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Further Study on Non-linear Precoding 
with Guaranteed Gain over Linear Precoding 

Tsuguhide Aoki, Yong Sun, Courville, Fred Vook, Ron Porat, Zheng Yan Xiu, Isamu Yoshii
Toshiba, Motorola, Nextwave, ITRI, MediaTech, NEC, Panasonic
1. Introduction
This contribution is in correspondence to Call for Contributions and Comments on Project 802.16m System Description Document (SDD) issued on 2008-08-01 [1], specifically on Call for Detailed Physical Layer Comments – Any parts of Section 11 (PHY) that are incomplete, inconsistent, empty, TBD, or FFS.
In section 11.8.2.2.1 of the current version of SDD [2], linear precoding has been specified and supported for multiuser MIMO, and non-linear precoding is FFS. This contribution presents further study on nonlinear precoding over linear precoding. With our comprehensive study of non-linear precoding in different applications, it shows clearly that system with employing non-linear precoding can achieve significant guaranteed gain on performance and capacity over linear precoding. Consequently, we propose that non-linear precoding is supported for multiuser MIMO in SDD. 
2. Overview of linear precoding and non-linear precoding 
Multiuser MIMO (MU-MIMO) advocates for the use of spatial sharing of the channel by the users. In spatial multiple access, the resulting multiuser interference is handled by the multiple antennas which in addition to providing per-link diversity also give the degrees of freedom necessary for spatial separation of the users. Consequently, in multiuser MIMO networks, the spatial degrees of freedom offered by multiple antennas can be advantageously exploited to enhance the system capacity, by scheduling multiple users to simultaneously share the spatial channel.
It is well-understood that there are several major advantages of MU-MIMO. The most important aspect of MU-MIMO schemes is to allow for a direct gain in multiple access capacity, which directly improves the system capacity at its design stage. Secondly, MU-MIMO appears more immune to most of propagation limitations plaguing single user MIMO communications such as channel rank loss or antenna correlation. Furthermore, MU-MIMO allows the spatial multiplexing gain at the base station to be obtained without the need for multiple antenna terminals, which significantly simplifies the design and lower the complexity of mobile terminals. 

Because of the potential of MU-MIMO, there have been many proposals and contributions to the SDD to support MU-MIMO in the IEEE 802.16m system, including linear precoding and non-linear precoding. The linear precoding has been well-accepted and supported in SDD, which is a generalization of traditional SDMA, where users are assigned different precoding matrices at the transmitter. The precoders are designed jointly based on channel state information (CSI) of all the users, based on any number of designs. Even though the linear precoding provides reasonable throughput performance, it remains far from non-linear precoding in practical system deployment. 
Fundamentally, non-linear precoding can achieve near optimal system capacity. With non-linear precoding approach, any known interference at the transmitter can be subtracted without the penalty of radio resources if the optimal precoding scheme can be applied on the transmit signal. Besides the much higher throughput performance over linear precoding, with our study in various application environments, it also shows clearly that non-linear precoding is more robust to impairments of CSI feedback, interference in cellular application and mobility support. 
It is stated clearly in IMT-Advanced requirements [3] that one of the key features of IMT-Advanced is enhanced peak data rates to support advanced services and applications (100 Mbit/s for high and 1 Gbit/s for low mobility). Even though the higher MIMO configurations, such as 4x4 and 8x8, might provide the basis of the system to achieve the requirements, the advanced non-linear precoding provides the guaranteed capacity gain. 
So it is essential to support both linear precoding and non-linear precoding in SDD for 802.16m system. 

3. Summary of contributions to 802.16m on non-linear precoding
There are several contributions proposed to TGm on non-linear precoding techniques, which also presented advantages and high performance on applications. In [7, 5], VP and THP have been proposed and discussed…
[4]  IEEE C802.16m-08/842r1, “MU-MIMO: Non-Linear Precoding for DL-MIMO”, 2008-07-21
[5]  IEEE C802.16m-08/366, “Proposal on Multi-user MIMO Precoding Considerations of IEEE 802.16m”, 2008-05-05

[6]  IEEE C802.16m-08/205r2, “Pilot design for precoding in Multiuser MIMO on IEEE802.16m downlink”, 2008-03-12

[7]  IEEE C802.16m-08/058r1, “Proposal on Multi-user MIMO Precoding Considerations of IEEE 802.16m”, 2008-01-18
In this contribution, we present a comprehensive study of non-linear precoding over linear precoding. The detailed comparisons on various applications are demonstrated in the following section. 
4. Demonstration of system performance on applications 
Simulation parameters
	Parameters
	Values

	Bandwidth
	10MHz

	FFT size
	1024

	Carrier Frequency
	2.5GHz

	Subframe structure
	16m

	Channel Model
	SCME

	Radio environment
	Urban Micro

	Mobile speed
	0km/h

	Linear precoding schemes
	ZF, MMSE

	Non-linear precoding schemes
	· Tomlinson-Harashima Precoding (ZF, MMSE)

· Vector Precoding (ZF, MMSE)

	CQI feedback frequency, error, and delay
	Assume perfect CSI and noisy CSI

	Antenna configuration
	4x4

	BS antenna spacing
	10(

	Receiver algorithm
	Single antenna receiver

	Channelization
	Localized

	Resource allocation size
	3RB (CTC block is per 1RB due to the rate matching problem)

	Channel Coding
	16e CTC

	Modulation
	QPSK

	Code rate
	1/2

	Channel Estimation
	Perfect channel estimation


4.1 System gain under ideal conditions

Although the several contributions about NLP don’t obey the simulation parameters provided from 16m, we’ll show the results which fit the simulation parameters above this time.
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Figure 1 Performance with regard to the normalized SNR

Figure 1 illustrates the Frame Error Rate (FER) performance with regard to the normalized SNR. The normalized SNR is defined as 
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 is a transmit power and noise power, respectively. The ZF/MMSE shows the linear ZF/MMSE performance and THP shows the ZF or MMZE-based Tomlinson-Hiroshima Precoding [9]. The VP shows the ZF or MMSE-based Vector Precoding [10]. This figure shows that nonlinear precoding gives large gain over linear precoding. When BS has knowledge of the SINR at MS, then BS can utilize it and MMSE-based processing is possible. When MMSE-based processing is used, simple MMSE-based THP with ordering achieves near the VP performance.
4.2  Low SNR Performance
Figure 1 indicates that the nonlinear precoding still provides significant gain over linear precoding. This means nonlinear precoding is superior to linear precoding in cellular environment with interference. 

4.3  Performance with channel impairments

We’ve already evaluated how CSI error affects the MU-MIMO performance. The results in [4] shows that the effect of the CSI error is severe for linear precoding and not for nonlinear precoding. 
4.4  Advantages and disadvantages on user selection and scheduling
There are a couple of other concerns we have dealt with. When user selection algorithm is used with MU-MIMO techniques, the linear precoding might achieve extra gain when the number of users increases and there are semi-orthogonal users. This is well-known multiuser-diversity. However, these semi-orthogonal users don't always require a connection or transmission in real system so multiuser-diversity gain cannot always be achieved. On the other hand, the nonlinear precoding is not affected by the multiuser-diversity and always provides better performance.
4.5  Extra signaling, feedback, complexity and latency
Nonlinear precoding needs channel information at the transmitter. The information can be obtained from sounding, analog-feedback or codebook-based feedback without extra overhead. The results in Figure 1 assumes sounding or analog-feedback. Note that in [8] it has already indicated that, for the same UL overhead, analog is better than one PMI feedback. The channel feedback and process might cause a certain latency. However, The latency problem depends on the vender implementation. VP needs to search the optimum vector based on the transmit symbols and provides the best performance. MMSE-based THP has a good trade-offs about the complexly and performance.
.
4.6 MCS selection
The MCS selection algorithm for the nonlinear precoding is the same as the one used for the linear precoding which is based on the sounding, analog-feedback or codebook-based feedback.
5. Suggestions and recommendations 
Nonlinear precoding provides significant gain compared with linear precoding under the low SNR cellular environment and is very robust against the channel state information at the transmitter. Therefore, nonlineare precoding should be supported in IEEE802.16m.
~.~.~.~.~.  Text input start  ~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.
11.8.2.2.1 Precoding technique

The precoding for MU-MIMO can be either standardized or vendor-specific. Up to four MSs can be assigned to each resource allocation. 
In MU-MIMO systems, the received signal of the f-th subcarrier in the i-th MS (without considering co-channel interference) can be described as:
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, Equation 24
where K is the number of the allocated users, 
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 is the precoding vector of the f-th subcarrier for the transmit signal to the j-th MS, 
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is the transmit signal of the f-th subcarrier to the j-th MS and 
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is the noise of the f-th subcarrier in the j-th MS.
If dedicated pilots are used, the form and derivation of  the assembled precoding matrix, 
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, can be either standardized or vendor-specific. If the columns of the assembled precoding matrix are orthogonal to each other,  it is defined as unitary MU-MIMO. Otherwise, it is defined as non-unitary MU-MIMO. Note that beamforming is enabled with this precoding mechanism. Non-linear precoding is supported.. 
In the non-linear precoding, the value 
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 shows the processed transmit signal to reduce the transmit power. For the vector precoding, the 
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[image: image13.wmf],

jf

d

 is the perturbation vector. For Tomlinson-Harashima precoding 
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 shows the feedback matrix. The receiver needs Modulo operation to remove the perturbation vector.
~.~.~.~.~.  End of text input~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.~.
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