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Multiplexing HOT with legacy MS
1 Introduction

A work item introducing higher order modulations and turbo codes has been proposed as a means to improve throughput and spectral efficiency in GERAN ‎[1]. One concern raised against this work item was that if HOT is multiplexed with legacy GPRS/EGPRS MS on the same downlink PDCH:s, the USF (uplink state flag), when transmitted with 16QAM or 32QAM, cannot be received by a legacy MS. Therefore, multiplexing losses may occur.
This problem was faced already when EDGE was introduced in release 99, as 8PSK modulated EGPRS USF:s cannot be read by GPRS MS.
In this contribution, the multiplexing issues of HOT are investigated.

2 Background and problem description
In GPRS and EGPRS, the scheduling of MS transmission in the uplink is controlled by the BSS. An information field in each block on a downlink PDCH, the USF (uplink state flag), tells the MS:s listening to the PDCH on which block(s) on corresponding uplink PDCH(s) it is allowed to transmit.
When EGPRS MS are multiplexed with GPRS MS on the same PDCH, it was necessary to assure that GPRS MS could be scheduled for uplink transmission, even if EGPRS blocks were sometimes sent on the downlink. When GMSK modulated EGPRS downlink blocks are transmitted, the USF is encoded in such a way that GPRS MS can decode it. On the other hand, when 8PSK modulated EGPRS downlink blocks are transmitted, only USF:s to EGPRS MS can be transmitted. To minimise the losses due to this, the following means can be used:
1. Use USF granularity. This means that one USF schedules not one but four uplink blocks to the same MS. During the first of four downlink blocks, the USF is transmitted with GMSK modulation. In the three remaining downlink blocks, no scheduling information is needed and any modulation can be used on the downlink.
2. To the largest extent possible, coordinate the downlink and uplink scheduling, in order to transmit downlink blocks to an MS that prefers GMSK (GPRS MS or EGPRS MS in bad radio conditions) when a GPRS MS is scheduled in the uplink.

3. If, for some reason, an EGPRS downlink block has to be transmitted at the same time as a GPRS MS is scheduled in the uplink, a GMSK modulated MCS is chosen for the downlink block, even if an 8PSK modulated MCS would have been more suitable for the (good) radio conditions.

These methods are proven to work in practice, since indeed GPRS and EGPRS MS are multiplexed on the same PDCH:s. The same methods can be used when HOT MS are multiplexed with legacy MS. In the following sections, the performance of this is evaluated by means of simulations.
3 Simulation setup
3.1 Simulator description
The simulator used is a dynamic GSM/EDGE traffic simulator with channel management, DL scheduling and UL scheduling. The traffic model used is file download and file upload with fixed file sizes (100 kB). MCSs are chosen based on the specified CIR and the MS capabilities. The mix of HOT and EDGE mobile stations is specified as HOT penetration. The HOT penetration is swept from 0% to 100 % in steps of 10%. The offered traffic load is specified as a percentage (70 or 80) of the theoretical cell capacity (kbps/cell) at HOT penetration 0% and for the given CIR level (for the corresponding MCS which is chosen for that CIR). 
Radio link modelling is simplified, with a fixed CIR for all users. MCSs are chosen (to maximise throughput) based on the specified CIR and the MS capabilities. Block errors are assumed to be independent. 

Simulation parameters are summarised in Table 1.

	Parameter
	Value

	TRXs per cell
	2 (16 timeslots)

	Multislot class
	Class 32 (i.e., Rx=5, Tx=3, Sum=6)
Up to 5+1 for downlink users

Up to 3+3 for uplink users

	Traffic model
	FTP download/upload

100 kB packet size

Poisson user arrival process.

A user leaves the system when download/upload is completed.

	USF granularity
	1 or 4 for EDGE MS

1 for HOT MS


Table 1. Summary of simulation parameters.
It is assumed that HOT MS can decode the USF of legacy blocks as well as 16/32QAM modulated blocks while the EDGE MS can only decode the USF of 8PSK modulated blocks (and GMSK modulated blocks; however, GMSK is not used in the simulations). Since HOT is a candidate Rel-7 feature, it is assumed that the fraction of MS supporting only GPRS is small and can be approximated to 0 when HOT is available on the market.
3.2 Scheduling strategies

Two strategies are investigated:

1. Strategy 1 does not take the USF problem into account. If a downlink block is sent with 16/32QAM modulation, containing a USF to a legacy MS, the legacy MS will not receive the USF and no transmission will occur in the corresponding uplink block. The USF granularity is 1 for all users.
2. Strategy 2 is a simple attempt to reduce the USF problem. If there is a conflict between preferred downlink modulation (16/32QAM) and USF decoding, the MCS of the downlink block is reduced to an 8PSK modulated one. USF granularity 4 is used for EDGE MSs and USF granularity 1 for HOT MSs.
Strategy 2 corresponds to a combination of bullet 1 and 3 in section ‎2. Note that this is still a very simple strategy that does not attempt to coordinate uplink and downlink scheduling. More sophisticated strategies would be used in practice.
3.3 Performance measure

Performance is shown as the relative gain (at a certain HOT penetration) of the mean user throughput (mean over users) compared to that for HOT penetration 0%. The user throughput is defined as the number of downloaded/uploaded bits divided by the download/upload time. The download/upload time comprises transmission time, scheduling delays, TBF set-up delays and TCP impact.

3.4 MS capabilities and MCS selection
It is assumed that HOT capable MSs can use up to MTCS-12-32QAM (i.e., HOT level 2). The MCS with the highest throughput for the given CIR is selected (i.e., no link adaptation is used). MCS choices and block error probabilities are summarised in Table 2 ‎(see [2]

 REF _Ref150262685 \r \h 
‎[3]

 REF _Ref150262688 \r \h 
‎[4]

 REF _Ref150262690 \r \h 
‎[5]).

	C/I
	15
	20
	25
	30
	35

	EDGE MCS
	MCS-6
	MCS-7
	MCS-9
	MCS-9
	MCS-9

	EDGE BLER
	5%
	6%
	14%
	3%
	0.4%

	HOT MCS
	MTCS-7-16QAM
	MTCS-8-16QAM
	MTCS-10-32QAM
	MTCS-11-32QAM
	MCS-12-32QAM

	HOT BLER
	19%
	7%
	5%
	4%
	9.5%


Table 2. MCSs and block error probabilities at different CIR for EDGE and HOT MS.

For the case with DL transmissions to HOT mobiles, which are adjusted for EDGE UL scheduling, MTCS-6 is used in the simulations. The block error probability versus CIR of MTCS-6 is summarised in Table 3.
	C/I
	15
	20
	25
	30
	35

	MTCS-6 BLER
	3%
	0.1%
	~0
	~0
	~0


Table 3. Block error probabilities at different CIR for MTCS-6.

4 Results and discussion
4.1 Case 1: EDGE/HOT mix on downlink, EDGE on uplink

In this section, there is a mix of EDGE and HOT MS. In the uplink, it is assumed that all MS use EDGE. 
The results are shown in Figure 1 to Figure 4 for two different loads (70% and 80%) and two different CIR levels (15 dB and 35 dB). Additional results can be found in annex ‎A.1. The figures show significant performance gains on the downlink, but performance loss on the uplink for scheduling strategy 1. However, scheduling strategy 2 (modulation fallback and granularity 4) eliminates this loss. The large downlink gain is a combination of increased transmission bitrate and decreased scheduling delays. The reason for the decreased scheduling delays is the decrease in channel utilization (i.e. that less time is needed to serve the offered traffic).
In fact, there seems to be also a small UL gain for scheduling strategy 2. This gain (albeit small and uncertain) is probably related to the implementation of the channel handling and scheduling in the simulator. There are two factors that might affect the performance depending on HOT penetration. One is the uplink scheduling of the mix of EDGE MSs (granularity 4) and HOT MSs (granularity 1). A perfectly fair scheduling of users with different granularity might be hard to achieve. A possible result of slight unfairness can then be a gain in the mean user throughput. This would (partially) explain why there appears to be small gains at (certain) penetrations between 0% and 100%.

The other factor is the downlink channel utilization (or the number of TBFs) which decreases as the HOT penetration increases. This might have impact on the uplink performance since the uplink TBF allocation in the simulator also takes the downlink TBF occupancies into account. Depending on present multi-slot classes, a higher downlink load might lead to more uneven uplink TBF distribution over the channels and thereby more uplink channel sharing and scheduling delays. This would explain why there appears to be a small gain at 100% penetration.
Note: The curves are a bit shaky in some plots, due to a somewhat limited statistical confidence. Therefore, some caution is necessary when interpreting the results. E.g., in some plots, the downlink performance with scheduling strategy 2 sometimes appears to be slightly better than strategy 1. This could in principle be due to that there is some impact of the improved uplink efficiency on the downlink TBF allocation, but is more likely just due to statistical variations. Longer simulations would remove this shakiness. Still, the trend in all results clearly shows that the multiplexing issue to a large extent can be removed with simple means. 

4.1.1 Results for moderate load
Figure 1 and Figure 2 show the results for a load factor of 70% at CIR=15 dB and 35 dB, respectively.
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Figure 1: CIR 15 dB,  load factor: 70.0%,  
DL: 314.9 kbps/cell, UL: 314.9 kbps/cell.
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Figure 2: CIR: 35 dB, load factor: 70.0%,
DL: 660.4 kbps/cell, UL: 660.4 kbps/cell.

4.1.2 Results for high load
Figure 3 and Figure 4 show the results for a load factor of 80% at CIR=15 dB and 35 dB, respectively.
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Figure 3: CIR: 15 dB, load factor: 80.0%,

DL: 359.9 kbps/cell, UL: 359.9 kbps/cell.
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Figure 4: CIR 35 dB, load factor: 80.0%, 

DL: 754.7 kbps/cell, UL: 754.7 kbps/cell.
4.2 Case 2: EDGE/HOT mix on downlink, EDGE/HOT mix on uplink
In this section, there is a mix of EDGE and HOT MS in both uplink and downlink. Obviously, HOT is not proposed for uplink; a better choice would have been using HUGE for uplink. However, no link performance results for HUGE were available when these simulations were run. The use of HOT performance for uplink can be seen as a (slightly pessimistic) estimate of HUGE performance.
The results are shown in Figure 5 to Figure 8 for two different loads (70% and 80%) and two different CIR levels (15 dB and 35 dB). Additional results can be found in annex ‎A.2. The figures show significant performance gains on the downlink, but performance loss on the uplink for scheduling strategy 1 and low to moderate HOT penetration and low CIR. However, scheduling strategy 2 (modulation fallback and granularity 4) eliminates this loss and yields a significant performance gain. 

The large gains at high penetration levels are a combination of increased transmission bitrate and decreased scheduling delays. The reason for the decreased scheduling delays is the decrease in channel utilization (i.e. that less time is needed to serve the offered traffic).
4.2.1 Results for moderate load
Figure 5 and Figure 6 show the results for a load factor of 70% at CIR=15 dB and 35 dB, respectively.
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Figure 5: CIR 15 dB, load factor: 70.0%,  

DL: 314.9 kbps/cell, UL: 314.9 kbps/cell.
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Figure 6: CIR: 35 dB,  load factor: 70.0%,
DL: 660.4 kbps/cell, UL: 660.4 kbps/cell.
4.2.2 Results for high load
Figure 7 and Figure 8 show the results for a load factor of 80% at CIR=15 dB and 35 dB, respectively.
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Figure 7: CIR: 15 dB, load factor: 80.0%,
DL: 359.9 kbps/cell, UL: 359.9 kbps/cell.
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Figure 8: CIR 35 dB, load factor: 80.0%, 

DL: 754.7 kbps/cell, UL: 754.7 kbps/cell.
5 Analysis of GP-061206
In tdoc GP-061206 ‎[6], an analytical approach is taken to assess the losses when multiplexing HOT with EGPRS. The conclusion of the analysis is that a large penetration of HOT MS is needed before the gains can be realised. Even at 100% HOT penetration, the gains are moderate.
Note that in ‎[6], the assumption is 100% PDCH utilization and a large number of users (TBFs) so that DL transmissions consist of both 8PSK and 16QAM in accordance with the specified HOT penetration.

In reality the PDCH utilization cannot be 100% (means overload for a realistic traffic model), and there will be fluctuations of the mix of 8PSK and 16QAM users on each PDCH. This is captured in the simulations in this contribution. 

It should also be noted that the traffic model used in ‎[6] (fixed number of users, infinite buffer) does not capture that the gain of HOT increases with offered load. The reason is that download delays increase faster the higher the channel utilization is, and 16QAM will need less utilization (time) to send the same number of bits. In ‎[6] a fixed channel utilization (100%) is assumed, which means a higher cell throughput as HOT penetration increases. This fact is forgotten.

In the simulation model used in this contribution there will be fluctuations of the PDCH utilization, due to traffic variations and channel handling. In case there are no scheduled DL data but a scheduled USF, then a dummy block with the USF is sent (always with the right modulation). Note however that most of the time there will be at least one block queued for transmission since the load in the simulations is quite high.
Another reason (perhaps the most important) for the losses shown in ‎[6] is that no attempt is made to reduce the multiplexing losses. In case a conflict between the downlink modulation of a radio block and the capabilities of the receiver of the USF in that block, the corresponding uplink block is left unused. Clearly, this results in multiplexing losses, but as is shown in the present contribution, these losses can easily be avoided.
6 Conclusion
Multiplexing of HOT MS and EDGE MS has been investigated by means of simulations. It has been shown that if no means are taken to solve the problem, there are indeed multiplexing losses. It is also shown that the losses can be almost completely avoided with a very simple strategy.
It is proposed to include these results in the TR for GERAN Evolution (by agreeing the companion CR ‎[7]).
7 References

GP-061908, “New WID on higher order modulation and turbo coding (HOT) for downlink”, source Ericsson, Freescale, Infineon, Intel, Interdigital, Orange, Panasonic, Philips, Research In Motion, Samsung, Telecom Italia S.p.A., TeliaSonera.
[1] GP-060258, “Performance evaluation of 16QAM and turbo codes”, source Ericsson

[2] GP-060784, “More results on 16QAM and turbo codes”, source Ericsson
[3] GP-061232, “Increased peak throughput with 16QAM and turbo codes”, source Ericsson
[4] GP-061756, “Additional results for higher order modulation and turbo coding including 32QAM and IRC – revision of GP-061672”, source Ericsson
[5] GP-061206, “On Segregation Loss for Higher order Modulation in Downlink”, source Nokia
[6] GP-062197, “CR 45.912-0004 Multiplexing HOT with legacy MS (Rel-7)”, source Ericsson

Annex A Additional simulation results
In this annex, additional results for different CIR levels and loads can be found.
A.1 Case 1: EDGE/HOT mix on downlink, EDGE on uplink
A.1.1  Moderate load
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Figure 9: CIR: 20 dB, load factor: 70.0%, 

DL: 471.7 kbps/cell, UL: 471.7 kbps/cell.
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Figure 10: CIR 25 dB, load factor: 70.0%, 

DL: 570.2 kbps/cell, UL: 570.2 kbps/cell.
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Figure 11: CIR: 30 dB, load factor: 70.0%,

DL: 643.1 kbps/cell, UL: 643.1 kbps/cell.

A.1.2  High load
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Figure 12: CIR: 20 dB, load factor: 80.0%.
DL: 539.0 kbps/cell, UL: 539.0 kbps/cell.
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Figure 13: CIR: 25 dB, load factor: 80.0%,

DL: 651.7 kbps/cell, UL: 651.7 kbps/cell.
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Figure 14: CIR 30 dB, load factor: 80.0%,

DL: 735.0 kbps/cell, UL: 735.0 kbps/cell.

A.2 Case 2: EDGE/HOT mix on downlink, “HUGE” on uplink
A.2.1  Moderate load
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Figure 15: CIR: 20 dB, load factor: 70.0%, 

DL: 471.7 kbps/cell, UL: 471.7 kbps/cell.
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Figure 16: CIR 25 dB, load factor: 70.0%, 

DL: 570.2 kbps/cell, UL: 570.2 kbps/cell.
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Figure 17: CIR: 30 dB,  load factor: 70.0%,

DL: 643.1 kbps/cell, UL: 643.1 kbps/cell.

A.2.2  High load
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Figure 18: CIR: 20 dB, load factor: 80.0%.
DL: 539.0 kbps/cell, UL: 539.0 kbps/cell.
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Figure 19: CIR: 25 dB, load factor: 80.0%,
DL: 651.7 kbps/cell, UL: 651.7 kbps/cell.
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Figure 20: CIR 30 dB, load factor: 80.0%,
DL: 735.0 kbps/cell, UL: 735.0 kbps/cell.
A.2.3  Very high load
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Figure 21: CIR: 15 dB, load factor: 85.0%,

DL: 382.4 kbps/cell, UL: 382.4 kbps/cell.
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Figure 22: CIR: 25 dB, load factor: 85.0%,

DL: 692.4 kbps/cell, UL: 692.4 kbps/cell.
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Figure 23: CIR DL: 35 dB, load factor: 85.0%,

DL: 801.9 kbps/cell, UL: 801.9 kbps/cell.
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