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Abstract—We investigate the problem of multi-user radio Since the relaxed version of the optimization is a convex
resource allocation for orthogonal frequency division mutiple  problem, we devise a gradient-based algorithm to work in the
access (OFDMA) amplify-and-forward (AF) relays. In the sirgle- 5oy mntotic range of the parameter. The algorithm allocates

user case, the problem reduces to the well know assignment di ¢ in iterati | h iterati
problem, which maximizes the user rate. For the multi-user radio resources to users in iterations. In each iteratiatgsr

case we devise a resource allocation algorithm to achieve ma are allocated in accordance with the gradient of the oljecti
min fairness. We find max-min fairness since it can provide function. Since the algorithm is a sub-optimal version ofikh f
almost flat ubiquitous coverage. We start by formulating a convex optimizer, it is expected that its performance wded
convex optimization, which takes a parameter that asymptatally  |5se to optimum. Simulations show that the algorithm intlee

makes the optimization produce max-min fair rates. Since te hi It | to th Hi uti
optimization is a convex problem, we are able to devise a sub- achieves resufts very close to the opimum sofutions.

optimal gradient-based algorithm to solve it quickly. Simuations Previous works show that scheduling for AF relay networks
show that the algorithm achieves results very close to the holds great promise [3]-[6]. However, these works mainly
optimum solutions due to its gradient origins. consider the single-user setup. In the single-user sehg, t

Index Terms—Max-Min Fairness, Amplify-and-Forward Re-

lays, Resource Allocation, Scheduling, Sub-Channel Pairg. AF scheduling problem becomes an assignment problem [4]

which can be solved optimally with pairing the sub-channels
|. INTRODUCTION AND MOTIVATION based on the ordering of the SNRs [5]. This technique also

Next generation wireless networks aim at providing ubi minimizes BER in a high SNR regime [7]. Extensions taking

uitous very high data rate coverage. Since wireless Cham{g?rference |nformat|0n_|nto account are also_ possibledS
impairments and transmit power limitations prevent higbcsp well as extens_|on§ that mclude power allqcatlon [8]. .

tral efficiency even for moderately long links, it is necegsa AF sc_heo!ullng n the multi-user setup IS noF as sw_nple as
to consider advanced cost-effective radio access netwoﬁfl(‘g'edu“ng in th? single-user setqp. Complications ansef .
(RANS), such as relay networks, empowered with fair eﬁit:ier% € need to provide end-to-end fairness among user ratgs. Di

radio resource management (RRM) techniques, which eﬁégpmed scheduling and power allocation for uplink OFDMA

tively collect and distribute wireless signals. We invgate relaying is examined in [9] with game theoretic approaches,

multi-user amplify-and-forward (AF) relays, which forvear extendltngf [3] tg tﬁe calse (;)ft_mgltlgle ?ource nides thzt
and multiplex data in orthogonal frequency division muéip compete for sub-channeis. Lptimization lrameworks can be

; ed to achieve multi-user fairness. Proportional faiouese
access (OFDMA). OFDMA-based AF relays store quantiz :
samples of the symbols until they are amplified and tranemitfgﬁoca“on for OFDMA-based DF relay networks through the

at a later time. These relays are cost-effective, simpler %)jective function is considered in [10]. Another appro#h

implement, and introduce less delay in comparison to Othﬁraen;orce falr_netig n thetr(]:ons_trz_;unts of tthe prolslsmk[ll]—
decode-and-forward (DF) relay based routers. ], however in this case the minimum rates must be known

We devise an algorithm that provides max-min fairneég advance and the their feasibility must be checked by

among the user rates for OFDMA-based AF relay network%f‘other mechanism. In addition, [11}-[13] do not consitier t

We start by formulating an optimization, which finds rateghwi SW'tChmg pQSS|b|I|ty of the f|rst-h.op ;up-carrler to d.rf&]t
a faimess depending on paramete) iaput to the optimiza- sub-carrier in the second-hop which limits the capacity.
tion. We have previously used this optimization to devise an Il. SYSTEM AND NETWORK MODEL

algorithm to achieve generalized proportional fairnesBPKj>
[1], also known as~y-fairness [2]. In GPF schedulingy

t b d t dually ch hedules f .
parameter can be used o graduaty change scheduies uration of T, seconds and a frequency spanldf, Hertz.

throughput optimal to proportionally fair. A , it ) :
ghput op proportionatty ¥ = There arel’ RBs in the frame andV available sub-channels
asymptotically changes the optimization to achieve malx-mg .
0 be assigned ta\/ users. In the sequel, we assume that

fairness among the rates [2]. .
g [2] the users are connected to the base-station (BS) through a
This work was sponsored in part by Huawei Technologies Ltd. predetermined relay-station (RS) at any given time. A highe

We consider OFDMA where orthogonal sub-carriers are
rl%uped in time and frequency as resource blocks (RBs), with



layer process determines whidli users are connected to thewhere M is the number of usersy is the number of sub-

BS through this RS. Results can be easily extended to ttlgannelsT;, is the time duration of the resource blocﬂ%’.”)

multiple RS scenarios. is number of bits that can be carried in an RB for the sub-
The RS is an OFDMA-based AF relay, which multiplexeshannel couplings, j) of userm, x§;"> is the number of RBs

user data after receiving them from the BS. The receivedasigmssigned to usen on sub-channel couplin@, j), and- is the

is sampled and processed through fast-Fourier transfo)(F parameter which asymptotically produces max-min fairgate

to obtain the received modulation symbols, which are thenThe objective function

stored in the RS’s buffer. The RS may re-map the RBs from

sub-channel to a different sub-channel, before perforrttieg N N

inverse FFT to obtain the output signal, similar to singIJ]N("' a%(;?l)a"') = Z ﬁ %ZZbET’wET’

user “chunk-based” sub-carrier coupling [4]. Note that & w m=1 bi=1j=1

overlook this switching capability, a good sub-channel may the-fair utility function, which we have used previously to

be bottle-necked by a deep faded sub-channel which lingts tbbta|n genera"zed proportiona”y fair rates ﬂ)E ~y < 1 [1]

capacity. RS has at mosy/2 RBs on each sub-channel, beforgyere we use the well known fact that as—+ oo the optimum

re-transmitting them to users, since RBs must be assigned-dfies produced by the objective function are max-min fdir [2

pairs. Multiple users may have RBs on the same sub-chanmfk constraints (2b) and (2c) ensure that the total number of

in the same frame. allocated blocks does not exceed what is available in thedra
The number of bits carried in an RB depends on the adaptiyge constraint (2d) ensures that the allocation is integral

modulation and coding used in the combined transmission ove 1,4 integrality of time allocations, which is exhibited thet

the two hops. We denote the number of bits transmitted in gfycrete nature of constraint (2d) makes the problem compu-

RB, allocated for usern, on sub—cha_nn((ed )by the BS and tationally hard. However, if the integrality of time alldtans

retransmitted on channglby the RS Wlthbi;»n . In the sequel, g relaxed, by replacing the constraint (2d) with

we call bE;”) the rate of sub-channel couplirnig, j) for user T

m, where (i, j) refers to “coupled” transmission from BS to 0< x§§”> < 2 1<4,j<N,1<m< M, (3

the RS, on sub-channél with the transmission from the RS

to the usenmn on sub-channej.

The end-to-end user rate depends on the RB allocation'ffy
possible to use an off-the-shelf convex solver. Nevertigle
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the optimization becomes a convex problem. However, since
are dealing with asymptotic values of — oo it is not

the frame oo . ST
1 X (m)_(m) the optimization can solve by replacing the objective fiorct
Tm = o Z Zbij T, (1) with the regular max-min objective
b sl =1
LSy 0m)(m)
where r,,, is the rate of usem in bits—per—secondxg”) max. . min ﬁZZ%— Ty, (4)
is the number of RBs assigned to user on sub-channel g i=1j=1

coupling (i,7). The RB aIIocationSrE;”) are the unknowns and then using an off-the-shelf linear program solver.

that the RRM algorithm is searching for. These allocations pue to the real number relaxation, solutions of the linear
also implicitly define a schedule, since the order in whicthax-min optimization are an upper bound on the performance
users transmit is unnecessary for defining a schedule.  of any integer solution. However, the solution of the rethxe
problem can only be used to measure the optimality since
) _it consists of real numbers, which violates the integrality
We now formulate the max-min rate sub-channel a”ocat'%quired by the actual problem. Therefore, we devise a sub-

for OFDMA-based AF relay networks and solve it with &ptimal algorithm with relatively simple complexity for éh
gradient-based algorithm. We start by formulating an optinaximization.

mization, which asymptotically produces max-min fair gate
and also has convex relaxed counterpart

I1l. M AX-MIN SCHEDULING FORAF RELAY NETWORKS

We note that a part of the novelty in our formulation is
that the problem becomes a convex optimization when the

M N N 1= constraints (2d) are relaxed to include real-number smhsti
max Z B Z Z bz(,;n)xl(;ﬁ) (2a) The relaxed optimization can then be solved with a gradient-
B —— L=\ 1= based sub-optimal algorithm. On the other hand, approgchin

M N the problem with the linear objective (4) does not produce an
st Z ngn) < : 1<i<N, (2b) ©obviously good heuristic.
m=1j=1 2 The gradient-based algorithm is obtained by observing that
M N T the maximum change in the objective function, that can be
xE;") < 7 1<j5<N, (2c) obtained from increasing any one of availabzté”)s by one,

i=1 is obtained by increasing the time allocation of sub-channe
. coupling (4, 7) and usern with the steepest ascent direction
}’ I<ijsNlsm=<M (2 (largest derivative) [1]. This fact can be observed from the



Taylor's expansion of the objective function

Algorithm 1 ALGOR|THM-MM(b§}"), M,N,T)

Un(--- Z(;n)Jrl )%UN("',SCE?),"') 1: Vi, j,m 5§§<—b§§
0 (m) Initialize: 1<i,j <N :T®® =71/2, T =T/2
+—=Un( a0 )s . (BS) (RS ’
8x§;”) I 2: while 37;°” >0and 37,"” >0 do
where 3 mt arg mln {Zz 1 ZJ 1 z;n) 5}”)}
? ) N(7x£;n)7)_ b * ((73 )F?’rglma’i(]vbz“]

axij ( Zz 1 Z] 1 z] zm)) 5: L = A xl*JS +1
o » 6 TP 7P _
is strictly positive. - T(fs)

Using the previous observation we devised an iteratives:

it 7% =0 then

greedy algorithm to solve the GPF optimization [1], where9: bit; 0, 1<m<M, 1<j<N
in each iteration, the user with the highest partial derrggis  10:  end if
allocated an RB on its highest available sub-channel cogpli 11:  if TJ»(FS) =0 then
() 122 b0, 1<m<M, 1<i<N
(i*,7%,m*) - arg max Y ~. (5 ¥ end f
112”;% i\f: é\[:b(m)l'(m) 14: end while
i=1j=1 v
We now devise a gradient-based algorithm to solve tigince by definition Obg;n)
problem fory — oo, which corresponds to the max-min pm) ) ()
rate allocation. Our algorithm is based on the results of the i ij ij
following proposition: (rm)? = (rm)? = (rm)
we have

Proposition 1. For ~ sufficiently large, assigning a time slot plm) jlm)
to the user with the minimum current rate on its best sub- max max —2— <

channel coupling is equivalent to assigning resources ® th

1Sm<M 1<0,5SN (T)7 = (7)Y

user with largest gradient (5).

for YV~ > ~q, proving the proposition. [ ]
Using the proposition, we see that finding the largest

Proof: Define the best sub-channel coupling for user derivative is equivalent to assigning time to the user wiith t

with R
(m) & max

W}
b” 1<i,j<N {b” ’

minimum current rate to its best sub-channel coupling. Base
on this fact, we devise a gradient-based algorithm to find the
max-min fair allocation of user rates (AORITHM-MM).

the rate of usem with the lowest rate among all users with  The algorithm works in iterations to allocate time to ackiev

1N
rm 2 min —Z b(m) (m)

ij Lij
i=1 j=1

) /e (2))

and a threshold ory

7% £ max {log
1<m<M

SinceVm # m, we havel < log (:—;) the following is true,

subject toVy > o, Vm # m.

b(m)
710g< >>1og<” )
T'm b(»m)

]

Taking the exponent of both sides of the inequality,

(rm)Y

(Tm)

P (m) 7 (m) 7 (m)
b; bi; bi;

A nd

<

b(’”) (rm)” ™ (rm)?

max-min fairness among user rates. St8p$ perform the
search according to the proposition: first the minimum rate
user is found (Ste@), then its best sub-channel coupling is
found (Step4). VariablesTi(BS) and T}RS) keep track of
the available slots on each sub-channel for the BS and the
RS transmissions, respectively to keep the allocationitiEas
according to constraints (2b) and (2c). After each iteratio
789 and TJ.(RS) are updated if any slots are allocated on

3
their channels (Step6-7). The bits-per-slot valueég;") are
also updated (set to zero) according to the availability BER
to ensure that allocated slots are not considered in the next
iteration (Steps-12). Note thatbl(.;”) does not change as the
algorithm runs and is used to find the user rates so far, on the
other handl?l(;’l), changes as the algorithm runs and is used
to find the best coupling for a selected user in each iteration
BZ(.;”) reflect the allocation in previous steps.

The algorithm’s complexity depends on the implementation
of the search in Steg. We do not get into the specifics of



TABLE | Rate vs. Distance

SIMULATION PARAMETERS 0 i ‘ ‘
Parameter Value
BS-RS Channel Rician, K=10 dB [15]
BS-RS Shadowing Log-normal, varianceg dB 10°F : 1
BS-RS Doppler shift 4 Hz , i
RS-Users Channel Rayleigh [15] ~ X 1
RS-Users Shadowing Cog-normal, variancé dB 2 e
RS-Users Doppler shift 37 Hz S 10 » : E
Path loss 38.4 +2.35log 10(d) dB ¢
Sub-carrier bandwidth 10.9375 kHz
Sub-carriers per Sub-channgl18
Number of users M =30 0k g
Number of sub-channels N =50 ‘ ]
Slots per frame T =20 e pouanurmax
Cell radius 1000 m MM
Antenna Gain 10 dB BS, 5 dB RS,0 dB Users
Noise Figure 2 dB RS,2 dB Users Fig. 1. Cumulative distribution function.

the algorithm’s implementation. However, we note that théhown in Table I.

search step can be implemented with multiple sorted lists|n the first set of simulations we measure the sub-optimality
holding SNRs; namely/ lists for second-hop SNR measuredf the algorithm. There are a total 46 drops for a total 0800

at users, and one list for first-hop SNR measured at RS.diktinct inputs to the optimization. Even this modest numbe

takes N log(NN) steps to sort each list. With the sorted listsef drops took abouR0 hours to run due to the time it takes
in Step4, we know the best available coupling for each uses find the upper bound values.

without any computation. We find the user with the minimum For each drop, we calculate users’ time allocations using
rate in M steps. Note that linked list can be sorted in onge relaxed optimizationig;) and time allocations with the
step after Sted0 or Step13, by putting the modified rate to proposed algorithmif;). Since the relaxed optimization is

the end of the list, since it is zero. Taking into account thae upper bound on the integer solution of the problem, the
there areN% RBs in each hop, the algorithm goes througBub-optimality gap is bounded by

N% iterations. Finally the complexity of the algorithm is
O((M +1)Nlog(N) + MNL).

A similar algorithm is also used in the context of OFDMA An (m)
cellular networks without relays [14], where in each itemat Un(eesiyg o)

the user with the minimum rate is aIIoca.ted_res.ourc.es on {),ﬁ]ere| | is the absolute value of its operand. This gap shows
best sub-channel. Nevertheless, the contribution in #@@pis how much the low complexity allocation is far from the upper

showing that this type of resource allocation is an asynptoyound on the optimum “total satisfaction”.

version of a more general GPF allocation. Since our algorith - (jsing the measured integrality gap from our simulations,
is a sub-optimal version of the convex utility-based max-miye find that the optimum value of our algorithm is on average

fair resource allocation problem, we have an explanation @fthin 8% of the upper bound found with the linear program
why the allocations derived by the algorithm are so close {@in the standard deviation df6%.

optimum. Also, our algorithm is in the context of OFDMA- |, the second set of simulations, we measure the perfor-
based AF relay networks, unlike [14] where it is used in theiance of the algorithm with the totdlo00 distinct inputs.

context of cellular networks. We also simulate the performance of the algorithm, which
allocates rates to maximize the system throughput and the
algorithm, which allocates the rates to achieve propoation
We ran two sets of Monte-Carlo simulation for evaluatiofairness (PF) between the rates. The algorithm that magisniz
of the proposed algorithm. In both simulations, we considére system throughput corresponds to the naive extengion o
a network of30 users connected to the BS through a pred#e single-user algorithm [5].
termined RS. In each iteration of the Monte-Carlo simulatio Figure 1 shows the system rate allocated to users as a
we randomly “drop” the users with a uniform density in thdéunction of distance from the relay. We observe that as we
area around the relay. From the users’ locations, we ca&ulanove from the MM allocation, to the PF allocation, to the
each user’s path-loss to the relay and use a detailed charmakimum throughput allocation, more system resources are
model to find the number of bits carried in an RB on each subssigned to users closer to the RS, increasing the system
channel for0 frames. Details of the simulation parameters atbroughput. The flattest rate coverage is achieved by the max

Un(- @™ ) Uy - 7;@(7”),...)’

IV. SIMULATION RESULTS



CDF of Rate TABLE ”

0.999 SYSTEM SATISFACTION AND USERSATISFACTION
wool o ‘ ; BN [[ Throughput Max.] PF [ MM ]
05 percentile (Kbps) 0.000 13.600 22.010
o095l | 95 percentile (Mbps) 0.2945 0.0600 | 0.0220
09 1 Throughput (Mbps) 1.580 1.003 0.800
o5k _// ] Jain’s index 0.06531 0.84920 | 0.98770

0.5 A

Pr[Abscissa<Rate]

of the parameter. Our simulations show that the proposed
algorithm is very close to the optimum solution and that its
A allocations are fai_rer than th_e allocations by proportilyrfair
S O F1E 1S I , —F -4 or throughput optimal algorithms and translates to theeftatt

= coverage.
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