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1 Abstract
In this paper we present the verification of channel models implemented in a baseband fading simulator, as applicable for the decomposition method.
2 Introduction

A new baseband (BB) fading simulator is utilized in the conducted test of the decomposition method [1] to verify sensitivity performance of user equipment (UE). The simulator creates a dynamically changing MIMO channel with a certain correlation of base station antennas according to the models defined in 3GPP and CTIA documents [2] and [3]. The test setup is presented in Figure 1. The R&S CMW500 Wideband Radio Communication Tester used as an eNodeB emulator sends over the BB digital interface downlink (DL) LTE signals to the R&S CMW200A Signal Generator and Baseband Fading Simulator. The new fading simulator instrument applies the channel model with the required number of taps and time resolution and returns the faded LTE signals back to the eNodeB emulator using the same interface. The eNodeB emulator upconverts the faded signals to RF frequencies and transmits them to the UE.
With the new instrument the restrictions described earlier [4] no longer apply.
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Figure 1: Test setup for the conducted test of the decomposition approach
The performance of the fading simulator needs to be verified in order to estimate its impact on measurement uncertainty. A draft proposal for verification of channel model realization utilizing RF fading simulators is included in [2] (Section 8.3) and addresses the verification in the test area. The verification is performed in free space on RF frequencies making it very complex and time consuming. The first degree of complexity comes from the need of plane wave synthesis and field distribution validation in the quiet zone of a test system. Secondly the verification takes long time because a set of narrow band measurements are performed using a set of continuous waves with different frequencies as the input signals to the RF fading simulators. Output signals at each frequency shall be tested over the same time as they will be used during throughput measurement to obtain the same channel model statistics.
The verification procedure can be drastically simplified and accelerated for the decomposition method since the test is performed in conducted mode only on BB signals. Broadband input signals defined in time domain may characterize broadband characteristics of the channel matrix in a single measurement. This paper describes the methodology to verify BB fading simulators and presents verification results for the R&S SMW200A Vector Signal Generator. It is a modified and extended version of the paper [4] which was written for the verification of the previous generation of the instrument, the R&S AMU200A Baseband Signal Generator and Fading Simulator. Parameters of the channel models which were verified here are presented in the Appendix. Formulas to determine relative UE speeds and a base station antenna correlation coefficient are also included in the Appendix.
Four fading tests are selected to verify the most important characteristics of the BB fading simulator. The parameters include power delay profile (PDP), probability distribution of fading, Doppler frequency offset and correlation coefficients.

3 Theoretical Background
A tapped delay line model for MIMO signal transmission is described by
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where tn = nt are time samples with the sampling size t and n = 0,1,…,N – 1; m is the delay of the mth path for 
m = 0,1,…,M - 1; x[tn] is a vector of the input complex-valued signals, y[tn] is a vector of the output complex-valued signals and H[m,tn] is a MIMO channel matrix. 
For the 2x2 MIMO case we obtain the model presented in Figure 2 which is denoted by

[image: image3.wmf][

]

[

]

[

]

[

]

ú

û

ù

ê

ë

é

ú

û

ù

ê

ë

é

=

ú

û

ù

ê

ë

é

n

B

n

A

n

m

BB

n

m

AB

n

m

BA

n

m

AA

n

B

n

A

t

x

t

x

t

h

t

h

t

h

t

h

t

y

t

y

]

,

[

]

,

[

]

,

[

]

,

[

t

t

t

t


where hkl denotes the impulse response of the channel kl between the kth input signal and the lth output signal 
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Figure 2: Tapped delay line model for MIMO 2x2
The complex gain coefficients hklm[tn] vary with time independently for all M paths. Depending on the selected type of a fading profile they may vary in time, for example, according to a Rayleigh probability distribution. In the most expanded form the model for MIMO signal transmission can be noted
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It can be noticed that all single elements of the channel matrix hkl can be evaluated separately if one of the input signals xk[tn] = 0 and an appropriate output signal yi is observed. This possibility establishes the basis for performance verification of the baseband fading simulator. 
The channel models from [2], section 8.2 do not provide instantaneous information about the channel matrix H[m,tn]. Instead second-order statistics can be found from the model parameters describing long-term properties of the channel matrix. The statistics are defined by the correlation matrix Rspat,m which describes temporal correlations between the elements hkl of the channel matrix for a given path m. If complete independence of the base station and UE propagation environments are assumed then the Kronecker model for the correlation matrix Rspat,m can be used
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where m denotes the correlation coefficient of the base station antennas and m denotes the correlation coefficient of the UE antennas for the mth path. In the conducted test, UE correlation is m = 0 since the antenna system of UE is characterized in the radiated test of the decomposition method. Determination of the base station correlation coefficient from the channel model parameters is presented in the Appendix. 
4 Verification Setup
All verification measurements are performed using the same hardware setup presented in Figure 3. The input sequences xA[tn], xB[tn] are created internally using an arbitrary waveform generator. The sequences are routed inside the instrument to four independent fading simulators which implement respective elements hkl of the channel matrix H[m,tn] to create the selected channel model. The faded and summed signals are routed to the outputs yA[tn], yB[tn]. Time samples of IQ data yl[tn] are sent over the BB digital interface from the output of the R&S SMW200A to the input of the signal & spectrum analyzer. The analyzer measures and visualizes the data using an IQ analyzer option. Both instruments are synchronized using the same reference clock signal. The generation of the xA[tn], xB[tn] sequences is triggered by the analyzer at the trigger input port after some pre-defined time delay to allow start-up time for the fading simulators. This allows reproducible fading simulation. At the beginning of the time sequence xA[tn] generation, a marker signal is sent to the analyzer over digital IQ interface which starts recording of the output signal yl[tn] in a reproducible way. 
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Figure 3: Test setup for verification of the BB fading simulator (left) and detailed configuration of the BB fading simulator (right)
Since the R&S FSW is equipped with a single port “IQ IN” manual reconnection is necessary to perform measurements at the outputs A and B, denoted in Figure 3 as “BBMM1” and “BBMM2”, respectively. The input signal sequences xA and xB are denoted in Figure 3 as “Baseband A” and “Baseband B”, respectively. Details of the utilized instruments are given in Table 1.

Table 1: Details of the measuring instruments
	Manufacturer
	Type
	Serial number
	Firmware version

	Rohde & Schwarz
	R&S SMW200A
Vector Signal Generator
	101037
	3.01.130 (beta)

	Rohde & Schwarz
	R&S FSW
Signal & Spectrum Analyzer
	100611
	1.81


It is essential to decide whether the verification test shall verify instrument performance or implementation of the channel models. In the latter case, the most relevant instrument settings shall be the same as during an OTA test. The second approach is more relevant since it proves the implementation of channel models. Furthermore the verification test may help to define proper instrument settings. 
First of all the measurement time to evaluate a channel model parameter shall be the same as during an OTA test. Since throughput shall be evaluated at least over 20 000 subframes during the OTA test, the measurement time was set to 20 s. In the power delay profile test the sequence 5 (s was swept 20 000 times. The total measurement time was approximately 20 s as well due to additional overhead time between sweeps. Next UE speed and the RF (virtual) frequency shall be the same as in the OTA test. It was found critical to have low Doppler frequency offsets and short measurement times. Slowly varying signal samples recorded over short measurement time may not sufficiently converge to the required statistical distribution of the channel model coefficients hkl[tn]. The instrument settings for all verification tests are summarized in Table 2. 
Table 2: Summary of the instrument settings
	Test Type
	Power Delay Profile
	Probability 
Distribution
	Doppler Frequency Offset
	Correlation 
Coefficients

	Number of samples
N
	1000
	200 000

	Sampling rate 
SR
	200 MHz
	10 kHz

	Time step size
(t  = 1 / SR
	5 ns
	100 (s

	Sequence duration
N (t 
	5 (s
	20 s

	Number of sweeps
I
	20 000
	1

	Channel model
	tSCME 
UMi MC/A; 
UMa MC/A
	Rayleigh_1tap_30kmh
	Rayleigh_1tap_30kmh,
β0 = 0; α0 = 0.007 or 
α0 = 0.429 or α0 = 0.995

	Virtual frequency of the fading simulator
	751 MHz and 2655 MHz

	Input signals
xA[tn], xB[tn]
	xA[tn] = δ[tn]
xB[tn] = 0
	xA[tn] = 1
xB[tn] = 0
	xA[tn] = 1
xB[tn] = 0
or xA[tn] = 0
xB[tn] = 1

	Output signals
yA[tn], yB[tn]
	yA[tn] 
	yA[tn], yB[tn]

	Error function
	(PDP [dB]
	(PD [%]
	Offset error [%]
	(α, (β


In subsequent sections the details of verification measurements and the obtained results will be presented.

5 Verification Results
5.1 Power Delay Profile
When the input signal A is the Kronecker pulse xA[tn] = δ[tn] and the second input signal is empty xB[tn] = 0 then the output signal yA[tn] provides the impulse response of the channel element AA directly: 

[image: image11.wmf][

]

[

]

[

]

[

]

[

]

n

m

AAm

n

A

m

n

M

m

n

AAm

n

A

t

h

t

x

t

t

h

t

y

,

1

0

t

t

d

=

-

=

å

-

=


Averaging magnitudes of the impulse response over I sweeps provides the result to be validated
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The verification is evaluated by calculation of the normalized error (PDP
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where 
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 is the reference power delay profile. Figure 4 and Figure 5 show the PDPs.
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Figure 4: Power delay profile for the UMi MC/A model at the center frequency 751 MHz (left) 
and 2655 MHz (right)
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Figure 5: Power delay profile for the tSCME UMa MC/A model at the center frequency 751 MHz (left) 
and 2655 MHz (right)
Table 3: Summary of the power delay profile results
	Channel matrix element
	Channel model
	Frequency [MHz]
	Power delay profile error (PDP [dB]

	hAA
	tSCME UMi MC/A
	751
	-33.7

	
	
	2655
	-40.3

	
	tSCME UMa MC/A
	751
	-31.0

	
	
	2655
	-34.5


5.2 Probability Distribution of Fading

A single tap (M = 1) with Rayleigh profile of magnitude distribution and speed = 30 km/h is used as the channel model “Rayleigh_1tap_30kmh” 
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For the input signals xA[tn] = 1 and xB[tn] = 0, the output signal contains the complex gain coefficients of the tapped delay model only. Therefore, the probability distribution of the simulated coefficient can be evaluated by measurement
yA[tn] = hAA0[tn]

Post-processing parameters: 
Voltage bin width
ΔV = 0.01 V
Number of voltage bins
B = 81
A histogram of the output signal yA[tn] divided by the number of samples N and multiplied by the voltage bin width ΔV provides the probability distribution function of the output signal PDref[V] at the bins b = 0, 1, … B-1 over BΔV voltage range. 
The distribution function of a Rayleigh probability was used as a reference
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where 
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 denotes the sequence mean
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The verification is evaluated by calculation of the normalized error of the probability distribution (PD, see also Figure 6. 
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Figure 6: Probability distribution of the Rayleigh fading at the center frequency 751 MHz (left)
and 2655 MHz (right)
Table 4: Summary of the probability distribution results
	Channel matrix element
	Channel model
	Frequency [MHz]
	Probability 
distribution error 
(PD [%]

	hAA
	Rayleigh_1tap_30kmh
	751
	6.6

	
	
	2655
	3.0


5.3 Doppler Frequency Offset

The same channel model “Rayleigh_1tap_30kmh” and the input signals xA[tn] = 1 and xB[tn] = 0 as in section 5.2 are used again. Then, the output signal contains the complex gain coefficients of the tapped delay model only: 
yA[tn] = hAA0[tn]
To observe the Doppler offset fd in frequency domain the Fourier transform is applied to the output signal yA[tn]. 
Y[fn] = FFT(yA[tn])
where the frequency vector is 
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The power normalization of the transform provides the normalized spectrum to be verified: 
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The Doppler offset fd is determined from measurements as a half of the frequency spread caused by the Doppler. More precisely, it corresponds to the half of the difference between the minimum and maximum frequencies where the signal power is larger or equal than the maximum power in the whole spectrum divided by 2. 
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The determination of the Doppler offset fd is presented in Figure 7. Figure 8 shows the Doppler offset for both bands.
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Figure 7: Determination of the Doppler offset fd
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Figure 8: Normalized power spectrum 
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 for the Rayleigh_1tap_30kmh channel model 
at the center frequency 751 MHz (left) and 2655 MHz (right)
Table 5: Summary of the Doppler offset results
	Channel model
	Frequency
	Target Doppler offset [Hz]
	Measured Doppler offset [Hz]
	Offset error [%]

	Rayleigh_1tap_30kmh
	751
	20.87
	20.63
	1.1

	
	2655
	73.80
	72.20
	2.2


5.4 Correlation Coefficients
In order to verify the correlation coefficients αm and βm of the correlation matrix Rspat the cross-correlations between the respective elements of the channel matrix shall be calculated. 
A single tap (M = 1) with Rayleigh profile of magnitude distribution and speed 30 km/h is used as the channel model “Rayleigh_1tap_30kmh” with the coefficient α0 = 0.007, α0 = 0.429 or α0 = 0.995. In all the three channel models UE correlation coefficient was β0 = 0. The samples of the coefficient values were selected from the channel models tSCME UMi MC/A and UMa MC/A defined in the Appendix and represent wide range of their variation. Accordingly, the correlation matrix for a single tap was defined
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Let us define the input signals xA[tn], xB[tn] to perform three measurements yAA[tn], yBA[tn] and yAB[tn]. 
To measure yA[tn] = yAA[tn] and yB[tn] = yAB[tn] 
xA[tn] = 1
xB[tn] = 0
To measure yA[tn] = yBA[tn] 
xA[tn] = 0
xB[tn] = 1
Then the outputs depend only on the respective complex gain coefficients of the channel matrix
yAA[tn] = hAA0[tn]
yBA[tn] = hBA0[tn]
yAB[tn] = hAB0[tn] 
Therefore the cross-correlations between the channel matrix elements can be verified by evaluation of the cross-correlation between the output signals
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The correlation coefficients 
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where the delay is 
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 are identically equal to 1. The measured coefficients at zero delay shall equal to the simulated correlation coefficients of the fading simulator
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The verification is evaluated by calculation of the correlation errors
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There is a non-linear relationship between the coefficient errors and the error in the sensitivity power for a measured data throughput. The minimum sensitivity error is obtained for correlations close to zero. The maximum sensitivity error is obtained for the correlations close to one.
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Figure 9: Cross-correlation αmeas = hAA0[tn]*hBA0[tn] using the channel model with α0 = 0.007
at the center frequency 751 MHz (left) and 2655 MHz (right)
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Figure 10: Cross-correlation αmeas = hAA0[tn]*hBA0[tn] using the channel model with α0 = 0.429
at the center frequency 751 MHz (left) and 2655 MHz (right)
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Figure 11: Cross-correlation αmeas = hAA0[tn]*hBA0[tn] using the channel model with α0 = 0.995
at the center frequency 751 MHz (left) and 2655 MHz (right)
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Figure 12: Cross-correlation βmeas = hAA0[tn]*hAB0[tn] using the channel model with β0 = 0
at the center frequency 751 MHz (left) and 2655 MHz (right)

Table 6: Summary of the correlation coefficients results
	Channel model
	Frequency
[MHz]
	Target
coefficient
	Measured
coefficient
	Coefficient 
error 

	Rayleigh_1tap_30kmh
	751
	α0 = 0.007
	αmeas = 0.043
	Δα = 0.036

	
	
	α0 = 0.429
	αmeas = 0.456
	Δα = 0.027

	
	
	α0 = 0.995
	αmeas = 0.995
	Δα = 0.000

	
	
	β0 = 0.000
	βmeas = 0.025
	Δβ = 0.025

	
	2655
	α0 = 0.007
	αmeas = 0.035
	Δα = 0.028

	
	
	α0 = 0.429
	αmeas = 0.454
	Δα = 0.025

	
	
	α0 = 0.995
	αmeas = 0.995
	Δα = 0.000

	
	
	β0 = 0.000
	βmeas = 0.006
	Δβ = 0.006


6 Conclusions
This paper presented motivation, theoretical background and methodology to verify performance of the channel model implementation within a BB fading simulator. Detailed mathematical notation of the tested signals was presented to prevent implementation errors and to exactly describe the verification methods. Verification was performed using the R&S SMW200A Vector Signal Generator. Results show excellent agreement with the reference values. Since the deviations are very small, the impact on the overall measurement uncertainty is almost negligible; the impact should be further investigated. The BB fading simulator is an attractive alternative for MIMO OTA test methodologies which do not require creation of geometrical channel models in free space. 
Table 7 shows the summary over all four tests.

Table 7: Summary of verification of the channel model implementation 
	Item
	Parameter
	Name
	Result
	Tolerances
	Comments

	1
	Power delay profile
	(PDP
	≤ -31.0 dB
	
	

	2
	Probability distribution
	(PD
	≤ 6.6 %
	
	

	3
	Doppler frequency offset
	Offset error
	≤ 2.2 %
	
	

	4
	Correlation coefficients
	(α, (β
	≤ 0.036
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8 Annex
8.1 Doppler Speed per Path

Relative UE speeds for each mth cluster vUE,m were calculated according to the mth angle of arrival (AoAm), UE speed vUE and the direction of travel (DoT)

vUE,m = |vUE cos(AoAm – DoT)|
8.2 Base Station Correlation Coefficient

The emulated base station antennas shall be assumed to be dual polarized equal power elements with a fixed 0 λ separation, 45 degrees slanted. For each cluster of the channel models tSCME UMi and UMa the AoD value together with the antenna pattern of the base station antennas results in the coefficients αm of the correlation matrix. 
The correlation αm between the cross-polarized branches of the base station antenna system in the direction of the mth angle-of-departure AoDm is defined in [5] by
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 refer to the power imbalance between vertically and horizontally polarized signals, introduced by the base station antennas in the direction AoDm and the UE antennas, respectively. Since orientation of the UE antenna is random at typical use the mean power ratio between horizontal and vertical polarized field at the UE is 
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 define polarization properties of the physical channel when the incident field is scattered or reflected by the channel clusters. 
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 is the ratio for scattered/reflected power on V polarization to the incident power on H polarization. 
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 is the ratio for scattered/reflected power on H polarization to the incident power on V polarization.


The channel models in [2] define 
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 and angles of departure AoDm. Vertically polarized radiated field is constant for all AoDm values and horizontally polarized field provides cosine amplitude variation. Therefore
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Using the presented above expressions the base station correlation coefficients αm for both channel models were calculated and are included in Table 8 and Table 9.

8.3 Parameters of Channel Models

Table 8: tSCME UMi MC/A channel model parameters 
	tSCME Urban micro-cell

	UMi MC/A

	Delay [ns]
	Power [dB]
Pm
	Speed [km/h]
vUE,m
	alpha
m 
	beta
m

	0
	-3.0
	14.68
	0.007
	0

	5
	-5.2
	
	
	

	10
	-7.0
	
	
	

	205
	-5.7
	26.94
	0.429
	

	210
	-7.9
	
	
	

	215
	-9.7
	
	
	

	285
	-4.3
	20.54
	0.031
	

	290
	-6.5
	
	
	

	295
	-8.3
	
	
	


	660
	-7.3
	26.11
	0.239
	

	665
	-9.5
	
	
	

	670
	-11.3
	
	
	

	805
	-9.0
	19.84
	0.007
	

	810
	-11.2
	
	
	

	815
	-13.0
	
	
	

	925
	-11.4
	15.50
	0.265
	

	930
	-13.6
	
	
	

	935
	-15.4
	
	
	


Table 9: tSCME UMa MC/A channel model parameters 
	tSCME Urban macro-cell

	UMa MC/A

	Delay [ns]
	Power [dB]
Pm
	Speed [km/h]
vUE,m
	alpha
m 
	beta
m

	0
	-3.0
	17.51
	0.962
	0

	5
	-5.2
	
	
	

	10
	-7.0
	
	
	

	255
	-4.7
	27.57
	0.937
	

	260
	-6.9
	
	
	

	265
	-8.7
	
	
	

	360
	-5.2
	8.07
	0.947
	

	365
	-7.4
	
	
	

	370
	-9.2
	
	
	

	1040
	-8.2
	1.31
	0.956
	

	1045
	-10.4
	
	
	

	1050
	-12.2
	
	
	

	2730
	-12.1
	25.69
	0.916
	

	2735
	-14.3
	
	
	

	2740
	-16.1
	
	
	

	4600
	-15.5
	22.71
	0.841
	

	4605
	-17.7
	
	
	

	4610
	-19.5
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