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1 Introduction
UL MIMO is a key feature that has been supported to boost the uplink throughput. In RAN1 AdHoc, it was agreed that [1]:
· Support at least the following UL transmission schemes for data in NR
· Scheme A: Codebook based UL transmission

· Support frequency selective precoding for CP-OFDM when the number of transmission port is greater than X (FFS: Value of X).

· Study codebook design including single-stage and multi-stage, e.g., W1W2 structure, codebook 

· Study the following DL signaling, e.g.,

· One level DCI

· Two level DCI

· MAC CE

· DCI associated with PDSCH (like UCI associated with PUSCH in LTE)

· Scheme B: Non-codebook based UL transmission
· Support frequency selective precoding for CP-OFDM when the number of transmission port is greater than Y (FFS: Value of Y).

· Support the indication of DL measurement RS for UE to calculate candidate precoder

· Study the mechanisms for UL precoder determination, e.g. precoded SRS based, non-precoded SRS based, hybrid precoded and non-precoded SRS based

· Diversity-based transmission schemes

· FFS: Whether the scheme has specification impact or not

· FFS: Merging of the schemes
In this contribution, multi-subband (also known as frequency-selective) UL MIMO with some channel characteristics are discussed by which the feedback overhead of RI is reduced.
2 Multi-subband UL MIMO: Rank Characteristics 

Table 1 shows an example of ranks of the UL channels over 10 subbands for 6 UEs when the total UL bandwidth is 100 MHz, where each subband is set to 10 MHz, for the simulations assumption in the appendix. It is observed that the RI (i.e. the maximum number of UL data layers) can vary over different subbands for each UE. 

Table II, shows the throughput gain of UL subband precoding with respect to wideband precoding (LTE baseline) when the number of antennas at the eNB is 8 and the number of antennas at the UE are two and four. In contrary to the baseline LTE system, for which only a fixed number of layers along with a precoding matrix is selected for all scheduled resources for each UE, for the subband precoding the number of layers with the precoding matrix is updated. The spectral efficiency gain of the subband precoding is notable and serves as a motivation for consideration of subband precoding for NR.
Table I: Rank of UL channels in 100MHz system bandwidth for 6 UEs each with 4 antennas under the simulation assumptions in Table V in Appendix.
	Rank

	Subband
	UE 1
	UE 2
	UE 3
	UE 4
	UE 5
	UE 6

	1
	1
	2
	3
	2
	1
	1

	2
	2
	2
	4
	3
	2
	1

	3
	2
	3
	4
	3
	2
	2

	4
	2
	2
	4
	3
	2
	2

	5
	2
	2
	4
	3
	2
	2

	6
	2
	3
	4
	3
	2
	1

	7
	1
	3
	3
	3
	2
	1

	8
	1
	3
	3
	3
	2
	1

	9
	1
	3
	3
	3
	2
	2

	10
	1
	3
	3
	3
	2
	2


Table II: Throughput gain for different SNRs.
	SNR
	Gain for 2Tx at UE
	Gain for 4Tx at UE

	-6 [dB]
	6.4%
	20%

	0 [dB]
	8.57%
	14%


The above result for subband UL precoding serves as a motivation for consideration of the subband precoding for NR. Another important observation is the high correlation of the rank over different subbands.
Observation: The ranks of UL channels over neighboring subbands are correlated. 
Based on the above observation we propose two methods to reduce the RI overhead. 
3 Differential Reporting of RI
From Table I, it is observed that the ranks of the channel over the frequency subbands are highly correlated and for one of the first UE in the example in Fig. 1 the maximum change in the rank is one bit when the number of antennas at the UE is 4. The rank of the channel for the first UE over 10 subbands changes according to the following table:
Table III: Differential encoding with respect to the earlier subband
	Subband
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Rank
	1
	2
	2
	2
	2
	2
	1
	1
	1
	1

	Direct

Encoding
	00
	01
	01
	01
	01
	01
	00
	00
	00
	00

	Differential

RI
	00
	+1
	0
	0
	0
	0
	-1
	0
	0
	0


By applying the direct method in above, the amount of the feedback becomes 20 bits. However, since the changes in the rank is highly correlated and maximum change from one subband to the neighboring subband is one, the eNB with only one bit can indicate the change in the RI. 

Based on the above observation one can construct the following differential encoding with respect to the earlier subband. The above differential encoding example amounts to 11 bits as compared to 20 bits suing the direct mapping. Motivated by the above example which gives a notable reduction in the feedback overhead, we in the following propose a method for the general cases which is in fact based on the transition and change in the ranks. 

Encoding of Differential RI

We next outline a method based on encoding of differential RI as exemplified in Table III.

Assume that there are N uplink transmit subbands. The rank of each UL subband channel is estimated in the gNB from the UL reference signals, and then the ranks of all subband channels are fed back to the UL transmitter. If we assume K transmit antennae at the UE, and equal or larger number of antennae at the UL receiver, the highest rank of each subband channel for UL MIMO transmission is at most K. Consequently, 
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Assume now that the ranks of neighboring subbands cannot defer by more than +/- 1. Then we differentially encode the sequence 
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of subband ranks, where 
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 is the rank of the first (lowest or highest) subband, to another sequence
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Obviously, the sequence 
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 is a sparse ternary sequences, whose elements are mostly zeros (as the rank is changing relatively slowly over subbands, and occasionally +1 or -1. See also Table III.

Let us now decompose the sequence 
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as the sum of two binary sequences, one containing zeros and +1s, and the other containing the same zeros and -1s, i.e.


[image: image9.wmf]{

}

{

}

{

}

1

1

1

1

1

1

-

=

-

-

=

+

-

=

+

=

N

n

n

N

n

n

N

n

n

s

s

s

.


        (2)

Now let us separately encode sequences 
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 using enumerative source encoding proposed by Cover in 1973 [2].  According to the encoding algorithm, if the sorted positions of all 
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 nonzero elements in the binary sequence 
[image: image13.wmf]{

}

1

1

-

=

+

N

n

n

s

are given as a sequence 
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 nonzero elements in the binary sequence 
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, then each sequence of indices of nonzero elements can be encoded by a unique labels 
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, given as [2, Eq. (4)]
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where 
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 is the extended binomial coefficient. 

From (3) it follows that 
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. It means that the number of bits needed to encode the sequence of all ranks 
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The improvement of spectral efficiency expressed in percentages obtained by this kind of encoding can be described as the ratio
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In the simulations, it is observed that the ranks of neighbouring subbands cannot defer by more than +/- 1. However, for the potential cases that the change is larger than +/- 1, the eNB may just report the closest change. For example, for the cases of change equal to +2 it may report +1 and for the case of change equal to -2 it may report -1. This is still beneficial since the baseline wideband reporting ignores to report any change. 

Figure 1 shows the pmf of the gain in (5), G, when the number of subbands are N=5 and 10 and the number of UE’s antenna is K=4. The simulation results show that there are three potential cases based on the transition 
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The average gain in feedback reduction can be computed to be 56% and 61% for N=5 and N=10, respectively which are notable and reduces the overhead by more than half.  As the number of subband increases the compression gain increases since the chance to use the correlation improves.
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Figure 1: The distribution of the gain based on the potential outcomes depending on the number of transitions for
[image: image33.wmf]N

=5 and 10 subbands when the number of UE’s antenna is K=4. 
4 Encoding of RI with Adaptive Dictionary
Another approach is to generate an updated source coding with a so-called “new dictionary” and transmit the new dictionary along with the labeling to the UE. For this example the two observed rank labels are 00 and 01. We can generate a new dictionary by relabeling 00 and 01 to 0 and 1. This relabeling should also be transmitted to UE. So the number of bits reduces to 10 bits for reporting the ranks and 6 bits transmitting the dictionary which becomes 16 bits in total. So this method in this example reduces the overhead by 20%. The compression reduces the amount of the feedback since the feedback of RI is highly correlated. 
Table IV: Encoding with adaptive dictionary.
	Subband
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Rank
	1
	2
	2
	2
	2
	2
	1
	1
	1
	1

	Direct

Encoding
	00
	01
	01
	01
	01
	01
	00
	00
	00
	00

	Proposed

Encoding
	0
	1
	1
	1
	1
	1
	0
	0
	0
	0


The overhead computation:

Find the candidate ranks that appear after channel estimation and let it be 
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 different possible ranks. The parameter 
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 is supposed to be less than the total set of possible ranks, for example for 4 antennas normally two ranks show up.  To encode the observed rank for each subband we need 
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. Since the dictionary varies depending on the channel realization, the dictionary needs to be transmitted. To do this we need at most 
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 where K is the highest ranks which are equal to the number of antennas at the UE.
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Figure 2 shows the pmf of gain in (6), G, when the number of subbands are N=5 and 10 and the number of UE’s antenna is K=4. The simulation results show that there are either two potential cases, there are either M=2 (i.e. two potential different ranks) or M=1 (i.e. there is only one potential rank).

The average gain in feedback reduction becomes 24% and 41% for N=5 and N=10, respectively which are notable. As the number of subbands increases the compression gain increases accordingly since the correlation affect appears more. 
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Figure 2: The distribution of the gain based on the outcomes which are either M=1 (the lager gain) or M=2 (the smaller gain) for 
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=5 and 10 subbands when the number of UE’s antenna is K=4. 

The second method with adaptive new dictionary has less gain but it has the advantage of very low complexity since it can be easily encoded and decoded in order to recover the information of the rank for different subbands. So we have the following proposal:

Proposal: Consider differential RI or adaptive dictionary for multi-subband UL MIMO Transmission to reduce RI overhead.    
5 Conclusion
For multi-subband PUSCH MIMO transmission we have the following observation and the two following proposals: 
Observation: The ranks of UL channels over neighboring subbands are correlated. 
Proposal: Consider differential RI or adaptive dictionary for multi-subband UL MIMO Transmission to reduce RI overhead.    
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APPENDIX

Table V: Simulation Assumption
	Parameter
	Value

	Carrier Frequency
	3.5 GHz

	Channel Model
	3D  channel  model ( refer to 36.873)

	Velocity
	3km/h

	eNB Antenna Configuration
	8Tx /8Rx cross polarized array with 0.5λ antenna spacing 

	UE Antenna Configuration
	4Tx/4Rx cross polarized array with 0.5λ antenna spacing

	CP
	Normal

	Signal Bandwidth
	100MHz

	Channel Estimation
	Non-Ideal

	Receiver 
	MMSE receiver
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