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1. Introduction
This paper presents a detailed description of the Inter-Lab Inter-Technique correlation-based SCME channel model validation described in [1] for the two-stage method implemented using the Agilent PXB channel emulator.

This document will follow the channel model validation process in [1] and compare the two-stage channel model implementation against the requirements.

Agilent also has a simulation environment called SystemVUE for the second stage of the two-stage method which can be used to retrieve channel properties and simulate the two-stage setup behaviour. Some results from SystemVUE simulation will be presented together with actual measurements. 

2. Channel Model Validation

2.1. Methodology


[1] specifies four channel models and four statistics to compute in order to validate each channel model implementation. Therefore, this document will take [1] as a guideline to map the channel model validation to the two-stage method. 

The four channel models for validation are:

· SCME Urban Macro

· SCME Urban Micro

· SCME Urban Macro single cluster (AoA =0o)

· SCME Urban Micro single cluster (AoA =0o)

The statistics to retrieve in order to achieve the channel model validation are the following: 

· Power delay profile

· Doppler spectrum/Temporal correlation

· Spatial correlation

· Cross-polarization


2.2. Validation setups


To conduct the channel validation, [1] recommends two setups. The first one uses a Vector Network Analyzer (VNA). The other one uses a Spectrum Analyzer (SA). 

The VNA setup is as follows:
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Figure 1: [1] VNA setup

The VNA is connected to the measuring antenna and fading emulator. The VNA is responsible for injecting an RF input into the fading emulator and measuring the frequency response along the desired span of the system. In the Two-Stage method, the channel emulator is the Agilent PXB which provides baseband emulation. To provide the required RF to RF channel emulation the PXB is augmented with and Agilent MXA signal analyzer and an Agilent MXG signal generator as follows:
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Figure 2: Mapped 2-stage method VNA setup

Contribution [1] requires the following for the VNA setup:

“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 restrictive requirement means that the test as described can only be applied only to channel emulators working with pre-computed channel coefficients.

The PXB channel emulator is a real-time emulator that has no pause, rewind or fast-forward capability. Hence, the required validation setup defined in [1] does not always achieve satisfactory results when analyzing real-time faded signals. In such cases, individual mapping is used to compute the required statistics and use an alternative to the VNA technique. 

The other setup that is required uses the SA. It is as follows for anechoic chamber methods:
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Figure 3: [1] SA setup

Since the two-stage method does not involve the physical mapping of a faded signal to probe antennas in an anechoic chamber it is necessary to map the principle of the SA validation to the components used in the two-stage method.

Figure 4 shows the equivalent SA setup for the two-stage method. 
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Figure 4: Mapped 2-stage method SA setup

The function of the signal generator from Figure 3 is carried out by using a pre-configured signal loaded in the PXB channel emulator. The step whereby the spatial channel is mapped to physically spaced probe antennas is the anechoic chamber is not required since this mapping is carried out directly inside the channel emulator and the result applied to an ideal model of the required test antenna. The resulting baseband signal as seen through the test antenna is then up converted to RF by the MXG for subsequent analysis for the SA in exactly the same way as required in Figure 3. 

The following table lists the instruments used for the channel validation.

Table 1: Validation instrument list

	Instrument
	MXA (Down converter and/or Spectrum Analyzer)

	Manufacturer
	Agilent Technologies

	Model
	N9020A

	Firmware
	A.08.54

	Instrument
	PXB (channel model emulator)

	Manufacturer
	Agilent Technologies

	Model
	N5106A

	Firmware
	1.9.10

	Instrument
	MXG (Up converter)

	Manufacturer
	Agilent Technologies

	Model
	N5182A

	Firmware
	A.24

	Instrument
	Scope

	Manufacturer
	Agilent Technologies

	Model
	9064A

	Firmware
	Main 208 Trg 6.3 Ser 3.9.4

	Instrument
	Fast-sweep VNA

	Manufacturer/Model/Firmware
	Undisclosed


2.3. Power delay profile

2.3.1. Simulation results


For the PDP measurement a Two-Stage simulation was run on SystemVUE which extracted the fading coefficients for a vertically polarized isotropic receiving antenna. 

To compute the PDP from the output coefficient, the power for each path was summed and normalized by the power of the first path.

The results are summarized up in Table 2: Simulation PDP results and also shown in Figure 5: Simulation PDP for SCME UMa and Figure 6: Simulation PDP for SCME UMi.

Table 2: Simulation PDP results
	Model
	Cluster
	Power (dB)

	
	
	Target
	Simulation
	Delta

	Urban Micro
	1
	0
	0
	0

	
	2
	-2.7
	-3
	-0.2

	
	3
	-1.3
	-1.5
	-0.2

	
	4
	-4.3
	-4.4
	-0.1

	
	5
	-6.0
	-6.1
	-0.1

	
	6
	-8.4
	-8.8
	-0.4

	Urban Micro Single cluster (AoA = 0 o)
	1
	0
	0
	0

	
	2
	-2.7
	-3
	-0.3

	
	3
	-1.3
	-1.4
	-0.1

	
	4
	-4.3
	-4.4
	-0.1

	
	5
	-6.0
	-6.1
	-0.1

	
	6
	-8.4
	-8.8
	-0.4

	Urban Macro
	1
	0
	0
	0

	
	2
	-1.7
	-1.7
	0

	
	3
	-2.2
	-2.2
	0

	
	4
	-5.2
	-5.2
	0

	
	5
	-9.1
	-9.3
	-0.2

	
	6
	-12.5
	-12.7
	-0.2

	Urban Macro

Single cluster (AoA = 0 o)
	1
	0
	0
	0

	
	2
	-1.7
	-1.7
	0

	
	3
	-2.2
	-2.3
	-0.1

	
	4
	-5.2
	-5.1
	0.1

	
	5
	-9.1
	-9.2
	-0.1

	
	6
	-12.5
	-12.6
	-0.1
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Figure 5: Simulation PDP for SCME UMa
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Figure 6: Simulation PDP for SCME UMi

The simulation results are seen to be very accurate with most results being less than 0.2 dB deviation from the expected theoretical values.

2.3.2. Measurement results

As described earlier, the traditional static VNA setup recommended in [1] is not appropriate for real-time channel analysis and so a VNA with fast sweep capability was used instead. 

Table 3: Parameters table for the PDP measurement

	Instrument
	Fast-sweep Vector Network Analyzer

	Center Frequency
	751 MHz

	Span
	40MHz

	RF Output level
	0dBm

	Distances between traces
	>10 λ

	Number of points
	404

	Number of traces
	1000

	Averaging
	OFF

	Sweep time
	10 ms

	Instrument
	Channel Emulator: PXB

	Center frequency
	751MHz

	Mobile speed
	30km/h

	Channel models
	SCME UMa, UMi, UMa AoA=0, UMi AoA=0


During a 10 ms LTE frame the fading coefficients do not change much. In order to increase the accuracy of the results, the channel model mobile speed could have been reduced e.g. with 3km/h mobile speed instead of 30km/h as recommended in [1] although for the analysis here it was kept at 30 km/h.

The measured PDP for SCME channels are shown in Figure 7 and Table 4:
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Figure 7: Measured, theoretical and simulated SCME PDP results

Table 4: PDP results with fast VNA sweep

	SCME Urban Macro

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured 
	Delta (ns)
	Theory
	Measured 
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	255
	255
	0
	-1.7
	-1.5
	0.2

	3
	360
	360
	0
	-2.2
	-2
	0.2

	4
	1040
	1040
	0
	-5.2
	-5
	0.2

	5
	2730
	2729
	-1
	-9.1
	-8.7
	0.4

	6
	4600
	4598
	-2
	-12.5
	-12
	0.5

	SCME Urban Macro single cluster

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured
	Delta (ns)
	Theory
	Measured
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	255
	255
	0
	-1.7
	-1.6
	0.1

	3
	360
	360
	0
	-2.2
	-2
	0.2

	4
	1040
	1040
	0
	-5.2
	-5.3
	-0.1

	5
	2730
	2729
	-1
	-9.1
	-9.3
	-0.2

	6
	4600
	4598
	-2
	-12.5
	-12.2
	0.3

	SCME Urban Micro

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured
	Delta (ns)
	Theory
	Measured
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	205
	205
	0
	-2.7
	-2.3
	0.4

	3
	285
	285
	0
	-1.3
	-1.1
	0.2

	4
	660
	660
	0
	-4.3
	-4
	0.3

	5
	805
	805
	0
	-6
	-5.4
	0.6

	6
	925
	924
	-1
	-8.4
	-7.8
	0.6

	SCME Urban Micro single cluster

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured 
	Delta (ns)
	Theory
	Measured 
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	205
	205
	0
	-2.7
	-2.8
	-0.1

	3
	285
	285
	0
	-1.3
	-1.5
	-0.2

	4
	660
	659
	-1
	-4.3
	-5
	-0.7

	5
	805
	804
	-1
	-6
	-6.2
	-0.2

	6
	925
	924
	-1
	-8.4
	-8.6
	-0.2


The VNA measurements still have some noise at the bottoms of the tap delay peaks, which is most likely due to the fading still progressing during the frequency response measurements. The power typically has a < 0.5 dB deviation from the theoretical results. In order to achieve better results, an alternative more accurate validation method for the PDP was used, which consists of injecting a Zadoff Chu sequence into the channel emulator and analyzing the output. The setup is shown in Figure 8.
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Figure 8: Zadoff Chu PDP validation setup

The parameters used are shown in Table 5:

Table 5: MRL PDP setup parameters

	Instrument
	MXG

	Center Frequency
	937.5 MHz

	RF Output level
	-10dBm

	Instrument
	Channel Emulator: PXB

	Center frequency
	937.5 MHz

	Mobile speed
	30km/h

	Sampling rate
	125MHz

	Channel models
	SCME UMa, UMi, Uma AoA=0, UMi AoA=0

SCME UMi 

SCME UMa AoA=0

SCME UMi AoA=0


The sampling frequency of 125MHz provides a time resolution of 8ns. This creates a small degradation in the time delay measurement accuracy of up to 4ns.

The Zadoff Chu PDP validation results are shown in Figure 9: MRL validation tool PDP results and numerical results given in Table 6: MRL validation tool results
Table 6: Zadoff Chu PDP validation results
	SCME Urban Macro

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured 
	Delta (ns)
	Theory
	Measured 
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	255
	256
	1
	-1.7
	-2
	-0.3

	3
	360
	360
	0
	-2.2
	-2.2
	0

	4
	1040
	1040
	0
	-5.2
	-5.2
	0

	5
	2730
	2728
	-2
	-9.1
	-9.4
	-0.3

	6
	4600
	4600
	0
	-12.5
	-12.5
	0

	SCME Urban Macro single cluster

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured
	Delta (ns)
	Theory
	Measured
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	255
	256
	1
	-1.7
	-1.9
	-0.2

	3
	360
	360
	0
	-2.2
	-2.1
	0.1

	4
	1040
	1040
	0
	-5.2
	-5.1
	0.1

	5
	2730
	2728
	-2
	-9.1
	-9.4
	-0.3

	6
	4600
	4600
	0
	-12.5
	-12.5
	0

	SCME Urban Micro

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured
	Delta (ns)
	Theory
	Measured
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	205
	208
	3
	-2.7
	-2.6
	0.1

	3
	285
	288
	3
	-1.3
	-1.2
	0.1

	4
	660
	664
	4
	-4.3
	-4.5
	-0.2

	5
	805
	808
	3
	-6
	-6.1
	-0.1

	6
	925
	928
	3
	-8.4
	-8.3
	0.1

	SCME Urban Micro single cluster

	Cluster
	Delay (ns)
	Power (dB)

	
	Theory
	Measured 
	Delta (ns)
	Theory
	Measured 
	Delta (dB)

	1
	0
	0
	0
	0
	0
	0

	2
	205
	208
	3
	-2.7
	-2.8
	-0.1

	3
	285
	288
	3
	-1.3
	-1.5
	-0.2

	4
	660
	664
	4
	-4.3
	-4.4
	-0.1

	5
	805
	808
	3
	-6
	-6
	0

	6
	925
	928
	3
	-8.4
	-8.4
	0
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Figure 9: Zadoff Chu PDP validation tool results

Using the Zadoff Chu alternative validation method, the results are within 0.3dB of theoretical values. The results for SCME Urban Micro are shifted by 3 to 4 ns due to the 125 MHz sampling frequency. The results using the fast VNA setup show that the peak delays are in fact correct and the Zadoff Chu validation results show that the tap powers are accurate.

2.4. Doppler/Temporal correlation

The Doppler spectrum/Temporal correlation is computed with the SA setup. The parameters for this setup are detailed in Table 7: Doppler/Temporal correlation measurement parameters:

Table 7: Doppler/Temporal correlation measurement parameters

	Instrument
	Spectrum Analyzer

	Center Frequency
	751 MHz

	Span
	2kHz

	RBW
	1Hz

	VBW
	1Hz

	Number of points
	8001

	Trace mode
	Average

	Sweep count
	100 traces

	Detector mode
	Average

	Sweep time
	1.87 second per sweep

	Instrument
	Up converter: MXG

	Center frequency
	751MHz

	RF Output level
	-30dBm

	Instrument
	Channel Emulator: PXB

	Center frequency
	751MHz

	Mobile speed
	100km/h

	Channel models
	SCME UMa, UMi, UMa AoA=0 and UMi AoA=0


The Doppler spectra averaged over 100 traces for each of the SCME model are the following:
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Figure 10: Doppler spectrum for SCME models

The implementation of the channel model in PXB uses the Doppler filter spectral shape (correlation) approach which provides the Rayleigh fading properties as required in [1]. In particular it is noted in Section 8.2 of [1]:

The Rayleigh fading may be implementation specific. However, the fading can be considered to be appropriate as long as the statistics of the generated Rayleigh fading are within standard requirement on Rayleigh fading statistics.

Furthermore, it is shown in [2] that although the temporal correlation between geometric and correlation-based implementations have different target values due to the different methods of generating the Doppler spectrum, the critical channel properties related to condition number and channel capacity are identical which is what matters when testing receiver throughput.

The chosen Doppler spectral shape for the implementation of the SCME models is “classical 6 dB” which is shown in the measured spectra in Figure 10. The measured shape appears only with averaging. For single sweeps, the Doppler spectrum appears as in Figure 11:
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Figure 11: Single sweep Doppler spectrum

In the correlation channel model implementation, the PXB uses filtered Gaussian noise to generate the required Doppler spectrum. Due to the U-shaped Doppler defined for the channel model, the temporal correlation should match the absolute value of a first order J0 Bessel function [3]. Figure 12: Temporal correlation shows the FFT of the averaged Doppler spectra for each of the SCME models.
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Figure 12: Temporal correlation results
The results across the four channel models are very close to each other due to almost identical spectral shape, whatever the channel model. The correlation is very close to the expected J0 Bessel function.
2.5. Spatial Correlation

The spatial correlation validation setup recommends that the fading is paused and the same simulation coefficients are compared. To measure the spatial correlation of PXB, the same fast VNA setup was used as for the PDP validation, detailed in Figure 8: MRL validation tool setup. The antenna can be shifted in space by modifying the receive antenna configuration parameters in PXB. Using this method, we can place the main antenna in the coordinates point (0, 0), the sub-antenna at (0,-0.5λ) and compute their correlation. The sub antenna is then moved along the Y axis ((0,-0.4λ), (0,-0.3λ), and so forth…) in order to measure the spatial correlation from -0.5 λ to 0.5 λ.
It was not possible to run a full simulation for spatial correlation due to time constraints. A full simulation requires 1000 traces separated by 2λ and with a 3km/h mobile speed. Instead, a shorter simulation was run over fewer samples, but using 25 initial seeds in order to accelerate and improve the stability of the results. For that reason, the simulation results are presented here only to show a trend, and not a fully accurate result.
For the simulation, the fading coefficients were summed along all 18 paths and then the correlation was computed using the MatLab code provided in [1, page 38]. The experimental parameters for the simulation are shown in Table 8.

 Table 8: Spatial correlation simulation parameters
	Instrument
	Channel model

	Center frequency
	751MHz

	Mobile speed
	3km/h

	Sampling rate
	100kHz

	Number of samples
	37575

	Different initial seeds used
	25

	Measurement receiving antenna
	Omnidirectional antenna

	Channel models
	SCME UMa, UMi, UMa AoA=0 and UMi AoA=0


The measurement parameters are shown in Table 9.
Table 9: MRL PDP setup parameters

	Instrument
	MXG

	Center Frequency
	975 MHz

	RF Output level
	-10dBm

	Instrument
	Channel Emulator: PXB

	Center frequency
	975 MHz

	Mobile speed
	3km/h

	Sampling rate
	50MHz

	Channel models
	SCME UMa, UMi, Uma AoA=0, UMi AoA=0

SCME UMi 

SCME UMa AoA=0

SCME UMi AoA=0


The spatial correlation results are shown in Figure 13: Spatial correlation result:
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Figure 13: Spatial correlation result

The multi-cluster UMa measurement results are within 0.05 of the theory, and for UMa SC, UMi, UMi SC are within 0.02. 

2.6. Cross-polarization

2.6.1. Simulation results

The cross-polarization calculation method for the SystemVUE simulation is the same as used for the PDP validation. The fading coefficient power for a vertically and horizontally polarized antenna was computed, summed, and their ratio calculated. The results for a set of 500000 fading coefficients are shown in Table 10: Cross-polarization SystemVUE results.

Table 10: Cross-polarization SystemVUE results

	Cross-polarization simulation using SystemVUE

	Channel model
	V/H ratio 
	Theory 
	Deviation 

	Urban Macro
	8.15
	8.13
	0.02

	Urban Macro AoA=0
	8.15
	8.13
	0.02

	Urban Micro
	0.69
	0.83
	-0.14

	Urban Micro AoA=0
	0.69
	0.83
	-0.14


2.6.2. Measurements results using internal power meter method

For cross-polarization measurement, the VNA setup was not possible due to the lack length of time required for VNA trace recording. However, an alternative measurement was carried out using the following setup. The VNA was used to inject a CW signal into the PXB and the average baseband power generated by the PXB was recorded using an internal power meter. This power meter is usually used to calibrate the output power. By using the VNA to inject a signal into the PXB and comparing with the output power of the PXB for the case of a vertical or horizontal antenna, the cross-polarization values can be measured. The parameters for the measurement are summarized in Table 11: Channel model parameter for cross-polarization:
Table 11: Channel model parameter for cross-polarization
	Instrument
	Fast-sweep VNA

	Sweep time
	40ms

	Number of points
	201

	Span
	10MHz

	Instrument
	Channel Emulator: PXB

	Center frequency
	751MHz

	Mobile speed
	3km/h

	Channel models
	SCME UMa, UMi, UMa AoA=0, UMi AoA=0

	Antennas
	Configuration

	Base station
	BSAnt1 and BSAnt2

	Receiving vertically polarized antenna
	isotropic_vertical / isotropic_horizontal.

	Instrument
	Up-converter: MXG

	DC Cal Enable
	OFF

	Output level
	0 dBm


The experimental setup is shown in Figure 14: VNA setup for cross-polarization:
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Figure 14: VNA setup for cross-polarization

The measurement with the power meter calibration function gave the following results for a averaging of 200 seconds:

Table 12: Cross-polarization results for setup 1
	Cross-polarization measurement using PXB power meters

	Channel model
	V power (dB)
	H power (dB)
	V/H ratio (dB)
	Theory (dB)
	Deviation (dB)

	Urban Macro
	2.42
	-5.72
	8.14
	8.13
	0.01

	Urban Macro AoA=0
	2.41
	-5.76
	8.17
	8.13
	0.04

	Urban Micro
	0.43
	-0.31
	0.74
	0.83
	-0.09

	Urban Micro AoA=0
	0.38
	-0.37
	0.75
	0.83
	-0.08


It can be seen that the deviation from theoretical is between 0.01 dB and 0.1 dB.
2.6.3. Measurements results using external SA

Since measuring cross-polarization using the recommended method in [1] is time consuming with a real-time faded signal, an alternative setup has been developed. A CW signal is injected into the PXB, in the same way as used for the [1] SA setup. The PXB applies the SCME channel model with a 1x2 MIMO scheme and sends the V antenna to MXG 1 and the H antenna to MXG 2.

The two MXA SAs measure the output of the MXGs at the frequency 751MHz averaged over 10000 measurements.
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Figure 15: SA setup for cross-polarization

The parameters used for this measurement are shown in Table 13.
Table 13: SA setup for cross-polarization parameters
	Instrument
	Up-converter: MXG

	DC Cal Enable
	OFF

	Output level
	-30 dBm

	Instrument
	Spectrum Analyzers: MXAs

	Span
	2MHz

	Number of points
	1001

	Center frequency
	751MHz

	Marker 
	751MHz

	Averaging
	10000


This measurement setup gave the results in Table 14.
Table 14: Cross-polarization results for SA setup
	Cross-polarization measurement using spectrum analyzers setup

	Channel model
	V power (dBm)
	H power (dBm)
	V/H ratio 
	Theory 
	Deviation 

	Urban Macro
	-30.66
	-38.98
	8.32
	8.13
	0.19

	Urban Macro AoA=0
	-30.88
	-39.00
	8.12
	8.13
	0.01

	Urban Micro
	-32.88
	-33.82
	0.94
	0.83
	0.11

	Urban Micro AoA=0
	-32.84
	-33.68
	0.84
	0.83
	0.01


Using the alternative SA method the cross-polarization results are still very accurate and being below 0.2 dB from the theoretical values.
3. Conclusion
The SCME channel model validation for the Two-Stage method was presented. The PDP, spatial correlation cross-polarization and temporal correlation all achieve very accurate values compared to the theory which is to be expected given that the two-stage method does not involve the additional complications and additional uncertainties of mapping the spatial signal to probe antennas in an anechoic chamber. 
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