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1 Introduction
The OFDM and DFT-Spread OFDM based radio access is emerging as the main candidates for LTE downlink and uplink respectively.  The promise of these multiple access schemes partly depends upon their capability to efficiently exploit frequency-diversity and/or frequency selective multi-user scheduling gains. It is well known that the achievable level of diversity gains is dependent upon the channel environment. For example, no frequency-diversity or frequency selective multi-user scheduling gains are observed in flat-fading channels.   Moreover, a limited potential for frequency-diversity and frequency-selective multi-user scheduling exists for smaller system bandwidths of 1.25MHz and 2.5MHz that experience relatively smaller frequency selectivity for a given channel scenario. This is due to the fact that the channel coherence bandwidth is determined by the user channel delay spread. In other cases, a single path fading or Rician Channel (LOS) may also occur in some cases in macro-cell deployments resulting in a non-frequency selective channel. Moreover, small Pico-cell (e.g. Indoor) deployments exhibit typical path delay of the order of 100’s of ns (coherence bandwidth of ~10MHz) exhibiting “flat-fading” for bandwidths up to 10MHz. Therefore, we note that performance under the above situations could be improved if frequency selectivity is introduced in the OFDM communication channel.

A simple approach based on the Adaptive Cyclic Delay Diversity (ACDD) concept for enhanced frequency diversity and scheduling performance in Evolved UTRA is introduced in [1]. Some further details of the ACDD scheme were described in [2]. The ACDD approach artificially introduces frequency selectivity in the channel by transmitting cyclically delayed signals from multiple transmit antennas. The delay values are determined on a user-by-user basis based on the user channel profile and velocity etc. The frequency-selectivity is then exploited by using frequency-selective multi-user scheduling or frequency-diversity. The frequency-selective multi-user scheduling provides “opportunistic beamforming” gains for low to medium mobility users. The frequency-diversity provides robustness against fading for high-mobility users by mapping FEC coded modulation symbols to distributed OFDM/DFT-Spread OFDM subcarriers within the transmission bandwidth. The system performance of ACDD was provided in another contribution [3]. Contrary to CDD (which can be implemented without impacting the standard), ACDD requires support in the specifications because delay values are determined on a user-by-user basis. Some other reasons for the specifications impact of ACDD are outlined in Section 2 below.
The use of multiple antennas (MIMO) provides additional degree of freedom. This additional degree of freedom can be used in various ways for improving system performance and reliability based on user channel condition and channel profile etc. The examples are diversity gain against fading etc, beamforming gain or spatial multiplexing of multiple data streams to the same user or to different users. The ACDD approach described in this paper exploits the additional degree of freedom for either scheduling gain or diversity gain. There is no bandwidth expansion (spatial multiplexing) gain due to the fact that a cyclically delayed signal carrying the same information is transmitted from potentially all the transmit antennas. However, MIMO approaches based on spatial multiplexing can be used in conjunction with this approach on orthogonal frequency resource controlled by the scheduler and therefore both techniques can complement each other and therefore coexist on the same carrier. The frequency-selective multi-user scheduling gain is particularly useful for weak users in the system while frequency diversity gain is useful for high speed users. On the other hand, spatial multiplexing can provide higher data rates for good users in the system experiencing very high SINR.
We will describe the ACDD approach for the downlink case assuming OFDM access. However, the proposed technique is equally applicable to uplink using, for example, DFT-Spread OFDM.

2 Specifications Impact of ACDD

It is possible to implement the non-Adaptive CDD version without any standards impact. We would like to emphasize the need for the adaptivity and therefore the need for it’s standardisation. The standardisation impact of ACDD can be summarised as follows:

1. It is expected that ACDD will be one of possibly 2 or more MIMO modes. Since the ACDD mode would significantly improve the data rate mainly for cell edge users, it is expected that a Spatial Multiplexing (SDM) mode, as described in [4-5], would be used for users close to the Node B. While both of these users must be accommodated simultaneously, but on separate frequency bands, it is not possible to delay the pilot signals since that would significantly degrade the SDM performance. If the pilot is not delayed, it means that the ACDD user needs to be informed, through signalling, of the delay. Even if the delay for all users are fixed, the ACDD mode still needs to be standardised. 

2. It is possible to avoid defining an ACDD mode with the use of delayed, but dedicated pilots. However this comes at an unnecessary expense of extra overhead.

3. In very high multi-path environments (some TU models have up to 12 paths), it is possible that the added delay diversity may negatively impact on the scheduling performance by introducing frequency selectivity within a subband. In these cases it may be preferable to have a zero delay on the other antennas, thereby gaining from the spatial diversity without introducing more frequency selectivity.  Also, as the subbands become wider, the frequency selectivity within the subband grows, and the need to reduce the delays increases in frequency selective environments. 

4. Currently, one of the proposed methods to introduce diversity to certain channels, is to define 2 types of bands, namely localized transmissions and distributed (diversity) transmissions. Here the localized transmissions exploit scheduling gain, while the diversity transmissions exploits frequency diversity gains. However, these two performance gains are not mutually exclusive. In both cases, it means that the diversity gain comes at a cost of the scheduling gain to another user, who now has to give up some of it’s “optimal spectrum” to the diversity band. In ACDD we can introduce very large delays which would result in very high frequency selectivity within a localized transmission to some users, while still getting the full scheduling gain for other users by assigning small delays to them. 
5. When ACDD is implemented in the frequency domain as described in Section 5, it becomes even more important that the delay is adaptive. This is because in Section 5 we propose a method where both the Node B and UE agree not to apply any delay, but to rather apply an optimal and known phase shift to every subcarrier.
3 Multi-User and Frequency-Diversity
In a communication link, a multi-path channel results in a frequency-selective fading. Moreover, in a mobile wireless environment, the channel also results in a time-varying fading. Therefore, in a wireless mobile system employing OFDM/ DFT-Spread OFDM based access, the overall system performance and efficiency can be improved by using, in addition to time-domain scheduling, frequency-selective multi-user scheduling as shown in Figure 1. It can be noted that the signal quality can be improved relative to flat fading if user1 is scheduled at the edge subcarriers where user1’s signal quality is better and user2 in the middle subcarriers where user2’s signal quality is better.  Therefore, if a frequency-selective effect is introduced in the transmitted signal, the capacity and reliability of the wireless channel can be greatly improved.
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Figure 1: A snapshot of a flat and frequency-selective fading channel

In a time-varying mobile wireless channel, it is also possible to improve the reliability of the channel by spreading and/or coding the information over the subcarriers. However, if the channel is flat, frequency diversity cannot be achieved. Therefore, by introducing frequency diversity via cyclic delay diversity in the transmitted signal, the reliability of the wireless channel could be improved by exploiting the frequency diversity. 

In case of frequency-selective multi-user scheduling, a contiguous set of subcarriers potentially experiencing an upfade is allocated for transmission to a user. The total bandwidth is divided into subbands grouping multiple contiguous subcarriers as shown in Figure 2 where subcarriers f1, f2, f3 and f4 are grouped into a subband for transmission to a user in frequency-selective multi-user scheduling mode. However, in case of frequency-diversity transmission, the allocated subcarriers are preferably uniformly distributed over the whole spectrum as is also shown in Figure 2. The frequency-selective multi-user scheduling is generally beneficial for low mobility users for which the channel quality can be tracked. However, the channel quality can generally not be tracked for high mobility users (particularly in an FDD system where the fading between the downlink and uplink is independent) due to channel quality feedback delays and hence the frequency diversity transmission mode is preferred.
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Figure 2: Subcarrier allocation for frequency-selective multi-user scheduling and frequency diversity in OFDM 

4 Adaptive Cyclic Delay Diversity (ACDD)
In cyclic delay diversity, the same delay value is used for all the users in the cell. A larger delay value is generally chosen to maximize the frequency-diversity benefit. A larger delay value results in a smaller coherence bandwidth and therefore makes the fading independent on scattered subcarriers (see distributed subcarrier allocation in Figure 2 ).  However, a delay value optimized for frequency-diversity also results in frequency-selective fading within a subband used for frequency-selective multi-user scheduling affecting the scheduling performance and achievable capacity within a subband. It should be noted that from information theory point of view maximum capacity is achieved when fading is flat within a subband. This suggests that the preferred delay value for frequency-selective multi-user scheduling should be as small as possibly (i.e. one sample delay) resulting in a larger coherence bandwidth. This will allow the wider peaks to appear relative to a flat-fading channel. A larger coherence bandwidth would provide almost flat fading within a subband and hence greater possible capacity. Moreover, if frequency-selectivity within a subband is introduced by a larger delay value optimized for frequency-diversity performance, the subband peak disappears (the subcarrier gains within the subband are averaged) undermining the frequency-selective multi-user scheduling performance.

In the proposed adaptive cyclic delay diversity scheme, the delay values can be different for different users depending upon the user channel profile and velocity etc. For example, a large delay value can be chosen for a high speed mobile requiring frequency-diversity benefit while a small delay value can be adopted for a low speed mobile that can potentially benefit from frequency-selective multi-user scheduling. Moreover, if the channel is already sufficiently frequency selective, a small delay value can be sufficient even for frequency-diversity mode transmission for high Doppler users. An example of ACDD transmitter with (P+1) transmit antennas is shown in Figure 3.  The cyclic delay values on antennas 1 through antenna P for user m are Dm1, Dm2 and DmP respectively. A non-delayed signal is transmitted from the first antenna, antenna 0 in this case (Dm0=0). In a more general form, different complex gains g0,g1,…gP can also be applied to signals transmitted from different transmit antennas as shown in Figure 3. The transmission of the same OFDM symbol from different antennas allows to artificially inject frequency-selective fading. The frequency-selectivity can then be exploited by either using frequency-selective multi-user scheduling for low to medium mobile speeds or frequency-diversity for higher mobile speeds.
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Figure 3: An example of Adaptive CDD for transmission over multiple antennas
By using Adaptive CDD, the reception at the receiver appears like multipath transmission from a single transmit antenna. The composite channel response, Hmc(k) on subcarrier k can be written as:
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where Hmn(k) is the channel response for user m on antenna n and k is the subcarrier index. In this formulation, we have assumed that the complex antenna gains g0,g1,…gP are all unity.

We have seen that the ACDD scheme is capable of introducing frequency selectivity in the channel. Therefore, a flat fading channel can be converted to a frequency selective channel when cyclically delayed versions of the same signal are transmitted from multiple antennas.  In general, peaks of 10log10(S) dB are expected in the frequency domain compared to the flat-fading channel where S represents the number of (equal power) paths. Also S is limited by the number of transmit antennas. With 2 and 4 transmit antennas, for example, possible peaks of 3.0dB and 6.0dB respectively are observed in the frequency domain as shown in Figure 4. In Figure 4, the delay values for antenna 2, 3 and 4 is 1, 2 and 3 samples respectively at a sampling rate of 7.68MHz within 5MHz bandwidth. In case of uncorrelated antennas, the channel gains from the two antennas are different at a given time. In this case, the magnitudes of the peaks in the frequency-domain will depend upon the instantaneous channel gains from the two antennas.  Therefore, ACDD scheme behaves like an “opportunistic beamforming” approach in the frequency-domain.
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Figure 4 Frequency-domain “opportunistic beamforming”

We also remark that gains similar to ACDD can be obtained with beamforming in the spatial domain using conventional beamforming techniques in the time-domain. We also know that spatial beamforming in the time-domain works well for the case of single-path channel (flat-fading channel). In a multi-path channel, the performance of conventional beamforming suffers because beamforming weights can not be selected on a per multipath basis. Therefore, the beamforming weights selected based on the dominant path are not good for the remaining propagation paths in the multipath transmission. However, with the ACDD frequency-domain opportunistic beamforming approach, the peaks in the frequency domain become even larger when ACDD principle is used on an already frequency-selective channel. For example, in a channel with two equal paths, ACDD with 2-Tx antennas can make the peaks as large as 6.0dB in the frequency-domain. However, as the peaks become larger, they also become narrower therefore limiting the amount of bandwidth that can be allocated to a user at these peaks. 

In case of flat-fading and correlated channels for many users in the system, the beams in the frequency domain for different users can be positioned at different locations by assigning different antenna weights to different users as shown in Figure 5. In Figure 5, the legend shows the complex channel gains used for (antenna 1, antenna 2). The locations of peaks in frequency-domain are determined by the antenna weights (and user channel response). Note that the situation of correlated channels for different users is a highly unlikely event and therefore different antennas gains for different users may not be required in practice. 
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Figure 5 Frequency-domain beam positioning in ACDD
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Figure 6 Frequency-diversity using ACDD
In general, frequency diversity is useful for high Doppler users. The frequency-diversity may also be useful for low Doppler real-time services that do not benefit from multi-user scheduling due to tight delay requirements. An example of frequency-diversity using ACDD is shown in 
Figure 6
. In general, the cyclic delays for the case of frequency-diversity are larger compared to the case of frequency-selective multi-user scheduling. The larger path delays make the coherence bandwidth smaller and therefore help to create frequency diversity even if the user transmission happens on a narrow band. In reality, some channels would already have some multipaths and adding antenna with delayed signal will increase the total number of independent paths and thus diversity in the channel.

In OFDM, the coded modulation symbols are carried over OFDM subcarriers in the frequency-domain. When frequency-selectivity is introduced by ACDD, the diversity is obtained due to FEC (Forward Error Correction) coding across the OFDM spectrum. Therefore, the diversity gains with ACDD are expected to be greater when a strong coding is used (lower coding rate). However, for a weak code with higher coding rate, frequency selectivity will erase some of the coded symbols and therefore making the effective coding rate very high thus penalizing the performance. In case of space-time or space-frequency Alamouti coding, full spatial diversity is obtained within each coded modulation symbol. Therefore, the full diversity benefit would be there even for very high coding rates. However, ACDD approach provides certain advantages over Alamouti space-time or space-frequency codes. Firstly, the space-time or space-frequency coding has negative impact on multi-user scheduling performance due to the fact that the dynamic range of the channel variations is reduced. With smaller dynamic range of the channel variations, the scheduler does not see very high upfades therefore undermining the performance of channel sensitive multi-user diversity scheduling. Secondly, the Alamouti code cannot achieve full rate transmission when the number of transmit antennas is greater than 2. For more than 2 transmit antennas case, either the code rate needs to be less than 1 or a non-orthogonal space-time or space-frequency code needs to be employed. Moreover, different space-time or space-frequency codes needs to be designed for different number of transmit antennas. In both non-orthogonal case and code rate less than 1, performance penalty is introduced for space-time or space-frequency codes. On the other hand, the ACDD approach can be easily extended to more than 2-transmit antennas case. Moreover, in a MIMO situation, the system generally benefits from receive diversity when the number of antennas is larger than 1. Therefore, additional transmit diversity would bring smaller incremental gains. This fact may also reduce the performance difference between ACDD frequency-diversity and Alamouti space-time or space-frequency coding.
5 Frequency Domain Implementation of ACDD

ACDD can easily be implemented in the frequency domain, by applying the equivalent phase shift (
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The advantage of doing ACDD in the frequency domain is that we only need M (Number of Antennas) FFT blocks instead of K (Number of users). 

In a flat fading environment, ACDD can achieve beamforming gains without any additional overhead. The reason is that in a flat fading environment, the Node B only needs to apply a single phase rotation to each antenna, to ensure that the signals from all the transmit antennas add constructively at the receiver. Since the UE calculates and reports different CQI’s for all phase rotations, both Node B and the UE knows that the optimal phase rotation per antenna (φopt(m)=2πkmaxDm/N) occurred at the carrier position (kmax) of the peak in the reported CQI value. In this case the Node B would not adapt the delay but rather apply the optimal phase to all the sub carriers, thus
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This will have maximal advantage in the case of a single or a small number of active users in a cell because with a fully loaded cell it would always be possible to schedule a user at it’s peak sub-band. In order to avoid ambiguity due to CQI feedback errors, it may be desirable that Node-B explicitly signal to the UE the phase rotation applied in the scheduling grant message, for example. This would therefore require support in the specifications.
6 CQI and Channel Estimation in ACDD

The reference pilot signals from multiple transmit antennas are not delayed in the proposed ACDD scheme. As in any MIMO system, the scheme rely on orthogonal pilots transmitted from multiple transmit antennas.  Therefore, the ACDD scheme requires no additional pilot overhead than that is required in any MIMO scheme. Also, there is no impact on channel estimation performance due to increased frequency selectivity on information transmission because the frequency-selectivity on the pilot signal is not affected (no delay for pilot). The composite channel estimate is done by using the individual channel estimates for each of the transmit antennas and accounting for the delay values used on different transmit antennas. Here, we make the assumption that the receiver has the information about the delay values used at the transmitter for different transmit antennas. In general, the delay values are chosen based on the user channel profile and the delays values can be negotiated between the mobile and the base station at the time of session set-up. It should be noted that the channel profile (mobile speed etc.) generally does not vary over a period of a few seconds and therefore higher layer signaling can be used when the delay values need to be updated for a user. 

Similarly, the proposed scheme does not need any additional Channel Quality Indication (CQI) feedback overhead relative to that already required for frequency-selective multi-user scheduling in an OFDM system. For example, CQI feedback per subband is generally required for frequency-selective multi-user scheduling. In an FDD system, the CQI is calculated at the receiver by taking into account the delay value used at different transmit antennas along with the observed complex channel gains from different antennas.

7 Conclusion
We propose an adaptive cyclic delay diversity (ACDD) approach where the delay values for signals transmitted from multiple transmit antennas are selected adaptively based on the user channel profile and velocity etc. The scheme allows exploiting frequency-selective multi-user scheduling gains for low speed mobiles while providing frequency-diversity gains for high speed mobiles and/or time critical services. The ACDD approach is expected to provide greater advantage in a flat-fading or a lightly frequency selective channel which is the case for smaller bandwidths such as 1.25/2.5MHz, LoS scenario and small pico-cells with large coherence bandwidth. In an already frequency-selective channel such as GSM Typical Urban channel, the scheme is expected to provide relatively smaller gains.  We have shown that the scheme does not result in any additional pilot, cyclic prefix or channel quality feedback overhead. Moreover, the proposed technique easily extends to the case of more than 2-transmit antennas case.
We propose that ACDD scheme is adopted in Evolved UTRA for providing enhanced frequency-diversity and frequency-selective scheduling. A text proposal is provided for TR 25.814.
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7.1.1.4.2 Adaptive Cyclic Delay Diversity (ACDD)
The adaptive cyclic delay diversity scheme is a generalization of cyclic delay diversity where the delay values can be different for different users depending upon the user channel profile and velocity etc. For example, a large delay value can be chosen for a high speed mobile requiring frequency-diversity benefit while a small delay value can be adopted for a low speed mobile that can potentially benefit from frequency-selective multi-user scheduling. Moreover, if the channel is already sufficiently frequency selective, a small delay value can be sufficient even for frequency-diversity mode transmission for high Doppler users. An example of ACDD transmitter with (P+1) transmit antennas is shown in Figure 7.  The cyclic delay values on antennas 1 through antenna P for user m are Dm1, Dm2 and DmP respectively. A non-delayed signal is transmitted from the first antenna, antenna 0 in this case (Dm0=0). In a more general form, different complex gains g0,g1,…gP can also be applied to signals transmitted from different transmit antennas as shown in Figure 7. The transmission of the same OFDM symbol from different antennas allows to artificially inject frequency-selective fading. The frequency-selectivity can then be exploited by either using frequency-selective multi-user scheduling for low to medium mobile speeds or frequency-diversity for higher mobile speeds.
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Figure 7: An example of Adaptive CDD for transmission over multiple antennas
By using Adaptive CDD, the reception at the receiver appears like multipath transmission from a single transmit antenna. The composite channel response, Hmc(k) on subcarrier k can be written as:
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where Hmn(k) is the channel response for user m on antenna n and k is the subcarrier index. In this formulation, it is assumed that the complex antenna gains g0,g1,…gP are all unity.

7.1.1.4.2.1 Frequency Domain Implementation of ACDD
ACDD can easily be implemented in the frequency domain, by applying the equivalent phase shift (
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The advantage of doing ACDD in the frequency domain is that we only need M (Number of Antennas) FFT blocks instead of K (Number of users). 

In a flat fading environment, ACDD can achieve beamforming gains without any additional overhead. The reason is that in a flat fading environment, the Node B only needs to apply a single phase rotation to each antenna, to ensure that the signals from all the transmit antennas add constructively at the receiver. Since the UE calculates and reports different CQI’s for all phase rotations, both Node B and the UE knows that the optimal phase rotation per antenna (φopt(m)=2πkmaxDm/N) occurred at the carrier position (kmax) of the peak in the reported CQI value. In this case the Node B would not adapt the delay but rather apply the optimal phase to all the sub carriers, thus
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This will have maximal advantage in the case of a single or a small number of active users in a cell because with a fully loaded cell it would always be possible to schedule a user at it’s peak sub-band. In order to avoid ambiguity due to CQI feedback errors, it may be desirable that Node-B explicitly signal to the UE the phase rotation applied in the scheduling grant message, for example. This would therefore require support in the specifications.

7.1.1.4.2.2 CQI and Channel Estimation in ACDD
The reference pilot signals from multiple transmit antennas are not delayed in the proposed ACDD scheme. As in any MIMO system, the scheme rely on orthogonal pilots transmitted from multiple transmit antennas.  Therefore, the ACDD scheme requires no additional pilot overhead than that is required in any MIMO scheme. Also, there is no impact on channel estimation performance due to increased frequency selectivity on information transmission because the frequency-selectivity on the pilot signal is not affected (no delay for pilot). The composite channel estimate is done by using the individual channel estimates for each of the transmit antennas and accounting for the delay values used on different transmit antennas. Here, we make the assumption that the receiver has the information about the delay values used at the transmitter for different transmit antennas. In general, the delay values are chosen based on the user channel profile and the delays values can be negotiated between the mobile and the base station at the time of session set-up. It should be noted that the channel profile (mobile speed etc.) generally does not vary over a period of a few seconds and therefore higher layer signaling can be used when the delay values need to be updated for a user. 

Similarly, the proposed scheme does not need any additional Channel Quality Indication (CQI) feedback overhead relative to that already required for frequency-selective multi-user scheduling in an OFDM system. For example, CQI feedback per subband is generally required for frequency-selective multi-user scheduling. In an FDD system, the CQI is calculated at the receiver by taking into account the delay value used at different transmit antennas along with the observed complex channel gains from different antennas.

--------------------------------- End of Text Proposal  --------------------------------------------------------
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