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1. Introduction

An appropriate design of the codebook is required for the efficient utilization of large-scale MIMO systems. For uniform linear and planar arrays, DFT-based codebooks using the Kronecker product model are known to match the narrowband, isotropic array response that has a Vandermonde structure [1][3]. This poses several advantages such as a simple generation of the codebook entries and parameterization of the codebook by the array size and the oversampling factors [4]. Therefore, DFT codebooks are used in downlink Class-A FD-MIMO systems in the case of non-precoded CSI-RS based transmission [2]. While the DFT-based codebooks are quite simple in structure and parametrization, they do not accurately match the responses of real-world planar arrays due to several reasons.

In real-world array antennas, the far field characteristic of a particular antenna element in an array compound is always influenced by its adjacent antenna elements due to near field effects. These effects may depend on the antenna structure, phase offsets introduced due to the delay between elements, etc. As a consequence, the radiation characteristic of a particular antenna element influences the surrounding elements and is also influenced by that of other elements. This interaction is called mutual coupling and depends on various factors such as the type of the array, the number of antenna elements, inter-element antenna spacing, antenna-orientation, radiation characteristics of the individual elements, bandwidth, etc. Due to mutual coupling and other array non-idealities such as antenna manufacturing errors, element displacement (position and orientation), and non-identical nature of individual antenna elements, the array response matrix of real-world planar array antennas may no longer be represented by the Vandermonde structured matrix that suits the ideal, isotropic counterpart. As a consequence, the precoding/beamforming vectors/matrices based on DFT codebooks may lead to performance degradation in terms of signal-to-interference plus noise ratio (SINR) when used with real-world antennas.

In this paper, we present performance results for a single-user scenario with different base station array geometries and configurations. In detail, the performance loss of the Rel. 13 codebook-based precoding when used with 3GPP-based array antennas [2] and real-world array antennas is studied. Moreover, it is shown that when the entries of the codebook matrix are matched to the real-world array response, a significant performance gain can be achieved over the DFT-based codebook. 

2. DFT- and Array Response-matched Codebook 

Consider a single user MISO transmission with dual-polarized UPA configuration  The following rank-1 precoder schemes are discussed. 
Rel. 13 Class-A Codebook

The DFT-codebook-based class-A rank-1 precoder has the following two-stage structure: 
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where  [4] with 
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and  being the codebook matrix.

Array-response-matched (ARM) Codebook

The presence of non-idealities in real-world array antennas necessitates that the codebook matrix needs to be adapted to the real-world array antenna response. We consider a practical approach for constructing the codebook from the array response of a real-world array antenna. The ARM codebook matrix = contains vectors 

which are uniformly sampled in the azimuth and elevation angle range. Here,  and  denote the steering vectors of the horizontally- and the vertically-oriented antenna elements, respectively. The ARM-based rank-1 precoder is then defined by
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with . The vectors  and   are the beamforming weights corresponding to the horizontally- and vertically-oriented antenna elements respectively.

Maximum ratio transmission (MRT)
The MRT precoder is defined as
	
	
	(4)



where  is the channel matrix.

3. Simulation results

The simulations were performed with two different base station array antenna geometries. The first array geometry is a uniform linear array with  The second array geometry is a UPA with . For each setup, two different array types are considered. 
i. A 3GPP model-based array antenna where the gain pattern and polarization models of each individual antenna element are given by [2]. The elements are positioned ideally and there is no mutual coupling between individual antenna elements in the array.
ii. A real-world, calibrated array antenna measured in an anechoic chamber that includes non-idealities.
Fig. 1 and Fig. 2 present the achievable rates for the two setups and array types for a single-user scenario. 
It can be observed that the DFT-based precoding scheme has a SNR loss of around 6dB for both ULA and UPA configurations over the MRT scheme for the real-world array antenna. In contrast, the SNR loss in the case of the 3GPP model-based array antenna is around 3 dB (for both the ULA and URA configurations).

Observation 1: In comparison to 3GPP-model-based arrays, the DFT-based codebook is losing performance when it is applied to real-world arrays.
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Figure 1: Rate versus SNR for the real-world and 3GPP array antenna, (M,N,P) = (1,8,2).
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Figure 2: Rate versus SNR for the real-world and 3GPP array antenna, (M,N,P) = (2,4,2).


Fig. 3 and Fig. 4 show the performance of the DFT-based and ARM-codebook precoding techniques when used with a real-world array antenna. A gain of 3 to 4 dB for the ARM codebook can be observed over the DFT-based codebook for both array geometries.

Observation 2: The array-response-matched (ARM) codebook-based precoder outperforms the DFT-codebook-based precoder significantly.

The results above clearly demonstrate the performance loss of the Rel.13 DFT-based precoders when used with real-world arrays antenna. Therefore, array non-idealities should be taken into account in the codebook design.

Proposal 1: Codebook matrix designs adapted to the real-world array antenna response shall be further investigated.
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Figure 3: Rate versus SNR for the real-world array, (M,N,P) = (1,8,2). 
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Figure 4: Rate versus SNR for the real-world array, (M,N,P) =  (2,4,2).



4. Conclusions
Observation 1: In comparison to 3GPP-model-based arrays, the DFT-based codebook is losing performance when it is applied to real-world arrays.

Observation 2: The array-response-matched (ARM) codebook-based precoder outperforms the DFT-codebook-based precoder significantly.

Proposal 1: Codebook matrix designs adapted to the real-world array antenna response shall be further investigated.
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Table 1: Simulation settings
	Simulation parameters
	Values

	Channel model
	3GPP UMa NLoS

	BS array antenna with 

	Two different geometries and codebook configurations are considered: 
· ULA with  
antenna spacing .
· UPA with ), , 
antenna spacing .

Two different array types are considered.
· 3GPP array based on 3GPP antenna pattern and polarization model [2].
· Real-world array based on calibration measurements 

	Carrier frequency
	ULA: 2.53 GHz
UPA: 4.5 GHz
(Center frequencies were selected with respect to antenna measurements)

	UE antenna
	Isotropic antenna (one vertically polarized antenna element)

	SNR at the UE
	 

	Channel layout
	Single gNB with 1 sector, no interference, sector range  to  (w.r.to the BS) considered

	Cell radius
	250 m

	Base station height
	25 m

	Number of subbands considered
	1

	Number of UE positions
	1000  uniformly dropped around the ULA/UPA at same heights

	Transmit power, 
	46 dBm

	DFT codebook configuration
	Rel-13 FD-MIMO Class A

	ARM codebook configuration
	sampling grid:  to  (azimuth) and  to  (elevation). The number of vectors in the codebook matrix is chosen to be identical to the number of vectors of the DFT codebook matrix.
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