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1. Introduction
This contribution is an update to R1-071484 on sounding RS (SRS) transmission aspects. The SRS transmission and structure for UL CQI measurements have been previously decided. One of the next steps is to determine the mechanisms defining the parameters associated with the SRS transmission to enable channel sounding that can be implementation specific. These include the stimulus for SRS transmission (e.g. periodic, event driven, etc.), the transmission rate, the corresponding parameters (CAZAC sequence, cyclic shift, repetition factor, transmission bandwidth/power/period, etc.) and their signaling from the Node B to UEs. 
2. Sounding RS Transmission and Reporting Rate
Similar to the reporting of the DL CQI, the UL SRS transmission should be optimized to most efficiently utilize the UL bandwidth (BW) while minimizing and simplifying the associated DL control signaling and enabling transmission from a large number of UEs, depending on the operating BW. 
Although similar concepts apply to both DL and UL CQI reporting, there are also distinct differences. Unlike DL CQI reporting, there is no applicability of compression methods to reduce overhead which is purely specified by the SRS transmission rate and BW. As the SRS needs to also be used for UL timing adjustments [1] and other functions such as power control, event driven transmission may be detrimental as it may occur less often than needed even in the “RRC_CONNECTED” state. Event driven reporting, based on a change in the UL channel conditions or erroneous packet reception is also inapplicable. Although the UE may know the UL channel conditions have changed through a similar change in the DL or receive a NAK, it cannot independently change the SRS transmission parameters as they may conflict with ones already assigned to other UE(s) and reconfiguration through Node B signaling is needed. To avoid having such excessive signaling, the same approach as in HSDPA can be used with periodic SRS transmission whose parameters can change at a low rate through Node B signaling. 
With periodic SRS, a UE is given specific SRS parameters to use at specific periodic time instances. The Node B configures the SRS transmission rate and BW based on the data scheduling type (distributed, localized, persistent), the frequency selectivity of the channel, the system load, and the received signal strength as they are determined after the RACH reception (path loss, Doppler, delay spread). For example, for distributed scheduling (FH-LFDMA) the SRS transmission rate can be relatively low (e.g. every 10 msec). For localized scheduling, the SRS may use all or a part of the total BW, depending on the UE geometry [2], and its transmission rate should be higher (e.g. every 4 msec). With persistent scheduling, the SRS may be arranged shortly prior to the scheduling assignment. Also, for a UE experiencing flat channel conditions, both the SRS transmission BW and rate can be low. The opposite apply for frequency selective channels. 
Therefore, periodic SRS transmission is proposed with parameters configured by Node B including the transmission BW (also multiple BWs smaller than the total one) and the transmission rate. 
3. Number of Supportable UEs for SRS Transmission 
The requirement for the number of UEs having SRS transmission can be found in TR 25.913 stating that, in the active state, at least 200 UEs per cell should be supported at 5 MHz and at least 400 UEs for the larger BWs (a much higher number is to be supported in the dormant and camped states). The above numbers actually appear conservative, as [3] suggests that 800-1300 active UEs per cell will exist for 10 MHz. Although not all of these UEs may have active UL transmission, keeping these numbers in mind, the number of possible simultaneous SRS transmissions is now examined.

The SRS transmitted by multiple UEs over the same BW should be orthogonal. Otherwise, the SRS interference will create CQI, power control, and timing estimation errors particularly in conjunction with “near-far” effects due to imperfect power control. This is especially true for slow power control which does not track fast fading and can occasionally lead to large errors that may not be very damaging for scheduled data transmission over a few RBs (cell edge UEs will most often be scheduled in 1-2 RBs [4]) but they will be detrimental for a wideband SRS with periodic transmission. Ideally, SRS orthogonality should not be limited only to one cell but it should also be at the intra-Node B level, similarly to the DL RS and the UL DM RS with same RB allocations, implying an increase in the required number of orthogonal SRS by at least a factor of 3. Moreover, an additional increase by a factor of 2 may occur with support of SU-MIMO or antenna selection diversity. Therefore, for 10 MHz and a fully loaded system with 400 active UEs, the total maximum of orthogonal SRS is about 1200 (2400) without (with) SU-MIMO or Tx diversity.
Orthogonal SRS with CDM/FDM can be achieved as follows. Using CDM, orthogonal SRS are obtained through the application of cyclic shifts of the CAZAC sequence. As the SRS is transmitted over 66.67 sec, a maximum of 12 cyclic shifts with fixed increments of 5.5 sec can be obtained to statically protect against a worst case delay spread (TU channel) while accommodating a timing error of 0.5 sec and some filter spillover effect. However, this number of cyclic shifts should be regarded as the maximum possible and in reality it should be smaller and about half. 

Using FDM, orthogonal SRS are obtained using the repetition factor (RPF) and different combs. To account for the frequency selectivity of the channel (TU), the maximum RPF can be up to 12. However, this would result into a single SRS sub-carrier per RB making the CQI estimation per RB susceptible to interference and create interference spikes as the power is concentrated on very few sub-carriers (a similar argument applies if the scheduling granularity is 2 RBs). Also, with RPF of 12 the number of CAZAC sequences for the smaller sounding BWs (1.25 MHz) becomes excessively small (6 sub-carriers are available, the same as for the DM RS in the previously considered 1 SB RB!). To provide a higher processing gain for CQI estimation per RB and a large number of CAZAC sequences for the SRS, a smaller than 12 RPF is needed. Possible RPF values are 3 and 4 while 6 is not as attractive as it is does not offer significantly enough improvement over a value of 12. 

Orthogonal SRS can also be achieved with FDMA by limiting the maximum scheduling BW. For example, the number of orthogonal SRS that can be obtained for a scheduling BW of 1.25 MHz is 8 times as large as the corresponding one for a scheduling BW of 10 MHz. However, limiting the maximum scheduling BW leads to throughput losses for UEs in good SINR conditions. 
Orthogonal SRS can also be achieved through TDMA by using more blocks. However, using 1 block for SRS every 2 msec, creates a corresponding overhead of about 4.2% and increasing the number of blocks for SRS proportionally increases the overhead and decreases throughput. Therefore, the options of FDMA and TDMA should be used only when all other alternatives have been exhausted. 
Additional conditions are needed before obtaining further insight on the required number and availability of orthogonal SRS. A first condition is the percentage of UEs for each of the possible scheduling BWs. This depends on many aspects such as for example the operating environment (macro, micro) and whether the SRS applies power boosting (possible if the CAZAC sequence has low PAPR/CM properties) to improve the CQI estimate. An indication can be obtained from the results in [4] and for 10 MHz BW, about 1/3 of the UEs can be assumed to be scheduled over 1.25 MHz, another 1/3 over 5 MHz and the final 1/3 over 10 MHz. A second condition is the SRS transmission rate which directly depends on the type of scheduling (localized, distributed, persistent). 

An indicative upper bound for the number of possible orthogonal SRS can be obtained by assuming the following for UEs with 10 MHz scheduling BW: 
a) RPF = 3 and 1 out of 3 combs are assigned to 10 MHz CQI RS. 
b) UEs with localized scheduling transmit CQI RS every 4 msec. 
Then, for SRS block every 1 msec (8.33% overhead) and 12 cyclic shifts (optimistic), the number of orthogonal SRS per 4 msec is 48. Even without SU-MIMO or selection antenna diversity, the required number of orthogonal SRS can be as large as 1200. Assuming that for localized scheduling the SRS transmission rate is 3x that for distributed/persistent scheduling (4 msec versus 12 msec), even if only 1/10 of UEs use 10 MHz scheduling BW, only 10% of these UEs can have localized scheduling. 
Although the previous percentage for UEs with localized scheduling was obtained under very favorable assumptions, it may be reduced by a factor of 2 if SU-MIMO and/or selection antenna diversity is applied. It will be reduced by another factor of 2 if the SRS block is every 2 msec to reduce overhead. Also, it may be reduced by another factor of 2 if the SRS transmission period is every 2 msec instead of 4 msec to meet the E-UTRA requirement for optimizing throughput for UE speeds up to 15 Kmph or enable some CQI averaging and improve scheduling for cell edge UEs with low speeds. Another reduction by a factor of 2 is introduced if 6, instead of 12, cyclic shifts are used. In any case, in order to meet the required number of orthogonal SRS, the considered measures penalized the throughput. A simple method is next considered that can increase the number of orthogonal SRS by a factor of 1.5x, on average, without causing any throughput degradation. 
4. Increasing the Number of Orthogonal SRS

The conventional assumption in assigning the cyclic shift value of the CAZAC sequence to UEs is to have a fixed value, regardless of the UE delay spread, that is selected so that it can accommodate a typically large delay spread (e.g. 5 sec for the TU channel). Although this may be acceptable for the DM RS as, with the exception of MIMO, multiple DM RS do not share the same RB and the number of cyclic shifts is not as critical, this is not the case for the SRS.   
In typical deployments, UEs experience different delay spreads and the cyclic shift allocation can be adjusted to the delay spread to increase the number of orthogonal SRS that are simultaneously multiplexed over the same BW. Figure 1 shows an example for the cyclic shifts allocation, assuming SB SRS transmission (for brevity of Figure 1 although SB no longer exists), and 9 SRS are supported even though the worst case delay spread is 5μsec implying a maximum number of 6 cyclic shifts with that value. Therefore, for LB RS transmission, 18 orthogonal SRS can be simultaneously multiplexed compared to 12 with the maximum cyclic shift value. Clearly, depending on the delay spreads, the number of orthogonal SRS could double (for example, for small delay spreads as the ones encountered in indoor channels). The SRS cyclic shift value is anyway signaled to the UE by the Node B and no additional measures are needed to take into account the actual delay spread for each UE when assigning the cyclic shift. This is just a Node B choice.
The cyclic shift allocated to the mth UE is equal to the sum of the largest (estimated) timing uncertainties and delay spreads of previous m–1 UEs. Thus, UE#1 is allocated the original CAZAC sequence, with zero cyclic shift. UE#2 is allocated the cyclic shift which equals to the timing uncertainty + delay spread of the first UE. UE#3 is allocated the cyclic shift which equals to the timing uncertainty + delay spread of the first and second UEs, etc. Also, if the CAZAC sequence length is L and the SRS duration is τ μsec, a cyclic shift of τ0 μsec means a cyclic shift of the CAZAC sequence by ceil(L*τ0 /τ) samples. 

The exact cyclic shift also depends on the CAZAC sequence length. For RPF of 3 or 4 the sequence length is correspondingly 25 or 19 (rounded) samples. Since the block duration is 66.67 sec, a cyclic shift of the CAZAC sequence by 2 samples, for RPF of 3 or 4, is equivalent to 5.33 sec and 7.02 sec, respectively. Therefore, while an RPF of 3 can be combined with 12 cyclic shifts, an RPF of 4 can only provide 9 cyclic shifts while maintaining orthogonality for the TU channel. In that sense, RPF of 3 is preferable to RPF of 4. For RPF of 3, the cyclic shift granularity is 2.66 sec (one CAZAC sample), capturing the direct path, Ricean, PA and VA channels, and a maximum of 24 cyclic shifts are possible. 
Therefore, on average, the number of cyclic shifts for orthogonal SRS can be increased by a factor of about 1.5 by applying the cyclic shift as required by the estimated delay spread and timing error each UE experiences and not by always assigning the maximum cyclic shift regardless of the UE’s need. 

[image: image1]
Figure 1: Adjusting the Cyclic Shift to Multiplex UEs with Various Delay Spreads.
5. Multiplexing SRS with Different Bandwidths
This section discusses the co-ordination for the SRS transmission from various UEs having different SRS BW and transmission rates. Figure 2 shows an example for a partition of 5 MHz BW into 3 scheduling BWs of 1.25, 2.5, and 5 MHz with RPF of 3. Obviously, a similar concept would apply for 10 MHz BW and the scheduling BWs in that case could be 1.25, 5, and 10 MHz. The SRS BWs are only exemplary. Based on previous analysis regarding the number of orthogonal SRS, it is desirable to keep the RPF equal to 3. In each comb spectrum, the number of orthogonal SRS is specified by the number of possible cyclic shifts which in turn depends on whether the maximum cyclic shift is always assigned to all UEs regardless of the respective propagation characteristics, or if the cyclic shift is specified based on each UE’s delay spread. 


[image: image2]
Figure 2: Multiplexing of Different CQI RS BWs during one CQI RS LB.

In order to achieve the frequency diversity of the entire BW, the SRS may hop across scheduling BWs between successive SRS transmission periods especially for the small scheduling BWs (e.g. 1.25 MHz). This will provide scheduling gains for low speed UEs, some frequency selectivity for “flat” channels and, for pseudo-random hopping patterns across scheduling BWs, interference randomization. It will also allow for CQI estimation over the entire BW, especially for low speed UEs, which can be particularly useful in applying CQI-based transmit power control to channels such as the L1/L2 control channel for UEs not having DL data transmission and thus do not send a DL CQI report in the UL.  
6. Control Signaling to Assign the CQI RS Transmission Parameters
The parameters regarding the SRS transmission should be configurable for each UE and updated based on decisions made at the Node B which is aware of all current assignments to the UEs transmitting UL SRS. It is assumed that the CAZAC sequence can be mapped to the cell ID and not have to be signaled (this will not be the case if multiple CAZAC sequences are used in a cell providing non-orthogonal SRS). Alternatively, the CAZAC sequence can be communicated to the UEs through higher layer signaling. The SRS parameters, which should be reconfigurable, include: 

a) transmission BW

b) SRS comb and RPF of the CAZAC sequence

c) transmission period

d) cyclic shift of the CAZAC sequence

e) transmission power
SRS transmission BW

For the SRS BW, the BW number should also be specified in case there is more than one. For example, in Figure 2, there are four 1.25 MHz SRS BW and a UE assigned to one of them should also be informed of the corresponding number. The assigned BW may be static or have a predetermined time pattern such as a cyclical one in order to sound the total operating BW as previously mentioned. 

SRS transmission period and sub-frame
The SRS transmission period and reference sub-frame is specified through Node B signaling.

SRS transmission power
As the SRS uses a CAZAC sequence which can have lower PAPR/CM than QPSK, it may be possible to increase SRS transmission power relative to the data to obtain a better CQI estimate. 

SRS Comb and RPF for the CAZAC sequence
The RPF of the CAZAC sequence and SRS comb do not have to be signaled if predetermined and unique ones are used for each scheduling BW. However, in case there are multiple combs for each SRS in a scheduling BW, the comb number should be signaled. 
Cyclic Shift of the CAZAC Sequence
The cyclic shift of the CAZAC sequence should be signaled by the Node B to the UE. The cyclic shift value may be a fixed one achieving orthogonality for a fixed large delay spread or, alternatively, to maximize the number of cyclic shifts and orthogonal SRS, the Node B should specify the cyclic shift based on the delay spread and timing error estimates for the reference UE. In either case, the assigned cyclic shift to a UE is the cumulative one of previous cyclic shift values assigned to other UEs for the same CAZAC sequence, the same SRS transmission BW, and the same comb in the transmission BW.   

Finally, the Node B may configure the SRS transmission period and the size of SRS transmission BWs as system parameters change. For example, as the system load increases, the CQI SRS period may increase (for example, from every 4 msec to every 2 msec). Also, if most UEs are in poor SINR conditions or if the system load increases, the SRS transmission for the largest scheduling BW may be replaced with multiple SRS transmissions over correspondingly smaller scheduling BWs. Nevertheless, these modifications by the Node B can be transparent to the UE.  
7. Conclusions
This contribution considered aspects for the transmission of the UL “sounding” RS (SRS). In particular, the following are recommended:

a) periodic SRS transmission with transmission period configurable by the Node B according to the estimated UE conditions (SINR, speed, frequency selectivity of the channel, etc.)

b) assigning the cyclic shift according to the delay spread experienced by the UE to increase the number of orthogonal SRS

c) SRS transmission over multiple scheduling BWs, if smaller than the total BW, to maximize throughput gains from the channel selectivity and achieve interference randomization

d) Node B specifies the SRS transmission BW, SRS comb, SRS transmission period, cyclic shift of the CAZAC sequence, and the SRS transmission power.
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