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Higher order modulation and turbo codes
1 Introduction

In this contribution some issues with higher order modulation and turbo codes are highlighted and some updates to the feasibility study document are proposed. 

2 Evaluation of possible gains with HOMTC

2.1 Throughput gains

The link level performance figures for higher order modulation and coding schemes shown in [1] are discussed in this section. Although significant link level gains (as large as 7 dB) are shown to be achieved, these gains do not necessarily translate into large throughput gains. Throughput curves are generated from the presented link level results and are shown in Figure 1. 
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Figure 1: Comparison of throughputs for normal MCS schemes and MCS schemes with HOMTC – TU3idFH, Cochannel interference and no Incremental redundancy

The throughput curves for ideal link adaptation among MCS schemes with above link level performance are shown in Figure 2.

[image: image2.emf]5 10 15 20 25 30 35

0

10

20

30

40

50

60

C/I

Throughput - kbps

MCS

MTCS

Throughput gain = 27%

Throughput gain = 25%


Figure 2: Throughput curves with ideal link adaptation (MCS 5-9 vs. MTCS 5-9)

It can be seen from the above results that the maximum absolute throughput gain which can be achieved with FH and without IR is around 11 kbps – 25% – (the maximum relative throughput gain being 27%). However, the HOMTC gains are lower without FH, in particular at low speed [GP-060784 Fig. 1]. Furthermore, HOMTC benefits less from IR than legacy EGPRS [GP-060784 Fig. 3].  Hence the maximum throughput gains will be substantially lower in typical networks. 

Higher throughput gains which were claimed by system level simulations for part of the users [45.912 section 8.4.3.6.6.2] were based on the unrealistic traffic model of 100 % HOMTC data traffic. 

In a throughput comparison under sensitivity limited conditions (TU3iFH, max. downlink power with 3 dB back-off for 8-PSK and 5 dB back-off for 16-QAM), HOMTC provided gains of up to 10 %. However, in the SNR range between 18.5 dB and 23 dB, HOMTC caused a throughput loss of up to 17 % for a single antenna MS. For dual antenna MS, there was even a throughput loss of up to 25 % between 13.5 dB and 17.5 dB of SNR [GP-060773 Fig. 2]. 

2.2 Improved Cell Edge Performance

The proposal to replace MCS-1 to MCS-4 at the cell edge with 8-PSK and turbo codes [2] is questionable for the following reasons:

· At the cell edge, the transmitters will have to operate at maximum output power. However, the maximum output power for 8-PSK is lower than for GMSK, e.g. 27 dBm instead of 33 dBm in the uplink. The simulations have to take the back-off into account.

· The comparisons in [GP-060931 section 2.2.4] were made for co-channel interference. For low C/Ico, there is already a very good method to improve the Rx performance – SAIC. A fair comparison would have had to be made with a SAIC receiver for GMSK. Referring now to [GP-060931 Fig. 16], we would expect that an MS needs interference cancellation to prevent a TBF release at a C/I of -5 dB where already synchronisation becomes challenging. The fact that the simulation shows still some throughput even at -5 dB indicates that relevant effects were probably neglected in the simulation.

· The comparison at 10 % BLER for MCS 1-4 is not relevant because the LA's optimum switching point is at higher BLER. Example: MCS4-T4-8PSK needs 6.5 dB C/I for 10 % BLER, i.e. 15.9 kbit/s. [GP-060931] claims a gain of 10.1 dB over MCS-4 which needs 16.6 dB for 10 % BLER. However, the same throughput of 15.9 kbit/s can be reached today with MCS-5 at a BLER of 29 % which requires just 7 dB C/I [45.912 Fig. 135]. Hence the comparison with MCS-4 is not appropriate.
· According to [45.912 section 13.3.3], simulations did not include  any frequency offset due to suboptimum AFC performance. However, at C/I < 5 dB, the BER will exceed 20 % [45.912 Fig. 69]. 8-PSK has 3 bits per symbol; hence a symbol is only correct if all 3 bits are correct. Therefore, the symbol error rate will be much higher than the BER and exceed 50 % in the C/I range down to 0 dB. The symbol errors may cause wrong results of the MS's frequency offset estimation and provide wrong input to the AFC which in turn cannot keep the frequency synchronisation. From AFC perspective, GMSK is much better at low C/I since the BER is far lower than with 8-PSK and the GMSK symbol error rate is not higher than the GMSK BER. For this reason, the AFC performance would have to be included in the simulations. It should be noted that under unfavourable conditions (single slot Rx, downlink power control and dynamic allocation), less than one burst per TDMA frame arrives with sufficient Rx power at the cell edge and can be used by the MS for AFC purposes. 

Since 16-QAM has 4 bits per symbol, its symbol error rate will cause AFC problems at low C/I or S/N, too. Therefore, MS receiver performance simulations should include a check that the frequency offset estimations – the input to the AFC – are still reliable. If a combination of higher order modulation with robust channel coding is used, the AFC can become the bottleneck towards low C/I or S/N. 

2.3 Link level simulations with larger RLC/MAC blocks

The link level results for MCS-7-T4-16QAM to MCS-9-T4-16QAM presented in [3] use a larger data block length than the corresponding EGPRS MCS schemes: Instead of using 2 RLC/MAC blocks, a single block of double the size appears to have been used. This is not realistic since 2 separate RLC/MAC blocks with separate BSN are indispensable for the purpose of retransmission after link adaptation. Nevertheless, these separate blocks can be interleaved over all 4 bursts of a radio block which by the way is the case for MCS-7 – contrary to what is stated in [45.912 Table 78]. 

The unrealistic assumption of larger RLC/MAC blocks changes the definition of a block for MCS-7 to MCS-9 and thus also the definition of a block error. This makes a fair comparison with the legacy MCSs difficult and this is probably the reason why the link level results presented in [3] are more optimistic than those in [1] 

Furthermore, MCS-10-T4-16QAM and MCS-11-T4-16QAM have data block lengths which do not fit to any MCS family. Hence retransmissions after link adaptation would not be feasible with a lower MCS. When the radio link becomes worse and retransmissions with MCS-10-T4-16QAM or MCS-11-T4-16QAM repeatedly fail, the TBF will need to be released. For this reason, these unsuited MCS should be excluded from  comparisons such as [GP-060931 Fig. 16].
IR even allows for soft combining between MCS-5 and MCS-7 as well as between MCS-6 and MCS-9. This nice property of today's EGPRS should be kept in mind when new MCS are proposed.

3 Further issues with HOMTC
3.4 USF compatibility with legacy MS
Since legacy MS will not be able to decode HOMTC radio blocks, they cannot decode the USF in these blocks and hence cannot be scheduled for transmission on the corresponding uplink resource when a MTCS block is scheduled on the downlink. For this reason, multiplexing of legacy EGPRS and HOMTC terminals on the same timeslot should be avoided, which results in further resource segregation. It should be noted that this could even translate into overall system capacity/throughput loss. 

3.5 Issues with zero crossings of the RF signal

Since 16-QAM leads to zero crossings, the particularly power efficient polar loop Tx architectures can not be used. The preferred MS implementation will probably be based on a direct modulator and a linear PA. The Figure 3shows the signal transition diagram of a modulated 16-QAM signal.
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Figure 3: Signal transition diagram for 16-QAM with /4 rotations and linearised GMSK pulse shaping
3.6 Impacts to frequency planning/Neighbour cell monitoring

16-QAM would benefit from being used on the BCCH carriers (planned with a sufficiently high frequency reuse ≥ 12) due to high C/I. However, 16-QAM is expected to require an additional back-off of 2 dB compared with 8-PSK. 

In order not to compromise the neighbour cell monitoring performance of the mobiles, the power variation on the BCCH carrier is limited to 2 dB. The higher back-off needed for 16-QAM would affect the cell selection. It should be investigated if HOMTC is suitable for the BCCH carrier.
3.7 Blind detection

The introduction of 16-QAM would require a blind detection choosing between three different modulations. The blind detection error rate is particularly high at low C/I or S/N. Since the USF detection is required to be still reliable (error rate ≤ 1%) at low C/I or S/N, it should be simulated how much the third choice degrades the blind detection performance at the carrier-to-interference ratios or input levels corresponding to the USF requirements.

3.8 Phased Implementation

It was stated in the WID in [GP-060940] that the benefits from higher order modulation combined with turbo codes are large enough to justify a work item. However, taking legacy BTS hardware into consideration, a phased approach was proposed for implementation in which the higher MCS schemes still use convolutional codes. Hence the gains achievable in the first phase are even lower than those used for justification of the WID. 

Moreover, the combination of turbo codes for the lower MCS and convolutional codes for the higher MCS would be questionable since IR soft combining e.g. between MTCS-6 (turbo code) and MCS-9-16QAM (convolutional code) is not possible (because of different codes). The benefit of MCS-5 and MCS-6 from turbo coding is low, anyway. Such a solution is likely to provide predominantly system level gains < 15% [45.912 section 8.4.1.4]. 

4 Conclusion

It is expected that the performance improvement from higher order modulations and turbo codes does not justify the implementation complexity. There are also multiplexing problems with EGPRS and GPRS mobile stations if the concept is adopted in the downlink leading to further resource segregation. It is believed that performance objectives of GERAN Evolution can not be met with this proposal and hence it is not recommended as a possible candidate for GERAN Evolution.
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Appendix - Updates to Feasibility study

8.4.3.4.2
Link level results


The link level performance at 10% BLER and 1% BLER is summarized in Table 1 and Table 2. Detailed simulation results can be found in Annex chapter 8.
Table 1: Summary of link level performance @ 10% BLER.
	Modulation/coding scheme
	C/I @ 10% BLER [dB]
	Total gain
 [dB]

	
	Cc/8PSK
	Tc/8PSK
	Cc/16QAM
	Tc/16QAM
	

	5
	11.2
	10.4
	-
	-
	0.8

	6
	13.6
	12.8
	-
	-
	0.8

	7
	18.8
	-
	17.5
	16.4
	2.4

	8
	23.9
	-
	19.9
	19.2
	4.7

	9
	26.1
	-
	21.8
	20.6
	5.5


Table 2: Summary of link level performance @ 1% BLER. 

	Modulation/coding scheme
	C/I @ 1% BLER [dB]
	Total gain1 [dB]

	
	Cc/8PSK
	Tc/8PSK
	Cc/16QAM
	Tc/16QAM
	

	5
	15.0
	13.9
	-
	-
	1.1

	6
	17.1
	16.2
	-
	-
	1.1

	7
	23.1
	-
	21.4
	20.3
	2.8

	8
	30.5
	-
	24.3
	23.4
	7.1

	9
	32.8
	-
	26.3
	24.9
	7.9


Note: Turbo coded equivalents of MCS-7, MCS-8 and MCS-9 with 8PSK modulation have also been evaluated but no gains were seen compared to convolutional codes. Therefore these results are not included in this report.
The throughput of the new MTCS schemes is shown in Figure 4. Figure 5 shows the comparison of throughputs with ideal link adaptation. It should be noted that gains up to 27% could be achieved. 
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Figure 4: Comparison of throughputs for normal MCS schemes and MCS schemes with HOMTC
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Figure 5: Throughput curves with ideal link adaptation (MCS 5-9 vs. MTCS 5-9)

************* Next Section *************

8.4.3.7
Discussion

8.4.3.7.1
Link level performance

Turbo codes show gains in the order of 1 dB in all evaluated cases (MTCS-5, MTCS-6, MTCS-7-16QAM, MTCS-8-16QAM, MTCS-9-16QAM), compared to convolutional codes. No gains have been found for 8PSK-modulated turbo-coded equivalents of MCS-7 to MCS-9 (simulation results not shown in this report). It is clear that in order to get gains with turbo codes for a wide range of MCSs, they need to be combined with higher order modulations. The combination of 16QAM and turbo codes gives gains up to 5.5 dB at 10%BLER and up to 7.9 dB at 1% BLER which correspond to a throughput improvement of up to 11 kbps (or up to 27%).
************* Next Section *************

8.5 
Implementation impact

There are a number of alternatives when applying higher order modulations with increasing degree of impact to consider:

a) Replacing 8-PSK with 16-QAM for MCS-8 and MCS-9 only with the same user data rate (case B in chapter 8.4.1.3). The impact is mainly on the RF receiver and transmitter. Baseband Tx symbol generation for 16-QAM needs to be added.
b) Modify MCS-8 and MCS-9 as above and in addition add new coding scheme for 16-QAM to increase the available peak rate (case C in chapter 8.4.1.3). This option will increase the peak user data rate as well. Thus the handling of data flows with higher rates need to be considered.

c) Modify MCS-8 and MCS-9 as above and in addition add new coding schemes for 16-QAM and 32-QAM (case D in chapter 8.4.1.3). The impact is similar to option b, but requests even better receiver/transmitter performance as well a handling of higher user data rates. 

In addition the modifications could be applied to DL only or both UL and DL. 

The improvement in performance and capacity due to higher order modulations will require modest increases in computational complexity at the receiver. The complexity of channel estimation, prefilter calculation, AFC etc. are in the same order as in the case of 8-PSK modulation. However, the equalizer complexity is increased depending on the modulation level. Depending on the implementation structure, the complexity increases between linearly and exponential.  Using RSSE implementation may drastically reduce the complexity increase with moderate impact on performance, see chapter 8.3.3 and 8.4.3.8. The 16-QAM equaliser may be more sensitive to residual DC offsets. The blind detection will become more difficult because a third choice is added. The channel decoder needs to cope with a higher input bit rate. In case of combination with Turbo coding, Turbo encoders and decoders will be needed. 
[Editor’s note: More information on equalizer complexity requested, to be added if possible]

To include improved performance and capacity due to higher order modulations will require EVM performance of the transmitter for these modulations to be comparable with that for 8-PSK. This may put more stringent requirements on PA linearity and, to some extent, on synthesizer noise characteristics. A slightly higher resolution will be needed for ADC and DAC with 16-QAM.
8.5.1  
Impacts on the Mobile Station

If higher order modulation is applied to DL only, then the main impact is the increased complexity of the receiver as described above.

The capability to receive and decode correctly QAM modulations need to be signaled in classmark 3 and MS-RAC, so the network know which coding schemes that could be used to each mobile. In addition, if new coding schemes are introduced, new capabilities for this need to be introduced. 

If applied to UL as well, the challenge is to keep EVM low enough for the higher order modulations. Mainly this will put requirements on synthesizer noise and on PA linearity. The maximum output power may decrease by 2 dB compared to 8-PSK. Polar loops can not be used in the transmit chain because of the possible zero crossings of the 16-QAM modulation. The signal transition diagram for 16-QAM constellation with /4 rotations across symbols and linearised GMSK pulse shaping is shown in Figure 6. 
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Figure 6:Signal transition diagram for 16QAM with /4 rotations and linearised GMSK pulse shaping
The capability to transmit QAM modulations need to be signaled in classmark 3 and MS-RAC. 
************* Next Section *************

8.5.3 Impacts to frequency planning/Neighbour cell monitoring

16-QAM would benefit from being used on the BCCH carriers (planned with a sufficiently high frequency reuse ≥ 12) due to high C/I. However, 16-QAM is expected to require an additional back-off of 2 dB compared with 8-PSK. 

In order not to compromise the neighbour cell monitoring performance of the mobiles, the power variation on the BCCH carrier is limited to 2 dB. The higher back-off needed for 16-QAM would affect the cell selection. It should be investigated if HOMTC is suitable for the BCCH carrier.
8.7 
Conclusions

It has been shown that use of higher order modulation of QAM-type can improve the performance on both link level and system level. 

Link simulations show that with practical impairment models, 16-QAM and 32-QAM modulations perform well and provide gain with respect to 8-PSK modulation for some coding schemes. Gains can be obtained by using 16-QAM for the highest payload modes (MCS-8 and MCS-9) instead of 8-PSK modulation. For example, with the current MCS-8 and MCS-9 coding schemes, replacing the 8-PSK modulation with 16-QAM can provide 4 dB and 5.5 dB gains, respectively. In addition, by introducing less robust MCSs, the peak data rates could be improved by 24 % (assuming code-rate 0.9).

Higher order modulations than 32 QAM have been excluded, as the estimated impact on HW is too high to be a realistic candidate for EDGE evolution. 

Taking relevant impairments into account it is shown that in a live network the improvement in performance is mainly due to introduction of 16QAM. Most of the increased throughput in this scenario originates from modifying MCS-8 and MCS-9, i.e. replacing 8-PSK with 16QAM modulation with more coding protection. Although the peak user rate is unchanged this modification increases the median value of the throughput by up to 21% in an interference limited environment when frequency hopping is used. However, the gains are reduced in a non-hopping case. Due to higher peak-to-average value for 16-QAM the improvements will not occur at the cell border in noise-limited non-hopping scenarios. Replacing 8-PSK modulation with 16-QAM for MCS-8 and MCS-9 will also give the least impact on BSS, from none to small depending on present performance of the BSS. 
Even though turbo codes give gains for low-rate 8PSK modulated MCSs (MCS-5 and MCS-6), these gains alone will not translate into major system level gains.

On the other hand, a combination of 16QAM and turbo codes gives significant improvements on both link and system level for a wide range of MCSs. On system level, average bit rates increase for all users both in tight and sparse reuse network, regardless of if frequency hopping is used or not. While the gains for the highest percentiles of users (i.e., those with the highest session bit rates) are limited since their bit rates are already are close to the peak rate, the bit rates of the median users and the worst uses increase by as much as 20-40% in a 1-reuse and by 20-45% in a 12-reuse. This implies an experienced reduction in download time (latency) of 20-30%
 Further, the combination of turbo codes and 16QAM increases the spectral efficiency by 50-60%.

************* Next Section *************

13.2.4
USF Signaling

The USF signaling to instruct transmission from MS would probably not be affected for a finally selected scheme for 8-PSK modulation. Legacy mobiles that do not support higher order modulation / turbo codes can not decode the USF and hence can not be scheduled for transmission on the corresponding uplink resource when a MTCS block is scheduled on the downlink. 
************* Next Section *************

13.3.3.1
Mobile Station Impairments

The reported simulation results include the effects of amplitude and phase imbalance in the MS. Values used:

Amplitude Imbalance
0.4 dB

Phase Imbalance
2.8 degrees

Editors Note: Phase noise and DC offset should also be simulated for higher order modulations
13.6
Conclusions

Turbo coding as a simple extension to EGPRS using 8-PSK modulation gives only relatively modest gains, with the largest gains in MCS-5 and MCS-6. MCS-7 and higher have relatively high code rates. It is assumed that this limits the gains.

Turbo coding combined with 16-QAM gives a very substantial improvement. Performance gains are very much larger, more so than could be expected based on code rate reduction only.

Interleaving of a block over 8 bursts gives a further substantial gain. This could be achieved by combining turbo codes with the dual carrier proposal. The improvement comes from the increased block length, and the frequency diversity provided. As noted, for channels with rms delay spread similar to TU channel, this can be achieved with channel separations of ~600kHz.

Overall, the expected average bit rate improvement is in the region of 15-35%. These throughput gains can be made more uniform over the C/I range by better optimizing the code rate points for the new MCSs.

In thermal noise limited cases, as a function of receive power, it has been observed that, taking into account the effect of transmitter power backoff for different modulation schemes, throughput improvements of around 20% can be achieved across the cell.

It may be possible to achieve further improvements at the cell edge by using Turbo/8PSK configurations at data rates equivalent to the current GMSK MCS1-4 schemes.


















































































� Best scheme versus EGPRS.





