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1
Introduction

In this contribution, we motivate Space Division Multiple Access (SDMA) for orthogonal uplink (UL) traffic multiplexing. 
The main capacity advantage of orthogonal UL schemes such as TDMA, FDMA over contention based systems like DS-CDMA with a simple matched filter (MF) receiver comes from the fact that such contention based schemes suffer from intra-cell interference. The use of advanced Node-B receivers employing successive interference cancellation (SIC) schemes easily reduces or eliminates any capacity advantage of orthogonal schemes. It was shown in [5] that CDMA with SIC achieves MAC Gaussian capacity.
As the number of receive antennas increases, contention based UL can outperform orthogonal UL in terms of capacity. A simple rationale for this behavior is as follows. A contention based UL can operate in interference limited mode so that signal to noise ratio (ES/N0) per modulation symbol is low. In this regime, system capacity scales linearly with ES/N0. Hence capacity increase with the number of receive antennas is also linear. In a contention based UL system, this capacity gain will captured through load control. 
In an orthogonal UL system, the total load is limited by the number of orthogonal dimensions (system bandwidth) while spectral efficiency per dimension scales logarithmically with ES/N0. Hence, capacity of an orthogonal UL scheme scales logarithmically with the number of antennas. The only way to alleviate this fundamental limitation is to increase the number of dimensions in the system as the number of receive antennas grows. This can be achieved though UL SDMA where multiple UEs of the same sector/cell are assigned the same (overlapping) resources. Unlike purely contention based schemes SDMA will limit the number of UEs using the same unit of resources at a given time and use spatial (e.g. space-time or space-frequency) processing to recover signals coming from different UEs. Hence, SDMA offers a possibility of quasi-orthogonal user multiplexing in orthogonal systems. Such a system will retain all benefits of the orthogonal design when the number of antennas is small or there is not enough spatial diversity, while offering capacity scaling along with the number of antennas at Node-B.  
2
Uplink SDMA with Random Hopping
Implementing SDMA requires certain policy of grouping (scheduling) multiple UEs on the same time/frequency resources. Ideally, this grouping should be done based on spatial properties of the actual UL channels corresponding to different UEs. However, this policy would require accurate knowledge of UE’s channel conditions. In the absence of accurate channel state information (CSI), channel based grouping may lead to substantial variations of co-channel interference resulting in a high packet loss. 
An alternative solution is to collect interference diversity through random hopping. Specifically, UL assignment of each UE consists of a set of time-frequency blocks that are somehow scattered across UL bandwidth and hop over time. When such hopping sequences assigned to multiple UEs overlap, every UE will collide with a set of UEs on every block. These sets will be different for different blocks, hence providing co-channel interference diversity which is advantageously used by HARQ to terminate packet transmission at an appropriate rate. The concept of random hopping should be implemented to support different values of SDMA multiplexing factor (e.g. the number of UEs assigned the same UL blocks). It is also important to ensure co-existence of SDMA with non-SDMA assignments which may be needed to support high QoS requirements. A general approach is explained in the following section.
3
Spatial Multiplexing Factor Control
In orthogonal UL schemes, the channel assignment structure is usually defined by a multi-level channel tree, where the lowest (leaf) level corresponds to minimum assignment units (e.g. a minimum collection of time/frequency blocks per assignment) while the highest level node refers to the entire bandwidth. 
Depending on the desired amount of resources assigned to UE, UL scheduler can pick a node at any intermediate tree level thereby giving all the associated resources to this UE. In the case of random hopping, the mapping of leaf nodes to (groups of) time-frequency blocks can be a randomized function of time. 
A possible extension of the tree-based assignment to SDMA case is illustrated in Figure 1. Here a single tree is augmented by (Q-1) identical trees such that leaf nodes of every tree are randomly mapped to the same set of time-frequency blocks.  
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Figure 1: Multiple channel trees to support SDMA
In a regular orthogonal (non SDMA) operation, UEs are scheduled on a single tree. In SDMA, integer multiplexing factor Q can be achieved by loading exactly Q trees.  Note that a fractional value of Q can be achieved through a symmetric partial loading of (Q(  trees, where (.(  is the  integer ceiling operation. Alternatively, fractional Q can be achieved through asymmetric partial loading so that UL scheduler starts assigning UE resources on a new tree, in addition to the existing fully loaded trees. While the first approach guarantees symmetric channel conditions for all UEs, especially in terms of interference statistics, the later approach is easier to implement as it does not require balancing the load between the trees when a new tree is appended.  
4
Rate Prediction 
In an orthogonal UL system, rate prediction is based on CSI information available at Node-B. The Node-B can be made aware of the long-term channel quality of each UE [1]. Short-term CSI could be available in a design that includes a continuous UL signaling that can serve as a broadband pilot [2]. In the latter case, Node-B computes the most recent channel quality metric and maps it to appropriate MCS. The mapping between channel quality metric and MCS is adjusted by a rate prediction loop which is based on the long term channel conditions and the desired performance metric such as packet loss rate, mean or tail latency of H-ARQ terminations or cell spectral efficiency. A suitable performance metric which is representative of the achievable data rate is described and justified in [3].
In SDMA, the achievable data rate is affected by co-channel interference which can introduce substantial interference variations. A general question one could ask is whether the metric defined in [3] is a representative measure of spectral efficiency in SDMA. The same metric remains valid under the assumption that all the colliding users have random spatial signatures. This assumption makes sense when Rx diversity antennas are used at Node-B. The actual spectral efficiencies will be less in SDMA mode, because of co-channel interference and rate prediction loop will adjust the mapping from the channel metric to MCS accordingly.  
5
Orthogonal Pilot Multiplexing  

In order to minimize processing loss of SDMA receiver, pilots should be designed to enable accurate estimation of Q channels corresponding to the UEs multiplexed over a block. These channel estimates will be used to set the parameters of linear (e.g. MMSE) or non-linear (e.g. SIC) receiver at Node-B. 
In the following paragraphs, we will address issues related to pilot design in OFDMA, localized FDMA (LFDMA) and interleaved FDMA (IFDMA).
In OFDMA, UL traffic resources can be assigned in units of time-frequency blocks with local (dedicated) pilots placed in every block for channel (interference) estimation. Time-frequency location of pilot symbols inside every block can be optimized to achieve high estimation accuracy subject to a given overhead. Pilots of different UEs should be multiplexed so as to keep pilot location of different users close to optimal and keep the total pilot overhead compared to that of non-SDMA mode, without any substantial reduction in UE. 
One approach consists of (i) defining a few contiguous clusters of pilots with cluster location optimized to minimize channel estimation performance (in non-SDMA mode) and (ii) multiplexing pilot dimensions of different UEs orthogonally over these clusters, by using some orthogonal codes. Note that contiguity of clusters in time/frequency is important to preserve channel coherence for pilot multiplexing. Different sequences of orthogonal codes will be implicitly assigned to different UEs if every SDMA channel tree (described in the previous section) is associated with an orthogonal sequence.         
In LFDMA, pilot symbols should be TDM with data in order to keep PAR of the UL waveform. However, one could also multiplex pilot tones with data using FDM at the expense of PAR. Pilots of different UEs can be multiplexed orthogonally over groups of contiguous (closely located) tones.
In IFDMA, pilots of every UE should span a large bandwidth occupied IFDMA UL assignment. The total pilot overhead is substantial especially for small to medium assignment sizes. Additionally, multiplexing pilots of different UEs over the same pilot symbols is quite difficult since IFDMA assignments are not contiguous in frequency and contiguity in time, while possible, would reduce inter-cell interference diversity. Multi-user pilot multiplexing in IFDMA is quite challenging.
6
Receiver structure

A linear MMSE receiver can be applied to signals of all receive antennas at Node-B per modulation symbols, followed by the set of Q single-user demodulation/decoding chains, as shown in Figure 2.
[image: image1]
Figure 2: SDMA receiver at Node-B
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