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1. Introduction 
Introduction of 256QAM in the downlink transmission was agreed upon in RAN #62 with the aim of improving the spectrum efficiency for the UEs experiencing high geometry and low frequency-selective and time-selective fading channel [1]. Detailed agreements achieved in RAN #62 and RAN1 #75 meetings [1], [2] are: 

· Introduce new CQI/MCS entries 

· Keep existing size of CQI feedback field and MCS indication

· Higher layer signalling is used to configure CQI/MCS table and/or 256QAM

· Introduce new TBS entries
According to the agreements, this contribution discusses the following relevant issues:
· Design of new CQI/MCS/TBS tables  

· Switching mechanism (dynamic vs. semi-static) between the legacy and the new tables.
· New UE category indicating 256QAM capability
· Soft buffer size related signalling
2. New CQI/MCS/TBS tables

The current (or legacy) CQI/MCS tables support MCSs with QPSK, 16QAM, and 64QAM. To additionally support 256QAM MCSs, we need to define new CQI/MCS tables, henceforth also referred to as higher order modulation (HOM) CQI/MCS tables. With regard to TBS table, additional rows with new TBS indices (ITBS) can be simply attached to the legacy TBS table. Recall that the TBS is determined by the TBS index and the number of PRBs assigned. In this section, we first discuss the design principles for the HOM CQI table. We then discuss the design of HOM MCS/TBS tables. 

2.1. New CQI table 

The MCSs in the current CQI table are derived by uniformly quantizing SNR over the operating SNR range of [-7dB, 19.488dB] with step size of 1.892dB. The detailed MCSs for each SNR point are determined through link level simulations over AWGN channel. The new HOM CQI table should be able to address higher SNRs up to about 25 dB depending on the maximum spectral efficiency supported by 256QAM, while the table size (4-bits) is kept unchanged. Our discussion on the design of HOM CQI table begins with how to quantize SNR over a wider SNR range. We then discuss detailed MCS entries in the HOM CQI table. Next, we discuss an ambiguity problem during a RRC reconfiguration period and introduce a remedy to the problem. Finally, we present a new HOM-CQI table that is in conformity with our discussion.
How to quantize SNR in the new CQI table?
We consider the following two possible approaches to sampling SNR in the HOM CQI table without increasing the table size. 
· Approach 1: A wider range of SNR, e.g., -7dB to 25dB, is uniformly sampled. The SNR step size is therefore increased compared to the legacy table, which may restrict the throughput gain from 256QAM due to a limited link adaptation capability.

· Approach 2: Some of the MCSs (mainly low MCSs) in the legacy table are replaced with new 256QAM ones, while the remaining MCSs are maintained. This approach leads to more accurate channel quality report in the high SNR regime than Option 1, which would cause a higher throughput. A few low MCSs in the HOM-CQI table can help keep the link adaptation capability to some extent in the low SNR regime as well as help the eNB handle the situation when the radio link suddenly becomes bad. Moreover, such a design can minimize the standard/implementation impact since many of the MCSs are common between the legacy and the HOM tables. 
Proposal: To form new CQI table, replace several low MCSs of the legacy table with new 256QAM ones.
Which MCSs to be removed and added?

If Approach 2 is agreed upon, we need to determine which MCSs to be removed from the legacy table and which new 256QAM MCSs to be added, to form a HOM-CQI table. To this end, the following 2-step approach can be considered.   
· Step 1: Determine a set of new 256QAM MCSs through link level simulations (AWGN channel). 
· Define simulation assumptions, especially on # of REs for the PDSCH that is determined by # of RBs for the PDSCH and # of REs per RB.   

· For all TBSs defined in the current TBS table that lead to high efficiency, e.g., > 5.0, and for both 64QAM and 256QAM, obtain SNR values required to achieve 10% BLER.

· Based on the above results, find out an appropriate switching point between 64QAM and 256QAM. 
· Determine k new SNR points higher than 19.488 dB (the maximum SNR in the current CQI table design) taking into account the SNR step size (1.892 dB) of the current CQI table and the 10% BLER SNR of the highest 256QAM MCS (e.g., about code rate of 0.91). 
· Determine the set of 256QAM MCSs corresponding to the k (or more) 256QAM SNR values by interpolating the simulation results. Note that the number of 256QAM MCSs can be larger than k depending on the switching point between 64QAM and 256QAM.   

· Step 2: Choose k low MCSs in the legacy table, to be replaced with the new 256QAM MCSs obtained at Step 1. The following rules are proposed to determine which low MCSs to be removed.
· Proposal: Keep the lowest MCS in order to be safe in case the radio link suddenly becomes too bad. 

· Proposal: Remove every other MCS rather than consecutive MCSs, which can help maintain a decent link adaptation capability in the low SNR regime. 

How to index the MCSs in the new HOM-CQI table?

As illustrated in Figure 1, after sending a RRC connection reconfiguration message indicating switch to another CQI table, the eNB cannot know exactly when the UE applies the new configuration. During such a RRC ambiguity period, CQI reports from the UE may not be appropriately interpreted by the eNB. 
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Figure 1. An illustration of RRC reconfiguration ambiguity period
The problem of RRC configuration ambiguity can be mitigated by indexing the MCSs in the HOM-CQI table in such a way that CQI indices are the same for the MCSs common between the legacy and the HOM CQI tables.

Proposal: Make the CQI indices the same for the common MCSs between the legacy and the new CQI tables.

An illustration of HOM-CQI table
A set of simulations following the above discussion were conducted, where it was assumed that # of RBs for the PDSCH is 4 and # of REs per RB is 120. Detailed simulation results are presented in Appendix. Key observations from the simulation results are: 
· The switching point between 64QAM and 256QAM is slightly higher than the 10% BLER SNR (19.488 dB) of the highest MCS (64QAM, code rate 0.9258) in the current CQI table. This indicates that we should keep all the existing 64QAM MCSs in the HOM CQI table.
· It seems reasonable to introduce 3 new 256QAM MCSs with the same SNR step size of 1.892 dB as in the current CQI table: the resulting new higher SNRs and corresponding 256QAM code rates are {21.380dB, 23.272dB, 25.164dB} and {0.761, 0.850, 0.907}, respectively.    
Table 2 shows an example of HOM-CQI table that is in conformity with the design principles discussed above and the simulation results. The legacy CQI table (Table 1) is also presented for comparison purpose. 

Table 1. Legacy CQI table                                                                         Table 2. HOM-CQI table
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2.2. New MCS/TBS table
The same design principles can be applied to HOM-MCS/TBS tables. More details are:

· Proposal: Some of the MCSs (mainly low MCSs) in the legacy MCS table are replaced with new 256QAM MCSs to form the HOM-MCS table.

· New values of ITBS , e.g., ITBS = 27 ~ 32, are assigned to the new 256QAM MCSs.
· The TBS table is expanded to accommodate more rows with new ITBS values.

· Proposal: MCS indices (IMCS) are the same for the common MCSs between the legacy and the HOM MCS tables. Due to this nested property, the eNB can mitigate the problem of RRC reconfiguration ambiguity by choosing one of the common MCSs. 

The following rules are proposed to determine which MCSs are removed from the legacy table to form a new HOM MCS table.
· Proposal: Don’t remove the MCS entries that directly come from the CQI entries as in the legacy MCS table design. 

· Proposal: Remove every other MCS rather than consecutive ones, which could mitigate the impact of the disability that some low MCSs cannot be addressed in the HOM-MCS table.

· Proposal: To secure the entries for 256QAM MCSs with a minimum performance impact, remove the higher modulation (Qm) entry in each overlap region with the same TBS, IMCS = (9, 10) and IMCS  = (16, 17). In other words, remove IMCS = 10 and IMCS  = 17. Recall that IMCS = 9 and 16 are more robust to IMCS = 10 and 17, respectively, in low frequency-selective and time-selective fading channels.

An illustration of HOM-MCS table
Table 4 shows an example of HOM-MCS table that complies with the design principles discussed above. The legacy MCS table (Table 3) is also presented for comparison purpose. In both of the tables, the MCSs marked in red come from the MCSs in the corresponding CQI table. As in the legacy MCS table, every other 256QAM MCS of the HOM MCS table is from the MCSs of the HOM CQI table, which helps link adaptation evenly perform for different MCSs in the high SNR regime.

Table 3. Legacy MCS table                                                                    Table 4. HOM-MCS table
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(Rows in red: come from the legacy CQI table)                                     (Rows in red: come from the HOM-CQI table)
3. Switching mechanism

As discussed so far, two sets of CQI/MCS tables, the legacy and the HOM tables, should be defined in the specification, while the TBS table is simply enlarged. It seems reasonable to assume that each UE starts with the legacy tables when a new connection is established. Meanwhile, the eNB is informed by each UE through a relevant signaling, i.e., UE category, of whether or not the UE is capable of 256QAM. Under this assumption, we further discuss how the legacy tables are switched to the HOM tables and vice versa. We consider two possible approaches: semi-static switching and dynamic switching. Note that there is no issue on the TBS table switching since once which MCS table is used is known, the TBS is determined using the enlarged TBS table via the value of ITBS in the MCS table being used. 

Semi-static switching
Once the eNB detects that the channel condition for an 256QAM capable UE is good enough to support 256QAM, e.g., based on UE measurement report (RSRP/RSRQ) and/or CQI feedback, the eNB can reconfigure the CQI/MCS tables to the HOM ones through a RRC signaling. While a UE is being served through the HOM tables, the eNB can reconfigure the CQI/MCS tables to the legacy ones through a RRC signaling if judged necessary, e.g., when the channel condition becomes bad. After a handover, each UE falls back to the legacy tables unless the eNB indicates that the HOM tables will be used in the target eNB. 
Dynamic switching
In addition to the legacy MCS/CQI tables, the eNB can also activate the HOM CQI/MCS tables. Once the HOM tables are activated, the legacy and the HOM tables can be switched on a subframe basis. Therefore, the number of bits for CQI field and MCS field (in DCI) is in effect increased by 1-bit so that we can improve the performance without explicitly increasing the number of bits. A possible way to dynamically switch between the MCS tables is to define a new RNTI (HOM-RNTI) to indicate the HOM-MCS table. Another possible way is to switch the MCSs tables based on the number of layers: e.g., if # of layers is larger than a predefined threshold (configurable by RRC), the HOM MCS table is used, while the legacy MCS table is used otherwise. It could be also possible to switch between the MCS tables based on the search space, i.e., USS/CSS. For switching between the CQI tables, rank indicator (RI) can be used. For instance, if RI > 1, the HOM CQI table is used, while the legacy table is used otherwise.

Proposal: Both semi-static switching and dynamic switching between the legacy and the new CQI/MCS tables should be further studied. 

4. New UE category

The DL peak throughput of a UE is limited by the UE category, more specifically, by the physical layer parameter values defined for each UE category in Table 4.1-1 in TS 36.306. A new UE category with higher values for the parameters should be defined to increase the DL peak throughput for 256QAM capable UEs. A reasonable approach to defining the new UE category is to modify an existing UE category with high capability, e.g., UE category 8. Detailed values of the physical layer parameters for the new 256QAM UE category should be further discussed. 

Proposal: A new UE category for 256QAM should be defined in TS 36.306. Detailed values of the physical layer parameters for the new 256QAM UE category should be further discussed. 

5. Soft buffer size

Suppose that a new UE category supporting 256QAM is defined in the specification and total number of soft channel bits of the new UE category is larger than those of the existing UE categories. Then, a 256QAM capable UE has to indicate some of the existing categories in addition to the new UE category so as to maintain backward compatibility. It is beneficial to define a new higher layer signaling to indicate the total number of soft channel bits (Nsoft), used for computing the soft buffer size for HARQ operations. With the new higher layer signaling, the soft buffer size has nothing to do with which MCS/CQI tables (i.e., legacy or HOM) are being used and therefore the UE capability can be fully exploited, leading to a performance improvement. Also note that this type of signaling will be useful whenever a new UE category is introduced in the future.

Proposal: Define a new RRC signaling indicating the total number of soft channel bits to be used for computing the soft buffer size.
6. Conclusions

In this contribution, we discuss open issues on 256QAM support in LTE: design of new CQI/MCS/TBS tables, switching mechanism, new UE category, and soft buffer size handling. We have made the following proposals based on the discussion.
Proposal 1: To form the new CQI table, replace several low MCSs of the legacy table with new 256QAM ones.

· Keep the lowest MCS in order to be safe in case the radio link suddenly becomes bad.

· Remove every other MCS rather than consecutive MCSs, which can help maintain a decent link adaptation capability in the low SNR regime.

· Make the CQI indices the same for the common MCSs between the legacy and the new CQI tables.

Proposal 2: To form the new MCS table, replace several low MCSs of the legacy table with new 256QAM ones.

· Keep the lowest MCS in order to be safe in case the radio link suddenly becomes bad.

· Remove every other MCS rather than consecutive MCSs to mitigate the impact of the disability that some low MCSs cannot be addressed in the new MCS table.

· Don’t remove the MCS entries that directly come from the CQI entries as in the legacy MCS table design.

· Remove the higher modulation entry in each overlap region with the same TBS. 

· Make the MCS indices the same for the common MCSs between the legacy and the new MCS tables.

Proposal 3: Both semi-static switching and dynamic switching between the legacy and the new CQI/MCS tables should be further studied.
Proposal 4: A new UE category for 256QAM should be defined in TS 36.306. Detailed values of the physical layer parameters for the new 256QAM UE category should be further discussed.
Proposal 5: Define a new RRC signaling indicating the total number of soft channel bits to be used for computing the soft buffer size.
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Appendix
Simulation assumptions: 

· # of RBs for PDSCH transmissions: 4

· # of REs per RB: 120 

· AWGN channel

· max-log-MAP turbo decoding
Simulation Results
Table 5 and Figure 2 show the simulation results. We note the following observations.

· Our 64QAM simulation results are quite consistent with the current CQI table.  

· The switching point between 64QAM and 256QAM is slightly higher than the 10% BLER SNR (19.488 dB) of the highest MCS (64QAM, code rate 0.9258) in the current CQI table. This indicates that we should keep all the existing 64QAM MCSs in the HOM CQI table.
· It seems reasonable to introduce 3 new 256QAM MCSs with the same SNR step size of 1.892 dB as in the current CQI table. The resulting new higher SNRs and corresponding 256QAM code rates are {21.380dB, 23.272dB, 25.164dB} and {0.761, 0.850, 0.907}, respectively.
Table 5. Simulation results: SNR required for 10% BLER
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2088 4.4000 64QAM 0.7333 15.362

2152 4.5333 64QAM 0.7556 15.721

2216 4.6667 64QAM 0.7778 16.104

2280 4.8000 64QAM 0.8000 16.521

2344 4.9333 64QAM 0.8222 16.996

64QAM 0.8444 17.334

256QAM 0.6333 18.616

64QAM 0.8667 17.901

256QAM 0.6500 19.014

64QAM 0.8889 18.456

256QAM 0.6667 19.499

64QAM 0.9111 19.101

256QAM 0.6833 19.746

64QAM 0.9333 19.710

256QAM 0.7000 20.177

2728 5.7333 256QAM 0.7167 20.488

2792 5.8667 256QAM 0.7333 20.972

2856 6.0000 256QAM 0.7500 21.161

2920 6.1333 256QAM 0.7667 21.499

2984 6.2667 256QAM 0.7833 21.838

3048 6.4000 256QAM 0.8000 22.358

3112 6.5333 256QAM 0.8167 22.579

3176 6.6667 256QAM 0.8333 22.937

3240 6.8000 256QAM 0.8500 23.283

3304 6.9333 256QAM 0.8667 23.733

3368 7.0667 256QAM 0.8833 24.108

3432 7.2000 256QAM 0.9000 24.574

3496 7.3333 256QAM 0.9167 25.935

3560 7.4667 256QAM 0.9333 26.068
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Figure 2. 256QAM MCSs in the new CQI table based on simulation results.
PAGE  
4/8

[image: image1.png]The eNB sends a

RRC reconfiguration
message: switch to
the HOM-CQI table

AN

The UE receives
the message and
applies the new
configuration.

The UE sends a
confirmation
message.

AN AN

The eNB receives
the confirmation
message from
the UE.

AN

t1

t2

t3

t4

RRC ambiguity period

time



[image: image6.png]CQl index | modulation c)o(c:eorzite efficiency

0 outofrange

1 QPSK 78 0.1523
2 QPSK 120 0.2344
3 QPSK 193 0.377
4 QPSK 308 0.6016
5 QPSK 449 0.877
6 QPSK 602 1.1758
7 16QAM 378 1.4766
8 16QAM 490 19141
g 16QAM 616 24063
10 64QAM 466 27305
11 64QAM 567 3.3223
12 64QAM 666 3.9023
13 64QAM 772 45234
14 64QAM 873 51152
15 64QAM 948 5.5547

Applied Rules
v 3 new 256QAM MCSs.

+  64QAM/256QAM switching
point > the current
maximum efficiency

+ The same SNR step size
(1.892 dB) as in the current
CQI table. So, the max SNR
= 25.164 dB.

«  256QAM code rates from
simulation results

v' Replace low MCSs (every
other MCS rather than
consecutive ones) with
256QAM entries.

v Keep the lowest MCS.

v' Make the CQI indices the
same for the common MCSs.

. . | code rate -
CQl index |modulation X 1024 efficiency
0 out ofrange
QPSK 78 0.1523

16QAM 490 19141

16QAM 616 24063
10 64QAM 466 27305
1 64QAM 567 3.3223
12 64QAM 666 3.9023
13 64QAM 772 45234
14 64QAM 873 51152
15 64QAM 948 55547




