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1. Introduction
Antenna selection (AS) by using the uplink (UL) sounding reference signal (SRS) is a working assumption in 3GPP LTE. At the RAN1 #49bis Orlando meeting, some of the discussions and conclusions regarding SRS design are summarized as follows [1]:
· The eNodeB can enable/disable SRS transmission by a UE.
· The eNodeB signaling the following parameters to the UE:
· Transmission bandwidth (and starting bandwidth position)
· Transmission period
· Cyclic shift hopping

· Transmission sub-frame
· Repetition factor (FFS)

· Duration of SRS transmission (FFS)

· Symbol position of SRS within the subframe (FFS)
· SRS for antenna selection (AS): the same SRS should be used by both antennas. The eNodeB knows in advance which antenna sends the SRS. No additional SRS overhead to support antenna selection.
In order to enable AS by using SRS, it is necessary to propose a unified signaling and protocol approach, which integrates regular SRS (R-SRS, SRS without antenna selection) with antenna selection based SRS (A-SRS). Since A-SRS is a special case of R-SRS, the following rules are applied when designing such a protocol:

1. A-SRS should be able to support all the functionalities and requirements mentioned above for R-SRS.

2. The A-SRS protocol should be compatible with R-SRS protocol. The protocol design needs to avoid, to the extent possible, any conflict between A-SRS and R-SRS.

3. The overhead of enabling A-SRS should be kept as low as possible.

To address the above issues, this contribution develops an SRS protocol, which enables both R-SRS and A-SRS with low signaling overhead. By using three levels of signaling, the protocol supports, for both A-SRS and R-SRS cases, (1) enable and disable SRS; (2) periodic and adaptive SRS; (3) wideband, variable bandwidth, and narrowband SRS; and (4) non-hopping and hopping SRS. In the following, we describe our SRS protocol in details. 

2. SRS Control Signaling

In general, our scheme comprises three levels of signaling messages, namely, Level-A registration signaling, Level-B slower signaling, and Level-C faster signaling, all or some of which are used for antenna selection. A summary of the possible signaling messages for enabling antenna selection is shown in Table 1. In the following, we describe our signaling scheme in details. 
As shown in Table 1, the Level-A registration signaling is used to clarify if both the UE and the eNodeB support uplink antenna selection. In the event that the eNodeB does not support antenna selection but the UE does, the UE may resort to open-loop antenna selection, which does not require any support from the eNodeB. This AS capability information is exchanged between the UE and the eNodeB at the beginning of the communications, for example, when the UE registers with the wireless network. Level-B is a layer 3 (or radio resource control (RRC) layer) signaling that is used to set up AS training parameters for the SRS. It is a slower form of signaling that is sent infrequently. Level-C is a faster signaling that is used by the eNodeB to request the UE to start or stop sending the SRSs (i.e., enable/disable SRS transmission), and to communicate with UE its antenna selection decisions. Ideally, the Level-C signaling enables the antenna selection to track short-term channel variations due to multipath fading. 

In the UL, only the Level-A message is required from the UE to notify the eNodeB its capability of supporting AS. In the DL, some or all of the three levels of messages are necessary. 

Table 1 – SRS signaling messages for antenna selection

	Field
	Message Layer
	Size (bits)
	Comment

	UL
	Level-A: Registration
	L3
	[1]
	The UE notifies eNodeB if UE supports uplink transmit antenna selection.

	DL
	Level-A: Registration
	L3
	[1]
	The eNodeB notifies UE if eNodeB supports uplink transmit antenna selection.

	
	Level-B: Slower Signaling
	L3
	[FFS]
	Set up SRS parameters.

	
	Level-C: Faster Signaling
	L1
	[3]
	a) SRS start/stop request.

b) Antenna selection decision about which antenna UE should use for data transmission.


2.1. Level-A Signaling

The Level-A registration signaling is used to clarify if both the UE and the eNodeB support UL transmit AS. This information is exchanged between the UE and the eNodeB at the beginning of the communications. In the UL, 1-bit information is required for the UE to notify the eNodeB if it is an antenna selection capable UE. Similarly, in the DL, 1-bit information is needed for the eNodeB to inform the UE about its capability to support uplink transmit AS. 
The 1-bit uplink Level-A signaling can be integrated into “UE capability information” message sent by the UE. The message format is similar to “UE MIMO support” for HSDPA described in TS25.331, v7.4.0, 10.3.3.25 pp. 546. On the other hand, there exist two options for the downlink Level-A signaling. First, the eNodeB can inform the UE about its AS capability by using “UE capability information confirm” message. Second, it is also possible for the eNodeB to broadcast its AS capability by using Dynamic BCH. Moreover, if antenna selection can be universally supported by all the eNodeB, then the downlink Level-A message can be avoided. 
2.2. Level-B Signaling

The frame structure for Level-B message is shown in Table 2. The message format is similar to “CQI parameters” for HSDPA described in TS25.331 v7.4.0 10.3.6.40a pp. 637. The Level-B signaling is used to set up SRS parameters. R-SRS and A-SRS share the same Level-B signaling message, except that two fields (i.e., “A-SRS Enable” and “Period2” shown in boldface in Table 2) are for A-SRS. 

The field “A-SRS Enable”, when set to 1, indicates that the A-SRS is enabled. Then, all the other fields of this message are used for setting up A-SRS parameters. In “A-SRS enabled” mode, the UE sends SRSs from both the selected antenna and the unselected antenna. On the other hand, if “A-SRS Enable” is set to 0, then A-SRS is disabled and R-SRS is enabled, and the UE only sends the SRSs from a single selected antenna. In this case, the other fields (except “Period2”) of this message are used for setting up R-SRS parameters. By sharing parameter fields with R-SRS, the overhead for enabling A-SRS is low.

Table 2 – Frame structure for Level-B message
	Field
	Size (bits)
	Comment

	A-SRS Enable
	[1]
	A-SRS is enabled (set to 1) or R-SRS is enabled (set to 0).

	Duration: Periodic/Adaptive
	[1]
	Indicates whether the SRS is performed periodically (set to 1, until told to stop) or adaptively (set to 0, one-shot SRS).

	BW & Position
	[FFS]
	The bandwidth (in terms of number of RBs) and the starting position (in terms of RB index) for the SRS.

	Start Sub-frame (sub-frame offset)
	[FFS]
	Indicates the index of the sub-frame within a radio frame that the UE starts sending the SRS.

	Period1
	[FFS]
	The interval (in terms of number of TTIs) between two consecutive SRSs.

	Period2
	[FFS]
	The interval (in terms of number of SRSs) between two consecutive A-SRSs and pattern of transmission.

	Hopping Related Fields 
	[FFS]
	Indicates hopping related information such as number of hops, hopping pattern, etc.

	Other parameters e.g., RPF, symbol position, CAZAC sequence, etc
	[FFS]
	Other SRS configuration parameters, which may not be directly related to antenna selection.


The field “Period1” indicates the interval between any two consecutive SRSs, which is used for both A-SRS and R-SRS. The similar parameter is also used in HSDPA for reporting the uplink CQI, see TS25.214 v7.5.0 6A.1.2. pp. 40. The field “Period2”, on the other hand, is only used for periodic A-SRS, which indicates the interval between two consecutive A-SRSs as well as the pattern of transmission of the A-SRS. By using “Period2”, the eNodeB can dynamically adjust the portion of the SRSs that are sent from the unselected antenna, achieving a tradeoff between the performance and the antenna-switching overhead. The value “Period2” should be no less than 2. If Period2 = 2, then the SRS is alternatively transmitted from the selected antenna and the unselected antenna.
There exist a number of possible variations for the structure of the above Level-B message. First, all the fields need not be sent together at the same time. Depending on the function categories, the Level-B message might be split into sub-messages and sent separately. Second, the 1-bit field “A-SRS Enable” can be possibly buried inside other field of this message. Selection among these candidate options will be FFS.
2.3. Level-C Signaling

The frame structure for Level-C message is shown in Table 3. The Level-C faster signaling message is used to request the UE to start or stop sending SRSs, and to tell the UE about which antenna to use for data transmission. A total of 3 bits are required for Level-C message. Among them, 2 bits are used to indicate the “SRS start” and “SRS stop” requests, and 1 bit is used for AS decision. We include this 3-bit information in the “uplink scheduling grant” message (shown in boldface in Table 3), which is compatible with [2]. 
Table 3 – Frame structure for Level-C message
	Field
	Size (bits)
	Comment

	Resource assignment
	ID (UE or group specific)
	[8-9]
	Indicates the UE for which the grant is intended

	
	Resource assignment
	FFS
	Indicates which uplink resources, localized or distributed, the UE is allowed to use for uplink data transmission. 

	
	SRS Start
	[1]
	Request to start (when set to 1) sending SRS. Otherwise (when set to 0), keep current status. 

	
	SRS Stop
	[1]
	Request to stop (when set to 1) sending SRS. Otherwise (when set to 0), keep current status.

	
	AS Decision
	[1]
	Indicates which transmit antenna is selected for UL data transmission

	
	Duration of assignment
	[2-3]
	The duration for which the assignment is valid. The use for other purposes, e.g., to control persistent scheduling, ‘per process’ operation, or TTI length, is FFS.

	TF
	Transmission parameters
	FFS
	The uplink transmission parameters (modulation scheme, payload size, MIMO-related information) the UE shall use. 


The category “resource assignment” in “uplink scheduling grant” message contains UE ID, resource assignment, and duration information, which is used by the eNodeB to notify a specific UE which and how the RBs are assigned for its data transmission. The 1-bit antenna selection decision is created in this field (either explicitly or implicitly). Thus, when antenna selection is enabled, the “resource assignment” indicates a joint scheduling and antenna selection decision. 

Upon receiving the Level-C message, the UE needs to check “SRS start” and “SRS stop” bits. If either bit is set to 1, then this message contains the eNodeB’s request to either start or stop sending SRS. When “SRS start = 1”, the UE is told to starting sending SRS based on the Level-B parameters. It is assumed that the UE has already obtained the parameters in advance in a separate Level-B message (or UE can store a set of default parameters). When “SRS stop = 1”, then the UE stops sending the SRS. However, it is possible that both bits are 0. In this case, the UE keeps its current SRS status, until either “SRS start” or “SRS stop” is set to 1. 

At the same time, the UE also needs to check the “AS Decision” bit. The “AS Decision” bit, when set to 0, indicates that the UE should use transmit antenna 0 (Tx0) to send data. If this field is set to 1, then the UE should use transmit antenna 1 (Tx1) to send data. The above method corresponds to an “absolute antenna index” based approach, where the eNodeB knows exactly which antenna is used. It is also possible to use a “relative antenna index” based approach to indicate the antenna selection decision, where the eNodeB just notifies the UE to either “switch” or “not switch” the antenna.
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There exist possible options to remove “SRS stop” request from the Level-C message. First, if we use multiple bits to indicate “Duration” field (other than just 1 bit of adaptive/periodic shown in Table 2) for SRS transmission, the SRS can automatically stop after duration timer is up. Second, even if we stay with 1 bit of duration information, when SRS is configured in adaptive mode, the SRS will automatically stop; on the other hand, when SRS is configured in periodic mode, the SRS will stop until the communication session ends. However, we prefer keep 1 bit for “Duration” and explicitly using the “SRS stop” bit since by which the eNodeB can more efficiently control the SRS transmission and active stop SRS for granting priority to other UEs.
3. Protocol Description

Our protocol utilizes the SRS for UL antenna selection [3]. The antenna switching is performed within a TTI, but we do not preclude between TTI switching [4].  In terms of functionality, the protocol is flexible and applicable to different AS scenarios. First, both periodic AS and adaptive AS are supported. Second, both non-hopping SRS based and hopping SRS based AS are supported. Third, the protocol supports AS based on different SRSs, including wideband SRS, variable bandwidth SRS, and narrow-band SRS. The protocol can also allow switching between them as dictated by eNodeB. Furthermore, the protocol supports AS for packet retransmission in HARQ modes. Currently we focus on 1 out of 2 antenna selection, while the extension to multiple antenna selection is possible with a cost of additional signaling overhead. 
3.1. AS Protocol Description
3.1.1. Non-Hopping – Wideband SRS and Variable BW SRS
Periodic A-SRS: Figure 1 shows the protocol illustration for non-hopping periodic A-SRS. As shown in Figure 1, at the 0th TTI of a frame, the eNodeB sends an “SRS Start” request and a set of SRS parameters in two separate messages. The UE receives the parameters and the request at the 1st TTI, and gets ready to send SRS as per the parameters. Based on the parameter, at the 3rd TTI (i.e., Start_Subframe = 3), the UE starts sending SRS, and will periodically send the SRS from the two antennas at every TTI (Period1 = 1). Based on received SRS, the eNodeB can make a joint scheduling and AS decision. The UE receives the decision in the 5th TTI, and will react with a certain delay. The decision can be either a resource block assignment or an antenna selection decision or both. Note that in some TTIs, there is no data to send, but the UE still needs to send SRS periodically as required. Also note that the eNodeB can make decisions at any time, not necessary periodically.
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Since “Period2 = 3”, one out of every 3 SRSs is sent from the unselected antenna. As shown in Figure 1, the SRSs at the 5th TTI, the 8th TTI, the 1st and 4th TTIs of the next fame, are sent from the unselected antenna, while the rest SRSs are sent from the selected antenna. In Figure 1, the parameter “Num_Hops = 1” means that the entire bandwidth is sounded by 1 hop. That is, no frequency hopping is involved. If “Num_Hops > 1”, then frequency hopping is applied for SRS.
Adaptive A-SRS: Figure 2 shows the protocol illustration for non-hopping adaptive A-SRS. Compared to the case with periodic antenna selection where the SRSs are sent periodically (until told to stop), adaptive SRS is a “one-shot” SRS transmission as per the eNodeB’s request. For the A-SRS shown in Figure 2, two SRSs are sent by the two antennas successively, with the interval determined by the “Period1” field in the parameter list. The “Period2” field is of no use for adaptive SRS case. Similar to the periodic case, the eNodeB makes scheduling and/or AS decision based on the received SRSs. 
3.1.2. Hopping – Narrow-and SRS
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Periodic SRS: Figure 3 shows the protocol illustration for hopping periodic A-SRS. As an example, we assume that the entire bandwidth is covered by 2 hops (Num_Hops = 2), and each narrow-band SRS spans half of the available bandwidth. As shown in Figure 3, the interval between two consecutive SRSs is determined by “Period1” field of the parameter list. Similar to the non-hopping case, since “Period2 = 3” in the parameter list, one out of every 3 SRSs is sent from the unselected antenna. Specifically, the SRSs at the 5th TTI, the 8th TTI, the 1st and 4th TTIs of the next fame, are sent from the unselected antenna, while the rest SRSs are sent from the selected antenna. In frequency domain, the SRSs are alternatively transmitted at the first half and second half of the available bandwidth, regardless of antenna selection decision.
Adaptive SRS: Figure 4 shows the protocol illustration for hopping adaptive A-SRS. As shown in Figure 4, upon receiving the request from the eNodeB, the UE sends a total of 4 SRSs. The interval between the 2 SRSs is determined by the “Period1” field. The “Period2” field is of no use for adaptive SRS case. Based on one or more SRSs, the eNodeB can make AS and/or scheduling decisions at any time.
For all the periodic SRS examples shown above, only the procedure of “SRS Start” is shown. The procedure of “SRS Stop” is not shown in these figures, and is sent in a similar manner. Note that the adaptive SRS can automatically stop without additional control signaling. Also, in all the above examples, we assume that when the UE receives an SRS request, the UE has obtained the required SRS parameters in a separate Level-B message, which is sent at the same TTI as SRS request, or before the SRS request. 
3.2. Switching between Different SRS Patterns

In order to switch between different SRS patterns (e.g., periodic vs. adaptive, hopping vs. non-hopping, etc), a Level-B slower signaling from the eNodeB to the UE is required to set up different SRS parameters. In addition, a Level-C message “SRS Start” from the eNodeB to the UE is also needed. 

It should be noted that under current protocol, the eNodeB can possibly send SRS request and the AS decision in the same TTI. It should also be noted that in hopping A-SRS case, different hopping patterns can be designed. It is possible to hop the entire bandwidth of a single antenna first, and then hop the entire bandwidth of another antenna. It is also possible to hop the same frequency band of different antenna first, and then change to a different frequency band and hop all the antennas.  Different schemes may have different performance. The pattern can be either signaled by the eNodeB or chosen from a pre-determined set depending on the performance. 
3.3. AS Protocol for HARQ

Synchronous hybrid retransmission request (HARQ) is employed in 3GPP LTE. When the system operates in synchronous HARQ mode on uplink, the UE knows a priori exactly when to retransmit the packet when it receives an NACK from the eNodeB after a pre-specified number of TTIs. Also non-adaptive HARQ is baseline (adaptive HARQ is FFS). In this case, the UE uses the same resource block (RB) and same modulation and coding scheme (MCS) for the retransmission. Since the UE has complete control over the packet retransmission in synchronous and non-adaptive HARQ, whenever retransmission occurs, the UE can automatically switch to another antenna to retransmit (using the same RB and MCS), to achieve spatial diversity. This is to avoid the scenario that the channel quality of the previously selected antenna is poor.

3.4. Discussions
3.4.1. Level-C Message Error

Since Level-C message is an L1 control signaling, it may encounter the problem of transmission error. However, the “uplink scheduling grant” message is protected by channel coding and also benefit from frequency diversity [2]. Therefore, the probability of message error is low.
In case that the error does occur, if the “AS decision” bit is in error, then the UE will select a wrong antenna for data transmission. It may occasionally degrade the diversity gain of the system but may not be a serious problem. On the other hand, if either the “SRS start” or “SRS stop” bit is in error, then the eNodeB requests the UE to start or stop transmitting SRS but the UE does not follow the instruction. In this case, the eNodeB may detect the error by monitoring the received power at the SRS symbol position. If the received power is below a certain threshold (in case of “SRS start” error) or above a certain threshold (in case of “SRS stop” error), then the eNodeB can declare an SRS request error and retransmit the SRS request.
3.4.2. SRS Start/Stop Request
In this contribution, we propose to include the “SRS start/stop” request into Layer 1 signaling “uplink scheduling grant”. The advantage of this scheme is fast response time, while it introduces 2 bits overhead in UL grant message. Another option is to include the “SRS start/stop” request into Layer 3 signaling, as a part of Level-B message. This scheme can reduce the L1 signaling overhead, but suffers from longer response time. In particular, since the L3 signaling is not guaranteed to be transmitted in time, it may cause “frame-mismatch” problem. For instance, the eNodeB requests the UE to start sending SRS at the n-th radio frame, but the UE actually starts from the (n+1)-th radio frame, where the SRSs can be transmitted at different TTIs in the two consecutive radio frames. This may result in confusion at the eNodeB and confliction with other UEs. To solve this problem, the SRSs have to be sent at the same TTIs in every radio frame. More specifically, the eNodeB should use the same absolute sub-frame positions of SRS within each radio frame. Therefore, if we use L3 signaling for “SRS start/stop” request, the protocol is less flexible with longer response time, and may not be able to support adaptive SRS.
4. Conclusions
In this contribution, we proposed signaling and protocol design for AS by using SRS in UL 3GPP LTE. Three levels of signaling are developed. The Level-A message is used to clarify the AS capability of the UE and the eNodeB. The Level-B message is used to set up AS parameters. The Level-C message is used to carry SRS request and antenna selection decision.
A number of signaling design options are provided in this contribution. In particular, the “SRS start/stop” request can be either an L1 or L3 message. We suggest using L1 message since the resulting protocol is more flexible. With its faster response time, the SRSs (both R-SRS and A-SRS) can be configured quickly to start/stop for granting priority to other UEs.
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Figure 1. Protocol illustration for non-hopping periodic A-SRS.
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Figure 2. Protocol illustration for non-hopping adaptive A-SRS.
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Figure 3. Protocol illustration for hopping periodic A-SRS.
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Figure 4. Protocol illustration for hopping adaptive A-SRS.
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Period1                 = 1

Period2                 = X

Num_Hops           = 2

Level-C signaling

SRS request (to start)

AS & Scheduling decision

Level-C signaling

SRS request (to start)

AS & Scheduling decision

Level-B – SRS parameters

Periodic/Adaptive = 0

AS Enable            = 1

Start_Subframe    = 3

Period1                 = 1

Period2                 = X

Num_Hops           = 2

Level-B – SRS parameters

Periodic/Adaptive = 0

AS Enable            = 1

Start_Subframe    = 3

Period1                 = 1

Period2                 = X

Num_Hops           = 2

