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16-QAM for GERAN evolution

1. Introduction

The higher order modulation (HOM) concept has been recently included as a candidate technology for the further GERAN evolution. In particular, it has been proposed that the existing EGPRS service could be enhanced by applying 16-QAM on the highest modulation and coding schemes (MCS-8 and MCS-9). Although not improving the peak data rates, such approach has been reported to increase the median value of the throughput [1].

The purpose of this contribution is to evaluate the link layer performance of 16-QAM and compare the results with the objectives for GERAN evolution. In addition to the basic link layer performance, the impact of the following factors is evaluated:

· Frequency hopping

· Incremental redundancy

· Propagation environment

· RX and TX impairments

· RRC pulse shaping

2. Concept description

This study focuses purely on 16-QAM modulation, since the earlier studies indicate that the coverage of even higher order modulations (e.g. 32-QAM) is limited to very high C/I values [1].

2.1 Modulation

The exploited 16-QAM constellation is illustrated in Figure 1 below:
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Figure 1 – 16-QAM constellation
The symbol positions are selected according to the Gray code, the indices being shown on the left of each symbol.

It should be noted that the peak-to-average ratio (PAR) of 16-QAM modulation is approximately 2.5 dB higher than the peak-to-average ratio of 8-PSK, hence implying a larger back-off from the maximum transmit power.

The following pulse shapes are examined:

· Linearized Gaussian pulse (BT=0.3)

· Root-raised cosine pulse (rolloff=0.3)

2.2 Channel Coding

The channel coding parameters are summarized in Table 1. The intention here is not to increase the peak data rates of the existing modulation and coding schemes, but instead add redundancy to the three highest MCSs. Because of the lower code rates, the interleaving of those MCSs can be applied over four bursts instead of two.

The convolutional coding utilizes the same 1/3 mother code as the current MCSs. The code is punctured with the rate matching engine of Flexible Layer One (FLO), thus yielding a uniform puncturing pattern. As can be seen from the constellation, the first two bits of a symbol are more sensitive to errors. In order to maintain a sufficient protection on the RLC/MAC header, the weak bits of the header are swapped with the strong bits of the data part. Otherwise, the header and USF coding are the same as with the current MCSs.

Table 1 –Channel Coding for 16-QAM
	Modulation and Coding Scheme
	Data Code rate
	Header Code rate
	RLC blocks per radio block
	Family
	Interleaving depth
	Data rate

	MCS-1
	0.53
	0.53
	1
	C
	4
	8.8

	MCS-2
	0.66
	0.53
	1
	B
	4
	11.2

	MCS-3
	0.85
	0.53
	1
	A
	4
	13.6/14.8

	MCS-4
	1.00
	0.53
	1
	C
	4
	17.6

	MCS-5
	0.37
	0.33
	1
	B
	4
	22.4

	MCS-6
	0.49
	0.33
	1
	A
	4
	29.6/27.2

	MCS-7
	0.76
	0.36
	2
	B
	4
	44.8

	MCS-8
	0.92
	0.36
	2
	A
	2
	54.4

	MCS-9
	1.00
	0.36
	2
	A
	2
	59.2

	MCS-7-16QAM
	0.55
	0.36
	2
	B
	4
	44.8

	MCS-8-16QAM
	0.67
	0.36
	2
	A
	4
	54.4

	MCS-9-16QAM
	0.73
	0.36
	2
	A
	4
	59.2


3. Modeling assumptions

The simulations are conducted with a proprietary link layer simulator that includes all relevant features of GSM/EDGE physical layer. Besides unacknowledged operation, the simulator allows retransmissions in either of the hybrid ARQ modes. 

In the following, it is assumed that the transmission occurs in uplink direction.

3.1 Mobile Station

The mobile station model includes all typical MS impairments, including I/Q gain imbalance, I/Q phase imbalance, and phase noise. The utilized impairment values are summarized in Table 2 below:

Table 2 –TX impairments
	Impairment
	Value

	 I/Q gain imbalance
	0.5 dB

	 I/Q phase mismatch
	4 degrees

	 DC offset
	-30 dBc

	 Phase noise
	2 degrees RMS


A sufficient backoff from the maximum output power is assumed, hence implying that the PA operates in its linear region. The PA non-linearity is taken into account only when calculating the spectrum plots.

3.2 Base Station

The utilized BTS impairments are summarized in Table 3 below:

Table 3 –RX impairments
	Impairment
	Value

	 I/Q gain imbalance
	0.125 dB

	I/Q phase mismatch
	1 degrees

	 DC offset
	-30 dBc

	 Phase noise
	1.2 degrees RMS


The same type of an equalizer is used for both modulation methods. The equalizer utilizes the reduced-state sequence estimation with set partitioning, the number of states being 16 for 16-QAM and 4 for 8-PSK. The trellis length is one for both cases.

4. Performance characterization

4.1 Basic Link Layer Performance

The purpose of this section is to assess the basic link layer performance of the 16-QAM coding schemes. The simulations are carried out without frequency hopping, impairments, and incremental redundancy, which are separately evaluated in the later sections. The applied pulse shaping method is linearized Gaussian (BT=0.3). 

4.1.1 BER Performance

The raw BER performance is illustrated in the Figure 2 below. As can be seen, 16-QAM is approximately 2-3 dB less sensitive than 8-PSK. 
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Figure 2 - Raw BER (TU3nFH@900MHz, no impairments)

4.1.2 BLER Performance

The BLER performance of the three highest MCSs is shown in Appendix A and summarized in Table 4. As can be seen, the gain due to 16-QAM modulation is approximately 2 dB for MCS-9, 1 dB for MCS-8, and 0 dB for MCS-7. 

Table 4 - BLER performance (TU3nFH@900MHz, no impairments)

	MCS
	C/Ico [dB]@BLER=10%
	gain [dB]

	
	8-PSK
	16-QAM
	

	7
	21.04
	21.38
	-0.35

	8
	23.77
	22.86
	0.91

	9
	26.05
	23.98
	2.07


4.1.3 Throughput

The slot-wise throughput is illustrated in Figure 3. As can be seen from the figure, 16-QAM brings some improvement to the range of medium and high CIR values, the throughput gain varying between 0 and 10 %. The applied LA switching points are marked with squares.
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Figure 3 - Throughput (TU3nFH@900MHz, no impairments, ideal LA)

4.2 Impact of Frequency Hopping

The results from the frequency hopping simulations are shown in Appendix A and summarized in Table 5 and Table 6. Due to the lower coding rate and increased interleaving depth, the FH gain is larger for 16-QAM than for 8-PSK. It is good to note that also MCS-8 and MCS-9 benefit from the frequency hopping in the case of 16-QAM.

Table 5: Frequency hopping gain for 8-PSK

	MCS
	C/Ico [dB]@BLER=10%
	Gain [dB]

	
	TU3nFH
	TU3iFH
	

	7
	21.04
	18.68
	2.36

	8
	23.77
	24.43
	-0.66

	9
	26.05
	27.36
	-1.31


Table 6: Frequency hopping gain for 16-QAM

	MCS
	C/Ico [dB]@BLER=10%
	gain [dB]

	
	TU3nFH
	TU3iFH
	

	7
	21.38
	17.29
	4.09

	8
	22.86
	19.63
	3.23

	9
	23.98
	22.25
	1.73


The FH gain is also illustrated in Figure 4, which shows the throughput for both modulation methods with and without FH. As can be seen, the throughput gain is approximately 0-20 % in the case of FH, while in the case of nFH it is only 0-10 %.
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Figure 4 – Impact of frequency hopping (TU3nFH/iFH@900MHz, no impairments, ideal LA)

4.3 Impact of Incremental Redundancy

The results from the IR simulations are shown in Figure 5, which shows the performance of MCS-9 with and without IR. As can be seen, 8-PSK benefits more from the incremental redundancy than 16-QAM. This is due to the already lower coding rate of 16QAM, which mitigates the gain from the further increases in the redundancy. 
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Figure 5 – Impact of incremental redundancy (TU3nFH@900MHz, no impairments, ideal IR for MCS-9)

4.4 Impact of Propagation Environment

The impact of the propagation environment is illustrated in Figure 6. As can be seen, the Doppler effect degrades the throughput of the highest MCSs in the case of fast-moving terminals. In addition, the high delay spread of the HT channel manifests itself as a reduced throughput.
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Figure 6 – Impact of the propagation environment (no impairments, ideal LA)

4.5 Impact of RX and TX Impairments

Given equal coding rates, it is obvious that 16-QAM is more sensitive to the RX and TX impairments than 8-PSK. However, when comparing 8-PSK and 16-QAM with equal payload sizes, the lower operating point of 16-QAM effectively compensates the sensitivity loss due to tighter constellation. This fact can be easily seen from Figure 7, which shows that the MCS-9-16QAM is less sensitive to the impairments than the MCS-9-8PSK.
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Figure 7 – Impact of RX and TX impairments (TU3nFH@900MHz, MCS-9)

In order to evaluate the potential of 16-QAM coding schemes above MCS-9, a set of high coding rates (0.8, 0.9, and 1.0) are evaluated. The results from these simulations are shown in Figure 8.

As can be seen, the higher coding rate means also higher sensitivity to the RX/TX impairments. While the uncoded 16-QAM is heavily impaired, the slightly lower coding rates are considerably less affected by the impairments. Hence, it could be possible to increase the peak data rates by adopting MCS10 and MCS11 with coding rates 0.8 and 0.9, respectively.
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Figure 8 – Impact of high coding rates (TU3nFH@900MHz)

4.6 Impact of RRC Pulse Shaping

The performance of 16-QAM could be, in principle, enhanced by replacing the Gaussian pulse with an RRC pulse. The impact of the improved TX filtering is shown in Figure 9, which shows the throughput curves for Gaussian and RRC pulse shapes. 
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Figure 9 – Impact of RRC pulse shaping (TU3nFH@900MHz, no impairments, ideal LA)

The main drawback of the RRC filtering is that the signal spectrum cannot be fitted into the existing GSM spectrum mask. This can be clearly seen from Figure 10, which shows the RRC spectrum with all relevant TX impairments included. The adoption of RRC would hence require a specification of a new spectrum mask.
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Figure 10 – RRC spectrum (backoff=6dB, typical impairments)

5. Compliance to objectives

The purpose of this chapter is to summarize the findings of this study and compare them with some of the objectives for GERAN evolution. Since the scope of this study is limited to the performance evaluation, only throughput-related objectives are considered. 

The throughput gain (versus 8-PSK) for different C/I values is shown in Figure 11.

[image: image11.emf]0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30 35 40

C/Ico [dB]

Throughput gain [%]

nFH

iFH


Figure 11 - Throughput gain from 16-QAM (TU3, typical impairments, ideal LA)
As can be seen, the throughput gain for 16-QAM modulation varies between 0-19 % in the case of ideal frequency hopping, and between 0-9 % when no hopping is applied. The requirement for 50 % throughput improvement at cell border is not reached, because 16-QAM does not improve the performance of the most robust coding schemes at all. The peak data rates are neither improved, given that the current payloads for MCS7-9 are used. By introducing less robust MCSs, the peak data rates could be improved by 24 % (assuming code-rate 0.9 MCS), but the coverage of these high bit rates would be extremely limited. 

As a summary, the following improvements could be (ideally) achieved by the use of 16-QAM:

· 24 % gain for peak data rates (with limited coverage)

· 0-19 % throughput gain over cell range

· 0 % gain for throughput at cell border 

It is important to note that the above figures are based on relatively optimistic assumptions. In a real network, at least the following impairments should be considered:

· The increased PA backoff degrades the link layer performance of 16-QAM by 2-3 dB in power-limited conditions. By considering that the link level gain for 16-QAM modulation can be as low as 0-2 dB (nFH), it is possible that, in some cases, the performance of 16-QAM is even lower than the performance of 8-PSK (e.g. a sensitivity-limited non-hopping network). 

· 16-QAM benefits less from the incremental redundancy than 8-PSK (see Section 4.3).

· 16-QAM benefits less from the BTS RX diversity than 8-PSK, because the degree of diversity is already higher due to lower coding rate and longer interleaving depth.

· It is not possible to utilize the MCS-6-9 or MCS-5-7 schemes, i.e. sending the first transmission with a lower scheme, the second with higher, and then combining the both.

6. conclusions

This document shows that the higher order modulation concept does not fulfil any of the performance (throughput) targets for the GERAN evolution. It is shown that the adoption of 16-QAM modulation can improve the peak throughput up to 24 % (target 100%), throughput over cell range 0-19%, and throughput at cell border up to 0 % (target 50 %). It is also shown that in many practical cases the gain can be much lower.

It is proposed that these findings be included in to the Feasibility Study Technical Report.
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Appendix A – BLER CURVES
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[image: image14.emf]Link performance of 16-QAM with and without FH for 
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