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1. Introduction

There has been discussion about user traffic multiplexing on the last RAN1 meeting #34 in Korea. User traffic multiplexing has also to take resource allocation or resource scheduling into account. In this contribution we are proposing to exploit the properties of OFDM for that purpose.

Traffic multiplexing, link adaptation per UE, and resource allocation are some of the key features that are used in HSDPA. It is well known that in an OFDM transmission system each subcarrier experiences different fading. That is, the subcarrier attenuation varies over the frequencies as given by the channel transfer function. Further it is known that this channel transfer function is different and unique for each UE. So the probability that one subcarrier frequency 
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 is attenuated for all UEs in a cell is nearly zero.

Therefore, an adaptive subcarrier allocation to the UEs is proposed in order to improve the throughput of the overall OFDM system. To facilitate this new allocation possibility it must be complemented by a generalized link-adaptation scheme. OFDM offers the possibility to flexibly allocate subcarriers to one user, or one logical channel, respectively, to control the data rate for this user channel. Since this allocation can change also over time in a TDMA system with a TTI of 2 ms we have a 2-dimensional resource allocation problem as indicated in Figure 1 where an example of the allocation to 5 user channels (distinguished by colors red, blue, green, yellow and orange, black indicates pilots) is depicted. Such flexibility is useful for HSDPA packet traffic. 

This subcarrier allocation (or frequency scheduling) is beneficial for the performance as already recognized in the contributions Tdoc 02-1245, 02-1321 [3, 4] and Tdoc 03-769, 03-1040 [5, 6] by Lucent and Samsung, respectively. Now besides that said allocation of subcarriers, the modulation type per subcarrier can also be changed to change the data rate per subcarrier, as indicated by the different patterns of the time-frequency bins in Figure 1. (Thus, adaptive subcarrier modulation is also proposed as, e.g., known from  the DMT systems for ADSL). This should depend on the reception condition at the terminal side since higher order modulation schemes can only be used in case of good SNR conditions at the receiver. Since the UE has all the necessary information available for this decision a generalized link-adaptation by means of a feedback channel can be carried out with tenable amount of feedback traffic.

In this contribution we propose to exploit the OFDM flexibility and discuss how this can be done covering a whole class of solutions. Thus, such a proposed scheme provides a lot of advantages in the OFDM based HSDPA downlink structure. The potential gain of such a scheme is illustrated in section 3. In an example of a feedback channel the amount of feedback traffic is assessed as an upper limit in section 4. Finally, conclusions are drawn in section 5.
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Figure 1: Flexible resource allocation in time and frequency direction for OFDM system

2. Adaptive subcarrier allocation and modulation scheme selection

2.1. Basis of frequency selective allocation and choice of modulation scheme

The OFDM signal as defined by Set1 or Set2 of OFDM physical layer parameters has 299 or 705 subcarriers and a bandwidth of approx. 5 MHz. Due to the multi-path spreading the transmission is subject to a channel transfer function 
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 which exhibits severe frequency selective fading in this bandwidth as shown in Figure 2. 
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Figure 2: Channel transfer function over the subcarrier frequencies with frequency selective fading over 5 MHz bandwidth of a UMTS channel

So some carriers are strongly attenuated while others are not. The task is now to cope with that situation. Conventionally, a frequency interleaving scheme or T-F mapping picks a number of frequencies far enough apart that they experience independent fading. If one does not know which subcarriers will fade, using a mixture is a way to average and to be robust to avoid severe bit error rates, since the FEC (Forward Error Correction) coding mechanisms will be able to correct the errors that are spread over the received bits. This interleaving is indifferent about the terminal´s (UE´s) specific channel situation.

If one wants to do something more intelligent one has to use the channel information to improve the performance. So we propose to exploit multi-user diversity and select and allocate frequencies to the user channels in a way which maximizes the cell throughput.

Further we propose to also adapt the modulation order. The modulation order (e.g. QPSK, 16 QAM, 64 QAM or higher ) that is proposed to be used for a sub-carrier with frequency 
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 depends on the current SNR for that sub-carrier. Roughly, for each 6 dB more in SNR 2 more bits per modulated sub-carrier can be transported. The SNR in turn is directly proportional to the channel transfer function magnitude squared 
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 at that subcarrier frequency. 

To use the highest modulation order available in the system (e.g., 64 QAM) on every subcarrier would be the best and is the goal in order to maximize the radio cell throughput.

Looking at Figure 2 it is clear that for this UE the subcarriers amplified above a certain level (indicated as green line) are more useful as the others. Especially the subcarriers in a fade are quite useless for that terminal.

Looking at a whole ensemble of UEs (j= 1, ...,5) the transfer functions are all different as shown in Figure 3. 
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Figure 3: Channel transfer functions for an ensemble of UEs and function of maximum per subcarrier frequency (bold line) taken from PedB

Here, for a mixture of snapshots from PedB listed in [1] the channel transfer functions have been taken. The maximum of all transfer functions 
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 is shown as bold line, showing what theoretical gain in SNR could be achieved by ideal allocation. Further, it shows that the probability that one subcarrier frequency is attenuated for all UEs simulateously is nearly zero.

The subcarrier allocation is only useful for terminals with channel transfer function that do not change too rapidly. Thus, we propose to distinguish quasi-stationary and non-stationary terminals and partition the available frequency set in two parts: one used for conventional frequency interleaving and one used for frequency selective allocation.

Since all the information necessary to decide over the predictability of the channel transfer function is available in the UE we propose that this decision is carried out in the terminal and the decision to participate in frequency selective allocation is sent to the Node-B over a feedback channel.

To allow fair scheduling the size of the two parts should be related to the number of terminals participating in subcarrier allocation and to the number of not participating. 

As an example of such a partitioning the frequency axis can be partitioned in Q grids of subsampled frequencies as indicated in Figure 4. We propose that, dependent on the number of terminals participating in subcarrier allocation and their respective traffic demands, between 0 and Q grids are joined to form the frequency part used for subcarrier allocation. The other grids are then used for conventional frequency interleaving. 
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Figure 4: Partitioning of frequency axis in grids of subsampled frequencies. In one grid only every Q-th subcarrier frequency is contained.

Ideally, the partitioning in two parts should be carried out so that each part possesses enough frequency diversity.

The stationarity of the channel transfer function H(f) for certain users is still high as depicted  in Figure 5 showing that link-adaptation is feasible.
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Figure 5: Evolution of channel transfer function H(f) over the time. The function is shown for a time instance and 3 and 6 TTIs later for Ped B 3km/h channel type.

Here the channel transfer function over the subcarrier frequencies is shown for a time instance and 3 and 6 TTIs later. This exemplifies that the regions of amplification are slowly changing over the time, making an adaptive allocation possible. If a user is really fixed to a location it can be expected that the allocation will almost not change over time any more, making the scheme even more attractive.

2.2. Generalized link-adaptation using feedback channel

In OFDM the link-adaptation has one dimension more. It is not only the quality but also the respective subcarrier frequency that has to be reported back. In this contribution we propose to send this information back in source coded form.

As said the UEs have all information to decide on the desired subcarrier modulation. Since they can estimate the SNR per subcarrier each subcarrier can be classified if it is suitable for a certain modulation scheme QPSK, 16QAM or 64QAM, taking into account that the Node B indeed only has the choice between these few possibilities.

So given the UEs traffic demand and reception condition it will decide on the applicable modulation schemes. For example if 16QAM or 64QAM can be received for enough subcarriers it suffices to report the frequency region to the NodeB. Thus, it is proposed to send back the index of the desired modulation scheme and an associated binary function as depicted in Figure 6, indicating which subcarriers are desired for this modulation scheme and which not.
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Figure 6: Binary reception quality function 
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 signaling over which frequencies certain modulation scheme reception is possible and where not

The base station (or  MAC/scheduling entity) allocates the sub-carriers to the terminals (UE) 
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, taking the combined reports into account  and guaranteeing that on all sub-carriers for all terminals (UE) the best possible modulation order (e.g. 64 QAM or 16 QAM) can be used, this way maximizing the cell throughput by this optimum resource allocation. 
The base station allocates the sub-carriers for an appropriate time interval (in the order of the radio channel coherence time during which the same conditions can be assumed) until new quality reports are available again.

Furthermore, the principle is open to incorporate in the allocation process other factors like demand and user/service priority achieving always the best cell throughput possible under these constraints.

3. Throughput increase potential

By means of an example calculation the potential for performance improvements with a selective subcarrier allocation shall be estimated.

In Figure 7 an example channel transfer function from Ped. B channel is shown over the 299 subcarriers used in Set1. The average amplification by this channel transfer function is given by 
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Due to its wideband nature this is what approximately a WCDMA code would experience when transmitted over this channel. Though not exactly as good this also corresponds to the average performance of a conventional frequency mapping interleaving. 
We want now to estimate what would be the advantage of frequency selective subcarrier allocation. To fill one so called code data unit of 480 QAM symbols in Set1 roughly 18 or 19 subcarriers modulated with QPSK would be needed.
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mean relative power of selected carriers = 3.03 dB above mean relative power of all carriers
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mean relative power of selected carriers = 4.01 dB above mean relative power of all carriers
Figure 7: Example Channel transfer function H(f) with average power and average power over group of 54 best subcarriers. Ped. B

Due to the proposed simultaneous scheduling to other terminals (stationary or non-stationary) probably not each terminal will get its absolute best subcarriers but some of the better. So instead of 18 best we look at 3x18=54 best subcarriers that form the set 
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. From these the 18 will be picked if the terminal gets allocated one code data unit. So the average amplification for these subcarriers is 
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 is the gain achieved by frequency selective subcarrier allocation. For the functions as shown in Figure 7 it was found to be in the range of 3 dB!

That would mean that 1bit per complex subcarrier more can be transported. This is an increase of 
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 gross capacity which is an enormous increase of throughput. 

Thus, this potential should  not be ignored in the study of a new OFDM air interface.

Since the performance of conventional frequency interleaving is assumed to be as high as WCDMA performance this has added to the conservativity of this estimate.
4. Example calculation of feedback traffic demand

As explained in Section 2.2 on proposed link-adaptation only the frequency regions have to be reported that are classified for a higher order modulation scheme. Looking at Figure 7 for the depicted transfer function one may identify 2 to 3 band pass regions that are worth to be reported back because they offer a SNR above a certain threshold.

If one assumes that for the terminals participating in frequency selective subcarrier allocation 3 regions are sufficient to be reported back to the Node B one can think of a simple but not yet efficient way of coding this information. So more as an upper bound one may think that the start frequency and the stop frequency of each pass band is coded. For 299 discrete frequencies points (omitting the pilots) the start and stop frequency can be coded with 7 or 6 bits each. The case of 6 bit, e.g., assumes only a resolution of 4 frequency points. If this is done for the 3 regions we have 6 frequencies. Assuming also 2 bit for the indicated modulation scheme (QPSK, 16QAM, etc.) we have as upper bound an amount of 7x6+2 or 6x6+2, that is of 44 or 38 bit per reporting. Assuming that this has to be done at most for every third TTI corresponding to 6ms we have a feedback rate of 44 bit/6ms or 38 bit/6ms that is 7.3 or 6.3 kbit/s.

So with appropriate channel coding for protection it should be possible to fit this e.g. in a 10 kbit/s uplink channel. If we assume 30 active terminals using HSDPA in a cell and 30% are participating in adaptive subcarrier allocation, for these 30% the downlink throughput is increased by 
4 Mbit/s·0.30 =1.2 Mbit/s. The amount of feedback traffic is then 30%·30·10 kbit/s= 90 kbit/s. This is an amount of uplink traffic that is more than overcompensated by the additional throughput in the downlink so that this frequency allocation gain is a net profit that may not be ignored.

5.  Summary and Conclusions

An adaptive subcarrier allocation and modulation scheme selection is proposed and investigated as promising technique to maximize the cell throughput. This is especially useful for high data rate transmission in multi-path environments.

This method comprises not only to adaptively allocate (a region of) subcarriers to a terminal but also to select the modulation scheme for the subcarriers to match the reception conditions. It bases on the observation that due to the channel estimation  in OFDM a UE has all the information to make decisions on the reception conditions (channel transfer function) and the predictability of the channel transfer function. Thus this information has to be transported in a feedback channel.

Based on the predictability a terminal also signals if it wants to participate in frequency selective subcarrier allocation. In order to serve all terminals this method proposes to partition the frequency axis in two parts, one used for conventional frequency interleaving (not using channel information) and one used for frequency selective allocation.

Calculations to estimate the gain from frequency selective allocation more realistically have been made. The potential gain in throughput has been illustrated in section 3. As seen in section 3 with an allocation and modulation scheme selection adapted to the channel capacity there is a fundamental difference between OFDM and CDMA that can be exploited in favour of OFDM and needs to be studied.

In order to exploit the peaks of the specific channel transfer functions it becomes clear also that 64QAM is needed. The possibility to use 64QAM in these cases comes without any need for a changed power amplifier since the attenuation of the transfer function is used to raise the SNR.

Due to the proposed scheduling only the best subcarriers for each terminal are used. In this consideration to maximize the cell throughput, the power per sub-carrier is kept constant for good reasons. If one rose the power of a sub-carrier that is received attenuated at a specific terminal (UE), this would create interference in neighbouring radio cells and in turn worsen the SNR for this sub-carrier in these neighbouring cells. So it would not bring higher throughput for the overall system and complicate the cell planning. Considering the overall system the proposed principle is a real possibility to maximize the system throughput.

Finally in Section 4 the amount of feedback traffic was assessed for a simple feedback scheme based on the proposed subcarrier classification by the UE. This showed the feasibility of such a scheme. Based on this recognition of frequency regions there might also be a preference for Set2 of physical layer parameters since there the frequency resolution is higher.

The advantages (of the proposed scheme )are given as summary below:

· Optimum use of cell resources 

· Avoidance of unusable subcarriers and reduced need for channel coding

· Fixed transmit power

· Flexibility on terminal situation regarding stationarity using also conventional frequency interleaving

· Incorporation of additional scheduling constraints possible

· Significant performance throughput advantages compared to fixed time-frequency mapping.

In conclusion it is worth to include this scheme in the study of a new OFDM air interface.

We propose to include a text proposal covering the investigated subcarrier allocation and modulation scheme selection in the TR 25.892. The text proposal is given in the Appendix.
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Appendix – Text proposal for TR 25.892

----------- Beginning of text proposal for TR 25.892 Section 6.2.4.x-----------

6.2.4.x Adaptive subcarrier allocation and modulation scheme selection

The adaptive subcarrier allocation and modulation scheme selection is an alternative solution for user traffic multiplexing for an OFDM system. Generally, the objective of the subcarrier allocation and modulation scheme selection is to maximize the system throughput subject to the various constraints. 

In the OFDM system using such a scheme the subcarriers are allocated to a terminal and adaptively modulated to match the terminal´s reception condition if this reception condition or channel transfer function is predictable. For those terminals with unpredictable transfer function a conventional frequency interleaving scheme is used. For the others frequency selective subcarrier allocation is used. So dependent on the terminal feedback they are partitioned in participating and non-participating terminals and consequently the whole bandwidth is partitioned also dependent on the user traffic demand in a frequency subset used for conventional interleaving and one for frequency selective subcarrier allocation.

The allocation of subcarriers and the modulation scheme selection may rely on a feedback information about the user reception condition (channel transfer function/noise estimate). This information should be transmitted back in compressed form to lower the feedback traffic demand. So it may just describe the desired modulation scheme over the frequency axis.

The reallocation will take place periodically dependent on the channel coherence time. Any additional conventional scheduling algorithms based on traffic demand or priority or reception conditions such as some other advanced schemes could be applied also.
----------- End of text proposal for TR 25.892 -----------
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� The value � EINBETTEN Equation.3  ���is normalized in the figures to be always one here.
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