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1. Introduction

At the last RAN1 meeting, the following was agreed for UL intra-cell power control:

· Closed loop power control around a set point obtained by open loop: 
An issue remaining is whether the closed loop control is based on either periodic signaling or aperiodic signaling. 

In this contribution, we propose a combined open loop and closed loop PC scheme for PUDCH using aperiodic signaling, as highlighted below:

· The closed loop is based on aperiodic signaling of the correction command with multiple bits (3 bits or 2 bits) from the eNodeB to each scheduled UE in particular UL grants (and possibly particular DL scheduling assignments) in the DL L1/L2 control channel, so that it can reduce the signaling overhead of the power correction command . 
· Which UL grants (and DL scheduling assignments) convey the correction command is a higher layer configurable parameter per UE basis, so that the UE knows which UL grants (and DL scheduling assignments) to look at for the correction command. For example, the command signaling is done in particular UL grants such as the UL grant associated with a pre-defined HARQ process, say, HARQ process #1. In this case, it is assumed that multiple control channel formats (such as one with a PC correction command and another without it) are supported in DL.
· In the UE Tx PSD setting, the UE first determines the open loop PSD based on a filtered pathloss estimate and then applies a power correction factor relative to the open loop PSD, in order to primarily control for open loop errors. The correction factor is derived at the UE, based on the cumulative received correction command(s). 
· When there is no recent correction command  for the UE (for instance, due to no recent scheduled UL data transmission), there are several options for the UE to set its Tx PSD: i) relying on the open loop PSD only, ii) based on the pathloss variation between the time before the DTX and the time before resuming the UL transmission, iii) applying a power offset relative to the most recent PSD (or PSD averaged over the recent updates) for PUCCH, if available.  
· Under certain conditions, the closed loop component may be based just on the UL grant assignment (e.g., MCS and/or TBS), possibly without the explicit correction command signaling in the UL grant in the DL L1/L2 control channel.   

For a sounding pilot, its Tx PSD may be biased by a pilot power offset relative to the data TX PSD. The pilot power offset may be a UE-specific parameter configured by the eNodeB on a semi-static basis.       
For control signaling in UL, it is preferred to use different parameters and a faster update rate than for data. In addition, we prefer that the reference channel measured for correction commands for control signaling is the control channel itself and that the correction command for control is conveyed in the DL scheduling. The number of bits for the correction command for control may be different than for data, where the number of command bits may be a semi-static configurable parameter per UE basis.
The system performance for the proposed power control scheme is presented in [11].
2. Power control for PUDCH
We propose a combined open and closed loop scheme for UL intra-cell PC to control the UE transmit PSD, PSDTx, (e.g. power per RB), which can be generally given by
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where 
· PSDopen represents the pathloss based open loop PSD in dBm, where the pathloss is measured at the UE, based on the DL reference signal (RS).  
· Δclosed  is a power correction factor in dB which is determined based on a closed loop mechanism.
· α is a weighting factor to enable (α=1) or disable (α=0) the closed loop component, depending on the availability of the DL control channel carrying the closed loop correction command. The weighting factor is determined autonomously by the UE via detecting the presence of the PC correction command. It is assumed that the UE is informed via higher layer signaling from the eNodeB with regard to where and when the command signaling exists. For instance, in the initial UL transmission, since there may be no correct command available from the eNodeB, the UE sets α = 0.
· ΔMCS is a power offset per granted MCS. Typically, the power offsets for the individual granted MCS are known by both the UE and the eNodeB.
As mentioned in [9], since the eNodeB knows ΔMCS  in use at a given instance, it may take out the value of ΔMCS from  the received PSD when it determines a correction command by comparing a resulting received PSD (or SINR) with a target level determined by the network.  
The proposed intra-cell PC scheme in Eq. (1) is to use an absolute power correction factor compared to the open loop based PSD. From Eq. (1), the UE Tx PSD at the nth update instance can be expressed as
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where 
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 represents the (n-1)th  Tx PSD without the power offset per granted MCS, which is given by
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Further details of the proposed scheme are described below.
2.1  Pathloss based open loop component

The UE calculates the open loop PSD as follows:
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where  
· PSDtarget is a target PSD received at the serving eNodeB, which is a UE (or a sub-group of UEs)-specific parameter. The target PSD may be adjusted through an outer loop mechanism according to QoS (like target BLER) and be also a function of the pathloss measurement to compensate for a fraction of the pathloss. The target PSD is signaled from the eNodeB via higher layer signaling upon its adjustment on a slow rate basis. 
· 
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 is the filtered pathloss in dB, including shadowing, from the serving eNodeB to the UE. The UE continuously (or periodically) measures the instantaneous pathloss based on the DL RS whose transmit power is known at the UE. A filtering method is then applied to the pathloss measurements, such as  
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 represents the filtered pathloss at the k-th instance and (k-1)-th instant, respectively. 
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, which is generally determined by the UE, possibly depending on pathloss variation, fast fading rate, the time of UL transmission, etc. Alternatively, a moving averaging method may be considered for the pathloss filtering.
2.2  Closed loop component

There are open loop related errors, including the pathloss estimation error due to non-perfect reciprocity in UL and DL in FDD and the UE Tx impairment due to non-linear power amplifier. To compensate for such errors and to maintain the quality of the power controlled channel along with the target quality, the UE needs a correction to be applied to its open loop based PSD in a form of closed loop as in Eq (1) (or Eq. (2)).
The eNodeB sends to each scheduled UE (or a sub-group of scheduled UEs) a power correction factor using multiple command bits, such as 3 bits, in the UL grant and possibly in the DL scheduling in the DL control channel, where the correction command is determined based on link quality (such as received PSD or SINR) of the UL power controlled data channel (and possibly UL sounding reference symbol, if available). For instance, assuming a set of power correction factor values to be {- 7, +/- 5, +/- 3, +/- 1, 0 dB} with 3 bits, the correction factor may be determined such as
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where ESINRest and SINRtarget denote the effective SINR (ESINR) estimate at the receiver and target SINR, respectively, of the power controlled channel(s) in dB. [x] denotes a correction value in the correction set, which is nearest to x. 
The observed samples at the eNodeB for the ESINR estimation include (some of or all) SC-FDMA symbols of the UL power controlled channel(s), which have been received since the last correction command signaling in DL.   
To reduce the signaling overhead of the power correction command, the correction command signaling is not required in every UL grant (and every DL scheduling, if used). Assuming that there exist multiple DL control formats, we can reduce the signaling overhead by applying the following rules:
· A correction command signaling timing is configured at the eNodeB (or on a RRC level) per UE basis and is then known at both the eNodeB and the UE via higher layer signaling.  

· When the correction command is signaled in the UL grant, assuming that UL HARQ is synchronous, the signaling timing configuration can be simplified such that the command signaling is done in particular UL grants such as the UL grant associated with a pre-defined HARQ process, say, HARQ process #1. However, even in this case it is not necessary to signal the correction commands in all the associated UL grant channels. For example, the signaling may occur in every N associated grant channel for N >= 1, which would be equivalent to one command signaling in every N HARQ cycle period. Figure 1 shows an example of the proposed PC scheme when the PC correction command is conveyed in the UL grant associated with HARQ process #1 and N is set to 2. In this example, the PC update rate is 8 msec, assuming the number of HARQ processes is 4 and the inter-TTI is equal to 1.   

· The signaling timing (or associated parameters) may be reconfigured on a semi static basis.  
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Figure 1. Example of the proposed scheme when the PC correction command is conveyed only in the UL grant associated with HARQ process #1 and N is set to 2.
When the UE receives one correction command from the serving eNodeB in a UL grant (or possibly accumulated correction commands in multiple UL grants) since the last Tx PSD adjustment, it shall derive a correction factor, Δclosed, from the received correction command (or after combining multiple correction commands if more than one command is received) for the next PSD adjustment. 
The UE shall then adjust the transmit PSD of the data channel according to Eq. (1) (or Eq. (2)) using the derived correction factor, the most recent open loop PSD, and a power offset associated with the granted MCS. The resulting Tx PSD shall be applied to the very beginning (first SC-FDMA symbol) of the next UL TTI for the data channel and remain constant until the next PSD adjustment, as shown in Figure 1. 
Figure 2 and 3 show some examples of the proposed PC scheme using different PC system configuration, respectively. In Figure 2, we assume a HARQ cycle period of 4 TTIs and that the correction command is signaled in the respective UL grant only associated with HARQ process #1 (N=1). In Figure 3, a HARQ cycle period of 8 TTIs is considered as an example. 
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Figure 2. Example of the proposed PC scheme when the PC correction command is conveyed in the respective UL grant only associated with HARQ process #1 and N is set to 1
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Figure 3. Example of the proposed PC scheme when the PC correction command is conveyed in the respective UL grant only associated with HARQ process #1, N is set to 1, and the inter-TTI is set to 2.
2.3  Transmit PSD setting without a recent closed loop correction command
When there is no recent closed loop correction command (for example, due to no recent scheduled UL data transmission, i.e., UL DTX), there may be several options for the UE to set its Tx PSD as follows:
· Option-1) Relying on the open loop:  in this case, the weighting factor, α, in Eq. (1) is set to zero as in the case of initial Tx PSD setting.
· Option-2) Based on the pathloss variation between the time before the DTX and the time before resuming the UL transmission: if the UL DTX is short, the UE may use Eq. (2) by setting α to zero, such that
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where n is the Tx PSD setting time before resuming the UL transmission and (n-1) is the PSD setting time before the DTX. An example of this case is shown in Figure 4.
· Option-3) Applying a power offset relative to the most recent PSD for PUCCH, if available:  even though there was no UL data transmission, there may be UL control signaling (such as CQI and ACK/NACK) for DL. In this case, since, as mentioned in Section 3, the UL control channel is also power controlled based on Eq. (1) (but using different parameters and  update rate), we may use the UL control channel Tx PSD for the data channel Tx PSD as follows:
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where PSDTx(control) is the most recent PSD (or PSD averaged over the recent updates) for the UL control channel and Δcontrol(data,control) represent the control channel power offset relative to the Tx PSD for data.
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Figure 4. Option-2) Tx PSD setting based on the pathloss variation between the time before the DTX and the time before resuming the UL transmission
2.4  Transmit PSD setting based on UL grant assignment
Typically, the UL grant assignment (e.g. assigned MCS and TBS) in the DL control channel is related to the link quality (such as received PSD or SINR) of the UL data transmission. In certain cases, the eNodeB scheduler may assign the UL grant (MCS and TBS) for a UE such that the grant assignment represents the link quality (e.g. SINR) received at the eNodeB. In the case, the UE may derive its Tx PSD as follows:
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where PSDopen, α, and, ΔMCS, respectively, are defined in Section 2.  f (UL grant assignment, SINRT) is a correction factor in dB which replaces the power correction factor, Δclosed, in Eq. (1). SINRT  is the target SINR in dB. The grant based correction factor, f (UL grant assignment, SINRT),  can be given by 
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where 
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 represents the eNodeB received SINR estimate which the UE derives from the UL grant assignment. 
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 denotes the estimated SINR average over time such as  
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 at the UE can be based on a grant (MCS, TBS) mapping table, which is configurable by the network through higher layer signaling on a semi-static basis. 
Similar to Eq. (1), the correction factor in Eq. (3) can compensate for open loop errors. The main advantage to use the mechanism in Eq. (3) is that it does not require any explicit correction command signaling in the UL grant in the DL L1/L2 control channel (resulting in reduced signaling overhead), while Eq. (1) (and Eq. (2)) needs the explicit command to be signaled in the UL grant (and/or the DL scheduling). In other words, using Eq. (3) the closed loop component may be based just on the UL grant assignment (e.g., MCS and/or TBS), possibly without the explicit correction command signaling in the UL grant in the DL L1/L2 control channel.  Unlike explicit power control commands, this correction is not limited to finite steps so that a more rapid correction can occur.
However, Eq. (3) may not be applicable for some cases such as persistent scheduling and grant (e.g. MCS) mismatching (meaning that the assigned MCS does not accurately represent the received SINR). Accordingly, we consider several options to switch between Eq. (1) and Eq. (3) for the UE Tx PSD setting as follows:
i) Option-A) through higher layer signaling: the eNodeB (or the network) tells the UE which one (either Eq. (1) or Eq. (3)) shall be used for the UE Tx  power setting where the high layer signal is configurable by the network on a semi-static basis and per UE basis.
ii) Option-B) Introduce a one-bit MCS mismatching indicator in the DL L1/2 control signaling: bit-1 to indicate to use Eq. (1), bit-0 to use Eq. (3).
iii) Option-C) Use one of the explicit correction command levels to indicate to use Eq. (3): assuming Eq. (1) as the default PC scheme, the eNodeB may set one of the correction command levels in the UL grant to indicate the use of Eq. (3). For example, when the correction command in Eq. (3) is three-bits long, one of the 8 command level, say, ‘000’, is set for the UE to use Eq. (3). 
3. Power control for PUCCH and sounding pilot

For sounding pilot, its Tx PSD, PSDTx(pilot), may be biased by a pilot power offset relative to the data TX PSD, PSDTx(data), such that
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where Δpilot(data,pilot) represent the pilot power offset which may be a UE-specific parameter configured by the eNodeB on a semi-static basis.       

For control signaling in UL, it is preferred to use different parameters (such as target PSD) and a faster update rate than for data. In addition, we prefer that the reference channel measured for correction commands for control signaling is the control channel itself and that the correction command for control is conveyed in the DL scheduling. The number of bits for the correction command for control may be different than for data, where the number of command bits may be a semi-static configurable parameter per UE basis.
However, we may maintain a relative average power offset between the data and control channels such as
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 where 

· E(PSDTx(data))  represents the average PSD for data channel in dBm.  
· E(PSDTx(control))  represents the average PSD for control channel in dBm.
· Δcontrol(data,control)  is a power offset between the data channel and the control channel.
4. Overhead Analysis

Table 1 shows an overhead assessment of the PC correction command signaling in the proposed closed loop scheme described in Section 2.2. We assume 10 MHz system bandwidth and that the correction command is conveyed in both the UL grant and the DL scheduling assignment, using a correction command signaling rate of 62.5 Hz (equivalently, every 16 TTIs) on average.   

As seen in the table, the assessed PC signaling overhead of the proposed closed loop is about 0.067 %, where it is relative to the total resource elements available in 10 MHz.
Table 1. Assessment of the PC correction command signaling overhead in the proposed closed loop  
	Parameter
	Figure
	Notes

	Nbit, number of closed loop command bits
	3
	

	R, channel code rate
	1/3
	

	M, modulation level [bits/symbol]
	2
	QPSK

	BW, bandwidth
	9 MHz 
	In 10 MHz system bandwidth

	Nch, number of L1/L2 CCHs (UL grants + DL scheduling)
	20
	
Nch  = (2xBW) / (60x15K)

	Nre, number of resource elements
	90
	Nre  = Nch x Nbit / (R x M)

	Ntotre, total number of resource elements
	8400
	Ntotre = BW / 15K * 14

	Rpc, average correction command signaling rate
	62.5 Hz
	Correction command signaling in every 16 TTIs on average

	RO, relative signaling overhead
	0.067%
	RO =  (Nre / Ntotre) x (Rpc x 10^-3) 


5. Conclusion

In this contribution, we propose a combined open loop and closed loop PC scheme for PUDCH, with these features:

· The closed loop is based on aperiodic signaling of the correction command with multiple bits (3 bits or 2 bits) from the eNodeB to each scheduled UE in particular UL grants (and possibly particular DL scheduling assignments) in the DL L1/L2 control channel. 

· Which UL grants (and DL scheduling assignments) convey the correction command is a higher layer configurable parameter per UE basis, so that the UE knows which UL grants (and DL scheduling assignments) to look at for the correction command. In this case, it is assumed that multiple control channel formats (such as one with a PC correction command and another without it) are supported in DL.

· In the UE Tx PSD setting, the UE first determines the open loop PSD based on a filtered pathloss estimate and then applies a power correction factor relative to the open loop PSD, in order to primarily control for open loop errors. The correction factor is derived at the UE, based on the recent received correction command(s). 

· When there is no recent correction command (especially in the UL grant carrying the correction command) for the UE (for instance, due to no recent scheduled UL data transmission), there are several options for the UE to set its Tx PSD: i) relying on the open loop PSD only, ii) based on the pathloss variation between the time before the DTX and the time before resuming the UL transmission, iii) applying a power offset relative to the most recent PSD for PUCCH, if available.  

· Under certain conditions, the closed loop component may be based just on the UL grant assignment (e.g., MCS and/or TBS), possibly without the explicit correction command signaling in the UL grant in the DL L1/L2 control channel.

For a sounding pilot, its Tx PSD may be biased by a pilot power offset relative to the data TX PSD. The pilot power offset may be a UE-specific parameter configured by the eNodeB on a semi-static basis.       

For control signaling in UL, it is preferred to use different parameters and a faster update rate than for data. In addition, we prefer that the reference channel measured for correction commands for control signaling is the control channel itself and that the correction command for control is conveyed in the DL scheduling. The number of bits for the correction command for control may be different than for data, where the number of command bits may be a semi-static configurable parameter per UE basis.
In this contribution we also presented an overhead assessment of the PC correction command signaling in the proposed closed loop scheme component, showing the overhead of 0.067 % out of the total resource elements available in 10 MHz. 
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