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Abstract—This article proposes a joint packet scheduling and queueing [2], where each flow is associated with a simple
channel allocation scheme for multiuser multichannel (MM) counter to store the transmission credits earned by the corre-
wireless networks. A fair scheduling algorithm is adapted to  g54nging traffic flow. Upon service completion, scheduling is
multichannel wireless networks by incorporating more realistic f d based th | f th t th teed
wireless channel characteristics. Channel conditions and different PErTOrmed based on e.v_a ues 0_ e coun ers, € guarantee
Quality of Service (QoS) requirements are properly reflected in rates, the Cha.nn.e-l condition of different traffic ﬂOWS Hence
the scheduling process, and allocation of multiple channels is also scheduling priorities are controlled by cost functions that
im_pleme_nted. From both ana_lysis_ and simulati_on, probabilistic_ represent how much service each flow deserves.
ifr<'111|rr:((§\slzdls,lguaranteed and utilization of each wireless channel is To adapt those existing wireline algorithms to wireless

P ' networks, features of wireless links should be taken into

|. INTRODUCTION consideration. Recently, a number of algorithms have been

In the protocol stack viewpoint, a wireless network consisRf0Posed to adapt fair queuing to the wireless domain [3].
of multiple layers, ranging from physical layer (PHY) to/n those existing scheduling algorithms for wireless networks,
application layer. Among all layers, medium access contrtiness among flows can be guaranteed. However, channel
(MAC) layer is responsible for packet scheduling, mediurroughput is not taken into c_:onS|der_at|on. Due to W|rele_ss
sharing, MAC organization, power and admission contrdgthannel fading, channe] side information fr'om.PHY layer is
Scheduling function selects packets to transmit when a §&lPful for MAC layer to improve channel utilization and max-
of traffic flows access channel. In wireline networks, GP&hze total throughput by avoiding poor channel conditions,
scheduling is a popular paradigm providing delay-bound&ﬁose_ achu_eved gain is commonly termed as the multi-user
channel access and faimess among packet flows. A GPY¥ersity gain [4]. By the way of how to capture channel
scheduler is an idealized fluid flow model that services aifatistics either roughly or more precisely, the gain may appear

sessions (flows) simultaneously. Consider a set of flows gipnificantly different. Usually a wireless channel is modeled
a system. Flowi has a rate weights; over any window of 2S @ two-state Markov chain where the channel is either good

time period [t1,t,]. Thus packet scheduling algorithms ar@" bad [3]. Then the MAC layer scheduler incorporates binary

to minimize the normalized throughput difference betwedi!annel s_taftes. Actually, P#Y Ialyer is able tr? provri]de hmc;]re
W flows 7, and iy, |2 _ Rea(tra)) " yngor ity @CCUrate information on channel status such as the highest

w; w affordable data rate.

. . e . 2, .
this conventional GPS is unrealizable in practice because nln this article, we propose a centralized scheduling MAC

services a small part of a packet at a time. ; . .
Packet-by-packet GPS, commonly known as Weighted F&rrotoco! for @ multiuser multichannel wireless network. We
eneralize the credit-based wireline fair scheduling technique

Queuing (WFQ), assigns each packet with a start tag an o°a wireless scenario where multiple parallel subchannels are

f!msh tag correspondmg to the “virtual t|m9 at which .the‘alvailable each time. A Finite-State Markov Chain (FSMC)
first and the last bits of a flow are transmitted respective

o L ; . Model for fading channels proposed in [5] is adopted to
[1]. *Virtual time” V (2) is defined as describe each channel. Credit is assigned to each flow and
dv(t)  R(t) guarantee fairness of scheduling. Throughput is also taken

dt > w; into consideration by showing favor to good channels. Since
. . o multiple channels are allowed to transmit simultaneously, not
whereR(t) is the data rate of the systeml at timeThis time- only which packet but also which channel should be decided
StaT“Ped a'g‘?”th’_“ sorts all the packets N the queue base_da ropriately. Therefore, packet scheduling is conducted along
their increasing time tags. Hence each time a packet arriv th channel allocation in order to meet a tradeoff between
its time tag is calculated. fairness and throughput.

In addition to the above time-stamped scheduling technlqug,l.he rest of this paper is organized as follows. Section I

another solution for packet scheduling is credit-based feHFieﬂy describes PHY layer features in this study. Section IlI

1This work was supported in part by the Army Research Laboratory CTQeSC”beS the pr_oposgd schgdulmg algomhm' Som? a”a|Yt'Ca|
on Communications and Networks under grant DAAD19-01-2-0011. results are provided in Section IV. In Section V, simulation




results are presented and compared with analytical ones. Reftere N, = , /22 [W]mflex‘v(—%), fa is the

formance of the algorithm under different situations and efl‘eqtﬁ)pmer spread frequency én@l is the average SNR. In
of parameters are studied. Finally conclusions are drawn. aqdition,m is the order of the Nakagami- fading. Actually
Rayleigh fading channel is a special case of Nakagami-
whenm = 1. Due to the fact that the sum of the outgoing

In this section,Adaptive Modulation and Coding (AMC)transition probabilities from one state always equals one, the
schemes and wireless channel models are introduced as PM§bability of staying at the same state is
layer features of the wireless communication system of study. .

1- P@,s+1 - Ps,s—la if 0< s < S;

A. Adaptive Modulation and Coding Pis=4q 1—Foa, if s =0;
l—Psvsfl, if s=2G.

Il. PHY LAYER FEATURES

Wireless channels vary over time due to fading and interfer-
ence conditions. AMC exploits these variations to maximiz@ our case, the state intervals are determined by the AMC
the data rate that can be transmitted over such channels ffgheme we adopted. Each channel staterresponds to one
The power of transmitted signal is held constant over a frareéthe AMC modes consisting of a modulation scheme, coding
interval. But the modulation and coding formats are adjustedfate and data transmission rate.
match the current channel condition that is usually represented
by received signal to noise ratio (SNR). I1l. ALGORITHM DESCRIPTION

In this article, we adopt an AMC scheme under an assump—_l_h d wirel work i d of pico-net
tion that all channels are perfectly known at the center node. € Proposed WIreless NEwork 1S composed ot pico-nets,

The entire SNR range for each channel is partitioned #to each of which is organized with a special node acting as a

non-overlapping consecutive intervals whose boundary poirit;%g:re?"ﬁg dgoggmﬁfﬁt'ﬁg dle'gks_rﬁ;e ?ztaot?slggi?:hbeedtm?nenatri-
arev, for s = 0,1,---,5. An SNR thresholdy; is set to ' prop g aig

avoid deep channel fades, i.e., when SNR is smaller than rithm also jointly assigns multiple simultaneously available

no data would be transmitted. For the mapping from SNRs ?giTgsésngvSoivlgnlI\I;]Llfltitr(’liemcafrlgllvzzsl (?rgatr?r?el(;eggir k;];drgaﬁ;e?j
modulation/coding schemes, we adopt the transmission mogés ) pie p

in TM1 which is recognized as part of high performanc y different division techniques such as space division (by the

radio local area network (HIPERLAN/2) standard, a wireledd€ans of multiple antennas), frequency division, code division,

LAN standard developed by the Broadband Radio Access N d so %n. Evin t'm? d'V'St')O”dC?.n %e |nclud|t=.\(:.[l '2 a g;len?rlcf
works (BRAN) division of the European Telecommunication. ¢ WHEre channet can be detined as a slot. -or clarity o

. . e presentation, we focus on frequency division as an example.
itazdirdj I;sﬁtuf[ﬁ e(lf:l:rll)rll ellf itshi arizc,?(;vig iMrizat;fLeds Different from any traditional single-link scheduling [9], [1], a

data transmission rate &, [7]. traffic model of a multichannel system is described as follows.
« The entire bandwidth is divided into several independent
B. Channel Model channels. Each of the flows can access any channel.
Independent flows in the network have independent task
gueues. Tasks arrive in unit of packet.
Packet transmission is slotted, which means that only at
the beginning of each time slot, the scheduler works and
transmission is permitted.

In this article, a wireless channel is modeled as a FSMC as’
in [5], where a finite-state Markov chain can model a wireless
channel with a finite number of states instead of early work *
of a two-state Markov channel known as the Gilbert Elliot
channel [8]. By partitioning the range of the received SNR into ) . I .
a finite number of intervals, a FSMC model can be constructed® Once a channel is aSS|g_ned to a packet, it will be occupied
for Rayleigh or Nakagamin fading channels. As shown in by that packet for one time slot.

Fig. 1, state transitions are assumed to occur only betweeJsually a downlink transmission requires higher data rate
adjacent states at specified probabilities. than uplink transmissions. Thus we assume the downlink

Each steady-state probability, of the channel state is traffic is very heavy and data rate is welcomed as high as
determined by the distribution of the fadmg channel. SuppogeSSible. For a bandwidth constrained wireless network, one

the pdf of the channel ig(v). Then of the design objectives is to improve the system throughput
attributed to the multi-user diversity gain [4], which is based

S /%+1 (7). on the fact that different flows have various transmission

3 qualities through the same channel. Due to channel fading,

s

stochastic bandwidth utilization is improved by showing favor
to the flows with good channel conditions and less interest
%o those with poor channel conditions. However, sequential
selection of the best channels must be balanced with fairness
considerations. The fairness of wireline Fair Queuing Schedul-
ing is evaluated by the normalized throughput difference
N, Ty between flows. In such a criterion, the rdtg(t,, ¢t2) allocated

to flow ¢ during time intervalt,, t2] is adjusted by minimizing

If all =, for s =0,1,---,5 are arranged in a row vectat, a
transition matrixP whose entries define all possible transitio
probabilities can be found by solving a matrix equatior-
wP [5]. An example of Nakagamir fading channel is given
in [7], where

Ns1Ty P,y 4=
y s,5s—1 —

S 7TS

Ps,s+1 -



the following measure to guarantee fairness of the networkCredit K, (t) is introduced for wireline networks to achieve

[10]: fairness [11]. When flowi enters the system or becomes un-

Ri,(t1,ts) R (t1,t2) back_logged, its_ c_rediKi is set to be zero. A flow acc_umulates _
RN 220 Vi, da. credits when it is not scheduled and loses credits when it

is scheduled. The number of accumulated (or decremented)

In this definition,w;, represents the weight of the traffic flowcredits is the normalized transmission rate of the current sched-

in order to incorporate different data rate requirements afed packet, which is determined by the channel condition.

flows. The weight helps to differentiate flows’ priorities and’he relationship between transmission rate and SNR has been

requirements. discussed in Section Il. This value is updated whenever a flow
However, it is not practical to ensure the above criteriomas been assigned a channel as follows.

is satisfied exactly, since packet switched networks grant, For flow s who has been assigned chanpgits credit is

channel access at the granularity of packets instead of bits. ypdated as

Additionally, for a random wireless channel, probabilistic

instead of deterministic measure should be used to evaluate  K(t + 1) = max(Kin, Ks(t) — (N — 1)R, ;(1)),

the fairness of a scheduler

Niyin (t1,t2) = | v, ws,

where N is the total number of flows in the system.

Prob(max{n;, ;,, t2)} <) « For all other flows, their credits are updated as
wheremax;, i, {7, i,(¢,,t,)} 1S calledbias and represents the Ki(t+1)=K;#)+ min(m, Kooz )w;,
maximum unfairness between all possible pair of flows. In Ws

the following analysis and simulation, bias will be used twhere K,,,;,, and K,,,, are respectively the minimum and
represent fairness. The smaller the bias, the better fairness iasimum credits allowed by the systeiRi, ; represents the
been achieved. Notice that each flow will be assigned a timransmission rate of the selected channel, i.e., the number
slot for transmission at a channel condition dependent raje packets transmitted within a unit of time. According to
each time. So in this sense, data rate can represent throughymt credit update rule, the sum of all the weighted credits
performance. In this article, both throughput and fairnesgthin the system is always kept zero, |EZ fj = 0. Thus
performance is pertinent to the data rate achieved by flowsk,,;, < 0, Kmn.: > 0, and each credit is allowed to be
Our algorithm is extended from credit-based fair queuein@sitive or negative. Their choice depends on the statistic
scheduling [2], associated with PHY layer information andistribution of credit. The rang&<,,in, Kmaz| Should cover
QoS consideration. Scheduling process is controlled by theost of the credits that occur when no credit bound is set.
cost functions of flows. To balance the service received amompus range is selected to satisBrob{K < K, or K >
flows and thus achieve fairness, previous service completiéf, .} < d, whered is a positive number much smaller than
is represented by the credit in the cost function. The costHowever, credit is constrained to be non-negative in [2] and
function should also reflect the current channel status in ordép]. In those algorithms, the sum of credits of all flows would
to efficiently utilize each channel in a multichannel systenkeep increasing unless all the credits are reset. Consequently,

The cost functionCost; ; can thus be defined as this increasing sum causes possible overflow of the memory.
U, (1) — K1) Difficulties in analysis also arise.
Cost; j(t) = —L——— 2 U-functionU; ; () is defined to represent thjeth channel’s
w;

current condition for the-th flow. Generally, channels under
where K;(t) represents the credit of theth flow at time¢, better conditions should have higher priorities to be chosen.
U, ;(t) representsj-th channel’s cost to transmit packets oHence cost function should be smaller under better channel
the i-th flow. conditions. The definition of U-function can be very flexible
The scheduler works at the beginning of each time slot. Vifdt is a decreasing function of transmission ratg;. In fact,
always assign Channg} to Flow i if the jo-th channel of it is also a function of SNR sincg; ; is determined by SNR.
Flow iy has the the smallest cost function under the conditidfor example, the transmission function could be defined as
that ?; ; is nonzero, which is determined by the AMC schemé/; ; = —AR;;, U;; = aR or U;; = —plog, R; ;. In
When SNR is below a certain threshold, AMC controller dogblese definitions, parametersa B, p andw are non- neganve
not allow any transmission to guarantee bit error rate (BER)at can be used to adjust scheduler’s performance. What type
and save power. After selecting a channel, we update the vatfietransmission function should be selected is related to the
of credit and assign the next channel to some flow. If all tH@oS that a specific flow requests, which is similar to the well-
valid channels have been assigned, the scheduler will wait uktilown “utility function” [13]. For example, for a voice service,
the next frame time. data rate increase does not make much difference if the rate
Two termsK; andU; ; represent respectively previous seris already high enough for such a service, thusatype of
vice credit received by the flow and channel status. Introducitignsmission function may be suitable. On the other hand, a
these two terms helps to find out a tradeoff between fairnesata service would like to have as high data rate as possible
(represented by credi’) and throughput (represented by U-and in this case, a linear function is preferred. In the following
function U). Thus resource is allocated according to flow'sliscussions in this article, data service is provided and linear
channel conditions. Rules to update them are described nexinsmission function--AR; ; is adopted.



It is worth pointing out that credif(; is only related to the can be evaluated with the transition matfxand the steady-
index of flow, while the U-functiorU; ; is determined by both state probability vector.

flow indexi and channel indey. An example is provided as follows, where two channels are
available and two flows are backlogged. In this case, average
IV. FAIRNESS AND THROUGHPUTANALYSIS SNR7 = 15dB, and the U-functiorl; ; = —R; ;. The credit

The proposed scheduling algorithm considers jointly creditange i§—3, 3], indicating7 possible credit statg9(;, K2). In
of different flows and their channel conditions. The scheduliragdition, the possible data rates arel and2bit/symbol and
process can be modeled as a Markov chain whose stateedsh of them represents a channel state of the FSMC model as
described as a vector including all possible credits and chandebcribed in Section II-B. Thus vectof’; 1,C1 2, Ca,1,C2 2)
states of all flows. For example for a two-flow two-channdlas3* = 81 possible states. So the number of possible states
network, a state vectdr includes creditd<;, K- of two flows of V' is 7«81 = 567. We set an SNR threshold for all the flows
, and channel state numbers of each flow at each channel. Thaghat if SNR is below the threshold the channel is regarded
V is defined ag K, K2,C1.1,C4 2,C2,1, Ca2). unavailable. In this article, when the SNR of a channel is
Its steady state performance is of our interest, which felow the value to transmit data with theit/symbol rate, the
evaluated by fairness and throughput. Fairness is evaluatedchgnnel is not usable. The steady-state probabilities of these
Prob(max;, i, {7, i,(,,1,)} < ). It can be achieved from the channel states ai@1903, 0.6375 and0.1722 respectively.
probabilities of credit state, which are the sum of possibilities Although the achieved transition probability matrix 587
of all the stated/, whose credit seti&? = (K, K», ..., Ky). by 567, which is not presentable in this article, Table | shows
As described in Section Ill, the fairness among different flovibe steady-state probability, of each credit sef’?, which
is measured bybias and a smaller bias shows a more faiincludes credits of flows and 2 respectively. The marginal
situation. probability is obtained by summing possibilities of all the
On the other hand, average throughpi{7} can be statesV, whose credit set ig(?. The states with smaller bias
obtained through the transition probability matdX whose have large steady-state probabilities, i.e., under the proposed
elementp,, indicates transition probability from stal€ to scheduling algorithm, the cases with higher fairness tend to
Vi happen as time goes on. Moreover, the probability of the states
whose bias i is as small a$%, which means that unfair
E{T} = Ey{E{T|V}} =Y Prob(V)E{T|V}, cases only happen occasionally. The average throughput of the
v example with two flows and two channelsli®8 bit /symbol.

where E{-} represents the expected value of a variable, andComparisons with simulation results (both with and without

Prob(V) is the steady-state probability of statewhich can Ccredit bound represented Iy and f;), are also provided in
be derived fromP. Actually, Table I. The simulation rung0, 000 times. Other parameters

in the simulation are the same as in the analysis. It is also
E{T|V} = ZProb(SeIectjth channel ofth flow|V;)R; ;, noticed that the probabilities with credit bounds are a little
i,j bit larger than the corresponding unbounded results. It can be
argued that it is due to the states omitted in the bounded case
since fewer possible credit sets appear but the sum of these
Jyrobability should still be 1. Small difference between results
ith and without credit bound suggests the credit bound of
3 is reasonable for such a scenario.

where thejth channel ofith flow is selected when th€ost; ;
is the minimum, which can be easily derived for a givién
Thus both evaluations of fairness and throughput perf
mance require all transition probabilities from one state
another. The basic idea to obtajin; is to find out all the
possible next states that may occur under the conditiow, of V. SIMULATION RESULTS

CompareV; with all the possible states. If; is none of them, | this section, we present simulation results based on the
the transition probability fronV; to V; is zero. Otherwise the proposed scheduling algorithm. A wireless communication
transition probability is determined by the probabilities of thgystem with multiple independent channels is simulated. Each
branches fromV/; to V;. Available channels are assigned ong the channels is simulated based on the finite-state Markov
by one and each time all possible interim states are listed. Th@Bqe| described in Section 1I-B. Several experiments were
for each interim state, the channels that have been assiggglied out to characterize the faimess and throughput. It is
would be eliminated from the available set and the pair gssymed that the scheduler at the center node be aware of all
channel and flow will be selected. When all channels hayge channel side information. Moreover, packets from different
been assigned, we achieve all the possible states stemmg@s are assumed to have equal length. Theoretidd]ly,can

from V.. __ _ be defined as any decreasing function of requested data rate
The steady-state probability vectar of such a system is . . |n our simulations, it is defined asAR; ;. In Table Il
solved according to the fact that= r - P. Thus and Table Ill, one can see the effect ofon system fairness
- (I—P)=0. and throughput under different average SNRs (dB).

Efficiency is represented by the average throughput and
So 7 is the eigenvector of I — P) corresponding to the fairness is measured by the weighted average value of bias
eigenvalue of zero. Then as described in the beginning of tlis= E{max; ;(|k; — k;|)}. B, andT), are respectively the
section, the steady-state fairness and throughput performaagerage bias and throughput of the proposed schedsyemd



T, are the average bias and throughput of the scheduler with
binary channel status. Compared with the proposed scheduler,
no matter how much data rate is allowed, a traditional binary-
state scheduling regards our finely defined channel states above
the SNR threshold as the same channel state. However, our
algorithm allows PHY layer to differentiate the different data
rates, leading to different throughput. Fig. 1. A finite state Markov channel model.
One can observe from Table Il that the scheduler with binary

. . . . . TABLE |
channel state information achieves more fairness, i.e., smaller
. . NALYSIS AND SIMULATION RESULTS FOR A TWO-USER-TWO-CHANNEL

average bias. It can be explained as that the scheduler witl CASE

binary channel state can be regarded as a special case of

the proposed one where the L_J—functib_’m’j is always set to k1 | k2 | P T Tn

be 0. Thus the channel state information does not influence 0 [ 0 [0.2906 [ 0.2897 [ 0.2814

the scheduling process, and it is mainly the credit status that 11 11 gggi 8-23% 8'%122

decides which packet to transmit. Hence fairness is paid more 2 2 1008111 00806 0.0775

attention and better fairness performance is achieved by this -2 | 2 | 0.0811] 0.0791| 0.0767

binary scheduler. 3 -3 | 0.0465| 0.0471 | 0.0315
-3 | 3 | 0.0465] 0.0467 | 0.0315

Table Il shows that the proposed scheduler achieves larger
average tthUthUt' Itis d_ue to the channel Info_rmatlon part IE)] A. Demers, S. Keshav, and S. Shenker, “Analysis and simulation of a fair
the scheduling cost function that helps to avoid bad channel queueing algorithm,” irProc. Conference on Application, Technologies,
conditions and select favorable ones. In addition, it can be Archgi’tezcetsures and Protocols for Computer Communicati®ept. 1989,

i pp. 3-26.
seen that Wheﬂ‘_becomes Iarge_r, the weight of channel StaﬁO{ A. K. Parekh and R. G. Gallager, “A general processor sharing approach
becomes larger in the cost function and the average throughput to flow control in integreated services networks: The single-node case,”

is increased. At the same time, the fairness plays a less IEEE/ACM Trans. Networkingvol. 1, no. 3, pp. 344-357, Jun. 1993.
important role [11] B. Bensaou, K. Chan, and D. Tsang, “Credit-based fair queuing (CBFQ):
) A simple and feasible scheduling for packet networks,Pioc. IEEE
ATM workshopMay 1997, pp. 589— 594.
VI. CONCLUSIONS [12] Y. Liu, S. Gruhl, ‘and E. W. Knightly, “WCFQ: An opportunistic

. . . . . wireless scheduler with statistical fairness bountsEZE Trans. wireless
The scheduling algorithm for wireless communication net-  communicationsvol. 2, no. 5, pp. 1017-1028, Sept. 2003.

works proposed in this article carefully implements schedulingg] R.-F. Liao and A. T. Campbell, “A utility-based approach for quantitative
with channel side information of multiple channels. Based on ﬁl%?vgt()arig”(\;\z,\l"g’e)’lfosf7'5"';‘]‘(’)‘?;’ ’;‘:)t.""soff_%%'\é" é(;‘;rt”;‘(')ool’.‘ Wireless
our design, a flow always tends to occupy channels in good

conditions which provide satisfactory total throughput while

fairness is also guaranteed. A scheduler can deal with flows

with different types of QoS requirements simultaneously by

defining weightsand U-functionsfor flows. Weight of a flow

represents the average data rate required by the flow. From

both simulation and analytical results, probabilistic fairness

and throughput advantages are shown.
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