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Aspects of link adaptation for MIMO
1 Introduction

At GERAN#57, a new study item on Downlink MIMO [1] was approved. 
One of the aspects to be investigated by the study is the link and mode adaptation.
In this paper, aspects of link adaptation for MIMO and MSRD with respect to time varying channel correlation are discussed and evaluated. 
The impact on MIMO from mode adaptation is not considered.
2 Background

The selection of MCS for downlink transmission is done by link adaptation, which, based on measurements from uplink and downlink, estimates the link quality relating with e.g. channel conditions and experienced SINR. For MSRD and MIMO which achieves higher capacity as a result of spatial diversity, there is an additional aspect in link quality that impacts the achievable throughput and the best MCS to transmit. That is the channel correlation. 
It is expected that for a non-stationary mobile, the experienced channel correlation is likely to vary with location, or in this case equivalent to say, vary with time. Because of this, even with an ideal link adaptation, ideal in the sense that it is able to make an optimum MCS selection for channel conditions based on previous measurements, during the coming poll interval the channel condition, in terms of channel correlation might change and indicates an optimum MCS choice different from what has been chosen. This is illustrated in Figure 1, where the decision made at point 2 based on previous measurements received until point 1 will be used between point 2 and point 4, during which the channel conditions, in terms of the channel correlation might vary and differ from before.
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Figure 1: Illustration of impact of channel correlation on link adaptation.
To summarize, the time-varying channel correlation introduces potential performance loss even if the link adaptation is ideal for channel conditions corresponding to which previous measurements have been made. Further, it could be expected that this performance loss will increase as the measurements which link adaptation is based on become more out-of-date, either due to delay in the feedback link or increased poll interval, as illustrated in Figure 1. 
In this paper, evaluations have been carried out focusing on evaluating the performance loss due to time varying channel correlation that results in sub-optimum link adaptation performance. MIMO throughput achievable in realistic conditions is also evaluated. No consideration is taken to the mode adaptation, which is also needed for MIMO to operate efficiently.
3 Methodology 

Live test data
One important aspect in the evaluation is to model time varying channel correlation. To capture realistic channel correlation property, channels measured from a MIMO channel measurement campaign are used. The measurements were performed with a van driving along different measurement routes with maximum speed of 30km/h, in a three-sector site in an urban macro cellular environment. Along the route, both LOS and NLOS were experienced. Channels were measured at 2.65GHz and recorded every 5.33 ms to enable a perfect reconstruction. More information regarding the measurement campaign can be found in [2].  

The channels are re-sampled in this evaluation to approximate the channel variation that would be experienced in an 1800 MHz band GSM channel, with a maximum speed of 45 km/h.  
Assumptions

Following assumptions are used for evaluations in this paper:

· Link adaptation is assumed ideal, ideal in the sense that if channel correlation is constant, there will be no performance loss due to link adaptation. This assumption is made in order to focus the evaluation on performance impact solely from channel correlation if it varies with location/time.

· As a starting point, only RX correlation is estimated and modeled from live channel data, and used in simulations. This is due to:
· The channels used for analysis were measured with 2x2 cross-polarized transmit antennas, therefore no or low TX correlation is expected. Besides, cross-polarized TX antenna is one antenna architecture that is likely to be used for 2x2 MIMO;
· For MIMO study, it has not been decided how TX and RX correlation should be applied. For this evaluation, by only modeling RX correlation, it is straightforward to analyze the impact of correlation on performance. It also becomes possible to directly compare between MSRD and MIMO the impact of a time varying channel correlation on performance.
Correlation drifting model

Correlation estimation

The RX correlation is calculated as follows:

· Step 1: An averaged correlation matrix Ri is calculated, at burst i, using N previous samples
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denotes the channel between transmit antenna m, m=1,2 and receive antenna n, n=1,2. 
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;
· step 2: Normalize R to calculate RX correlation. The RX correlation used in further analysis is expressed by its magnitude;
· step 3: Repeat step 1-2 for each burst.
Correlation for different frequencies

As a first step, the channel correlation properties across sub-frequencies in the same operating band are analyzed. In this case, a total of 162 sub-frequencies, with bandwidth 123 kHz are covered. This will cover roughly 20 MHz bandwidth, which can be compared to the frequency bands used in GSM that span from 25-75 MHz, see Table 1. 
Table 1. GSM frequency bands

	Frequency band
	MHz

	GSM 850
	2x25

	E-GSM
	2x35

	DCS1800
	2x75

	PCS1900
	2x60


To average out fast fading, a relatively longer averaging length corresponding to 60 wavelengths has been used. The time-varying RX correlations across frequencies are shown in Figure 2. It can be seen that over the whole route, the correlation across the sub-frequencies in general are well correlated, which indicates that average RX correlation seems independent of frequency, given that the frequencies are in the same relevant band. Same behavior is expected for TX correlation. This also indicates that link adaptation with respect to channel correlation could be frequency independent. 
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Figure 2: Channel correlation across frequencies.

According to [2], the maximum distance for the channel to be viewed as wide sense stationary is 9 wavelengths for 2.65GHz band in which the channels were originally measured. This corresponds to approximately 6 wavelengths for our analysis in 1800MHz band. In order to capture correlation variation, meanwhile have sufficient number of independent samples for a reliable estimate, channel samples across all sub-frequencies (in the measured 20MHz) within 6 wavelengths are used for calculating the averaged correlation matrix R in analysis described below. This has been verified with an alternative method in which channel samples across all sub-frequencies (in a 5MHz bandwidth) within 6 wavelengths are used for calculation. Correlation estimated with both methods are well correlated. 
Correlation for different antenna sets
In Figure 3, the estimated RX correlation using different receive antennas, correspond to prototype B and prototype C in [2] is shown. Both prototypes comprise closely space and orthogonally placed notch antennas, they differ in the placement of the antenna. Channels measured with both prototypes cover the same route. It can be seen that the experienced RX correlation is antenna dependent. 
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Figure 3: RX correlation with different receive antennas. 

Correlation drifting model

With the estimated channel correlation from 3.3.3, a correlation drifting model P is built which models the probability of correlation drifting with time, with a given feedback delay D (in frames) and poll interval L (in frames), as shown in Figure 1. In our analysis, all estimated correlation values have been used, however they have been quantized with a step of 0.1 (so the correlation maps the values used in simulation, [0, 0.9] with a step of 0.1) when building the correlation drifting model P. Further, P(i,j) is the probability that the estimated correlation based on previous measurements (correspond to measurements no later than point 1 in Figure 1) is Corr(i), while the actual correlation for a specific burst during the interval where the new MCS will be used (correspond to interval between point 2 and 4 in Figure 1) is Corr(j). The correlation is mapped as 
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. In Figure 4, the correlation drifting model corresponding to receive antenna prototype C, with feedback delay 26 frames (corresponding to 120 ms), and poll interval 26 frames is shown. It can be seen that at the time decision from link adaptation is applied, the actual correlation in most cases drifts from the estimated correlation.
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Figure 4: Correlation drifting model.

Degradation

Additional degradation

The additional performance loss due to time varying channel correlation is defined as:
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 is the throughput with MCS chosen according to the estimated  channel correlation without delay, and
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 is the throughput obtained with MCS chosen according to an estimated channel correlation based on earlier measurements. One examples is illustrated in Figure 5. 
A degradation matrix D is then constructed, where:

D(i,j) is the additional degradation given an estimated correlation C(i) and actual correlation Corr(j),  correlation 
[image: image16.wmf]1.0]

 

[0,

 

 

Corr(i)

 

so

 

,11,

1,

 

 

j

 

i,

 

,

10

1)

-

(i

 

 

Corr(i)

Î

¼

=

=

. 

[image: image17.emf]M

C

S

-

Y

M

C

S

-

X

M

C

S

-

Y

M

C

S

-

X

Thp_obtained

Thp_ideal

Throughput with correlation 0.0

Throughput with correlation 0.7

Estimated correlation: 0.0

True correlation: 0.7


Figure 5: Illustration of additional degradation. 
Averaged degradation
A weighted averaged degradation is calculated as:
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4 Results and discussions
Simulation settings

The simulation settings used in this discussion paper are listed in Table 2. 

Table 2: simulation settings
	 Parameter
	Value

	MCSs
	DAS-5-12

	Impairments
	Typical Tx/Rx

	Channel correlations
	[0.0, 0.9], with a step of 0.1

	Channel correlation model
	As specified for MSRD in 3GPP TS 45.005

	Channel propagation
	TU3iFH

	Interference/noise
	Sensitivity

	Frequency band
	1800 MHz

	#frames
	5000

	Backoff
	8PSK/16QAM/32QAM: 3.2 / 4.7 / 5.1 dB


Impact on link adaptation performance
Averaged degradation 

In Figure 6, the averaged degradation for MSRD and MIMO due to time varying channel correlation is shown, with different poll intervals and feedback delay.  It can be seen that given the same delay and poll interval, MIMO experiences a larger degradation comparing with MSRD. The degradation increases as the delay or poll interval increases, however a longer poll interval (e.g. 208 TDMA frames, or equally 960 ms) only introduces small additional degradation comparing with the degradation with a shorter poll interval (e.g. 26 TDMA frames, or equally 120 ms). Further, the degradations for both transmission schemes are in general limited, with degradation very dependent on the SNR simulated. 
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Figure 6: Averaged degradation due to time varying channel correlation (cover both LOS and NLOS), for MSRD and MIMO.
Achieved throughput

Based on correlation estimation, a probability model is built that models a realistic distribution of experienced RX correlation from the live test data. The probability distribution is summarized in Table 3.  
Table 3: Distribution of experienced RX correlation.
	Probability (%)
	0
	0.1
	0.2
	0.3
	0.4
	0.5
	0.6
	0.7
	0.8
	0.9

	RX prototype B
	3.6
	12.0
	20.5
	21.6
	15.6
	11.2
	5.9
	5.5
	2.9
	1.2

	RX prototype C
	1.1
	5.9
	13.9
	19.6
	19.7
	15.7
	9.4
	6.7
	5.6
	2.4


The achievable throughput given realistic RX correlation distribution is shown in Figure 7  for MIMO and MSRD, which is calculated by weighting the ideal LA throughput given correlation 0.0 to 0.9 with the probability listed in Table 3, and then add the averaged degradation due to varying channel correlation, from analysis in 4.2.1. It can be seen that RX prototype B and C result in similar throughput. In average, the degradation given realistic correlation distribution for MIMO, comparing with ideal LA throughput with no correlation is around 1.5dB over the SNR region where MIMO is likely to be used. For MSRD, the achievable throughput given realistic condition is quite close to ideal throughput with no correlation. 
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Figure 7: Throughput, MIMO and MSRD.
5 Conclusions

In this paper, the performance loss due to time varying channel correlation resulting in sub-optimum link adaptation is evaluated. Channels measured from the field are used for building realistic time varying channel correlation models. 
It has been shown that: 
· The performance loss increases with increased feedback delay and poll interval in link adaptation. 
· Larger performance loss due to time varying channel correlation has been observed for MIMO comparing with MSRD. The performance losses for both cases however are in general limited, and does not apply equally across the SNR range investigated. Besides, a longer poll interval (e.g. 960 ms) only results in small additional degradation comparing with a shorter poll interval (e.g. 120 ms), which indicates that the link adaptation could be kept at its current updating rate, when considering tracking the time varying channel correlations. 
· Using a realistic RX correlation distribution models results in average 1.5dB degradation (covering both LOS and NLOS) for MIMO, comparing with ideal throughput with no correlation. On the other hand, the achievable throughput for MSRD using the realistic channel correlation is quite close to ideal throughput with no correlation. 
· The RX correlation across the 20 MHz of the measured bandwidth could be considered as frequency independent (same is expected regarding TX correlation), which indicates that the link adaptation with respect to channel correlation could be performed as frequency independent.
It should be pointed out that the live channel data used in the evaluation represents 212 sec of measurement data, and the derived RX correlation distribution should be considered thereafter and not as representing all possible channel realizations in the field. 
Further, the impact on performance should be considered in the context that it is only the impact of a time varying channel correlation that has been evaluated in a sensitivity scenario using realistic delay figures in GSM RAN. Areas for further consideration are: 
· Tx antenna correlation: Correlation evaluations in this paper has been focused on RX correlations. No estimation or evaluation has been done with respect to TX correlation. However, similar observation in terms of the impact of time varying correlation on performance is expected. 
· Non-ideal link adaptation: The link adaptation is assumed ideal (in the sense that no performance loss is expected with constant channel correlation), except the inefficiency in correlation tracking. Therefore further degradation in performance is expected given non-ideal link adaptation. 
· Interference limited system: Evaluations are only covering a sensitivity limited system.
·  Mode adaptation: The impact on performance from mode adaptation is not covered in this paper, but is an important factor for understanding MIMO performance. For the degradation evaluation in MIMO, dual stream transmission has been assumed irrespective of channel correlation, and the performance impact with RX correlation estimated from the recorded data has been modeled with the use of a TU propagation environment in the simulations. In scenarios where the channel correlation is high (e.g. 0.9), a single stream transmission might be used instead in certain SINR region, therefore the averaged degradation for MIMO obtained by this evaluation might be a bit overestimated.
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