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1. abstract

During the development of Spatial Channel Model (or “SCM”) [1], the bandwidth of operation was chosen to accommodate the 5 MHz WCDMA carrier.  However, E-UTRA will operate in larger bandwidths, so support of up to 20 MHz is required.  This contribution looks at the issues involved in increasing the bandwidth and suggests using the current SCM as a starting point for urban macrocellular E-UTRA.

2. Introduction

The SCM included some wide band characteristics, such as allowing paths to be unresolvable, and thus combining to look frequency selective across the band.  The SCM also included assumptions to limit the complexity of the model based on constraints defined at the time.  One of these constraints was to specify the operation for a 5 MHz bandwidth, which matched the requirement for simulating a WCDMA carrier.  

This contribution looks at some of the issues related to modeling larger bandwidths, and in particular how the SCM would perform with some different model assumptions. 

3. Per-Path Behavior

Since the SCM was designed to operate with a single carrier and limited bandwidth, a predefined number of paths were used.  A delay spread per resolvable path was not modeled, thus each path arrives at a single time instant and has no delay spread by itself, resulting in a Rayleigh fading behavior that is flat across frequency for each path.  The fading rate for each path is also constrained by the specified Azimuth Spread (AS), Angle of Arrival (AoA), orientation of the array, and the Direction of Travel (DoT) of the subscriber.

Each path in the SCM has a specified AS chosen based on measurements to be 35º at the UE and 2º at the NODE-B.  These spatial distributions create the spatial correlation between antennas for each path.  

The fading behavior of each path is specified by a set of 20 equal power sub-paths, which are distributed with a quantized Laplacian distribution in angle of arrival to produce the specified AS.

4. Multiple Path Behavior

When considering multiple paths having unique angles of arrival (AoA) and delays, a composite channel behavior is produced.  The path powers and delays are specified using an algorithm to produce an average exponential power delay profile with some randomness from one realization to another to emulate measured data.  Similarly, angular distributions are used to generate the angle of departure and angle of arrival statistics to model the expected distributions.  The parameters describing the multipath behavior include the delay spread (DS), and the composite AS at the Node-B & UE.  

5. Behavior in Higher Bandwidth channels

In generating the SCM, it is common for more than one path to fall into the same chip time due to the selection of path delays.  This results in these nearby paths being combined, producing a composite signal amplitude, a delay spread across the chip time, and an increased AS of the resolvable signal.  This wide band characterization is already part of the SCM.

In order to more precisely model the increased bandwidth cases, a per-path frequency selectivity model was suggested in [2], which added a number of predefined sub-path delays.  This produces a per-path amplitude variation across the band for each path.  To implement this additional model an extra delay term is require per sub-path, and is used at the time of the subscriber drop.  Thus, it doesn’t add significant additional complexity to the time evolution of the fading model.  

To extend the model in this way, a set of delays is suggested to be included within each path, so that the fading will decorrelate as the carrier frequency is changed, producing frequency selective fading.  

This set of delays is defined and illustrated by the following diagrams.  In Figure 1, an example of the current SCM is shown where the sub-paths arrive at a single time instant and have no delay spread within the path, so there is no relative difference in the delays of each sub-path.  Figure 2 shows the same 20 sub-paths where a predefined delay is added to each sub-path.     
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Figure 1.  Sub-path characteristics at MS illustrating current SCM
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Figure 2, Sub-path characteristics at MS for the enhanced approach

A set of predefined exponentially distributed delays is used to spread the sub-paths of Figure 2 to achieve per-path spreading with a given delay spread.  Some have suggested per-path delay spreads of 10ns [3], however other delays are possible.  The sub-path powers remain equal to ensure a consistent fading distribution, i.e. so that one path doesn’t dominate.  The result of adding these delays to the model would be evident across the frequency band since the sub-paths advance in phase different amounts proportional to the relative delays per sub-path.  Also, the use of a common Doppler (e.g. a Doppler based on the center frequency) simplifies the calculations and keeps phase accumulations from decorrelating the fading behavior across the band.

6. Path Stability across Frequency  

From measured data, paths have been observed from power delay profiles to be quite stable with transmit/receive frequency changes.  In [4] data is shown to be nearly identical for a 190 MHz frequency difference in a 2 GHz band.  Thus the assumption of keeping the same path characteristics for modeling the wider bandwidth situation with a frequency range of 20 MHz is reasonable.  

Therefore the average path powers and angles would remain the same for each carrier.  The fading observed for multiple paths in combination will be frequency selective across the band.  A common Doppler based on the center frequency of the band will be assumed.

Shadow fading measured in the field [5] has shown very high correlation, i.e. an average of 91% in suburban environments for 1.9 GHz transmit/receive paths being 80 MHz apart.  Therefore in the case of a multi-carrier transmission, the differences in the paths that are at most 20 MHz apart can reliably be assumed to have the same shadow fading value.

7. DIFFERENT BANDWIDTH CHANNEL MODELS and Coherence Bandwdith

The bandwidth assumption used for the channel model impacts the number of resolvable multipath components that can be identified at the receiver.  Modeling a particular number of paths for a given bandwidth is typically a parameter that is agreed on for simplicity.  It would generally be a value that varies with location and scattering environment, but most models (including the SCM) use a fixed value for each environment type.   Higher numbers of paths would typically be associated with higher channel bandwidths.  Since a number of models use 20 paths, we consider a modified SCM that uses 20 paths.

The 20 path model is an extension of the SCM adjusted slightly to align with that of the original 6 path model so that it exhibits an equivalent spatio-temporal behavior.   We adjusted the SCM by matching the CDFs of delay and angle spread to those of the original SCM. A table of the revised SCM parameters is provided in the Appendix.

In the following analysis, the behaviors of the original 6 path SCM the modified 20 path SCM, and the 10ns per path delay spread model (described in chapter 5) are compared.  We examine the delay spread and the coherence bandwidth.  

Figure 3 below shows the delay spread of the 3 models.  We observe that the delay spread curves are quite close at all values of delay spread.  
[image: image3.wmf]
Figure 3 CDF of Delay Spreads

One of the most important factors in describing the frequency selective behavior of the channel is the measure of the coherence bandwidth, often described as the 50%-ile coherence bandwidth.  Coherence bandwidth is defined by the point where the autocorrelation of the frequency selective channel (derived from the complex channel impulse response), decorrelates to 50%.  Small, non-resolvable time differences produce small changes in path amplitudes across the band. That is, very small delays such as 10ns produce less than one fade across a 20 MHz frequency change at 2 GHz.  Larger time differences however, produce significant frequency selectivity across the band.  It is these larger delays that dominate the frequency selective behavior and enable frequency selective scheduling and other diversity techniques such as Rake receivers, equalizers, etc.   We therefore check coherence bandwidth to see if the delays are large enough to have significant impact.

In Figure 4, the cumulative distribution function (CDF) of the 50% coherence BW is plotted.  It is evident that the distribution of frequency selectivity behavior of the 20 path channel is quite close to that of the 6 path channel.  Furthermore, the per path delay spread model is almost indistinguishable from the original SCM.

[image: image4.wmf]
Figure 4 Coherence Bandwidth CDFs

These two figures suggest that quantizing the channel to 6 paths may be sufficient to represent the frequency selectivity of the channel.  Note that changing the resolvability of the channel allows more or less resolution to identify nearby sub-paths.  However these sub-paths do not significantly affect the frequency selectivity of the channel.  At best, they only produce slight changes in a given path across a 20 MHz channel.  Thus, it is possible to quantize the channel to 6 paths without affecting the coherence bandwidth distribution as long as the delay spreads are similar.

8. Frequency Correlation Function

When modeling power delay profiles which have a limited number of paths, an oscillatory frequency correlation function is often observed such that the correlation function may see a fly-back effect with an oscillatory period which is a function of the number of strong delay taps of the PDP.  This behavior is not well measured by the coherence bandwidth, so we consider it here.  

In Figure 5, the frequency correlation function (or space-frequency correlation function[8]) is calculated from the channel power delay profile, and is plotted for several random channel realizations.  The oscillatory correlation behavior is evident.  
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Figure 5, Autocorrelation Magnitude versus Frequency for 6 path SCM

Measured channels are not so ideally quantized (e.g. having 6 paths), and so when frequency correlation is calculated, the results do not typically fly back as much.  Some measured channels do have this behavior, i.e. high oscillatory correlation peaks, as in [9].  These are typically channels with only a few dominate paths.

For the channel model with the per-path spreading, the effect produces a slight roll-off in the correlation versus frequency as shown in Figure 6.  This serves to reduce the correlation significantly over the bandwidth extremes, such as 20 MHz, but for smaller bandwidth spacings, there is little effect.  
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Figure 6, SCM 6 path with a 10nS per-path delay spread
The 20 path model, adds more combinations to the vector sum of components, which reduces the level of the oscillatory correlation peaks versus frequency.  In Figure 7, the effect of having 20 paths is shown, wherein the level of correlation is reduced significantly.
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Figure 7, SCM with the number of paths increased to 20, no per-path delay spread

Also in this plot, there are significantly reduced correlation peaks, with most frequency shifts having a correlation below 0.3.  Also with these peaks being typically below 0.4 to 0.5, this level of correlation tends have a minimal effect on simulated behaviors.  

It is clear that the reduced correlation obtained for the 20 path model would be more consistent with field observations. While additional paths or sub paths may be reasonably argued from these observations of correlation to be a more accurate model for greater than 5MHz channels, they are more complex to simulate, so the accuracy improvement from these models should also be considered.  

8. Bounds of channel model impact on performance

We examine performance bounds in order to further quantify the impact of the channel models on performance.  Note the analysis method in this contribution is more detailed than that of [7], since a more accurate (EESM based) method is used. We concentrate on the 20 path model, as it is more likely to produce different results than the per-path extension to the SCM.

We report two metrics of performance: capacity and effective SINR.  For the first metric, we calculated the capacity of each MIMO stream, and report the average capacity of all streams.  For the second metric, we convert capacity to the equivalent amount of SINR needed to reach that capacity with single stream transmission.  The capacity metric is used to examine the impact of the channel model on peak throughput, while the SINR metric can be used to examine diversity gain.  Since only the relative behavior of the two channel models is of interest, and since these results are bounds on capacity, we normalize the results for each antenna configuration to that configuration when used with the (6 path) SCM.  In order to make the curves more readable, the normalization is done slightly differently for the SINR and capacity results.  The median SINR of the 6 path case is subtracted from 20 path results; whereas the 99%ile capacity for 6 paths is subtracted from the 20 path results.  

We examined the performance of 1x1, 4x4 diversity, and 4x4 MIMO antenna systems in a 3 sectored site.   These antenna configurations were selected since they represent likely extremes of diversity and MIMO gain possible for E-UTRA antenna systems.  In order to determine the upper bound on performance impacts, we do not include water filling, interleaving, power control, etc.  We simulated a 4x4 open loop delay diversity method and a 4x4 open loop MIMO method.  These open loop methods were selected, as they would be more likely to be more sensitive due to the lack of water filling, power control, etc.  Similarly, we study a single site in order to have sufficient SINR for the MIMO approaches to be impacted by differences in the channel model.

Since we are interested in both mean throughput and diversity behavior, we model the ability of the channel code to compensate for fading.  At each position in the cell (a “drop”), an effective SINR is calculated for all subcarriers using the EESM method (described in [6]), and then the ideal modulation and coding state (MCS) for each stream is selected.  The capacity for this MCS is then determined as (1-BLER)*bits/Hz for the MCS.  A CDF of effective SINR is calculated at each drop, and the 1% point is retained.  The CDFs of the 1% effective SINR are then calculated.  Similarly, the mean capacity is calculated for each drop, and a CDF is generated of these local mean capacities.  Figure 8 shows the normalized effective SINR metric, while Figure 9 shows the capacity metric. 

Examining Figure 8, we see that the one antenna results are virtually indistinguishable, while the 20 path case is up to 0.3 dB better in both the 4x4 diversity and MIMO cases for up to the 5% point.   At 10% and above, the 20path model can be up to 0.5 and 0.8 dB better for the MIMO and diversity cases, respectively.  As we will see in Figure 9, this 0.8 dB difference for the diversity case is not likely to shift the moderate SNRs enough to significantly affect capacity.
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Figure 8 Effective SINR CDFs

Examining Figure 9, we see somewhat different behavior for the capacity CDF.  The greatest differences between the 6 and 20 path models tend to be in the lower end of the distribution.  As in Figure 8, we see very little difference between the models in the 1 antenna case.  Also, the diversity and mimo cases have the most variation between the 20 and 6 path SCM: the 20 path model has between 4 and 7% more capacity than the 6 path model from the 1% to 10% CDF points.  The percentage differences between the 6 and 20 path cases diminishes above 10%, and the curves are virtually indistinguishable at the highest CDF points. 

[image: image9.wmf]
Figure 9 Capacity CDFs

Finally, we should emphasize that these gains are upper bounds on the impact of channel models.  We expect that HARQ, macro diversity, and other air interface enhancements will further limit the difference between the 20MHz extensions of the SCM and the original SCM.

9. Summary

Several observations were made and discussed in this contribution and are summarized here.

· The path characteristics are relatively insensitive to changes with frequency and thus the average power and angles can be assumed to remain constant across a 20 MHz bandwidth.

· Shadow fading characteristics are similar across large changes in frequency, so they also can be assumed to remain constant across a 20 MHz bandwidth. 

· It is possible to model wider bandwidth operation by adding intra-path delays, or by simulating additional paths.  However, coherence bandwidth analyses and performance bounds results so far do not indicate a pressing need to uses these more complex models.  

· In particular, the performance results with a more complex model and with the 6 path SCM are typically no more different than a few tenths dB at the cell edge and the difference in capacity is less than 5% over much of the cell.  We observed up to 0.8 dB difference for the 4x4 diversity case, at moderate SNRs (greater than 10% CDF points).  However, as we see from the capacity results, this 0.8 dB difference does not shift the moderate SNRs enough to significantly alter capacity.

· The SCM allows nonresolvable paths to combine to form frequency selective paths.  This is an important factor because it includes both temporal and spatial effects and is a characteristic of a wide band model.

10. Conclusion

We considered two approaches to extending the SCM model to 20MHz: one that introduces per-path delay spread, and another that increases the number of paths.  While both can capture the improved time domain resolution possible with wider channel bandwidths, neither has been observed to have sufficient impact on channel selectivity to significantly alter E-UTRA capacity. Therefore, using the existing SCM seems a reasonable starting point for simulations of 20 MHz E-UTRA urban macrocellular E-UTRA. 
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12. appendix: simulation and Channel Model assumptions

	Parameter
	Explanation/assumption
	Comments

	Cellular layout
	Hexagonal grid, 3-sector site
	1 Cell Simulated, Only Thermal Noise Present (No Interference)

	Simulation type
	Snapshot, 10000 Drops
	1000 Samples per Drop

1%  and Mean Tracked per Drop

	Cell radius
	1730 meters
	

	Antenna Pattern
	3 Sector SCM
	Front-to-back-ratio=20dB

Half-power-beamwidth=70( 

	Propagation Model
	SCM System Level

Urban, 8( A.S.
	

	Speed
	Quasi-Static
	

	Number of FFT Bins
	2048; 64 Calculated
	Every 32nd th Subcarrier is used

	Carrier frequency
	2GHz
	

	Node B antenna gain
	14dB
	

	Noise Figure
	9 dB
	

	Cell transmit power 
	20Watts
	

	Antenna Boresight 
	points toward flat side of cell.
	

	Capacity Calculation
	EESM
	

	Interferers
	All cells transmit full power
	

	Reuse pattern
	N/A
	


SCM Parameters

	Number of paths
	Delay Spread Per Path
	rDS Input
	rDS Output
	μDS
	ξDS
	rAS Input
	rAS Output
	μAS
	ξAS
	ASUE Multiplier

	6
	0
	1.7
	1.5472
	-6.18
	0.18
	1.3
	1.2779
	0.81
	0.34
	-0.2175

	20
	0
	1.6
	1.5512
	-6.24
	0.24
	1.275
	1.2932
	0.79
	0.34
	-0.08

	6
	10ns
	1.7
	1.5472
	-6.18
	0.18
	1.3
	1.2779
	0.81
	0.34
	-0.2175


Note:
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σn,AoA is the standard deviation of the AoAs for each of the multipath components [1].

Pn is the relative power of the nth path.

The parameter ASUE Multiplier determines the standard deviation of the AoAs for each of the multipath components.

Description of the other parameters can be found in [1].
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