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1. Introduction
Much progress was made on the sounding RS. In this contribution, we discuss our views on some of the remaining issues for specifying the UL SRS sounding signals.
2. Wideband Sounding Bandwidth
In the RAN1#51 Jeju meeting, the following was agreed regarding narrowband and wideband SRS:

· narrowband SRS (2 RB in 6 RB system bandwidth, 2, 4 or 6 in >6RB system bandwidth), except PUCCH region

· wideband SRS: exact values to be defined, including whole available BW, except PUCCH region
The main issues impacting the bandwidth of the wideband SRS are the power limitation on UE transmission, the number of supportable sounding UEs, and the sounding bandwidth needed to get UL channel dependent scheduling gain.  Full bandwidth sounding provides the most complete channel information when the UE is sufficiently close to the eNB, but degrades as the path loss increases when the UE cannot further increase it transmit power. Full bandwidth sounding also limits the number of simultaneous sounding signals to ~12 for orthogonal CDM sounding signals.
We have evaluated the link performance of different fixed (non-hopping) sounding bandwidths (10MHz, 5MHz, 2.5MHz, 1.25MHz) for a 10MHz channel bandwidth for UE velocities of 6 km/h and 20 km/h with non-ideal channel estimation. Results are presented in Appendix A.
It can be seen from the results in Appendix A that the larger the sounding BW (up to 5MHz) the better the link performance. However, for 10MHz sounding BW, the degradation in channel quality estimate due to lower power spectral density of the sounding sequence degrades performance compared to 5MHz sounding BW at low SNR. At medium to high SNR, the performance of 10MHz sounding is comparable to 5MHz sounding BW as no substantial increase in channel selectivity is observed for BW > 5MHz.
Thus, to improve the SNR of the sounding signal and support a large number of sounding signals with minimal number of sounding BW options, we suggest limiting the maximum wideband SRS bandwidth to approximately 5MHz.  For operating BW > 5MHz, in one approach, the maximum wideband SRS bandwidth is used within the center portion of the operating BW (excluding PUCCH). RBs near the edge of the band (near PUCCH) may be sounded using the narrowband SRS, if needed. 

In another approach, for operating BW > 5MHz, the operating BW is divided in to approximately equal sized wideband sounding subbands with wideband SRS close to the maximum wideband SRS bandwidth limit. In this case, the wideband SRS bandwidth in terms of the number of the RBs for the different approximately equally-sized sounding subbands can be computed as follows: 
Let 
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be the maximum wideband SRS bandwidth (e.g., 
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=24 for approx. 5 MHz SRS BW)
and 
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be the number of RBs in the operating bandwidth. Let 
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be the number of resource block pairs configured for PUCCH transmissions (known information from DL control) for the operating bandwidth.  The uplink operating bandwidth can then be divided in to 
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wideband sounding subbands where, 
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The, 
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, un-quantized wideband SRS bandwidth for a sounding subband in number of RBs is then given by,
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It has been agreed to reuse the DM RS sequences also for SRS sequences. Further the SRS uses RPF=2. Thus, the SRS BW (in RBs) needs to an even number and only contain factors of 2, 3, and/or 5. Therefore, the wideband SRS bandwidth, 
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for the ith sounding sub-band is then computed by, 
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where 
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 is a set of non-negative integers.
The above computation is operating bandwidth and PUCCH configuration agnostic.

For a maximum wideband SRS bandwidth,
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=24 RBs (~5MHz), the wideband SRS BWs for different operation BWs and PUCCH configurations is shown in Table 1 (excluding PUCCH RBs). 
Table 1. Possible SRS BW for different Operating BW and PUCCH configurations.

	Operating BW (MHz)
	# RBs
	Number of PUCCH RB- pairs
	Number of Sounding Subbands
	Wideband SRS BW (# of RBs)
	Number of RBs not sounded

	1.4
	6
	1
	1
	4
	1

	3
	15
	2/3
	1
	12
	1/0

	5
	25
	4/5
	1
	20
	1/0

	5
	25
	6
	1
	18
	1

	10
	50
	5/6
	2
	20, 24
	1/0

	10
	50
	7/8/9/10
	2
	20, 20
	3/2/1/0

	15
	75
	10/11
	3
	20, 20, 24 
	1/0

	15
	75
	12/13/14/15
	3
	20, 20, 20
	3/2/1/0

	20
	100
	15/16
	4
	20, 20, 20, 24
	1/0

	20
	100
	17/18/19/20
	4
	20, 20, 20, 20
	3/2/1/0


For some operating BWs and PUCCH configuration, a small number of the RBs near the edge of the band (near PUCCH) are not sounded. This small number of RBs may be sounded using the narrowband SRS, if needed, or the channel quality estimate on these RBs may be extrapolated from the neighboring wideband SRS transmissions (within the coherence bandwidth).  
Frequency hopping of the sounding RS can be implemented (without any special additional signaling) by assigning different sounding locations (in frequency) to the UE at different times. 

3. Multiplexing of PUSCH and SRS
As described in [3], to reduce the waste of unused channel resources, it should be possible to support data transmission on resources not presently occupied by sounding signals. By including signaling (on either D-BCH, UL grant, or both) it is possible for data transmission (using rate matching) on REs not presently occupied by sounding RS. A very simple mechanism is to indicate full or ½ SRS on D-BCH (1-bit), when the D-BCH is used to indicate that there is an SRS symbol present. A more flexible way to reclaim RE’s not in use on one or both of the SRS combs in a particular part of the band is to include a 2-bit field ‘SRS Use Indicator’ field is included in the UL Grant format [4] to enable selection of the unused sounding resources within the UE allocated bandwidth.
Table 2. SRS Use Indicator in UL Grant.
	SRS Use Indicator
	Description (sub-carriers for data transmission within UE allocated BW)

	00
	No sub-carriers 

	01
	Comb 0, RPF=2

	10
	Comb 1, RPF=2

	11
	All sub-carriers


3.1 SRS and Persistent PUSCH Allocations

An issue was raised on the RAN1 email-reflector whether the SRS should puncture persistent PUSCH transmissions. In our view, it may be desirable for the eNode-B to reserve sub-bands near the edge-RBs for PUCCH and possibly frequency-diverse transmissions which may include persistent allocations. However, persistent transmission can also occur elsewhere in the system bandwidth as well as the eNode-B may schedule non-persistent UEs, for example, in the reserved sub-bands. Hence, although it is desirable for the SRS to not puncture persistent PUSCH allocations, we prefer not to constrain the SRS transmissions and require that the SRS transmissions never puncture the persistent allocations. 
Including signaling (on either D-BCH, UL grant, or both) to indicate REs not presently occupied by sounding RS, as mentioned above, provides an efficient way to use the unused channel resources for data transmission (using rate matching) and minimize or possibly avoid puncturing of the persistent allocations. 
4. Multiplexing of PUCCH and SRS

The SRS symbol does not include RBs allocated for PUCCH thereby enabling PUCCH transmissions on all LBs by UEs not sounding as shown in Figure 1. PUCCH and SRS cannot be simultaneously transmitted in order to maintain the single-carrier aspect of the UL signal.
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Figure 1.  Multiplexing of SRS and PUCCH: SRS symbol excludes PUCCH RBs.

4.1 ACK/NAK and SRS multiplexing
PUCCH (ACK/NAK) and SRS cannot be transmitted in the same slot (on different symbols) due to orthogonal covering (in time-domain) used among the ACK/NAK symbols and RS symbols respectively. Puncturing a PUCCH (ACK/NAK) symbol for SRS transmission is not feasible due to loss of code orthogonality and interference to other PUCCH UEs not transmitting SRS. Further, it is not desirable to construct an additional format for ACK/NAK when SRS is present and penalizing UEs transmitting PUCCH (ACK/NAK, CQI, CQI+ACK/NAK) and not transmitting SRS in the sub-frame [5].
Thus, for ACK/NAK occurring in a subframe with SRS, ACK/NAK’s take priority and SRS is not transmitted, in order to avoid penalizing all UEs by at least 0.5dB (possible error floor ~0.1% BER at high speeds with ACK/NAK puncturing).  Excellent system performance is still achieved despite a UE occasionally loosing an SRS due to ACK/NAK transmission. 
4.2 CQI and SRS multiplexing
PUCCH (CQI, CQI+ACK/NAK) transmissions do not use orthogonal covering, and thus it is possible for the SRS symbol to puncture a PUCCH symbol without impact to any of the other PUCCH UEs. Therefore, for the case where both SRS and PUCCH (CQI, CQI+ACK/NAK) transmissions are scheduled in the same sub-frame, the UE punctures the PUCCH symbol corresponding to the SRS symbol location and transmit SRS during that symbol. CQI is transmitted on remaining SC-FDMA symbols as shown in Figure 2.
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Figure 2.  Multiplexing of SRS and PUCCH (CQI).
5. Signaling of sounding RS parameters

It was agreed in RAN1#49bis, #50, #50bis, #51 to signal the following parameters to the UE:

· Sub-frames with SRS transmission on D-BCH

· Transmission bandwidth (and starting bandwidth position)

· Transmission period

· Cyclic shift

· Transmission sub-frame

· Transmission comb assigned

· Duration: One shot and indefinite (valid until disabled or until the session ends) transmissions

· Period: 2, 5, 10, 20, 40, 80, 160, X ms

· revisit if problems occur with multiplexing SRS with different transmission periods

· Cyclic shift: 3 bits. FFS how to support less than 8 cyclic shifts with maximum separation
Also, it was agreed in RAN1#50bis that,

· The D-BCH signals the sub-frames with SRS transmission.
· SRS position is one of two alternatives – 1st or last symbol in sub-frame depending on RAN4 feedback on power ramping.

The eNodeB can disable SRS transmission in the cell (as agreed in RAN1#49bis) by setting the number of sounding sub-frames to zero (no sub-frames with sounding symbol).
Some of the additional parameters that need to be signaled:

· Sounding System Resources (broadcast D-BCH information): Provides information on the bandwidth used by the sounding long blocks in the cell.  As an example, in a 10 MHz system 2 long blocks are used for sounding in a radio frame (evenly spaced), with only the second RPF=2 comb used for sounding. A very simple mechanism is then to indicate full or ½ SRS on the D-BCH. In another example, only the upper 5 MHz of the channel BW may be used for sounding. In this case, it may be beneficial to signal the portion of the channel BW used for sounding. The number of bits for this signaling depends on the operating BW and the largest sounding BW supported. 
The UE-specific parameters (e.g. starting BW position, transmission sub-frame) can then be relative to the specified broadcast sounding resources reducing per UE signaling overhead.

· Duration of the SRS transmission (UE-specific): Larger periods should also be supported. E.g. For low speed UEs should be able to sound less often such as every 200–400 ms.
· SRS Use Indicator (UE-specific): A 2-bit field to indicate unused sounding resources within the UE allocated bandwidth to be used for data transmission.
6. Conclusion
This document presents our views on some of the remaining issues for specifying the UL RS sounding signals.
· Wideband Sounding BWs: 

· Limit the maximum wideband SRS bandwidth to approximately 5MHz. Divide the sounding region (excluding PUCCH) into approximately equally sized sounding subbands with wideband SRS. Wideband SRS BW can be computed depending on operating BW and PUCCH configuration. Wideband SRS BW of [12, 18, 20, 24] RBs should be at least supported

Table 3. Possible SRS BW for different Operating BW and PUCCH configurations.

	Operating BW (MHz)
	# RBs
	Number of PUCCH RB- pairs
	Number of Sounding Subbands
	Wideband SRS BW (# of RBs)

	1.4
	6
	1
	1
	4

	3
	15
	2/3
	1
	12

	5
	25
	4/5
	1
	20

	5
	25
	6
	1
	18

	10
	50
	5/6
	2
	20, 24

	10
	50
	7/8/9/10
	2
	20, 20

	15
	75
	10/11
	3
	20, 20, 24 

	15
	75
	12/13/14/15
	3
	20, 20, 20

	20
	100
	15/16
	4
	20, 20, 20, 24

	20
	100
	17/18/19/20
	4
	20, 20, 20, 20


· Sounding overhead:
· Adjustable cell sounding bandwidth on SRS symbol (e.g., in a 10 MHz system only 1 SRS comb or the upper 5 MHz of the channel is used for sounding) - broadcast D-BCH information
· Duration of the SRS transmission: Larger periods should also be supported. E.g. For low speed UEs should be able to sound less often such as every 200–400 ms.
· Data transmission (using rate matching) on REs not presently occupied by sounding RS (indicate unused sounding resources on either D-BCH, UL grant using 2-bit SRS Use Indicator, or both). Also, provides an efficient way to minimize or possibly avoid puncturing of the persistent allocations
· Multiplexing of SRS and PUCCH in same sub-frame
· PUCCH (ACK/NAK) take priority and SRS is not transmitted
· Puncture PUCCH (CQI) symbol to transmit SRS

· PUCCH transmissions on all LBs by UEs not sounding in current sub-frame as SRS does not extend into the PUCCH RBs
· Frequency hopping of UL sounding RS:

· Frequency hopping of sounding RS via explicit allocation (without any special additional signaling) by assigning different sounding locations (in frequency) to the UE at different times
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Appendix A

Link Performance of Fixed Bandwidth Sounding RS

Figure 1 compares the link performance of different fixed (non-hopping) bandwidth sounding RS for a 10MHz channel bandwidth. 

The sounding bandwidths evaluated are: 
7. 10 MHz (denoted as 10 MHz sounding BW),
8. 5 MHz (denoted as 5 MHz sounding BW), 
9. 2.5 MHz (denoted as 2.5 MHz sounding BW), 
10. 1.25 MHz sounding (denoted as 1.25MHz sounding BW). 

The UE sounds and transmits one sub-frame of data every 3 ms with a scheduling delay of 3 ms between the sounding and the subsequent UL assignment and data transmission. The Node-B has 2 receive antennas. The UE is assigned to the best RB within the sounding bandwidth. The UE transmit power is fixed for all sounding BWs. Thus, by reducing the sounding bandwidth (e.g., only 1.25 MHz of a 5 MHz channel), it is possible to improve the SNR on the sounding sequence, at the cost of obtaining only partial sounding of the total available bandwidth. Results for UE velocities of 6 km/h and 20 km/h with non-ideal channel estimation are shown. 
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Figure 3.  Link performance of different fixed (non-hopping) sounding bandwidth with non-ideal channel estimation for a 10MHz channel bandwidth, GSM TU.

The following observations can be made from Figure 3:

· The larger the sounding BW (up to 5MHz) the better the link performance. 
· For 10MHz sounding BW, the degradation in channel quality estimate due to lower power spectral density of the sounding sequence degrades performance compared to 5MHz sounding BW at low SNR. 
· At medium to high SNR, the performance of 10MHz sounding is comparable to 5MHz sounding BW as no substantial increase in channel selectivity is observed for BW > 5MHz.
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