating node for all
j € Cyg, Is given by (29) with the substition = j. Further, since thdisten fraction ©, is now

the largest among all, from (29) we have
@k = min (1, maXi ec, {Rk /C (|Aj7k|2ﬁk’/ dj,k) }) (48)

where the transmit poweP,, for all k£ € K, satisfies (2) and is given by (3). L@é{ﬁ(e,@) be
the CDFF&)(Qk) in (30) with the index- replaced byj. From the independence df; ;. for all
j € Cy, the CDF of©y is

Fo,(0r) = [ FS)(00) = FS)(61) (49)

_ v
jec 4= jec, D
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The destination collects information from the transmissiof uselt and all its cooperating nodes
in C,, over both thetransmitand listen fractions. The resulting mutual information achieved by

userk at the destination is (see [13])

I5 pp(Ok) = 6,G1 + [Se (50)
where®, =1 — 0, and
G1 = C (|Hax|* Py) (51)
25 2 P;
Gy =C | |[Hop* P+ [Hay| 5 | (52)
JECK k

The DDF outage probability for useér transmitting at a fixed raté?, in a two-hop TD-UC
network is thus given as
P¥) =Pr (I pp < Ry) - (53)

From (48),0, = 0 only if d;;, = 0 for all j € Cy.
From (50), we can lower boung" by the outage probability?, 1, 1, of a Lj, x 1 distributed

MIMO channel given as

Agrl’ P Agj|* P;
P p,x1 = Pr (C <—| dc’;;' Sy A4 Py dész J) < Rk> . (54)
d.k iecs d.j
We enumerate thel, — 1) cooperative nodes i€, asl = 2,3, ..., Ly, and writeS;, = {k} UC;..
Using (28), and scalindg®; and P, such thatP,/P, = ), is a constant, for alfj, we have
28k — 1)Lr ) d) . L.
Poryx1 = ( )—Lk L (H %) + 0 (PkLk 1) : (55)
(Lx!) Py jes,
Let
_ 9Ry/8 _ P _ _P _
n=28/% _ 1, cl—ﬁ, cl_m, 1=2,3,..., L, (56)

where thed,, in ¢, is due to the definition of; in (3). TheCy, foralll = 1,2, ..., L;, are given
by (27). For a fixedRy, we upper bound?) using (37)-(38) as

P® = EP®(0,) < Emin(P%)(0y), P%) (05) = P, (57)
We upper bound{fﬁ)(ek) using (41) and compute

(2m/o 1>Lk @)™ (@
PE(0,) = (H %) +0 (F;L’H) . (58)

(Li!) (ﬁk)Lk jesy M
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Analogous to the steps in (43)-(47) for the TD-RC case, we ffage (57)), for any;, 0 <
0y <1,

P < Fo, (67) P5(07) + (1 — Fo, (67)) P& (67) (59)
(2Rk/9’“ -1 (X, Ch df'y,k
< P 6) + P< = ])-P(S?w,:) (60)
rin e (VT (D) [ S A | PR % 1)
(2815 — 1) (8] L\&
S (Miec, 4/ ) (@ — 1)
28 — 1)Lk d L
@r-n= _2 = +0( L 1). (61)
(Lk') Pkk JESK A]
APPENDIX I

MULTI-HOP COOPERATIVENETWORK — DDF OUTAGE ANALYSIS

The DDF outage probability of usér transmitting at a fixed raté?, in a multi-hop user

cooperative network is

P® = Pr (I3 pp < Ry) (62)
where
I pp(Ok) = Z Or1G. (63)
The functionG;, is given by
G, =C <Z§-:1 Hymei)|” %) [=1,2,.. . L (64)
where P, is given by (3) and
Opm =30y forl=1.2,... L (65)
6, =1—0epum (66)

—~sum ~sum

with ©, 7 = Oy, and©; _; = 0 such thato, ; = 1. Recall thatm, (-) is a permutation on
Ci, such that userr, () begins its transmissions in the fractié,,;, for all [ = 2.3,..., L.

Furthermoregr;, (1) = k and we writer, (i : j) = {7 (i), me(i + 1), ..., m(j)}
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We write ©, to denote gL, — 1)-length random vector with entri&3;, ;, [ = 1,2,..., L, —1,
and\,,(j) = Px,(;)/ P for all m, (j) € Cy. Further, we write9\" to denote the vector of the first
[ entries of©,. The fraction©;,;, | = 1,2,...,L; — 1, is the smallest value such that at least
one new node, denoted ag (/ + 1), decodes the message from ugerThe analysis for this
problem seems difficult; so we replace it by analyzing a sémptrategy where node, (I + 1)
collects energy only in fractio®,; from the transmissions of uséras well as the users in

7, (1 :1). For this strategy, we have

-—sum R
me(HDECAm(LD) ¢ (Zm:l | A1) ma )| Pvrk(m)/djrk(lﬂ),m(m))
(67)
Applying Lemma 1, the CDF 08, conditioned on®! ! = ¢.~! simplifies to
0 Ory <0
Fek,z\@ﬁgf(ek,l‘gfl) =9 1= Ilecomen [FH;j;m(QRk/ek’l - 1)] 0 < 0t <Oy (68)
1 Oy =0y, -

where from (67),H31™ £ L o |Ajmm|” With ¢ = Ay Pr/ ).,y Tor all m =
1,2,...,1, andd,, is given by (65). The dominant term of eadty:,~ is proportional toﬁ,:l,
and thus, the dominant term of— Fy, -1 is proportional toﬁ,:l(.L’“fl).

For a fixedR;,, we lower boundPo(k) by the outage probability’, 1, «1 of a Lj x 1 distributed
MIMO channel in (55). Generalizing the analyses in Appendixve upper bound?*) as (see
(62) and (63))

i < Emin(P};(8,)) = P} (69)
nin(F,,

where we use Lemma 1 to write

P LN .
A 2o (o< ) - D (%5000 ) 0 (7).

(l') (Pk- j=1 /\Wk(])

The probabilityP[(,'g is given as (see (62) and (65))

asum asum

1 0,2 Ok, —1
Py = / o, (0) min(PLY (011)) 6. (71)
0 1=0J6

k2= 0 Ok, L), —1= 0
For any(0 < 6y, < 9271, 1 <1 < Ly, the integral in (71) over théL, — 1)-dimensional hyper-

cube can be written as a sum of-~! integrals, each spannind., — 1)-dimensions, such that
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there are(Lk 1) integrals for whichj of the (L, —1) 0,, parameters range from to 0; ,

J=0,1,..., Ly — 1 while the remaining range fror#;, to 1. Thus, we upper bounfﬂ’UB in
(71) by
i [Ohe Oy —1 05" OrLy—1
/ / / Pe, (6;) P, Gk df, + / / / Po, (0x) P, <6k>d9kz
(72)

where the dominant outage terms for; < 67, and6,, > 65, are bounded b)P(ff“L)k (6,) and
’”(ek) respectively. Furthermore, using the monotonic propercb'rfP(’?, the first term in (72)

is bounded byP.") (6;) and the second term is bounded fy— Fe,, (6;,)) P (6;). From

(68) and (70), using the fact thmb(ﬁ) (07) has the smallest absolute exponentdpf namely1,

and (1 — Fo,, (65,)) Po(ﬁ)(ﬁ",;) scales asP, *, we boundP") as
Py < B 60 + (1= Fo,, (61.)) Po(6) (73)

(2% —1)" (i

—Lip—1
g Ko+ K +0 (P (74)
where
Rk/G;QL _ Lk Ly sum Rk/a*’li Lk ~y
K (2" ) " (s 7)) and K, (2% 1) " T, S (75)

(2Rk—1)L’“ (2Rk—1>Lk 7 (5)

Combining (74) with the lower bound in (55), we see that the imam achievable DDF diversity
of a multi-hop TD-UC network igy.
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Fig. 1. Time-duplexed transmission schemes for the MARC, the MACa&#,the MAC.
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Fig. 2. Sector of a circle with the destination at the origin and 100 randondgerhlocations for a three-user MAC.
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Fig. 3. Three user DDF outage probabili.,. vs. P; (sub-plot 1) and vsP;,: for n = 0.01 (sub-plot 2).

0 Sub-plot 1 o Sub-plot 2
10 : : 10 : .
——s—— Coop. 2-hop ——s—— Coop. 2-hop
—*—— Coop. 3-hop —*—— Coop. 3-hop
o Relay P, =05P, 0" Relay P, =0.5P,
‘3\ ~— — RelayP =P, —— — Relay P =P,
= —+—— TD-MAC = —+—— TD-MAC
o \ =}
o \ o -
z 107 : > 107} |
3 ' 3
< [
=) Qo
[= o
o s o 3
[} L 4 2] L 4
=) 10 & 10
5 5
o e}
10} ] 10 ]
K=3 K=3
Rate R = 0.25 Rate R = 0.25
proc. factorn = 0.5 proc. factorn = 1
-5 0 5 10 15 0 5 10 15
Total (transmit+proc.) SNR P, (dB) Total (transmit+proc.) SNR P, . (dB)

Fig. 4. Three user DDF outage probabili,,; vs. total transmit SNRP;,; in dB for n = 0.5 (sub-plot 1) and; = 1 (sub-plot
2).

August 29, 2008 DRAFT



Sub-plot 1

10
——=—— Coop. 2-hop
Coop. 3-hop
10_19 Relay P = O.5P1
—— — Relay P_= Py
= ——— TD-MAC
=3
o
o .
> 10 2 E
E
@
Qo
e
e -3
g 10 E
o]
5
(e}
10" 4
K =3
Rate R = .25
-10 -5 0 5 10

Transmit SNR P (dB)

15

ou

Outage Probability P

26

0 Sub-plot 2
10 -
——s—— Coop. 2-hop
Coop. 3-hop
o _ Relay P, =05P,
b —— — RelayP =P, E
—+—— TD-MAC
107} 1
10°} .
107} §
K=3
proc. factor n = 0.01
Rate R = .25
-10 -5 0 5 10 15

Total (transmit+proc.) SNR P ot (dB)

Fig. 5. Three user AF outage probabilify.: vs. Pi (sub-plot 1) andP;,; for n = 0.01 (sub-plot 2).
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