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1. Introduction
Multi-antenna technology is necessary to reach the targets on user throughput and spectrum efficiency of LTE ‎[1]. Many primary system performance evaluations of different multi-antenna concepts are based on the assumption of perfect channel knowledge and perfect link adaptation ‎[1], which show great potential of multi-stream transmission with precoding. 
However, different multi-antenna concepts have different sensitivity to the accuracy of the estimation of channel quality information (CQI) and feedback delay. Accordingly, this contribution investigates the impact of realistic CQI feedback delay on the system performance of different multi-antenna solutions, with the focus on the influence of non-stationary interference. Per antenna rate control (PARC), selective PARC (SPARC), codebook based precoding and non-coodbook based precoding are evaluated and compared. The results illustrate that realistic feedback delay creates problems with multi-antenna solutions that adaptively change the transmit covariance.
2. Concepts

As shown in Figure 1, this study investigates the CQI delay impact on the system performance of different multi-antenna systems for OFDMA DL, including PARC, SPARC, and short-term precoding with fast rank adaptation (FRA).
1) PARC‎[2] implements link adaptation individually for each stream. The total number of streams is equal to the number of transmit antennas, and the transmit power is uniformly allocated among all the transmit antennas.
2) SPARC‎[3] does not always turn on all the transmit antennas. Depending on the channel condition, SPARC dynamically selects one or more transmit antennas, with each antenna transmitting one stream with individual link adaptation. The total transmit power is kept fixed from one transmission time to another, and is uniformly allocated among all the active transmit antennas.
3) Codebook based frequency-domain precoding in the sense of short-term grid of beams (ST-GoB) with FRA. The codebook is based on D-TxAA[6]. The codebook is selected per resource block, including 25 sub-carriers in frequency domain and lasts 0.5 ms. 
4) Non-codebook based frequency-domain precoding, i.e. short-term eigen-vector beamforming (ST-EBF) with FRA. The precoding weights are determined based on the channel matrix 
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 per resource block, including 25 sub-carriers in frequency domain and lasts 0.5 ms. The preferred precoding weights are determined from the SVD of 
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. In addition, the fast rank adaptation is performed as well. This is sometimes termed SVD-MIMO in the literature. Here ST-EBF can in this view be seen as the most extreme form of precoding in the sense that no quantization is performed.

The antenna configuration 2x2 (2 Tx antennas and 2 Rx antennas) is considered, with all antennas co-polarized and the NodeB antennas are separated by 10 wavelengths.
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 (c) ST-EBF or ST-GoB with fast rank adaptation
Figure 1. Transmitter structures of PARC, SPARC and precoding
CQI needs to be fed back to the transmitter to support link adaptation and other channel-dependent adaptations such as rank adaptation in the multi-stream transmission. To simplify this study, the signal power is estimated by assuming perfect knowledge of the instant transmit antenna weights, while the interference is estimated a few slots in the past when feedback delay is studied, which is the only influential factor of the CQI inaccuracy that we study in this contribution. Error-free CQI reporting is assumed, and link adaptation is performed based on the delayed CQI reports.
3. Models and Assumptions

The models and assumptions used in the simulations are listed in Table 1, and are aligned with those in ‎[1]. The 2x2 system is used for the system evaluation, with a Tx antenna separation of 10 times the wavelength.
Table 1: Models and assumptions
	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation
	Full buffer, number of users varied to vary the load

	Radio Network Models

	Distance dependent path loss
	L = 15.3+20*+37.6*log(d), d = distance in meters, *0 for ISD=7500m

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM Suburban Macro

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance (ISD)
	500m

	General System Models

	Spectrum allocation
	5MHz

	Base station power
	20W

	Max antenna gain
	14dBi

	Modulation and coding schemes
	QPSK, 16QAM, and 64QAM, Rel-6 turbo codes, rates 0.1, 0.14, 0.2, 0.25, 0.33, 0.4, 0.5, 0.6, 0.67, 0.75, 0.8, 0.89

	Channel estimation
	Ideal

	Channel quality estimation
	Instant (no delay)  or 1.5ms CQI delay,      error-free feedback

	Reuse
	Uncoordinated reuse 1

	Traffic load
	Averagely {0.5, 1.0, 4.0, 8.0, 12.0} users per cell

	E-UTRA Characteristics

	OFDM Parameters
	According to [2]

	Overhead
	29% (1ms TTI)

	Transmission scheme
	See Section 1

	Receiver
	IRC receiver with successive interference cancellation (SIC)

	Scheduler
	Round Robin

	Link adaptation
	Initial MCS selection with BLER target of 10%/Nstreams.

	TCH PDU error indicator
	One PDU error indicator per stream per user, i.e. one ACK/NACK feedback per stream


4. System level performance results
Mean and cell-edge user throughputs versus served traffic per sector for PARC, SPARC and ST-GoB with 2x2 antenna configuration and at a 10λ transmit antenna separation are shown in Figure 1. The results in Figure 1 show very small performance loss caused by the 1.5ms CQI delay in PARC, thanks to the stationary inter-cell interference. Contrary to PARC, the antenna selection in SPARC changes the power allocation from frame to frame, therefore the inter-cell interference varies somewhat from time to time. Due to inaccurate CQI estimation, SPARC does not outperform PARC any more. Comparing to PARC and SPARC, the ST-GoB is most sensitive to the CQI delay. Since the inter-cell interference for ST-GoB is determined by the antenna transmit weights in the neighboring cells, and the scheduling decision changes from time to time, even though the optimal antenna transmit weights do not change very much during a short time for a particular user, the antenna transmit weights might change for a certain NodeB. Due to inaccurate inter-cell interference knowledge, the CQI feedback is not good enough to support link adaptation, which causes significant loss.
The comparison between the codebook-based precoding, i.e. ST-GoB, and non-codebook based precoding, i.e. ST-EBF, is given in Figure 2. With the instant CQI and perfect link adaptation, the ST-GoB is slightly worse than ST-EBF for both average user throughput and cell-edge user throughput. When introducing the 1.5ms CQI delay, the loss due to the limited number of precoding matrices is slightly larger, but still rather small. Comparing Figure1 and Figure 2, SPARC outperforms both the codebook-based precoding and the non-codebook based precoding in the 2x2 system.

It is also interesting to see that the ST-GoB and ST-EBF results with CQI delay shows smaller throughput when the system load more traffics at middle and high load scenarios. As analyzed above, the inter-cell interference variation because the neighboring NodeB schedule different users from time to time when more than one user exists in a cell, and the users are distributed in different directions in the cell. When the average load is less or around 1 user per cell, most base stations will only serve one user each, thus stationary interference is experienced. However, with increasing of load, the user-specific directions of departure (DoD) are more dispersed for each cell, thus the main lobe direction of the precoded signals varies more, which causes more serious non-stationary interference to the neighboring cells. Consequently, the CQI reporting is more inaccurate when the cell serves higher load on average. Over estimation of CQI will end up in a failed transmission and increase the retransmission times, while under estimating the CQI values will result in a too conservative link adaptation decision so that the channel capability can not be used in an efficient way. As a conclusion, the cell throughput drops with the increase in averaged served traffics.
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Figure 1. CQI delay impact on PARC, SPARC and ST-GoB
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Figure 2. Coparison of ST-GoB and ST-EBF
5. Summary and conclusions

In this contribution we have shown the impact of CQI feedback delay on the system performance of different antenna solutions. The simulations for a 2x2 antenna configuration within 5MHz band show that a realistic feedback delay creates problems with multi-antenna solutions that adaptively change the transmit covariance. In general, the scheme with more adaptation is more sensitive to CQI delays, i.e. precoding is the least robust (this applies to both the codebook based and the non-codebook based), while SPARC is slightly worse than PARC. Precoding adapts the transmit weights from time to time to serve different users at middle and high load scenarios, which causes serious variation of the inter-cell interference even with low terminal mobility. The CQI estimation accuracy is hard to maintain due to non-stationary interference. Consequently, the system suffers from bad link adaptation behavior and high block error rate (BLER). The interference variation is less in SPARC by limiting the transmit power at each antenna element to few levels, but there is no such problem in PARC due to the fixed transmit power.
This contribution illustrates how transmission schemes that dynamically modify the spatial correlation properties of the transmitted signals generally tend to create problems for the link adaptation and ultimately may turn out to perform worse than schemes which adapt the spatial correlation properties to a less degree. Consequently, we propose it should be possible for the NodeB to, for the precoding codebook which is under use, to restrict the adaptation of rank and precoder element to a subset of all possible combinations. Such a restriction could for example be signaled by means of higher layer signaling on a very slow basis so it would require essentially no additional overhead. Codebook subset restriction (including rank restriction ) however offers the following advantages:

1. Makes it possible for NodeB to restrict adaptation so as to reduce burstiness of inter-cell interference.

2. Improve estimation accuracy of spatial properties of inter-cell interference.

3. When a UE’s precoder and rank selection seems to go wrong (because of e.g. estimation noise), subset restriction gives the NodeB increased opportunity to override UE recommendations.

4.  The NodeB has the possibility to average CQI feedback over time and frequency. This may not be possible at the UE side depending on the exact definition of CQI (c.f. WCDMA). Thus the NodeB may have access to long-term channel information which indicates that only a subset of the codebook is beneficial to use.

Letting the NodeB override the UE recommendations regarding rank and precoding element normally leads to increased CQI errors since the CQIs have been computed at the UE side conditioned on a certain rank and precoder choice. Codebook subset restriction provides a way for the NodeB to override the UE recommendations by instead restricting the set from which the UE performs its selection on. This ensures that the reported CQIs are in sync with the precoder choice which will be beneficial for the link adaptation. 
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