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ABSTRACT nel adaptive modulation and coding (AMC). Specifically, a
Tailored for the emerging class of cognitive radio net—"\’e'ghted average sum-rate optimal sub-carrier, power and

works comprising primary and secondary wireless users, thEAt€ allocation is sought to provide a minimum average rate
present paper deals with channel-adaptive allocation of supguarantee for the quality-of-service of the primary user while

carriers, rate and power resources for orthogonal frequency CONStraining the maximum rate of secondary users. Schedul-

division multiple access (OFDMA). Users rely on adaptivelnd @nd allocation of resources is adapted to the underlying
modulation and coding that they select in accordance wittf1anne! state information (CSI) and is communicated from
the limited-rate feedback they receive from the access poini!€ AP 1o all users through a limited-rate feedback channel.
The access point uses channel state information to maximize'€_feedback provides quantized CSI for every transmitter
the weighted average sum-rate of the network while respect- -CSIT) to adapt to its m_tended Cha‘.””?'- . :

ing rate and power constraints on the primary and secondary 0" fading channels with known distributions the optimal
users. When the channel distribution is available, the opl€Source allocation is derived using a primal-dual approach
timal off-line allocation is obtained to benchmark perfor- Which requires off-line evaluation of the associated optimum
mance. In addition, a simple yet optimal on-line algorithm is-2@9range multipliers (Section 3). This off-line component
derived using a stochastic primal-dual approach to solve thé€nders it appropriate for benchmarking purposes and moti-
constrained utility maximization problem formulated. Analy-V""teS the develppment of Qn-lme alternatlves. Such a simple
sis and simulations corroborate that the low-complexity onYet optimal on-line alternative is possible through a stochas-

line recursive scheme converges to the optimal solution rel® ﬁ’(”ma:'%“al (Sth,r?) aﬁproa‘fhg"’?'ﬁh d%es not re_?liure a ptrr|1
gardless of initialization. ori knowledge of the channel statistics because it learns the

required averages on-the-fly (Section 4). The resultant low-
complexity, low-overhead on-line resource allocation algo-
1. INTRODUCTION rithm is well suited for primary and secondary user access in

In an effort to alleviate today’s spectrum scarcity, there ha§ognitive radio networks.
been a growing research interest in cognitive radios, which
being aware of their frequency environment can dynami- 2. MODELING PRELIMINARIES

cally program radio parameters to efficiently utilize available

spectrum without causing harmful interference to authorizedOn'Sider an OFDMA air interface between an AP dndl

usersL]. A major class of cognitive radio platforms typ- wireless users, where useris a primary spectrum holder

ically follows a primary-secondary hierarchy in which pri- af.‘d user§ =1,...,J are secondary users. The overall band-

spectrumopportunistically provided that its presence does e fading channel on it is flat, i.e., non-selective. The

not adversely affect the primary spectrum holder(s). wireless link between the AP and uspat subcarriek =
To fulfill the promise of cognitive radios in efficiently uti- 1,....Kiis then characterized by a randgm C_OemC'm'
lizing the available bandwidth, it is of paramount importance] N€ (3 - 1)K x 1 vector of channel gaink := {hjx, j =
to judiciously allocate the available channel resources. Sincg L+ J; k=1,...,K} is stationary and ergodic with joint
orthogonal frequency division multiple access (OFDMA) is Cumulative distribution function (cdfj (h). _ _
the “workhorse” access technology for most current and Per subcarriek = 1,..., K, we introduce a time-sharing
proposed wireless standards, the present paper deals wfRCtOr Tk(h) := {Tjk(h), j = 0,1,...,J}, where entries
scheduling and resource allocation of OFDMA-based cog?k(h) depend onthe channel realizativiand obey the con-
nitive radios in uplink operation where each (primary or secstraint0 < 7_,7j k(h) < 1. Specifically,; x(h) represents
ondary) user transmits to an access point (AP) using charthe percentage (of time) that useis allocated (on the aver-
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age across symbols) access to subcakrifrscheduled, i.e., To guarantee quality-of-service of the primary uBen

if Tjx(h) # 0, userj transmits on subcarride with a cho-  minimum average rat& must be maintained for its trans-
sen modulation (e.g., 16-QAM) and a channel code (e.g., mission. On the other hand, to prevent secondary users from
convolutional code with rate 1/2) with overall ratgn. Inad-  abusing the spectrum, maximum average rétgs=1,....J
dition to {rj m, m=1,...,M;} non-zero rates (AMC modes) should be imposed for these users too. Likewise, average
that can differ from user to user, we gt denote the case power constraint§, and pj j=1,...,J are also present for

where uselj does not transmit. o the primary and secondary users, respectively.
The AP acquires with sufficient training the Cisbased

on which it optimizes resource allocation and feeds back the 3. \WEIGHTED SUM-RATE MAXIMIZATION

optimal schedule to the users using a finite number of bits. ) )

Such a limited-rate feedback dictates that users have only\ith En[] denoting the expectation operator w.rh, the
limited number of possible transmit-configurations. This im-average rate of usef=0,1,...,J can be is expressed as
plies that for each of thé1; AMC rates, uselj can only se- 1} := E, [ZE:lEme///-(h- o Timk(h)rj m}, and the average
lect power from a set of power values with finite cardinality. 3 e ’

It can be shown that if power assignment is optimized basegower asp; := E, {Zﬁzl Yme.(h; 0 Timk(h) pj,m}- Incor-
only on Q-CSIT, one must design the optimum quantizer (Opporating rate-reward weights; > 0 to effect fairness, the
timal power-book) jointly with the resource allocation task gptimal allocation maximizes the weighted average sum-rate

[2]. This design amounts to having each transmit-mode assybject to (s.to) average rate and power constraints; i.e.,
sociated with a unique quantized rate-power pair. Under this

design condition, the possible transmit-configurations of usef j1ax 57 wiE { K T o (h)r }
j are the pairs((rjm, pjm), m=0,1,...,M;}, where both 7(h) 21=0WiBh | Zica Zme.s o9 Timk()F i m
rji,m andpj m are constant quantities known to both transmit- | sto C1. 0< Z]']:OZme,///-(h- ") Tjmk(h) <1; Vh, k
and receive-ends. As this paper focuses on resource allocg- e ’

tion, it is assumed henceforth that such a power book, i.e, th C2 By ZI}<<:1 2 me.p(hoy) Tomk(h)rom| > Ro

set of p; m's is provided. K S
ReIiJabiIity of the wireless links must be maintained un- C3. Bn | T Zme.so(hoy) Tomk(B)Pom) < Fo

der a maximum allowable bit error rate (BEE) For C4. Ey szzlimeﬂj(hj‘k) Tjmk(h)rjm| <¥fj, j#0

constellation- and code-specific constakisandk, and af- K L

ter assuming without loss of generality (w.l.o.g.) that the CS. En | Y1 Ime.sjihy ) Timk(B)Pjm| < By, j#0.

additive white Gaussian noise (AWGN) at the receiver has (4)

unit variance, the BER with AMC at subcarriecan be ac- The problem formulated as i@)is convex and can be effi-
curately approximated a8][(our framework applies to any ciently solved using a Lagrange multiplier based primal-dual
other BER function) approach4].
Let Ar,, Am,, Ar; @and Ay, denote the Lagrange multipli-
K2h; pj,m) 1) ers associated with rate and power constraints of the primary
2im—1 )’ user and the secondary usérs- 1,...,J, respectively. Ig-

) _ ) noring temporarily the trivial constraints C1, the Lagrangian
Using h, the AP finds for each user the set of AMC i rt A = [)\RO’)\PO,)\H’)\M’.,_,)\ry)\pJ]T is

modes satisfying the prescribed BER at subcakjarall it
Ai(hjk) = {m: & mk(hj kPjm,Tjm) < E}. J . .
JI(t Is )usefEI at {his(ptjnintjto récggniz}e that except for the L(A,T) = Z}erj + ARy (o — Ro) — Apy(Po — Po)
pre-specifiedj , m € .#j(h; k) modes, each user can also i=
support under the prescribed BER transmit-rates expressed
as linear combinations of these AMC modes by time-sharing =Y (A (F=F))+Ap (Pj—B)) . (5)
their usage per subcarrigr Specifically, using the mode ]
m over {jmk percentage of thejy, and lettingtjmy :=
{jmkTj k. USerj can support rate

& mk(Njx, Pjm,Tjm) = Klexp<—

(&

Il
R

The Lagrange dual function is

D(A)= max L(A,1) (6)
Tik()rjkh) =5 Tjmk()rjm ) TstoCl
me.(hj x) and the dual problem offj is
where clearly0 < Zf:oZme//,-(hLK) Timk < 1. By time- minD(A) (7)

sharing, any linear combination difrjm} as in @) gives A=0

rise to the same linear combination of corresponding powgyhereA > 0 means that all entries df are nonegative.
ers{pjm}, which meet the pre-specified BER constraint Given A, the optimum in/6) will turn out to be attained
for a givenh; x; hence, almost surely using a greedy winner-takes-all strategy. To
establish this, we first define the link quality indicators
Tikh)pjk) =5 Tjmk(h)pjm ®3)

AL $omk(A,h) == (Wo+ ARr,)ro.m — AR, Pom. (8)
. — - . vme #o(hok)
Using 2) and B), it suffices to optimize resource allocation ’

only with respect to the time allocation variablegh) := 9imk(A, ) = (Wj —Arj)rjm = Ap; Pj.m, ©)
{tjmk(h), j=0,1,...,3, me .#(hjx), k=1,...,K}. vme #j(hjx), j #0.

©2007 EURASIP 862 EUSIPCO, Poznan 2007



15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP

Per subcarriek, we determine for each us¢r=0,1,...
the most-efficient mode

J

m]'kk(/\7h):arg max ¢Jmk()\7h)v (10)
’ mei(hix) =

A (hijk
and select the “winner user” as the one with index

(A1) = argmeve; oy, (A, h). (11)
Per sub-carriek, the optimal schedule of time-sharing frac-
tions is

1, if j=jandm=m.
i ={ 6 Gt i

0, otherwise (12)
It is easy to show that the allocation ih2) maximizes the
dual function 6). In fact, regarding\p, or Ap; as the power
price, the link quality indicators in8) and ©) determine
the net rate reward (rate reward minus power cost) corr
sponding to thg j,m) mode at subcarriek. Notice that to
guarantee the service of the primary uSerwe may pro-

mote its rate reward weight through addition of the multiplier

AR, > 0; whereas positivel;; > 0 may be subtracted from
w;j to prevent the abusive spectrum access of secondary u
j =1,...,J. Using such indicators, the optimal allocation
then simply assigns the whole subcarreto the winning
user-mode pait(jﬁ,mT;_k) which produces the highest net

rate reward. According to such a time allocation, we indee(rj n+1) = Fj[n]Jan

let userjy exclusively transmit with ratefj*;‘k(/\ h) = i,
, :
and powelp]?ﬁ k(A h) = Pigm. while having all other users
El Jk‘

j # I defer by settingj (A, h) = pj (A, h) = 0on subcar-
rier k. '

Now we are ready to solve the dual probler) for the
optimal multipliersA *. With [x]* := max(x,0) andf; a small
stepsize, this can be accomplished through the iterations

1+
A éi;rl) - [Agg B (Eh [% rgx(A ,h)] - F“eo> (13)
k=1 ) | N
A = [Aéif B (F‘o ~En lz b (A ’h)D (14)
AT = [/\,@ e (r“,- —En [ I (A ,h)D (15)
)\[()ij+1) — [/\S,-) - B (f),- —En Lzl pjk()\,h)l )] . (16)

If the convex problemd) is strictly feasible, these iterations

fairness. This becomes possible using stochastic approxima-
tion tools and the utility maximization framework (see e.g.,
[6]) that we outline for our problem in the ensuing section.

4. ON-LINE UTILITY MAXIMIZATION

Select a concave and increasing so called utility function
Uj(rj), and consider

max 53-oU;(7})
sto CL 3, Yme.4(hjy0 Timk(h) < 1; Vh, K
C2. 1 >Ro (17)
C3 p<h
C4. 1y <fj, j#0
C5. pj<pj, j#0

wherer;j and p are defined as indj. Clearly (17) includes

e(4) as a special case whesj(rj) = wjr;. Suppose that

the fading coefficienth remain invariant during a block of
OFDMA symbols but can vary from block-to-block (block
fading channel model). Aiming at replacing the expecta-
tion r;, we rely on a standard stochastic approximation on-

Sftle recursion across blocks indexed byblock to obtain

vj=0,1,...,J

K
T mk(B[)rjm =] |
k=lme///j(hj7k[n])
(18)

where h[n] is the fading state at current block,
SR, Sme.(hy [n) Tjmk(h[n])rj mis clearly the current sum-
rate of the usej provided a certain allocationh), and step-
sizef3, € [0, 1] implements a forgetting factor in the averag-
ing. Substituting/18) into (17) and using Taylor's expansion
with B, sufficiently small, we have flenotes derivative)

J a
%Uj(fj[fw 1)~

J:

J J
J;U,- (rj[n})+ JZOUJ-'(H' )

% Bn (EE:1 2 me.; (hj ) Tjmk(h[N)rjm — ';Ll[n]) - (19)

Since estimatesfj[n] are available at block n,
maximizing ~ 37_oUj(fj[n + 1]) becomes  equiv-
alent to maximizing the weighted sum-rate

1oV (F5[n]) (ZE::L 3 me. a;(h ) Tj,m,k(h[n])rj,m)-

With A [n] := [Ag, 0], Apy 0], Ay (1], Apy [, ., Ary [n], A, ]
denoting the estimated Lagrange multipliers at blackve
can define on-line link quality indicators

represent standard sub-gradient projections whose fast (lin-

ear) convergence to the optiml of (7) is guaranteed from
any initial non-negative value, e.g\,(o) =0 [5]. The opti-
mal solution for the primal problendis in turn provided by
T*(h) = (A", h).

It is evident that the expected values/I8)f—(16) can be
only obtainedoff-line provided that the cdF (h) is known.
Furthermore, notice that the reward weightg in (4) are

fixed beforehand. On the other hand, practical cognitive raficient user-mode pair

dios could welcomen-lineresource allocation without a pri-
ori knowledge off (h) and with weights adapted to ensure

©2007 EURASIP
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9omk(A [N, h[n]) := (Ug(Fo[n]) + Ar [N])Fom — Ary [N Pom,
Yme <//o(hotk[n])

(FFn) = Ar, [0)) 1 .m = Apy [P Py
vme . (hixln), j #0.

i mk(A[n], h[n)) := (U]

Then arguing as before, we can pick the most ef-
(j;[n],m]f;’k[n]) yielding largest
¢j;_nﬁ*k7k()\[n],h[n]), and let userjg[n] transmit with
K
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e A BI) = g . and powerp (A [n], hin]) =
Piginme. [n]s while all other userg # j;[n] deferring with
M

(Al h[n]) = p; (A [n], h[n]) = O per subcartiek.

Substituting this allocation intd.€), average rates [n-+
1] can be updated. Mimicking the subgadient updates i

(13)-(16), we update thé [n+ 1] using the following on-line

Uj(r7) and the solution of4) and {7) will coincide if

wj = Uj(]). Compared to the off-line solution, the adap-
tive SPD algorithm enjoys two attractive features: i) conver-
gence to the optimal average rates without a priori knowledge
of fading cdf, and ii) flexibility in selecting different utility
r?unctions to achieve additional desirable properties such as
airness.

5. IMPLEMENTATION AND OVERHEAD

Recall that the AP has available the full CSI vedidn] per
block n and relies on it to run an SPD iteration. Each iter-
ation includes the on-line optimal allocation as well as the
primal r[n] and dualA [n] updates. The scheduled user-mode
pairs{(j;[an]fi‘k[n]), k=1,...,K} are then broadcasted,
and users transmit in accordance with this schedule at block
n. Instead of the analog-valued vector charinl, the AP
needs to feed back to the users the quantized CSI (user and

recursions:
K 1+
Aol +1] = |Amyln] ~ B <kzlrak<ﬁ ), hfn]) - %)
= ) !
Aeyln+1] = |An[n] — B <|50— > poxld [nLh[n]))
;
Arjln+1) = [ﬁ” n]— Bn (n Y [nLh[n]))

AMC mode indexes selected). Since there gfgle dif-
ferent user-mode combinations plus one more when all users
are deferring, the Q-CSIT (as well as scheduling) overhead

isF = [K log, (ZleMj +1ﬂ. As long as the feedback

Devoid of the expectation operators, these updates are stiink from the AP to the users can carry more tifahits per
chastic (un-biased) estimates of the sub-gradient projectioridock, this Q-CSIT is sufficient for implementing the pro-
in (13)—(16). Such iterations along with the on-line optimal posed channel-adaptive resource allocation. Note that this
allocation amount to a stochastic primal-dual (SPD) algoeoverhead is typically a small number for practical cognitive
rithm for solving the utility maximization problem irl7).  radios. For instance, in the case of one primary and three
Per blockn, this algorithm performs a weighted sum-rate secondary users with each supportMg=5 AMC modes,
maximization with adaptive weights provided Uj/(rj [N))to  only 4 feedback bits are required per subcarrier.

obtain on-line optimal allocation, whereas the dual variables

A[n+ 1] are updated usinigstantaneousiser rates.

Interestingly, without knowing=(h), this simple SPD
on-line algorithm can learn the channel cdf on-the-fly, andO
is convergent and asymptotically optimal. Specifically,
have proved that:

~ ~ K ~ +
Apj[n+l]:[Apj[n]_Bn<ﬁj_k D}k,k(/\[n]ah[n})ﬂ :

6. NUMERICAL RESULTS

numerically test our designs, we consider an adaptive
FDMA system withd = 4 users K = 64 subcarriers, uni-
Wetary noise power per user and subcarrier, Bhd= 5 active
AMC modes per user and subcarrier with rates (1/4,1/2,3/4,1,
. ) ) . and 5/4 bits per symbol). We further suppose that subcar-
Proposition 1 If problem (17) is strictly feasible, then the yier gains are uncorrelated and constén(i.e., uncorrelated
estimates; [n] obtained recursively fromilg) using any ini-  Rayleigh taps are simulated per user). The utility function is
tial rj[0] > 0, converge in probability to the optime} of (17) U (r;) = r; for all users.
Vj,asn— o andf | 0. To run our resource allocation algorithms we fixed Q-
. CSl pairs{(rjm, pjm)} Vj,m. Different from this work, 2]
As B, | 0, large samples are usediim] andA [n] estimates, deals with optimum rate and power quantization for a TDMA
which then evolve according to sample averages while satisystem, obtaining as a result that when optimally designed,
fying the Lipschitz condition{]. Ergodicity and stationarity the relation between power and rate for different regions is
of the channel further implies the equivalence between samalmost constant (i.epjm/rjm ~ c; Ym). To facilitate the
ple and ensemble averages. Since first-order approximatiatesign of Q-CSI pairs in the present setup, we can use as a
of the Taylor's expansion used in developing the SPD algorule of thumb the constamj based on the BER function in
rithm also becomes accurate @s| 0, the evolution off[n] (1) and§; since the set ofrj m} rates is given by the AMC

maximizes the utility drift; whereas the[n] evolves accord- modes that users implement, through} we can easily cal-

ing to the sub-gradient projection. All of these imply that theculate the corresponding; m}. Specifically, we will obtain

trajectory of SPD algorithm indeed fluctuates around that of;j as the required power to transmit one bit satisfyanghen

the corresponding off-line primal-dual updates, and this fluchj k = En [kl .

tuation is negligible as — c andf, | 0. The rigorous proof The QoS constraints are set & = 30, i1 = 201> =5,

relying on stochastic approximation and Lyapunov functionandfs = 5 (bits per symbol)Py = 100 p1 = 20 p, = 100,

arguments, 8] is omitted due to space limitations. andpz = 20 (watts per symbol), ané = 103 vj. The solid
With a small but constant stepsifs = 8, the SPD al- line in Figure 1 depicts;[n] and the dashed ling;[n| for

gorithm bringsr[n] to a small neighborhood of* (with (3, = 0.05and average channel gains across subcarriers and

size o(B)) in o(1/B) iterations, uniformly for any initial users set t&, [hj«] = 3. The curves validate the proposed

state. Because this adaptive algorithm converges from aallocation since the requirements are clearly satisfied: the

bitrary initializations it exhibits robustness to channel non-transmit-power is below the maximum value for all users,

stationarities. Upon convergence, the SPD weights beconthe primary user transmits at a rate higher than its mini-
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7j[n] and p;[n] for users j =0,1,2,3 5\,./ [n] and A],/ [n] for users j =0,1,2,3
T
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Figure 1: Time evolution of;[n] (solid line, left axis) and

o Fi 2:Ti luti fAr: lid line, left axi d
5,1 (dashed line, right axis) fof — 0,1,2,3. igure ime evolution ofA; [n] (solid line, left axis) an

)A\pj [n] (dashed line, right axis) for=0,1,2,3.

mum requirement while the transmit-rates of secondary users . - . .
stay below their maximum allowable levels. We also ob-gorithm to maximize the average weighted sum-rate subject

serve that to maximize the total transmit-rtg_,; the op- to power and rate constraints on the primary and secondary
timal allocation sets: (a; ~ f; andp, < p; for j — 3.2 (in users. We further_developed _astochastlc approximation SPD
S\~ Pj < Pj 1 =9 algorithm for on-line scheduling and resource allocation. It

both cases the users have power enough to transmit at NighgE "5 0ued that this simple low-complexity SPD algorithm
rate but they would violate their maximum rate ConStramts)ésymptotically converges to the optimal off-line resource al-

(b) 1 < F1 andp, ~ Py (although used could transmit at | -ation from any initial value without a priori knowledge of
higher rate it does not have enough power); ang Ro with {16 channel fading statistics.

po < Ro (the primary could slightly increase its own transmit-
rate at the expense of reducing the rates of others thus reduc-
ing the overall transmit-rate). With respect to convergence, REFERENCES

it is fast (but with fluctuations) since we chose a high valuem S. Haykin, “Cognitive radio: Brain-empowered wireless
for Bn. Moreover, since fon = 1 the rate requirement of the communications,”IEEE Journal on Selected Areas in
primary user is clearly unsatisfied, during the first samples  communicationsvol. 23, no. 2, pp. 201220, Feb. 2005.
of the algorithm secondary users are not allowed to acceﬁ] A. G. Marques, X. Wang, and G. B. Giannakis, “Op-

subcarrlelrs.anq their initial raie and.power are zero. timizing Energy-Efficient of TDMA with Finite Rate
To gain insight about the allocation depicted in Figure 1, Feedback” IEEE Proc. of Intl. Conf. on Acoustics

we plot the corresponding; [n] andAp, [n] values in Figure Speech and Signal Processjrigonolulu, HI, Apr. 16-
2. Simply inspection of the latter reveals that: (a) since both 20, 2007.

rate and power constraints of uger 0 are oversatisfied, its 3] A. J. Goldsmith and S. G. Chua, “Adaptive coded modu-
Lagrange multipliers take positive but close to zero values[. Ia.tio.n for fading chanﬁeléJEEE ll'ransactions on Com-
(Notice that, e.g.A; [n] is not always zero since it is updated municationsvol. 46, no. 5, pp. 595-602, May 1998.

based on the instantaneous values of the transmit-rate a I
power [cf. R0)], which implies that althoughj[n] is greater % géggﬁzgaengnli_\}e\rlse}?ydgrebsesrggg(;ﬁﬁvex Optimization

¥ K . X .
than;, Zk.=1rl=k can be less thafi; for somen leading [5] D. BertsekasNonlinear Programming2nd Ed., Athena
the multiplier to take a non-zero value); (b}, [n] > 0 and Scientific, 1999.
Ar,[n] is close to zero (i.e., the whole transmit-power is con{g] A. Stolyar, “On the asymptotic optimality of the gradi-
sumed but the maximum transmit-rate is not achieved); (c) * ent scheduling algorithm for multi-user throughput allo-

bothAr,[n] > 0 andA,,[n] > 0 imply that the maximum rate cation,” Operations Researglvol. 53, no. 1, pp. 12-25,
constraints forj = 2,3 are active; and (d) whildp,[n] ~ 0 Jan.—Feb. 2005.
(in this case the power constraint of user 2 is far from being7] H. Kushner and G. YinStochastic Approximation Al-
violated),Ap, [n] is close to zero (sincps < ). gori_thms and Applications2nd ed. Berlin, Germany:
Springer-Verlag, 2003.
7. CONCLUSIONS [8] V. Solo and X. KongAdaptive Signal Processing Algo-

rithms: Stability and Performan¢®rentice Hall, 1995.
Based on limited-rate feedback, we formulated channel-
adaptive resource allocation in cognitive radios with a
primary-secondary user hierarchy as a convex optimization
problem. Using a Lagrange multiplier based primal-dual ap-
prach, we derived an off-line optimal resource allocation al-
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