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1 Introduction
Frequency domain scheduling has been discussed extensively in the context of both the uplink and downlink of LTE.  FDMA-based technologies (exemplified by OFDM, DFT-SOFDM) offer the possibility to target a preferred set of frequencies for transmission to a user which correspond to those providing the strongest channel amplitude response or C/I at an instant in time.  When the scheduling decision and allocation procedure are fast enough to lie within the coherence time of the channel, substantial link performance gains may be realised.  These link benefits combined with the multi-user diversity offered by the statistical independence of the user channels may then be exploited at the system level.
It is clear that frequency domain scheduling may be used in paired spectrum or in unpaired spectrum.  Reciprocity of the channel is usually not a requirement.  For example, in the case of the downlink, UE feedback to the scheduler is required for both TDD and FDD systems such that the scheduler may account for the varying interference situations (geometries) of the UE’s.
The discussion thus far has concentrated on scheduled transmissions.  This is natural as one cannot have frequency domain scheduling without a scheduler.  However, for LTE operation in unpaired spectrum, a further possibility arises in which advantage of the reciprocity of the channel may be taken, especially in the case of unscheduled uplink transmissions (i.e. contention-based uplink access channels).
2 Unscheduled (contention-based) uplink
There is often the need for uplink unscheduled transmissions from the UE to the basestation, examples including:

· initial access attempts to connect to the system via a random access channel
· a request to change serving base station via a random access channel
· a UE signals the network with a request for a scheduled uplink resource, in response to the arrival of data in the mobile’s transmission buffer using a random access transmission (see for example the PUSCH capacity request procedure for USCH in UTRA TDD or the E-RUCCH of TDD enhanced uplink
· a UE directly transmits data to a base station using a random access uplink transmission in response to the arrival of new data in the UEs transmission buffer (this can reduce the transmission latency of the data compared to the situation immediately above in which the mobile must wait for the network to respond with an explicit grant of uplink resources for the data)
The E-UTRA system is expected to provide common pilots or reference signals to assist the UE in channel estimation and hence coherent demodulation of the downlink.  For stand-alone operation of E-UTRA in unpaired spectrum (i.e. a TDD mode of operation), due to the channel reciprocity, the estimated channel on the downlink also provides information as to the status of the uplink channel.  Thus, for unscheduled transmissions in TDD, the UE could autonomously select those sub-carriers or frequency ranges which are the most favourable in terms of instantaneous channel amplitude (least pathloss).  If the uplink unscheduled transmission occurs a sufficiently short period of time after estimation of the downlink channel, then this reciprocity can be exploited.
3 Analysis
The gains available from selecting the best sub-carriers for uplink transmission are of course a function of various factors such as:

· the channel speed

· the channel type (multipath profile)

· the delay between the time at which the downlink channel is estimated and the time of uplink transmission
· the parameters configured for the unscheduled access channels (such as the number of sub-carriers occupied, their distribution in frequency and so forth)

· the overall system bandwidth

In this document we consider a very basic contention-based uplink exclusively occupying one 0.5ms sub-frame per E-UTRA frame, such as the one of Figure 1.  In this example, the unscheduled (contention-based) uplink sub-frame is located close to a downlink sub-frame so that the reciprocity benefits can be maximised.
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Figure 1 – Example frame structure
This sub-frame is further divided into Nx localised FDMA access channels.  A system bandwidth of 10MHz is considered with a total of 600 used sub-carriers spaced 15kHz apart.  This configuration is thus appropriate either for the DFT-SOFDM (SC-FDMA) numerology of section 9.1 of [1], or for the OFDMA UL numerology of section 9.2 of [1].
Three access channel configurations are considered:

· Localised FDMA:  The 600 sub-carriers are divided Nx access channels, each consisting of 600/Nx contiguous sub-carriers (see for example, Figure 2)

· Distributed FDMA:  The 600 sub-carriers are divided into Nx access channels, each channel consisting of 600/Nx sub-carriers spaced evenly across the band (i.e. one sub-carrier every Nx sub-carriers) – (see for example, Figure 3)
· CDMA:  The 600 sub-carriers are divided into Nx access channels in the code domain.  The spreading codes are of length Nx and are each assumed to distribute the energy approximately evenly across all 600 sub-carriers in the band (see for example, Figure 4)
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Figure 2 - LFDMA contention based uplink
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Figure 3 – DFDMA contention based uplink
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Figure 4 – CDMA contention based uplink
In this simplistic analysis, 10,000 instances of a Typical Urban channel were simulated and the frequency response of the channel over the 10MHz channel (600 sub-carriers) was evaluated.  For each channel instance, a range of access channel sizes (Sx) were considered, these being equal to 3, 6, 12, 24, 50, 100, and 300 sub-carriers.  This corresponds to Nx = {200, 100, 50, 25, 12, 6, 2} access channels per 10MHz.
The resource size Sx of the access channels defined may vary according to the system design and to the purposes for which they are used.  For example, if the access channel is to be used mainly for short messages such as initial access attempts and for informing a basestation scheduler of the presence of new data in the UE’s transmission buffers, then Sx is likely to be small.  One sub-carrier in one sub-frame would carry of the order of 5 data bits (assuming QPSK modulation and ½ rate FEC), and as such short messages of length <50 bits would clearly require access channels of width 10 sub-carriers or less.  For data transfer on the random access channel, the necessary channel width may be larger.  However, it is anticipated that large data transfers are likely to be carried out on scheduled uplink resources rather than on contention based resources.
After evaluating the DL channel response across the 10MHz span, the mean channel power across each access channel was calculated (for each of the various access channel widths listed above and for each multiple access scheme).  Two methods of channel selection were considered:

· Peak power based selection

· Random selection

The power of the selected channel was determined and the ratio of this power to the mean channel power across the band was stored.  This ratio is denoted R (dB).
The results are shown in Figure 5 in which the mean of R across the 10,000 runs is plotted against the access channel size Sx.
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Figure 5 – Relative performance of LFDMA/DFDMA/CDMA with peak-power/random channel selection
4 Discussion
As expected the gains of all of the techniques approach zero dB as the access channel size increases, this reflecting the frequency-diverse nature of wideband transmission.  Note however that the CDMA case is insensitive to the access channel size due to the intentional application of frequency diversity even for small access channel sizes.  In general, as the width of the pre-defined access resources increases, so does the variation in the frequency domain channel amplitude response and selection of only the best sub-carriers is no longer possible.

However, it can be seen that for more moderate (and more typical) access channel sizes, there is a significant gain for the peak-power selection methods, and most notably in the LFDMA case.  For message sizes up to approximately 50 bits (e.g. Sx ≈ 10 sub-carriers) the LFDMA gain is of the order of 5dB.  The gain for the DFDMA peak-power selection is lower due to the fact that the transmission bandwidth exceeds the coherence bandwidth of the channel.

The random selection methods for FDMA exhibit a loss compared to the CDMA case for low access channel sizes.  The loss is lower in the DFDMA case due to the inherent presence of some degree of frequency diversity.

From these results it can be deduced that LFDMA-based random access is able to deliver significant link gain for a TDD-based system when compared to DFDMA and CDMA based access channels.  This gain can be used at the system level in multiple ways depending on whether power control is/is not employed.  If power control is used, the transmission power could be set, at least in part, based upon the determined path loss of the frequencies selected.  In this way the transmitted power (and interference to other cells) can be minimised and so system capacity can be improved.  It should be noted this in this instance, the probability of collision on the contention-based uplink channels due to other intra-cell transmissions is not affected/improved due to the fact that all transmissions will arrive at the receiver at approximately the same level.  However, the required transmit power to achieve a given communication reliability can be reduced (by a mean of 5dB in aforementioned LFDMA example), hence, the interference power released into other cells of the system is also reduced.  When applied system-wide, this can also bring benefits to a serving cell in that the observed interference power coming from out-of-cell users is reduced and so the probability of correct detection of the transmitted data from intra-cell users (assuming they haven’t collided) is increased and uplink capacity is therefore also improved.
In the case that power control is not employed, the probability of erroneous detection of the transmitted data due to out-of-cell interference is still reduced even though the transmit power level remains the same.  This is because without power control, the user’s received power in the serving cell will be systematically improved when the UE selects only those frequencies with the lowest path loss to the basestation.  Out-of-cell users transmitting on the same time/frequency resources in other cells are unlikely to see this same systematic improvement in received power at the first user’s serving cell receiver because the channel from the out-of-cell users to their serving cell is uncorrelated with the channel from the same out-of-cell users to a neighboring cell.  Thus, when users select frequency channels that are good (i.e. have low path loss) in their serving cell, they are not necessarily selecting frequencies which have low path loss to neighboring cells, hence the ratio of the mean power received in their serving cell to the mean power received in neighboring cells is increased.  This means for a given transmit power level, the amount of intercell interference generated is decreased and communication reliability in each cell is again improved.

5 Conclusion

The performance of Localised FDMA, Distributed FDMA and CDMA-based non-scheduled TDD uplink access channels have been compared for the case in which the UE is able to autonomously select the access channel used for transmission based on knowledge of the downlink channel status.

Up to medium access channel sizes, significant gains are observed for the LFDMA case.  The gains range from around 5dB for small access channel sizes and continue to remain above 3dB for access channel sizes up to 40 sub-carriers (sufficient to carry messages of up to approximately 200 information bits) in a typical urban (TU) channel.
It is recommended that contention-based uplink access channels for E-UTRA TDD are localised FDMA in nature such that these gains may be realised.  A text proposal for [1] is appended.
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9.1.2.2
Scheduling
The uplink should allow for both scheduled (Node B controlled) access and contention-based access. 

In case of scheduled access the UE is dynamically allocated a certain frequency resource for a certain time (i.e. a time/frequency resource) for uplink data transmission. 

However, some time/frequency resources can be allocated for contention-based access. Within these time/frequency resources, UEs can transmit without first being scheduled. As a minimum, contention-based access should be used for random-access and for request-to-be-scheduled signaling.
In unpaired spectrum, system capacity may be improved through the use of localised FDMA contention-based access channels.  The UE may select the access channel based upon knowledge of the channel state information measured on a recent downlink sub-frame.

<<<<<<<<<<<<<<<<<<<<<<<<<<<< end of text proposal >>>>>>>>>>>>>>>>>>>>>>>>>>>
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