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C.3
Verification of Channel Model implementations

Channel Models have been specified in Clause C.2. 
This clause describes the MIMO OTA validation measurements, in order to ensure that the channel models are correctly implemented and hence capable of generating the propagation environment, as described by the model, within a test area. Measurements are done mainly with a Vector Network Analyzer (VNA) and a spectrum analyzer.
C.3.1
Measurement instruments and setup

The measurement setup includes the following equipment:
Table C.3.1-1: Measurement equipment list for the verification procedure

	Item
	Quantity
	Item

	1
	1
	Channel Emulator

	2
	1
	Signal Generator

	3
	1
	Spectrum Analyzer

	4
	1
	VNA

	5
	1
	Electric Dipole

	6
	1
	Wideband test antenna

	
	
	


C.3.1.1
Vector Network Analyzer (VNA) setup

Most of the measurements are performed with a VNA. An example set of equipment required for this set-up is shown in Figure C.3.1.1-1. VNA transmits frequency sweep signals thorough the MIMO OTA test system. 
A test antenna, within the test area, receives the signal and VNA analyzes the frequency response of the system. 
A number of traces (frequency responses) are measured and recorded by VNA and analyzed by a post processing SW, e.g., Matlab. Special care has to be taken into account to keep the fading conditions unchanged, i.e. frozen, during the short period of time of a single trace measurement. The fading may proceed only in between traces. This setup can be used to measure PDP, BS antenna correlation, Rayleigh fading and Isotropy of the Channel models defined in Clause C.2.
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Figure C.3.1.1-1: Setup for VNA measurements for reverberation chamber and
 channel emulator methods
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Figure C.3.1.1-2: Setup for VNA measurements for reverberation chamber-only methods

C.3.1.2
Spectrum Analyzer (SA) setup

The Doppler spectrum is measured with a Spectrum Analyzer as shown in Figure C.3.1.2-1. In this case a Signal generator transmits CW signal through the MIMO OTA test system. The signal is received by a test antenna within the test area. Finally the signal is analyzed by a Spectrum Analyzer and the measured spectrum is compared to the target spectrum. This setup can be used to measure Doppler Spectrum of the Channel models defined in Clause C.2.
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Figure C.3.1.2-1: Setup for SA measurements for reverberation chamber and
 channel emulator methods
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Figure C.3.1.2-3: Setup for SA measurements for reverberation chamber-only methods

C.3.2
Validation measurements

C.3.2.1
Power Delay Profile (PDP)
This measurement checks that the resulting Power Delay Profile (PDP) is as defined in the channel model.

Method of measurement: 

Step the chamber stirring sequence and store traces from VNA measurements at each step until the Number of Traces specified in Table C.3.2.1-1 is obtained. For the RC+CE, also the channel model emulation will be stepped for each VNA trace.
The VNA sampling should be such that independent samples of the channel model impulse response are obtained. This is ensured if the effective distance travelled by the UE between faded samples of the channel model is as defined in the table below, regardless of the number of stirring positions in the chamber stirring sequence. To accurately emulate the longest PDP duration tf of 5 s, the relationship N/Span = tf must be satisfied.
VNA settings:

Table C.3.2.1-1: VNA settings for PDP
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink Center Frequency in 36.508 [19] 

as required per band

	Span
	MHz
	200

	RF output level
	dBm
	0

	Number of traces
	
	 1000

	Effective distance traveled by UE between faded channel model samples
	wavelength (Note)
	> 2

	Number of points in the trace
	
	1101

	Averaging
	
	1

	NOTE:
Time [s] = distance [(] / MS speed [(/s]


MS speed [(/s] = MS speed [m /s] / Speed of light [m/s] * Center frequency [Hz]


Channel model specification:

Table C.3.2.1-2: Channel model specification for PDP
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink Center Frequency in 36.508 [19]

 as required per band

	Channel model samples
	wavelength
	> 2000

	Channel model
	
	As specified in Clause C.2


Method of measurement result analysis: 

Measured VNA traces (frequency responses H(t,f)) are saved into a hard drive. The data is read into, e.g., Matlab. 
The analysis is performed by taking the Fourier transform of each frequency response. 
The resulting impulse responses h(t, () are averaged in power over time (or samples):
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Finally the resulting PDP is shifted in delay, such that the first tap is on delay zero. 
The reference PDP plots from Table C.2-1, Table C.2-2 and Table C.2-3 are shown in Figure C.3.2.1-1.

In a reverberation chamber, when a channel emulator is not used and the PDP is therefore an exponential decay, such as the NIST channel model, only the inherent RMS Delay Spread of the reverberation chamber needs to be calculated. 
The selection of the T hi(t,() measurements has to be performed when the absorber loading technique is used to tune the RMS DS in an RC. Alternatively, the sample selection technique allows for selecting a subset of M hi(t,() measurements which provide the desired RMS DS, and in this case the averaging has to be performed only over the selected subset of M channel impulse responses.

The calculation of RMS delay spread is performed on the time domain data as the square root of the second central moment of the PDP, that is:
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Only PDP values above a threshold of -60 dB should be included in the calculation of the RMS delay spread.
The expected RMS delay spread for the NIST channel model is 80 ns.

OTA antenna configuration: 
Fixed measurement source antenna
Measurement antenna:
A suitable wideband test antenna
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Figure C.3.2.1-1: Reference PDP values for the short delay spread low correlation and
 long delay spread high correlation and NIST channel models plotted from 
Table C.2-1, Table C.2-2 and Table C.2-3
C.3.2.2
Doppler for 3D isotropic models
This measurement checks that the resulting Doppler is as defined in the channel model.
Method of measurement: 
For Doppler validation, two methods could be used to measure the Doppler spectrum. The first uses a CW tone from the Signal Generator fed directly, or via the channel emulator if used, to the fixed measurement antennas and is recorded by the spectrum analyzer.  For the second method, the input signal from the VNA is fed directly, or via the channel emulator if used, to the fixed measurement antennas of the chamber.

For the first method, a sine wave (CW, carrier wave) signal is transmitted from the signal generator. The signal is connected from the signal generator to the channel emulator via cables, or alternatively directly fed to the chamber measurement antenna for the RC methodology. For the RC+CE methodology, the channel emulator output signals are then transferred via cables to the fixed measurement antennas (possibly via amplifiers). The fixed measurement antennas radiate the signals over the air to the test antenna. The Doppler spectrum is measured by the spectrum analyzer having the stirring sequence and, if applicable, the channel emulation active and the trace is saved. The signal generator and the spectrum analyzer reference oscillators should be synchronized, in order to minimize frequency shift etc.
Alternatively, the Doppler spectrum can be measured with a VNA. Frequency sweeps are measured with the VNA for a complete stirring sequence, thus collecting samples of the chamber transfer function 
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The Doppler spectrum 
[image: image14.wmf])

,

(

r

f

D

 can then be calculated using


[image: image15.wmf]2

|

)

,

(

|

)

,

(

r

r

f

H

f

D

=


The discrete Doppler power spectrum will now have a frequency axis ranging from 0 to N-1, where N is the number of stirrer positions used. To convert this into a Doppler frequency domain, the sampling theorem gives a frequency axis in the interval [
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and the frequency step between each Doppler frequency sample is given by
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 is the time step between the measured samples.
Signal generator settings:
Table C.3.2.2-1: Signal generator settings for Doppler

	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19] as required per band

	Output level
	dBm
	0

	Modulation
	
	OFF


Spectrum analyzer settings:

Table C.3.2.2-2: Spectrum analyzer settings for Doppler

	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19] as required per band

	Span
	Hz
	3x maximum Doppler

	RBW
	Hz
	1

	VBW
	Hz
	1

	Number of points
	
	101

	Averaging
	
	100


VNA settings

Table C.3.2.2-3: VNA settings for Doppler

	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19] as required per band

	Span
	MHz
	Downlink portion of frequency band

	RF output level
	dBm
	0

	Number of traces
	
	600

	Number of points
	
	1401

	Averaging
	
	1


Channel model specification:
Table C.3.2.2-4: Channel model specification for Doppler
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19] as required per band

	Channel model
	
	As specified in Clause C.2

	
	
	

	


Method of Measurement Result Analysis: 

View the Doppler power spectrum. The reference classical Doppler spectrum is shown in figure C.3.2.2-1. Bd is the maximum Doppler shift expected for the mobile speed used for the measurements.
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Figure C.3.2.2-1: Reference Doppler Spectrum for Jake's fading models

OTA antenna configuration: 

Fixed measurement source antennas. 

Measurement antenna: 


A suitably wideband test antenna.
C.3.2.3
Base Station antenna correlation for 3D isotropic models
This measurement checks that the resulting Base Station (BS) antenna correlation follows the computed values from the channel parameters given in tables C.2-1, C.2-2 and C.2-3.
Method of measurement: 

For correlation validation, the input signal from the VNA is fed directly (for table C.2.-3), or via the channel emulator (for tables C.2-1 and C.2-2), to the fixed measurement antennas of the reverberation chamber.

 Step the chamber stirring sequence and store traces from VNA measurements at each step until the Number of Traces specified in Table C.3.2.3-1 is obtained. For the RC+CE, also the channel model emulation will be stepped for each VNA trace.

Each of the paths for the two transmit streams must be measured separately using the procedure above. The samples for each path must be taken for the exact same channel emulator and stirring positions.
The VNA sampling should be such that independent samples of the channel model impulse response are obtained. This is ensured if the effective distance travelled by the UE between faded samples of the channel model is as defined in the table below.
VNA settings:
Table C.3.2.3-1: VNA settings for BS antenna correlation
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19]

 as required per band

	Span
	MHz
	Same as signal bandwidth

	RF output level
	dBm
	0

	Number of traces
	
	600

	Effective distance traveled by UE between faded channel model samples
	wavelength (Note)
	> 2

	Number of points
	
	Configured to obtain 1 MHz step size

	Averaging
	
	1

	NOTE:
Time [s] = distance [(] / MS speed [(/s]


MS speed [(/s] = MS speed [m /s] / Speed of light [m/s] * Center frequency [Hz]


Channel model specification:
Table C.3.2.3-2: Channel model specification for BS antenna correlation
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19] as required per band

	Channel model samples
	wavelength
	> 2000

	Channel model
	
	As specified in Clause C.2


Method of Measurement Results Analysis

Compute the correlation between two traces (e.g. S21 and S31) which represents the correlation between two transmit streams. This correlation should match that of the channel model used.

OTA antenna configuration: 

Fixed measurement source antennas.

Measurement antenna: 


A suitably wideband test antenna.
C.3.2.4
Rayleigh fading

This measurement checks that the resulting fading of the MIMO OTA system is Rayleigh as per the channel model.
Method of measurement: 
For Rayleigh Fading validation, the input signal from the VNA is fed directly, or via the channel emulator, to the fixed measurement transmit antennas of the reverberation chamber. The same stirring sequence as used for the DUT measurement, as well as the chamber loading used for the DUT measurement and PDP validation, should be used for the validation measurement.
Step the chamber stirring sequence and store traces from VNA measurements at each step until the Number of Traces specified in Table C.3.2.4-1 is obtained. For the RC+CE, also the channel model emulation will be stepped for each VNA trace.
The VNA sampling should be such that independent samples of the channel model impulse response are obtained. This is ensured if the effective distance travelled by the UE between faded samples of the channel model is as defined in the table below.
VNA settings:
Table C.3.2.4-1: VNA settings for Rayleigh fading
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19]

 as required per band

	Span
	MHz
	Same as signal bandwidth

	RF output level
	dBm
	-15

	Number of traces
	
	Same as in DUT measurement

	Effective distance traveled by UE between faded channel model samples
	wavelength (Note)
	> 2

	Number of points
	
	Configured to obtain 1 MHz step size

	Averaging
	
	1

	NOTE:
Time [s] = distance [(] / MS speed [(/s]


MS speed [(/s] = MS speed [m /s] / Speed of light [m/s] * Center frequency [Hz]


Channel model specification:
Table C.3.2.4-2: Channel model specification for Rayleigh fading
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink Center Frequency in 36.508 [19] as required per band

	Channel model samples
	wavelength
	> 2 x Number of traces 

	Channel model
	
	As specified in Annex C.2


Method of Measurement Results Analysis

The primary performance criterion to evaluate Rayleigh fading is the Cumulative Distribution Function (CDF) of the received signal amplitude (x) at the DUT. CDF describes the probability of a signal level being less than the CDF parameter. The CDF of x in a set of measured samples in a reverberation chamber is defined as,
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Figure C.3.2.4-1: Reference Rayleigh distribution

The difference between the measured histogram of CDF (also known as empirical CDF, ECDF) and ideal histogram is computed within the framework of the Chi-Square test [3] to determine if the chamber provides a Rayleigh fading. The Chi-Square test is a purely statistical test for determining if the observed data ECDF follows the theoretic CDF. The Chi-Square test is performed as follows [21]. 
1. Partition the measured sample space (N samples) into K disjoint intervals (bins).

2. Calculate the number mi of samples that fall in each of these intervals. This is a measure of the probability that the outcome will fall in that interval. 

3. Compare the probability for the total anisotropy coefficient obtained from the measured data to the theoretical probability distribution using the Chi-Square test.

The Chi-Square statistic is defined as the “weighted square error” and is given by
[image: image24.png]" (mi = Np)?
XZZZ .




Here, N is the number of samples, pi is the theoretical probability of landing in the bin with index i, and mi is the measured number of samples in the bin with index i. The theoretical value pi is given in Table C.3.2.4-3 below.

Table C.3.2.4-3: Theoretical probability distribution for the Rayleigh distribution with 15 bins. 
	Bin limit (min)
	Bin limit (max)
	pi

	0.00000
	0.06899
	1/15

	0.06899
	0.14310
	1/15

	0.14310
	0.22314
	1/15

	0.22314
	0.31015
	1/15

	0.31015
	0.40547
	1/15

	0.40547
	0.51083
	1/15

	0.51083
	0.62861
	1/15

	0.62861
	0.76214
	1/15

	0.76214
	0.91629
	1/15

	0.91629
	1.09861
	1/15

	1.09861
	1.32176
	1/15

	1.32176
	1.60944
	1/15

	1.60944
	2.01490
	1/15

	2.01490
	2.70805
	1/15

	2.70805
	+infinity
	1/15


Note: These limits are given as Watt ratios.











OTA antenna configuration: 

Fixed measurement source antennas.

Measurement antenna: 


A suitably wideband test antenna.

C.3.2.5
Isotropy for 3D isotropic models

This measurement checks that the resulting received signal characteristics are statistically spatially isotropic.
Method of measurement: 

For isotropic validation, the input signal from the VNA is fed directly, or via the channel emulator, to the fixed measurement antennas of the reverberation chamber. If a channel emulator is used, it has to be placed in Bypass mode where no fading is used. An electric dipole is placed on the turn table. 
Three orthogonal components of the electric field are recorded with the dipole in three different orientations. The same stirring sequence as used for the DUT measurement, as well as the chamber loading used for the DUT measurement and PDP validation, should be used for the validation measurement.. 

Step the chamber stirring sequence and store traces from VNA measurements at each step until the Number of Traces specified in Table C.3.2.5-1 is obtained. Repeat this procedure with the dipole in all three orthogonal orientations.

VNA settings:

Table C.3.2.5-1: VNA settings for isotropy
	Item
	Unit
	Value

	Center frequency
	MHz
	Downlink center frequency in 36.508 [19]

 as required per band

	Span
	MHz
	Same as signal bandwidth

	RF output level
	dBm
	-15

	Number of traces per receive antenna orientation
	
	Same as in DUT measurement

	
	
	

	Number of points
	
	Configured to obtain 1 MHz step size

	Averaging
	
	1

	





	
	
	

	
	
	

	
	
	

	
	
	


Method of Measurement Results Analysis
Compute and evaluate the anisotropy coefficients from the measured data as described in [2]. Using S parameters, the anisotropy coefficient that employs two orientations may be given as 

Apq(n) = (|S21,p(n)|2-(| S21,q(n)|2)/(| S21,p(n)|2+(| S21,q(n)|2), 




where p < q = 1, 2, 3. The total anisotropy coefficient that takes into account all three orientations is given by 

Atot(n)=sqrt{[A12(n)]2+[A13(n)]2+[A23(n)]2}/sqrt{3}.




The cumulative distribution functions (CDFs) for the ideal anisotropy coefficients are shown in figure C.3.2.5-1, where the left plot applies to Apq(n) and the right plot applies to Atot(n).

[image: image27.emf]-1 -0.5 0 0.5 1

0

0.2

0.4

0.6

0.8

1

A

pq

CDF

Two Orientations

 [image: image28.emf]0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

A

tot

CDF

Three Orientations


Figure C.3.2.5-1: Reference anisotropy coefficients for two orientations (Apq) and for three orientations (Atot)

The difference between the measured CDF of Atot(n) and ideal CDF is computed within the framework of the chi-square test [3] to determine if the chamber is isotropic. The chi-square test is a statistical test for determining whether the CDF of the observed data Atot(n) is significantly different from the ideal. The chi-square test is performed as follows [21]. 
1. Sort the N measured values of Atot into the K equal, disjoint intervals (bins) specified in the first two columns of Table A.3.2.5-2, with K = 11.

2. Count the number Mk of measured samples of Atot that fall in the kth interval. It is necessary that at least 5 measured samples fall into each interval.

3. Calculate the number of expected samples Sk from the ideal CDF in the kth interval. Table C.3.2.5-2 provides the values of Sk for N = 1000 samples, and K = 11 bins.
4. Compare the Mk with the expected number obtained from the ideal CDF Sk using the chi-square test as follows.
(Mk-Sk)2/(Sk).








The summation over bins goes from k=1 to K. 

Table C.3.2.5-2: Expected Count for Total Anisotropy Coefficient with 11 Bins 

	Bin limit (min)
	Bin limit (max)
	pi

	0.00000
	0.09090909
	13

	0.09090909
	0.18181818
	40

	0.18181818
	0.27272727
	66

	0.27272727
	0.36363636
	93

	0.36363636
	0.45454545
	118

	0.45454545
	0.54545454
	140

	0.54545454
	0.63636363
	157

	0.63636363
	0.72727272
	163

	0.72727272
	0.81818181
	150

	0.81818181
	0.90909090
	53

	0.90909090
	1.00000000
	6





OTA antenna configuration: 

Fixed measurement source antennas.

Measurement antenna: 


The electric dipole.
<< End of changes >>
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