
A Scheme for Throughput Maximization in a Dual-ClassCDMA SystemSudhir Ramakrishna & Jack M. Holtzman,Wireless Information & Networking Laboratory (WINLAB),Dept. of Elec. & Comp. Engg., Rutgers University,PO Box 909, Piscataway, NJ 08855-0909.Email : frsudhir, holtzmang@winlab.rutgers.eduAbstractThis work focuses on the problem of e�cient exploitation of the available bandwidth inorder to provide high bit rates on the wireless link, as will be required in future wireless systemsinterfacing to broadband �xed networks. In particular, the uplink of a CDMA system withtwo user classes is considered. One of the classes consists of delay intolerant users requiringsupport for a constant information bit rate, while the other consists of delay tolerant usersneeding support for an information bit rate larger than a given value. It is assumed thatwhen not transmitting information, both classes maintain synchronization contact with thebase station at a given rate. The objective is to maximize the throughput of the delay tolerantusers, while ensuring that the interference to other cells is as low as possible by minimizingthe sum of all the transmit powers used by the mobiles. Two transmission modes for thedelay tolerant users are considered. In the �rst mode, all the users are allowed to transmitinformation when they wish. In the second mode, the transmissions of the delay tolerant usersare scheduled, so that only a limited number of them are transmitting information at anygiven time instant. It is shown that the second transmission mode, which tends towards ahybrid CDMA/TDMA scheme for the delay tolerant users, a�ords a better throughput whileimposing the same average power requirements as conventional transmission. The results inthis paper can be interpreted using results from previous work based on information theory.1 IntroductionPresent CDMA-based cellular systems have primarily been optimized for voice transmission. Inorder to interface to the broadband networks of the future, wireless systems will be required tosupport sources with a variety of rates and quality-of-service requirements. Since very high bitrates will be required to be supported, e�cient use of the available bandwidth resource will benecessary. In this paper, we consider the problem of making present CDMA systems more e�cientwith respect to the throughputs they provide, with an emphasis on non-voice sources. The basicapproach is to exploit the property of delay tolerance that is a characteristic of many non-voicesources. A similar approach was followed in [1] in order to increase the capacity of an integratedvoice/data CDMA system. The basic idea therein (other related references in [1]) was to increase thedata rates during periods of low voice activity, thus increasing the data throughput. The approachexplored in this paper is fundamentally di�erent. We propose a scheme by which transmissionsof the delay tolerant users are arranged so as to reduce, at any time instant, the interference seenby the transmitting users; as a consequence, transmitting users can transfer information at higherrates, leading to an overall increase in throughput. The total transmit power is constrained to be1



minimal; this, in addition to imposing low power budgets on the mobiles, also tends to minimizethe inter-cell interference.In [2], a comparison was made between single channel chip rate and multiple chip rate CDMAsystems. It was indicated therein that a multiple chip rate system would necessitate more complexreceivers as well as additional frequency planning. In this work, a common chip rate on the wirelesslink is assumed; hence, di�erent users get various spreading gains, depending on their bit rates. Sucha system has been proposed in other contexts in [3, 4, 5]. Though our interest is in a multi-classCDMA system, for clarity of exposition, we focus on the simplest special case, namely, a CDMAsystem with two classes of users. In this paper, we focus on the uplink of such a system. Similarconsiderations apply on the downlink, and will be explored in later expositions.The CDMA system under consideration uses a total spreading bandwidth of W Hz, and isrequired to support two classes of users having the following properties :� Class 1 : The users in this class are delay intolerant. When transmitting information, theyrequire support for a constant bit rate of R bits/sec; they can tolerate a bit error rate of atmost Pb.� Class 2 : The users in this class are delay tolerant. When transmitting information, theyrequire support for a bit rate of at least Rm bits/sec; they can tolerate a bit error rate of atmost Pb1.� Both classes : When not transmitting information, it is assumed that the users still commu-nicate with the base for synchronization purposes. The bit rate used in this synchronizationmode is denoted as R0 bits/sec for both classes, and is referred to as the \idle rate". Onewould expect that R0 < R; R0 < Rm; more detailed constraints on R0 are derived later.In an actual system, classes 1 & 2 could represent voice and data users, respectively. In the followingexposition, an activity factor of unity is assumed for all the users; this model can be readily extended.This corresponds to the worst case situation of all the users wanting to transmit information all thetime.Our objectives are threefold :(1) To assign the transmit powers to the mobiles in a cell such that the sum of their powers isminimized; this criterion minimizes the interference caused to other cells.(2) At the same time, to assign the class 2 rates and arrange the transmissions so as to maximizeeach class 2 user's average throughput.(3) Perform (1) and (2) above such that the quality of service requirements are met.The problem of minimizing the sum of powers and maximizing throughputs has been studied in [5].This paper focuses on Objective (2), using the results in [5] as a starting point. In particular, twotransmission modes for the class 2 users are considered and compared. In the �rst mode, which isthe mode used in conventional CDMA systems, a class 2 user is allowed to transmit informationwhenever it wishes; this transmission mode serves as the baseline for comparison. In the secondmode, the transmissions of the class 2 users are time-scheduled such that at any time instant, onlya limited number of them are transmitting information, while the remaining are simply maintainingsynchronization contact with the base station. Each class 2 user now has a duty cycle, in that it isallowed to transmit information only a fraction of the time. The expectation is that the reduced2



interference seen by an information-transmitting class 2 user will allow operation at a higher rate,high enough to o�set the negative e�ect of the duty cycle, leading to gains in average throughput.The main result of this paper is that under many conditions, this is indeed true, i.e, the time-scheduled transmission mode leads to signi�cant per-user throughput gains for the class 2 users,while requiring the same per-user average power as conventional transmission. The situations inwhich the scheduled transmissions lead to throughput gains are also identi�ed.It may be noted that the second transmission mode tends towards hybrid CDMA/TDMA for theclass 2 users. A scheme resembling TDMA is used to distinguish between the class 2 users within acell; CDMA is used to separate class 1 and class 2 users within a cell, and to suppress the e�ect of theusers in one cell on another. An interesting comparison can be made between this approach and somerecent information theoretic results on optimal cellular capacity in [6, 7]. Although the contexts ofthese works are each somewhat di�erent from that of this work, a simpli�ed interpretation givestheir essence as saying that to achieve capacity, a necessary condition is to separate the users ina cell and share the available bandwidth between cells 1. Thus, the time scheduled transmissionmode for the class 2 users presented here may be viewed as a constructive approach tending towardwhat is indicated as optimal by information theory. Further, we show how additional constraints,such as synchronization and peak power requirements, place limits on the achievable gains.The organization of this paper is as follows. Section (2) reviews previous work to establishconditions for the existence of a solution to our set of objectives. The presence or absence of aconstraint on the peak transmit power a�ects the analyses signi�cantly; specializations to these twocases are considered in Sections (3) and (4) respectively. The problem of maximizing the class 2throughputs is these two cases is considered in Sections (3.2) and (4.2) respectively. Numericalresults are presented and discussed in Sections (3.3) and (4.3), followed by a discussion of imple-mentation issues in Section (6). Section (5) summarizes the work in this paper, and future researchdirections are indicated in Section (7).2 Existence of a minimum total transmit power solutionWe consider a general situation, where one has N1 class 1 users and N2 class 2 users present in thesystem. Our aim is to assign transmit powers to all the mobiles such that their sum is as small aspossible, and such that the SIR requirements of all the users are met. In previous work [5], it isshown that at any given time instant, a unique solution to this problem exists if and only ifN2Xi=1 1� WR(v)i � 1SIR(v)i + 1� + N1Xi=1 1� WR(c)i � 1SIR(c)i + 1� < 1� IWmini nhpihi � WRi�SIRi + 1�ioN1+N2i=1 ; (1)where{ SIR(v)i , SIR(c)i : (instantaneous) signal-to-interference ratios (SIR's) required to be received,for the ith variable bit rate (VBR, denoted by superscript \v", referring to class 2) and constantbit rate (CBR, superscript \c", referring to class 1) user respectively. In this work, SIR willrefer to the energy-per-bit to total interference ratio.{ R(v)i , R(c)i : (instantaneous) rates of the ith VBR and CBR user respectively.1Joint decoding or interference cancellation, which are not considered in this work, are also indicated by theinformation theoretic results. 3



{ SIRi, Ri : (instantaneous) SIR required to be received, and the instantaneous rate, of theith generic user.{ pi : peak power permitted to be used by the ith generic user.{ hi : (mobile to base) gain of the ith generic user; h(c)i or h(v)i will be used to refer speci�callyto the gains of a class 1 or a class 2 user, respectively.{ I = Io+n0 = (spreading bandwidth normalized) other cell interference + background noisespectral density, respectively. The background noise is assumed to be white and Gaussian.It is assumed that the SIR variables translate at the physical layer to the required BERs Pb andPb1 respectively. Also, we assume that I is a slowly changing variable.A unique, and minimum sum set of transmit powers can always be assigned if the constraint (1)is satis�ed. Hence, in our attempt to �nd user populations, rates and transmission modes tomaximize the class 2 per-user average throughput, we always ensure that those solutions lie in theregion de�ned by the constraint (1). In this way, the property of the assigned transmit powershaving the smallest possible sum is always maintained.The presence or (lack of it) of an upper limit on the mobiles peak transmit power has a signi�cante�ect on subsequent analyses and results. Hence, we study these two cases separately. The casewith perfect power control, and with unconstrained peak transmit powers, is considered �rst.3 Case 1 : Unconstrained peak transmit powersHere, the mobiles are allowed to use any transmit power instantaneously; one would, however,expect some constraint on the average power permitted to be used. To start with, we assume thepresence of perfect power control. Extensions to the case with imperfect power control are treatedin a later section. The received SIR's can therefore be described as :� SIR(c)i =  = constant 8 CBR (class 1) users i. It is assumed that SIR  () BER Pb for theCBR users.� SIR(v)i = 1 = constant 8 VBR (class 2) users i. By assumption, SIR 1 () BER Pb1 for theVBR users.We now specialize the basic existence constraint of the previous section to account for the lack ofconstraints on the peak transmit power.3.1 Existence of a minimum total power solutionWe consider a situation where we have kc class 1 users present. Let kv denote the maximum numberof class 2 users supportable along with the kc class 1 users. The set fkc; kvg is maximal, in thesense that if one more user of either class enters the system, it will not be possible to meet thequality-of-service requirements of all the users. Clearly, this corresponds to a situation where eachclass 2 user gets exactly its minimum required rate Rm.2 Note : We remind the reader that the subscript \v" refers to variable bit rate, not voice.4



Using the notation of the previous section, and noting that pi =1 8 i, the constraint (1) nowbecomes kv� WRm1 + 1� + kc�WR + 1� < 1 : (2)We note here that similar constraints have been derived in [8, 9]. Hence, given that kc class 1 usersare present, one may support at mostkv = 66641 + WRm1 � kc � � WRm1 + 1��WR + 1� 7775 class 2 users: (3)Given that kc class 1 and upto kv class 2 users are present, the transmit powers assigned to theusers will then be such that� Each class 1 user will achieve an SIR of exactly ; similarly, each class 2 user will havea received SIR of exactly 1. The bit error rate requirements of users of both classes willtherefore also be met with equality.� The transmit powers will be such that their sum is as small as possible; hence, the interferenceto other cells is minimized.It is assumed that admission control will handle the task of ensuring that the number of users ofeach class satisfy the constraints in (2) and (3). We now consider the other objective, which is tomaximize the throughput of the admitted class 2 users.3.2 Maximization of Class 2 throughputWe consider a situation in which one has kc class 1 users and k1 � kv class 2 users present in thesystem. We consider the following two transmission modes for the class 2 users:� Mode 1 : All k1 of them are allowed to transmit information, each at a rate R1. The rate R1is chosen to be the largest possible so as to satisfy the constraint (1). It may be noted thatthis is the transmission mode followed in present systems. A more e�cient (from the pointof view of throughput) version of this scheme would allow each class 2 user to transmit atan appropriate, di�erent rate. We, however, constrain all the class 2 rates to be identical forsimplicity.� Mode 2 : The class 2 transmissions are scheduled in such a way that at any given timeinstant, only k2 (< k1) of them are transmitting information, while the remaining (k1 � k2)are in contact with the base at the idle/synchronization rate R0 bits/sec. When transmittinginformation, a class 2 user is allowed to transmit at a rate R2, which, again, is chosen so as tobe the maximum value satisfying constraint (1). Thus, assuming a fair division of time, eachclass 2 user has a \duty cycle", or fraction of time when it is transmitting information, givenby �k1�1k2�1��k1k2� = k2k1 ; the remaining fraction of time is spent in maintaining synchronization withthe base at a rate R0. 5



Intuitively, we see that in mode 2, each information-transmitting class 2 user has to contendwith lesser interference than a corresponding situation in mode 1; hence, the rate R2 is expected tobe higher than R1, which has a positive e�ect on the per-user throughput. However, a class 2 usercan no longer transmit all the time in mode 2, as it could in mode 1, which a�ects the achievablethroughput negatively. Hence, the question one is interested in is : Does the gain in throughputdue to R2 being greater than R1 o�set the loss in throughput imposed by the duty cycle? Thisquestion is answered in the following sections, where we compute the average throughput achievedby a class 2 user in each transmission mode.3.2.1 Mode 1 : Unscheduled class 2 transmissionsFollowing constraint (1), let the rate R1 be chosen such thatk1� WR11 + 1� + kc�WR + 1� = kv� WRm1 + 1� + kc�WR + 1� < 1 : (4)This corresponds to increasing the transmission rate of each class 2 user to the maximum possiblevalue; at this point, the system is equivalent, from the point of view of constraint 1, to the fullyloaded case (which has kc class 1 and kv class 2 users). From (4), it can be shown that thecorresponding rate R1 of the class 2 users is given byR1 = Rm � W1 kvnW1 k1 � Rm (kv � k1)o : (5)Since an activity factor of unity has been assumed, R1 represents both the instantaneous as well asthe average rate of the class 2 users. Clearly, assuming a negligible number of retransmissions, R1is also the average throughput of each class 2 user.Using the expressions derived in [5], the transmit powers assigned to the various users, in orderto achieve their quality-of-service requirements, are given as follows :� P (c)1;i , the power assigned to the ith class 1 user (denoted by the superscript \c") in mode 1(the subscript), is P (c)1;i = IW�WR + 1�h(c)i Y ; (6)where Y is given by Y = 1� k1� WR11 + 1� � kc�WR + 1� :� P (v)1;i , the power assigned to the ith class 2 user (superscript \v") in mode 1, isP (v)1;i = IW� WR11 + 1�h(v)i Y : (7)We note that in this mode, the average and peak transmit powers are the same (for both userclasses). This is a consequence of the assumption of an activity factor of unity for all the users,along with the fact that users transmit at a constant rate in this mode.6



3.2.2 Mode 2 : Scheduled class 2 transmissionsNow, the class 2 transmissions are time-shared so that at any time instant, only k2 of them aretransmitting information, while the remaining (k1 � k2) are simply maintaining synchronizationwith the base. The \active" users, which are transmitting information, transmit at a rate R2, whilethe other class 2 users transmit at the idle rate R0. Each user transmits information a fraction k2k1of the time; the remaining fraction of time is devoted to transmission for synchronization purposes.Following constraint (4), let the class 2 rate R2 be chosen such thatk2� WR21 + 1�+ k1 � k2� WR01 + 1�+ kc�WR + 1� = k1� WR11 + 1�+ kc�WR + 1� = kv� WRm1 + 1�+ kc�WR + 1� < 1 : (8)As mentioned before, this constraint physically corresponds to increasing the rate R2 to the max-imum possible value, at which point one has a fully loaded system. The rate R2 can be derivedas R2 = k2R0 �W1 +R1�+ k1W1 (R1 � R0)k2 �W1 +R1�� k1 (R1 � R0) : (9)Before expanding further on the average throughput being achieved, we digress to take note ofthe transmit powers being used in this mode. We note here that unlike in mode 1, the average andpeak transmit powers used by the class 2 mobiles are not the same; this is due to the duty cycleassociated with the class 2 transmissions in this mode. Proceeding as in the previous section, wehave :� P (c)2;i , the power assigned to the ith class 1 user in mode 2, isP (c)2;i = IW�WR + 1�h(c)i Z ; (10)where Z is given as Z = 1� k2� WR21 + 1� � k1 � k2� WR01 + 1� � kc�WR + 1� :Using Equation (8), it is apparent that one has Z = Y , where the parameter Y appearsin Equations (6) and (7). Consequently, one has P (c)2;i = P (c)1;i , where P (c)1;i is given as inEquation (6). Hence, for the class 2 users, transmission modes 1 and 2 impose identicalaverage transmit power requirements.� P (v)2;i , the average power expended by the ith class 2 user in mode 2, isP (v)2;i = k2k1 � IW� WR21 + 1�h(v)i Z + (k1 � k2)k1 � IW� WR01 + 1�h(v)i Z ;where the factors k2k1 and (k1 � k2)k1 account for the fractions of information transmission andplain synchronization times respectively. Using Z = Y , and Equation (8), the above can bewritten as P (v)2;i = IW� WR11 + 1�h(v)i Y = P (v)1;i ; (11)7



where P (v)1;i is given as in Equation (7). Hence, one concludes that each class 2 mobile expendsthe same average power in either of the transmission modes (independent of the value of k2or R0 used in mode 2 transmission).� P (v)2;i;peak, the peak transmit power expended by the ith class 2 user in mode 2, is simply thepower used when transmitting at the rate R2. It is given asP (v)2;i;peak = IW� WR21 + 1�h(v)i Y ; (12)it can be shown that P (v)2;i;peak � k1k2 �P (v)1;i . Hence, for the same average power, mode 2 requiresa peak power which is approximately k1k2 times that expended in mode 1.In summary, mode 2 transmission imposes the same average transmit power requirements as mode 1;the class 2 users, however, are required to expend a peak transmit power which is about k1k2 that inmode 1.We now consider the average throughput achieved by the class 2 users. Clearly, the fraction oftime spent in synchronization does not contribute to the useful throughput; only the informationtransmission at rate R2 need be considered. Hence, using Equation (9) and assuming a negligibleretransmission rate, the average throughput is given asT = k2k1 �R2 = k22R0 �W1 +R1�+ k1k2W1 (R1 � R0)k1k2 �W1 +R1�� k21 (R1 � R0) : (13)Clearly, one would like to maximize T by selecting the variable k2 (number of class 2 users allowedto transmit information simultaneously) appropriately. The conditions under which T exceeds themode 1 throughput R1 are of special interest. We make the following easily proven observationswith regard to this maximization.Observation 1 For any admissible value of k2, T is a decreasing function of the idle rate R0.Observation 2 Given a non-trivial R0, one has the following possibilities :Case 1 R0 � R21�W1 + 2R1� :{ In this case, one has T � R1 for any admissible value of k2, i.e, 8 k2 2 [1; : : : ; k1 � 1].Case 2 R21�W1 + 2R1� < R0 � k1R21�W1 + [k1 + 1]R1� :{ In this case, one has T � R1 for the set of k2 values k2 2 8<:1; : : : ; 6664k1R1 (R1 �R0)R0 �W1 +R1� 77759=;.Also, given that k1 � 1, this set is always non-empty, i.e, always includes the pointk2 = 1. 8



Case 3 R0 > k1R21�W1 + [k1 + 1]R1� :{ In this case, one has T < R1 for any admissible k2.In either Case 1 or Case 2, T is a decreasing function of k2 8 k2 s.t T (k2) � R1; hence, T ismaximized by choosing k2 = 1.Observation 1 states an intuitively obvious fact; a lower synchronization rate would imply reducedinterference seen by the information-transmitting users, and thus a higher per-user throughput.The actual value of R0, however, will be determined purely by the system set up. Hence, it isObservation 2 which is of utility in a real system. Cases 1 and 2 put limits on the synchronizationrate R0 for throughput gains in mode 2; the upper and lower limits in case 2 will henceforth bereferred to as R0;upper;1 and R0;upper;2 respectively. This observation then states that given R0 <R0;upper;2, the throughput T achieved by the class 2 users in mode 2 is greater than that in mode 1,for a set of k2 values which always includes k2 = 1. Also, the choice k2 = 1 maximizes T . Fromthe previous discussion on the powers used, this increase in throughput is achieved by using thesame average power per user as in mode 1 transmission. We will focus on the maximum throughputincrease case k2 = 1, which physically corresponds to allowing only one class 2 user to transmitinformation at any given time instant. We denote the throughput T for k2 = 1 by T2. One thenhas the throughput gain G measured by the ratio of mode 2 to mode 1 throughputs asG = T2R1 = R0R1 � WR11 + 1�+ k1 WR11 �1� R0R1�k1 � WR11 + 1�� k21 �1� R0R1� : (14)3.3 Numerical results and discussionsIn order to compute the throughput gain G for various situations, the system parameters werechosen to be as follows :� Spreading bandwidth W = 1:23MHz.� Class 1 bit rate R = 9:6 Kbps, with a minimum SIR of  = 7 dB (5) required to be received.� Minimum class 2 bit rate, Rm = 14:4 Kbps, with a minimum SIR of 1 = 8:5 dB (7.0795)required to be received.� Idle bit rate R0 = 1:2 Kbps.The class 2 SIR requirement 1 is chosen under the conservative assumption that power control athigher rates might involve higher overheads. In an actual system, one might have  = 1. Thenumber of class 1 users kc was taken to be the primary variable; based on this, the maximum numberkv of class 2 users permitted was computed according to Equation (3). The number of class 2 usersin the system was then varied from 1 to kv, and the corresponding gain G was computed fromEquation (14). The results are plotted in Figures (1a, 1b, 1c), for three values of kc, varying froma predominantly class 1 system to a predominantly class 2 system.The throughput gains o�ered are seen to be quite substantial; this is especially true as thefraction of class 2 users in the system increases, as can be seen by comparing the Figures (1a), (1b)9



and (1c). This can be explained by noting that a reduction in the number kc of class 1 users in thesystem leads to the class 2 users experiencing lesser interference as well. This allows increases inthe information transmission rate R2, thus making scheduling more e�cient.The values assumed by the parameters R0;upper;1 and R0;upper;2 are also of interest. For example,a value of R0;upper;2 lower than that dictated by synchronization requirements might imply thatscheduling is not practical. For the case in Figure (1b), we plot the variation of R0;upper;1 andR0;upper;2 in Figure (1d). It is seen in this example that the most stringent value of R0;upper;2 isabout 5 kbps, which would translate to a rather weak requirement on R0. Hence, we may concludethat the requirements imposed on R0 by the parameters R0;upper;1 and R0;upper;2 are not unreasonablytight.The modi�cations to these results in the presence of imperfect power control are studied next.3.4 Extensions to the case of imperfect power controlIn this section, we consider the changes to the results of the previous sections when one has imper-fections in the power control mechanism. We assume the presence of \bang-bang" power control,which is elaborated upon in [10]. The imperfections in such a power control scheme can be shownto lead to the received SIR's being log-normal variables; this observation has been validated in �eldtrials as well, as reported in [11]. Assuming the presence of kc class 1 and kv class 2 users, where,as before, the set fkc; kvg is maximal, the constraint (1) now becomeskvXi=1 1� WRm � 1SIR(v)i + 1� + kcXi=1 1�WR � 1SIR(c)i + 1� < 1 ; (15)where� nSIR(c)i oi are iid according to eZ(c), where Z(c) � N (c; �2c ). This distribution on the receivedSIR is assumed to lead to a bit error rate better than or equal to Pb, the maximum allowed.� nSIR(v)i oi are iid according to eZ(v), where Z(v) � N (v; �2v). By assumption, this distributionon the received SIR leads to a bit error rate better than or equal to Pb1, the maximum allowed.Since the SIR's are now random variables, requiring the constraint (15) to be valid at every timeinstant would be too stringent. Hence, we demand that the instantaneous constraint (15) be valida certain fraction of the time. This would correspond to the existence of a unique solution to theminimum total transmit power problem, and hence, the SIR targets being met, a certain fraction ofthe time. The event wherein the SIR targets are not met is referred to as an SIR outage; the newconstraint, therefore, de�nes a certain acceptable \outage probability". Hence, the new conditionof interest is P (V < 1) = 1� � ; (16)where{ V = kvXi=1 1� WRm � 1SIR(v)i + 1� + kcXi=1 1�WR � 1SIR(c)i + 1�{ � is the outage probability (a typical value of which could be 1%).10



In order to compute the maximal set fkv; kcg given the other parameters, FV (v), the CDF of therandom variable V , needs to be available. The following observations are used to compute FV (v).� If X is log-normal, then 1X is also a log-normal random variable.� If X is log-normal, then a �X, where a is a constant, is also a log-normal random variable.� For log-normalX � eA, where A � N (A; �2A), the random variable (X+1) is, to a very goodapproximation, also log-normal. This is particularly true when jAj >> 1.� Given the N independent (not necessarily identically distributed) log-normal random variablesfXig, consider the sum Y = NXi=1Xi. Extensive work has been done on characterizing such asum (a summary and comparison of the various characterizations can be found in [12]). Weuse the method in [13], by which Y can be approximated, to a high degree of accuracy, asanother log-normal random variable.From the above observations, we conclude that V is very well approximated as a log-normal randomvariable. Thus, V � eY , where Y � N (Y ; �2Y ); the parameters Y and �2Y can be computed interms of the parameters of the individual log-normal variables SIR(c)i and SIR(v)i using the methodoutlined in [13]. The cdf FV (v), and consequently, an explicit constraint for the existence of aminimum total power solution, can now be found.In a similar way, we can replace the constraints (4) in Section (3.2.1) and (8) in Section (3.2.2),referring to transmission modes 1 and 2 respectively, by their probabilistic equivalents as in (16).The rates R1 and R2, which are the rates assigned to the class 2 users in modes 1 and 2 respectively,can then be computed in closed form. From R2, one can compute T2, the class 2 per-user throughputwhen only one class 2 user transmits information at a time, in closed form. One would expect it tobe possible, as in the set of Observations (2), to derive conditions where T2 exceeds R1. However,the computations involved in deriving such conditions in closed form are very tedious. We prefer,therefore, to numerically investigate the variation of the throughput gain G = T2R1 with varyingdegrees of power control imperfections.In order that comparisons may be made to the previous results, the parameters were chosen tobe the same as those used to generate Figures (1a), (1b) and (1c), i.e, as� Spreading bandwidth W = 1:23 MHz.� Class 1 bit rate R = 9:6 Kbps, with the power controlled received SIR parameter c = 7 dB(5).� Minimum class 2 bit rate, Rm = 14:4 Kbps, with the power controlled received SIR parameterv = 8:5 dB (7.0975).� Idle bit rate R0 = 1:2 Kbps.The standard deviation parameter of the power controlled SIR was taken to be the same for bothclasses, i.e, we take �c = �v = �. This corresponds physically to assuming that the power controlmechanism works in an identical fashion for users of both classes. As before, the number of class 1users kc is taken to be the primary variable; the number of class 2 users supportable, kv, is then11



computed in accordance with the constraint (16). The number of class 2 users is then varied from1 to kv, and the throughput gain G is computed. This is done for various values of the standarddeviation parameter �, varying from � = 0 dB (perfect power control) to � = 2:5 dB. The resultsare presented in Figures (2a), (2b) and (2c).It is seen that power control imperfections signi�cantly a�ect the achievable throughput gains.However, the gains remain substantial, especially when the class 2 users predominate, as in Fig-ure (2c).This concludes our study of the case where the peak transmit powers of the class 2 mobiles wereunconstrained. The other possible case is studied in the next section.4 Case 2 : Constrained peak transmit powersWe go on now to consider the case where there are constraints on the peak transmit power that aclass 2 mobile may use. In order to motivate the following discussion, consider a situation where anupper limit is placed on the peak interference a particular cell can create in another. Clearly, sucha constraint would translate to peak transmit power limits on the mobiles in that cell; also, mobileslocated close to the boundary between the cells would have more stringent peak transmit powerlimits than those in the interior. Considering the application of the scheduled transmission modedescribed earlier to such a situation, we note that the presence of constraints on the peak transmitpowers translates to constraints on the peak transmission rate, which limits the throughput gainsdue to scheduling. Thus, in order to better exploit the looser constraints on the class 2 users inthe cell interior, it might be advantageous in such situations to schedule the transmissions of onlya certain subset of the class 2 users in the cell. In this paper, we develop analytical tools by whichsuch situations, and in particular, the subdivision of the class 2 users into subsets, can be studied;the detailed analysis will be left for future expositions.We proceed here along the same lines as in Section (3), which dealt with the case with uncon-strained mobile transmit powers. We assume the presence of perfect power control; extensions tocases with imperfect power control, in the fashion of the previous section, will be handled in laterexpositions. The basic constraint of Section (2) is now specialized to the case in question.4.1 Existence of a minimum total power solutionAs before, we �rst consider the situation where we have kc class 1 and kv class 2 users in the system,where fkc; kvg is a maximal set. Using the notation of Section (2), Equation (1) now becomeskv� WRm1 + 1� + kc�WR + 1� < 1� IWmini nhpihi � WRi�SIRi + 1�iokv+kci=1 ; (17)where SIRi =  or 1, depending on whether the ith generic user belongs to class 1 or 2, respectively.The class 2 users can be expected to have a higher minimum rate requirement than the class 1 users.Hence, other things being equal, one would expect the uplink of a class 2 to form the \weakest link".Accordingly, we assume that this particular user is user j, belonging to class 2, i.e, we assumepjhj  WRj � 1 + 1! = mini ��pihi � WRi � SIRi + 1���kv+kci=1 :12



The constraint (17) then becomeskv� WRm1 + 1� + kc�WR + 1� < 1� IWhpjhj � WRm�1 + 1�i : (18)Given that kc class 1 users are present, Equation (18) gives the number kv of class 2 users sup-portable. Given a situation where one has kc class 1 and upto kv class 2 users in the system, thetransmit powers assigned will be such that� The class 1 and class 2 users achieve exactly their required SIR's of  and 1, respectively.� The sum of the powers will be as small as possible. In addition, at any instant, the transmitpower assigned to any user will not exceed its maximum permitted value.We now consider the problem of maximizing the throughput of the class 2 users.4.2 Maximization of Class 2 throughputAs in Section (3.2), we consider a situation in which one has kc class 1 users and k1 � kv class 2 userspresent, and the two transmission modes de�ned therein. We note that due to the presence of anupper limit on its maximum transmit power, an information-transmitting class 2 user cannot exploitthe reduced interference due to scheduling as e�ciently as it could before. Hence, it is expectedthat the throughput gains in this case will be lower than before; however, it is yet not clear ifmode 2 transmission yields any gains over mode 1 in this case. This question is investigated in thefollowing sections, where the average throughput achieved by the class 2 users in the transmissionmodes 1 and 2 (as de�ned in Section (3.2)) are computed.4.2.1 Mode 1 : Unscheduled class 2 transmissionsIn this mode, all the class 2 users are allowed to transmit information simultaneously, at a rateR1(� Rm). We note here that if a particular uplink forms the \weakest link", it will continue todo so when the corresponding mobile transmits at a higher rate. Hence, the class 2 user j, whichformed the weakest link at a rate Rm, continues to do so when transmitting information at rate R1.Accordingly, let the rate R1 be chosen to be its maximum possible value, so that2k1� WR11 + 1� + kc�WR + 1� = 1� IWhpjhj � WR1�1 + 1�i : (19)Upon comparing with the constraint (18), it can be shown thatR1 = Rm � W1 �1� kc( WR+1)��W1 �1� kc( WR+1)�� Rm (kv � k1)� :Assuming a negligible retransmission rate, R1 is also the per-user average throughput of the class 2users in this mode.2Strictly speaking, one should have an inequality, l.h.s < r.h.s at this point; we are, however, considering maximumvalues 13



Using the expressions derived in [5], the transmit powers assigned to the various users can bewritten as follows. We note that the peak and average transmit powers are the same in this modefor both user classes.� P (c)1;i , the power assigned to the ith class 1 user in mode 1 isP (c)1;i = IW�WR + 1�h(c)i Y ; (20)where Y = 1� k1� WR11 + 1� � kc�WR + 1� :� P (v)1;i , the power assigned to the ith class 2 user in mode 1 isP (v)1;i = IW� WR11 + 1�h(v)i Y ; (21)the quantity Y being as de�ned above.2 Note : The transmit power assigned to user j of class 2 can be seen to be P (v)1;j = pj.Thus, the transmit powers are assigned such that the user corresponding to the weakestlink is transmitting at its allowed maximum power.4.2.2 Mode 2 : Scheduled class 2 transmissionsAs in Section (3.2.2), the class 2 transmissions are now time-shared so that at any time instant, k2 ofthem are transmitting information at a rate R2, while the remaining (k1�k2) are simply maintainingsynchronization with the base at a rate R0. As noted before, the class 2 user j continues to formthe weakest link. Let the rate R2 be chosen to be its maximum allowed value, such thatk2� WR21 + 1� + k1 � k2� WR01 + 1� + kc�WR + 1� = 1� IWhpjhj � WR2�1 + 1�i :Upon comparing with the constraint (19), it can be shown that R2 is given byR2 = R0 �R1 � 241� kc( WR+1) � (k1�k2)� WR01+1�358<:R0 � �1� kc( WR+1)�� R1 � (k1�k2)� WR01+1�9=; : (22)Before going on to compute the throughputs being achieved, we pause to compare the assignedtransmit powers in this mode to those of mode 1. We note that in this mode, the peak and averagepowers are the same for the class 1 users, but are di�erent for the class 2 users. Using the expressionsin [5], we have 14



� P (c)2;i , the transmit power assigned to the ith class 1 user in mode 2 isP (c)2;i = IW�WR + 1�h(c)i Z ; (23)where Z = 1� k2� WR21 + 1� � k1 � k2� WR01 + 1� � kc�WR + 1� = Y � � WR11 + 1�� WR21 + 1� ;Y being as in Equations (20, 21). It can be shown that P (c)2;i � P (c)1;i , where P (c)1;i is as givenin Equation (20). Hence, a class 1 users expends lesser average (and peak) transmit power inmode 2 than it does in mode 1.� P (v)2;i , the average transmit power expended by the ith class 2 user in mode 2, isP (v)2;i = k2k1 � IW� WR21 + 1�h(v)i Z + (k1 � k2)k1 � IW� WR01 + 1�h(v)i Z ; (24)where, as before, the factors k2k1 and (k1 � k2)k1 account for the fractions of information trans-mission and synchronization times respectively, and the quantity Z is as de�ned above. It canbe shown that P (v)2;i � P (v)1;i , where P (v)1;i is as in Equation (21). Hence, a class 2 mobile useslesser average transmit power in mode 2 as compared to mode 1.� P (v)2;i;peak, the peak transmit power expended by this user, is simply the power used whentransmitting at the peak rate of R2. This is given asP (v)2;i;peak = IW� WR21 + 1�h(v)i Z ; (25)it can be shown easily that P (v)2;i;peak = P (v)1;i = peak power used by the same user in mode 1transmission. Thus, the class 2 users transmit at the same peak power in either mode.2 Note : As in mode 1, the peak transmit power assigned to user j of class 2 can beseen to be P (v)2;j;peak = pj, the maximum allowed.In summary, mode 2 transmission imposes lower average transmit power requirements than mode 1transmission for users of both classes. In addition, the peak power requirements for the class 2users are identical in both the transmission modes. From this, one can conclude that at any timeinstant, the sum of the transmit powers is lesser in mode 2 than in mode 1 transmission; hence,mode 2 transmission leads to lesser instantaneous other-cell interference.We go on now to consider the average throughput being achieved by the class 2 users. As before,only the fraction of time when information is being transmitted at rate R2 contributes to the usefulthroughput. Assuming a negligible retransmission rate and using Equation (22), we get the averageclass 2 throughput T asT = k2k1 �R2 = k2k1 �R1 � 241� kc( WR+1) � (k1�k2)� WR01+1�35241� kc( WR+1) � R1R0 � (k1�k2)� WR01+1�35 : (26)15



We are interested, as before, in maximizing T ; the conditions under which T > R1, the mode 1throughput, are of particular interest. We make the following observations about this maximization.Observation 3 For any admissible value of k2, T is a decreasing function of the idle rate R0.Observation 4 Given a non-trivial R0, one has the following possibilities :Case 1 R0 � W1 � �1� kc( WR+1)�2(k1 + (k1 � 1) �1� kc( WR+1)�� �1� kc( WR+1)�2) :{ In this case, one has T � R1 for the set of k2 valuesk2 2 8<:1; : : : ; 6664kc � � WR01 + 1��WR + 1� + k1 � R1R0 �  WR01 + 1!77759=;; this set is non-empty i� the con-dition IWhjpj � 1� kc�WR + 1� � k1 � �2� kc( WR+1)��� WR01 + 1� � �1� kc( WR+1)�+ 1� (27)is satis�ed. In the above condition, it can be shown that r.h.s 2 [0; 1).Case 2 R0 > W1 � �1� kc( WR+1)�2(k1 + (k1 � 1) �1� kc( WR+1)�� �1� kc( WR+1)�2) :{ In this case, one has T < R1 for any admissible k2, i.e, 8 k2 2 [1; : : : ; k1 � 1].In Case 1, T is a decreasing function of k2 8 k2 s.t T (k2) � R1; hence, T is maximized bychoosing k2 = 1. In addition, T is a decreasing function of the parameter IWhjpj .As before, Observation 3 states a fact that is intuitively obvious; it is Observation 4 which hasmore practical value. It sets an upper limit on the synchronization rate R0, beyond which mode 2transmission leads to throughput losses as compared to mode 1; the upper limit is henceforthreferred to as R0;upper. In addition, a condition is set up, in terms of the parameter IWhjpj , as to whenscheduling leads to throughput gains. The quantity IWhjpj is the ratio of the power received fromall sources outside the cell to that of the \weakest link" user at the base station, assuming thatthat user is transmitting at its maximum power; it will henceforth be referred to as the \receivedpower ratio" (RPR). Hence, given a certain system setup, the RPR constraint (27) can be used(along with the constraint on synchronization rate) to make the decision as to whether e�ort shouldbe expended in scheduling the class 2 users. The constraint (27) can also be used as a pointerto what maximum transmit power limits a mobile should possess. As such, the fact that T is adecreasing function of the RPR indicates that a higher maximum transmit power limit leads togreater throughput gains; this is intuitively apparent, since the system then tends towards the onestudied earlier, where one had no constraints on the peak transmit power.16



In what follows, we assume that all the parameters are such that case 1 in Observation 4 isvalid. We focus on the maximum throughput case k2 = 1, which corresponds to only one class 2user transmitting information at a time, and denote the corresponding class 2 throughput as T2.One then has the throughput gain a�orded by mode 2 as compared to mode 1 transmission asG = T2R1 = 1k1 � 241� kc( WR+1) � (k1�1)� WR01+1�35241� kc( WR+1) � R1R0 � (k1�1)� WR01+1�35 : (28)
4.3 Numerical results and discussionsAs before, the following system parameters were chosen in order to compute the throughput gainG for various situations :� Spreading bandwidth W = 1:23MHz.� Class 1 bit rate R = 9:6 Kbps, with a minimum SIR of  = 7 dB (5) required to be received.� Minimum class 2 bit rate, Rm = 14:4 Kbps, with a minimum SIR of 1 = 8:5 dB (7.0795)required to be received.� Idle bit rate R0 = 1:2 Kbps.In addition, the RPR was chosen as 0.1; the variation of G with the RPR is also studied later inthis section. The number of class 1 users kc was taken to be the primary variable; based on this, themaximum number kv of class 2 users permitted was computed according to Constraint (18). Thenumber of class 2 users in the system was then varied from 1 to kv, and the corresponding gain Gwas computed from Equation (28). The results are plotted in Figures (3a, 3b, 3c), for three valuesof kc, varying from a predominantly class 1 system to an almost entirely class 2 system. As before, itis seen that when class 1 users predominate in the system, the gains o�ered are small (Figure (3a)).However, as the fraction of class 2 users in the system increases, the per-user throughout gaino�ered by mode 2 transmission are quite substantial as compared to mode 1 transmission. Acomparison can be made between Figures (3a, 3b, 3c) and the results for the corresponding caseswith unconstrained maximum power in Figures (1a, 1b, 1c). As expected, it is seen that the presenceof the peak transmit power constraints leads to a reduction in the throughput gains; however, thelosses are not signi�cant.The variability of the RPR constraint, as well as R0;upper, are also of interest. For example, a verylow RPR requirement would indicate a very high peak power requirement; similarly, as mentionedbefore, a value of R0;upper lower than that dictated by synchronization requirements might indicatethat scheduling is not practical. With respect to Figure (3b), the RPR constraint and R0;upper areplotted as functions of the class 2 population in Figures (4a) and (4b) respectively. It is seen thatin this particular example, neither of these parameters puts stringent requirements on the system.For example, from Figure (4b), we see that the most stringent value of R0;upper is about 6 kbps,which would imply a rather loose requirement on the synchronization rate R0.Finally, the variation of the throughput gain G with the RPR for the same case as above isplotted in Figure (4c). As indicated earlier, it is seen that G is a decreasing function of the RPR.17



A comparison of Figures (4a) and (4c) validates the RPR constraint (27); when the RPR is abovethat prescribed by the RPR constraint in Figure (4a), G falls below unity.This concludes the comparison between the two transmission modes in the case where the class 2mobiles's peak powers are constrained. The main results of this paper are now summarized.5 Summary of ResultsIn this paper, two transmission modes for the delay tolerant class 2 users were compared; in mode 1,the baseline, a class 2 user could transmit information at any time, while in the proposed mode 2, theclass 2 users were scheduled so that at any time instant, only a limited number transmit information,while the remaining simply maintain synchronization. It was seen that in many situations, a specialcase of mode 2 transmission, in which only one class 2 user is allowed to transmit information ata time, o�ers signi�cant per user throughput gains as compared to mode 1 transmission. Thetransmit powers required to achieve these gains were also investigated, and we have two sets ofresults, corresponding to the following cases :� Case 1 - No constraints on the class 2 peak transmit power : In this case, we have{ Each user of both user classes expends the same average power in either transmissionmode.{ In mode 2 transmission, each class 2 user expends a peak power which is about k1k2 timesthat required in mode 1.� Case 2 - Constrained peak transmit powers for the class 2 users : In this case{ Each user of either class expends lesser average power in mode 2 transmission than inmode 1 transmission.{ Each class 2 user expends identical peak powers in both transmission modes.We can therefore conclude that the throughput gains do not come at the expense of increasedaverage power; they are simply a consequence of the transmission scheme.We go on now to discuss the additional complexity that mode 2 transmission entails.6 Implementation issuesIt is clear that since mode 2 transmission requires some control to be imposed on the class 2transmission, some additional complexity would have to be added to the system. Some of therequirements of mode 2 transmission, and an outline of possible solutions can be enumerated asfollows :� The class 2 mobiles must be capable of variable rate transmission, and the base station capableof the corresponding reception. Clearly, the information transmission rate to be used by theclass 2 users (which was denoted as R2) will be decided by the base station, using informationabout the population distribution in the system, and, in the constrained transmit power case,knowledge of the RPR parameter. In practice, the user population distribution may be aslowly changing variable. This would imply that class 2 information rate changes do not18



have to be e�ected too often. The class 2 mobiles transmission rate alternates between theinformation rate R2 and the synchronization rate R0; hence, there must also be a mechanismto coordinate these rate changes with the base station.� There must be a mechanism to schedule the class 2 transmissions. This can be achieved verysimply by having the class 2 mobiles transmit in a \round-robin" fashion, with each mobilegetting a �xed information transmission time of � units within each cycle time of C units.The actual value of C will be decided based on practical considerations such as, for example,the amount of bu�er space to be provided at the mobile, the average number of class 2 usersexpected, etc.; once C is known, � is simply given by � = Ck1 , where as before, k1 is thenumber of class 2 users.Clearly, this form of scheduling will also have to be centrally controlled by the base station,using information about the user population distribution. There has to be a mechanismby which the base station informs a particular class 2 mobile about the cycle time C, itsinformation transmission time � , as well as its \place" within the cycle; we refer to this as theslotting mechanism. We note that though it is desirable to have a �ne slotting of the class 2users, i.e, an arrangement of the slots such that their transmissions do not overlap, it may bedi�cult to achieve in practice without a signi�cant increase in complexity. In that case, onecould resort to coarse slotting, in which some (as small as possible) part of the slot assignedto a user overlaps with that assigned to another user. The overlapping portions would thencorrespond to the case k2 = 2 rather than the desired best case k2 = 1. This would lead toa certain reduction in the throughput gains, but would simplify the implementation of theslotting mechanism.It may be noted that more sophisticated scheduling schemes, which exploit the tra�c charac-teristics of the class 2 mobiles, can be designed above the basic scheme. For example, it mayhappen that a class 2 mobile may have no information to transmit in its assigned slot, in whichcase that particular slot could be reassigned to some other user. Clearly, such schemes wouldlead to additional throughput gains; however, the base station would need additional knowl-edge about the state of the data in the mobiles, and would add some additional schedulingload to the system.� A class 2 mobile would need to use signi�cantly higher transmit power in its informationtransmission slot time � as compared to the rest of the time in a cycle in order to maintainthe same SIR. Hence, some changes would have to be made to the conventional power controlalgorithm. During its information transmission slot of time � , a class 2 mobile must increaseits transmit power to correspond to the rate R2, and lower it the rest of the cycle to correspondto the rate R0. However, since the transmission cycles are repetitive, the computations as towhat power to use in what part of the cycle may not be a major problem; one could makeuse of the knowledge about the transmit powers used in the corresponding parts of previouscycles.It may be noted that the base station retains the exibility to decide on the transmission mode. Forexample, in a particular situation, the gains a�orded by mode 2 transmission may not be signi�cantin comparison to the e�ort. In this situation, the base station could order the class 2 mobiles torevert to mode 1 transmission.The future work proposed to be done is now indicated.19



7 Future WorkAs indicated Section (4), future work will consider scenarios in which one has constraints on the peakpower that a mobile is permitted to use, and in which an upper limit is placed on the maximuminstantaneous interference a particular cell can create in another. In this case, mobiles locatedclose to the boundary between the cells will have more stringent maximum instantaneous transmitpower limits than those in the interior. For the transmission scheme proposed in this paper, suchconstraints will reduce the potential throughput gains if the users were apriori assigned to classes1 and 2. In order to better exploit the looser constraints on the class 2 users in the cell interior, itmight be advantageous in such situations to schedule the transmissions of only a certain subset of theclass 2 users in the cell, and re-assign the remaining class 2 users to the class 1 set. Using the analysisin Section (4) as a starting point, we propose to study strategies by which such a classi�cation ofthe class 2 users may be achieved, and compare the throughputs achieved to corresponding caseswith unscheduled transmissions.We also propose to investigate the suitability of the transmission scheme proposed here for thedownlink of the CDMA system. The straightforward generalizations to a CDMA system consistingof several user classes could also be performed.
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