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1 Introduction

Results from a MIMO channel measurement system that are related to the MIMO channel modelling effort are presented.  A wide range of correlation values (correlation matrices) were computed from the measurements at the different locations within a sector even for the transmitter correlation where the antennas were separated by 40l.   This would suggest that a distribution of correlation matrices or AOAs be used in the correlation channel model.  

For the measurement locations with multipath, the correlation of the second path is higher than the main path particularly as the delay between the main and second path is increased. This would suggest that the correlation matrices should be different for different delays in the correlation channel model.

Using the correlation matrix computed from each location, a correlation based, Rayleigh path, spatial channel model is simulated and the simulated capacity results are compared to the measured capacity results.  There are cases where the simulated capacity and the measured capacity are close, but there are also cases where they are not.  Not all the measured data could be classified as having Rayleigh fading paths, and this is where the correlation based spatial model failed.

2 Measurement System

The system measures the complex impulse responses (CIRs) of the 16 antenna pairs from 4 transmit ports to 4 receive ports in the PCS band. Two slant cross-polarized PCS base station antennas were used at the transmitter, and these were placed atop a building separated by 40 lambda for the measurements.  The per transmitter EIRP was 63 W. Two slant cross-polarized PCS patch antennas were used at the receiver, and these were mounted 3 feet above the roof of a van about 10 feet above ground separated by 1 lambda for the measurements.  The receiver antennas were oriented toward the transmitter before each measurement.  The van was moving ~10 mph while the measurement was performed, and the antenna pointing was maintained.  The measurement is performed over a distance of 35-45 meters.

The sounding waveform is a 1023 length 4.995 Mcps m-sequence that was filtered to a 3.5 MHz bandwidth.  Each transmitter port uses a delayed version of the sounding waveform.  The receiver takes 5 MHz complex valued samples and performs correlation and coherent integration to produce complex valued channel impulse responses.  The receiver is coherent over all 4 ports with the oscillators and clocks locked to a common10 MHz reference.

3 Results 

Measurements were performed in two areas.  In Lowell, MA, a light urban/suburban area with the transmit antennas on a 165 foot building, 103 locations were measured.  The transmit antennas were far above the local clutter of this relative flat measurement area.  In Worcester, MA, a light urban area with the transmit antennas on a 50 foot building, 74 locations were measured.  Worcester is a hilly area.

2000 CIRs  per Tx/Rx pair are stored for a measurement at each location.  The CIR per Tx/Rx pair sample rate was 278 Hz for Worcester (7.2 second measurement) and 221 Hz for Lowell (9 second measurement).

With a 4x4 MIMO system, 16 CIRs were measured at each sampling interval.  From the sequence of CIRs, 120 cross-correlation coefficients were computed for each location for the main path complex-valued signal, the envelope signal, and the power signal.  They are the values above (or below) the main diagonal in the 16x16 correlation matrix.  The elements in the correlation matrices are defined as:

Complex signal correlation coefficient

[image: image1.wmf],

*

j

i

ij

a

a

r

=


Envelope signal correlation coefficient
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Power signal correlation coefficient
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Where the i is the sequence of complex valued main path (or a path at another delay) samples obtained from the CIR samples (de-meaned).

The 120 cross-correlation coefficients can be grouped and identified with a sub-array of the 4x4 MIMO array.  For instance, the 2 receiver and 1 transmitter arrays (2x1) represent cases of  receive antenna diversity (Rx Div), and the 1 receiver and 2 transmitter arrays (1x2) represent cases of  transmit antenna diversity (Tx Div).  These groups can be further broken down into sub-groups cross-pol diversity (Xpol), spaced co-pol diversity (Sp Cpol), and spaced cross-pol diversity (Sp Xpol).

Sp Cpol Tx Div is 1x2 sub-array where the two transmit elements are spatially separated, and the two transmit elements and the receive element have the same polarization.  There are four Sp Cpol Tx Div sub-arrays in the measurement system: two with +45o slant polarization and two with –45 o slant polarization, so there are 4 Sp Cpol Tx Div correlation coefficients out of the 120 correlation coefficients for each measurement.   Xpol Tx Div is 1x2 sub-array where the two transmit elements are co-located and have orthogonal polarization (cross-pol antenna).  The receive element has the same polarization as one of the two transmit elements.  There are eight Xpol Tx Div sub-arrays in the measurement system, so there are 8 Xpol Tx Div correlation coefficients out of the 120 correlation coefficients for each measurement.  Sp Xpol Tx Div is 1x2 sub-array where the two transmit elements are spatially separated and have orthogonal polarization.  The receive element has the same polarization as one of the two transmit elements.  There are eight Xpol Tx Div sub-arrays in the measurement system. The above descriptions and numerology apply to the Sp Cpol Rx Div, Xpol Rx Div, and Sp Xpol Rx Div sub-arrays, but substitute receive for transmit and transmit for receive.

Figure 1 shows the main path complex-valued signal, the envelope signal, and the power signal correlation coefficient CDFs for the Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 2 is for the Lowell data.  In general, there is a large range of correlation coefficients measured, the Tx Div and Rx Div CDFs are not significantly different, and the envelope signal and power signal correlation coefficients are very similar and smaller than the magnitude of the complex correlation coefficients.  For Lowell, a high site, the Tx Div has higher correlation than the Rx Div.
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Figure 1 - Main path complex-valued signal, the envelope signal, and the power signal correlation coefficient CDFs for the Tx Div and Rx Div sub-arrays for the Worcester data.
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Figure 2 - Main path complex-valued signal, the envelope signal, and the power signal correlation coefficient CDFs for the Tx Div and Rx Div sub-arrays for the Lowell data.

For complex Gaussian random processes, the magnitude squared of the complex-valued signal correlation coefficient is equal to the power signal correlation coefficient.  This relationship is not observed in either Figure 1 or Figure 2.  Although some of the main path signals and the multipath signals in these measurements were Rayleigh fading signals, low K factor Rician signals (90% of estimated K were less than 1) were frequently observed for the main path. 

Figure 3 shows the main path complex-valued signal correlation coefficient CDFs for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 4 is for the Lowell data.  In general, Xpol Tx Div (Xpol Rx Div) has equal or lower correlation than Sp Cpol Tx Div (Sp Cpol Rx Div), the Xpol Tx Div and Xpol Rx Div correlation coefficients are very similar, and the Sp Xpol diversities cases have the least correlation.  For Lowell, a high site, the Sp Cpol Tx Div has a high degree of correlation. 
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Figure 3 -  Main path complex-valued signal correlation coefficient CDFs for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Worcester data.
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Figure 4 -  Main path complex-valued signal correlation coefficient CDFs for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Lowell data.

Measurements that clearly exhibited at least one other strong, separate path (multipath) in addition to the main path existed in 41 out of 103 Lowell locations and 34 out of 74 Worcester locations.  In these cases, after thresholding the Power Delay Profile (PDP) at 10 dB above the noise floor, a multipath was found at the same delay in all 16 PDPs and it was separate from the cluster that contained the main path.  The minimum delay between the main path and the second path was 9 samples (1.8 usec).

Figure 5 shows the main path (P1) and the second path (P2) complex-valued signal correlation coefficient CDFs for the Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 6 is for the Lowell data.  In general, the second path (P2) Tx Div has higher correlation than the main path (P1) Tx Div.
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Figure 5 -  Main path (P1) and the second path (P2) complex-valued signal correlation coefficient CDFs for the Tx Div and Rx Div sub-arrays for the Worcester data.
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Figure 6 -  Main path (P1) and the second path (P2) complex-valued signal correlation coefficient CDFs for the Tx Div and Rx Div sub-arrays for the Lowell data.
Figure 7 shows the second path complex-valued signal correlation coefficient CDFs for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 8 is for the Lowell data.  From these figures, it is clear that the Sp Cpol Tx Div sub-array is what causes the Tx Div correlation of the second path to be greater than the main path.  The angle of departure (AOD) for the second path is larger the AOD of the main path relative to broadside, so the distance separation necessary for decorrelation of the transmit antennas is increased over the main path case. 
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Figure 7 - Second path (P2) complex-valued signal correlation coefficient CDFs for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Worcester data.
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Figure 8 - Second path (P2) complex-valued signal correlation coefficient CDFs for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Lowell data.

The main path complex-valued signal, envelope signal, and power signal correlation matrix calculated for each location was used to introduce correlation into many realizations (10,000) of random complex-Gaussian channel matrices.  This was done for the 4x4 configuration and also for the two spaced 2x2 configurations of +45o slant polarization and -45o slant polarization.  The Shannon capacity of each simulated channel was computed (assuming a mean SNR of 20 dB) and the CDF of capacity was plotted along with the CDF of capacity from the 2000 measured channel samples as well as the uncorrelated channel capacity.  The measured data was normalized to have the same average power on each of the 16 main path signals.  Figure 9 shows the resulting CDFs for one location in Lowell for the 2x2 +45o slant polarization.   
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Figure 9 -  Measured and Simulated Capacity CDFs for one location in Lowell for the 2x2 +45o slant polarization.

For each location, the average squared relative error between the measured and simulated capacity CDFs over the range 0.01 to 0.99 was computed as a measure of how close the simulation matches the measurement. For Figure 9, the average squared relative error between the measured capacity CDF and the simulated capacity CDFs using the envelope correlation matrix, the square root of the envelope correlation matrix, the square root of the power correlation matrix, the complex correlation matrix, and the uncorrelated case is respectively: 0.084, 0.0052, 0.0064, 0.0019, and 0.14.  At this location, the complex correlation matrix produced the closest match to the measured data, and the main path signals had Rayleigh statistics.  Figure 10 is the result for all the Worcester locations, and Figure 11 is the result for all the Lowell locations for the 2x2 +45o slant polarization configurations.  Similar results were observed for the 2x2 -45o slant polarization configurations and the 4x4 dual cross polarization configurations.  Using the square root of the power correlation matrix to generate a correlated channel model usually gave the closest match to the measured data.  In general, the square root of the power correlation matrix gives higher correlation than the complex correlation matrix at a location, and the higher correlation produced a better channel model.
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Figure 10 -  Closeness of Measured and Simulated Capacity CDFs for all Worcester locations for the 2x2 +45o slant polarization.
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Figure 11 -  Closeness of Measured and Simulated Capacity CDFs for all Lowell locations for the 2x2 +45o slant polarization.

4 Conclusion
The following channel properties can be observed from the results presented before:

· Correlation coefficients vary a lot over locations in the same environment. This means that assuming one fixed correlation matrix for a given antenna configuration and propagation environment does not reflect the range of conditions that are observed in the measurements.
· Correlation coefficients vary a lot for different polarization combinations of Rx and Tx antennas. This indicates that polarization effects need to be addressed in a channel model.
· Correlation coefficients can get quite high at the mobile station, although the antenna spacing is equal to one lambda. This indicates that a uniform PAS at the mobile is not realistic.
· Correlation coefficients vary with delay. This indicates that the PAS is different for different delays.
· Generation of fading channel based on correlation matrices doesn’t fit the observable channel statistics in terms of theoretical capacity very well. In fact, using correlation matrices that fit the measured correlations best (complex signal correlations) did result in worse capacity CDF fits that other, less accurate correlation matrices (square root of power correlation). This indicates that second order channel coefficient statistics alone might not be a good choice to describe the statistics of a channel in terms of capacity.
The presented results were intended to gain a better understanding of the channel properties in MIMO systems, which in general aim to exploit the diversity offered by a multi-dimensional channel. It seems to be a common assumption that this diversity potential can be described by correlation properties of the milti-dimensional channel. Such analysis is not sufficient to study beam forming or other Tx diversity schemes since such schemes in general can exploit spatial information that go beyond correlation properties of the channel. Therefore, further measurements and analysis need to be done to get a sufficient understanding of important channel characteristics.
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