
PRIORITY-BASED DYNAMIC PACKET RESERVATION FOR TDMA WIRELESSNETWORKSTamer ElBattBo RyuHRL Laboratories, LLC 1Network Analysis and Systems Dept.Malibu, CA 90265, USAtelbatt@wins.hrl.com, ryu@wins.hrl.comABSTRACTIn this paper we investigate the problem of dynamicbandwidth reservation over the uplink of TDMA-basedwireless networks providing prioritized services. Theproposed multiple access protocol has the followingsalient features. First, it supports multiple levelsof priorities. Second, it optimizes a unique costfunction, that consists of a weighted sum of alloca-tion "Deviation" functions, on a frame-by-frame ba-sis. This, in turn, reduces the computational com-plexity signi�cantly and hence makes it more suit-able to real-time operation. Furthermore, the proposedcost function is amenable to analytical optimizationtechniques. Third, it supports wide variety of tra�cclasses, namely multimedia, short message bursts andcall hand-o� requests. The simulation results showthe performance improvement achieved by this proto-col compared to a heuristic policy based on WeightedFair Queuing. I. INTRODUCTIONOne of the driving forces of next generation wirelessnetworks is quality of service support for multimediaservices. In this paper we focus on a TDMA cellu-lar system that carries voice and data tra�c. How-ever, the dynamic slot reservation algorithm intro-duced here can be applied to several types of wire-less networks, e.g. satellite and personal communi-cation networks. The main objective of this paperis to investigate the problem of providing packet levelQoS for prioritized services over the uplink of TDMA-based wireless networks. Various bandwidth alloca-tion schemes have been introduced in the cellular andsatellite networks literature [1], [2]. Packet reserva-tion multiple access (PRMA) has been introduced tointegrate voice and data applications over the sharedwireless medium [3]. This protocol focuses primarilyon allocating bandwidth for "periodic" and "random"1\ c
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tra�c streams with vastly di�erent QoS constraints.A major limitation of PRMA is its simple form of pri-ority support for continuous voice tra�c over randomdata tra�c. Unlike the reservation policy proposed inthis paper, priorities in PRMA do not have any im-pact on the resource allocation decision, it only a�ectsthe need for issuing reservations. The TDMA-basedmultiple access protocols proposed for wireless ATMnetworks [1], [4], are variations of Slotted Aloha andPRMA that give priority for real-time tra�c over non-real time tra�c. However, the di�erent priority levelsassociated with various services did not have any im-pact on the slot allocation decision, it only a�ects theopportunity to issue reservation requests. Further-more, these protocols are not optimal in any sense.In [2], the authors proposed a dynamic bandwidth al-location protocol for multimedia tra�c in broadbandsatellite networks. The drawbacks of this protocol aretwofold; �rst the lack of supporting multiple classesof services with di�erent levels of priority. Second,the long-run optimization of the weighted sum of thedistortion rate of video tra�c, packet dropping proba-bility of voice tra�c, and bu�er lengths of data tra�c.The authors asserted that solving the long-run opti-mization problem was found to be computationally in-tensive and, hence, real-time implementation provedto be practically infeasible. Although, priority classeshave been considered in [5], [6], it only a�ected theability of mobile nodes to make reservations, whilethe slot allocation decision was independent of pri-orities. Therefore, in this paper we introduce a novelpriority-based slot allocation strategy that gives equalchance for all tra�c streams to attempt reservations,and then leaves it for the allocation algorithm to de-termine the optimal partitioning. To this end, we in-troduce a cost function that depends on the systemstate (given by the bu�er lengths of various tra�cstreams) and the priorities of various services. Tothe best of our knowledge, there is no prior known1



work that adopts a cost function having the followingunique features: 1) Supports multiple classes of pri-orities and 2) Determines the optimal allocation on aframe-by-frame basis.The paper is organized as follows: In section II,the assumptions underlying this study are introduced.This is followed by the protocol description in sectionIII. Afterwards, the dynamic slot reservation problemis formulated and solved in section IV. The simulationresults and discussion are given in section V. Finally,the conclusions are drawn in section VI.II. ASSUMPTIONSIn order to investigate the dynamic bandwidthreservation problem at hand, we make the followingassumptions and introduce appropriate notations:1. Assume a cellular network structure consisting ofone base station (BS) that serves n mobile users.2. Each mobile node is assumed to generate multipletra�c streams of various types corresponding to voiceand data applications.3. Each tra�c stream has its own priority class.4. Assume three classes of priority, namely High prior-ity services,Medium priority services and Low priorityservices.5. Time is slotted.6. The Frame duration, denoted T, is �xed.7. Information packets are of �xed length.8. Guard bands are crucial in order to keep the nodesin the network time-synchronized. More speci�cally,the slot duration is assumed to be larger than packetduration by an interval equal to a guard band. Thesebands are essential to compensate for arbitrary delaysincurred by transmitted packets due to signal propa-gation delays or clock drifts.9. We assume that each mobile node has a bu�er ded-icated for each tra�c stream. Each bu�er is responsi-ble for storing packets that arrive during a frame untilit is transmitted in a future frame. In case of bu�erover
ow, arriving packets are dropped and treated aslost packets.10. Nodes' mobility is not considered in this study.Hence, the e�ect of hand-o�s is not investigated inthis paper.III. PROTOCOL DESCRIPTIONIn this section we introduce a multiple access pro-tocol that facilitates communication between the mo-bile terminal and the BS according to the followingrequirements: e�cient bandwidth utilization, priority

support, hand-o� support, and QoS support for multi-media applications. In addition, the candidate proto-col is expected to support short bursts of data thathave less stringent quality of service requirements.Accordingly, we propose a TDMA-based multiple ac-cess protocol that has the following two types of in-formation slots:� Contention-free Slots: provide packet level QoS formultimedia applications and support hand-o� of mo-bile nodes.� Contention-based Slots: carry random access tra�c(e.g. short message bursts) with less stringent qualityof service constraints.The frame structure of the proposed protocol isgiven in Figure 1. Each frame is divided into two sub-frames, namely Reservation Sub-Frame and Informa-tion Sub-Frame. As shown in Figure 1, the reservationsub-frame is divided into n slots where each slot is ded-icated to one of the mobile nodes. Furthermore, eachreservation slot is divided, in turn, into mini-slots.These mini-slots are dedicated to carry the reservationrequests of various tra�c streams to the base station.The reservation requests contain the network state in-formation necessary for the reservation algorithm toallocate contention-free slots as described in the nextsection. It is worth mentioning that due to the propa-gation delays to and from the base station, in additionto the processing delays, reservations requested in anyframe are granted in the next frame, i.e. reservationsat the beginning of frame K request slots in frameK+1.On the other hand, the information sub-frame is di-vided into information slots. Each information slot isassumed to carry one packet. As pointed out earlier,these information packets are expected to carry threepossible tra�c types, namely multimedia and hand-o�tra�c streams with strict QoS constraints, in additionto bursty tra�c with less strict requirements. There-fore, N contention-free slots are dedicated to servingmultimedia and hand-o� tra�c streams, while the re-maining slots are contention-based in order to serverandom access tra�c. In this paper we focus on thecontention-free slots, more speci�cally, we develop thealgorithm that optimally allocates the N contention-free slots to various tra�c streams depending on thenetwork state and their respective priorities. Finally,it is worth mentioning that the transmission order ofvarious tra�c streams depends solely on the servicetype and priority.2



Fig. 1. TDMA Frame StructureIV. DYNAMIC SLOT RESERVATIONAs pointed out in section I, the dynamic bandwidthreservation problem has been addressed earlier in theliterature. The approach we take here is fundamen-tally di�erent from previous approaches due to thefollowing features:� Supporting multiple classes of priority.� Solving the optimization problem on a frame-by-frame basis.� Introducing a novel cost function that is related toqueuing delays and packet losses.In this section, we formulate the dynamic slot reser-vation problem as a constrained optimization problem[7]. Our objective is to construct a cost function thatdepends on the system state at the beginning of eachframe, along with services' priorities, and hence canbe optimized on a frame-by-frame basis. Furthermore,this cost function should be carefully chosen to re
ectthe impact of the allocation decision on the packetlevel quality of service parameters of interest, namelypacket delays and losses. Accordingly, we attempt tosolve the following constrained optimization problemat the end of the reservation period of frame K,minBij(K) Xi Xj [Lij(K + 1)�Bij(K)] Pij (1)s.t. Xi Xj Bij(K) = Nwhere,Bij(K) = Number of slots allocated to tra�c streamj generated by node i in frame K and utilized in frame

K+1.Pij = Priority level of tra�c stream j generated bynode i.N = Number of contention-free slots per frame.Lij(K+1) = Predicted bu�er length of tra�c streamj generated by node i in frame K+1 and is given by,Lij(K + 1) = Lij(K)�Bij(K � 1) +Aij(K) (2)where Lij(K) = Bu�er length of tra�c stream j gen-erated by node i in frame K and Aij(K) = Expectednumber of packet arrivals from stream j in node i dur-ing the interval [K, K+1]. In this paper, we adopt asimple tra�c prediction algorithm, where Aij(K) istaken to be the product of the mean packet arrivalrate and frame duration. Studying the impact of traf-�c prediction on the optimal reservation policy is outof the scope of this paper and is a subject of futureresearch.In order to interpret the above cost function, it isessential to de�ne the "Deviation" function for eachtra�c stream generated in each mobile node, denotedDij , as follows:Dij(K + 1) = Lij(K + 1)�Bij(K) (3)For each tra�c stream, the deviation function rep-resents the di�erence between the predicted bu�erlength and the number of slots to be allocated, sincereservation requests in frame K are granted in frameK+1. Ideally, this di�erence should be zero if the Ncontention-free slots can serve all backlogged packetsawaiting transmission. Unfortunately, this is not nor-mally the case due to the upper bound on frame du-ration (enforced by delay constraints), lower boundon slot duration (enforced by synchronization con-straints), and the inaccuracy in tra�c prediction.Therefore, solving the optimization problem becomesnecessary when the sum of the predicted bu�er lengthsLij(K + 1), is strictly greater than N. Thus, it is ev-ident that minimizing this cost function is equivalentto minimizing the deviation function of each tra�cstream depending on its priority level. It can beshown that packet queuing delays and packet lossesare related to the deviation functions of various traf-�c streams. More speci�cally, reducing the devia-tion function implies reducing the expected numberof waiting frames and, hence, reducing the queuingdelays. Similarly, it can be shown that minimizing aweighted sum of the deviation functions reduces theprobability of bu�er over
ow and, hence, leads to re-ducing the packet loss ratio.3



The structure of the cost function in (1) makesit amenable to analytical optimization techniques.Therefore, we solved it using Lagrange multipliers [7],and the solution was found to have the following form:Bij(K) = Lij(K + 1)(1 + �Pij ) (4)where � is a constant that is determined, via an itera-tive search algorithm, from the constraint in (1). This,in turn, reduces computational complexity dramat-ically compared to search-based optimization tech-niques [7]. This is of paramount importance sincethe slot allocation algorithm operates in real-time andprocessing delays could have signi�cant impact onperformance.Finally, we measure the performance of otherheuristic policies relative to the aforementioned opti-mum. Weighted Fair Queuing (WFQ) is a rate-basedpacket scheduling strategy introduced in [8], [9]. Wecompare the performance of the optimal policy to aheuristic policy based on WFQ, where priorities aredevised as weights. This policy is called PrioritizedProportional Allocation (PPA). The essence of thispolicy is to allocate the contention-free slots in pro-portion to the bu�er lengths of various tra�c streamsweighted by their respective priorities. Thus, accord-ing to PPA, the number of slots allocated to stream jgenerated by node i would be given by,Bij(K) = NPiPj PijLij(K + 1) PijLij(K + 1) (5)V. SIMULATION RESULTSNumber of mobile Nodes (n) 10Number of Tra�c Streams per Node 2Data Bu�er Size 100 packetsVoice Bu�er Size 40 packetsFrame Duration (T) 20 msecNumber of Slots per Frame (N) 20,30,...,100Number of Priority Classes 3Simulation Time 800 secTable 1: System ParametersThe performance of the optimal reservation policy wasinvestigated assuming the numerical parameters givenin Table 1. We developed an OPNET-based modelfor a TDMA-based wireless network that consists of

one base station serving a set of n=10 mobile nodes.Each mobile node is assumed to generate two tra�cstreams that represent voice and data applications.Even though we limit our attention to this simple sys-tem, the results presented here are general and can beapplied to any real system with arbitrary number ofbase stations and mobile nodes. In this study, we as-sume that voice tra�c is generated according to anInterrupted Poisson Process (IPP), while data tra�cis assumed to be Poisson.The queuing delays and packet losses for each pri-ority class are compared under the reservation poli-cies introduced in section IV. The motivation behindthis is to emphasize the "Service Di�erentiation" fea-ture of the proposed optimal policy. First, the averagequeuing delays, for each priority class, are plotted ver-sus the number of slots per frame as shown in Figure2. It is evident that the optimum reservation policyoutperforms the PPA policy for all priority classes, es-pecially at heavy and moderate system loads. It canbe easily noticed that the performance improvementachieved by the optimum is slim for low priority ser-vices, yet signi�cant for high priority services. Thisis caused by the structure of the cost function in (1)that gives more weights to high priority services. Thisperformance gain gradually diminishes as N increases(or load decreases) due to the fact that large numberof resources gives more 
exibility for simple heuris-tic policies to perform better and asymptotically ap-proach the performance of the optimum.The performance improvement of high priority ser-vices, compared to low and moderate priority services,can also be noticed. For voice tra�c, the averagequeuing delays of high priority services is almost halfthe delays of medium priority services for a wide rangeof heavy to moderate loads. Also, the relative perfor-mance of medium and low priority services is givenby 40% at heavy loads and slightly decreases to 35%at moderate loads. In Figure 3, the packet loss ratiofor data tra�c is plotted versus the number of slotsper frame. It can be noticed that the packet loss ratiofor high priority services outperforms medium priorityservices signi�cantly at heavy and moderate load con-ditions. The relative performance of medium to lowpriority services is given by a factor of 37% at heavyloads and slightly decreases at moderate loads. It isworth mentioning that the queuing delays for datatra�c and packet losses for voice tra�c show trendssimilar to those given in Figures 2 and 3.4
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Fig. 2. Voice Queuing Delays for each Priority Class
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Fig. 3. Data Packet Loss Ratio for each Priority ClassVI. CONCLUSIONSIn this paper, we investigated the problem of dy-namic bandwidth reservation for prioritized multime-dia services over the uplink of TDMA-based wirelessnetworks. The results of this paper are general andapplicable to cellular, satellite and personal commu-nication networks. The proposed multiple access pro-tocol supports multiple levels of priorities. In addi-tion, it minimizes a unique cost function, that dependson deviation functions and priorities, on a frame-by-frame basis. This, in turn, reduces the computationalcomplexity signi�cantly compared to long-run opti-mization techniques introduced earlier in the litera-ture. Furthermore, analytical optimization techniqueswere applicable to this problem due to the simplestructure of the cost function. Finally, this protocol
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