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Modulation Aspects in Downlink MIMO
INTRODUCTION

As part of the study item on downlink MIMO, opened in GERAN#57 [1], this paper presents the summary of study made on modulation options in spatial multiplexing mode, impact of mixed modulations, blind modulation detection and impact of SCPIR in [4], [5], [6] and [7]. The paper is written as a direct input to sections 7.2 of the MIMO for Downlink draft TR [2] using the present section numbering.
PROPOSAL
This document presented summarises aspects of modulation in order to support DL MIMO. We propose to include these items into the Draft TR on MIMO for Downlink [2].
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Definitions and abbreviations

3.1
Definitions

For the purposes of the present document, the terms and definitions given in TR 21.905 [1] and the following apply. A term defined in the present document takes precedence over the definition of the same term, if any, in TR 21.905 [1].

3.3
Abbreviations

For the purposes of the present document, the abbreviations given in TR 21.905 [1] and the following apply. An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in TR 21.905 [1].)

BMD
Blind Modulation Detection

DAS
Downlink level A modulation and coding scheme

MCS
Modulation and coding scheme

MSRD
Mobile Station Receive Diversity

NSR
Normal Symbol Rate

SINR
Signal to Interference and Noise Ratio

TSC
Training Sequence Code

USF
Uplink State Flag

4
Objectives

The objective of the study is to investigate the feasibility of single user MIMO in the downlink for PS data services including EGPRS and EGPRS2-A.  

For MIMO support, two operational modes are foreseen: 

a) spatial multiplexing mode based on dual stream 2x2 MIMO and 

b) single stream diversity mode based on either MSRD or Tx diversity in combination with MSRD. 

In general, the study item re-uses as much as possible existing functionality in GERAN and existing spatial channel models and principles used for UTRAN and E-UTRAN. Different aspects of MIMO, as outlined in MIMO study item proposal [2], are studied based on the following performance and compatibility objectives.
4.1
Performance Objectives

The introduction of MIMO for downlink shall significantly improve data throughput performance as compared to realistic EGPRS and EGPRS2-A performance. The performance of MIMO shall be evaluated over the SINR range relevant in GERAN networks.

4.2
Compatibility Objectives

The impact of MIMO for downlink on GSM speech codecs, GPRS, EGPRS and EGPRS2 shall be kept at a minimum. There should be no negative impact due to the introduction of MIMO to the base station and mobile station, assuming the mobile station already supports diversity antenna reception.

Any technique that requires changes to MCS design for GSM/EDGE are not part of the study.

5
Overview of 2x2 MIMO System

5.1
Spatial multiplexing mode (dual stream)

In this mode, two different encoded bit-streams with orthogonal training sequences are modulated and transmitted simultaneously through two different antennas to the same mobile having two receiving antennas. In this ‘dual stream transmission mode’, there are in effect 4 different propagation paths. When the spatial correlation between the propagation paths is sufficiently low, it should be possible for MIMO receiver to estimate the propagation paths (a minimum SINR might be needed to estimate the propagation paths with sufficient accuracy) and to jointly or iteratively detect each of the two streams. When the above conditions are met, the throughput is maximised by transmitting independent data streams from both transmitters. Henceforth this is referred to as spatial multiplexing mode.


[image: image2]
Figure 5.1 2x2 MIMO Transmission in Spatial Multiplexing Mode

5.2
Diversity mode (single stream)

When the spatial correlation between the propagation paths is insufficient to support spatial multiplexing, a single bit-stream with legacy training sequence is modulated and transmitted either through two antennas or single antenna. It should be possible for the receiver to benefit from transmit diversity (Figure 5.2a) and/or receive diversity (Figure 5.2b). Henceforth this is referred to as diversity mode. A popular transmit diversity scheme is Delay Diversity, whereby the second transmit path is delayed relative to the first to create an artificial propagation path that can be exploited by a conventional equalizer. If an MS with dual receiver architecture experiences significant blocking in one of its receivers, it can still benefit from single antenna reception if network switches to transmit diversity mode.
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(a)



(b)

Figure 5.2 Single Stream Transmission in Diversity Mode. (a) Transmit Diversity, (b) Receive Diversity

6
MIMO Channel Model

To obtain a realistic evaluation of the performance of MIMO receiver, the channel model will need to consider the correlation between the propagation channels (e.g. due to the spatial proximity of the antennas or due to the orientation of the polarization of the antennas).

6.1
MSRD Antenna Correlation Model

In [3] Annex N, a Single-Input-Multiple-Output (SIMO) model has been defined (depicted in Figure 7.1) which is based on a magnitude of complex correlation parameter ρ and an antenna gain imbalance G. To use the model in the performance evaluation, the model would need to be extended to a MIMO system comprising independent paths for a second transmit antenna and with realistic spatial correlation values for the transmit antennas and the receive antennas (two values of ρ are given in the MSRD performance requirements, but these only loosely correspond to best and worse case values).
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Figure 7.1 Single-Input-Multiple-Output channel model for MS Receiver Diversity.

6.2
SCM model

[Editor’s note: This section will treat modifications of SCM models used in 3GPP TR25.814.]

6.3
Channel model with variable correlation

[Editor’s note: This section will treat the definition of channel models that can have variable correlation between paths and adjustable gain imbalance.]

7
Concepts

7.1
Training sequences

When estimating the channel taps of the four spatial propagation channels (depicted in Figure 5.1), it would be advantageous if the training sequences assumed orthogonal properties.

Already, orthogonal training sequences were introduced in Rel-9 for VAMOS. These training sequences, referred to as TSC Set 2, were optimised to give low cross-correlation when used pair-wise with the legacy training sequence set, which has been referred to as TSC Set 1 (Table 5.2.3a and Table 5.2.3b in 45.002).

While both TSC Set 1 and TSC Set 2 are binary, TSC Set 1 has been modified for use with 8-PSK and higher order modulations by mapping each binary value of GMSK bit-mapping to each of the constellation points of the respective modulation scheme (see Normal burst for 8-PSK, 16-QAM and 32-QAM in 45.002 Section 5.2.3).

Hence, a straight-forward procedure to obtain an orthogonal set for 8-PSK and higher order modulations is to apply the same antipodal mapping for TSC Set 2.
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7.2
Modulations

[Editor’s note: This section will analyse modulation options in spatial multiplexing mode, impact of mixed modulations, blind modulation detection, and impact of SCPIR.]

7.2.1
Impact of Mixed Modulations

A comprehensive analysis is done in [7.2-1] to evaluate the impact of same or different modulations used on both streams in spatial multiplexing mode in a number of scenarios. In [7.2-1], the impact is analysed using 8-PSK, 16-QAM and 32-QAM modulations and associated EGPRS2-A coding schemes. When different modulations are used in two MIMO streams, all possible MCSs in each modulation is simulated. GMSK modulation is not used in this investigation because GMSK modulation is attractive only at low SINR region and in that region dual stream MIMO throughput with GMSK modulation will likely be outperformed by transmission in diversity mode.

In the dual stream MIMO transmission mode, however, GMSK is considered to be a candidate modulation for one stream or two streams if mixed modulation is used. For instance, the control channel messages on PACCH are sent with GMSK modulation in one stream, while the traffic channel messages on the other stream are sent using either 8-PSK, QAM or GMSK modulation depending on radio channel quality.
A simple MIMO receiver is used for the analysis in [7.2-1]. This receiver employs channel estimation, followed by separate interference cancellation and bit-detection for each stream. This is neither a successive interference cancellation (SIC) type of receiver, nor a joint detection (JD) receiver, but it is expected that performance will be similar if SIC or JD receivers were used instead. Blind modulation detection (BMD) is enabled in the receiver. BMD is performed after the channel estimation assuming all possible modulations schemes including GMSK. The BMD mechanism is similar to what is used in [7.2-2].

7.2.1.1
Simulation Parameters

Table 7.2-1 Simulation Parameters

	Parameter
	Value

	Frequency bands
	1800 MHz

	Propagation conditions
	SCM-A

	Mobile speed
	3 km/hr

	Frequency hopping
	Ideal

	BTS/MS RF impairments
	Typical Tx/Rx (see Table 7.2-3 and Table 7.2-4)

	Interference
	Single co-channel interference, with 8PSK modulation.

	Channel Correlation
	SCM-A specific for wanted signal, 0.7 for interference

	SCPIR [dB]

10log10(Power of stream 1/power of stream 2)


	CCI: 0dB and 6dB Sensitivity: 0, 2, 4, 6, 8 and 10dB

	Back-off [dB]

	Sensitivity: Theoretical PAR taken from TR45.860, section 8: 3.2dB for 8PSK, 4.7dB for 16-QAM and 5.1dB for 32-QAM.

CCI: 0dB for all modulations.

Additional back-off based on SCPIR (given in Table 7.2-2) is used in the transmit power in spatial multiplexing mode, for both sensitivity and CCI, to compare with single antenna transmission power (see Table 7.2-2). 

	MCSs
	EGPRS2-A


	8-PSK (DAS-5…DAS-7)

16-QAM (DAS-8…DAS-9)

32-QAM (DAS-10…DAS-12)

	
	EGPRS


	Not used

	Blind modulation detection
	Enabled where mentioned

	Blind MIMO mode detection
	Ideal

	MCS link adaptation
	Ideal

	Rank adaptation
	Ideal

	Training sequence codes
	1st Stream: 5 from VAMOS Set 1

2nd Stream: 5 from VAMOS Set 2


In order to make a fair comparison of throughput between dual stream transmission mode and single stream mode, it is necessary to use appropriate back-off on the transmitted power of dual stream transmission mode. However, the back-off value depends on the SCPIR used. At SCPIR=0 dB, a 3 dB back-off from the total power is needed to compare with the transmitted power in the single stream transmission mode. However, if a non-zero SCPIR is used, we need to apply lower back-off assuming the total transmitted power is the limiting factor and should be kept same as the power in single stream transmission mode. The formula used for back-off calculation in the dual stream transmission mode is given in equation 7.2-1 and the values computed from the equation are given in Table 7.2-2.


[image: image7.wmf])

10

1

(

log

10

10

/

10

SCPIR

backoff

-

+

=




(Eq 7.2-1)

Table 7.2-2 Back-off in dual stream transmission mode

	SCPIR (dB)
	Back-off (dB)

	0
	3.00

	2
	2.12

	4
	1.46

	6
	0.97

	8
	0.64

	10
	0.41


Table 7.2-3 Transmitter Impairments

	Impairment
	Legacy single carrier BTS (per TRX)

	Phase noise [degrees (RMS)]
	1.2

	I/Q gain imbalance [dB]
	0.1

	I/Q phase imbalance [degrees]
	0.1

	DC offset [dBc]
	-45

	Frequency error [Hz]
	15 (900 MHz) 
30 (1800 MHz)

	Tx path time misalignment [normal symbol periods]
	0.25


Table 7.2-4 Receiver Impairments

	Impairment
	Rx diversity capable device (per Rx path) (Taken from 3GPP TR 45.860 [4])

	Phase noise [degrees (RMS)]
	1.2

	I/Q gain imbalance [dB]
	0.2

	I/Q phase imbalance [degrees]
	2.0

	DC offset [dBc]
	-40

	Frequency error [Hz]
	25 (900 MHz) 
50 (1800 MHz)

	Rx path time misalignment [symbols]
	negligible


7.2.1.2
Simulation Results

Before presenting the impact of mixed modulation on combined MIMO throughput, it is worthwhile to show the impact of mixed modulation on throughput of the first stream when a different modulations is used in the second stream. Figure 7.2-1 presents this in a group of plots with legends in each plot showing modulation type of first stream on the left hand side of “+” sign and that of the second stream on the right hand side. There are 12 plots in this figure – the first 6 are for co-channel interference scenarios and the last 6 are for sensitivity scenarios. Each row has 2 plots – one with SCPIR=0dB and the other one with SCPIR=6dB.

From these figures, it is quite evident that the impact on the first stream's throughput is minor regardless of the modulation scheme used in the second stream.
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Figure 7.2-1: Throughput of Stream 1 with same or different modulation in stream 2 in 2x2 MIMO.

It should be noted that acceptable throughput is achieved from different modulations at different Es/No or C/I ranges. Therefore, it is worthwhile to look at combined MIMO throughput for different modulation mixes over a wider range of Es/No or C/I.

In order to analyse the impact of mixed modulation on the combined throughput of both streams, following two scenarios are considered.

a. Same modulation is used on both streams but coding schemes within the modulation are flexible. Simulation is run over all possible pairs of EGPRS2-A coding schemes in a particular modulation over a range of Es/No or C/I. At each Es/No or C/I point, maximum throughput among all possible pairs of coding schemes (within the same modulation) is taken to compute MIMO throughput at that Es/No or C/I point. 

b. Different modulations and coding schemes are used in both streams. In this case, simulation is run over all possible EGPRS2-A MCS combinations (with the restriction that both streams do not have same modulation) and at each Es/No or C/I point, throughput of the MCS pair providing maximum combined throughput is chosen in computing the combined MIMO throughput at that Es/No or C/I point.

Results of both scenarios a) and b) are plotted in Figure 7.2-2 using solid and dashed lines respectively. Since, in case of non-zero SCPIR, second stream is weaker than first stream, plots for mixed modulation schemes are presented twice for each modulation combination i.e. one plot is shown, for example, for 8PSK+16QAM and another for 16QAM+8PSK. 
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Figure 7.2-2: Combined MIMO throughput with the same or different modulations in the two streams.

From Figure 7.2-2, it is obvious that overall maximum throughput is achieved over the entire range of simulated Es/No or C/I if the same modulation is used in both MIMO streams provided that there is no imbalance between the powers of the two MIMO streams. The situation changes, however, at higher power imbalance. As the SCPIR increases, the throughput from a mixed modulation pair gets higher than that from a same modulation pair in the mid range of C/I or Es/No. 
Similar analyses are also done in [7.2-2] and [7.2-3] showing same observation as in [7.2-1].

7.2.2
Blind Modulation Detection

Performance of blind modulation detection is evaluated in [7.2-1] and [7.2-2]. In both technical contributions, it is assumed that the receiver detects the modulation separately for each MIMO stream. With separate detection per stream, the total number of hypothesis to verify for each stream is 4 (GMSK, 8-PSK, 16-QAM and 32-QAM), i.e. 8 in total for MS supporting EGPRS2-A MIMO. The computational complexity involved in blind modulation detection in MIMO is, therefore, similar to that for EGPRS2-B, which involves a total of 7 hypotheses.
Figure 7.2-3 shows the impact of blind modulation detection in overall MIMO throughput when ideal link and mode adaptation is assumed. The plots in this figure are taken from [7.2-1]; the simulation parameter setting is given in Table 7.2-1 to 7.2-4. The plots are in fact the envelope of the mixed modulation throughputs shown in section 7.2.1. It is clear that the BMD error in the modelled MIMO receiver has almost no impact on the performance. The observation is in line with what is shown in [7.2-2] although a SIC type of receiver is used with similar simulation parameter settings as in [7.2-1].

It is evident that the BMD error has almost no impact on the MIMO peak throughput in spatial multiplexing mode.
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Figure 7.2-3: Impact of blind modulation detection on combined MIMO throughput.

7.2.3
Impact of SCPIR

Overall throughput with mixed modulation pairs and at different SCPIR values is shown in Figure 7.2-4 (taken from [7.2-1]). The figure shows the overall peak throughput decreasing with the increase in SCPIR. For comparison, EGPRS2-A MSRD performance in the same condition is shown in the same figure. The Es/No at which spatial multiplexing mode outperforms diversity mode varies between 15dB (SCPIR=0) and 22dB (SCPIR=10dB).
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Similar results are also presented in [7.2-3] using a SIC type of receiver and different training sequence pairs. In [7.2-3], it is shown that, with SCPIR 10dB MIMO still outperforms MSRD at SNR > 25dB. It is also shown in [7.2-4], this level of SCPIR can ensure meeting the USF performance requirement by a legacy MS in most cases, although with less margin than what could be achieved using the single stream mode. This provides an alternative possibility of multiplexing legacy MS user (for USF) with a MIMO user in dual stream mode. However, MIMO performance in general degrades with increased SCPIR. Therefore, the network needs to take into consideration the overall performance of both MIMO user and legacy MS user (for USF) before deciding whether to use single stream mode or dual stream mode with large SCPIR while multiplexing them.
7.2.4
Conclusion

The performance of 2x2 MIMO in spatial multiplexing mode when the MIMO streams use either different modulations or the same modulation is presented in this paper. The following conclusions can be drawn from this study:

The impact of mixed modulation on the overall peak throughput depends on the power imbalance between the streams. In case of SCPIR=0dB (i.e. equal power in both streams), the overall maximum throughput is achieved if both streams have the same modulation. As the SCPIR increases, the throughput with a mixed modulation pair gets higher than that with a same modulation pair in the mid range of C/I or Es/No. 

The BMD error has almost no impact on the MIMO peak throughput in spatial multiplexing mode. 

However, the overall peak throughput decreases with the increase of the absolute value of the SCPIR (in dB). The Es/No or C/I at which the spatial multiplexing mode outperforms the diversity mode depends on the SCPIR – a change of 10dB in SCPIR changes the cross-over point by 7dB, though not linearly.

The advantage of mixed modulation is that the link adaptation can be applied independently on both streams in the same way as it is done in downlink dual carrier operation. It may also be beneficial for retransmissions in EGPRS2-A where otherwise the modulation scheme would have to be aligned between the streams because not all modulations provide all MCS families. On the other hand, the receiver is likely to make more modulation detection errors if mixed modulation is used in the MIMO streams. However, it has been shown that the impact of the BMD error is negligible.

By analysing the technical contributions in [7.2-1], [7.2-2], [7.2-3] and [7.2-4], it can be concluded that the usage of mixed modulation for Downlink MIMO is beneficial in case of non-zero SCPIR. The SCPIR value with a pair of cross polarised antenna is likely to be zero, but the amount of SCPIR that can naturally occur in the MIMO transmission system is not clear. Use of artificially large SCPIR, in order to multiplex legacy user for USF transmission, should be limited to reasonably high SNR condition only.
7.2.5
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