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1 Introduction

Higher order modulation is a performance-enhancing feature aimed at improving spectral efficiency, peak and average user throughput and capacity. The need for higher bit rates could make it desirable that future releases of the GERAN standard should support higher order modulation. By introducing higher order modulation based on QAM the average and maximum bit rate per time slot could be significantly increased. For this reason the introduction of higher order modulation was proposed as a candidate in the feasibility study for GERAN evolution [1].

The following text is proposed to be included in chapter 8 of the TR Feasibility Study on Future GERAN evolution [2]. It includes proposal for new modulations schemes and simulation result on link level performance and system level. Numbering and structure is according to draft TR [2].

2 References

[1] AHGEV-050016, “Higher order modulations”, source Ericsson

[2] AHGEV-050023, “3GPP TR ab.cde vx.y.z Feasibility Study on Future GERAN Evolution”, Output document from Adhoc on GERAN evolution, Copenhagen, May 18th – 19th.

3 Proposed text for TR

8.1
 Introduction

Higher order modulations should be considered as a candidate to increase peak rates and, more importantly, to increase the mean bit rates. This document analyses the impact of introducing higher order modulation based on QAM in EGPRS. Simulations to evaluate link performance have taken reasonable practical impairments in the receiver and transmit implementations into consideration. 

8.2 
Concept description

The coding and modulation schemes that is already available for the current EDGE system is enhanced with the introduction of higher order modulations. Since the higher order modulations enable higher data rates, new coding schemes are also introduced. New modes for MCS-8 and MCS-9 schemes are introduced that use 16-QAM modulation. With the same payload, 16-QAM allows less coding rate (as it enables higher modem bits). Note that 8-PSK, 16-QAM and 32-QAM modulations allow modem bit rates of 1224, 1688 and 2152 per block respectively (after removing the header bits). The payloads for MCS-8 and MCS-9 are 2X564 = 1128 and 2X612 = 1224 (including the CRC bits) respectively. Therefore, 8-PSK with MCS-8 coding schemes allows a coding rate of 1128/1224 = 0.92, whereas 16-QAM modulation allows a coding rate of 1128/1688 = 0.66. More coding power introduces more diversity, and thus achieving significant gains over existing EDGE schemes.

Similarly, for MCS-9 coding scheme, using 16-QAM instead of 8-PSK enables lower rate coding 0.72 instead of 1.00.

The new proposed coding schemes MCS-10 and MCS-11 use higher order modulations with increased data rates. 

The data and coding rates for a number of possible alternative schemes can be found in the table below.

	Coding Configurations
	Simulation Parameters

	MCS
	Family
	User PDU (bytes)
	User Data Rate (kbps)
	Modulation
	Payload Length
	Header Length
	Coding Rate

	8-a
	C
	2×66
	52.8
	8PSK
	2×564
	168
	0.92

	8-b
	C
	2×66
	52.8
	16QAM
	2×564
	170
	0.66

	9-a
	A
	2×74
	59.2
	8PSK
	2×612
	168
	1.00

	9-b
	A
	2×74
	59.2
	16QAM
	2×612
	170
	0.72

	10-a
	B
	3×56
	67.2
	16QAM
	3×462
	191
	0.83

	10-b
	B
	3×56
	67.2
	32QAM
	3×462
	190
	0.65

	11-a
	C
	3×66
	79.2
	32QAM
	3×542
	190
	0.76


Table 1 Coding configurations and parameters for modified and new coding schemes proposed.

The information bits are always coded using convolutional coding with coding rate of

1/3 and constrain length of 6. The coded bits are then punctured using uniform puncturing to obtain desired coding rate. Given that every nth bit must be punctured, the first n-1 bits of the puncturing pattern are set to zero (not punctured).

8.3 
Modeling assumptions and requirements

The impairments include typical imperfections like I/Q modulator/demodulator imbalance, receive and transmitter synthesizer noise, frequency error and non-linear characteristics of the power amplifier.

The impairment models used for the simulations are described in SMG2 EDGE workshop contributions from Toulouse meeting March 1999 (see reference [3] and [4]).

The frequency error is added as a rotation of the received signal,

The impairments in I/Q modulator and demodulator (gain imbalance and phase imbalance) are added.

The phase noise (synthesizer impairment) is added as a normal distributed AWGN source filtered through a low pass filter.

The power amplifier (PA) is characterized by amplitude and phase transfer characteristics, and it is memoryless.
8.3.1 
Transmitter impairments

The transmitter impairments that are used in this report are: IQ phase imbalance (phase deviation from 90 degrees between I and Q) and IQ gain imbalance (gain difference between I and Q) which are due to the I/Q modulator that produces the analog baseband signal from the I and Q signals; Phase noise due to the synthesizer that converts the baseband signal into an RF signal; Non-linearities in the power amplifier (PA) that introduces a certain EVM and phase noise depending on the back off (PA back off) from the 1-dB compression point. 

The following values have been used in the simulations:

· IQ Gain Imbalance (dB) = 0.2
· IQ Phase Imbalance (degree) = 0.5
· Phase Noise (Degree RMS) = 1.2
· PA back off = 4.3 dB or 6.3 dB
The average EVM values are calculated by averaging the EVM values among all the blocks. The average EVM measures depend on the transmitted impairments as well as the modulation method. One major factor that contributes to the EVM measurement is the PA back off. Table 1 shows the average EVM values with different PA back off values and modulations. Also, Table 1 shows the Peak-to-average ratios (PAR) for different modulation schemes

	Modulation
	Back off
(dB)
	Average EVM (%)
	PAR 

(dB)

	8-PSK
	4.3
	3.9
	3.35

	
	6.3
	3.2
	

	16-QAM
	4.3
	7.4
	5.87

	
	6.3
	3.8
	

	32-QAM
	4.3
	7.4
	5.69

	
	6.3
	3.7
	


Table 1: Back off vs Average EVM and PAR for different modulations

The PAR of 32 QAM is lower than that of 16 QAM due to the shaping gain of the 32-cross arrangement. There are methods to modify the modulations to reduce the PAR, e.g. PAR for Q-O-QAM is 4.6 dB, see Feasibility report on EDGE [5]. This has not been investigated further.

8.3.2 
Receiver impairments

The receiver impairments that are used in this report are: The I/Q demodulator has

IQ phase and gain imbalances as in the transmitter; The receiver synthesizer introduces phase noise like the transmitter synthesizer; The frequency error can be seen as a constant frequency offset between the reference oscillator and the received signal.

The following values have been used in the simulations:

· Frequency Error (Hz) = 50
· IQ Gain Imbalance (dB) = 0.4
· IQ Phase Imbalance (degree) = 1.0
· Phase Noise (Degree RMS) = 1.5
8.4 
Performance characterization

8.4.1 
Modeling assumptions and requirements

The results are obtained in a co-channel interference limited environment.

A Typical urban channel with 3 km/h mobile speed (TU-3) at 900 MHz carrier frequency is considered. 

Single transmit and receive antenna receivers are used. 

Blind detection for different modulation schemes is not considered in the simulations (i.e. it is assumed that the modulation scheme that is used in the transmitter is known by the receiver).

8.4.2 
Comparison of BLER Performance 

The results indicate that higher order modulations are more sensitive to the impairments compared to 8-PSK modulation for the same back off. However, a good alternative is to increase the back off for QAM modulations to a level that maintains constant impairment. According to our calculations in table 1 the back off value of 6.3 dB for the QAM modulations is selected.

Figures 1-2 show block-error-rate (BLER) results for constant EVM. The results are obtained with different PA back offs for 8PSK and 16 QAM and identical average EVM values. Significant amounts of gain are observed with MCS-8 and MCS-9 coding schemes. For example, gains of 4 dB and 5.5 dB with respect to the 8PSK equivalents are observed when 16 QAM is used. The results show that with transmit and receiver impairments 16-QAM and 32-QAM modulations perform well subject to back off being increased.

Figures 3-4 plot the performance of the new coding schemes MCS10 and MCS 11 with different modulation schemes. It is seen that 32 QAM, if used, should give better performance for both these coding schemes.
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Figure 1: MCS-8 with EVM around 3.9. Back off for 8PSK was 4.3 dB and Back off for 16 QAM was 6.3 dB. 
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Figure 2: MCS-9 with EVM around 3.9. Back off for 8PSK was 4.3 dB and Back off for 16 QAM was 6.3 dB. 
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Figure 3: MCS-10 coding scheme with PA back off =6.3
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Figure 4: MCS-11 coding scheme with PA back off=6.3

Higher order modulation than 32 QAM was not considered relevant any longer, as the impact of impairments was very high.

8.4.3 
Link performance with Link adaptation

Link performance for three cases with modified and new modulation schemes according to table 1 including the impact of transmitter/receiver impairments are investigated and compared to existing 8-PSK:

	
	Case A
	Case B
	Case C
	Case D

	Coding scheme
	Modulation
	Rate
	Modulation
	Rate
	Modulation
	Rate
	Modulation


	Rate

	MCS1
	GMSK
	8.8
	GMSK
	8.8
	GMSK
	8.8
	GMSK
	8.8

	MCS2
	GMSK
	11.2
	GMSK
	11.2
	GMSK
	11.2
	GMSK
	11.2

	MCS3
	GMSK
	14.8
	GMSK
	14.8
	GMSK
	14.8
	GMSK
	14.8

	MCS4
	GMSK
	17.6
	GMSK
	17.6
	GMSK
	17.6
	GMSK
	17.6

	MCS5
	8PSK
	22.4
	8PSK
	22.4
	8PSK
	22.4
	8PSK
	22.4

	MCS6
	8PSK
	29.6
	8PSK
	29.6
	8PSK
	29.6
	8PSK
	29.6

	MCS7
	8PSK
	44.8
	8PSK
	44.8
	8PSK
	44.8
	8PSK
	44.8

	MCS8
	8PSK
	54.4
	16QAM
	54.4
	16QAM
	54.4
	16QAM
	54.4

	MCS9
	8PSK
	59.2
	16QAM
	59.2
	16QAM
	59.2
	16QAM
	59.2

	MCS10
	-
	-
	-
	-
	16QAM
	67.2
	32QAM
	67.2

	MCS11
	-
	-
	-
	-
	-
	-
	32QAM
	79.2


Table 2: Used modulation and bit rate [kbps] for the investigated cases. 
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Figure 5: Throughput vs. C/I with transmitter/receiver impairments in TU3.

Figures 5 plot the improvement of throughput (calculated as 1-error rate) with link adaptation. It is seen that significant increases in throughput are observed over the range of C/I where EDGE will currently be used. 

8.4.4 
System simulation results

Systems simulations have been performed with no impairments included. These are not presented in this document, as we need to consider the impact of impairments comparable with existing HW.

No system simulation results including impairment consideration are available today. To further estimate the throughput gains in this case, the link results were mapped to the C/I distribution measured in live network, presented by TeliaSonera in GP-042355 [6]. The resulting CDF is shown below:
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Figure 6 Estimated throughput CDF by mapping link performance with impairments to C/I distribution of live TeliaSonera network.

From this curves the median value of the throughput increase is estimated to be 13% in case B and about the same for case C and D. For the 10 percentile with best C/I the improvement increases 18% in case B. The additional improvement in case C and D is very small in this scenario as the increase in peak rate is effective for C/I> 24 dB and there are very few reported values in this C/I range. Thus the addition of MCS-10 (16-QAM or 32-QAM) and MCS-11 (32-QAM) will contribute very little to the overall improvement. It is worth noting that the main part of the gain is found when improving MCS-8 and MCS-9 codings by replacing 8-PSK with 16QAM.

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 5). The impact is mainly on the RF receiver and transmitter.

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 5). 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 5). 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. Applying similar tricks that are already used in modern design, the complexity increase will be more close to linear, i.e., 16-QAM will have about twice the equalizer complexity of 8-PSK.

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.

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. The capability to transmit QAM modulations need to be signaled in classmark 3 and MS-RAC.

8.5.2
Impacts on the BSS

If higher order modulation is applied to DL only, then the main impact is the potentially more stringent requirements on PA and synthesizer for keeping EVM approximately constant for all modulations. However, if only 16-QAM is considered, there is fair chance that the HW impact is small. The impact on HW depends on the performance of present 8-PSK BSS.

If applied to UL as well, then the main impact is the increased complexity of the receiver as described above. If peak user data rate is increased, the handling of higher peak data flow also needs to be considered. 

Thus introducing only 16-QAM on MCS-8 and MCS-9 will probably affect only SW.

8.5.3 
Impacts on the Core network

The impact on core network is negligible and only on SW. Addition of new signaling parameter is as simple as any other new feature.

8.6 
Impacts on the specification

Following specifications will be affected:

· 3GPP TS 24.008: “Mobile radio interface Layer 3 specification; Core network protocols; Stage 3”

· 3GPP TS 45.001: “Physical layer on the radio path; General description”

· 3GPP TS 45.002: “Multiplexing and multiple access on the radio path”
· 3GPP TS 45.003: “Channel coding”
· 3GPP TS 45.004: ”Modulation”

· 3GPP TS 45.005: “Radio transmission and reception”.
· 3GPP TS 45.008: “Radio subsystem link control”.
· 3GPP TS 43.064: “Overall description of the GPRS Radio Interface; Stage 2”.
· 3GPP TS 44.060: “General Packet Radio Service (GPRS); Mobile Station (MS) - Base Station System (BSS) interface; Radio Link Control (RLC) / Medium Access Control (MAC) protocol”
8.7 
Conclusions

It has been shown that use of higher order modulation of QAM-type can improve the performance significantly 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 with respect to 8-PSK modulation for some coding schemes. Significant 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.

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 13%. 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.
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