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1 Introduction

In the SCM channel group, there has been a lot of discussion recently about the correct way to model the large angular spread observed in urban environments.  Some companies have proposed to use a model that is similar to the suburban model (i.e., with the DOAs clustered around the (quasi)- LOS component), while increasing the angular spread to up to 15 degrees. An alternative proposal, contained in a model proposal by Mitsubishi two months ago (and brought up in documents and the discussions by Lucent, Mitsubishi, and others for more than 6 months) suggests the use of so-called “far scatterer clusters”, corresponding to reflections from far buildings.  This contribution is intended to discuss the pros and cons of the two approaches, and to investigate whether they are equivalent.

The contribution is organized the following way: in Section 2, we review some measurement campaigns with respect to the distribution of the angular spectrum. Section 3 then discusses the question whether the two approaches are equivalent if only certain measure like the rms angular spread are identical. Section 4 finally considers implementation complexity. An appendix clarifies some of the definitions.

2 Experimental results

There have been many measurement campaigns in the past that deal with urban environments, and they can be grouped the following way:

1. narrowband measurements. These measurements cannot reveal any clustering structure.

2. wideband measurements. These measurements are already useful, as they allow identification of clusters on the delay axis. We will not give an exhaustive review of those measurements here. Suffice to say that the COST 207 model, which is in worldwide use as the “GSM” wideband model, characterizes two environments (“Bad Urban”, and “Hilly Terrain”), by a “two-cluster” structure. In other words each of the  two scatterer clusters shows an exponential decay (with a time constant of a few hundered nanoseconds); the starting times of the two clusters are separated by some 10 microseconds.

3. directional measurements. These measurements can be best used to point out the clustered nature of the channel.  The following papers have clearly established the importance of clusters in urban environments: 

a. Martin_1998: this paper describes a measurement campaign in Frankfurt, Germany. This city has a strong resemblance to many American cities, with a high-rise city center, surrounded by low-rise edifices. The paper clearly identifies many skyscrapers as “far scatterer clusters”. 

b. Kuchar_et_al_2000: this paper reports measurements in Paris, France, and is notable in that the directions-of-arrival at the mobile station are resolved. Also here, several locations are identified where a far scatterer cluster leads to increased delay dispersion. The increase in angular dispersion is not necessarily relevant, since even with far scatterers being present, DOAs are mostly determined by the street canyon orientation.

c. Pedersen_et_al_1998: this paper is based on measurements done in Bristol, UK, and near Aalborg, Denmark. Some “multiple clusters” were observed when the antenna height was low, but this was “atypical”. 

d. Pajusco_1998: this paper contains measurements in urban small cells in Mulhouse and Paris, France. The authors observe both cases where there is only a single cluster (with a very small angular spread), as well as cases with several clusters. In one “atypical” case, there was even hardly any energy from the direction of the mobile. However, the case where there is both a “local” cluster and “far clusters” is judged to be most typical.

e. Toeltsch_et_al_2002: these extensive measurements in Helsinki, Finland, have shown that for macrocellular situations (as well as micro- and picocellular), several clusters are present.  2-3 clusters have to be taken into account to cover 75% of the energy in 90% of the cases. 

f. Asplund_and_Berg_1999: this paper reports measurements in Stockholm, Sweden. This city is characterized by large areas without buildings (water, for that matter), between the built-up areas. Again, multiple clusters have been observed.

g. Kalliola_et_al_2002: these measurements were done at the MS side of the link in Helsinki, Finland. Again, multiple clusters are observed. It must be noted, however, that the measurement environment was the same as in [Toeltsch et al 2002], and thus are not an independent results.

4. Double-directional measurements: to our knowledge, there are no double-directional measurements for urban macrocells that allow an interpretation in the delay-angle domain. Most of the existing measurements show the correlation matrix in addition to the delay, so that an extraction of the clustering structure is difficult.

The above literature review makes clear that channels with multiple scatterer clusters frequently occur in nature. We do not claim that they are the only occurring channel realization – especially in smaller cities, and regularly built-up areas, only scattering around the MS is important. What we want to stress is that far scatterer clusters occur often enough to qualify as an important propagation scenario in urban environments.

3 Local-plus-FAR-SCATTERERS and Local-scatterers-with-large-spread – are they the same?

Having established that far scatterer clusters reflect physical reality in many cases,  we now turn to the question whether a far scatterer cluster can be represented by an “equivalent” increase in the rms angular spread of the cluster around the MS. For this purpose, we will first consider the correlation between BS antenna elements in single-directional case. This is of interest to this group, because the channel model will also be used for TX diversity assessment. Then, we will turn to the more relevant aspects of interference suppression and MIMO capacity.

3.1 Correlation for SIMO systems 

Let us consider a multiple-element antenna that is used for providing diversity at the BS.  In such a system, the directions of the arriving multipath components are not important. Rather, it is the correlation coefficient between the signals at the antenna elements that determines the effectiveness of the diversity scheme. Now it has been established in [Aszetely 1996] that – if the maximum angular spread is small – the correlation coefficient is solely determined by the rms angular spread of the arriving signal. For this case, it is thus possible to replace an angular spectrum with, e.g., two peaks (the “local scatterers” and the “far scatterers”) by an “equivalent” single-peak angular spectrum that has the same rms delay spread. The performance of those systems thus is the same.

This equivalence is well known, and might be one of the reasons why there is the widespread misconception that this equivalence might hold for arbitrary situations (even though the original paper gives a good statement about the restrictions in the applicability).

A first restriction becomes already obvious when we go from the narrowband to the wideband case. Then, we have to distinguish between the angular spectrum for each possible delay (e.g., each chip in the CDMA system). In the “equivalent” single-cluster model, the (small-scale averaged) power delay spectrum is the same for each delay. In the “far cluster model”, we have one angular spectrum for the local cluster, and a different one (with a different mean direction of arrival) for the late clusters. 

A second restriction arises from the fact that the above argument works only if the channel is exactly known, i.e., either on the receive side, or when the transmitter receives instantaneous feedback of the channel state. If the transmitter has only knowledge of the average channel characteristics, then for the “two-cluster” case, we can employ “beam-switching” diversity, sending alternatingly towards one cluster or the other [Kuchar et al. 1999].  In that case, we do obtain diversity for the two-cluster case, but not for the one-cluster case.

The third restriction is that even for the complete channel knowledge, the equivalence is only true for small rms angular spreads and small total angular spreads. This is demonstrated in Fig. 1.
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Fig. 1. Correlation coefficient for different shapes of angular spectra.

3.2 MIMO capacity

As the 3GPP-3GPP2 model is intended for MIMO applications, the MIMO capacity is probably the most important quantity that characterizes the channel. It describes, after all, the information-theoretic upper limit of the performance of any possible system proposal. Let us assume in the following that the angular spectrum at the MS is uniform for all delays (this does not correspond to physical reality in the majority of cases, but is sufficiently realistic, and makes it easier to work out the essential points of our arguments). The angular spectra at the BS are assumed to be Laplacian.

Let us now consider the case of two scatterer clusters, each with an rms angular spread of 0 degree; their mean DOAs are separated by 50 degrees and a total rms angular spread of 5 degrees. Let us also consider a single-cluster system with an angular spread of 5 degrees. 

Let us first give an intuitive argument why the two capacities should NOT be the same. Consider first the rank of the matrix. As the received signal is noisy, we introduce the concept of “effective” rank, by which we mean the number of eigenvalues of the transfer matrix that are larger than the noise variance. 

Consider the effective rank of the matrices as a function of the SNR (for antenna spacing of one wavelength, with 4 antenna elements at each link end). For the two-cluster matrix, the rank is always two as long as the SNR is larger than 20dB (if the power ratio of the two clusters is 20dB). Increasing the SNR more is not going to change the rank, only the mean SNR. For the one-cluster model, the number of effective eigenvalues is going to be one as long as the SNR is smaller than the ratio of the first two eigenvalues of the transfer matrix. However, as we increase the SNR to large values, we will finally have four effective eigenvalues. Figure 2 shows the capacity as a function of the SNR for the two systems. We see that the capacity of the one-cluster model increases faster with SNR than the two-cluster case.
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Fig. 2: Mean capacity as a function of the SNR; for 4*4 system, with 5 degree angular spread.

This difference becomes even clearer when we look at a system whose capacity is limited by the order of the modulation format. In that case, even at infinite SNR, the capacity cannot exceed the order of the modulation format, times the number of effective eigenvalues. Clearly, in our example, the two-cluster model (with zero spread per cluster) would fare worse. And while this example sounds a bit abstract, it is worth remembering that many system proposals use only BPSK or QPSK, so that the limitations by the order of the modulation format can set at finite, quite low, SNRs.

Similarly, the capacity as a function of the number of antenna elements is different for the one-cluster and the two-cluster case. For a low number of antenna elements, the capacity is identical. However, as the number of antenna elements increases, the two-cluster case capacity saturates, whereas the one-cluster case capacity increases monotonously. 

Next, let us look at the capacity as a function of the antenna spacing. For the two-cluster model, we will have better capacity at very small antenna spacings – the large angular separation of the clusters is sufficient to provide different paths over which the data streams can propagate. An increase in the spacing of the antenna elements does not lead to a significant increase in the capacity. For the single-cluster system with large angular spread, on the other hand, we find that the capacity is very small for small antenna separation, and increases to approximately double the “two-cluster” capacity at extremely large spacings. In our simulations, the capacity of the one-cluster channel increases from 14 to 21 bits/s/Hz as the BS antenna spacing increases from 0.5 wavelengths to 100 wavelengths; where the capacity of the 2-cluster system stayed constant.
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Fig. 3: Mean capacity of N*N MIMO systems, SNR=20dB, as function of number of antenna elements.  

3.3 Interference suppression

Let us next investigate the role of far scatterers for the suppression of adjacent-cell interferers. As we are considering the downlink, we need to suppress the adjacent-cell base station signal; we also assume that one BS is providing the dominant interference. There are two possibilities:

1. the far scatterer cluster can be a common scatterer for the signal from the desired BS and from the adjacent BS. In that case, it is usually advantageous to apply beamforming, so that the signal from the far cluster, as well as from the direction of the adjacent cell BS location itself, can be suppressed. 

2. the far scatterer cluster is visible only for the desired BS. In that case, it is advantageous to exploit the signal from the far scatterer.

This shows that the multiple-cluster case might be a “best case”, or a worst case, depending on whether the far scatterer acts as “conduit” for interfering radiation or not.

There are basically two ways of suppressing interference. One is to use “optimum diversity”. It is well known (Winters 1984] that N receive antennas can eliminate N-1 interfering signals. This fact is independent of the angular distribution of the desired and interfering signals. However, in a MIMO-BLAST system, that approach can rarely be used for interference suppression, because each transmit signal consists of M data streams, and we already need M receive antennas to separate the desired transmit data streams. In other words, an MS would need 2N antenna elements for the suppression of just one adjacent-cell. This is not realistic for handheld devices.

The alternative approach is the suppression of signals coming from a specific direction. Since all the data streams belonging to an interfering BS are coming from the same directions, this is easier to achieve. For this scheme, the angular distribution of the SIR is essential for the performance assessment. 

4 Complexity aspects

The complexity of the model should not increase too much by the inclusion of the far scatterers. In this section, we restrict ourselves to showing that the increase in CPU time for setting up the model is less than a factor of two compared to the single-cluster model.

The complex impulse responses are obtained by summing the contributions of the “tapped delays line” contributions at the different antenna elements; detailed procedures of how to approximate the continuous angular spectra by discrete tapped delay lines (TDLs) have been given in the contributions from Lucent, TI, and Motorola.  Now adding a far scatterer cluster just mean the addition of additional tapped delay lines. Doubling the number of TDLs means doubling the CPU time. Now it seems that the number of TDLs per scatterer cluster is smaller if the scatterer cluster has a smaller angular spread (for a given desired accuracy). This means that the total number of TDLs (number per cluster, multiplied by the number of clusters) for the “two-cluster model” is less than twice the number of TDLs for the “equivalent” one-cluster model (one cluster with larger angular spread). The details of this relationship require more analysis, and are beyond the scope of this paper. 

Considering that the computation of the vector impulse responses is only a small part of the total complexity of the system model simulations, we think that this demonstrates the  increase in complexity by including the far scatterer clusters is not a major obstacle.

5 Summary

We have established the importance of including far scatterer clusters in the MIMO channel model currently under consideration by the joint 3GPP and 3GPP2 working groups. We have done this by the following chain of arguments:

1. By reviewing measurements of the directional characteristics of wireless channels, we have shown that in urban environments, multiple scatterer clusters are occurring very frequently. This is especially true for cities with nonuniform building structures. Furthermore, the single-cluster case is already included in the model as the “suburban environments”.

2. We have established that the existence of far scatterer clusters has a major impact on the system performance, both for TX diversity, and for true MIMO systems. We demonstrated that both for transmit diversity, for interference suppression, and for the critical issue of MIMO capacity, a multiple-cluster model gives results that are different from that of an “equivalent” single cluster model with a larger angular spread.

3. We have shown that the increase of computation time for the impulse responses caused by the multiple scatterers is at most a factor of two, and considerably less for the complete system simulation. Furthermore, the modifications in the simulation code are trivial.

Based on these results, we feel that far scatterers should be included in the “urban environment” case of the 3GPP-3GPP2 MIMO channel model.

6 Appendix: Definitions

Some expressions used in the main part of the text here are defined in the following:

1. “narrowband” means measurement (or modeling) of the received field strength when the channel is excited by a pure sine wave. Slightly more generally, it is sufficient that the exciting signal has a bandwidth that is much smaller than the coherence bandwidth of the channel (see also [Molisch 2001]. 

2. “wideband” means a measurement or system where the system/measurement bandwidth is considerably larger than the coherence bandwidth. Such a system is specified by the impulse response.

3. “directional” means a measurement or system where the antenna at one link end can distinguish between signals coming from different directions. This is usually achieved by multiple antennas.

4. “double-directional” means a system where the antennas at both link ends can distinguish between signals coming from different directions. This is usually a MIMO system. The correlation between the signals at the different antenna elements can be derived from the double-directional channel characteristics.

5. A “scatterer cluster” is a group of multipath components with similar directions and delays; separated from other multipath components by “empty” (i.e., without significant power) regions in the delay/angle plane. We stress that a definition of clusters always involves a certain degree of arbitrariness (e.g., a threshold level below which we declare a region to be empty). However, a visual investigation of the plots (power over angle-delay) usually reveals a very strong clustering nature. Those clusters can also be associated with the location of scatterers being clustered in certain regions.  
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� It sounds strange at first glance that the two-cluster capacity saturates, whereas the one-cluster capacity does not. This is explained by the fact that the per-cluster spread is zero in the two-cluster case. If it would larger than zero, then there would be no saturation effect.
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