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1. Introduction
In the RAN#49bis meeting 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 RS sounding signals for advancing the specification of UL channel sounding.
2. Number of Sounding Bandwidths
The main issues impacting the number of supported sounding bandwidths 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 that two sounding bandwidths be supported. 

The two suggested bandwidths (approximately) are shown in Table 1: 

Table 1. Suggested Sounding RS Bandwidths.
	Broadband Sounding BW1:
	= min(Channel BW, 5MHz) for all channel bandwidths

	Narrowband Sounding BW2:
	= (Channel BW)/2 for Channel BW < 5MHz

= 1.25MHz for Channel BW >= 5MHz


For the actual specification, it needs to be decided whether to specify the sounding bandwidth in terms of a number of RBs or a fraction of the total channel bandwidth. Although fixed bandwidth sounding RS was considered, it will be shown below that the proposed two sounding bandwidths are also suitable for frequency hopping sounding RS.
3. RPF for sounding RS

It has been agreed in RAN1#49bis Orlando meeting to support RPF=2. RPF=2 enables FDMA multiplexing between sounding signals of differing bandwidths simultaneously on a single sounding block (e.g., one UE sounding 2.5 MHz and a second UE sounding the lower 1.25 MHz of the same 2.5 MHz region).  RPF=2 provides good flexibility and keeps the sequence length > 12 even for the smallest channel bandwidth of 1.25 MHz. 

It may be useful to also support a larger maximum RPF such as 20/24 for channel bandwidth >=5MHz in order to allow a large number of power-limited UEs to perform wideband sounding. For example, for 5MHz channel bandwidth one branch of the RPF=2 tree could be further split by another factor of 12 so that 12 UEs could perform 5 MHz sounding while the other branch still uses a RPF of 2. This type of power-limited wideband sounding would not necessarily be useful for the purpose of UL frequency selective scheduling, but is useful for other purposes, such as obtaining broadband average CQI information to support MCS selection for a frequency diverse (frequency hopping) UE allocation, or for supporting channel-statistics-based beamforming.

Thus, in addition to agreed RPF=2, we propose RPF=6/12 for channel bandwidth<=2.5MHz and RPF=20/24 for channel bandwidth >= 5MHz to enable multiplexing of a large number of power-limited UEs (and minimize receiver dynamic range requirements) for applications requiring only a broadband average CQI information such as frequency diverse (frequency hopping) UL allocations. 

With agreed support for RPF=2, we do not see a strong need for RPF=1 as both RPFs allow multiplexing of the same number of UEs with the same sounding BW. The additional interference averaging with RPF=1 is expected to be limited as interference typically comes from multiple UEs in the neighboring cells (not all necessarily at the cell-edge) rather than one dominant interferer. Further with RPF=2, it is possible that the dominant interferer may be on a different comb thereby achieving interference avoidance. Additionally, a eNode-B may be able to manage interference for cell edge sounding UEs.
4. Frequency hopping of UL sounding RS?

Frequency hopping of the UL sounding has been suggested in [1] [2]. In Appendix B, we compare the performance of fixed 5MHz sounding RS bandwidth with 1.25MHz (6RBs), 1RB and 2RB frequency hopped sounding RS with non-ideal channel estimation. It can be seen that the fixed 5MHz sounding RS bandwidth performs better than frequency hopped sounding RS except for a small loss (~0.5dB) in low Doppler (6 kph) and low SNR (SNR < 0dB) conditions. Moreover, the performance of the hopped sounding RS is more susceptible to degradation with respect to Doppler than fixed 5MHz sounding. Even for moderate Doppler (corresponding to 20 km/hr), a loss of around 0.7 dB for hopped 1.25MHz sounding and ~2dB for hopped 1/2RB sounding RS is seen for a wide range of SNR compared to fixed bandwidth 5MHz sounding. Among the three hopped sounding RS bandwidths evaluated (1.25MHz, 2RB, 1RB), the larger 1.25MHz sounding bandwidth performed the best. 
Thus, if frequency hopping of the sounding RS is supported, the narrow bandwidth sounding RS suggested in previous section is adequate. Since the fixed 5MHz bandwidth sounding RS performs better than hopped sounding RS, non-hopped fixed sounding RS must be supported.  
Further study of the performance of UL sounding RS frequency hopping and its impact (in terms of multiplexing complexity) on non-hopped or different sounding RS bandwidths is needed.  In any case, 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. 

5. Multiplexing of PUSCH and SRS
In order to reduce the waste of unused channel resources, it should be possible to support data transmission on resources not presently occupied by sounding signals. 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 corresponding to the slot containing the SRS for data transmission.

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


6. Multiplexing of PUCCH and SRS

The SRS symbol does not include RBs allocated for PUCCH in either slot as CQI estimation is not needed for PUCCH. Additionally, the eNode-B may reserve sub-bands near the edge-RBs for PUCCH and possibly frequency-diverse transmissions. Thus, the edge-RBs used for PUCCH are excluded from the sounding blocks, 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.

6.1 ACK/NACK and SRS multiplexing
PUCCH (ACK/NACK) and SRS cannot be transmitted in the same slot (on different symbols) due to orthogonal covering (in time-domain) used among the ACK/NACK symbols and RS symbols respectively. Puncturing a PUCCH (ACK/NACK) 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/NACK when SRS is present and penalizing UEs transmitting PUCCH (ACK/NACK, CQI, CQI+ACK/NACK) and not transmitting SRS in the sub-frame.
Therefore, a 1-bit ‘PUCCH (ACK/NACK) Priority Indicator ’ is included part of the SRS configuration or UL Grant to enable prioritization of PUCCH transmission in case for a UE both SRS and PUCCH (ACK/NACK) transmissions are scheduled in the same sub-frame. If PUCCH is prioritized, the UE transmits PUCCH (ACK/NACK) in both slots of the sub-frame as it does during normal operation and does not transmit SRS in the current sub-frame. If SRS transmission is prioritized, the UE transmit PUCCH (ACK/NACK) only in the slot not containing the SRS symbol and the SRS is transmitted in the other slot as shown in Figure 2. 
Table 2. PUCCH (ACK/NACK) Priority Indicator.
	PUCCH (ACK/NACK) Priority Indicator
	Description

	0
	PUCCH prioritized 

	1
	SRS prioritized
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Figure 2.  Multiplexing of SRS and PUCCH (ACK/NACK): UE with SRS prioritized.
6.2 CQI and SRS multiplexing
PUCCH (CQI, CQI+ACK/NACK) 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/NACK) 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 3.
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Figure 3.  Multiplexing of SRS and PUCCH (CQI).
7. Signaling of sounding RS parameters

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

· Transmission bandwidth (and starting bandwidth position)

· Transmission period

· Cyclic shift

· Transmission sub-frame

Someof the additional parameters that need to be signaled:

· Sounding System Resources (broadcast information): Provides information on location of sounding sub-frames in the 10 ms radio-frame, SRS position within the sub-frame, and 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), and with only the upper 5 MHz of the channel is used for sounding. The eNodeB can disable SRS transmission in the cell by setting the number of sounding sub-frames to zero (no sub-frames with sounding symbol). 

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.

· Repetition factor (RPF) (UE-specific): Signaling of RPF (e.g. 1-bit) among pre-determined RPF for the operating BW. For example, based on the discussion in section 3, supportable RPFs can include:

Table 4. SRS BW and RPF for different Operating BWs.
	Operating BW (MHz)
	# RBs
	Approx. SRS BW (# of RBs)
	Possible RPFs

	1.4
	6
	2, 4
	2, 6

	3
	15
	6, 12
	2, 12

	5
	25
	6, 20
	2, 20

	10
	50
	6, 24
	2, 24

	15
	75
	6, 24
	2, 24

	20
	100
	6, 24
	2, 24


· Transmission comb (UE-specific): Signaling of the transmission comb assigned to the UE for the RPF assigned
· Duration of the SRS transmission (UE-specific): Signaling to support both one-time (non-persistent) and persistent assignments. The benefit of non-persistent sounding is shown in [3].
· SRS position (broadcast information): Signaling to specify the position of the SRS symbol in the sub-frame. At most 1 symbol in a sub-frame should be a SRS. The position of the SRS symbol should be cell-specific and is transmitted as part of the broadcast sounding system resources above. The position of the SRS symbol can be the 1st,3rd, 5th, 7th symbol in either slot. SRS not allowed on symbols corresponding to PUSCH and CQI DM RS. 
· PUCCH (ACK/NACK) -Priority Indicator (UE-specific): Signaling to prioritizes PUCCH (ACK/NACK) or SRS in case for a UE both SRS and PUCCH transmissions are scheduled in the same sub-frame.
· 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.
8. Conclusion
This document presents our views on some of the remaining issues for specifying the UL RS sounding signals.
· Sounding BWs and multiplexing: 

· Two different sounding bandwidths are supported (approximately):

	Broadband Sounding BW1:
	= min(Channel BW, 5MHz) for all channel bandwidths

	Narrowband Sounding BW2:
	= (Channel BW)/2 for Channel BW < 5MHz

= 1.25MHz for Channel BW >= 5MHz


· Specified in #RBs as shown in Table 4, taking into account the PUCCH edge-RBs are excluded from the sounding blocks. Enables PUCCH transmissions on all LBs by UEs not sounding in current sub-frame
· In addition to RPF=2, RPF=6/12 for channel bandwidth<=2.5MHz and RPF=20/24 for channel bandwidth >= 5MHz to enable broadband average CQI information from a large number of power-limited UEs
· Sounding overhead:

· Number of sounding long blocks is adjustable in a 10 ms radio frame from zero (i.e., no sounding) up to some maximum value (e.g., 5)

· Adjustable sounding RS bandwidth (e.g., in a 10 MHz system only the upper 5 MHz of the channel is used for sounding)

· Data transmission (using rate matching) on REs not presently occupied by sounding RS (2-bit SRS Use Indicator in UL Grant to indicate unused sounding resources)
· Support both non-periodic (non-persistent) and persistent sounding RS assignments

· Multiplexing of SRS and PUCCH in same sub-frame
· SRS excludes band-edge PUCCH RBs 

· PUCCH (ACK/NACK) Priority Indicator to prioritize PUCCH (ACK/NACK) or SRS 

· Puncture PUCCH (CQI) symbol to transmit SRS

· PUCCH transmissions on all LBs by UEs not sounding in current sub-frame
· Frequency hopping of UL sounding RS:

· Non-hopped fixed sounding RS to be supported (fixed 5MHz bandwidth sounding RS performs better than hopped sounding RS)
· Narrowband sounding RS (in Table 4 above) adequate if hopping of the sounding RS is supported
· 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: 
9. 10 MHz (denoted as 10 MHz sounding BW),
10. 5 MHz (denoted as 5 MHz sounding BW), 
11. 2.5 MHz (denoted as 2.5 MHz sounding BW), 
12. 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 4.  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 4:

· 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.

Appendix B
Link Performance of Frequency Hopped Sounding RS

Figure 2 compares the link performance of fixed 5MHz bandwidth non-hopping sounding RS with 1.25MHz, 1RB and 2RB frequency hopped sounding RS for a 5MHz channel bandwidth. A 1RB sounding RS bandwidth has been proposed in [2]. Thus, the sounding bandwidths evaluated are, 
13. 5 MHz (denoted fixed 5MHz sounding),
14. Hopping 1.25 MHz with random frequency hopping among the four 1.25 MHz portions of the 5 MHz channel, (denoted hopped 1.25 sounding).

15.  
Hopping 1RB with random frequency hopping among the 25 RBs of the 5 MHz channel, (denoted hopped 1 RB sounding)

16. Hopping 2RB with random frequency hopping among the 12 2-RB portions of the 5 MHz channel. (denoted hopped 2 RB sounding)

The RB and MCS selection for the hopped sounding process is modeled as follows - the UE sounds and also transmits one subframe of data every 3 ms and there is a delay of 3 ms between the sounding and the next UL assignment and data transmission. The Node-B has two receive antennas.  The UE is assigned to the best RB within the sounding bandwidth for the case of no frequency hopping, and is assigned to the best RB among two choices in the case of RS frequency hopping: the two choices being - the same RB as the previous data transmission and the best RB from the current hop of the sounding sequence.
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Figure 5.  Link throughput comparison of fixed 5MHz bandwidth non-hopping sounding RS, with 1.25MHz (6RB), 2RB and 1RB frequency hopped sounding RS under non-ideal channel estimation for a 5MHz channel bandwidth, GSM TU.

The following observations can be made from Figure 5:

· The larger the bandwidth of the hopped narrowband sounding RS, the better the link performance i.e., 1.25MHz hopped > 2RB hopped > 1RB hopped

· Small gain (~0.5 dB) observed for low SNR (<0 dB) and low Doppler conditions for hopped 1.25MHz and 2RB sounding compared to 5MHz sounding due to better channel quality estimation. 
· Similar performance of hopped 1.25MHz sounding RS and fixed 5MHz sounding RS for SNR>0dB and low Doppler. 
· However, for SNR>0 dB, degraded performance even at low Doppler for hopped 1RB and 2RB sounding RS with performance loss increasing with SNR compared to 5MHz sounding RS bandwidth. 
· Performance of the hopped sounding RS is more susceptible to degradation with respect to Doppler than fixed 5MHz sounding. Even for moderate Doppler (20 km/hr), a loss of around 0.7 dB for hopped 1.25MHz sounding and ~2dB for hopped 1/2RB sounding RS is seen for a wide range of SNR compared to fixed 5MHz sounding bandwidth.
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