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Introduction 

Coordinated multi-point (CoMP) is being considered as a key enabler of high spectral efficiency requirements set forth by LTE-Advanced [1]. A variety of downlink cooperative transmission techniques and their role in various deployment scenarios is summarized in [2]. In many scenarios, a hefty fraction of the total capacity gain due to CoMP comes from cooperative transmit interference nulling, in addition to coherent channel combining (precoding) gains. This is the case in Cooperative Beamforming (CB) where a cooperating cell that is equipped with multiple transmit antennas chooses transmit beam(s) by suitably trading between precoding gain to a served UE and interference reduction to a ‘victim’ UE served in an adjacent cell. Similarly, Joint Processing (JP) implies serving data packets to multiple UEs from multiple cell sites wherein antenna weights at different cells are chosen to achieve simultaneous coherent channel combining and transmit interference nulling. Similar to closed loop precoding in LTE Rel 8, transmit interference nulling relies upon channel state feedback from the UE. However, transmit interference nulling requires higher feedback accuracy especially in the scenarios where a strong low-rank interference is present. The need for advanced feedback design relative to LTE Rel 8 has been acknowledged in various contributions presented in RAN1, see e.g. [2], [3].
High interference nulling gains can be achieved only for UEs with relatively low mobility. Indeed medium to high UE mobility on one hand and delay between the time of channel measurement and feedback calculation at UE and the actual downlink transmission by cooperating nodes (referred to as scheduling delay) on the other hand limit achievable nulling gains. A high resolution feedback from medium-high mobility UEs is therefore less valuable since channel variations caused by scheduling delay limit nulling gains. The key observation here is that high channel feedback accuracy is needed for UEs with relatively low mobility only. Hence it is natural to think of exploiting channel coherence across time to improve feedback accuracy for a given feedback payload. While we discuss improvement of feedback accuracy in the context of interference nulling, it can be seen that such improvements are beneficial for other CoMP techniques (such as Joint Processing) as well as non-CoMP techniques such as higher-order SU-MIMO, MU-MIMO etc.  
The goal of this contribution is twofold. First, we present a high-level analysis to demonstrate that a single instance of a spatial channel feedback with a limited number of bits would be a limiting factor for transmit interference nulling performance for pedestrian mobility. Next, we introduce the concept of Multiple Description Coding (MDC) to enhance feedback accuracy based on time and/or frequency coherence of the channel. We show that a simple change to the legacy feedback mechanisms, namely the use of a time and/or frequency varying codebook, as opposed to a single fixed codebook, may yield substantial performance benefits. Prior to addressing these two points, we briefly discuss the choice of spatial feedback form suitable for CoMP.      
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Spatial feedback for downlink CoMP
As already mentioned, CoMP efficiency relies on the ability to properly select a set of UEs to be cooperatively served on a given time-frequency resource based on channel conditions as well as UE priorities (e.g. in terms of fairness, QoS etc) and to choose a suitable set of antenna weights to maximize serving utility based on spectral efficiency and UE priorities. Since a UE does not have information related to the other UEs served in cooperation, a UE can not determine the right set of weights. Meanwhile, UEs can feed back a quantized version of the channel state to various cooperating nodes so that appropriate beam vectors can be computed at the network side. Hence, in the context of N-MIMO, feeding back a quantized channel state rather than the suggested precoding direction, equivalent of PMI in LTE Rel 8, seems appropriate. Similar to the existing feedback scheme, vector (matrix) quantization can be used so that UE feeds back index of a vector (matrix) from a pre-defined codebook that matches the measured channel state. Such a feedback may be in the form of the actual complex channel from multiple transmit antennas of one or more cells to one or multiple receive antennas of the UE. The full spatial feedback consists of reporting the set of complex entries of the channel matrix. This information can be further compressed to the Channel Direction Information (CDI) only which consists of e.g. reporting one or more dominant principal eigen-components of the channel matrix in the case of MIMO transmission to the UE etc. While the full spatial feedback yields non-negligible extra overhead in the case of a few transmit and/or receive antennas, it allows for a simple channel interpolation across time and/or frequency when multiple reports are available. The exact form of spatial feedback to be used remains an open study item. 
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High-level analysis of feedback requirements

In this section, we motivate the need for spatial feedback compression by showing that a static feedback similar to PMI in LTE Rel 8 would be the main source of performance loss for low (pedestrian) mobility. First, we define a suitable metric of feedback accuracy in the context of CoMP and highlight its dependency on the codebook size if a static codebook is used. For the sake of simplicity, we will assume i.i.d. flat fading channel although extensions to frequency selective channels can be readily made. Furthermore, assume that the UE feeds back channel state in the form of MTX x 1 vector of unit norm where MTX is the number of transmit antennas at the cell. This kind of feedback would represent, for example, CDI feedback sent to an interfering cell in the context of Cooperative Beamforming. In the case of a single receive antenna at the UE, this vector represents normalized channel quantized with a codebook of size N =2NB where NB is the feedback payload size. In the case of multiple receive antennas, this vector could represent e.g. a normalized version of the MTX x 1 between MTX transmit antennas of the interfering cell and the output of the receive antenna combining at the UE which is tuned according to the UE’s channel to its serving cell and possibly interference covariance matrix to other interferers. For a given codebook C = [C1, …,CN], we define the outage normalized correlation between the actual channel h and the closest codebook entry. The outage normalized correlation is defined as a value such that the actual normalized correlation between the channel and the reported feedback will be less than or equal to this value with a probability of ( (outage probability).   
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Note that a normalized correlation between the channel and the feedback gives rise to the following upper bound on the outage interference nulling gain which is achievable with Zero Forcing cooperative beamforming:
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Hence this metric can be used to characterize codebook performance. For a random codebook where each vector Cl is generated as i.i.d. complex Gaussian normalized to a unit norm and N vectors are mutually independent, the closed form expression of the outage interference nulling gain is given by 
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As a matter of fact, random codebooks are as good as large optimized codebooks. This effect is illustrated in Figure 1 for MTX = 4. Here solid lines show cumulative distribution of the interference nulling gain for different codebook (payload) size while stars show distribution points achieved with optimized codebook selection wherein we choose the best codebook out of 103 candidates so that the outage correlation is maximized with (=10-2 and wherein this outage correlation is estimated based on 104 independent channel realizations for every codebook. In this example of four transmit antennas, each extra bit added to feedback payload improved achievable interference nulling gain by 1dB only. To ensure interference nulling gain of about 10dB with 50% outage probability, about 10 bits of spatial feedback would be needed, compared to the maximum PMI payload of 4 bits in LTE Rel 8. 
We next analyze the effect of UE mobility on the maximum achievable interference nulling gain. To this end, we compute the interference nulling gains achievable with the perfect channel state feedback on a flat fading time varying channel with Jakes mobility model at various UE velocities. Average
 interference nulling gains are plotted versus scheduling delay in Figure 2.  It is easy to see that pedestrian mobility on the order of 1-3km/h allow for interference nulling gains of 10dB or higher for scheduling delays within 10ms. Note that interference nulling gains on the order of 10dB are handy in e.g. HeNB deployments with Closed Subscriber Group (CSG) where a UE may see a strong interference link to a close-by restricted cell. Low mobility inherent to HeNB deployments allows for such gains as long as adequate feedback accuracy is provided. However, feedback payload on the order of 10 bits or higher seems to be excessively large and even larger feedback is required as more transmit antennas are used at one cell or across multiple cooperating cells and/or multiple feedback directions in the case of higher rank transmission to the UE.
We feel that the above mentioned observations clearly point to the need of feedback compression to enable adequate CoMP gains for low mobility UEs at a reasonable UL overhead.  
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Figure 1: Interference suppression with static flat fading
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Figure 2: Average interference suppression with perfect feedback
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Multiple description coding

The general idea of multiple description coding consists of using multiple code descriptions to improve the accuracy of the source representation at the receiver. In the present context of channel state feedback, this concept could be implemented by e.g. using different codebooks with the same statistical properties at different time instances. To illustrate this concept, let’s assume a static (time-invariant) channel. In LTE Rel 8, constant (time invariant) codebooks are used hence the UE would feed exactly the same precoding index to the network at every time instance assuming accurate channel estimation at the receiver. Hence multiple consecutive feedback reports do not provide additional information and channel estimation at the network is defined by quantization accuracy (payload size) of a single feedback instance. Now assume that a time varying codebook is used. In the latter case, every instance of channel feedback refers to an entry from a different codebook hence yielding a different precoding matrix. Hence the network gets different ‘looks’ at the channel state. Based on the network assessment of UE mobility, the network can suitably combine these reports to improve the accuracy of channel state compared to a single report. 

Various specific ways of combining multiple reports may be considered depending on the type of channel state feedback. Typical examples are full channel feedback and channel direction (CDI). In the former case, optimal combining may be achieved through linear (MMSE) filtering of channel state feedback corresponding to different instances with the proper choice of filter parameters consistent with UE mobility. In the case of CDI feedback, the optimal solution is not straightforward but some heuristics can be used.
Now let us consider a mobile UE such that channel state is fully uncorrelated between the adjacent reports.  While the same time-varying codebook can be used, the network will use the most recent report from the UE to estimate channel state. Since every codebook in the time varying sequence has the same statistical properties as a fixed codebook, feedback accuracy with a time-varying codebooks will be no different compared to the case of a fixed codebook. Also note that the same sequence of codebooks can be used regardless of UE mobility. 

Let us summarize the key advantages of multiple description coding based on time-varying codebook design.

·   Time varying codebook does not depend on UE mobility and channel variation statistics. Hence a single sequence of codebooks can be used to replace a single codebook. The length of this sequence is defined by the maximum number of reports considered for combining. As increase in combining gain reduces along with the number of combined reports even at relatively low mobility, a short sequence (e.g. 2-6 codebooks) would provide most of the gain.  Once the sequence is fixed, it be re-used e.g. in a round robin fashion.
·    No additional complexity at the UE is incurred due to a (time) varying codebook compared to a fixed one. Indeed, UE computes precoding feedback for a given codebook based on the best match of channel estimate across all entries of the codebook hence multiple codebooks should not make difference relative to a single codebook design Memory requirements will not be large if the sequence is short as indicated above. Also fairly good codebooks can be generated in a pseudo-random fashion (based on a pre-determined low-complexity algorithm seeded by a number) in which case there would be no additional memory requirements.  
·    Combining multiple reports is optional at the network. As explained before in the case of a fast varying channel, the network can use the most recent report only from the UE thereby achieving the same feedback accuracy as the standard fixed codebook design.  A simple eNodeB implementation could use the most recent report regardless of UE mobility thereby achieving feedback accuracy comparable to LTE Rel 8. A smarter implementation combines multiple reports based on UE mobility estimated at the network. Hence this approach enables combining of multiple reports while meeting the self-contained feedback principle of LTE. 
·    Every instance of the feedback has the same format and reliability requirements yielding a homogeneous signalling (PHY/MAC) design. It may be possible to reuse the existing UE feedback format defined in LTE Rel-8 based on PUCCH.  As already mentioned, codebook structure does not depend on UE mobility hence there is no need for additional periodic signalling between the UE and the network to synch-up on feedback format and parameters. 

The described multiple description coding principle can be applied in the context of frequency coherence as well. In a more general setting, one should consider time and frequency varying codebook design where channel state quantization within a given time instance (e.g. sub-frame) and a given subband is performed according to a codebook associated with this slot/subband pair. The network can further combine reports corresponding to different time instances and subbands based on the estimated time/frequency coherence of the underlying channel. 
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Performance results

In this section, we describe simulation results highlighting performance gains achievable with the multiple description coding approach. As before, we consider a frequency flat Rayleigh fading channel with four transmit antennas at the cell site and one receive antennas at the UE. For a payload size NB =6, we choose T “best” codebooks from a set of 103 randomly generated codebooks so that the outage correlation is maximized with (=10-3, as explained in section 3. In this document, we consider CDI feedback hence each MTX x 1 entry of the codebook is normalized to a unit norm. We compare performance of feedback combining over 2 and 3 consecutive feedback reports (T=2, 3) versus the baseline when the most recent report only is used (T=1). To this end, we assume a feedback interval of 8ms and an additional scheduling delay of 8ms between the most recent report and the actual precoded DL transmission. We further assume Jakes mobility with the UE velocity of 1, 3, 5 or 10km/h and carrier frequency 1.9GHz. Whenever multiple reports are combined at the cell site, MMSE combining is used with filter coefficients calculated according to the autocorrelation function of the un-normalized channel process assuming uniform Doppler spectrum with a spread of [-FD, FD] where the  magnitude FD is set conservatively assuming UE velocity of 5km/h.   
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Figure 3: Interference suppression with multiple description coding
In Figure 1, cumulative distribution of interference nulling gain as defined in section 3 is plotted for the baseline that makes use of the most recent feedback report only (T=1) and combining of T=2 and T=3 reports. Results are shown for payload size NB =6. A substantial gain is achieved due to combining the two consecutive reports for low UE velocities and a limited additional gain when three reports are combined.  Note that the described combining scheme is robust, i.e., no loss in performance with respect to the baseline, provided the true UE velocity does not exceed the assumed UE velocity at the MMSE predictor and a very limited loss when UE mobility is underestimated substantially. Furthermore, as shown in Figure 2, sizeable gains due to an improved feedback accuracy are expected at pedestrian mobility, within around 10km/h while substantial gains are available at 1-3km/h, Hence tuning the MDC receiver algorithm to a speed around 5km/h and performing mobility estimation accordingly could be a practical setting. More accurate assessment of gains and combining algorithms in the presence of frequency selectivity and different codebook sizes may be need. 
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Conclusions

In this contribution, we demonstrated the need for improved feedback design to enable sustainable transmit interference nulling gains for pedestrian mobility UEs by showing that feedback quantization error is a limiting factor at low mobilities as long as the standard feedback approach is used. 
We also proposed a feedback design that allows for substantial performance gains with no additional complexity at the UE and a very minor change relative to the existing LTE Rel-8 design. Specifically, we propose to replace a static codebook by a set of codebooks that are alternately used in different subframes and/or frequency regions (subbands). Better feedback accuracy can be achieved at the receiver (cell) by combining multiple feedback reports corresponding to different codebooks based on estimated time correlation of the reported quantity. A “simple” receiver that ignores correlation across feedback reports will observe the performance of LTE Rel-8 design. The same observation holds for highly time and frequency selective channels. 
Finally, the proposed approach to feedback design allows for performance gains without compromising on the “self-contained feedback” principle adopted in LTE Rel 8. It is worthwhile noting that the proposed modification of the LTE Rel-8 feedback design, while discussed in the CoMP context, also yields improved performance for intra-cell closed loop precoding transmissions, namely SU-MIMO and MU-MIMO.  We therefore recommend RAN1 to consider the proposed enhancement of the existing LTE Rel-8 feedback mechanism in LTE Advanced.   
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