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Introduction

This contribution is an update of the results presented at the RAN1 meeting #22 in Jeju, [4]. Statistics and system performance results derived from the measurements performed from a multiple-input-multiple-output (MIMO) wideband channel measurement system are presented. These results are applicable to the MIMO channel modeling effort particularly for the model with paths at different time delays and correlation matrices for the paths [1].

A wide range of correlation values (correlation matrices) was computed from the measurements at the different locations within a sector even for the transmitter correlation where the antennas were separated by 40.   This would suggest that a distribution of correlation matrices or AOAs and ASs be used in the correlation channel model. A wide range of correlation values was reported in [3] also.

For the measurement locations with paths at different delays (resolvable multipath), the fading of one path is independent of the fading in another path as currently assumed in the baseline model.  The correlation matrix of one path is independent of the correlation matrix for another path, and the distribution of the correlation for the second path is higher than the distribution of correlation for the main path particularly as the delay between the main and second path is increased. This would suggest that the correlation matrices should be independent for different delays in the correlation channel model.  This was observed in [3] also.

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 may be where the correlation based spatial model failed.

Measurement System

The system measures the complex-valued impulse responses (CIRs) of the 16 antenna pairs from 4 transmit ports to 4 receive ports in the PCS band. Two +/- 45 degree slant cross-polarized PCS base station antennas with 68 degree horizontal 3 dB beam width and 10 degree vertical beam width were used at the transmitter, and these were placed atop a building separated by 40 for the measurements.  The per transmitter EIRP was 63 W.  Two +/- 45 degree slant cross-polarized PCS patch antennas with 65 degree horizontal 3 dB beam width and 60 degree vertical beam width 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 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.

Path Definition

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 relatively 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.

At each measurement location, 2000 CIRs  per Tx/Rx pair are stored into a file.  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).  The complex values stored in the file are amn(r,s) where: m ( [1, 2, 3, 4] is the receiver port index, n ( [1, 2, 3, 4] is the transmitter port index, r ( [1, 2, …, 128] is the CIR delay window index, and s ( [1, 2, …, 2000] is the CIR sample index.

Each file was processed to identify the delay r = r1 at which the main path arrived and the delays r = rl of any significant multipath arrivals.  The first step in this process involves thresholding the Power Delay Profile (PDP) of each Tx/Rx pair at 10 dB above the noise floor. The PDP of a Tx/Rx pair is defined as:
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Clusters of energy were identified as a continuous sequence of delays where the threshold was exceeded in all 16 PDPs.  The local maximums of the Combined PDP (CPDP) were used to identify the delay of a path from each cluster.  The CPDP is defined as:
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An example CPDP is shown in Figure 1.
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Figure 1 - An example Combined Power Delay Profile from the Worcester measurements.

The lth path samples for the Tx/Rx pairs are then defined as:


[image: image4.wmf](

)

(

)

].

16

,...,

2

,

1

[

,

)

1

(

4

,

,

)

(

Î

+

-

=

=

i

n

m

i

s

r

a

s

l

mn

l

i

a


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. The minimum delay between the main path and the second path was 9 samples (1.8 usec).  It is these path samples that are analyzed in the remainder of the paper with the MIMO channel model in mind.

Path Processing

Path Fading 

The complex-Gaussian (Rayleigh Fading) model was usually the best fit to the path samples, but Rician fading was also seen with about 10% of the paths having a K-factor of 1 or greater.

Uncorrelated Paths 

Using the files that had a second path, the complex-valued correlation coefficient between the main path and the second path for the same Tx/Rx antenna pair was calculated using:
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where
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Figure 2 shows the cumulative distribution function (CDF) of these correlation coefficients computed from the measurements for the two areas.
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Figure 2 – CDF of 
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 calculated from the measurements in Worcester and Lowell.

The low values of correlation observed support the assumption of uncorrelated fading between paths at different delays often assumed in channel models.  Computing the correlation coefficient using the path samples envelope or path samples power gave the same result.  Also, no correlation was seen between the computed correlation coefficients and the amount of delay between the first and second path.

Antenna Correlation 

The correlation coefficient between Tx/Rx antenna pairs for the lth path was calculated using:
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This correlation coefficient is complex-valued.  By substituting the envelope (magnitude) or the power (squared magnitude) of the path samples in the above equation the envelope correlation coefficient or power correlation coefficient can also be defined.

From the path samples for the16 Tx/Rx antenna pairs, a 16x16 correlation coefficient matrix was computed.  The 120 correlation coefficients above (or below) the main diagonal of the 16x16 correlation coefficient matrix give all the unique cross correlation possibilities.

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).  

Figure 3 shows CDFs of the main path (1st path or l=1) complex-valued correlation coefficients, the envelope correlation coefficients, and the power correlation coefficients for the Tx Div and Rx Div sub-arrays from the Worcester measurements.  Figure 4 is for the Lowell measurements.  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 correlation coefficients and power correlation coefficients are very similar and smaller than the magnitude of the complex-valued correlation coefficients.  For Lowell, a high site, the Tx Div has higher correlation coefficients than the Rx Div.
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Figure 3 – Worcester CDFs of main path complex-valued correlation coefficients 
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, the envelope correlation coefficients, and the power correlation coefficients for the Tx Div and Rx Div sub-arrays.
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Figure 4 - Lowell CDFs of the main path complex-valued correlation coefficients 
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, the envelope correlation coefficients, and the power correlation coefficients for the Tx Div and Rx Div sub-arrays.

For complex Gaussian random processes, the magnitude squared of the complex-valued correlation coefficient is equal to the power correlation coefficient [2].  This relationship is not observed in either Figure 3 or Figure 4.  Although some of the main path 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.  Unless otherwise specified, the complex-valued correlation coefficient will be presented.  The envelope correlation coefficient and power correlation coefficient are typically very close in value even for non-Rayleigh fading [2], and they are less than the magnitude of the complex-valued correlation coefficient.

The Rx Div and Tx Div 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 5 shows the main path complex-valued correlation coefficient CDFs for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 6 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 5 - Worcester CDFs of
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for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays.
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Figure 6 - Lowell CDFs of
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for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays.

Figure 7 shows the main path (P1) and the second path (P2) magnitude of the complex-valued correlation coefficient CDFs for the Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 8 is for the Lowell data.  In general, the second path (P2) Tx Div has higher correlation than the main path (P1) Tx Div.

[image: image18.png]Correlation Coefficient < Abscissa

o

CDF of Main Path and Second Path Sub-Array Carrelation Coefficients for Worcester

02

01

— Tx Div Crplx P1
~—— Rx Div Crrplx P1
— T« Div Crnplx P2
— RxDivCripl P2

02

03

04

05

06

07
Magritude of Corplex Cortelation Coefficient

08





Figure 7 - Worcester CDFs of
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 and 
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 for the Tx Div and Rx Div sub-arrays.
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Figure 8 - Lowell CDFs of
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 and 
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 for the Tx Div and Rx Div sub-arrays.

Figure 9 is scatter plots of the second path magnitude of the complex-valued correlation coefficient versus the main path magnitude of the complex-valued correlation coefficient for the Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 11 is for the Lowell data. Figure 10 is scatter plots of the second path phase of the complex-valued correlation coefficient versus the main path phase of the complex-valued correlation coefficient for the Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 12 is for the Lowell data. Whereas Figure 7 and Figure 8 show the different distributions of correlation coefficients for second path Tx Div and the main path Tx Div, Figure 9 - Figure 12 show that the correlation coefficients for the second path are independent of the correlation coefficients for main path.
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Figure 9 - Worcester scatter plots of 
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 versus 
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 for the Tx Div and Rx Div sub-arrays.
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Figure 10 - Worcester scatter plots of 
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 versus 
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 for the Tx Div and Rx Div sub-arrays.
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Figure 11 - Lowell scatter plots of 
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 versus 
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 for the Tx Div and Rx Div sub-arrays.
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Figure 12 - Lowell scatter plots of 
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 versus 
[image: image35.wmf]11

ij

r

Ð

 for the Tx Div and Rx Div sub-arrays.

Figure 13 shows the second path magnitude of the complex-valued correlation coefficient CDFs for the Xpol, SP Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays for the Worcester data.  Figure 14 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.  One plausible explanation of this observation is that the angle spread (AS) of the main path and the second path is the same, but the angle of departure (AOD) for the second path is larger than the AOD of the main path relative to broadside. 

[image: image36.png]S
3
3

Probail

09

08

07

06

05

04

03

02

01

CDF of Second Path Sub-Array Carrelation Coeficients for Warcester

— Xpol Tx Div
— Xpol R Div

— Sp Cpol Tx Div
~—— Sp Cpol Rx Div
Sp Xpol Tx Div
Sp Xpol Rx Div_| "

0 01 02 03 04 05 06 07 08 03 1

Magritude of Corplex Cortelation Coefficient




Figure 13 - Worcester CDFs of
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for Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays.
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Figure 14 - Lowell CDFs of
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ij

r

for the Xpol, Sp Cpol, and Sp Xpol Tx Div and Rx Div sub-arrays.

Doppler Spectrum 

The combined Doppler power spectrum (CDPS) for a path is calculated by doing a Discrete Fourier Transform (DFT) of the path samples from each Tx/Rx antenna pair and then summing the magnitude squared of the DFTs on a bin by bin basis.  This can be defined as:
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Figure 15 is plot of the 16 Tx/Rx antenna pair’s main path samples for one location in Worcester, and Figure 17 is a plot for the second path.  Figure 16 is the CDPS of the main path for this location, and Figure 18 is for the second path.  A common CDPS was not seen for either the main path or the second path from examining all locations.
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Figure 15 - 
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 for one location in Worcester.
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Figure 16 - 
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Figure 17- 
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Figure 18 - 
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Performance of Channel Model 

The main path complex-valued correlation matrix, envelope correlation matrix, and power 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 capacity of each simulated channel was computed 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 19 shows the resulting CDFs for one location in Lowell for the 2x2-+45o-slant polarization.   
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Figure 19 - 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 19, 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-valued correlation matrix, and the uncorrelated case is respectively: 0.084, 0.0052, 0.0064, 0.0019, and 0.14.  At this location, the complex-valued correlation matrix produced the closest match to the measured data, and the main path signals had Rayleigh statistics.  Figure 20 is the result for all the Worcester locations, and Figure 21 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.  For most of the locations measured, the square root of the power correlation matrix had higher correlation values than the magnitude of the complex-valued correlation matrix, and the higher correlation values produced a better channel model (i.e. closer match to the measured capacity).
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Figure 20 - Closeness of Measured and Simulated Capacity CDFs for all Worcester locations for the 2x2 +45o slant polarization.
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Figure 21 - Closeness of Measured and Simulated Capacity CDFs for all Lowell locations for the 2x2 +45o slant polarization.

Conclusion

In an effort to realize a MIMO channel model that is realistic, the results from wideband MIMO channel measurements were reported. These results are applicable to the MIMO channel modeling effort particularly for the model with paths at different time delays and correlation matrices for the paths [1].

A wide range of correlation values (elements of the correlation matrices) was computed from the measurements at the different locations within a sector for a fixed antenna spacing at the transmitter and receiver.   This would suggest that a distribution of correlation matrices or distribution of AOAs and ASs be used in the correlation channel model.

For the measurement locations with paths at different delays, the fading of one path is independent of the fading in another path.  The correlation matrix of one path is independent of the correlation matrix for another path. This would suggest that the correlation matrices should be independent for different delays in the correlation channel model.

The Doppler Spectrum for a path was not identifiable with any classical form, and the Doppler Spectrum of different paths from a measurement location were not necessarily similar [3].
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