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Introduction
In RAN1# AH, RAN1#88, RAN1#88 bis [1-3], the following agreements were made regarding SRS design.
Agreements:
· A UE can be configured with an X-port SRS resource, where the SRS resource spans one or multiple OFDM symbols within a single slot
· FFS where all of the X SRS ports are sounded in each OFDM symbol
· FFS at least for the purposes of CSI acquisition:
· FFS a multi-symbol SRS resource can be configured such that the X SRS ports in each OFDM symbol are transmitted in different locations of the band in different OFDM symbols in the slot in a frequency hopping manner
· Note: This allows sounding a larger part of (or the full) UE bandwidth using narrower band SRS transmissions
· Note: at any OFDM symbol, all X ports are sounded in the same portion of the band
· Note: Consider UE RF implementation aspects on SRS design that may place constraints on the design of the symbol-wise hopping pattern
· e.g., Required time for frequency re-tuning (if re-tuning needed) or transient period if re-tuning is not needed
Agreements: 
· NR considers SRS transmissions with sequences achieving low-PAPR and possible multiplexing of SRS with different SRS bandwidths in the same symbol 
· FFS details
· NR supports frequency hopping within a partial-band for a UE
· At least hopping with a granularity of subband
· FFS other cases
· FFS SRS hopping among partial-bands

Agreements: 
· To down-select one method for NR SRS sequence generation based on at least the following alternatives:
· Alt-1: SRS sequence is a function of the sounding bandwidth and does not depend on the sounding bandwidth position or the PRB position. 
· Sequence design and other design details are FFS.
· Alt-2: SRS sequence is a function of the sounding bandwidth position or the PRB position. 
· Sequence design and other design details are FFS.
· Taking into account metrics such as PAPR, capacity/flexibility, etc.
· Other parameters, if any, determining SRS sequence are FFS (e.g. SRS sequence ID)

Agreements: 
· NR SRS design should not assume a particular antenna configuration at UE and should support dynamic port/antenna/resource selection by gNB and UE
· In the case of UE selection, it can be disabled/enabled by gNB (if the UE selection is not transparent). FFS whether or not the selection is transparent
· E.g., UE with 4 ports can be configured with 2 ports SRS by gNB
· E.g., UE sends 2 ports SRS even though configured with 4 ports SRS by gNB
Agreements: 
· For SRS transmission for NR, 
· The size of partial-band is configurable and smallest size can be N PRB(s).
· FFS the value of N
· FFS simultaneous multiple partial-bands transmission is supported depending on UE capability
· NR to support SRS transmission where the numerology(ies) can be configurable for a UE.
· FFS details (e.g., a single vs. multi-numerology by configuration, a single numerology SRS transmission at a time vs. simultaneous multi-numerology SRS transmission, etc.)

In this contribution, we discuss several aspects related to NR SRS design.
Types and use cases of SRSs
Uplink-oriented SRS resources
Uplink sounding reference signals (SRSs) are intended to be used by the network to support uplink channel-dependent scheduling and link adaption.  Based on uplink SRS, the gNB can make the scheduling decision and providing the UE information about the resources and the associated transmission setting.  In case of uplink MIMO, a UE is configured with multiple SRS ports. The SRS precoding can be implemented either by digital beamforming, or by RF beamforming, or by a hybrid of digital- and RF beamforming.  The SRS beamformer can be determined by the UE, e.g., based on downlink channel estimation exploiting channel reciprocity.  
To distinguish the SRS discussed in Section 2.2, we refer the SRS for uplink link adaptation as to uplink-oriented SRS. In such an SRS, SRS port numbering has one-to-one mapping to the PUSCH port numbering. 
Downlink-oriented SRS resources
Exploiting channel reciprocity, the gNB can also use uplink SRSs to acquire the downlink channel state information from uplink channel estimates and to assist downlink channel-dependent scheduling.  In order to enable downlink channel-dependent scheduling, both the channel information and the interference information are needed by the network.  The channel information can be obtained from uplink channel estimation with proper reciprocity calibration.  The acquiring of interference information from uplink channel estimation is not straightforward.  
In LTE, the interference information is always measured by UE and reported to the network in terms of CQI.  The CQI is derived assuming either a close-loop spatial multiplexing (CLSM) or a transmit diversity (TxD).  For the CLSM based CQI, it is accompanied with a PMI/RI reporting using a pre-defined PMI codebook.  Although the reported PMI and RI provide the eNB some additional information for downlink link adaptation and channel-dependent scheduling, there could be mismatch between the downlink channel for deriving PMI/RI and the downlink channel for actual transmission.  For example, the actual transmission may be precoded using 64 eNB antennas, while the PMI/RI may be based on only 4 CSI-RS ports which are virtualized by some fixed weights.  For the TxD based CQI, the eNB has to decide the transmission rank and MCS based on the uplink channel estimation and the interference information recovered from the TxD CQI.  
It’s worth noting that the eNB cannot recover the full interference covariance matrix at the receiver, , from the scalar TxD CQI.  The missing of interference structure may lead to poor link adaptation because of the underestimate or overestimate of the transmission rank.  Instead of deriving the partial  based on UE feedback, the impact of full  can be embedded into the SRS.  
Consider following downlink signaling model,

where  is the received signal at the UE,  is the downlink channel,  is the downlink precoding matrix,  is the vector data symbol, and  is the interference-plus-noise observed by the UE.  It is equivalent to following model,

where  is the whitened received signal,  is the whitened downlink channel, and . Clearly, the interference information is counted in the whitened channel, so in the second model the interference-plus-noise is modelled as a white Gaussian noise.  These two models are equivalent in terms of link adaptation.  If the gNB can obtained the whitened channel from uplink channel estimation, it can thus perform downlink adaptation without the explicit information about .
Notice that  is the uplink channel between the UE transmit antennas and the gNB receive antennas.  The transposed whitened downlink channel  is effectively a beamformed uplink channel which can be estimated by the gNB via beamformed SRS.  Such special beamformed SRS can be called as pre-whitened SRS.  In contrast to the beamformed SRS for uplink link adaptation, the port-to-antenna mapping of pre-whitened SRS is governed by the columns of .  Note that if  is applied as a precoder after the columns have been normalized to the same power, then the UE will potentially need to feed back the scaling of the noise in order the eNB to be able to recover the whitened downlink channel. 

Observation 1: Pre-whitened SRS can provide the gNB full information of interference observed by the UE.  It can be used by the gNB to support channel-dependent scheduling and link adaptation for downlink transmission.
In Table 1, we show the downlink system performance comparison of using pre-whitened SRS versus uplink-oriented SRS when reciprocity is available.  The simulation assumptions are summarized in the Appendix.  We compare two schemes: 
1) Uplink- oriented SRS with LTE-alike CQI feedback; and 
2) pre-whitened SRS.  
With scheme 1), only the averaged diagonal part of  can be recovered at the gNB from the UL channel estimation and the UE reported CQI.  In scheme 2), subband-wise  is embedded in the pre-whitened SRS and thus UE doesn’t need to feedback the full .  Our results show that pre-whitened SRS outperforms scheme 1.  It brings more than 20% UE throughput gain at 5%-tile and about 10% UE throughput gain at 50%-tile.  

Table 1.  Performance comparison: Non-precoded SRS versus pre-whitened SRS
	
	5%-tile UE thrpt. gain
	50%-tile UE thrpt. gain

	Non-precoded SRS w/ CQI-based 
	0%
	0%

	Pre-whitened SRS
	22.0%
	9.6%



Proposal 1: NR supports both uplink-oriented and downlink-oriented SRS resources.
Sounding bandwidth
The wideband sounding allows the gNB to estimate the uplink channel state of the whole transmission bandwidth based on a single SRS transmission, which provides the flexibility to do frequency domain scheduling over the whole transmission bandwidth.  But for cell-edge UEs, if the limited transmit power is split to all its transmit antennas to perform a wideband sounding, the uplink channel estimation quality may not be guaranteed.  Notice that cell-edge UEs are unlikely to have high-rank MIMO transmission.  The accurate channel state on a fewer antennas could be more useful than inaccurate channel knowledge on all transmit antennas.  Hence, we may alternatively consider to use the limited transmit power to sound fewer antennas.  This could allow the gNB to have a better channel estimation on a subset of transmit antennas.    
Partial-band sounding provides another way to tackle the power limitation issue, because the available transmit power can be allocated to a smaller bandwidth partition to sound all the transmit antennas.  To acquire channel state of the whole system bandwidth, frequency hopping can be introduced to sound each partial-band in a TDM manner.  As shown in Figure 3, the frequency hopping of partial-band SRS can be performed in multiple slots as in LTE, or in multiple symbols.  Frequency hopping also provides a way to increase SRS port multiplexing capability. That is, in addition to FDM’ing across combs and CDM’ing within each comb, multiple SRS ports that share the same comb and CDM sequence may be multiplexed via occupying different partial-bands at each symbol and hopping across symbols.
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Figure 1.  Frequency hopping of partial-band SRS.
One potentially issue with slot-level frequency hopping is that the channel state obtained in different subframes may suffer from phase rotation due to channel decorrelation across slots.  
The performance of symbol-level hopping is limited by tradeoff between the power-amplifier re-tune delay and backoff.  From the resource occupation perspective, slot-level frequency hopping needs only one uplink symbol in a slot, but symbol-level hopping may need multiple symbols to be reserved for SRS in a slot, as shown in the figure below.
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Figure 2 Example of multi-symbol SRS resourse with frequency hopping
Simultaneous multiple partial-bands transmission that are not contiguous in frequency, i.e., a multi-cluster SRS transmission regime, needs to be thoroughly studied before supporting it in NR. We need to consider several aspects related to such a SRS transmission and understand the complications that this would entail depending on other agreements on SRS transmissions, e.g., the size of each partial-band, the location of multiple partial-bands in frequency domain.  
SRS resource and channelization
Based on the discussion, a UE can be configured with at least one sounding resource for SRS transmission on a set of ports.  The sounding resource shall span a number of consecutive PRBs in frequency, so that there are sufficient number of observations to achieve certain processing gain.  In LTE, the instantaneous sounding bandwidth is always a multiple of 4 RBs.  We can take similar values as a starting point in NR.
Proposal 2: The instantaneous sounding bandwidth is a multiple of 4 PRBs.
A sounding resource shall comprise at least one symbol in a slot.  In order to enable low latency services, the SRS symbol in the common uplink burst in a TDD system shall be before the symbol that carries ACK/NAK to give maximum time for the UE to report ACK/NAK. 
Proposal 3: NR supports SRS transmission in the short uplink burst which is transmitted earlier than uplink ACK
· This is beneficial for UE processing timeline 
[image: ]
Figure 3.  Time duration of SRS resource.
In a slot with only one symbol uplink duration, the limited uplink resources will have to be used for both uplink control and SRS.  An efficient channelization and multiplexing would be needed.  For example, the short uplink duration can be split into two half symbols by transmitting with double the SCS.  The first half symbol can be reserved for SRS transmission, while the second half symbol can be used for common uplink control channel, e.g., to send HARQ acknowledgements, uplink scheduling request, etc.
In a slot with a long uplink duration, there are more uplink resources.  Similar to the uplink duration in a downlink-centric slot, the last uplink symbol in an uplink-centric slot can be reserved for both SRS and common up link control channel.  The other uplink symbols can be used for PUSCH/PUCCH transmission and for SRS as well.  Multiple symbols could carry SRS to improve channel estimation for the cell edge user, allow for a quick warm-up of the channel estimation filters at the base stations, or to allow orthogonal multiplexing of larger number of SRS ports, as shown in the next figure. In this case, an SRS resource is configured at least with:
· A hopping pattern
· Number of OFDM symbols
· Common sounding bandwidth for each OFDM symbol
Not all combinations of OFDM symbols and sounding bandwidths need to be supported, and depending on the UE capability different options could be available. 
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Figure 4 Example of multi-symbol SRS resources inside the long uplink burst
Similarly, SRS resources with scaled numerology could be used in mmWave where multiple SRS symbols might be needed for multiplexing UEs, in which case using a SRS with scaled numerology could be a useful tool. 
Note that when configuring a UE with multiple SRS resources with different numerologies, some limitations need to be enforced to minimize complexity. For example, simultaneous multi-numerology SRS transmission from one UE should not be supported, unless clear benefits of its usage can be found in some important use case. 
Proposal 4: NR does not support simultaneous (i.e., same OFDM symbol) multi-numerology SRS transmission from the same UE at least for all carriers in the same band.
Sounding management
Since LTE Rel-10, a UE may be configured to transmit SRS on multiple antenna ports of a serving cell.  The number of antenna ports may be configured by higher layer signaling.  A UE configured for SRS transmission on multiple antenna ports shall transmit SRS for all the configured antenna ports within one SC-FDMA symbol of the same subframe.  A real-world multi-antenna UE, however, may have dissimilar radiation patterns at different antenna ports due to mutual coupling.  Sounding imbalanced antennas may lead to inefficient power utilization.  As the MIMO channel between the imbalanced UE antennas and the eNB antennas could be rank-deficient, sounding all UE antennas can be a waste of power.  Especially for the cell-edge UEs, the limited transmit power should be allocated to some “good” antennas, instead of splitting the power on all UE antenna ports.  
Observation 1: Some UE antennas may be blocked and sounding on those antennas may lead to inefficient power utilization.
To tackle this issue, dynamic sounding port management has been agreed.  A UE can be configured with a maximum number of antenna ports for UL sounding by higher layer.  A UE can dynamically manage a subset of UL antenna ports based on its own measurement or receives an indication of a subset of UL antenna ports for transmitting SRS.  For example, the UE may be configured with up to 8 antenna ports UL sounding, but the SRS is transmitted on only 4 antenna ports in some slots, and on 6 antenna ports in some other slots.  
Observation 2: In scenarios with reciprocity, the UE is aware of the noise covariance on the downlink; transparent and dynamic port/antenna/resource selection by the UE may convey essential information to the gNB for downlink link adaptation purposes.
Allowing for non-transparent SRS port/antenna/resource selection by the UE means that the UE will transmit in the uplink an indication that it transmitted with fewer ports/antennas/resources than what it has been configured. We consider such indication wasteful of the limited uplink resources on the uplink. Also, the eNB will measure the channels and find out that the channels resulting from the SRS resources that were not used are of very low quality, in which case it could schedule the UE with fewer resources in the next slot. 
Proposal 5: NR SRS design should only support transparent port/antenna/resource selection by UE for the case of downlink-oriented SRS resources.
SRS Power control
The power control of SRS transmission is an essential design that needs to be taken into account in order the gNB to receive the RSs from different users on the desired or target received power levels. The regular power headroom report (PHR) would be used for the gNB to learn required parameters (e.g., path-loss estimate, SRS Tx power) and perform power control. More details on uplink power control can be found in [4]. 
SRS waveform transmission – PAPR gains
For SRS transmissions we believe that using a single carrier waveform transmission is enough to support all the use cases envisioned from SRS transmissions. Specifically, single carrier waveforms have well-studies PAPR gains, which are needed for better channel estimation at the base station side and energy efficiency of the sounding. Note also that using a single carrier waveform does not preclude wideband precoding of SRS (see [5] for more details), and multi-port SRS transmissions could occur at least using TDM-ing of the SRS resources (another solution is shown in Section 2.9). Furthermore, frequency selective channel sounding could be performed at least using frequency hopping of partial-band SRS transmissions. Additional methods of supporting sub-band SRS transmissions while keeping the low PAPR properties are shown in Section 2.9. In light of these considerations, we propose:
Proposal 6:  NR supports SRS transmission only with a low-PAPR waveform.
SRS Sequence generation
Regarding the SRS sequence generation, several metrics are needed to be taken into account, like low PAPR, inter-cell interference (cross-correlation properties of the sequences), SRS capacity, etc. In LTE, Zadoff-Chu sequences and cyclic shifts are used to orthogonalize different UEs, whose generation depends of the scheduling bandwidth. There are some proposals of removing this dependency from the SRS sequence generation in NR, however, down selecting such a well-understood design before thoroughly validating the low PAPR and the cross-correlation properties of other designs should be avoided. For example, using short block-based ZC sequences might have worse PAPR than the sequences used in LTE, or they might lead to higher cross-correlation and inter-cell interference. More studies are needed to understand which SRS sequence generation method is more appropriate.
Proposal 7:  RAN1 studies further specific proposals for SRS sequence generation before down selecting between alternatives.
Low PAPR Virtual TDMed SRS for Subband/Multi-Port Precoding
To reduce the PAPR of the wideband precoded SRS sequences, either DFT-s-OFDM or Chu sequences can be used to generate SRS sequences. However, with subband precoding, both approaches can fail to provide a low PAPR SRS time domain sequence. Figure 5 shows the subband precoded SRS with two subbands.  The first half and second half of the tones are precoded by different precoders. Figure 7 shows the resulting PAPR of the subband precoded SRS as the number of subbands increases from two to eight. The wideband frequency-domain SRS sequences are generated by extending Chu sequences, and each precoder is chosen as different phase rotations in the form of . We can notice that as the number of subbands increases, the PAPR of the precoded SRS also increases. With eight subbands, the PAPR of the precoded SRS is as high as that of CP-OFDM waveforms within 1 dB.
[image: ]
[bookmark: _Ref474152207][bookmark: _Ref474152203]Figure 5. Subband Precoded SRS

To reduce the PAPR of the subband precoded SRS, we introduce virtual TDM (split) to SRS sequence generation. Figure 6 shows the virtual TDMed SRS when it is split into two subsequences. The sequences for both subbands are separately generated by independent DFT-spreading. The first sequence only occupies the first half of the symbols in the pre-DFT-spread time domain, and the second sequence only occupies the remaining half of the symbols. As a result, the first and second sequences will be vitually TDMed within the subband precoded SRS symbol. The summation of two sequences will be a single carrier low-PAPR waveform even after subband precoding with different phases. The PAPR plot in Figure 7 shows that the PAPR of the virtual TDMed SRS is essentially equivalent to that of full-band precoded SRS.
[image: ]
[bookmark: _Ref474153742]Figure 6. Virtual TDMed SRS for Two Subband Precoding
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[bookmark: _Ref474152483]Figure 7. PAPR for Subband Precoded SRS with/without Virtual TDM

The virtual TDMed SRS can be also used for multi-ports SRS precoding.
[image: ]
[bookmark: _Ref478141621]Figure 8. Virtual TDMed Precoded SRS with 2 Ports and 2 Antennas
Figure 8 shows virtual TDMed precoded SRS sequence design for two logical ports and two physical antennas. Each element in the precoding matrix for the SRS is chosen as a phase rotation in the form of . The SRS sequence for the first port only occupies the first half of the symbols in the pre-DFT-spread time domain, and the SRS sequence for the second port only occupies the remaining half of the symbols. As a result, the SRS sequences for the first and second ports will be virtually TDMed. The summation of two sequences will be a single carrier low-PAPR waveform even after the SRS precoding with different phases.
Black curves in Figure 9 show the PAPR of the precoded SRS sequences as the number of ports increase two to four. Compared to single port case, we can notice 2~3 dB PAPR loss due to precoding over multiple ports. However, as the green curve in Figure 9 shows with virtual TDMed SRS, the PAPR of the SRS at the antenna ports remains the same as that of single port SRS.
[image: ]
[bookmark: _Ref474155047]Figure 9. PAPR for Multi-Port Precoded SRS with/without Virtual TDM 

Observation 3: Both subband and multi-port precoding increase the PAPR of the transmitting SRS at the antenna ports without (virtual) TDM. With virtual TDM, the PAPR of subband and multi-port precoded SRS is essentially equivalent to that of non-precoded SRS.

In light of the above observation, we propose:

Proposal 8: Low PAPR techniques including (virtual) TDM should be studied to reduce the PAPR of the subband/multi-port precoded SRS sequences at the antenna ports.
Conclusions 
We conclude:

Observation 1: Some UE antennas may be blocked and sounding on those antennas may lead to inefficient power utilization.

Observation 2: In scenarios with reciprocity, the UE is aware of the noise covariance on the downlink; transparent and dynamic port/antenna/resource selection by the UE may convey essential information to the gNB for downlink link adaptation purposes.

Observation 3: Both subband and multi-port precoding increase the PAPR of the transmitting SRS at the antenna ports without (virtual) TDM. With virtual TDM, the PAPR of subband and multi-port precoded SRS is essentially equivalent to that of non-precoded SRS.

We propose:

Proposal 1: NR supports both uplink-oriented and downlink-oriented SRS resources.

Proposal 2: The instantaneous sounding bandwidth is a multiple of 4 PRBs.

Proposal 3: NR supports SRS transmission in the short uplink burst which is transmitted earlier than uplink ACK
· This is beneficial for UE processing timeline 

Proposal 4: NR does not support simultaneous (i.e., same OFDM symbol) multi-numerology SRS transmission from the same UE at least for all carriers in the same band.

Proposal 5: NR SRS design should only support transparent port/antenna/resource selection by UE for the case of downlink-oriented SRS resources.

Proposal 6:  NR supports SRS transmission only with a low-PAPR waveform.

Proposal 7:  RAN1 studies further specific proposals for SRS sequence generation before down selecting between alternatives.

Proposal 8: Low PAPR techniques including (virtual) TDM should be studied to reduce the PAPR of the subband/multi-port precoded SRS sequences at the antenna ports.
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Appendix
Table 2.  System Simulation Assumptions
	Parameters
	Dense urban

	Layout
	Single layer – Macro layer: Hex. Grid

	Inter-BS distance 
	Macro layer: 200m

	Carrier frequency 
	Macro layer: Around 4 GHz 

	Aggregated system 
bandwidth
	200MHz (DL+UL) 

	Simulation bandwidth
	20MHz per CC below 6GHz
Note: UE TX power scaling will impact final results

	Channel model
	3D UMa

	Tx power 
	BS: 44 dBm PA scaled with simulation BW
UE: 23dBm

	BS antenna configuration
	256 Tx /Rx antenna elements, x-pol

	BS antenna pattern
	Follow the modeling of TR36.873

	BS antenna height 
	25 m 

	BS antenna element gain + connector loss
	8 dBi

	BS receiver noise figure
	5 dB

	UE antenna elements
	4 Tx /Rx antenna elements 

	UE antenna height
	Proposal: Follow TR36.873 

	UE antenna gain
	Proposal: Follow the modeling of TR36.873

	UE receiver noise figure
	9 dB

	UE distribution
	80% indoor (3km/h), 20% outdoor (30km/h)
Uniform/macro TRP ([10] users per TRP for full buffer traffic)

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic
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