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Abstract

This document provides the addendum to TGn channel model document to be used for the Very High Throughput Task Group (TGac).
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1. Introduction

The TGn task group has developed a comprehensive MIMO broadband channel models, with support for 40 MHz channelization and 4 antennas. The TGac task group is targeting > 1 Gbps MAC SAP throughput using one or more of the following technologies:

· Higher order MIMO (> 4x4)
· Multi-User MIMO with > 4 AP antennas

· Higher Bandwidth (> 40 MHz)
· OFDMA.
In this document we propose some simple modifications to TGn channel models to enable their use for TGac.
2. Modifications to handle larger system Bandwidth

The TGn channel models assumed minimum tap spacing of 10 nsec and were employed for system Bandwidth of up to 40 MHz.   TGac systems can have much larger bandwidth.  For TGac systems with larger overall system bandwidth (W), we propose to decrease channel tap spacing by a factor of 
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.   The calculation of W is illustrated in the below examples:

· Example 1: A TGac modem can have 2 channels of 40 MHz each that are spaced by 60 MHz for sufficient isolation.   In this case, W = 40*2+60 = 140 MHz and the channel tap spacing will be reduced by a factor 
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, leading to an effective channel tap spacing of 2.5 nsec.
· Example 2:  TGac modem can have 4 contiguous channels of 20 MHz each. In this case, W = 80 MHz and the channel tap spacing will be reduced by a factor 
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, leading to an effective channel tap spacing of 5 nsec
The reduced channel tap-spacing is modeled by linearly interpolating the Cluster channel tap power values, on a cluster by cluster basis.  We now provide an illustration of channel tap interpolator for TGn Channel Model B assuming Example 2:
TGn – Channel Model B [2]

	
	Tap index
	1
	2
	3
	4
	5
	6
	7
	8
	9

	
	Excess delay [ns]
	0
	10
	20
	30
	40
	50
	60
	70
	80

	Cluster 1
	Power

[dB]
	0
	-5.4
	-10.8
	-16.2
	-21.7
	
	
	
	

	AoA
	AoA

[°]
	4.3
	4.3
	4.3
	4.3
	4.3
	
	
	
	

	AS

(receiver) 
	AS

[°]
	14.4
	14.4
	14.4
	14.4
	14.4
	
	
	
	

	AoD
	AoD

[°]
	225.1
	225.1
	225.1
	225.1
	225.1
	
	
	
	

	AS

(transmitter)
	AS

[°]
	14.4
	14.4
	14.4
	14.4
	14.4
	
	
	
	

	Cluster 2
	Power

[dB]
	
	
	-3.2
	-6.3
	-9.4
	-12.5
	-15.6
	-18.7
	-21.8

	AoA
	AoA

[°]
	
	
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4

	AS 
	AS

[°]
	
	
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2

	AoD 
	AoD

[°]
	
	
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5

	AS 
	AS

[°]
	
	
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4


TGac – Channel Model B (W=80 MHz):
	
	TGn Tap Index
	1
	
	2
	
	3
	
	4
	
	5
	
	6
	
	7
	
	8
	
	9

	
	TGac

Tap

Index
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

	
	Excess delay [ns]
	0
	5
	10
	15
	20
	25
	30
	35
	40
	45
	50
	55
	60
	65
	70
	75
	80

	Cluster 1
	Power

[dB]
	0
	-2.7
	-5.4
	-8.1
	-10.8
	-13.5
	-16.2
	-18.9
	-21.7
	
	
	
	
	
	
	
	

	AoA
	AoA

[°]
	4.3
	4.3
	4.3
	4.3
	4.3
	4.3
	4.3
	4.3
	4.3
	
	
	
	
	
	
	
	

	AS

(receiver) 
	AS

[°]
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	
	
	
	
	
	
	
	

	AoD
	AoD

[°]
	225.1
	225.1
	225.1
	225.1
	225.1
	225.1
	225.1
	225.1
	225.1
	
	
	
	
	
	
	
	

	AS

(transmitter)
	AS

[°]
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4
	
	
	
	
	
	
	
	

	Cluster 2
	Power

[dB]
	
	
	
	
	-3.2
	-4.75
	-6.3
	-7.85
	-9.4
	-10.95
	-12.5
	-14.05
	-15.6
	-17.15
	-18.7
	-20.25
	-21.8

	AoA
	AoA

[°]
	
	
	
	
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4
	118.4

	AS 
	AS

[°]
	
	
	
	
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2
	25.2

	AoD 
	AoD

[°]
	
	
	
	
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5
	106.5

	AS 
	AS

[°]
	
	
	
	
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4
	25.4


3. Higher Order (8x8) MIMO 
The TGn channel models were originally conceived for systems with 4x4 MIMO, and are based on the Kronecker channel correlation model assumption [4].  We investigated whether the Kronecker models are also sufficient to reasonably predict performance in realistic environments.  Note that from a standards development perspective, it is sufficient for channel models to tightly bound and sweep the range of performance in real environments. Furthermore, it is desirable that the channel model is simple enough and builds on TGn channel models to allow a fair and efficient comparison of different standards proposals.  
Figure 1 show CDFs of PHY capacity for several simulated and measured 8x8 MIMO channels assuming 20dB average SNR. In this figure, capacity calculated as 
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, where SNR is the average receive SNR, Nr and Nt are the number of receive and transmit antennas respectively, and ‘*’ denotes the Hermitian transpose. 
The Top plot shows curves depicting capacity of 24 8x8 channels measured in an indoor office environment at 5 GHz using λ/2-spaced linear dipole arrays at the transmitter and receiver [1].  Corresponding capacity of an i.i.d. channel is provided for comparison. The thick lines in the center and right-hand plots respectively show results for TGn Model B and Model D, extended to eight antennas. 
The center and bottom plots show channel capacity CDFs of the extended 8x8 TGn model results obtained by randomly rotating the TGn defined cluster AoA and AoDs to emulate the case-by-case variation expected in real-world environments. Random AoA offsets were distributed uniformly between ±180° while random AoD offsets were distributed uniformly between ±30°. For each case, the same offset was applied to all clusters.
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Figure 1: CDFs of MIMO channel capacity. Top: Results of 24 indoor channel measurements. Center: TGn Model B (thick lines) plus multiple model instances using randomly offset cluster AoAs and AoDs (thin lines). Bottom: TGn Model D (thick lines) plus multiple model instances using randomly offset cluster AoAs and AoDs (thin lines).

Figure 2 shows capacity results for the same channels as Figure 1, but this case, capacity is calculated from post-processing SINR after MMSE precoding. In this case, an MMSE precoding matrix is calculated as: 
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and applied to each 8x8 channel instance. The post processing SINRs were calculated for each stream and subcarrier and the PHY capacity for each stream/subcarrier calculated as log2(1+SINR). For each instance, sum-average channel capacity was calculated by averaging across subcarriers and summing across spatial streams. 

Most of the measured results fall between the curves generated from the extended TGn models. The measured data which are comparable to the worst-case Model B results were all collected in strongly directional channels, with the receive array oriented in the “end-fire” orientation with respect to the dominant cluster (AoA=90° for the dominant cluster), which is pessimistic compared to the TGn-defined cluster AoAs and AoDs. 

Based on the generally good agreement between the TGn channel models for 8x8 MIMO and channel measurements in indoor enterprise environments, we propose to re-use the Kronecker channel model for 8x8 MIMO.
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Figure 2: CDFs of MIMO-MMSE Precoded channel capacity. Top: Results of 24 indoor channel measurements. Center: TGn Model B (thick lines) plus multiple model instances using randomly offset cluster AoAs and AoDs (thin lines). Bottom: TGn Model D (thick lines) plus multiple model instances using randomly offset cluster AoAs and AoDs (thin lines).
4. Modifications to AoA and AoD for Multi-User MIMO with up to 16 AP antennas
Motivation
TGac requires specification of channels to multiple users as simultaneous communication will take place to multiple STAs in technologies like multi-user MIMO. The TGn channel model document specifies the cluster AoAs and AoDs for point to point single user transmissions. Extensions of these AoDs and AoAs to the multi-user case are needed.
Physical Reasoning
In [5], it is shown that for the same receiver location, different transmitter locations lead to a different AoA at the receiver. Specifically, the measurements report that clusters AoA vary by 0-20 degrees in NLOS scenario (class room) and 0-60 degrees in LOS scenario (great hall), depending on location.  This is equivalent to a mutli-user MIMO scenario where we fix the transmitter location and have the receivers at different locations. Based on the results shown in [5], we conjecture that for the same transmitter location, different receiver locations lead to a different AoD at the transmitter.
However, from a physical point of view, it is clear that if all the scatterers in the channel are very close to the AP, then the AoD will be similar regardless of STA location or orientation. See 3 below.
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Figure 3: NLOS channel with scatterers very close to the AP
 
However, not all scenarios fall in this category. In LOS channels, as shown in Figure 4, AoDs for the main LOS component (and the resulting steering vectors) will be different for different clients. Enforcing identical AoDs in this case is not physically realistic. More importantly such a restriction will “break” multi-user transmission in pure LOS scenarios if the steering vectors are deemed identical. 
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Figure 4:  A typical depiction of a pure LOS scenario
Furthermore, there will be scenarios where not all clusters are close to the AP, or where different clusters will be relevant to different clients as can be seen in Figure 5 below. This is supported by the findings in [5] where the authors show that some clusters are relevant for one location, whereas absent in other locations. Enforcing identical AoD in this case will lower SDMA capacity.
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Figure 5: A typical NLOS situation where scatterers are far away from the AP
Justification for different AoDs through performance simulations
However, physical arguments alone are not sufficient to justify adding complexity to the existing TGn channel model. The additional complexity is justified only if there is a significant impact on system performance by assuming unequal AoDs. To investigate these further, simulations were performed to evaluate sensitivity of SDMA channel capacity to unequal AoD among users. Below we list the assumptions and the scenarios under which we perform the simulations.

· Assumptions:

· 16 TX antennas, 8 STAs, 2 RX antennas per STA

· TGn channel models B, D (LOS and NLOS scenarios) used as baseline

· AoD and AoA as specified in the TGn channel model document

· Composite multi-user channel matrix constructed from vertical concatenation of 8  2x16 channel matrices
· Clients are effectively uncorrelated from each other
· Scenarios:

1. TGn-defined cluster AoDs and AoAs used for all clients 
2. For each client, a random offset is added to cluster AoDs and AoAs (all cluster angles for a single client are rotated by the same amount)
· AoD offsets uniformly distributed between ±30°
· AoA offsets uniformly distributed between ±180°
Channel Capacity Analysis
For each random scenario, we generate 200 composite channel realizations. Sum-average channel capacity is determined for each realization from MMSE post-processing SINRs as described in Section 3. Finally, CDFs are generated across all 200 channel instances. 
Figure 6 below shows capacity CDFs for the two scenarios based on TGn Channel Model B. In each case, the thick black curve represents Scenario 1, where all clients use the same AoA and AoD, while the thin curves represent ten independent instances of Scenario 2, where each client uses an AoA and AoD offset from the TGn definitions by a fixed random amount as described above. In LOS conditions, capacity improves by 20% when different per-client AoDs and AoAs are assumed, depending on the chosen angular offsets. The principal mechanism for this capacity improvement is because (a) the AoD variation in LOS channel component leads to variation of steering vectors across clients and (b) Cluster AoD diversity across clients leads to decrease in Tx antenna correlation, especially for model with small AS (few clusters).  The improvement is less pronounced under NLOS conditions due to the absence of LOS path.  
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Figure 6: CDFs of modelled SDMA channel capacity, based on TGn Channel Model B (left: LOS; right: NLOS). The thick black curve represents the case where TGn-defined AoAs and AoDs are used for all clients. The thin curves show 5 different cases where random offsets from the TGn AoDs and AoAs are applied for each client.

Figure 7 shows the capacity CDFs for the two scenarios based on TGn Channel Model D. Here, the combined impact of AoA and AoD diversity is ambiguous under LOS conditions (-12% to 6%) and always negative under NLOS conditions (down to -15%). 
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Figure 7: CDFs of modelled multi-user channel capacity, based on TGn Channel Model D (left: LOS; right: NLOS). The thick black curve represents the case where TGn-defined AoA and AoD are used for all clients. The thin curves show 5 different cases where random offsets from the TGn AoDs and AoAs are applied for each client.

This contradiction with the results of Model B is clarified in Figure 8, which shows the same two multi-user scenarios, but where only the AoD is varied between clients – the TGn-defined cluster AoAs are used for all clients. Here, angle diversity improves capacity in almost all cases. As with Model B, the effect is more pronounced in the LOS scenario than the NLOS. 
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Figure 8: CDFs of modelled multi-user channel capacity, based on TGn Channel Model D (left: LOS; right: NLOS). Same scenario as shown in Figure 6, but only AoD is varied between users. TGn-defined cluster AoAs are used for all clients.
The contrast between the results in Figure 7 and Figure 8 indicates that AoA diversity indeed played a negative role in the case of TGn Model D.  This is because the TGn-defined AoAs for the three Model D clusters are near-optimal in terms of RX correlation for a linear antenna array. Any common rotation of these three cluster AoAs tends to produce a less favorable RX correlation matrix for a single client. Consequently, randomly rotating these AoAs for each user in a composite multi-user MIMO channel will tend to diminish capacity compared to using the TGn values for all users. We did not observe this phenomenon for Model B, which suggests that rotating the cluster AoAs for that model has a less biased effect on RX correlation than in Model D. 
To conclude, these results show that AoD diversity across STAs significantly impacts multi-user MIMO performance in LOS channel models. Multi-user performance is also sensitive to AoD in NLOS scenarios with small AS (few clusters) such as Channel Model B. As seen in Figure 7, AoD diversity between clients has less of an effect in channels where there is already significant angular spread, such as Model D NLOS. 

5. Incorporating Dual-Polarized Antennas

By exploiting polarization diversity in the channel, dual-polarized antennas allow for maximal MIMO channel capacity while minimizing real estate in devices with large number of antennas. We believe dual-pol antennas are likely to be employed in TGac devices. 
Using the same transmitter and receiver locations as the channel measurements depicted in Section 3, we collected 8x8 channel data using an array of 4 co-located cross-polarized slot antenna pairs at both the transmitter and receiver. MIMO channel capacities were calculated as described previously.
For comparison to the measurements, we implemented the polarization diversity extensions to the TGn channel model suggested in Erceg et al., and extended the model to an 8x8 channel as described in Section 3. We assumed an XPD value of 10 dB for the steering matrix HF, and a 3 dB XPD value for the variable matrix Hv. We furthermore assumed 0.2 correlations for co-located cross-polarized antenna elements. 

Figure 9 shows the results of the measurements and analysis. In contrast to the linear dipole array measurements shown in Section 3, which generally fell between the Model B and Model D predictions (with a few measurements falling below Model B), these measurements are more tightly clustered, and are generally centered on the Model D predictions. This suggests that the addition of polarization diversity causes even strongly directional LOS channels to more closely resemble NLOS conditions.
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Figure 9: MIMO-LogDet (left) and MIMO-MMSE Precoded (right) channel capacity for measurements and model predictions incorporating polarization diversity.
Based on the outcome of these results, we believe the polarization diversity extensions to the TGn channel model suggested in Erceg et al. are realistic and should be implemented in the TGac channel model. 
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AP may have a similar AoDs for clusters regardless of transmission to STA-1 or STA-2





Scenario:   NLOS channel with scatterers close to AP
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From Physics, AP has a different AoD to STA-1 and STA-2. This implies that, the LOS steering vectors to STA-1 and STA-2 are different





Scenario: Pure LOS channel
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Different scatterers may be relevant to different STAs. This would imply that AP may have a different AoDs for clusters corresponding to STA-1 and STA-2





Scenario: NLOS channel with scatterers far away from AP
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