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AbstractPresently e�orts are being made to standardize the AAL type 2 layer speci�cationsby the ATM forum and the ITU-T. This simulation is used to compare the performanceof AAL1, AAL2 and AAL5 for Voice Transport over ATM (VTOA). We compare themaximum number of users with a given voice coding rate that can be served by aDS1 link (1.536 Mb/s), subject to an upper bound on the 95th percentile of voicepacket delay, which includes transmitter queuing delay. The optimal voice packet size(CPS packet size) is also found for each case. The simulations are performed for homo-geneous sources only.
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1 IntroductionThe objective of this study is to compare the performance of AAL1, AAL2 and AAL5for Voice Transport over ATM (VTOA). Speci�cally, our goal is to compare the maximumnumber of users with a given voice coding rate that can be served by 1.536 Mb/s of availablebandwidth (corresponding to a DS1 link) subject to an upper bound on the 95th percentileof voice packet delay (explained below). For AAL2, this bandwidth would be in the formof a Virtual Circuit Connection (VCC), while for AAL1 and AAL5 it would be a VirtualPath Connection (VPC). Previous studies (such as [6]) have made similar comparisons,but with simpli�ed analyses. In particular, they have not considered the e�ects of queuingdelay in the AAL transmitters. The primary contribution of this report is to include thesee�ects and to show that they can signi�cantly reduce the number of connections that canbe supported. As part of this process, we also determine the optimal voice packet size foreach voice coding rate.The Kth percentile of voice packet delay is the delay DK such that K% of voice packetshave a delay less than or equal to Dk. This is an important performance measure for voicetransport because the voice receiver typically attempts to "build out" the overall delay forevery voice packet to some �xed value, so that the time relationships between the packetsare preserved across the network. This overall �xed delay is often taken to be the Kthpercentile delay (if known). In this case, it can be expected that only (100-K)% of thepackets would arrive "late" at the receiver. There are several options for dealing with thelate packets, but the simplest one is to simply discard them. Larger values of K reduce thenumber of late (discarded) packets , but produce larger values of Dk. We have chosen Kequal to 95 as a reasonable value for this study, especially considering that we are dealingonly with transmitter delay and not end-to-end network delay.The simulation models for the AAL2 system are the same as in [1] and the simulationmodels for AAL1 and AAL5 are the same as in [2]. The simulation strategy, including adiscussion of simulation parameters, is explained in section 2. Results are presented anddiscussed in section 3, followed by conclusions in section 4.2 Simulation StrategyWe use BONeS [9,10] simulation models that were previously developed for voice sources andAAL2 as described in [1] and for AAL1 and AAL5 as described in [2]. Each individual sourceis modeled as a �xed bit rate, on-o� voice source with exponentially distributed on and o�periods. For this study, all sources for a given simulation are statistically independent andhave the same voice bit rate (homogeneous sources), with a mean on time of 420 ms and amean o� time of 580 ms. Each voice bit stream is packaged into packets of �xed maximumsize (referred to below as CPS Packet Size, where CPS stands for Common Part Sublayer).The AAL2 model is a very detailed and accurate representation of the transmitter processingspeci�ed in [3]. For AAL2, all sources are multiplexed into a single VCC using a singleAAL2 transmitter, allowing packets from di�erent sources to be included in a single ATM4



cell. For AAL1 and AAL5, each source has its own AAL transmitter (each cell containspacket data from a single source), and the transmitter outputs (cells) are multiplexed ontoa single VPC. Packet delay is measured from the time the �rst bit of a packet arrives at thepacketization function until the last bit of the packet reaches the emulated receiver. Thenetwork delay between the transmitter and receiver was set to zero, so the measured delayis primarily composed of packetization delay (time to accumulate a packet at the voice bitrate) and transmitter queuing (multiplexing) delay. More details on the simulation modelsand parameters can be found in [1] and [2].The main aim of these simulations is to �nd the maximum number of users which canbe supported on a VCC or VPC with a given set of parameters. This is done in 2 phases:� The �rst phase consists of narrowing the range of number of users where the maximumoccurs. Here the CDF plots and the 95th percentile delay plots are used (explainedin section 2.2).� The second phase consists of zeroing in on the value of the maximum number of userssupported.For this to happen we �rst need to specify the �xed and variable parameters for the simu-lations.2.1 ParametersThe parameters which are �xed across all simulations are :� Peak VCC Rate (1536 kb/s).� 95th Percentile Delay Bound (10 ms).� Speech Activity Factor (silence detection is enabled, with 42% speech activity).� Trunking (as opposed to wireless).The parameters which are varied are :� Voice Bit Rate (Coding Rate).� CPS Packet Size.� Number of Users.� Timer Setting.Each of the parameters is discussed briey below.
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� PEAK VCC RATE: The Peak VCC Rate 1 determines the permit arrival rate forAAL2 (each cell requires a permit to leave the transmitter) given by8 � 53p ms (1)where the peak VCC rate is p kbps. The Peak VCC Rate in our case is 1536 kb/swhich corresponds to the DS1 (T1) Rate. This gives us a value of 276 �s for thepermit arrival rate (minimum time between ATM cells on the VCC or VPC).� 95th PERCENTILE DELAY BOUND: One concern associated with packetized voiceis the extra packetization and queuing delay incurred, which must be controlled toavoid excessive requirements for echo cancellation. Echo cancellers are usually re-quired when the total 1-way delay in a connection exceeds approximately 25 ms. Inthis study, we allow 40% of that delay (10 ms) to be incurred in the AAL transmitter(packetization and queuing). This leaves 15 ms for other network queuing delays ,propagation delay, coder/decoder delay2, etc. Values of 95th Percentile Delay Boundlarger or smaller than 10 ms would a�ect the absolute number of connections thatcould be supported, but are not likely to signi�cantly a�ect the comparisons betweenAAL1, AAL2, and AAL5.� SPEECH ACTIVITY FACTOR: Since voice contains considerable amounts of silenceperiods, data need not be transmitted during these periods and instead a silenceidenti�er is transmitted to identify the beginning of a silence period. This processresults in the e�cient use of the bandwidth. The percentage of actual speech presentin voice is known as Speech Activity Factor. This has been experimentally determinedto be about 42%.� TRUNKING: For the trunking scenario, we assume that the speech has not incurredany packet-formation delay prior to the AAL transmitter.� VOICE BIT RATE: 4 Voice Bit Rates (Coding Rates) are considered: 8 kb/s, 16kb/s, 32 kb/s, 64 kb/s. These bit rates are chosen so that they cover most of thegeneral purpose coders available now.� CPS PACKET SIZE: The CPS Packet Size is varied in accordance with the CodingRate chosen. Both Coding Rate and CPS Packet Size inuence the packetization(segmentation) delay in the transmitter. The total packet delay in the transmitter isthe sum of the packetization delay and the queuing delay in the transmitter . Thepacketization delay is given by(CPS PacketSize � 8)(CodingRate) = PacketizationDelay (2)1For AAL1 and AAL5 this would be the peak VPC (Virtual Path Connection) rate since AAL1 andAAL5 do not allow multiplexing within a VCC.2Note that the coder/decoder delay of the 8kb/s coder is large enough by itself to require echo cancellation,while the 16, 32, and 64 kb/s coders all have delays less than 1 ms.6



which is the time taken by the coder to accumulate data of size CPS Packet Size (inbytes) at Coding Rate. The maximum CPS Packet Size is then obtained when thepacketization delay equals the 95th percentile delay bound in the transmitter (in ourcase 10 ms). This is given by(95%DelayBound(ms) � CodingRate(kb=s))8 = max:CPS PacketSize(bytes) (3)� NUMBER OF USERS: From the remaining parameters the maximum number of userssupported is calculated by using the equation (for AAL2)n � R � 0:42 � ((CPS Packetsize+ 3)=CPS Packetsize) � (53=47) < p (4)where we are assuming 42% speech activity, R kb/s Coding Rate, Peak VCC Rate p,and the number of users being n. The left side of the inequality is the approximateaggregate mean arrival rate at the transmitter, including ATM and AAL2 overhead.Similar inequalities hold for AAL1 and AAL5. Then the parameter Number of Users isvaried from a low value of 5 to its maximum value or a value where its 95th percentiledelay exceeds the bound.� TIMER SETTING: The Timer CU Setting (applicable only to AAL2) gives the max-imum time the AAL2 transmitter waits before sending a partially full cell. Timer CUhas a profound e�ect on the total packet delay at low loads, as the packets do notarrive quickly enough to �ll cells before the timer expires (see results in [1]). In ourcase the timer is set to the maximum possible value, which is the di�erence betweenthe 95th percentile delay bound in the transmitter and the packetization delay. Henceits value is adjusted whenever the delay bound or packet size changes. This strategycould present di�culties with heterogeneous sources (di�erent sources have di�erentcoding rates), unless the packet sizes of the di�erent sources could be adjusted sothat the packetization delay (packet size divided by coding rate) is held constant forall sources (as illustrated in the discussion of results). Whether or not this is possi-ble would probably depend on implementation exibility at layers above the AAL2Common Part Sublayer (CPS).2.2 Simulation StrategyThe whole simulation process can be summarized in 10 steps :1. Fixing all the parameters except number of users, then simulate the complete rangewith large steps (for numbers of users).3 This is phase 1.2. Look at the graph of 95th percentile delays vs. number of users produced in the simu-lations and decide on the range of values where the delay is going from an acceptablevalue (less than 10 ms in our case) to an unacceptable value (more than 10 ms in ourcase).3Unless explicitly informed all the simulations in this section are run for 300,000 Packets.7



3. Simulate in the range decided in step 2 in small steps (1, 2 or 3 users depending onthe range) for number of users. This is phase 2.4. From the 95th percentile graph obtained from simulations in step 3 �nd the value ofthe maximum number of users which satis�es the condition of having a delay of lessthan 10 ms.5. Repeating steps 1 through 4, �nd these values for di�erent CPS packet sizes for agiven voice bit rate.6. Now pick the maximum of all the values obtained in step 5 to get the maximumnumber of users supported for a given voice bit rate using AAL2.7. Repeat steps 1 through 6 for di�erent voice bit rates using AAL2.8. Now plot the graph of maximum number of users supported vs voice bit rate usingAAL2.9. Repeat steps 1 through 8 for AAL1 and AAL5.10. Now put the 3 plots on a single graph for comparison of AAL1, AAL2 and AAL5with respect to the maximum number of users supported vs. voice bit rate on a singleVCC or VPC with a peak rate of 1536 kb/s.2.3 95th Percentile Delay GraphsAll through the former section we were talking about the 95th percentile delay graphs.We will now briey look into the process in which the 95th percentile delay graphs aregenerated.1. First simulate for a given set of parameters with a CDF probe.2. A CDF probe gives us the cumulative distribution function of the delay of all thepackets leaving the transmitter. A CDF probe divides the delay range (in our case0 to 15 ms) in to a certain number of bins (in our case 10000). Whenever a packetexperiences a delay which lies in one of the bins, the count for that bin is increasedby one. The percent of packets in a bin gives the probability mass function (PMF)of that bin. From the PMF the CDF plots are obtained by summing the PDF valuesfor all bins with delay less than or equal to a given delay. Fig. 1 gives an example ofa CDF plot.3. From the CDF plot obtained we choose the minimum of all the bins which have acumulative value of 0.95 or more. This gives us a single value corresponding to the95th percentile delay. In Fig. 1, this delay is approximately 2.75 ms.
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Figure 1: An Example of a Cumulative Distribution Function4. Now that we have the 95th percentile delay for given parameters (CPS Packet Size,Number of Users), we change the parameter Number of Users to get di�erent valuesfor di�erent loads. We now have a plot of 95th percentile delay vs. number of usersfor a given CPS packet size.5. Steps 1 and 4 are repeated for di�erent CPS packet size to get a plot as shown in Fig.2.3 Results and Explanations� Figures 2 through 5 are the 95th percentile delay plots for the �rst phase simulationsfor AAL2. Here each curve corresponds to a CPS packet size, and these are usedto narrow the region of search as mentioned earlier. For example in Fig. 2 for theCPS Packet Size of 4 bytes the region of interest is from 200 to 220 users. Similarlyfor CPS packet size of 6 bytes the region of interest is 200 to 250 users. Figures 3, 4and 5 have similar plots for voice coding rates of 16 kb/s, 32 kb/s, 64 kb/s respectivelyfor AAL2.� Figures 6 through 9 are phase 2 plots for the voice regions of interest of Figures 2through 5. We can see that in Fig. 6 the curves for CPS packet sizes of 7, 8 and 9bytes are well below the 10 ms mark even for the maximum number of users of 256.9
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Figure 2: 95th Percentile Delay Plot for 8 kbp/s Voice Coding Rate with AAL2, First phase
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Figure 3: 95th Percentile Delay Plot for 16 kb/s Voice Coding Rate with AAL2, First phase10
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Figure 4: 95th Percentile Delay Plot for 32 kb/s Voice Coding Rate with AAL2, First phase
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Figure 5: 95th Percentile Delay Plot for 64 kb/s Voice Coding Rate with AAL2, First phase11
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Figure 6: 95th Percentile Delay Plot for 8 kb/s Voice Coding Rate with AAL2, Phase 2
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Figure 7: 95th Percentile Delay Plot for 16 kb/s Voice Coding Rate with AAL2, Phase 212
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Figure 8: 95th Percentile Delay Plot for 32 kb/s Voice Coding Rate with AAL2, Phase 2
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This is because the simulations were stopped at that point, as 256 is the maximumallowed limit for multiplexing in a single VCC in AAL2. Figures 7, 8 and 9 give ussimilar plots for voice coding rates of 16 kb/s, 32 kb/s and 64 kb/s respectively.� Figures 10 through 13 give us the phase 2 plots for di�erent voice coding rates forAAL1. These plots were generated following the same procedure as in the case ofAAL2. We can clearly see that AAL1 supports fewer users on a single VCC whencompared to AAL2.� Figures 14 through 17 refer to similar phase 2 plots for AAL5 with di�erent codingrates. These plots were generated following the same procedure adopted for generatingAAL1 and AAL2 plots.� Figure 18 is the summary of the plots 6 through 9 with respect to the maximumnumber of users supported for AAL2. It plots maximum number of users supportedvs. CPS packet size for di�erent voice coding rates for AAL2. From Figures 6 through9 the maximum number of users supported for 95th percentile delay bound of 10 msis obtained for each CPS packet size.The points where the curves of Fig. 18 go back to zero on the X axis (CPS packet sizeequal to 10, 20, and 40 bytes) are not generated from simulations but are theoreticallyobtained. If we consider the point 20 bytes the Timer CU will be ,10� 20 � 816 = 0 (5)i.e. the packets have to be sent as soon as they arrive and there is no multiplexing inthe cells. Moreover the packetization delay would be20 � 816 = 10ms (6)which equals the tolerable limit set. Therefore in these situations even very low loadswill have a delay of at least 10 ms4. The remaining curves have the same behavior.The curve for voice coding rate of 64 kb/s ends at CPS Packet Size of 50 bytes as thesimulations are conducted only until that point5.Here we see that a maximum of 256 users can be supported for the 8 kb/s voice codingrate at CPS packet size of 7, 8 and 9 bytes. For 16 kb/s the maximum is 144 users ata CPS packet size of 16 bytes, for 32 kb/s it is 53 users and for 64 kb/s it is 36. Animportant point to be observed here is that at low voice coding rates the maximumnumber of users supported is very sensitive to the CPS Packet Size and at higher voicecoding rates the the maximum number of users supported does not vary much with4In the case when Timer CU value is non zero , the delay would only increase because of the timer.Therefore the Maximum number of Users supported is taken to be zero.5Any value of CPS packet size greater than 44 bytes results in spilling of packets into the next cell andthus causes the delay for each packet to increase. 14
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Figure 10: 95th Percentile Delay Plot for 8 kb/s Voice Coding Rate AAL1, Phase 2
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Figure 11: 95th Percentile Delay Plot for 16 kb/s Voice Coding Rate AAL1, Phase 215
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Figure 12: 95th Percentile Delay Plot for 32 kb/s Voice Coding Rate AAL1, Phase 2
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Figure 13: 95th Percentile Delay Plot for 64 kb/s Voice Coding Rate AAL1, Phase 216
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Figure 14: 95th Percentile Delay Plot for 8 kb/s Voice Coding Rate AAL5, Phase 2
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Figure 15: 95th Percentile Delay Plot for 16 kb/s Voice Coding Rate AAL5, Phase 217
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Figure 16: 95th Percentile Delay Plot for 32 kb/s Voice Coding Rate AAL5, Phase 2
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Figure 17: 95th Percentile Delay Plot for 64 kb/s Voice Coding Rate AAL5, Phase 218



the CPS packet size chosen. Note that if we were to choose an 8-byte CPS packetsize for 8 kb/s, 16 bytes for 16 kb/s, and 32 bytes for 32 kb/s, the CPS packet sizewould be near the optimum value and the packetization delay would be 8 ms for allof these voice coding rates, allowing a single Timer CU value of 2 ms regardless ofcoding rate.The other curves (in a dashed line) give the maximum number of users supported vs.CPS packet size without taking the queuing delay into account, i.e., using equation4, corresponding to 100% queuing load. This simplistic analysis has been often usedin the literature, but we see that using a more realistic, simulation based evaluationproduces signi�cantly smaller maximum number of users. (approximately 80% of thenumbers produced by equation 4)
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Figure 18: Plot for Maximum Number of Users as a Function of CPS Packet Size and VoiceCoding Rate for AAL2� Figure 19 gives the maximum number of users supported vs. CPS packet size fordi�erent voice coding rates for AAL1. This �gure is obtained from Figures 10 through13 with a maximum tolerable delay of 10 ms in the transmitter. We can see thatunlike Fig. 18 (AAL2), here the maximum number of users supported for a voicecoding rate does not change signi�cantly with the coding rate. The curve for 64kb/s ends at CPS packet size of 46 bytes as any packet more than 46 bytes wouldbe accommodated in 2 cells and thus would only increase the delay and lower themaximum number of users supported. The points where the curves go back to zerohave the same explanations as in the AAL2 case. The other curves (in a dashed line)give the maximum number of users supported vs. CPS packet size without consideringthe queuing delay. The maximum number of users supported for coding rates of 8, 16,32 kb/s is 53 users; for 64 kb/s the value is 32. Notice that the realistic numbers (from19



simulation) are about 75% of the numbers produced from theoretical calculations inthe AAL1 case [2].
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−.−.  Without Queuing DelayFigure 19: Plot for Maximum Number of Users as a Function of CPS Packet Size and VoiceCoding Rate for AAL1� Figure 20 gives us the maximum number of users supported vs. CPS packet size fordi�erent voice coding rates for AAL5. This plot is generated from Figures 14 through17, with the 95th percentile delay bound of 10ms in the transmitter. This plot isalmost the same as Figure 19 until the CPS packet size of 40 bytes, as both AAL1and AAL5 behave in a similar manner with respect to the overhead and performanceuntil that point [2]. The maximum number of users supported for coding rates of 8,16, 32 kb/s is 53 users; for 64 kb/s the value is 29. The other curves (in a dashed line)give the maximum number of users supported vs. CPS packet size without consideringthe queuing delay. Notice that the realistic numbers (from simulation) are about 75%of the numbers produced from theoretical calculations in AAL5 case[2].� Figure 21 summarizes the Figures 18 through 20 and has the plots for the maximumnumber of users supported for di�erent voice coding rates for AAL1, AAL2 and AAL5.We can see that AAL2 supports substantially more users on a single VCC than AAL1and AAL5 support on a VPC at low voice coding rates and is almost equal to AAL1and AAL5 at high voice coding rates. We can also conclude that AAL2 is moresensitive to coding rate than AAL1 and AAL5 with respect to the maximum numberof users supported.
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−.−.  Without Queuing DelayFigure 20: Plot for Maximum Number of Users as a Function of CPS Packet Size and VoiceCoding Rate for AAL54 ConclusionsThis simulation study allows us to draw several important conclusions about the perfor-mance of AAL2, especially relative to AAL1 and AAL5. Before enumerating these conclu-sions, however, we caution the reader to keep in mind some of the limitations of this study,particularly regarding the assumptions which include homogeneous sources, speci�cation ofservice quality in terms of 95th percentile delay, 10 ms value for 95th percentile delay boundin the AAL transmitter, available bandwidth of 1.536 Mb/s, and a trunking (as opposedto wireless) application scenario. We also remind the reader that only transmitter-induceddelays have been considered.� For a realistic comparison, 95th percentile delay (or 96th to 99th percentile delay) ismore appropriate than absolute maximum delay or average delay.� The maximum number of users supported on a VCC for a given coding rate is almost5 times more for AAL2 than AAL1 and AAL5 at 8 kb/s voice coding rate and thisadvantage decreases with the increase in the coding rate until eventually the maximumnumber of users supported on a VCC for AAL2 almost equals that of AAL1 and AAL5at 64 kb/s coding rate.� For AAL2 the total packet delay is inuenced by Timer CU to a great extent at lowloads. In fact the delay is very near to the Packetization Delay + Timer CU.� For AAL2 the total packet delay decreases as the load increases until it reaches aqueuing saturation point after which even a slight increase in load causes the totalpacket delay to increase sharply. 21
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Figure 21: Maximum Number of Users Supported on a VCC for AAL1, AAL2 and AAL5as a function of Voice Coding Rate� For AAL2 as we increase the CPS packet size (in turn decreasing the Timer CU)the maximum number of users supported on a VCC increases until the Timer CUapproaches twice the Permit Arrival Rate after which it starts to decrease rapidlyeventually falling back to zero at Timer CU equal to 0.� For AAL2 the maximum number of users supported on a VCC is very sensitive to theCPS packet size at low voice coding rates and is quite insensitive at high voice codingrates. In other words, at high coding rates it does not really matter what CPS packetsize we are using but it can signi�cantly a�ect the e�ciency at low coding rates.� For all the AALs the maximum number of users supported on a VCC decreases withthe increase in voice coding rate (with CPS Packet Size optimized), but the decreaseis much more rapid for AAL2.� For AAL1 and AAL5 the maximum number of users supported on a VPC increaseswith the CPS packet size until a point where it saturates and then decreases rapidly.This sensitivity to CPS packet size is similar for all the voice coding rates (in therange of CPS Packet Size 1 to 40 bytes).� AAL5 behaves in the same way as AAL1 till the CPS packet size of 40 bytes and hasthe same characteristics as the above result in that range.� The maximum number of users supported on a VPC for a given coding rate is almostequal for AAL1 and AAL5 until 32 kb/s and then they di�er by a small marginafterwards. 22
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