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1 Introduction

Uplink reference signals, transmitted in the short blocks in the sub-frames, are used for coherent modulation and possibly channel-quality estimation for channel-dependent scheduling. Provided that uplink transmissions are received in a time-aligned fashion (within the cyclic-prefix tolerance), multiple mutually orthogonal reference signals can be created. Hence multiple UEs and/or a multi-transmit-antenna UE can be supported within the same Node B. 

Mutual orthogonality can be created by using either the frequency or code domain. In the latter case, multiple reference signals occupy the same subcarriers but are distinguished by, e.g., a specific cyclic shift of a single CAZAC sequence. This would ensure that multiple transmit antennas or UEs can be individually estimated, as well as providing low PAPR/cubic metric (CM) properties of the time-domain signal.
The CAZAC sequence approach is optimal when all subcarriers are used in a system; however with nulled subcarriers a frequency windowing effect will occur, partially destroying some of the good properties. In fact, both the mean-square error (MSE) of the channel estimate as well as the time domain properties are degraded. In the most challenging case (many simultaneous users/transmit antennas etc), better sequences exist, offering improvements to both MSE and CM.
In the next section we briefly introduce a numerical method for finding near-optimal (in the MSE sense) reference signals with any suitable constraints, such as CM.
2 Convex optimisation
The task of finding reference signals that minimise the MSE can be formulated as a convex optimisation problem. Convex optimisation is a well-researched field; its popularity owing largely to the fact that most convex problems can be solved efficiently [1]. Interior point (IP) methods solve the convex optimisation problem by employing Newton’s method to solve a sequence of equality constrained (or unconstrained) sub-problems [1]. Even when a problem is not convex, IP methods can sometimes be used to great effect (see, e.g. [2] and the references therein). 

The constraint in this case could, e.g., be the CM of the time-domain reference signal. Alternatively, the CM could be optimised given a maximum allowed MSE. A simple and efficient IP method is the barrier method [1]. For details on it and how to formulate the cost function and constraint to solve the problem of MIMO training sequences for OFDM systems with nulled subcarriers, see [3].
3 Results 
In this section, the performance of two different reference signals will be compared: shifted CAZAC sequences and signals designed using convex optimisation with constraints. We consider the case of one UE with two transmit antennas. The 2.5 MHz case is considered with 128 samples in the short block and 256 samples in the long block. Optimal interpolation is assumed, i.e., channels are estimated in the time domain (where noise can be windowed out due to the short duration of the impulse response) and transformed to the frequency domain using the 256-point DFT, suitable for coherent demodulation of the long blocks. As there is only one user, 75 subcarriers are available for the reference signal which are interpolated to the 150 subcarriers for coherent demodulation in the long blocks.. A least-squares (LS) channel estimator is assumed, making it simple to derive MSE [4]. 
We use Chu sequences which have CAZAC properties and apply a 128/2=64 samples cyclic shift for the second transmit antenna. The optimised sequences are found by using the barrier method and constraining the CM to be less than 4.8 dB, which is the CM of the CAZAC sequence. In Figure 1, the MSE is shown as a function of SNR and as can be seen, the optimised signal offers an order of magnitude lower MSE than the CAZAC sequence. Both types of reference signal have roughly the same CM.
[image: image1.wmf]
Figure 1: MSE as a function of SNR.

4 Conclusions
Reference signals can be designed using convex optimisation tools such that they have better performance in MSE and/or CM than CAZAC sequences. A nice property of these techniques is that one metric can be optimised, e.g., MSE, with constraints on other properties, e.g., CM. Hence it is a versatile tool that can be used to design reference signals for uplink transmission which will support a maximum number of UEs and/or transmit antennas.
Based on the above discussion, we make a text proposal for TR 25.814 capturing the use of convex optimisation techniques in designing reference signals.
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---------------------------------------------- Start of text ----------------------------------------------

9.1.1.2.2
Uplink reference-signal structure

As indicated in Section 9.1.1, uplink reference signals are transmitted within the two short blocks, which are time-multiplexed with long blocks. Uplink reference signals are received and used at the Node B for the following two purposes:

· Uplink channel estimation for uplink coherent demodulation/detection

· Possible uplink channel-quality estimation for uplink frequency- and/or time-domain channel-dependent scheduling

Provided that uplink transmissions are received in a time-aligned fashion (within the cyclic-prefix tolerance), multiple mutually orthogonal reference signals can be created. Multiple such mutually orthogonal uplink reference signals can be allocated to 

· A single multi-transmit-antenna UE to support e.g. uplink multi-layer transmission (MIMO)

· Different UEs within the same Node B

As shown in Figure 9.1.1.2.2-1, the uplink reference-signal structure should allow for: 

· Localized reference signals occupying a continuous spectrum.

· Distributed reference signals occupying a comb-shaped spectrum.

Note that, due to the use of the short block for the transmission of reference-signals, the “sub-carrier bandwidth”, is twice the “sub-carrier bandwidth” for data transmission in long blocks.
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Figure 9.1.1.2.2-1 Distributed (left) and localized (right) reference-signal structure

Orthogonality between uplink reference signals can be achieved using the following methods: 

· By transmitting each uplink reference signal across a distinct set of sub-carriers, as in “Figure 9.1.1.2.2-2 left.” This solution achieves “signal orthogonality in the frequency domain” and applies to both localized and distributed reference-signal structures.

· By constructing reference signals that are orthogonal in the “code domain”, with the signals transmitted across a common set of sub-carriers (example with contiguous sub carriers in Figure 9.1.1.2.2-2 right). As an example, individual reference signals may be distinguished by a specific cyclic shift of a single CAZAC sequence or sets of reference signals which provide robust channel estimates may be constructed using convex optimisation.

· Orthogonality in the time domain

· A combination of the methods above
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Figure 9.1.1.2.2-2  Reference-signal orthogonality in frequency domain (left) and “code” domain (right) respectively. 
 Note that orthogonality in the frequency domain is also possible for a localized reference-signal structure.
-----------------------------------------------End of text -----------------------------------------------




































