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Link quality reporting for the two most relevant modulation schemes
1. Introduction

At GERAN#38, the use of all 7 modulation schemes (GMSK, 8-PSK, 16-QAM and 32-QAM at NSR and QPSK, 16-QAM and 32-QAM at HSR) was allowed in downlink for EGPRS2-B in order to improve the multiplexing with EGPRS and EGPRS2-A DL MS. This document focuses on the implications to the overall BEP reporting rather than the per timeslot reporting.

According to 44.060 table 11.2.7.2 (EGPRS2_LINK_QUALITY_MEASUREMENT_MODE), there are two levels for reporting link quality parameters:

1. Report all modulation schemes with which the MS has received radio blocks addressed to it since the previous report.

2. Report only those 2 modulation schemes with which it has received most of the radio blocks. 

Reporting the link quality parameters (cf. 44.060 section 12.5a) for all modulation schemes would require up to 3x(1+5+3)=27 additional bits for signalling the three additional modulation schemes (8-PSK, 16-QAM and 32-QAM at NSR) with their MEAN_BEP and their CV_BEP in an EGPRS BEP Link Quality Measurements Type 2 IE, and this would be too large a signalling overhead. 

Even for the case where only 2 modulation schemes are reported, a change of the signalling is needed to allow for signalling the additional combinations of modulation schemes.

In the case of multiplexing an EGPRS2-B DL MS with an EGPRS MS and an EGPRS2-A DL MS, there may be easily four different modulation schemes in use even under stable radio conditions, e.g.

· 16-QAM (HSR) with DBS-7 if there is neither USF nor PAN multiplexing,

· 16-QAM (NSR) with DAS-8 if there is PAN or USF multiplexing with the EGPRS2-A DL MS,

· 8-PSK with DAS-5 if there is PAN or USF multiplexing with the EGPRS MS,

· GMSK with CS-1 in control (e.g. packet uplink ack/nack) messages. If GMSK is only used in control messages without TFI, BEP reporting for GMSK can be suppressed.
Reporting MEAN_BEP and CV_BEP for all modulation schemes used since the last report can lead to an undesirable reduction in remaining space for the packet downlink ack/nack message which is usually conveyed in the same message, the more so as this control message in the UL cannot be segmented.
On the other hand, if the link quality information is reported only for the 2 modulation schemes with the highest number of radio blocks received since the previous report, the report may suit neither the current channel conditions nor the preferences for the current TBF mode (e.g. HSR in EGPRS2-B). For instance, whether the by far most important modulation scheme 16-QAM (HSR) is included in the report or not could, in the above example, depend on 

· the allocation of UL resources (USF allocation to other MS → selection of a surrogate for DBS-7) and
· block errors in uplinks with other MS (PAN transmission to other MS → again selection of a surrogate for DBS-7).

Both the above compatibility aspects may limit the use of DBS-5...12 such that 8‑PSK and QAM at NSR are used more frequently and the link quality of 16-QAM (HSR) is not reported. 
This document is an update of the document [1] presented at the ad hoc. Compared with the previous version, section 2 is added to provide more information about the expected problems when a 'translation' is needed because the LA does not get a link quality report for the modulation scheme to which the best modulation and coding scheme belongs.
2. Link quality Translations between different modulation schemes
Let us recall the starting point: In order to select the most appropriate modulation and coding scheme, the MEAN_BEP and CV_BEP of the modulation scheme to which the most appropriate modulation and coding scheme belongs should be reported. Otherwise, the network would have to translate the BEP report of one modulation scheme into the choice of a modulation and coding scheme from a different modulation scheme. In many cases, this will be rather inaccurate because
· the translation can not take into account the specific receiver performance of the MS type under consideration and

· the channel conditions assumed in the translation, in particular
•  the scenario (e.g. adjacent channel interference) and
•  the propagation profile (e.g. GSM900 TU50noFH)
will rarely match the actual conditions!
The following example illustrates that a small difference in the conditions may affect the LA considerably. It is assumed that a MS receives data with DBS-10 on a TU50noFH channel in the GSM900 band and that the network, based on the link quality report, checks if the modulation and coding scheme should better be changed to DBS-9 or DBS-11. In order not to unnecessarily complicate this example, it is assumed that the network selects the modulation and coding scheme only based on MEAN_BEP and that the MS makes a perfect estimation. Furthermore, it is assumed that those LA thresholds are used which result in the best throughput under sensitivity limited conditions. Since the throughput was calculated from the BLER of the initial transmission, it does not include IR.
First, it is assumed that the MS reports log10(BER) for 32-QAM (HSR). In the figures 1a and 1b below, the throughput of DBS-8...11 is plotted as a function of the corresponding ideal MEAN_BEP report for 32-QAM. Usually, the throughput is shown as a function of S/N or C/I, but here, log10(BER) is used for the x-axis because this is the information which the network gets from the MS.
As the green circles in figure 1a which refers to sensitivity show, a change to DBS-11 is optimum for log10(BER)<-1.76 and a change to DBS-9 for log10(BER)>‑1.34. If switching is performed at these values, the green dotted throughput envelope results.
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Figures 1a (left, sensitivity) and 1b (right, ACI):
DBS-8...11 throughput as a function of log10(BER) for 32-QAM

If the same switching thresholds are applied in figure 1b which refers to ACI, only minor losses in throughput can be noticed in the green circles marking the ideal switching points.
However, it should be noted that the switching thresholds derived from the 32‑QAM BEP fit only well for 32-QAM. The switching point for the optimum transition DBS-8 ( DBS-9, both being 16-QAM modulated, would be at ‑1.06 based on the 32‑QAM BER for sensitivity. For ACI, however, the optimum switching point between DBS-8 and DBS-9 would be at a different log10(32‑QAM BER), namely at ‑0.97. (As a function of log10(16‑QAM BER), the switching points would differ by less than 0.03.) Already this indicates that the best modulation and coding scheme from one modulation scheme cannot be reliably selected based on the BEP report for a different modulation scheme.
Now let us assume that, because of multiplexing with GPRS and EGPRS MS, GMSK and 8-PSK are the two modulation schemes which are used most frequently and that the link quality is only reported for these two modulation schemes. At the rather high S/N or C/I where 32‑QAM can be used, GMSK BER will be anyway very low and not sufficiently meaningful for selecting between DBS-9, DBS-10 and DBS-11. Hence the LA will better be based on the BEP report for 8‑PSK.
Figures 2a and 2b below show similar curves as above, the difference being that the throughput is plotted as a function of log10(BER) for 8‑PSK instead of 32‑QAM. For the sensitivity case (figure 2a), the optimum switching thresholds based on log10(BER) for 8‑PSK are at =-1.8 for DBS-9 ( DBS-10 and at -2.6 for DBS-10 ( DBS-11 (see green circles).
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Figures 2a (left, sensitivity) and 2b (right, ACI):
DBS-8...11 throughput as a function of log10(BER) for 8-PSK

In the ACI case (figure 2b), the optimum switching thresholds are at different positions, namely -2.3 and -3 (marked by red circles). This makes a large difference, and the red throughput graph shows how the LA goes wrong between DBS-9, DBS-10 and DBS-11 if it is based on the 8-PSK BER and if in the ACI case the same thresholds are used as in the sensitivity case. In reality, IR would alleviate the throughput loss, but just after the transition from DBS-9 to DBS-10, the BLER of the initial transmission would rise to almost 60 % which even with IR is certainly not a good operating point. Furthermore, only one parameter (ACI instead of sensitivity) out of many parameters was changed in this example, and if more parameters differ, e.g. also the Rx algorithms in the MS and the propagation profile, considerable LA problems have to be expected.
The example above shows that the translation of the BEP report for one modulation scheme to the selection of a modulation and coding scheme of a different modulation scheme can lead to poor LA performance and potentially even a higher BLER than what is desirable for the link stability.
To solve this problem, the network would not only need different LA tables based on BEP reports for more or less all the different modulation schemes, but also different tables for different

- frequency bands,
- MS speeds,
- MS receiver types,
- multipath environments and
- combinations of Rx levels and interferers.

This, however, is neither practically feasible in a network, nor is all the necessary information at the BTS available.
Hence, to ensure that the link quality report is as useful as possible for the link adaptation, the numbers of radio blocks received during the reporting period using the different modulation schemes is insufficient as a criterion. Additional criteria are needed to ensure that in the above example the link quality for the preferred modulation scheme 32‑QAM (HSR) is reported. 

3. Criteria for selecting the modulation schemes
3.1 Discrimination of control blocks
When CS-1 or MCS-0 is used (which, in EGPRS and EGPRS2, is only the case for control messages), the modulation scheme is not under the control of the link adaptation. Although the BEP estimation of these blocks can continue to be included in the BEP estimations for GMSK, these blocks need not be counted in the same way as MCS-1...4 to determine the most often received modulation schemes. This is to avoid that, because of control blocks, GMSK outnumbers more attractive modulation schemes in terms of number of radio blocks received during the reporting period.
According to the current standard, the network may omit the TFI from the control blocks to avoid that they are counted. The disadvantage of this workaround is that the control blocks are also excluded from the BEP estimation for GMSK. Hence, at least when MCS-1...4 is used for radio link rather than compatibility reasons, the TFI is better included in the control blocks to improve the reliability of the BEP estimation for GMSK.
3.2 Preference of the 'normal' modulation schemes in an EGPRS2-B DL TBF
Assuming that a link adaptation for EGPRS2-B DL will search the best modulation and coding scheme out of MCS-1...4/DBS-5...12 and, if needed for compatibility, map the chosen modulation and coding scheme to one of the MCS or DAS using a look-up table, GMSK and the modulation schemes at HSR should be preferred in the link quality report over 8-PSK and QAM at NSR.
3.3 Link performance under the current radio conditions
A more useful criterion than the numbers of radio blocks received using the different modulation schemes is to rank the modulation schemes according to their link performance. Those which are expected to give the best link performance under the current channel conditions are ranked higher because their BEP report has a high probability not to need a translation to the performance of a different modulation scheme. For each channel condition, there are typically one or two modulation schemes out of
-
GMSK,

-
8-PSK,

-
16-QAM (NSR) and

-
32-QAM (NSR)

in the case of EGPRS2-A DL or

-
GMSK,

-
QPSK,

-
16-QAM (HSR) and

-
32-QAM (HSR)

in the case of EGPRS2-B DL 
that provide a useful trade-off between throughput and latency for a given S/N or C/I. For the LA, the link quality of these one or two modulation schemes would be the most interesting to report. 

A useful trade-off between throughput and latency can be assumed where

· the BLER of the initial transmission is < 70 % (otherwise the retransmission count would be too high and a more robust modulation scheme should be chosen if available) and

· where the BLER of the initial transmission of the next higher modulation scheme is > 5 % (otherwise the next higher modulation scheme would be more efficient, even in low latency cases).
Here, the BLER refers to the most robust modulation and coding scheme of a modulation scheme.
A report of two modulation schemes should include these one or two modulation schemes from the set of preferred modulation schemes (listed above for EGPRS2‑A and EGPRS2-B, respectively) that are attractive because the BLER meets the requirements above.

From the above BLER conditions, attractive MEAN_BEP ranges can be derived, an example for which is given in the table below:

	GMSK at EGPRS2-A
	
	
MEAN_BEP >
	0.8 %

	8-PSK
	21.9 %
	>
MEAN_BEP >
	2.6 %

	16-QAM (NSR)
	14.4 %
	>
MEAN_BEP >
	0.9 %

	32-QAM (NSR)
	11.2 %
	>
MEAN_BEP
	

	GMSK at EGPRS2-B
	
	
MEAN_BEP >
	2 %

	QPSK
	17.4 %
	>
MEAN_BEP >
	0.7 %

	16-QAM (HSR)
	15.8 %
	>
MEAN_BEP >
	0.7 %

	32-QAM (HSR)
	8.5 %
	>
MEAN_BEP
	


          Table 1: Examples for attractive MEAN_BEP ranges

If the MEAN_BEP is outside the range defined for a modulation scheme, other modulation schemes are expected to provide better link performance. The ranges should be specified with a sufficient margin to cover different MS receiver performances.
3.4 Accuracy of the MEAN_BEP estimation

If so few radio blocks have been received for a modulation scheme meeting the requirements of section 3.2 and 3.3 during the reporting period that the corresponding report is even less reliable than translating, it may be better to send – if available – a much more reliable report for a modulation scheme with which far more radio blocks have been received even though it requires translating.
On the one hand, the more radio blocks are received, the higher is the expected accuracy. On the other hand, there will be a certain number of radio blocks (or a frequency of received radio blocks) beyond which the accuracy for the selection of the modulation and coding scheme is not improved further significantly. This number depends on the two parameters treated in the following subsections.
3.4.1 BEP_PERIOD

The parameter BEP_PERIOD provides an order of magnitude for the number of 20 ms periods over which the MEAN_BEP is averaged. This averaging reduces the undesired variance of the MEAN_BEP estimate at the output of the forgetting filter. If BEP_PERIOD is large, i.e. if the forgetting factor e is low, averaging can be performed over many blocks (provided many have been received) and a low variance of the MEAN_BEP estimate and hence a high reliability can be reached.

If the averaging is short (low BEP_PERIOD, i.e. high forgetting factor e), the filter output is more up-to-date since the past has a lower weight. However, the minimum variance that the forgetting filter output reaches is higher because fewer blocks are effectively taken into account, and hence fewer blocks are needed to come close to this minimum variance since the oldest blocks are already more or less "forgotten".
At least up to the number of radio blocks equalling the BEP_PERIOD, it can be assumed that more radio blocks during the reporting period will reduce the variance at the forgetting filter output significantly. There is an exception to this rule which is discussed in the section below.
3.4.2 Reporting period

The shorter the reporting period is, the fewer radio blocks will be needed for a forgetting filter output with low variance. This can be explained as follows: 
Assume a single-slot transmission for instance, where every 20 ms a radio block with
- the corresponding TFI of the MS in question and
- a given modulation scheme
is received. (For the number of blocks, it is assumed in this document that only those blocks are taken into account which meet these two conditions above.) Further assume BEP_PERIOD=20. If the MS is polled every 500 ms, 25 blocks are received during the reporting period which is greater than BEP_PERIOD. Now assume that the reporting period is made shorter and shorter, but BEP_PERIOD remains the same. Since neither the frequency of the transmission nor the forgetting factor change, the quality of the MEAN_BEP estimation remains stable. Nevertheless, for a polling period ≤ 400 ms, the number of blocks during the reporting period would no longer exceed BEP_PERIOD. Hence it is reasonable to assume that (once the forgetting filter is settled) less than BEP_PERIOD blocks are needed in very short reporting periods for a sufficiently accurate MEAN_BEP estimation.
Now assume that there is still every 20 ms a radio block with the relevant TFI, but that now two different modulation schemes are used. Under these still favourable conditions, the BEP estimates for at least one of the two modulation schemes should be considered sufficiently reliable. There may be one of the two modulation schemes with which more blocks are received than with the other, and its block count will be at least half of the number of 20 ms periods, in the following referred to as reporting period/2. Hence to ensure that in this second example, the BEP estimates for at least one modulation scheme are deemed sufficiently accurate, another criterion for the number of blocks is introduced: Already with a single slot transmission, a MEAN_BEP estimate is deemed sufficiently reliable if at least in half of the 20 ms periods of the reporting period a radio block with the relevant TFI and modulation scheme is received, i.e. at a block count of reporting_period/2. 
With e=0.1, the weighting factor e·xn/Rn (cf. 3GPP TS 45.008 subclause 10.2.3.2.1) for each new MEAN_BEPblock is 0.19 if every second 20 ms period a block with the relevant modulation scheme is received, and the standard deviation at the forgetting filter output is reduced to 32 % of the MEAN_BEPblock's standard deviation. (Even if every 20 ms a radio block with the relevant modulation scheme was received, the standard deviation would only be reduced to 23 % which is not that much lower. The calculation is provided in the annex.)

As an example, for a reporting period of 200 ms, 5 radio blocks would be considered sufficient. Multislot should not change the required number of blocks, i.e. multislot downlink should ease fulfilling the requirement.
4. Proposed solution
Modulation schemes whose MEAN_BEP is outside the corresponding attractive range or, in the case of EGPRS2-B, that are not preferred in the sense of section 3.2 (i.e. 8-PSK and QAM at NSR), are expected to need a translation of their MEAN_BEP report into the choice of an appropriate modulation and coding scheme of a different modulation scheme. To take the accuracy loss resulting from this translation into account, it is proposed to give their respective number of received radio blocks only half the weight compared with the number of blocks of preferred and attractive modulation schemes (i.e. whose MEAN_BEP is inside the respective attractive range). 
If already a sufficient number of radio blocks has been received for a modulation scheme that is either unattractive with respect to the attractive MEAN_BEP range or not preferred, the translation inaccuracy for this modulation scheme cannot be compensated by receiving even more radio blocks using this modulation scheme. Hence it is proposed to clip the number of radio blocks when a sufficient number has been received.
Let N denote the number of radio blocks received during the reporting period with the relevant TFI and modulation scheme, excluding control blocks (i.e. radio blocks using CS-1 or MCS-0). 
Let M=min(BEP_PERIOD, reporting period/2), i.e. BEP_PERIOD or half the reporting period in terms of 20 ms periods, whatever is lower, be the number at which the number of radio blocks of a non-preferred or unattractive modulation scheme is clipped.
Then report the link quality for the modulation schemes with the highest priority P where
P=min(M,N) if the modulation scheme is either unattractive or not preferred, 

P=2N if the modulation scheme is both in the attractive MEAN_BEP range and preferred.
                       Figure 3: Priority for reporting
In the case of a draw, the actual number of blocks received with a given modulation scheme may decide. Furthermore, GMSK may be reported with lowest priority even if N=0 (i.e. no MCS-1 to MCS-4) provided that at least one control block has been received.

5. Increased flexibility and improved usage of control blocks
It is proposed to offer the network the choice between 2 new reporting options with 3 levels. An important difference to the previous levels is that empty space in the control block is filled up with link quality measurements until either the control block's capacity is reached or there is no further modulation scheme with which a radio block has been received during the reporting period. The new reporting options are compared with the previous levels in the table below.
	Previous levels
	New proposal, option 1
	New proposal, option 2

	Do not include link quality reports (unless space allows for a complete report).
	If the ACK/NACK bitmap does not fill the control block completely, include link quality measurements for as many modulation schemes as possible according to the highest priority P.
	If the ACK/NACK bitmap does not fill the control block completely, include link quality measurements for as many modulation schemes as possible according to the highest numbers of received blocks.

	Report the link quality for 2 modulation schemes (or 1 if only 1 has been received).
	Report the link quality for the 2 modulation schemes with the highest priority P or the modulation schemes given by the cell above, whatever results in the most comprehensive report. (If only 1 modulation scheme has been received, report the link quality for that modulation scheme.)
	Report the link quality for the 2 modulation schemes with the highest number of received blocks or the modulation schemes given by the cell above, whatever results in the most comprehensive report. (If only 1 modulation scheme has been received, report the link quality for that modulation scheme.)

	Report the link quality for all modulation schemes received during the reporting period.
	Report the link quality for all modulation schemes received during the reporting period.
	Report the link quality for all modulation schemes received during the reporting period.



Table 2: Proposed reporting options
6. Conclusion
The link quality reporting for EGPRS2-B DL must be modified to reflect the additional modulation schemes. However, in order to not consume too much space in the control message, a possibility is needed to report the link quality only for a subset of the modulation schemes used in the reporting period. Since translations will in many cases result in a suboptimum choice of the modulation and coding scheme, the subset should include the modulation scheme to which the best modulation and coding scheme under the current radio conditions in the current TBF mode belongs (provided this modulation scheme has been used during the reporting period).
Several ideas are presented how the link quality reporting can be changed such that link quality information is reported for the modulation schemes which are of highest interest for the link adaptation. A reporting option is proposed which penalises modulation schemes whose link quality report is expected to require a translation to a different modulation scheme for the link adaptation's selection of the best modulation and coding scheme. An alternative reporting option based merely on the number of received blocks can also be provided unless there is no interest in it.
Selecting the two most relevant modulation schemes instead of the two modulation schemes with the highest number of radio blocks received during the reporting period can also be useful for link quality reporting in EGPRS2-A DL. 
As a further improvement, it is suggested to fill any empty space up with link quality reports for additional modulation schemes (if available) in the corresponding uplink control blocks.
It is expected that the specification of the attractive MEAN_BEP range per modulation scheme will be completed in the same timeframe as the completion of the MEAN_BEP accuracy requirements.
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Annex

This annex provides two examples of how the forgetting filter reduces the variance of the MEAN_BEPblock values which it filters according to 3GPP TS 45.008 subclause 10.2.3.2.1. For simplicity, single slot transmission is considered.
Assuming independent MEAN_BEPblock values, the variance of MEAN_BEP_TN at the forgetting filter output is the variance of MEAN_BEPblock multiplied with the sum of the squared equivalent FIR filter coefficients. These equivalent filter coefficients will be calculated in the following.
The lowest variance of the MEAN_BEP_TN estimate in the forgetting filter would be reached if there was a radio block every 20 ms ( Rn(1 for large n ( weighting factor for each new radio block e·xn/Rn ( e.

The recursive forgetting filter leads to factors for the MEAN_BEPblock values (from the newest to the oldest input value) which decline as

e, e(1–e), e(1–e)², e(1–e)³, ...

These factors can be interpreted as equivalent FIR filter coefficients of an FIR filter with infinite length. 
The sum of the squared filter coefficients (which is the factor for the variance) can be written
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The factor for the standard deviation is the square root of e/(2–e). Therefore, in the ideal case the standard deviation of MEAN_BEP_TN would be reduced by the factor (e/(2–e))0.5 which is < 1 for 0 < e < 1 . 
If e=0.1, this factor is 0.23.
Now let us assume that only every second 20 ms period a block is received. Then the reliability Rn will be for those n where a block was received (xn=1):

e + e(1–e)2 + e(1–e)4 + ... , hence for n ( (
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This leads to an effective weighting factor e·xn/Rn for each new MEAN_BEPblock which enters the forgetting filter of e(2–e). To determine the factor for the variance, the sum of the squared equivalent FIR filter coefficients can be calculated as before if e is replaced by e(2–e). Again for e=0.1, now for the case that only every second 20 ms period a block is received, the factor for the standard deviation amounts to
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