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1 Introduction

In the feasibility study of GERAN continued evolution, ‎[5], 16QAM in combination with turbo codes has been shown to give significant gains in spectral efficiency, mean session bit rates and peak throughput compared to conventional EDGE, see GERAN contributions ‎[4], ‎[6], ‎[7] and ‎[8]. In this paper the previous results are summarized and additional results with new MCSs using 32QAM are presented. Also, new results with higher order modulation, HOM, in combination with IRC are presented.
In previous GERAN contributions the focus has been on 16QAM as a higher order modulation for EDGE Continued Evolution, EDGE CE, to comply with the compatibility objective that hardware upgrades to legacy networks should be avoided. This objective was relaxed at GERAN #30, meaning that hardware upgrades can be allowed if this is stated in the work item description. Therefore, further increasing the modulation order could be of interest.

This contribution is a revision of GP-0661672. An error in MTCS-10-16QAM results with IRC has been corrected. This impacts Figure 5 and Table 7. Further, Figure 6 has been updated with missing simulation points.
2 Higher order modulation

Increasing the modulation order will make the symbols more susceptible to interference and thus the higher order the modulation the better radio conditions are needed to gain in performance. Also, increasing the modulation order to 32QAM, or maybe even to 64QAM, will probably result in such an increase of receiver complexity that new hardware is needed in both base stations and mobile stations. 
Three new MCSs have been defined for 32QAM, giving a peak throughput of up to 99.2 kbps.

2.1 Modulation, coding and interleaving
The new MCSs for 32QAM are used to increase the robustness of the previously defined 16QAM MCSs, MCS-10 and MCS-11, but also to increase the peak throughput even further to 99.2 kbps with MCS-12.

The MCSs are summarized in Table 1. For comparison previously defined MCS-7-11 for 16QAM are also included.
Table 1. Definitions 32QAM MCSs. Previously defined MCSs for 16QAM are also shown for comparison. Different shades of gray are used for the different modulation orders.

	MCS
	Family
	Dir.
	User PDU [bytes]
	User data rate [kbps]
	Modulation
	Payload [bits]
	Int.

depth
	Data code rate
	Header code rate

	7
	B
	UL
	2x56
	44.8
	16QAM
	2x468
	4
	0.55
	0.34

	8
	A
	UL
	2x68
	54.4
	16QAM
	2x564
	4
	0.66
	0.34

	9
	A
	UL
	2x74
	59.2
	16QAM
	2x612
	4
	0.72
	0.34

	10
	B
	UL
	3x56
	67.2
	16QAM
	3x468
	4
	0.83
	0.42

	10
	B
	UL
	3x56
	67.2
	32QAM
	3x468
	4
	0.67
	0.35

	11
	A
	UL
	3x68
	81.6
	16QAM
	3x564
	2
	1
	0.42

	11
	A
	UL
	3x68
	81.6
	32QAM
	3x564
	4
	0.80
	0.35

	12
	A /  B
	UL
	2x68 + 2x56
	99.2
	32QAM
	2x564 + 

2x 468
	1 

and

2
	0.98
	0.35


It can be seen that MCS-12 is actually a multi-family MCS, i.e. it consists of PDU sizes from both family A and B. Only the code rates of the UL MCSs are shown in the table but worth noting is that the basic difference in performance for the DL MCSs would be the addition of USF bits which could result in a slightly less robust header.
In Table 2 the conventional 8PSK MCSs and the currently defined HOM MCSs are shown with corresponding data code rate. It is seen that HOM is used for making a more robust transmission (no increase in data rates) but also for increasing the peak rates. MCSs defined both with and without turbo coding are shadowed in gray.
Table 2. Set of MCSs for different modulation orders. 

	Modulation
	MCS

	
	5
	6
	7
	8
	9
	10
	11
	12

	8PSK
	0.375
	0.49
	0.76
	0.92
	1
	
	
	

	16QAM
	
	
	0.55
	0.66
	0.72
	0.83
	1
	

	32QAM
	
	
	
	
	
	0.67
	0.80
	1


2.1.1 Coding

Each RLC block is encoded separately (joint coding is for further study). The same mother convolutional code as used today in combination with linear puncturing has generated the coded header and data bits. For the turbo coded MCSs the code defined for UTRAN has been used ‎[9]. The puncturing schemes for the turbo coded data have been generated by prioritizing the systematic bits and additionally puncturing the two parity bits streams (rate 1/3 code) in a linear manner with minimal overlap between IR puncturing schemes.
2.2 Interleaving

The interleaving depth used for an MCS will basically depend on the number of RLC blocks in one radio block and the code rate of the data. For example, conventional MCS-9 is uncoded and will therefore not gain from an increased diversity. Thus, each RLC data block is interleaved over 2 bursts: interleaving depth 2. MCSs with low code rates on the other hand will gain from diversity and the RLC blocks are interleaved over all four bursts: interleaving depth 4. Figure 1 shows the implementation of the interleaving for all HOM MCSs in Table 1.

[image: image1]
Figure 1. Schematic figure of header and RLC block interleaving for 
I) MCS-7/8/9/-16QAM; II) MCS-10-16QAM & MCS-10/11-32QAM; III) MCS-11-16QAM; IV) MCS-12-32QAM.

Worth noting is that the RLC-blocks for MCS-12-32QAM (uncoded) is interleaved over either one or two bursts. This is a result of the different RLC block sizes shown in Table 1. 
3 Interference Rejection Combining, IRC

Interference rejection combining, IRC, is a diversity combining method that can be used in a multiple antenna system for suppressing mainly CO-channel interference. The suppression is possible by utilizing the cross-covariance of the interference received in the different antennas. Figure 2 shows the basic principle of IRC.

[image: image2]
Figure 2. Illustration of the principle of IRC with two receiving antennas.

IRC is basically an expansion of Maximum Ratio Combining, MRC, in which only the noise variance is utilized. The performance of the IRC algorithm will largely depend on the interference scenario, the synchronization of the interfering and carrier burst and the correlation of the receiving antennas. Synchronization between carrier and interferer is assumed in the simulations. Table 3 shows the interference scenario that has been used in the simulations.
Table 3. Interference scenario used in the IRC simulations.
	Scenario
	Interference

	
	Co-channel
	Adjacent
	AWGN

	DTS2
	1)  0 dB rel. pow.

     GMSK mod.

2)  -10 dB rel. pow.

     GMSK mod.

   
	1)  3 dB rel. pow.

     GMSK mod.

     200 kHz freq. offset

      
	1)  -17 dB* rel. pow.
2)  -30 dB** rel. pow.


           ** Approximates the remaining interference, apart from the already defined co-interference

                and adjacent interference, as AWGN.

            ** Noise source modulating e.g. the thermal noise in the receiver.
The fewer interferers there are, the more efficient the IRC performs. The chosen scenario, DTS2 ‎[10], is a complex interference model containing two co-channel interferers, one adjacent interferer and two AWGN sources, which corresponds to the interference of a heavily loaded system. The first AWGN source is a Gaussian approximation of the remaining interferers, apart from the strong co and adjacent interferers, while the second source is modelling the Gaussian noise in the receiver, e.g. thermal noise.
4 Results

4.1 Simulator settings
Simulations have been conducted using a state-of-the-art GSM/EDGE link simulator. The new modulation schemes utilizing 32QAM have been evaluated but also previously defined MCSs in combination with IRC. The simulation parameters are summarized in Table 4.
Table 4. Link simulator settings.

	Parameter
	Value

	Channel profile
	Typical Urban (TU)

	Terminal speed
	3 km/h

	Frequency band
	900 MHz

	Frequency hopping
	Ideal

	Interference
	Co-channel

DTS2*

	Direction
	Uplink

	Antenna diversity
	Single 
Two antennas, IRC

	Antenna correlation
	0

	Carrier/interf. time sync.
	Ideal

	Equalizer
   - 8PSK

   - 16/32QAM
      - Hyper States
	Decision Feedback Seq. Est. (DFSE)

Reduced State Seq. Est. (RSSE)
    4   (16QAM)
 8   (32QAM)

	Impairments:

– Phase noise

– I/Q gain imbalance

–I/Q phase imbalance

– DC offset

– Frequency error

– PA model
	Tx / Rx

0.8 / 1.0   [degrees (RMS)]

0.1 / 0.2   [dB]

0.2 / 1.5   [degrees]

-45 / -40  [dBc]

  -   / 25   [Hz]

Yes/   -


                       * See Table 3 for a thorough description
4.2 Link Simulations

In this section the link level results of the 32QAM MCSs are shown. Both results with and without turbo coding are presented. 
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Figure 3. Link performance (without antenna diversity) of MCS-10/11/12-32QAM and MTCS-10/11-32QAM.

It can be seen that the turbo coding gives an additional gain in performance of approximately 1 dB at 10% BLER (as has been seen before in e.g. ‎[7]). The performance of uncoded 32QAM, MCS-12, seems to experience an error floor at high C/I. This is due to the transmitter and receiver impairments that are not dependent on the radio conditions.

In Table 5 the performance of MCS-7-12 at a BLER of 10 % is shown.

Table 5. Performance of difference modulations @ 10 % BLER.
	MCS
	C/I @ 10% BLER [dB]
	Gain [dB]

	
	Cc/8PSK
	Cc/16QAM
	Tc/16QAM
	Cc/32QAM
	Tc/32QAM
	Cc
	Tc*

	7
	18.8
	17.5
	16.4
	
	
	1.3
	2.4

	8
	23.9
	19.9
	19.2
	
	
	4.0
	4.7

	9
	26.1
	21.8
	20.6
	
	
	4.3
	5.5

	10
	
	25.0
	24.2
	24.3
	23.3
	0.7
	0.9

	11
	
	28.8
	
	28.8
	27.6
	0.0
	1.2

	12
	
	
	
	34.7
	
	
	


* If there is no turbo code performance result for different modulations of one MCS, the performance of the convolutional code is used instead.
It can be seen that there is a performance gain when HOM is used for robustness. The gain is however smaller between 16QAM and 32QAM compared to 8PSK and 16QAM. For all MCSs the turbo coding gives an additional gain of around 1 dB.

In Figure 4 and Figure 5 the achieved throughput with ideal Link Adaptation, LA, is shown (no IR is used). The sets of MCSs used are defined in Table 6.



Table 6. Different sets of MCSs used in the link adaptation.
	Set
	MCS

	EDGE
	MCS-5/6/7/8/9-8PSK

	1
	MTCS-5/6-8PSK

MTCS-7/8/9/10-16QAM

MCS-11-16QAM

	2
	MTCS-5/6-8PSK

MTCS-7/8/9-16QAM
MTCS-10/11-32QAM

MCS-12-32QAM
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Figure 4. Throughput of different sets of MCSs with no antenna diversity or incremental redundancy.
Using 16QAM to increase robustness and to increase peak throughput (Set 1) gives gains at high C/I of, at the most, 38 %. Gains of more than 20 % are however achieved at C/I > 20 dB. 32QAM will increase performance even further (Set 2) with performance improvements compared to 16QAM from approximately a C/I of 22 dB. Throughput gains of higher than 50 %, compared to EDGE, are experienced at C/I > 34 dB.

Even further gains are achieved when combining the HOM with receiver diversity as Figure 5 shows.
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Figure 5. Throughput of different sets of MCSs with  two receiving antennas using IRC. Interference scenario ‘DTS2’.
The same sets of MCSs have been used as in Figure 4, but there are two receiving antennas and in the equalizer IRC is used. It can be seen that the gains are approximately the same, or somewhat less, up to approximately C/I of 17 dB. Gains of more than 20 % are experienced with 16QAM at C/I > 20 dB and the gain with 32QAM is above 50 % for C/I > 25 dB. 
In Figure 6 the throughput of the highest MCS of set EDGE, Set 1 and Set 2 is shown when using incremental redundancy, IR (but no antenna diversity). The number of IR retransmissions has been limited to 2. It can be seen that the throughput gains are similar to the ones in Figure 4 where ideal LA without IR was utilized.

[image: image6.png]Throughput [kbps]

100 T T T T

90

——MCS-9-8PSK
——MCS-11-16QAM

80 ——MCS-12-320AM

70

60

50

40

=)
=]

30

A
=)

20

N
=]

Throughput gain [%]

4695 36 35 B0 35 40 45
cil__ [dB]
i L L L o

% 15 20 25 30 35 40 45
[

10





Figure 6. IR throughput (without antenna diversity) for the highest MCS of EDGE, Set 1 and Set 2 respectively. The number of IR retransmissions have been limited to 2.

No system simulations have been conducted with 32QAM but to estimate the impact on mean user throughput, calculations with a C/I-distribution have been performed. The distribution used is from a 3/9 freq. reuse with a 2% blocking limit, see ‎Annex A. 
Table 7. Estimation of average user throughput.

	Set
	Mean user bit rates [kbps]

	
	Single antenna div.
	Dual antenna div. w. IRC
	Throughput gain* single antenna div. [%]
	Throughput gain* dual antenna div. [%]

	EDGE
	43.5
	54.6
	
	

	1
	54.3
	70.0
	25 %
	28 %

	2
	56.5
	75.5
	30 %
	38 %


*Gain is presented relative to EDGE performance.

In Table 7 it can be seen that there are substantial gains by using both 16QAM and 32QAM, both with and without IRC. Previously it has been shown that 32QAM can increase the peak bit rate with 66 % and in this calculation it is shown that the average throughput gain for all users can be close to 40 %. The gains shown when IRC is used are expected also for downlink if MSRD is used.
5 Conclusion

In this paper the performance of 32QAM has been evaluated. Also the performance gain of higher order modulation with turbo codes has been evaluated in combination with IRC.

The results have shown that 32QAM can increase the peak data bit rates up to 99.2 kbps – an increase from EDGE of 68 %. In interference limited scenario, the throughput with 32QAM reaches above 59.2 kbps (peak rate of MCS-9) at C/I > 22.5 dB and throughput gains above 40 % are achieved at C/I > 31 dB. When using antenna receiver diversity in combination with IRC the respective C/I-levels are at 17 dB and 23.5 dB respectively. An estimation of the mean user throughput using a C/I-distribution from a 3/9 freq. reuse shows mean throughput gains of 38 % with 32QAM and IRC. The gains shown when IRC is used are expected also for downlink if MSRD is used.
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Annex A Link level results
A.1 C/I-distribution
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Figure 7. C/I-distribution used when calculating mean user bit rates. Taken from a system simulation with a 3/9 freq. reuse and a 2% blocking limit.
A.2 Link performance 32QAM
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Figure 8. Residual data block error for MCS-10—32QAM with IR.
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Figure 9. Residual data block error for MCS-11—32QAM with IR.
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Figure 10. Residual data block error for MCS-12—32QAM with IR.
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Figure 11. Residual data block error for MTCS-10—32QAM with IR.
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Figure 12. Residual data block error for MTCS-11—32QAM with IR.
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