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1 Introduction

In the feasibility study of GERAN continued evolution, ‎[3], higher order modulation in combination with turbo codes (HOMTC) has been proposed for the evolution of EDGE. Previous contributions, see ‎[4], ‎[6] and ‎[7], have shown significant gains in spectral efficiency and throughput when using HOM both with and without turbo codes. These contributions have mainly concentrated on implementing HOMTC MCSs to increase robustness. In this paper two new MCSs are defined that increase the peak throughput compared to the conventional MCSs in EDGE today.
2 Modulation, coding and interleaving
To increase the peak throughput higher than MCS-9, new modulation and coding schemes need to be defined. Two new MCSs have been considered, MCS-10 and MCS-11, the former one has also been evaluated in combination with turbo codes (MTCS-10). MCS-11 has been chosen to be un-coded and thus the addition of turbo codes will not have an impact on the performance. In Table 1 the PDU sizes, code rates of the data and header and interleaving depth are shown. Note that in Table 1 only the uplink is considered but the MCSs can also be defined for the downlink. The only difference will be an addition of USF bits, resulting in a slightly less robust header.
 
Table 1. Block sizes, code rates and interleaving depth of MCS-10 and MCS-11.
	MCS
	Family
	Dir.
	User PDU [bytes]
	User data rate [kbps]
	Payload [bits]
	Interleaving depth
	Data code rate
	Header code rate

	MCS-10
	B
	UL
	3x56
	67.2
	3x448
	4
	0.83
	0.42

	MTCS-10
	B
	UL
	3x56
	67.2
	3x448
	4
	0.82
	0.42

	MCS-11
	A
	UL
	3x68
	81.6
	3x544
	2
	1
	0.42


It can be seen that both MSC-10 and MCS-11 consist of 3 RLC-blocks which fall into the families B and A respectively. Thus MCS-10 contains three MCS-7 RLC blocks and MCS-11 contains three MCS-8 RLC blocks.
2.1 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 MCS-10 with turbo coding (MTCS-10) the turbo code defined for UTRAN has been used ‎[8]. The puncturing schemes for the turbo codes 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

For the MCS used today, depending on what MCS is used the number of bursts over where the interleaving is performed differs. For MCS-7 the data bits in the RLC block is interleaved over all four bursts while for MCS-8—9 the interleaving is performed over two bursts for each RLC block. The reason for this is the coding rate of the MCSs; a high code rate will experience small gains (or even lose) in performance with increased diversity. This also applies to MCS-10 and MCS-11 where the RLC blocks for MCS-10 are interleaved over all four bursts while for MCS-11 the interleaving is performed over two bursts. One difference between MCS-11 compared to MCS-8—9 is that the RLC block errors will be more correlated since the different blocks are not entirely separated, as is depicted in Figure 1.
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Figure 1. Schematic figure of header and RLC block interleaving for 
I) MCS-8 & MCS-9; II) MCS-10; III) MCS-11.
3 Link performance
A state-of-the art link level simulator for GSM/EDGE has been used to evaluate the performance of the new modulation and coding schemes. The simulator parameters are shown in Table 2.
Table 2. Link simulator settings.

	Parameter
	Value

	Channel profile
	Typical Urban (TU)

	Terminal speed
	3 km/h

	Frequency band
	900 MHz

	Frequency hopping
	Ideal

	Interference
	Single co-channel interferer

	Direction
	Uplink

	Antenna diversity
	No

	Impairments:

– Phase noise

– I/Q gain balance

–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/   -


Figure 1 shows the throughput curves of MCS-10 and MCS-11 both using 16QAM modulation. For MCS-10 the performance when adding turbo codes is also shown. MCS-9 as used in EDGE today is shown as reference.
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It can be seen that MTCS-10 is superior to MCS-9 at C/I levels above 17 dB. When turbo coding is added the point is moved to 15 dB. It should be noted that the puncturing scheme for MTCS-10 has been improved since the results in ‎[7] giving an additional improvement of approximately 0.5 dB. From the figure it can also be seen that the peak throughput can be increased from 59.2 kbps to 81.6 kbps by using MCS-11 – an increase of 38 %. The peak throughput available today, 59.2 kbps, is exceeded at C/I levels above 23 dB.
Figure 3 evaluates the throughput performance at different C/Is when MCS-10 and MCS-11 is combined with MCS-5—9 with and without turbo codes and 16QAM, see Table 3. 
Table 3. Sets of MCSs used for ideal LA in Figure 3.
	Set
	Utilized MCSs

	EDGE
	MCS-5—9: 8-PSK

	Set 1
	MCS-5 and MCS-6: 8-PSK

MCS-7—11: 16QAM

	Set 2
	MCS-5 and MCS-6: 8-PSK and TC

MCS-7—10: 16QAM and TC

MCS-11: 16QAM

	Set 3
	MCS-7—9: 8-PSK and IR

	Set 4
	MCS-7—11:16QAM and IR

	Set 5
	MCS-7, MCS-9 and MCS-10: 16QAM, TC and IR 

MCS-11: 16QAM and IR


Ideal link adaptation has been assumed for the sets both with and without incremental redundancy. Thus, for a certain C/I level the MCS giving the largest throughput is chosen.
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Figure 3 shows that there are substantial gains by introducing the MCSs for increased peak throughput. The peak throughput increased by 38 %. Without IR, the peak throughput of today is exceeded for C/I above 23 dB (comparing Set 2 with the EDGE set). Similar gains are shown when IR is introduced as shown in Set 3 and 5. Comparing Set 4 and Set 5 it is seen that, in IR mode (two retransmissions included), MCS-11 is actually used until C/I = 12 dB.
In Figure 4 the throughput gains by using HOM and TC are compared to the MCSs used today in EDGE. As was also seen in Figure 3 there is a gain in the whole C/I region. The largest gains are at high C/I and is a result from the introduction of MCS-10 and MCS-11. Similar gains are seen when IR is introduced. The average gain in throughput is approximately 25 % both with and without incremental redundancy.
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4 System performance

System simulations in previous contributions have shown significant gains in spectral efficiency and average session bit rates when introducing HOM and/or TC for robustness (MCS-5—9), see ‎[4],‎[6] and ‎[7]. It was shown that the spectral efficiency could be increased up to 40-60 % depending on the frequency reuse in the system. Also, gains in average session bit rates were shown to be between 30-45% for the median and worst users. For users in good radio conditions the gain was not seen as clear, thus the performance limitation lied clearly in the peak throughput that was reached both with and without HOM+TC. In this paper additional results are shown where MCS-10 and MCS-11 also have been included in the simulations. Since these MCSs increase the peak throughput, an increase of mean throughput in the system is expected, especially for the users in good radio conditions. Also, since the staying time in the system will be shorter for users utilizing these higher MCS, the overall interference level will decrease and giving rise to a more spectrally efficient system and an increase of average user bit rates.
It should be noted that the simulations presented in this section have used a link quality controller (LQC) not optimized for the addition of MCS-10 and MCS-11.

In Table 4 the simulation parameters are shown for the simulated scenario. Frequency reuse 1 is used where the traffic model consists of each user downloading a file of 100 kB with FTP.
Table 4. System simulator settings.
	Parameter
	Value

	Reuse
	1

	Spectrum allocation
	7.2 MHz (excluding BCCH)

	Frequencies per cell
	36

	Transceivers per cell
	12

	Frequency hopping
	Random

	Traffic model
	FTP, 100 kB file size

	Cell radius
	500 m

	Power control
	No

	Pathloss model
	Okumura-Hata

	Log-normal fading standard deviation
	8 dB

	Rayleigh fading
	Yes

	Multi-slot allocation per session
	4 timeslots

	Average MS speed
	3 m/s

	Link quality control

- Initial MCS

- MCS selection criteria
	Measurement based link adaptation
MCS-3

Throughput maximisation

	Power backoff 8PSK
	3.3 dB

	Power backoff 16QAM
	5.3 dB


Simulations with two different sets of MCSs have been performed. Both sets use the newly defined 16QAM MCSs with turbo coding, but Set B also include MTCS-10 and MCS-11, details are shown in Table 5.
Table 5. Sets of MCSs used in the simulations.

	Modulation and coding scheme
	Set A
	Set B

	1
	MCS-1
	MCS-1

	2
	MCS-2
	MCS-2

	3
	MCS-3
	MCS-3

	4
	MCS-4
	MCS-4

	5
	MTCS-5
	MTCS-5

	6
	MTCS-6
	MTCS-6

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

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

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

	10
	-
	MTCS-10-16QAM

	11
	-
	MCS-11-16QAM


In Figure 5 the average session bit rates versus offered load are shown. It can be seen that there is a significant throughput gain for the 90th percentile of between 12 - 20 % depending on the load. For the 10th and 50th percentile the session bit rates seem to be unchanged since the small difference in bit rates that are seen can rather be explained by statistical effects than difference in performance. With an optimized LQC gains are expected also for these percentiles.
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Figure 5. Average session bit rates versus frequency load for the 10th, 50th and 90th percentile. The two sets of MCSs used are defined in Table 4. In the figure Set A is dotted.
5 Conclusion

By introducing three new MCSs; MCS-10, MTCS-10 and MCS-11 substantial gains have been shown on link level performance. The peak data rates increase from 59.2 kbps to 81.6 kbps, an increase of 38 %. But, also at C/I > 23 dB the throughput will increase above the current peak rate, 59.2 kbps. Using link adaptation, turbo coding for MCS-5—6,16QAM with turbo coding  for MCS-7—10 and 16QAM for MCS-11, the average throughput gain was shown to be approximately 25 % both with and without the use of incremental redundancy.

System simulations also show the increase of user bit rates where the users with good radio conditions, the 90th percentile, show gains in average session bit rates of 12-20 % depending on the offered FTP load.
It is proposed to capture the findings of this contribution in the feasibility study for GERAN evolution ‎[5].
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Annex A Link level results
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Figure 6. Link performance with IR for MCS-10-16QAM on TU3iFH.
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Figure 7. Link performance with IR for MTCS-10-16QAM on TU3iFH.
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Figure 8. Link performance with IR for MCS-11-16QAM on TU3iFH.
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Figure � SEQ Figure \* ARABIC �4�. Throughput gain by using HOMTC including MTCS-10 and MCS-11. The different sets are defined in � REF _Ref138150049 \h ��Table 3�.
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Figure � SEQ Figure \* ARABIC �3�. Throughput as a function of C/I. Ideal LA assumed.
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Figure � SEQ Figure \* ARABIC �2�. Throughput of MCS-10 and MCS-11 without IR. Conventional MCS-9-8PSK is shown as reference (dotted line).
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