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Hybrid Packet Channel Simulation Study
1. Introduction

The Hybrid Packet Channel (HPCH) that has been presented in [GP-110766, see Ref. 1] and in [GP-111237, see Ref. 2] provides a method to increase the signaling capacity of (E)GPRS network. The idea in the HPCH concept is that there is one PDCH (or even several PDCHs) in the cell that reserves one USF value for RACH purposes. The HPCH capable mobiles can use the RACH blocks of the HPCH for accessing purposes and the network can respond to the received packet channel requests by sending assignments on HPCH in the same way as PACCH blocks are sent, i.e. without reserving a fixed amount of access grant blocks in the DL direction. The amount of RACH-USFs scheduled on HPCH can be (dynamically) controlled by the network.
In this simulation study the performance of the (E)GPRS network has been studied with and without HPCH. The key findings from this simulation study are the following ones:
· The introduction of HPCH improves the performance of (E)GPRS network clearly when CCCH is heavily loaded.
· The performance of (E)GPRS network is roughly the same with and without HPCH when CCCH is lightly loaded.
2. MODEL description

2.1 Simulation model
A GPRS/EGPRS protocol level simulator has been used in this study. It is a one-cell simulator that contains a detailed modelling for the GPRS/EGPRS data transfer protocols including MAC, RLC, LLC and SNDCP.
2.2 Radio layer modeling
2.2.1 C/I snapshot tables on PDCHs
The C/I conditions recorded from the system level simulations (reuse 1x3) have been collected to snapshot tables which are used in the protocol level simulations. There is a separate snapshot table for UL and DL, each table has 10 000 rows and each row has one C value and 24 I values. Whenever an MS initiates a data transfer, it gets a new, randomly chosen row to the snapshot table which determines the mean C/I for the MS. The mean C/I values lower than 7.5 dB have been excluded from the snapshot tables in order to provide a sufficient coverage for all mobiles. See Figure 1 for the C/I distribution.
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Figure 1. The C/I distribution used in the simulations (the C/I values lower than 7.5 dB have been excluded).

2.2.2 C/I -> BLER mapping
The C and I terms are each multiplied by a different fast fading factor which brings time dependency to the C/I values. The fast fading factors are read from a look-up table that is specific to the 900 MHz band. 
Four C/I values are determined per one RLC radio block, one per each burst. The four C/I values are mapped to BER or BEP depending on whether a GPRS or EGPRS coding scheme is used, respectively. Based on the four BER/BEP values the mean value (meanBER/BEP) and standard deviation (stdBER/BEP) are determined. The meanBER/BEP and stdBER/BEP values are finally mapped to BLER with a mapping function that depends on the (M)CS. In EGPRS also the Incremental Redundancy is taken into account in both directions. All mapping functions have originally been derived from link level simulation results. 

2.3 CCCH modelling
The legacy mobiles (CS users and non-HPCH capable PS users) use CCCH for accessing the network. The HPCH capable mobiles use CCCH if HPCH is not available, otherwise the HPCH capable mobiles use HPCH for network access. In the simulator the CCCH has been modelled with the block structure of PDCH. Hence, there are 4 x 12 = 48 RACH slots and 6 AGCH blocks available per 52-multiframe (240 ms). This gives a slight modelling error but it is considered as non-meaningful.
2.4 HPCH modelling
The HPCH capable mobiles use HPCH for access when it is available. The availability of HPCH is indicated in the specific system information messages. HPCH has been modelled so that one of the PS dedicated PDCHs, marked as HPCH, reserves one USF for RACH purposes and schedules the RACH-USF with a given frequency so that the HPCH capable mobiles can send their Packet Channel Request messages on the reserved RACH blocks (using randomly one of the four corresponding slots). 

The RACH block frequency on HPCH that was used in the simulations has been given in section 2.7. 
2.5 Access failures
If a mobile requesting a packet channel receives no assignment after sending M + 1 channel requests, the mobile returns to packet idle mode (after T3170 expiry). In this case the PDUs in the mobile’s buffer are discarded. This was covered by the simulation model and was one of the factors that increased the IM failure probability (see section 3.1 for the definition). The reason for the missing assignment can be one of the following:
· Collision on the RACH channel (in the simulation model the collided requests are discarded).

· Corruption of the assignment message due to radio errors.

· Assignment buffer overflow (in the simulation model the non-DRX type of assignment messages are discarded if they cannot be sent within 1 second).
Or in the case that a UL TBF request is rejected by the network, then the mobile that receives the packet channel reject starts the timer T3170 as specified in 44.060. Once the timer T3170 expires, the mobile returns to packet idle mode. Also in this case the PDUs in the mobile’s buffer are discarded. This was covered by the simulation model and was one of the factors that increased the IM failure probability. The only reason for the rejection is the fact that there are no PDCH resources for the UL TBF.

Respectively, a DL TBF establishment may fail if the assignment message does not reach the mobile (despite retransmissions) or if there are no PDCH resources for the DL TBF. In these cases BSC discards the DL LLC PDUs that have been buffered for the MS. 
2.6 Traffic modelling
The IM traffic model specified in [TR43.802, see Ref. 3] has been used to generate PS traffic in this simulation study. In the simulations each mobile generates IM sessions according to a Poisson process so that the idle time between subsequent sessions is on the average 1800 seconds. The traffic load in the cell is varied by varying the number of mobiles in the cell. 
In addition, CS calls were generated according to a Poisson process (λ given in section 2.7) in order to cause signaling load on CCCH.
2.7 Simulation setup
The following simulation setup has been used:

· One cell
· EGPRS service type

· 8 PDCHs
· TU3 no FH
· CS call request rate on CCCH: λ = 5 or 15 calls/s

· RACH block frequency on HPCH = 3, 6 or 9 RACH blocks per multiframe (multiframe being 240 ms).

· Number of mobiles = 250, 500, 750, 1000, 1250, 1500, 1750, 2000.

· Portion of HPCH capable mobiles = 25 or 50 %. 
· TSTOP = 360 000 s (= time covered by the simulation)
3. SIMULATION RESULTS
3.1 Performance metrics
The following key performance indicators have been measured in the simulations:

· MO Message transmission delay = time difference between the events

· MS generates an IM message to be sent to network. 

· Network receives successfully the IM message sent by MS. 

· MT Message transmission delay = time difference between the events

· Network generates an IM message to be sent to MS. 

· MS receives successfully the IM message sent by network. 

· MO Message transmission success ratio = ratio between

· number of MO messages that are successfully received by network.

· number of sent MO messages. 
· MT Message transmission success ratio = ratio between

· number of MT messages that are successfully received by MS.

· number of sent MT messages. 
· IM failure probability = ratio between

· number of IM sessions that fail due to unsuccessful LOGIN or ALIVE signaling (MS is not receiving response from the network within the timeout of 10 s).

· number of initiated IM sessions. 
· Net LLC throughput per cell in UL = amount of LLC data in octets transmitted in a cell over a simulation in the uplink [as per TR43.802, see Ref. 3].
· Net LLC throughput per cell in DL = amount of LLC data in octets transmitted in a cell over a simulation in the downlink [as per TR43.802, see Ref. 3].
3.2 Message transmission delay
The MO message transmission delay and MT message transmission delay were measured in the simulations with and without the HPCH channel. 
Figure 2 presents the MO message transmission delay as a function of number of mobiles when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded with CS calls (i.e. CS call request rate on CCCH is 5 calls/s). The curve marked with ‘*’ presents the delay experienced by all (HPCH capable and HPCH non-capable) mobiles when there is no HPCH in the cell. The curves marked with ‘o’ and ‘x’ present the delay experienced by HPCH capable mobiles and non-HPCH capable mobiles, respectively, when there is HPCH in the cell. It can be seen from Figure 2 that the introduction HPCH with 3 RACH blocks per multiframe increases the MO message transmission delay of HPCH capable mobiles slightly, about 10 - 20 ms, with reasonable PS traffic loads (i.e. when #mobiles < 1500). This is due to the fact that the HPCH capable mobiles have to wait for the next RACH on HPCH slightly longer than the non-HPCH capable mobiles on CCCH when there are only 3 RACH blocks per multiframe on HPCH. The MO message transmission delay experienced by non-HPCH capable mobiles is about the same with and without HPCH when the PS traffic load is relatively low but there is slight improvement with relatively high PS traffic loads (i.e. when #mobiles > 1000). This is due to the fact that the introduction of HPCH reduces the load on CCCH because some of the PS users (25 % in these simulations) use HPCH instead of CCCH for packet access.

Figure 3 presents the MO message transmission delay with higher RACH block frequency (6 RACH blocks per multiframe) while CS call request rate is kept the same (5 calls/s). It can be seen from Figure 3 that now the introduction of HPCH improves the MO message transmission delay of HPCH capable mobiles by about 10 – 50 ms depending on the PS traffic load. This is because the HPCH with 6 RACH blocks provides less congested resource for packet access signaling than CCCH especially with high PS traffic loads. The non-HPCH capable mobiles experience also a slight improvement in MO message transmission delay with relatively high PS traffic loads, as in Figure 2, but now the improvement is slightly less than in Figure 2. This is because HPCH with 6 RACH blocks consumes more UL resources than HPCH with 3 RACH blocks which brings a small negative impact to the data transfer delay in contrast to the benefit achieved on CCCH.

Figure 4 presents the MO message transmission delay as a function of number of mobiles when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is heavily loaded with CS calls (i.e. CS call request rate on CCCH is 15 calls/s). It can be seen from Figure 4 that without HPCH the MO message transmission delay increases to high numbers (up to 2 seconds) with high PS traffic loads whereas with HPCH the MO message transmission delay remains on a low level (mainly below 0.8 s) for both HPCH capable mobiles and non-HPCH capable mobiles. In this case (i.e. CCCH was heavily loaded with CS calls) the introduction of HPCH clearly improves the performance of the (E)GPRS network by providing additional signaling capacity for packet access.

Figure 5 presents the MO message transmission delay with higher RACH block frequency (6 RACH blocks per multiframe) while CS call request rate is kept the same (15 calls/s). It can be seen from Figure 5 that now the introduction of HPCH improves the performance of HPCH capable mobiles even more than in Figure 4 where the RACH block frequency was smaller (3 RACH blocks per multiframe).
Note: Here the MO message transmission delay has been presented. The MT message transmission delay was also measured in the simulations but the results were very similar for HPCH capable and non-HPCH capable mobiles for all used HPCH configurations. This is understandable because HPCH is not used for signaling in DL TBF establishment and because HPCH does not have fixed resource reservation in DL direction.

3.3 Message transmission success ratio
The MO message transmission success ratio and MT message transmission success ratio were measured in the simulations with and without the HPCH channel.
Figure 6 presents the MO message transmission success ratio as a function of number of mobiles when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded with CS calls (i.e. CS call request rate on CCCH is 5 calls/s). The curve marked with ‘*’ presents the success ratio experienced by all (HPCH capable and HPCH non-capable) mobiles when there is no HPCH in the cell. The curves marked with ‘o’ and ‘x’ present the success ratio experienced by HPCH capable mobiles and non-HPCH capable mobiles, respectively, when there is HPCH in the cell. It can be seen from Figure 6 that MO message transmission success ratio is quite high, ≥ 99.7 %, for all configurations. With high PS traffic loads, (i.e. when #mobiles > 1000), the MO message transmission success ratio seems to be slightly lower, i.e. by less than 0.1%, with HPCH than without HPCH. This is probably due to the fact that the RACH block reservation on HPCH consumes some of the PDCH resources which increases the probability that a UL TBF request is rejected. For instance, with 1500 mobiles, the UL TBF reject probability is 0.96 % with HPCH and 0.74 % without it. The exact reason for the fact that HPCH capable mobiles experience slightly lower MO message transmission success ratio than non-HPCH capable mobiles when HPCH is enabled, is thus for further study.
Figure 7 presents the MO message transmission success ratio with more heavily loaded CCCH (i.e. CS call request rate on CCCH is 15 calls/s) while the RACH block frequency on HPCH is kept the same (3 RACH blocks per multiframe). It can be seen from Figure 7 that with high PS traffic loads, (i.e. when #mobiles > 1000), the MO message transmission success ratio starts to degrade rather quickly when HPCH is not enabled. However, when HPCH is enabled, the MO message transmission success ratio remains on a high level, i.e. above 95 %, even with high PS traffic loads. Clearly the congestion on CCCH is the reason for the degraded performance when there is no HPCH channel in the cell.

Figure 8 presents the MT message transmission success ratio as a function of number of mobiles when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded with CS calls (i.e. CS call request rate on CCCH is 5 calls/s). It can be seen from Figure 8 that MT message transmission success ratio is much lower than MO message transmission success ratio (presented in Figure 6) especially with high PS traffic loads. This is because there is more congestion on the PDCH channels in DL direction than in UL direction due to the following facts: a) the IM traffic model generates more data in DL direction than in UL direction and b) DL TBFs consume more PDCH resources than UL TBFs due to the mobiles’ multislot capability (multislot class 2 was used in the simulations). With high PS traffic loads, (i.e. when #mobiles > 1000), the MT message transmission success ratio seems to be slightly higher with HPCH than without it. This is quite opposite to the behavior seen in MO case (presented in Figure 6). The reason for this is not quite clear, but it has been observed from the simulation results that the number of generated MT messages with high PS traffic loads is slightly lower with HPCH than without it. It may be that the introduction of HPCH decreases the MO message transmission success ratio (as shown in Figure 6) which further decreases the offered load in DL direction (if MO LOGIN message is not received successfully, then MT message generation is not started) and this alleviates the congestion in DL direction which improves the MT message transmission success ratio. The exact reason is thus for further study.
Figure 9 presents the MT message transmission success ratio with more heavily loaded CCCH (i.e. CS call request rate on CCCH is 15 calls/s) while the RACH block frequency on HPCH is kept the same (3 RACH blocks per multiframe). It can be seen from Figure 9 that with high PS traffic loads, (i.e. when #mobiles > 1000), the MT message transmission success ratio degrades more quickly when HPCH is not enabled than in the case when HPCH is enabled. Clearly the congestion on CCCH is the reason for the degraded performance when there is no HPCH channel in the cell.
Note: The MO message transmission success ratio and MT message transmission success ratio were measured also with HPCH having 6 RACH blocks per multiframe but the results were very similar to the results obtained with HPCH having 3 RACH blocks per multiframe.
3.4 IM failure probability
The IM failure probability (i.e. the number of IM sessions that fail due to unsuccessful LOGIN or ALIVE signaling) was measured in the simulations with and without the HPCH channel.

Figure 10 presents the IM failure probability when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded with CS calls (i.e. CS call request rate on CCCH is 5 calls/s). The curves are quite close to each other, but it seems that the HPCH channel decreases the IM failure probability slightly with high PS traffic loads. This is in line with the behavior of MT message transmission success ratio presented in Figures 8 and 9. It is noted that the LOGIN or ALIVE signaling succeeds if the MO message and MT message (server's response) are both received successfully. Since a higher PDCH congestion in DL than in UL was observed, MT message transmission success ratio was in general lower than the MO message transmission success ratio, yielding the conclusion that the MT message transmission success rate dominates in the IM failure probability. 
Figure 11 shows the IM failure probability with higher CS call request rate (15 calls/s). It can be seen that the results in Figure 11 are rather similar to the results presented in Figure 10 (where CS call request rate was 5 calls/s) with further decreased IM failure probability for HPCH compared against the case when HPCH is not enabled. 
3.5 Net LLC throughput per cell
Figure 12 presents the Net LLC throughput per cell in UL without HPCH and with HPCH having 3, 6 or 9 RACH blocks per multiframe when CCCH is heavily loaded with CS calls (i.e. CS call request rate on CCCH is 15 calls/s) and when the portion of HPCH mobiles is 25 %. It can be seen from Figure 12 that as the PS traffic load is increased, the Net LLC throughput in UL saturates to the value of about 22 kbps when HPCH is not enabled whereas the Net LLC throughput per cell in UL reaches a much higher value, about 30 kbps when HPCH is enabled. This indicates that the congestion on CCCH is limiting the UL data transfer when there is no HPCH in the cell.
Figure 13 shows the Net LLC throughput per cell in UL with a higher portion of HPCH capable mobiles (50 %) while the CS call request rate is kept the same (15 calls/s). It can be seen from Figure 13 that now the introduction of HPCH improves the system performance even more than in Figure 12 and the Net LLC throughput per cell in UL reaches the value of about 32 kbps which is about 45 % higher than the reference value (22 kbps) which was achieved without HPCH.  
Note: Here the Net LLC throughput per cell in UL has been presented.  The Net LLC throughput per cell in DL was also measured in the simulations, but is not depicted here since the results were quite similar to the UL results. 
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Figure 2. MO message transmission delay when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded.
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Figure 4. MO message transmission delay when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is heavily loaded.
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Figure 3. MO message transmission delay when HPCH, if enabled, has 6 RACH blocks per multiframe, and when CCCH is lightly loaded.
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Figure 5. MO message transmission delay when HPCH, if enabled, has 6 RACH blocks per multiframe, and when CCCH is heavily loaded.
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Figure 6. MO message transmission success ratio when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded.
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Figure 8. MT message transmission success ratio when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded.
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Figure 7. MO message transmission success ratio when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is heavily loaded.
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Figure 9. MT message transmission success ratio when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is heavily loaded.
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Figure 10. IM failure probability when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is lightly loaded.
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Figure 12. Net LLC throughput per cell in UL with and without HPCH when CCCH is heavily loaded and when 25 % of mobiles are HPCH capable.
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Figure 11. IM failure probability when HPCH, if enabled, has 3 RACH blocks per multiframe, and when CCCH is heavily loaded.
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Figure 13. Net LLC throughput per cell in UL with and without HPCH when CCCH is heavily loaded and when 50 % of mobiles are HPCH capable.
4. Discussion
In this simulation study the performance of the (E)GPRS network has been studied when there is HPCH in the cell and the results have been compared with the results obtained without HPCH. The key findings from this simulation study are as follows:
The introduction of HPCH improves the performance of (E)GPRS network clearly when CCCH is heavily loaded. In the simulations where CS call request rate on CCCH was 15 calls/s, the following improvements were observed:

· The MO message transmission delay of HPCH capable mobiles was improved by 6 – 190 % depending on PS traffic load. (the respective gain for non-HPCH mobiles was 0 – 130 %). 
· The MO message transmission success ratio and MT message transmission success ratio were both improved considerably with high PS traffic loads (similar behavior seen by both HPCH capable and non-HPCH capable mobiles). 

· The IM failure probability was improved with high PS traffic loads (similar behavior seen by both HPCH capable and non-HPCH capable mobiles).

· The Net LLC throughput per cell in UL and Net LLC throughput per cell in DL were both improved with high PS traffic loads. When there was no HPCH, the system was able to carry the Net LLC throughput of about 22 kbps in UL whereas with HPCH the Net LLC throughput in UL reached the value of 30 kbps (32 kbps with higher portion of HPCH capable mobiles) which means 36 % (45 %) improvement in the system throughput in UL direction. 
The performance of (E)GPRS network is roughly the same with and without HPCH when CCCH is lightly loaded. In the simulations where CS call request rate on CCCH was 5 calls/s, the following observations were made:

· The introduction of HPCH with 3 RACH blocks per multiframe increased the MO message transmission delay of HPCH capable mobiles by about 10 – 20 ms with reasonable PS traffic loads (whereas non-HPCH capable mobiles experienced slight improvement with relatively high PS traffic loads). 
· The introduction of HPCH with 6 RACH blocks per multiframe reduced the MO message transmission delay of HPCH capable mobiles by about 10 - 50 ms with reasonable PS traffic loads (whereas non-HPCH capable mobiles were experienced about the same delay with and without HPCH). 

· The introduction of HPCH with 3 or 6 RACH blocks per multiframe reduced slightly, i.e. by less than 0.1 %, the MO message transmission success ratio of HPCH capable and non-HPCH capable mobiles. The MO message transmission success ratio was nevertheless quite high, i.e. higher than 99.7 %, for all configurations. 
5. Conclusions
According to these simulations the HPCH channel provides an attractive and fairly simple solution to increase the signaling capacity of (E)GPRS network. By increasing the signaling capacity in cells where signaling capacity is the bottleneck, the Net LLC throughput of the system can be increased as well. Thus the Hybrid Packet Channel can serve well to support Enhanced Mobile Data Applications in GERAN. 
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