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Higher order modulations and turbo codes – discussion and some new results

Introduction

This document is an attempt to summarise the status of the work on higher order modulations and turbo codes (HOMTC). It also contains some new simulation results and a discussion on other aspects.
Summary of proposal

The proposal is to use a) higher order modulations and b) turbo codes to improve bit rates for EGPRS. To minimise the impact on higher layers, it has been proposed to reuse the higher layer formats of EGPRS as much as possible. This means that the current EGPRS modulation and coding schemes are replaced with equivalent schemes with higher order modulations and turbo codes. In addition, new schemes with higher peak rates have been proposed, giving peak bit rates of up to ~80 kpbs per timeslot. The new schemes should preferably reuse the RLC PDU sizes of current EGPRS.

· Replacing MCS1 to MCS4 (today GMSK modulated) with 8PSK modulated and turbo codes schemes

· Replacing MCS5 to MCS6 (today 8PSK modulated) with 8PSK modulated and turbo codes schemes

· Replacing MCS7 to MCS9 (today 8PSK modulated) with 16QAM modulated and turbo codes schemes

· Introducing new schemes, MCS10 and MCS11 with 16QAM modulation and turbo codes, giving peak rates of up to ~80 kpbs per timeslot.

In order to allow implementation of new modulation and coding schemes on legacy transceiver hardware, it is proposed to specify some of the new MCS:s both with and without turbo codes for uplink
.

A possible set of modulation and coding schemes is summarised in Table 1.

	Equivalent EGPRS MCS
	MCS with 8PSK and TC
	MCS with 16QAM
	MCS with 16QAM and TC
	Peak bit rate

	MCS1 (GMSK)
	MTCS1-8PSK
	-
	-
	8.8

	MCS2 (GMSK)
	MTCS2-8PSK
	-
	-
	11.2

	MCS3 (GMSK)
	MTCS3-8PSK
	-
	-
	14.8

	MCS4 (GMSK)
	MTCS4-8PSK
	-
	-
	17.6

	MCS5 (8PSK)
	MTCS5
	-
	-
	22.4

	MCS6 (8PSK)
	MTCS6
	-
	-
	29.6

	MCS7 (8PSK)
	-
	MCS7-16QAM
	MTCS7-16QAM
	44.8

	MCS8 (8PSK)
	-
	MCS8-16QAM
	MTCS8-16QAM
	54.4

	MCS9 (8PSK)
	-
	MCS9-16QAM
	MTCS9-16QAM
	59.2

	-
	-
	MCS10-16QAM
	MTCS10-16QAM
	67.2

	-
	-
	MCS11-16QAM
	

	81.6


Table 1. Summary of new modulation and coding schemes.
Link level gains

Link level performance results for HOMTC with consistent gains has been presented in e.g. ‎[2]

 REF _Ref135651141 \r \h 
‎[3]

 REF _Ref135655530 \r \h 
‎[4]

 REF _Ref135655531 \r \h 
‎[5]

 REF _Ref135655532 \r \h 
‎[6]. In this section, some results are highlighted. In addition, some new results are included (detailed results can be found in ‎Annex A).
Without incremental redundancy

Link performance results from ‎[2] are combined with new results (see ‎Annex A) to obtain the link throughput as a function of C/I. A TU3 channel with frequency hopping is used. The sets of MCS:s are shown in Table 2 (new MCS:s are highlighted in yellow).

	EGPRS
	Set 1
	Set 2
	Set 3
	Set 4

	MCS1
	MCS1
	MCS1
	MCS1
	MCS1

	MCS2
	MCS2
	MCS2
	MCS2
	MCS2

	MCS3
	MCS3
	MCS3
	MCS3
	MCS3

	MCS4
	MCS4
	MCS4
	MCS4
	MCS4

	MCS5
	MCS5
	MTCS5
	MCS5
	MTCS5

	MCS6
	MCS6
	MTCS6
	MCS6
	MTCS6

	MCS7
	MCS7-16QAM
	MTCS7-16QAM
	MCS7-16QAM
	MTCS7-16QAM

	MCS8
	MCS8-16QAM
	MTCS8-16QAM
	MCS8-16QAM
	MTCS8-16QAM

	MCS9
	MCS9-16QAM
	MTCS9-16QAM
	MCS9-16QAM
	MTCS9-16QAM

	
	
	
	MCS10-16QAM
	MTCS10-16QAM

	
	
	
	MCS11-16QAM
	MCS11-16QAM


Table 2. Summary of modulation and coding schemes used in link simulations in Figure 1.
Figure 1 shows the link throughput for EGPRS and for the different combinations of HOMTC schemes in Table 2. The green curve shows the throughput of EGPRS. As a first step, 16QAM is added for MCS-7 to 9 (Set 1). The result is that the throughput (red curve) is improved 1.5-4 dB for C/I=13.5-35 dB. Adding turbo codes for MCS-5 to 9 (Set 2) results in an additional gain of 1 dB for C/I=5-29 dB (black curve). When new 16QAM modulated MCS:s with higher peak rates are included, throughput gains of up to 33% are achieved above 24 dB C/I, as shown by the dashed yellow (without turbo codes, Set 3) and blue (with turbo codes, Set 4) curves.
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Figure 1. Link throughput without incremental redundancy.
With incremental redundancy

Similar link level gains are achieved with incremental redundancy. This has been shown e.g. in ‎[3]

 REF _Ref135655530 \r \h 
‎[4]. In Figure 2, these results of ‎[3] are reproduced. In addition, the throughput of MCS11-16QAM with incremental redundancy is shown.
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Figure 2. Link throughput with incremental redundancy.
With mobile station receive diversity (MSRD)

In ‎[1] it was shown that the gains of HOMTC are almost additive to the gains of MSRD. Figure 3 below (copied from ‎[1]) shows that combination of  HOMTC and MSRD gives a spectral efficiency increase of 100% (the purple curve of HOMTC+MSRD coincides with the light blue curve of dual-carrier EGPRS).

An even more important conclusion from Figure 3 is that an MSRD terminal will get large gains from HOMTC already at low C/I levels, from C/I = 8 dB and above (comparing the purple curve and the red curve). This means that the HOMTC gains are available in the entire network. Further, it can be noted that the largest gains of HOMTC (without increased the peak rates of MCS10 and MCS11) are achieved in the C/I range of 12-18 dB, i.e., at the typical C/I levels most terminals experience in a network.

If new MCS:s with higher bit rates (MCS10, MCS11) are introduced, higher peak rates will likely be available in a large fraction of the network (performance is estimated
 by pink dotted curve in Figure 3, for further study).

As a conclusion, an MSRD terminal will likely experience larger gains from HOMTC than a non-MSRD terminal.
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Figure 3. Link throughput with/without MSRD (w/o incremental redundancy) (copied from ‎[1]).
System level gains

The system gains of HOMTC have been evaluated in various network scenarios ‎[2]

 REF _Ref135651141 \r \h 
‎[3]. So far, turbo coded equivalents of MCS-1 to MCS-4, as well as MCS:s with higher peak rates, MCS-10 and MCS-11, have not been included in the system simulations.

The used sets of MCS:s are summarised in Table 3. Detailed simulation assumptions can be found in ‎[2]

 REF _Ref135651141 \r \h 
‎[3].

	EGPRS
	Set 1
	Set 2

	MCS-1
	MCS-1
	MCS-1

	MCS-2
	MCS-2
	MCS-2

	MCS-3
	MCS-3
	MCS-3

	MCS-4
	MCS-4
	MCS-4

	MCS-5
	MCS-5
	MTCS-5

	MCS-6
	MCS-6
	MTCS-6

	MCS-7
	MCS-7-16QAM
	MTCS-7-16QAM

	MCS-8
	MCS-8-16QAM
	MTCS-8-16QAM

	MCS-9
	MCS-9-16QAM
	MTCS-9-16QAM


Table 3. Evaluated sets of modulation/coding schemes in system simulations.

Table 4 summarises the gains in average session bit rates. The values in brackets show gains from 16QAM alone (Set 1), while the other values show gains with 16QAM and turbo codes (Set 2). 

	Scenario
	10th percentile
	50th percentile
	90th percentile

	1-reuse
Random FH
500 m cell radius
	35-40% (15-20%)
	20-30% (5-15%)
	<10%*

	3-reuse
Random and no FH
2 km cell radius
	35-50% (10-30%)
	10-30% (5-15%)
	<10%*

	9-reuse
Random and no FH
2 km cell radius
	30-40% (10-25%)
	2*-35% (2*-20%)
	0%*

	12-reuse
no FH
500 m cell radius
	40-45% (20-25%)
	20-40% (10-20%)
	<14%*

	12-reuse
Random FH
500 m cell radius
	40-45% (20-25%)
	20-40% (10-20%)
	<10%*

	* Peak rate almost reached with EGPRS; large gain not possible.


Table 4. Summary of system level gains in average session bit rates of 16QAM+turbo codes, compared to EGPRS. Values in brackets show gains from 16QAM alone.

It can be seen that the session bit rate is increased by HOMTC by about 30% for the median users, of which about half is from 16QAM. For the users in worse radio conditions (10th percentile), the relative gains are actually larger
. Users in good radio conditions (90th percentile) do not gain very much since they are already close to peak throughput with EGPRS.

Even though there is a slight tendency of larger gains at sparser reuses, it is clear that HOMTC brings consistent gains in a variety of scenarios.

To conclude, the gains from HOMTC are substantial. Further, new MCS:s with higher peak rates will increase the bit rates for the users in good radio conditions. The system performance of this is for further study.
Implementation aspects of higher order modulations

One drawback with the regular (square) 16QAM modulation is that the peak-to-average ratio (PAR) is 2 dB higher than that of 8PSK. This means that in situations where the power amplifier transmits close to its saturation level, an additional backoff is needed to avoid distortion of the transmitted signal.

Another problem for implementation may be that the power variations of 16QAM are larger than those of 8PSK. This puts higher requirements on the linearity of the power amplifier. The power distributions (CDF:s) of 16QAM with π/4 rotation and 8PSK with 3π/8 rotation are shown in Figure 4. Both signals are normalised to have an average power of 0 dB.

It can be seen that the dynamic range (peak to minimum ratio) of 8PSK is approximately 16 dB whereas the dynamic range of 16QAM is approximately 35 dB. The power of 16QAM is above the peak power of 8PSK (3.2 dB) approximately 10% of the time and below the minimum power of 8PSK (-13 dB) approximately 3% of the time.
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Figure 4. Distribution of signal power for a 16QAM modulated signal with π/4 rotation (black) and an 8PSK modulated signal with 3π/8 rotation (red).

APK modulation

In order to simplify implementation of HOM on legacy BTS equipment, it may be necessary to use a modulation with a smaller dynamic range and smaller PAR. This can be achieved with alternative modulation constellations, e.g., with a 16APK modulation. One example of a 16APK modulation is illustrated in Figure 5. There are numerous variations of this modulation, differing in the number of constellation points in the inner and outer circle and the relation between the radii. The APK modulation in Figure 5 (with a π/4 rotation) has a PAR of 4.3 dB, i.e., only 1.1 dB more than 8PSK. The minimum distance between the constellation points is very similar to that of 16QAM. The performance is for further study.
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Figure 5. 16QAM modulation (left) and 16APK modulation (right).

16QAM with limited dynamic range

A more brute force method to make the 16QAM modulation more implementation friendly (to reduce the requirements on linearity of the PA) is to simply limit the signal amplitude either upwards or downwards or both. In the following, the performance impact of this is evaluated.
Note that in the following, knowledge of the limited range of the modulation is not utilised in the receiver, i.e., the limited range is handled as any noise or impairment. If the limited range is standardised, the receiver could take this into account in the demodulation, which may reduce the loss even further (if necessary).

Note also that this brute force method may have an impact on the spectrum of the signal. More sophisticated ways to modify the signal may be needed. The intention of this section is to show that the large dynamic range of 16QAM is not needed to get the performance gains.
Lower limit on signal power

In order to reduce the requirements on linearity of the PA, the dynamic range is limited by putting a lower limit on the signal amplitude in the transmitter. The phase is not modified. Figure 6 shows the raw bit error rate versus C/I with different dynamic ranges. The hard limit has no visible performance impact when the range is 20 dB or more. With a range of 17 dB, the performance degradation is about 0.06 dB while a range of 15 dB gives a degradation of 0.18 dB.
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Figure 6. Raw BER versus C/I for a 16QAM modulated signal (π/4 rotation) with limited dynamic range.

Upper limit on signal power (peak clipping)

In order to reduce the PAR, the signal peaks are clipped. Figure 7 shows the raw bit error rate versus C/I with different peak limits. The hard limit has no visible performance impact when the limit is 4.7 dB or more. With clipping at 4.4 dB, the performance degradation is about 0.05 dB while clipping at 4 dB gives a degradation of 0.2 dB.
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Figure 7. Raw BER versus C/I for a 16QAM modulated signal (π/4 rotation) with peak clipping.
Implementation aspects of turbo codes

Decoding of turbo codes is more complex than decoding of convolutional codes. This section investigates the complexity of software decoding of turbo codes, relative to the complexity of decoding EGPRS.

The complexity of turbo decoding and convolutional decoding depends on

· The number of operations per decoding step (trellis section)

· The number of information bits in a codeword (number of trellis sections)

The number of operations is estimated to be 64 per trellis section for the convolutional codes of EGPRS and 72 per full iteration per trellis section for a turbo decoder.

For EGPRS, it is most demanding to decode is MCS9, which has a length of 1224 trellis sections per radio block. The total number of operations is 64*1224=78336. This is taken as the baseline, which the BTS transceiver is assumed to handle today.

Given this, Table 5 shows the possible number of full turbo decoding iterations for different MCS:s, depending on the allowed complexity increase. Note that this is independent of the modulation.

	MCS
(independent of modulation)
	Length (trellis sections)
	Maximum number of turbo decoding iterations versus increase in decoding complexity

	
	
	0% increase
	30% increase
	50% increase
	100% increase

	MTCS1
	192
	5
	7
	8
	11

	MTCS2
	240
	4
	5
	6
	9

	MTCS3
	312
	3
	4
	5
	6

	MTCS4
	368
	2
	3
	4
	5

	MTCS5
	464
	2
	3
	3
	4

	MTCS6
	608
	<2
	2
	2
	3

	MTCS7
	932
	<2
	<2
	<2
	2

	MTCS8
	1124
	<2
	<2
	<2
	<2

	MTCS9
	1220
	<2
	<2
	<2
	<2

	MTCS10
	1360
	<2
	<2
	<2
	<2

	MTCS11
	1648
	<2
	<2
	<2
	<2


Table 5. Maximum umber of turbo decoding iterations versus complexity increase for different MCS:s.

According to ‎[5], the performance degradation with four full iterations (eight half iterations) is negligible, whereas there is a loss of ~0.5 dB with two full iterations. Consequently, it should be possible to decode at least the lower MCS:s with good performance with no or only a small increase in complexity. Turbo decoding of the highest MCS:s likely requires a hardware accelerator.
Usage of higher order modulations on the BCCH carrier

As shown in section ‎5, it is likely possible to transmit a 16QAM-like signal with only ~1 dB more backoff than an 8PSK modulated one. Nevertheless, it is important to consider the impact of this on measurements of neighbour cell signal strength when 16QAM modulated packet data channels are used on the BCCH carrier. Note that the problem of backoff on the BCCH carrier arose already when 8PSK was introduced with EDGE but that it is now larger.

A simulation study ‎[7] investigated the impact of BCCH carrier power backoff of up to 4 dB. The conclusion of the investigation was that this backoff has a negligible impact on the ability to perform handovers and re-selections correctly. Likely, a slightly larger backoff will not have a significant impact either.
Conclusions

16QAM and turbo codes (HOMTC) give link throughput gains in the order of 15-33% in a large fraction of typical networks (C/I above 13 dB), whether incremental redundancy is used or not. For an MSRD terminal, the gains are similar but available in the entire network (C/I above 8 dB).

As the terminal penetration increases, system level gains in the order of 30% can be achieved just by replacing current EGPRS MCS:s with 16QAM modulated and turbo codes equivalents. Even larger gains can be expected if new MCS:s with higher peak rates are added as well. The system level gain by HOMTC for a population of MSRD terminals is also expected to be higher, although a very high penetration of MSRD terminals is unlikely.

One problem with implementation of 16QAM on legacy BTS hardware may be that the 16QAM modulation has a larger dynamic range (peak to minimum ratio) than the legacy 8PSK modulation. Therefore, alternative modulations, such as 16APK or a modified 16QAM modulation should be considered. Simulations in this contribution have shown that a large dynamic range is not necessary to obtain the full performance gain of 16QAM.

Finally, the impact on neighbour cell measurements of using 16QAM on the BCCH carrier has been discussed. A simulation study from when EDGE was introduced showed that a backoff of 4 dB has a negligible impact. It is likely, but for further study, that a slightly larger backoff is acceptable as well. 
References

[1] GP-060773, “Performance of 16-QAM and Turbo Codes with Mobile Station Receive Diversity”, source Nokia

[2] GP-060258, “Performance evaluation of 16QAM and turbo codes”, source Ericsson

[3] GP-060784, “More results on 16QAM and turbo codes”, source Ericsson

[4] GP-060186, “Additional Results for Turbo Coding and Higher Order Modulation”, source Intel

[5] GP-060629, “‎GERAN Evolution – New Performance Data for Turbo Coding and Higher Order Modulation Schemes”, source Intel

[6] GP-060565, “Symbol Mapping of Turbo Coded Bits for 16-QAM Modulation”, source Samsung

[7] SMG2 097/98, “EDGE Usage on the BCCH Carrier,” ETSI SMG2 Working Session on EDGE, December 2-4 1998, source Ericsson
[8] GP-060506, “3GPP TR 45.912 v0.5.0 Feasibility study for evolved GERAN (Release 7)”, source WI rapporteur

Annex A Link performance of MCS10-16QAM, MTCS10-16QAM and MCS11-16QAM

Figure 8 shows BLER versus C/I for MCS10-16QAM, MTCS10-16QAM and MCS11-16QAM on a TU3 channel with frequency hopping. The same simulation assumptions and impairments as in ‎[2]

 REF _Ref135756350 \r \h 
‎[8] have been used.
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Figure 8. BLER performance for MCS10-16QAM, MTCS10-16QAM and MCS11-16QAM.
estimate








� The complexity of turbo decoding in software is proportional to the bit rate and may not be possible for all MCS in legacy hardware.


� Since this coding scheme has a coding rate very close to 1, turbo codes will likely not give significant gains.


� Assuming that the MSRD gain is roughly the same for MCS10-16QAM and MCS11-16QAM as for MCS9-16QAM.


� It should be noted that according to � REF _Ref135651140 \r \h ��‎[2]�� REF _Ref135651141 \r \h ��‎[3]�, the absolute gains at the 10th percentile are typically smaller than at the 50th percentile, but since the baseline throughput (EGPRS) is lower, the relative gain is still larger.
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