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Abstract— This paper considers a wireless cooperative cellular case, the partitioning of the power and bandwidth between th
data network with a base station and many subscribers in which transmission of one’s own data vs. the relaying of other'siser
the subscribers have the ability to relay information for each traffic becomes crucial. The optimal power and bandwidth

other to improve the overall network performance. For a wireless llocation is furth led with the choi f rel d th
network operating in a frequency-selective fading environment, allocation Is further coupied wi € choice of relay an

the choices of relay node, relay strategy, and the allocation Choice of relay strategies.
of power and bandwidth for each user are important design This paper takes system view of the cooperative network,

parameters. The design challenge is compounded further by and aims to jointly optimize relay strategies and physiagér
the need to take user traffic demands into consideration. This resources in a network. We focus on a cellular data network

paper proposes a utility maximization framework for such a net- ith inale b tati d bscrib . h cell
work. We show that for a cellular system employing orthogonal with-a single base stalion and many Subscribers in each cet,

frequency-division multiple-access (OFDMA), the optimization Where each subscriber has the ability to relay informatimm f
of physical-layer transmission strategies can be done efficiently each other. Further, we consider a network employing oghog
by introducing a set of pricing variables. The proposed solution nal frequency-division multiple-access (OFDMA) where leac
incorporates both user traffic demand and the physical channel user node may simultaneously act as a source, a destination,

realization in a cross-layer design that not only allocates power | but at diff tf t | h
and bandwidth optimally for each user, but also selects the best or as a relay, but at different irequency tones. In such a

relay node and best relay strategy (i.e. decode-and-forward vs Ne€twork, the power allocation among the transmitting nodes
amplify-and-forward) for each source-destination pair. in the network and across the frequency tones can greatly
affect network performance. Our target application is adfixe
broadband access network in which channel estimation is
feasible, and where centralized resource allocation can be
In a wireless network with many source-destination pairsnplemented. The cooperative strategies considered & thi
cooperative transmission by relay nodes has been shopaper take advantage of the broadcast nature of wireless
to improve transmission rate and diversity of the wireleshannel, and allow the destination to cooperatively “carabi
network [1], [2]. The relays may facilitate transmission bgignals sent by both the source and the relay.
first decoding the transmitted codeword, then forwardirgy th The issue of power control for relay-assisted networks has
decoded codeword to the destination using a strategy knewrb@en dealt with in [3], [4] and many others. In particular,
“decode-and-forward” (DF). Alternatively, a relay may @ity the question of which node to use as the relay [5], [6] and
amplify its received signal and employ a so-called “amplifywhich relay strategy to employ [7] has always been regarded
and-forward” (AF) strategy. as important but difficult. This paper makes progress by
This paper is motivated by the following questions: In ahowing that the joint relay-strategy selection and resmur
cooperative wireless network, which node should act asaHocation problem may be solved globally and efficiently by
relay? What relay strategy should be used? When, andusing a set of dual variables. Our approach accounts for user
which frequency should relaying be employed? Clearly, theaffic demand, and it representsceoss-layer optimization
answers to these questions depend on the topology of fhemework for cooperative networks. A key technique in our
network. For example, when a relay is located closer to tistudy is the use of pricing to determine the optimal relay
source than to the destination, decode-and-forward appearstrategy. Pricing has been used in earlier studies of both
be a natural choice. On the other hand, when the relaynumiltihop [8] and ad-hoc relay networks [9], where pricing
located closer to the destination, its received signaldise information is used to give selfish nodes an incentive toyrela
ratio (SNR) may not be high enough to allow decoding, iffhe present paper describes a centralized system whess pric
which case amplify-and-forward is more suited. Howeveg, thrare used to regulate system resources in order to achieve an
optimal operation of relays is more complicated than thaterall global optimal performance for the network.
provided by a rule-of-thumb. This is because the choices ofThe notation used in the paper is as follows. Boldface lower-
relay node and relay strategy also depend on the amountcake letters are used for column vectobsand 1 denote
transmit power available at the source and at the relay, até all-zero and all-one column vectors respectively. Far t
further on the user traffic patterns. This is particularlyetin vectors of the same length=" and “<” denote component-
a power- and bandwidth-limited network in which each nodeise inequalities. Lower-case lettey denotes thé'” entry of
may act as a source/destination or relay simultaneousthisn x. Boldface upper-case letters denote matrices. For a matrix
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X, X(i,7) represents the entry on ti#é row andj" column. each tone, the column vectd(:,n) has at most one non-
The vectorX (i, :) is thei'® row of X, and X (:, ) is thej!"* zero entry. Power and rate are related by abkievable rate
column of X. The superscripts-)”, (-) denote transpose, region, denoted asR € C(P). The achievable rate region

and the Hermitian respectively. implicitly accounts for the best possible use of relay styas,
and design restrictions mentioned this paragraph.
Il. UTILITY MAXIMIZATION FRAMEWORK By definition, (Pl)l, i.e. the row sum Otp, is the total

This paper adopts a network utility maximization (NUM)power spent at nodé, summed across all tones. Similarly,

framework in which each data stream has an associateq Utiﬁlat?Télt’reléen.w;[hesurr(n)vr;ezu?crggg,al?Ij[/(?:e;heA (iztaarrzi(ee fc())vrver
function. A utility function is a concave function of dataea ' : P P

1 maxr __ max max max T 1 1
that reflects user satisfaction. The choice of utility fimct constraint,p [P, p5**", ... 3], is imposed on

depends on the user application (e.g. data, video.) Theomletweacﬂ r&o?e. 'tAr separeﬁa\ utllgy fltJiCCt'icm? IS atsi;oﬁ:ateﬂ W't?
objective is to maximize the sum utility. The NUM frameworiCaCh data stream. The objective 1s 1o optimally aflocate
ower among the frequency tones, while choosing the best

originated from the work of Kellyet al [10], and it has been b

applied to many physical-layer design problems [11]. In thr(glay node and strategy, in order to maximize the network

context of a cooperative network where a cooperative node" utility. Expressed succinctly, the optimization peoblis

must spend its own resources to relay information for other maximize Z Un((R1),,) 1)
nodes, maximizing sum utility serves as a common objective meM
to create incentives for user nodes to act as relays. subjectto P1 <X p™?** R e C(C(P)

B. Cross-layer Optimization via Dual Decomposition

A Sysiem Model' . L In general, finding the achievable rate regiGQP) in-
Thg cooperative ceIIuIa}r network considered in this PaPGhives a search over all possible power allocations, relays
consists of a base station an user nodes. Lel = 5nq relay strategies. So, the optimization problem (1) is a
{1’2""’K} be the set of user nodes. Denote the ba?r‘ﬁxed integer programming problem, and the structure of
station as nodeX + 1. Let K, = {L,2,..,K + 1} be C(P) is complicated. However, in an OFDMA system with
the extendgd set of nodgs. Each of tf(e_ user nodgs has many narrow subcarriers;(P) is always convex because
both dowplmk ¢) and uplink () commumcgnons with the time-sharing of two transmission strategies can alviogys
base station, so there aB data streams In total. Lett implemented across the frequency tones via frequencgidivi
be the set of all data streams, i84 = K x {d,u} = multiplexing. The idea is that if two sets of rates using two
.{(1’d)’ (2,d), o (K, d.)’ (1’“)’.(2’u)’."" (K,u)}. Each node igerent power allocations and relay strategies are aebie
in the system is equipped with a single antenna. individually, then their linear combination is also actable

Th_e cooperaﬂye network of interest employs an OFDM’%y a frequency-division multiplex of the two sets of stragsg
physical-layer withV tones. Let\" = {1,..., N} denote the “pa ey noint is that this observation, made early in [12]
set of tones. To prevent inter-stream interference, weicest¢,. o spectrum balancing problem and in [11], is applicable
that there is only one active data stream in each tone. Howeveen as discrete rel ay-selection and relay-strategy-selection
each of the2 data streams can be active in more than onge i olved. This opens the door for using convex optimiza-
tone. Moreover, we impose the condition that an active deﬁan techniques for solving the mixed integer programming

stream can use at most one relay (where the relay node 5‘?‘8blem (1). In particular, using the duality theory of [12]
be any one of the othek’ — 1 user nodes.) We further assume following is true:

that diversity combining at the destination occurs only whe Proposition 1: The optimization problem (1) has zero du-
the source-relay, source-destination, and relay-de&imbnks ality gap in the limit as the number of OFDM tones goes to
are all at the same tone. Note that uplink and downliqhﬁnity_

transmissions take place simultaneously in the networkheo  The zero-duality result implies that the Lagrangian tech-
base station is both a source and a destination (but in eliffernique can be used to solve the mixed integer-programming
tones.) However, the base station can never be the relay€ng,opjem efficiently. In particular, the Lagrangian methedds
other hand, all user nodes in the network can simultaneouglyy decomposition of the utility maximization problem into
be a source, arelay, and a destination (again in differ&®s9 o smaller subproblems, each of which may be solved

The wireless channel is modelled as a frequency-selectiygiependently. The rest of this section develops this dual
fading channel with coherence bandwidth in the order of thg,composition result. First, rewrite (1) as

bandwidth of a few tones. We further assume a slow fading

environment, so that full channel side-information (CSd) i max > Unltm) (2)
available at the base station. meM

Let P be a(K + 1) x N matrix such thatP(i,n) denotes st. P1=p™** Rlzt RecC(P)
the power spent by nodein tonen. Because only the sourceyheret = [ty ta.a)s ~~~7t(K,u)]T are extra variables. The

and relay spend power in each tone, the column veRtorn) key step is to relaxk1 = ¢ by first forming the Lagrangian
has at most two non-zero entries. Similarly, lébe a2 K x N

matrix such thatR(m,n) denotes the actual rate achieved by j — Z Up (tm) + )\m( Z R(m,n) — tm>
streamm in tonen. Since only one stream can be active in meM neN



where X\ = [A(1,4), A\2,4), ...,)\(K,u)]T, with )\, being a dual Example 1. Let ¢t be data rate, and define
variable corresponding to stream. The dual function s L (1—e), ift>0 ;
max L(P,R,t,\) (t) = —00, ift<0 "’ (7)
gA) =4 PRt (3)

st. P1=pm*® ReC(P) wherea andb are strictly positive real numbers.represents

consists of application-layer variablgs and physical layer the upper limit of the utility, whileb is chosen SILI{CZE‘ 1t)hat at
variables P and R. Moreover, g(\) can be separated intoSOMe rate;, the utility is equal td).9a. Givenc, b = === In
two maximization subproblems, namely a utility maximipati the application layer subproblem, the per stream maxinoizat

problem, corresponding to a rate adaptation problem in tifeof the form(U(¢) — At). By calculus,

application layer i} 1A\
t* = max 07—5111—() (8)
Qa
Gappl(N) = max Z (Um(tm) )‘mt7"> (4) 2) Physical Layer Subproblem: The physical layer sub-
meM problem is the more difficult of the two. FindinB* involves
and a joint relay-strategy selection and power and bantiwidielecting the best data stream, power allocation, relaye nod
allocation problem in the physical layer and relay strategy in all tones. Further, the per-node power
constraint introduces coupling across the tones. Thisaect
Gohy(X) = Ig,aé{ ;4)"" %}/R(m’n) (5 shows that by a second decomposition step, the coupling
Py st ;1 = pnfam ReC(P) across the tones can be removed, resulting in a procedure tha

o . is linear in the number of tones. The main technique here
Thus, the optimization framework provides a layered apioa;s reminiscent of the weighted sum-rate problem in [15]. A

to the sum utility maximization prgblem. The applicatior]_agrangian can be formed by relaxing the constrafttt <
layer adaptively adjusts user’s traffic demand based on Lpemm and introducing prices into the objective function of
current channel conditions, while the physical layer adafyt ().

allocates power and bandwidth and selects the best choice of

relay and relaying scheme to obtain rates required by therupp Q = Z Am Z R(m,n)
layer. The interaction between the layers is now controlled meM  neN
through the use of the dual variabl which coordinates the _ .
userdemand and the physical layesupply of rates. Because + 3 i [Py = )" P(iyn) 9)
(1) has zero duality gap, it can be solved via its dual ey neN
minimize  g(A) (6) wherep = [uy, jio, ..., i 41] " - The key observation is that
subject to A =0 | max Q(P,R,\, 1) (10)
In particular, the update o may be done using a subgradient a(p) = st. Re C(P)

method [13] as follows: _ o
Subroutine 1: Subgradient-based method for solving (6) ¢an now be decoupled int¥ per-tone maximization subprob-

1) Initialize A(®, lems:Vn € NV,
2) Given A®, solve (4) and (5) separately to obtain the max A, R(m,n) — (usP(S,n) + ur P(R,n))
optimal valuest*, P*, and R*. st. R(:,n) € C(P(:;,n)) (11)

3) SetAl+) = A® 4 (LW)T (¢* — R*1) _ , , _
4) Return to step 2 until convergence. The complexity of the physical layer subproblem is now linea

Subroutine 1 is guaranteed to converge to the optimal difg V- The dual variableg: represent the“ cost Of power for
variable, if the step sizes® are chosen following a dimin- €ach node. TogetheA and . coordinate “supply” of power

ishing step size rule [14]. From the optimal dual variabtee, a"d “demand” for rates. N
optimal primal variables can then be found easily. A critical requirement for the decomposition of the phys-
ical layer subproblems intdV per-tone subproblems is the

convexity structure of the problem, namelyP) can always
) - be made a convex region if time- or frequency-sharing can be

in the previous section, solve the overall utility maxintiaa  proplem

problem globally and efficiently.

1) Application Layer Subproblem: Note thatg,,,;(\) as in minimize  q(p) (12)
(4) can be solved by maximizing each of the summation terms subject to p = 0
separately. Specifically, sinéé,, is a concave function af,,,
S0 iS Uy, (tm) — Amtm. Therefore?, can be found by taking Agdain, a subgradient approach with appropriate step sizgs m
the derivative of Uy, (tm) — Amtm) With respect tot,, and Pe used to solve the dual problem.
setting it to zero. Example 1 shows a class of utility funcsio ~ Subroutine 2: Subgradient-based method for solving (12)
that will later be used in simulation results. 1) Initialize (.

C. Solutions of individual subproblems



2) Given u®, solve theN per-tone maximization prob- Subscriptsl and2 are used to denote the first and the second

lems (11) separately to obtaiR* and R*. time-slots, respectively. We denotg; as the symbols sent by
3) Setpu+V) = 4@ 4+ (eM)T (P*1 — pma=) S, yp1 andyp, as the received symbol &, andyx, as the
4) Return to step 2 until convergence. received symbol aR. The complex channel gains fro& to
Now, it remains to solve the per-tone optimization probler®, S to R, andR to D are denoted aBsp, hsr, andhgp,
(11). The optimizing variables are respectively. The channel gains are assumed to be ideitical
. Data streamn (m € M) both time-slots. Moreovenpi, np2, andnyg; are circularly
« Relaying scheme $DC, DF, AF}! symmetric complex Gaussian nois@s/ (0, N,W).
o Choice of relay nod&R (R € K,R # S or D)
« Bit rate R(m,n) A. Direct Channel (DC)
As the search variables are discrete, the per-tone maxioniza The DC channel is modelled as
roblem above can b Ived by simply searching over a
prob pove ¢ o ey o the i yp = v/P(S,n)hspas + np (13)

discrete set. Size of the set is the product of the numbeit®f bi
data streams, relay nodes and relay strategies. Such &se@ffe achievable rate (in b/s/Hz) is well-known:
is often feasible for a practical network.

P(s,n)hsp2>

(14)

R(m,n) <log, (1 + TN,V

I11. OPTIMAL RELAY-STRATEGY SELECTION
A main point of the previous section is that the joinwherel is the gap to capacity. For discrete bit-loading,
relay operation and power allocation problem across freque I'N,W
tones can be solved globally and efficiently. This hingesnupo \hsp|?
an efficient solution to the per-tone problem. This section
provides a solution to the per-tone power allocation probleg  pacode-and-forward (DF)
for each relay strategy. The main idea is to express thenedjui
power at the source and at the relay as a function of the give
rate for each relay strategy. This is done for each stream yp1 = \/thDxSI +npy (16)
m (yv_hlch_ uniquely determiness and D) with a possible - \/mh‘%x& + gy (17)
participation of a relayR at each tone.
This paper focuses on two-time-slot implementation of AF yp2 = /P(R,n)hrprsi + np2 (18)

and DF, and imposes the practical constraint that a relag nqeh; successful decoding ofs; at the relay, we need:
cannot send and receive at the same time in the same tone

p* (S,n) _ (2R(m,n) _ 1)

(15)

nlhe channel equations of DF relay channel are:

[16]. In both relaying schemes, during the first time-slatlyo P(S,n)|hsr|”

S transmits, which simplifies expression with insignificant R(m.n) < log, <1+ I'N,W ) ’ (19)
performance loss. The difference between AF and DF is in )

the operation ofR. In AF, R amplifies the signal it receives " equivalently,

in the first time-slot, and sends it out in the second time-slo I'N,W

P(8,n) > (2fm™ —1) (20)

In DF, R attempts to decode its received signal in the first |hsr|?’

Flme—slot. If depodlng is unsuc_cessfd?, will remain silent = <\ ~cassful decoding &, we need

in the second time-slot. Otherwisk, re-encodes the decoded ) )

data and then transmits it in the second time-slot. R(m,n) < log (1 I P(S,n)|hsp|® + P(R,n)|hro| >
Achievable rates for two-time-slot cheap relay channelasa = =~~~ N, W

[1]. What is required here is, however, the optimal transmifyove equation. Rearranging the above gives
power as a function of rates. With a participation of a relay,

an entire range of power allocations is possibl§@ndR for — p(zp ) _ (280mm) — 1) PN,W — P(S,n)|hsp|? (21)

each fixed bit rate. The main idea is to show that by using an ’ |hrp|?

extra optimization step that accounts for the pricing stmee | P*(R,n) <0, then DF is not a suitable relay scheme.

of the power availability, the optimal powers can be readily Now, it remains to optimizeP(S, ), which is not immedi-

found. _ ~ ate since at a fixed rat&(m, n), decreasing”(S,n) would
As mentioned earlier, perfect knowledge of channel gain aﬂ%reaseP*(R, n), which may actually decrease the utility.

noise varianc_e is assumed. Power spent at na@ohel data rate Recall that the objective of the per-tone optimization peab
of streamm in tonen are denoted a$(i,n) and R(m,n) ag expressed in (11) is

respectively. However, since transmission takes placevin t
time-slots, both actual power and actual data rate should be max AmB(m,n) — pusP(S,n) — ur P*(R,n)  (22)
halved. Throughout this sectio®*(-,n) denotes the optimal ’

transmit power (at eitheS or R) at a data rateR(m,n). From (21), P*(R,n) may be obtained as a function of
P(S,n), so that the entire objective is a function B{S,n)

IDC stands for “direct channel”, i.e. no relay. only. Since the optimization problem is now unconstrairied,




can be solved by looking at the first order derivative of this obtained only when both terms are less than zero, leading

objective function (calledf below): to a feasible region fo’(S,n) as
df |hspl® Pain(8,n) < P(S,1) < Prax(S,n) (30)
- ¢ @@ = 23 min ) ) max ) )
where
Note that the objective is a linear function 8{S, n), so the
d df (2fitmn) _ 1IN, W
erivative is a constant. This implies thatj% > 0, then Poin(S,n) = ° (31)
P(S,n) should be set to infinity. From (21), thls means DF is |hsp|® + |hsr |?
* R(m,n) __
unnecessary. On the other han% <0, thenP*(S,n) Pone(S,1) = (2 1)1“NOW. (32)

should be set to the minimum as expressed in (20). Note that
by (21), such &*(S, n) guarantees tha®*(R,n) is positive.
The DF mode power allocation procedure is summarized

|hspl?

Now, it remains to choose the optimal power allocation for
a fixed R(m,n). Similar to the analysis in the DF mode, the

below: er-tone objective is as expressed in (11):
Subroutine 3: Optimal power allocation for a fixeg(m, n) P ) P '
in the DF relay mode: ngx AmR(m,n) — usP(S,n) — ur P*(R,n) (33)
1) If |hsr| <= |hspl, setP*(S,n) = P*(R,n) = o, (Sm)
2) else if —us + pr |‘;LSD‘\2 > 0, then setP*(S,n) = Lets call the objective function abovg. First, we show that
P*(R,n) =00, f is a concave function oP(S,n). Compute
3) else setP*(Sj n) anq P*(R, n) according to (20) and df _ us  prdP*(R,n)
(21), respectively, with equality. m = 5T 7W7 (34)
4) Divide R(m,n), P*(S,n), and P*(R,n) by 2.0 ey - 7M77zd2p*(727 n) )
) dP(S,n)?2 2 dP(S,n)?
C. Amplify-and-forward (AF) ) o )
. ) It is not difficult to verify by algebra that foP(S n) within
The channel equations of AF relay channel are: n) & P*(R.n)
the feasible region (30),dP(S < 0 and TPEE
yp1r = +/P(S,n)hsprsi + npi, (24) o. Substltutmg the result into (34) and (35) tells us that
d
yr1 = V/P(S,n)hsrrst +nri, (25) ny <0 Wlthln the feasible region ofP(S,n), thus
— Byrihrp +n (26) proving concavity.
Y2 YRIARD b2 The concavity off and the observation thgtis continuous
where ensure that there is a unique optimal value fofvithin the
P(R,n) feasible region forP(S, n). The optimal value can be found
p= 2 (27) by solving for the root of-—~% . This can be done with a
(S,n)|hsr|* + NoW y g apP S

root-finding method such as the Newton’s method. The AF
is the power amplification factor &. mode power allocation procedure is summarized below:
To analyze the power requirement for AF, recognize that in Subroutine 4: The best power allocation for a fixed
order for the destinatio® to decode the signals:, which is = R(m,n) in the AF relay mode:

sent across two time-slots, we must have 1) Solve the equatlmdp(f; 5 = — 0 to obtain P*(S,n),

R(m,n) < log,(1 + SNRag) (28) using either bisection or a Newton’s method, within the
feasibility range (30).
where SNRE is 2) SetP*(R,n) according to of (29).
P(R.n)P(S,n) | hn|? hsr |2 3) Divide R(m,n), P*(S,n), and P*(R,n) by 2.0
1 P(S,ﬂ)‘hsD‘Q P(S,n)lhsr|*+ N, W ‘|
n 2
r NoW N,W (1 + 5, ﬁhﬁf\?ﬂv W) D. Summary of the Algorithm

Rearranging the above, we get The subroutines presented in this paper are interconnected
hierarchically. The original sum utility problem can be\sl
(01P(3,n)+C2)(63P(S,n)+04)7 (29) optimally in the dual domain using Subroutine 1, which
csP(S,n) + co requires the solutions to both the application-layer soblem
where (which is trivial) and the physical-layer subproblem (whic
&1 = |hspl% 2 = —(2Bmm —DIN,W,  e3 = |hsr|?, requires _Subroutine 2) An im_po_rtan_t step of Subroutine 2 is
ca = N,W, ¢ = |hrol?(—|hsp|? — hsr|?), the solution toN per-tone maX|m|_z:_;1t|on problems. Each per-
c6 = (280mm) )TN, W|hropl?. tone problem can be solved efficiently by searching over a
¢ discrete set. The discrete search involves the expressibns
Now, observe that(csP(S,n) + ¢4) > 0 always. Thus, the required power at the source and at the relay as a function
to ensureP*(R,n) > 0, the terms(c; P(S,n) + ¢2) and of the bit rate for different relaying schemes. Subrouti®esd
(s P(S,n) + ¢g) must either be both greater than zero of describe the associated procedures for DF and AF relaying
both less than zero. It is not hard to see that a valid solutioespectively. Because of the convexity ©@fP) and the fact

P(R,n) =




——— For direct transmission and relaying TABLE |

————— = Only for relaying RATES FOR VARIOUS DATA STREAMS IN THE2-USER NETWORK
Baﬁe dStagion.—> Node 1< -------- > Node 2 Stream| No Relay | Allow Relay | Percentage Change
(Node 3) (1,d) | 130.0Mbps | 115.0Mbps —10.8%
(0,0) (5.0) (10,0) (2,d) | 50.8Mbps | 88.8Mbps 74.8%
(T,u) | 27.0Mbps | 19.4Mbps —28.2%
Fig. 1. Topology of a cooperative network with 2 user nodes. 2,v) 16.2Mbps 15.8Mbps —2.5%

2.5
that the utility maximization problem has zero duality gee,

have:

Theorem 1. The algorithm summarized in the preceding
paragraph always converges to the global optimal value of
(1). This is true wheneveZ(P) is convex, which is obtained
in the limit as the number of OFDM tones goes to infinity.

15r

Increase in Sum Utility
-

o
3}

IV. SIMULATIONS

This section illustrates the proposed joint resource atioa . T T I I T T
and relay-strategy selection procedure by providing it 0 -5 0 5 10
results for the following two networks. In both cases, thalto Position Along the X-Axis for Node 1
system bandwidth I_S Set_ &MHz, with the number of OFDM Fig. 2. The effectiveness of relaying for various positiaisiode 1.
tonesN = 256. All links in the networks are assumed to have
small-scale i.i.d. Rayleigh fading and a large-scale pasis,|
with path loss exponent of. Utility functions are chosen as

Lo

described in Example 1 with parameters= 10 and ¢ = 2) Effectiveness of Relaying vs User Location: Fig. 2 shows
125Mbps for downlinks andz = 1 and ¢ = 12.5Mbps for the increase in sum utility for various position of node
uplinks. Increase in performance is most significant when nods

at (4,0), and gradually decreases in both directions.
) 3) Relaying Scheme vs User Location: Fig. 3 shows the

A. Network with 2 User Nodes dominant relaying scheme(s) for stream d) for different

Consider a network with a base station akd= 2 user positions of nodel. The results of Fig. 3 nicely follow the
nodes, for a total of 3 nodes. The base station (n®)des rule-of-thumb that wherk can decode the received data, DF
fixed at (0,0) and node is fixed at (10,0). The location of is the preferred relaying scheme. & moves further away
nodel changes in different parts of this simulation. The powdfom S, AF relaying scheme is preferred. However, the simple
constraints of all nodes are the same such %{% —23dB, rule-of-thumb, without taking into consideration othectfas,
corresponding to a medium SNR environment. It is clegloes not tell us where the change of DF to AF occur, whereas
that relaying is most beneficial to the second user. MoreovEtd. 3 shows exactly where the transition occurs.
simulation shows that if one restricts relaying for the dbmin
of the second us€®, d) only, a negligible decrease in the max-
imum system utility is observed. This is because our choige
of utility functions favor downlink transmission. Thereé we The second set of simulations illustrate the optimal relay
show results for the relaying @2, d) only. strategy for a larger network with a base station dnd= 4

1) Fix Node 1 at (5,0): As a first example, nodé is fixed user nodes. Fig. 4 shows the locations of different nodes and
at (5,0). Fig. 1 shows the locations of nodes and describéescribes possible relaying links. Note that in this examnpl
whether a link can be used for direct transmission, relayifgpth relays 1 and 2 can potentially help downlink transmis-
transmission, or both. It is found that by allowing relayitige  sions for nodes 3 and 4. The proposed optimization procedure
maximum sum utility is34.4% closer to the upper limit (which selects the best relay in accordance with the realizatidhef
is 22, calculated by summing the value of the parametéor channel and the availability of power and bandwidth.
all data streams.) This quantifies the merit of relaying. The power constraints of all nodes are such tﬁ%; =

Table | compares the achievable rates for various dat@dB, (i € K£.). This corresponds to a medium SNR environ-
streams. Each user node spends part of its power to transmént. Using the proposed optimization procedure, it is éoun
its own uplink data, and the rest of its power to act as relayat by allowing relaying, the maximized sum utility incses
The optimization technique proposed in this paper allovehieafrom 34.38 to 37.20, which is29.3% closer to the upper limit
user node to find the optimal power and bandwidth divisioof 44. The result again quantifies the merit of cooperative
between the two roles. Table | suggests that nbdacrifices relaying. Note that in this simulation, each source-desiim
its own uplink data rate in return for higher data rates fadao pair selects both the best relay and the best relay strategy i
2. In fact, nodel spendst7.6% of its power in the relay mode. each frequency tone. This is done in a globally optimal way.

Network with 4 User Nodes



TABLE Il

O AF onl (0,10) ©® AF and DF
y o0Bog. RATES FOR VARIOUS DATA STREAMS IN THE4-USER NETWORK
o DFonly pnUDo0eend
D.-S' '{ © o - ® ® 0 g g"‘m Stream| No Relay | Allow Relay | Percentage Change
T e b e 000 ®® 600 (1,d) | 152.8Mbps | 148.4Mbps —2.9%
0060 00 oo F . ;) o D*-D (2,d) 135Mbps | 129.4Mbps —4.1%
Heooooocoooo0®®®Dnn" (3,d) | 46.6Mbps | 71.3Mbps 53.0%
HOoooooo0odoeono 5 oo " (4,d) | 54.1Mbps | 80.5Mbps 43.8%
HD®oo0o0 0000 60000 ;o 600" (I,u) | 18.8Mbps 16.6Mbps —11.7%
40 5 0000000 boo0oo0®a ; e (2,u) | 18.8Mbps | 16.3Mbps —13.3%
5 5 0000000 06000066 Q - (3,u) | 11.9Mbps 13.8Mbps 16.0%
550 0 00 0000 60000 000 (4,u) | 14.1Mbps | 13.4Mbps —5.0%
(-10,0) 0,0) (10,0) TABLE Il
Node 3 Node
(Base Station) PERCENTAGE OF POWER SPENT AS RELAY IN THB-USER NETWORK
Fig. 3. Dominating relay scheme(s) for streatd) for various positions Node | Percentage of power spent as relay
of node1. (“AF and DF” indicates that both AF and DF are possible at tha 1 94.9%
location, depending on resource constraints and chanakation at a tone.) 2 92-;%
3 0%
4 0%
—— For direct transmission and relaying Node -
***** = Only for relaying _= (713
- 7(A' ) REFERENCES

Node -~~~ ! 1
(1,1)n\\ <

Base Station/

(Node 5)(0,0) ><l ! [2]

— [3]
(6,-3) Node <4
[4]

Fig. 4. Topology of a cooperative network with 4 user nodes.
(5]

Table 1l shows the rates for various data streams, for
both when relay modes are allowed and when they are ndf.
Again, as downlink is preferred by the virtue of the choice
of the utility function, both(3,d) and (4, d) streams benefit [7]
tremendously from relaying. In fact, as shown in Table IIl,
over 90% of power is used for relaying in nodes 1 and 2[g]
These results illustrate that in a system with optimal altimn
of bandwidth and power that truly maximizes the sum utility,
nodes 1 and 2 would sacrifice its own data rates for the benefiy
of nodes 3 and 4.

[10]
V. CONCLUSION

This paper proposes a utility maximization framework that!
is capable of selecting the best relay, the best relayegtyat
and the best power, bandwidth and rate allocation in a ellul12]
network with relays. By using a dual optimization techniqu
for OFDMA systems, we show that the seemingly difficult
joint system optimization problem can be solved efficientlit4]
and globally under a pricing structure. The proposed resour, 5
allocation scheme realizes the cooperative gain of a relay
network by taking into account both physical-layer reseurc
availability and the application-layer user traffic demsiivd a
cross-layer approach.
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