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1. Introduction

Internet-based services require increasing network performance for mobile applications. To meet this demand the evolution of wireless standards has added the Multiple-Input Multiple-Output (MIMO) technique. The channel capacity of the allocated frequency spectrum can be increased by use of spatial multiplexing.
Over-the-Air (OTA) performance measurements are an essential part of the certification tests of wireless devices. Within an anechoic environment the radiated 3D pattern of both output power and receiver sensitivity are measured. Currently OTA performance tests for Singe-Input Single-Output (SISO) are standardized for example for 2G, 3G and WLAN 802.11a, b, g devices. The figures of merit are Total Radiated Power (TRP) and Total Isotropic Sensitivity (TIS) as specified by CTIA [1] and similarly by 3GPP.

Since downlink MIMO has the highest attraction at the moment, we are focusing to this transmission mode.

This paper presents theoretical background of the proposed measurement method [2] which provides a straightforward and cost-effective solution for verification of the OTA performance of MIMO devices.

Section II outlines a static MIMO model with explanation of the main parameters which could deteriorate detection of multiple signals. The model is expanded to include effects of antenna receiving patterns in section III. The presented MIMO model is then used to derive the model for the two-channel method in section IV. Figures of merit are proposed in Sections V and VI. Section VII concludes this paper. The two-channel method is utilized to develop a test system and record measurement results which are detailed in an accompanying paper [3].

2. Static MIMO model
In frequency domain, a MIMO transmission is described by the channel matrix H with NR ( NT elements for NR receiving and NT transmitting antennas [4]
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where H matrix is static (constant) for each i-th data sample
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x(i) represents a vector of the NT transmitted i-th data samples of a base station
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where T notes the vector transposition.

y(i) represents a vector of the NR data samples received by a user equipment (UE)
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n(i) represents a vector of the NR received noise samples
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which is an uncorrelated signal mainly related to thermal noise of the UE receiver.

A UE recovers the transmitted signal x(i) from the received signal y(i) using the estimate of the channel matrix H superimposed by uncorrelated noise n(i). In general, recovery of x(i) is an inverse problem which might be ill-conditioned. Recovery of each data sample x(i) provides the estimate of the true solution 
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 depends on the condition number of the channel matrix estimate ((H) and the ratio of the noise n(i) to the received signal y(i). In other words, the closer the channel matrix is to being a singular matrix, the larger the increase of the estimate error due to the presence of noise [4]. The upper bound of the relative estimate error is
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where the estimate error (x(i) is the difference between the estimate of the data sample and its true value
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and 
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 is the ratio between the maximum and minimum singular values of the matrix estimate 
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 is always larger or equal one.
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In order to optimize error-free reception of data samples x(i), the condition number of the channel matrix estimate 
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 and the noise level should be kept as low as possible.
3. Antenna receiving patterns in static MIMO model
In the following a static model for radio downlink (DL) transmission in MIMO 2(2 mode (NR = NT = 2) will be presented. The model is shown in Figure 1 and can be easily extended for a higher number of antennas NR or NT.
T1 and T2 are vector angular distributions of the electric field incident on the antennas of the UE created by radiation of base station (BS) signals x1 and x2 respectively. The distributions include all propagations paths and are composed of a set of plane waves
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where 
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are orthogonal unit vectors associated with ( and ( respectively. 
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 represent the two orthogonal linear polarizations of the field vector of the signals T1 and T2.

R1 and R2 are the electric field receiving patterns of the UE antennas defined at the common reference point P and for actual UE load impedances. The patterns include possible cross-coupling between antennas and mismatch losses.
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Figure 1 General radio DL transmission in MIMO 2(2 mode

The definition of the received signal at the UE antenna port [5] is extended for two independent incoming fields to represent the MIMO mode. The detected signal y1 at the UE antenna port is proportional to the dot product of the receiving pattern R1 with both incoming field distributions T1 and T2 integrated over all spherical angles superimposed by noise n1
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where c is a proportionality constant. 
Similarly the detected signal y2 can be noted as
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Coupling between BS and UE antennas can be noted in a matrix form
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The detected signals y1, y2 depend on angular distributions of all patterns R1, R2, T1 and T2. Normally, the UE antennas are linear and passive components which do not change their radiation properties over time. Therefore R1, R2 are fixed and do not change during UE operation. Accordingly, it is not necessary to test the influence of the receiving patterns R1, R2 on the estimate error |(x(i)| with dynamic fading T1(t), T2(t). R1, R2 are non-zero over the majority of angular directions. On the contrary, T1 and T2 vary during operation and are non-zero at a finite set of angular directions.

The transmitted signals x1 and x2 can not be recovered from the detected signals y1 and y2 if determinant of matrix H equals zero. In this case signals y1 and y2 are totally correlated and ((H) = (
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In summary the design target for a MIMO wireless device providing R1, R2 should be to assure ((H) ( 1 for majority of stochastic scenarios of incident fields T1, T2 in real-world environment of the device use.
4. Two-channel method

The goal of the method is a characterization of the impact of the UE antenna array on the MIMO performance. It is proposed to decompose real-world detection of MIMO signals by the UE by performing a finite set of throughput measurements with various polarizations and single angular directions of Tp1 and Tq2. To achieve this we assume that an incoming field from the BS antennas over two arbitrary directions (1, (2, is linearly polarized in 
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, and has unit magnitude.
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p, q each define one orthogonal linear polarization of the incident field 
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Figure 2 Two-channel method. Static model of DL transmission in MIMO 2 ( 2 mode 
(incoming signals are linearly polarized and have single angles of arrival (AoAs))

A general model for such a MIMO OTA approach using the two-channel method is shown in Figure 2 where channel 1 and channel 2 are marked with red and blue color, respectively. The model is noted as
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Hpq denotes four cases of the channel matrix (H((, H((, H((, H(() depending on polarization combination of the incident field Tp1 and Tq2.

An auxiliary matrix A is introduced in order to account for complex transfer functions of two RF channels between base station emulator (BSE) and the field strength generated by the test antennas at the reference point P. Secondly, the matrix A allows to control the condition number of the matrix multiplication ((HpqA). The matrix A can be controlled by fading settings, for example in the BSE.
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Then y(i) can be written as
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Four cases of matrix Hpq are due to various combinations of the scalar field components of Rp1, Rq2 at directions (1, (2. 
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In order to verify MIMO performance of the UE only as a function of UE receiving patterns the condition number of the auxiliary matrix should be one. In this case ((HpqA) = ((Hpq). The proportionality constant c does not influence the value of ((Hpq). Accordingly, the matrixes Hpq define uniquely MIMO receiving characteristics of the tested UE. This is achieved when in the ideal case


[image: image36.wmf](

)

1

e

0

0

j

=

Þ

ú

û

ù

ê

ë

é

×

=

-

A

A

k

a

a

b


where ( is an arbitrary complex constant describing the path loss of two RF channels between BSE and test antennas. ( ( (–(, (> is an arbitrary phase shift describing the difference in electrical length of the two RF channels. Hence it is not necessary to compensate various electrical lengths of the RF channels which simplifies the calibration procedure of the MIMO OTA test system. On the contrary, the total path loss of both RF channels must be the same |a11| = |a22| to obtain ((A) = 1. The total path loss consists of all system components influencing the magnitude of the signal between its generation at the BSE, x(i), and the reference point P, i.e. absolute gain of test antennas, attenuation of RF cables, switching matrix and internal components of the BSE. 

Good UE antenna design is characterized by a low condition number ((Hpq) at any pair of angles (1, (2 and any combination of polarizations p, q. In real-world environment, the magnitudes of the incident fields on the UE at the point P due to data streams x1, x2 are not equal , i.e. |a11| ( |a22|, and the combined data streams may impinge on the UE from the same angle of arrival (AoA), i.e. |a12| ( 0, |a21| ( 0. In this case ((A) > 1 which leads to a reduced sensitivity of the UE. The constraint ((A) = 1 was proposed to assure uniqueness of the results for the two-channel method.
The system for the two-channel method shown in Figure 2 might be further simplified by two assumptions
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This system requires only one dual linearly polarized test antenna. Data streams x1 and x2 are connected to the two inputs of the test antennas creating two orthogonally polarized field components incident on the UE. The channel matrix has a simplified form
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where p ( q. 

Due to the property
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one may limit the number of test cases to a single polarization combination which reduces test time.

5. MIMO effective isotropic sensitivity

The effective isotropic sensitivity of the UE for SISO OTA measurement EISp((1) is defined in [1]. This definition can be expanded into MIMO effective isotropic sensitivity EISpq((1, (2). 

EISpq((1, (2) is the power available both from an ideal isotropic p-polarized antenna and from q-polarized antenna generated by the p-polarized plane wave incident from direction ((1) and by the q-polarized plane wave incident from direction ((2) which, when incident on the UE, yields to the threshold of sensitivity performance.

It is assumed that EISpq((1, (2) is inversely proportional to the absolute gain of the UE antennas. Furthermore, assuming ((A) = 1, EISpq((1, (2) is proportional to ((Hpq). Consequently EISpq((1, (2) characterizes the MIMO OTA performance of the tested UE.

In general MIMO sensitivity is expected to be poorer than the SISO sensitivity due to an ill-conditioned problem of MIMO signal detection.
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6. Figure of merit

In order to obtain a figure of merit compactly characterizing the MIMO OTA performance of UE, an integrated quantity of EISpq((1, (2) will be defined
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and N, M denote the number of angular intervals in the nominal ( and ( ranges respectively. (( defines the angular offset between two incident fields Tp1((1), Tq2((2) on the UE.

Finally, in the real world case incident fields T1((), T2(() are elliptically polarized with non-zero ( and ( field components. Therefore the ultimate figure of merit should include a weighted average of all polarization cases p, q
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TIS((() is expected to be correlated to the statistically averaged power at the outputs of the UE antennas necessary to maintain the throughput above some threshold level enabled by the MIMO spatial diversity mode. The statistically averaged power is due to a set of real-world channel matrices H with random incident field distributions T1 and T2. To estimate MIMO OTA performance of UE in rural environments, providing line-of-sight data transmission, the offset (( should be set to minimum. For typical conditions in an urban environment the offset (( should provide larger separation of the two incident fields.

The widely used definition for the total integrated sensitivity TIS in a SISO transmission mode, as it is given in the OTA standard [1] (eq. E.12), is recalled
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with changed notation of the formula but providing the same result. The change facilitates comparison of the total integrated sensitivities between SISO and MIMO transmission modes. In the SISO mode, the second test antenna stays inactive and has no influence on the TIS measurement result. 

Similarly to the property given in the previous section for the effective isotropic sensitivities, the MIMO total integrated sensitivity is expected to be poorer than the equivalent SISO sensitivity due to an ill-conditioned problem of MIMO signal detection.
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7. Conclusions

Theoretical background was presented for a new simple OTA method to quantify uniquely the sensitivity of MIMO wireless devices. The two-channel method is based on a static channel model of electromagnetic field coupling between a base station and a user equipment. The method characterizes primarily the influence of UE multiple antenna design on its radiated sensitivity. Thus it is some complement to the verification tests performed in conducted mode which include dynamic channel models [6]. 

The two-channel method might be easily implemented in existing standardized OTA test systems for SISO wireless devices by addition of the second test antenna with its angular positioner. A calibration procedure is simple and similar to the one for SISO measurements. Only the magnitude of complex transfer functions must be compensated. Unequal electrical length of RF cabling does not influence the obtained results.
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