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1	Introduction
At the RANP meeting #71, a new Study Item was approved for next generation access technologies [1]. The goal of this Study Item (SI) is to initiate RAN WG study items to identify and evaluate the solutions to achieve the next generation access technology goals and performance targets. Such goals and performance targets are being defined and investigated as part of the 3GPP RAN SI on scenarios and requirements for New Radio (NR) Access technologies [2] with the findings captured in TR 38.913 [3] as the work progresses.
Two of the main performance requirements and targets for next generation radio access are to increase the spectral efficiency to 30bps/Hz for DL and 15bps/Hz for UL and improve the DL user experience [3]. In addition improvement in area traffic capacity and network energy efficiency are being discussed. Although it is unlikely for any of these performance targets to be achieved by a single technique or feature, it is anticipated that the deployment of MIMO systems with a large number of antennas will be a main contributor to achieving such aggressive performance targets. For example, TR 38.913 is now considering up to 256 Tx/Rx antennas for most deployment scenarios [3]. The use of such a high number of antennas is a potential of application of the massive MIMO concept which has been extensively studied in the recent years [4].
One of the Release 14 study items, i.e., enhanced Full-Dimension MIMO (eFD-MIMO) [5], is already considering an increased number of transmit and receive antennas. However, the number of antennas considered in that SI, e.g., 32 antenna ports, is considerably lower than 256. Extension of the current FD-MIMO feature to support 256 antennas or more may create significant challenges and may not be feasible. As such, a new paradigm for large antenna systems may be needed. 
The use of a large number of antennas in a system may allow for (a) beamforming using beams with large array gain and/or (b) spatial multiplexing with multiple streams and/or (c) multi-user transmission with very high spatial focusing [6]. In this contribution, we will focus on (c) with (a) and (b) addressed in [7].
In this contribution, we discuss the application of massive MIMO to the next generation of the radio interface; first we provide short overviews of Release 13 FD-MIMO and massive MIMO, then we evaluate massive MIMO for both FDD and TDD modes and finally, we review its main challenges.
2	Discussion
In this document, we provide an overview of massive MIMO (mMIMO) including its concept, benefits, applicability to TDD and FDD modes of operation and its main challenges. 
It is important to note that the mMIMO technique relies on the use of a large number of antennas at the base-station but may require an almost one-to-one ratio of antenna ports to antenna elements (i.e. digital precoding). This may have some similarities to another LTE feature which is also based on a large number of antennas, i.e., Release 13 Full Dimension MIMO (FD-MIMO) and Release 14 enhanced FD-MIMO. For that reason, we first provide a brief overview of that feature so we can establish the difference between (e)FD-MIMO and massive MIMO later in the document.


FD-MIMO
At the RANP meeting #65, following the completion of the 3-Dimensional (3D) channel model SI, a SI was approved to study the performance benefits of using two dimensional arrays of antenna elements [8]. The goal was to enable eNodeBs (eNBs) to perform transmissions with a much greater number of antenna ports than 8 (as was the maximum until R 12) while keeping a compact 2D layout that was deemed practically deployable by operators. Utilizing antennas in such a way allows the transmitter to adapt its beamformed signal in the elevation domain in addition to legacy horizontal beamforming, e.g., to perform vertical sectorization. As such, increasing the number of antennas yields improved received signal strength and better spatial multiplexing capabilities since it makes it possible for the eNB to more effectively steer its signal towards UEs with different elevations in addition to different horizontal directions. Two Work Items (WIs) followed this SI, i.e., one in Release 13 and one in Release 14, as discussed in the following. 
Release 13 FD-MIMO WI enables vertical beam adaptation through the introduction of two feedback schemes. For Class A feedback, a Release 13 UE reports PMIs of up to 16 antenna ports, where each precoder represents a combination of a horizontal and vertical direction. For Class B feedback, the eNB applies multiple downtilts to beamform CSI-RS resources of maximum 8 antenna ports. The UE reports its preferred downtilt by using a CSI-RS Resource Indicator (CRI). In addition to the feedback schemes, some MU-MIMO improvement are introduced through the DM-RS design. Also in TDD mode, Sounding Reference Signal (SRS) is also enhanced to enable more SRS transmissions during the special subframe. 
Release 14 enhanced Full Dimension MIMO (eFD-MIMO) WI was accepted in RANP meeting #71 to study enhancements to FD-MIMO for support of up to 32 antenna ports [5] as an extension to Release 13 FD-MIMO. 

Extension to New Radio
As the number of antennas increase to an order of hundreds as is being suggested for in 5G applications, there are several issues that can be observed if the current LTE framework is reused, in particular for the FDD case. CSI feedback overhead becomes an issue because the PMI feedback resources increase due to the larger codebook as the number of antenna becomes larger. CSI-RS resources also scale with the number of antenna ports that need to be estimated by the UE. At 64 antenna ports, the density of 1 RE/PRB/port (which has been used up to 16 antenna ports) means that more than half the REs in a PRB are needed for CSI-RS during a channel estimation period; moreover, in the current frame structure, there are only 40 defined REs for CSI-RS. For multiuser operation, multiplexing users orthogonally will also require a much greater number of DM-RS resources. Obtaining the multiuser multiplexing gain becomes more difficult when there are clustered UEs in the same vicinity which report the same preferred direction. 
Massive MIMO
The concept of massive MIMO (mMIMO) was first introduced in [6] where the scenario of having a very large number of antenna at a central node was discussed. Since its inception, a significant number of papers and journals have been published on the topic and several research groups, mainly from academia, have investigated different aspects of it. In addition, some research labs have taken this concept one step further and developed working prototypes showcasing the potentials of massive MIMO (e.g., see massive MIMO project at Lund University, Sweden [10]).
In a typical mMIMO system, a base-station equipped with a large number of antennas (e.g., n=100) schedules multiple terminals at the same time/frequency resources (e.g., k=10) in an MU-MIMO arrangement. The base-station is assumed to have the perfect knowledge of the channel of each terminal and by coherently processing over its antenna array, it uses a DL precoding transmit scheme to focus the signal of each terminal at that specific terminal. The more antennas at the base-station, the finer the spatial focusing; mMIMO effectively uses the conjugate channel which can simplify the terminal design structure, e.g., a single receive antenna and with a matched-filter detector in an ideal scenario [4]. 
This seemingly simple mechanism has significant implications in a cellular system, such as [4]:
· Energy efficiency: mMIMO delivers significant energy efficiency due to its high array gain. In some studies, it is shown that the same performance as that of a SISO can be achieved with M times lower transmit power, where M denotes the number of transmit antennas. This will also improve the network energy efficiency.
· Significant multiplexing gain: mMIMO substantially reduces the multi-user interference mainly by precisely focusing the transmitted signal on the designated terminal. Therefore, in contrast to the classic multi-user schemes where there has to be some sort of orthogonalization between multiple users, in mMIMO there may be none or very limited orthogonalization mechanisms due to such low multi-user interference. This implies that theoretically, the same set of resources can be used to communicate with different terminals with relatively low complexity. This property alone provides a significant spatial multiplexing gain for mMIMO, making mMIMO as one of the key technologies to significantly improve spectral efficiency for 5G. Besides, this will also significantly increase the area traffic capacity.
· Channel Hardening/Flat Fading: due to the large number of antennas and consequently a large number of transmit signals from the base-station which are expected to be coherently received at the receiver side, the small-scale fading averages out over the array (in the sense that its variance is reduced proportional to the number of transmit antennas). This effect is known as channel hardening and is a consequence of law of large numbers. Therefore from the terminal perspective, the channel becomes less frequency selective, which in turn simplifies the scheduling, link adaptation and equalization. This also reduces the processing power needed and improves both the network and UE energy efficiencies.
It is important to note that contrary to most MIMO mechanisms, e.g., those deployed in LTE/LTE-A, mMIMO is not a simple directional beam forming, but rather a precise spatial beam forming for each terminal. Such precise beam forming requires precise per terminal Channel State Information (CSI) as well. In fact, achieving such precise CSI is the main challenge of mMIMO systems. 
Note that although Release 13/14 (e)FD-MIMO address the large number of antenna ports, but they are still based on the existing LTE/LTE-A MIMO concept of quantized CSI/codebook operation, which is fundamentally different than that of mMIMO. However, Release 13 FD-MIMO considered improvement of CSI acquisition in TDD mode (i.e., SRS capacity improvement) which can be of help to mMIMO operation.
· Observation 1: Using the massive MIMO technique for multiuser transmission in a deployment with large number of antennas may result in fine spatial focusing, improve energy efficiency, provide large multiplexing gains and reduce channel frequency selectivity thereby simplifying scheduling, link adaptation and equalization.
TDD vs. FDD
The application of the mMIMO to TDD and FDD can be quite different. In this section, some of differences are briefly reviewed.
CSI Feedback: in the TDD mode of operation, the channel estimation is based on DL/UL channel reciprocity; i.e., the base-station can use the same UL estimated channel for the DL transmission (with some corrections to compensate for non-symmetric UL/DL components). However, in the FDD mode of operation, the nature of the channel in the UL and DL can be quite different since the UL and DL frequencies are different. Therefore, it is not possible to use the estimated UL channel for the DL transmission (although some studies show possible use of partial UL/DL channel correlation). As a result, the DL channel has to be estimated in the DL direction, (i.e., at the terminal side), and fed back in the uplink direction (i.e., to the eNB) which can have some major challenges for mMIMO; for example, the delay between the estimation and actual DL transmission has to be taken into account. Another issue is that in order to reduce the feedback overhead, the terminal may have to compress or quantize the estimated CSI, which may significantly affect the performance of mMIMO and reduce its precise beamforming capability. 
Pilot overhead and antenna scalability: since in FDD mode the DL channel is estimated at the terminal side, every single antenna port (which is less than the actual number of physical antennas) needs to transmit a pilot signal. However, in TDD mode, since the channel is estimated at the base-station side, every terminal just needs to transmit pilot signals equal to the number of its own antenna ports (which can be as simple as one port) regardless of the number of antenna ports at the base-station. This is due to the fact that the same pilot is received by all base-station antenna ports and therefore, the base-station can estimate the channel for each of its individual antenna ports with a single UL pilot transmission. As a result, the channel estimation overhead in FDD scales up with the number of base-station transmit antennas whereas in TDD it only scales up by the number of simultaneous terminals. 
High Mobility Support: The pilot transmission overhead can be quite significant when supporting high mobility, e.g., up to 500km/h which is one of the performance targets for 5G. High mobility significantly decreases the channel coherence time which consequently decreases the pilot transmission time interval to achieve a more accurate channel estimation. This increase can be more pronounced for FDD, where the pilot overhead is already high, up to the point that a considerable portion of the channel resources can be wasted for just pilot transmissions. Therefore, TDD mode of operation is more suitable for high mobility support where the pilot overhead is inherently lower than that of the FDD mode.
Given the three aforementioned differences between FDD and TDD, we see a clear advantage of the application of massive MIMO to the TDD mode over the FDD mode.
· Observation 2: Massive MIMO is more suitable for TDD mode of operation.
Main Challenge
In this section, we discuss the main challenge of the mMIMO in TDD operation mode, i.e., pilot contamination.
In a typical TDD system, each terminal sends a pilot signal in the UL and the base-station receives the transmitted pilot signal over all of its antennas and estimates the actual UL channel. The base-station then uses the estimated channel (perhaps with some calibration and/or adjustment) for the DL transmission.
[bookmark: _GoBack]As mentioned earlier, the performance of the mMIMO is very sensitive to the channel estimation accuracy. However, the nature of this sensitivity is quite different from the sensitivity of a traditional TDD system to channel estimation, where most of the channel estimation impairments can be modeled as some form of the noise on top of the ideal channel values; in a traditional system when different terminals send different UL pilot signals, the base-station may not be able to completely separate the pilot of different terminals, hence one terminal’s estimated channel may be impacted by another terminal’s pilot (possibly located in a neighboring cell). This phenomenon is referred to as “pilot contamination”. However, in a TDD mMIMO system, pilot contamination has a much more destructive effect due to mMIMO focused beamforming; in this case the base-station uses the estimated UL channel to perform DL beamforming towards both the designated terminal and the terminal which caused pilot contamination in the first place, generating considerable beamformed interference on that terminal. This phenomenon can be further explained through a two-cell example as shown in Figure 1 and Figure 2, where the pilot contamination effect is illustrated in two phases [9]:
Phase 1 (see Figure 1): 
· Both terminals in the two neighboring cells transmit their pilot signals on the same set of resources. 
· BS 1 listens to the received pilot signal from its terminal 1 and estimates its UL channel.
· The estimated channel of terminal 1 in Cell 1 has a component of terminal 2’s pilot in Cell 2 as well resulting in pilot contamination from terminal 1.
Phase 2 (see Figure 2):
· BS 1 beamforms its DL signal using the estimated channel towards the terminal 1 in its cell. However, due to pilot contamination caused by terminal 2 in Cell 2, BS1 also beamforms to terminal 2 in Cell 2 causing a deliberate and considerable strong interference on that terminal.
As such, any introduction of mMIMO in TDD operation will need to introduce mechanisms to mitigate the effect of pilot contamination. 


[bookmark: _Ref444704322]Figure 1: the first phase of pilot contamination phenomenon in a 2-cell mMIMO where two terminals in different neighbouring cells transmit the same pilot on the same set of resources.


[bookmark: _Ref444704339]Figure 2: the second phase of pilot contamination phenomenon in a 2-cell mMIMO where two base-stations use the estimated channels in the first phase and spatial beamforms the DL signals towards their terminals. The blue lines show the desired signals and the red ones show the beamformed interference.

· Observation 3: Introduction of massive MIMO in TDD operation will need to introduce mechanisms to mitigate the effect of pilot contamination. 
· Proposal 1: Study mechanisms allowing native support of massive MIMO for the TDD mode of operation in NR.
3	Conclusion
In this contribution, we discussed the application of the massive MIMO to the new radio access technology, and highlighted its main challenge for TDD mode of operation, i.e., pilot contamination. We made the following observations and proposal.
· Observation 1: Using the massive MIMO technique for multiuser transmission in a deployment with large number of antennas may result in fine spatial focusing, improve energy efficiency, provide large multiplexing gains and reduce channel frequency selectivity thereby simplifying scheduling, link adaptation and equalization.
· Observation 2: Massive MIMO is more suitable for TDD mode of operation.
· Observation 3: Introduction of massive MIMO in TDD operation will need to introduce mechanisms to mitigate the effect of pilot contamination. 
· Proposal 1: Study mechanisms allowing native support of massive MIMO for the TDD mode of operation in NR

References
[1] [bookmark: _Ref444525514]3GPP, RP-152257, “SID on Scenarios and Reqs for Next Generation Access Technologies,” Dec. 2015. 
[2] [bookmark: _Ref446082080]3GPP, RP-160671, “SID on New Radio Access Technologies,” Mar. 2016. 
[3] [bookmark: _Ref450874876][bookmark: _Ref446665204][bookmark: _Ref446677568]3GPP TR 38.913 v0.3, Mar 2016, Study on Scenarios and Requirements for Next Generation Access Technologies; (Release 14). 
[4] [bookmark: _Ref446681155][bookmark: _Ref446680293]T. L. Marzetta, "Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas," IEEE Tran. on Wireless Comm., 9(11), pp. 3590-3600, Nov. 2010.
[5] [bookmark: _Ref446681346][bookmark: _Ref450922522]3GPP, RP-160623, “Enhancements on FD-MIMO for LTE WI,” Mar. 2016.
[6] [bookmark: _Ref446676962][bookmark: _Ref446680919]F. Rusek et al., "Scaling up MIMO: opportunities and challenges with very large arrays," IEEE Signal Proc. Mag., 30(1), pp. 40-60, Jan. 2013.
[7] [bookmark: _Ref450877610]R1-165062, “Views on Beamforming with a Large Number of Antennas”, 3GPP TSG-RAN WG1 #85, Nanjing, China 23rd – 27th May 2016
[8] [bookmark: _Ref450922635]3GPP, RP-141644, “Study on Elevation Beamforming/Full-Dimension (FD) MIMO for LTE,” Sept. 2014.
[9] [bookmark: _Ref450923264]E Björnson et al., “Massive MIMO: ten myths and one critical question,” IEEE Comm. Mag. 54(2): pp. 114-123, 2016.
[10] [bookmark: _Ref447032290]Vieira, Joao, et al. "A flexible 100-antenna testbed for massive MIMO." Globecom Workshops (GC Wkshps), 2014. IEEE, 2014.


5

image1.emf
Cell 2 Cell 1

1

2

BS 1

BS 2


Microsoft_Visio_Drawing1.vsdx
Cell 2
Cell 1
1
2
BS 1
BS 2



image2.emf
Cell 2 Cell 1

2

1

BS 1

BS 2


Microsoft_Visio_Drawing2.vsdx
Cell 2
Cell 1
2
1
BS 1
BS 2



