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1. Introduction

How to deal with MIMO interference could also be discussed within the framework of NAIC. In this paper initial analysis on MIMO interference modeling is given. We discuss cancellation of MIMO interference without PCI for a pre-decoding IC UE. Link level simulation results show that pre-decoding IC is capable of cancelling MIMO interference without PCI. In addition, we show that the knowledge of the PCI information of the MIMO interferer is beneficial for the victim UE, especially for a victim UE in the softer handover region. Based on the initial analysis and simulation results, we would consider some enhancements at both the network side and UE side so that when MIMO interference exists, the victim UE performance can be improved.
2. Discussion
For a victim UE without any IC capability, e.g., a type3 UE, interference is modeled as white noise and only the strength of the interference will cause performance difference for this type of UE. For a victim UE with interference awareness, e.g. a type 3i UE, however, interference is no longer modeled as white noise. In [1], it is observed that for current type 3i UE, the performance with MIMO interference is much worse than that of legacy HSDPA interference. We discuss some possible enhancements of the network and the UE receiver to better deal with MIMO interference. 
2.1 MIMO interference model

Assume a victim UE has 2 receive antennas. The received signal of the victim UE in MIMO interference environment can be modeled by the following equation:
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is the received single transmitter signal the same interfering Node B with signals 
[image: image10.wmf]12

,

cc

xx

on channels 
[image: image11.wmf]12

,

ii

HH

, respectively, and 
[image: image12.wmf]0

n

is the white noise. 
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can be the common channels such as P-CPICH/P-CCPCH on the first transmit antenna and S-CPICH on the second transmit antenna. 
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is 2x2 MIMO channel and 
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are 1x2 SIMO channel coefficients. They can be represented as:
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From the equations above, it can be seen that MIMO interference actually consists of 3 interference components: the precoded 2-antenna interference due to the data channel and two 1-antenna components due to the common channels. If the UE receiver can model these 3 MIMO interference components, the performance of the victim UE could be expected to improve.
2.2 Evaluation results of different MIMO interference modelling
We have performed simulations to see how to improve performance. Two basic receiver techniques are considered: LMMSE and pre-decoding IC. For LMMSE, it is a type3i receiver modeling MIMO interference as 3 separate components. Each of these receivers have 2 options: PCI information and pre-decoding IC on common channel. The UE could either have the PCI information or not. For common channel IC, it is assumed that common channels such as P-CPICH and S-CPICH can be cancelled perfectly. For pre-decoding IC UE, common channel IC is always assumed. From the options available above, when there is MIMO interference, several types of victim UEs in the following table can be considered:

Table 1. Types of UE considering the receiver technologies
	
	Pre-decoding IC on data channel
Pre-decoding IC on common channel
	LMMSE on data channel

	With PCI
	UE1
	UE3: w/ pre-decoding IC on common channel
UE4: w/o pre-decoding IC on common channel

	Without PCI
	UE2
	UE5: w/ pre-decoding IC on common channel
UE6: w/o pre-decoding IC on common channel


2.2.1 Pre-decoding IC without PCI information

We first consider the performance of a pre-decoding IC UE without PCI information (UE2) when there is MIMO interference. As there is no PCI information, UE2 does not know whether the MIMO interferer is single stream (SS) or dual stream (DS), and UE2 would consider MIMO interferer as 2 independent interfering source. When there is no PCI information, blind IC without modulation detection can be used to reconstruct the two independent interferers. In the simulation, we use the framework in [2] and see the simulation results for UE at L2, L3 and L4, assuming CIO=9dB. Macro is always transmitting MIMO data to one of the Macro UEs. LPN is always transmitting single tx HSDPA to the UE. Assume the baseline is UE6, which is a typical type 3i UE.

In the link level simulation, the MIMO interfer’s received power, LPN signal received power and other interferer’s received power at L2, L3 and L4 are listed in the table below:

Table 2. MIMO interfer, LPN signal and other interferer’s received power at L2 and L3

	UE Location
	LPN_Ior
[dBm]
	Macro_Ior [dBm]
	LPN_Ior – Macro_Ior
	Ioc [dBm]

	L2
	-66.9044
	-58.5909
	-8.3135
	-69.785

	L3
	-63.3478
	-59.2611
	-4.0867
	-70.0322

	L4
	-58.7626
	-59.9049
	1.1423
	-70.238


PA3 channel is assumed in the simulations. Simulation results are shown in the figure below:
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Figure 1. Gain of pre-decoding IC UE w/o PCI information over type 3i UE
It can be seen that UE2 outperforms UE6 at all the locations. The results show that even without MIMO interferer’s PCI information, pre-decoding IC can still outperform a type 3i UE.
Observation 1: Pre-decoding IC UE without MIMO interferer’s PCI information could outperform type 3i UE when there is MIMO interference.
2.2.2 Performance enhancements with PCI information
In this section we compare the performance when the interferer is MIMO while PCI information is known at the UE. In this simulation we assume that source signal power is Ior0, and MIMO interferer power is Ior1. N0 is the power of all other interferers. We take MIMO signle stream (MIMO-SS) interference for example, and 
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is a 1x2 SIMO channel.
When the interfering MIMO signal PCI is available at the UE, we assume there are three independent interference components from three 1x2 SIMO channels: 
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When the interfering MIMO signal PCI is not available at the UE, we can only assume there are two independent interfering components from two 1x2 SIMO channels: 
[image: image23.wmf]1

i

H

and
[image: image24.wmf]2

i

H

.
We first compare the results of UE1, PCI known and UE2, PCI unknown. In this comparison, UE5, which is a type 3i, w/o PCI and w/ common channel IC UE, is considered as the baseline performance. Figure 1 shows UE1 and UE2 gain over UE5. It can be seen that when PCI is known, UE1 can achieve significant gain for all Ior0/N0, especially when Ior0/N0 is high. The gain for UE2 over UE5, however, is small. Positive gains can be achieved and are limited when Ior0/N0 is larger than 0dB. As a result, for pre-decoding IC UE, MIMO interferer’s PCI information can greatly improve UE’s interference cancellation performance.
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Figure 1. Gain of pre-decoding IC UE1(w/ PCI) and UE2(w/o PCI) over UE5
Then, we evaluate the performance for LMMSE UEs, including UE3, UE4, UE5 and UE6. Simulation results of these UEs are shown in Figure 2.
[image: image26.png]Throughput

18000
16000
14000
12000
10000
8000
6000
4000
2000

lorO0=lorl

/

/

/

UE3

/ UE4
/ UES
—UE6

5 10 15 20 25
lorOvs NO (dB)

30





Figure 2. Performance of UE3, UE4, UE5 and UE6 when there is MIMO interferer
From the simulation results, it can be seen that when there is no MIMO interferer PCI information, the gain of UE5 over UE6 is very small. Pre-decoding on common channel IC cannot provide much gain for LMMSE UE when MIMO interferer PCI information is unknown.
When there is PCI information, even without common channel IC the performance of LMMSE UE is improved greatly, as seen from the performance of UE4, UE5 and UE6. For UE3, where common channel IC is also applied, the performance is further improved, especially when Ior0/N0 is high.
Observation 2: Both pre-decoding IC UE and type 3i UE can benefit from the PCI information of the MIMO interferer.
In homogeneous networks scenario, the high Ior0/N0 region relates to the softer handover scenarios, where UE is at the edge of 2 intra-cells, as illustrated in the blue locations in the following figure. In HetNet scenario, these locations could be at the edge of a Macro and a LPN. All these UEs with interference awareness would suffer performance degradation if PCI information is not available. 
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Figure 3. Illustration of the softer handover regions in homogeneous networks[4]
As a result, the knowledge of PCI information is very important to the victim UE. It is desired to signal the PCI information to a UE with interference awareness. In addition, control channel IC operation is also desired.
3. Proposed MIMO solution

3.1 Network side
Current MIMO transmitter could not convey PCI information to the victim UE. Some modification is desired. An example of modified MIMO transmitter architecture is shown in Figure 4. As MIMO user data and legacy user data do not share the same channel, C-pilots and D-pilots are used for MIMO users. C-pilots are transmitted at low power for the purpose of CSI estimation. D-pilots are transmitted at high power, used for channel estimation for data demodulation. D-pilots are precoded together with MIMO data and are only transmitted when data is transmitted. The benefit of precoding D-pilots together with MIMO is that, PCI information is conveyed implicitly to the UE. As will be discussed in the Appendix, VAM is an issue to degrade MIMO’s performance. When VAM is applied, it has been observed that MIMO performance is sensitive to phase shift of the physical MIMO channel. In order to remove VAM for MIMO while maintaining PA imbalance, we can keep VAM for legacy users but remove VAM for MIMO. 
In this architecture, legacy 1 tx user signal goes through a splitter so that the power at two PA are balanced. Phase shift can be applied at the splitter however the output power of the splitter are the same. MIMO user signals on the two branches are added together with the split legacy signal. It can be seen that there is no VAM for MIMO user signals. As a result, MIMO performance is not sensitive to physical MIMO channel phase shift. 
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Figure 4.  An example of modified MIMO transmitter architecture
3.2 UE side

From the simulation results, it can be seen that MIMO interferer PCI information is important for both pre-decoding IC UE and type 3i UE. Significant gains can be achieved when UE has the knowledge of MIMO interferer PCI information. For a type 3i UE, interference cancellation on the common channels is also desired. This could further improve the performance of a UE suffering MIMO interference.
4. Conclusions

From the initial analysis on MIMO interference cancellation in this contribution, we observe the following
Observation 1: Pre-decoding IC UE without MIMO interferer’s PCI information could outperform type 3i UE when there is MIMO interference.

Observation 2: Both pre-decoding IC UE and type 3i UE can benefit from the PCI information of the MIMO interferer.

In this paper, we show initial analysis and simulation results of MIMO interference with some form of NAIC. Further enhancement on both network side and UE side to deal with MIMO interferer is encouraged.
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6. Appendix

VAM was introduced in [3] to achieve balanced power allocation at 2 antennas when deploying MIMO and legacy UE. Codebook restriction was also introduced for MIMO single stream operations to avoid power imbalance. Only 2 PCI can be used after codebook restriction, further degrading MIMO performance. Moreover, we have noticed that when the MIMO channels are correlated, such as SCM channels, VAM would further degrade MIMO performance. MIMO works well under balanced MIMO channels. However, the introduction of VAM would change the balance of the virtual MIMO channels and the MIMO would suffer performance degradation due to the increased imbalance. Initial analysis would be provided in this Appendix.
6.1 Evaluation results of VAM

A legacy + MIMO system with VAM is illustrated in Figure 5 [3], where Butler matrix is used as VAM. After the power amplifier, an inverse VAM is also implemented. The inverse VAM effectively removes the VAM transform on the signal. 
 SHAPE  \* MERGEFORMAT 



Figure 5. Legacy + MIMO system with the introduction of VAM [3]
However, the inverse VAM needs to be implemented in analog domain and there would be phase errors, distorting the transmitted signal. Alternatively, the inverse VAM is not implemented in the system and the relative system is illustrated in the Figure 6.
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Figure 6. Legacy + MIMO system with the introduction of VAM but without inverse VAM
Here we show the impact of VAM to the virtual MIMO channels. Assume a VAM matrix has the form:
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The physical MIMO channel has the form:
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The virtual MIMO channel with VAM is:
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Take a pair of MISO channel for example. In a simplified model, we consider the original channels have the form:
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The imbalances of the physical MIMO channels and virtual channels received by 1 of the receive antennas are:
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It can be seen that 
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is not only determined by the imbalance k of the physical channels, but the phase difference of the 2 physical channels as well. Specifically, when
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, the virtual channel pair is balanced with 
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, the virtual channel pair is mostly imbalanced with 
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As currently, MIMO data stream is not precoded with amplitudes. It has best performance when the channel pair is balanced. In some scenarios, when physical channels are balanced while virtual channels are imbalanced, the performance in a MIMO + VAM architecture would be degraded due to the increased imbalance. The following figure illustrates the virtual channels imbalance with different physical channel phase
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Figure 7. Imbalance of virtual channels

The impact of the virtual MIMO channel imbalance would only be observed when the physical channels are correlated. SCM model can be used in the simulations to observe the performance degradation. We suggest use SCM model for MIMO evaluations when VAM is considered.
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