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1
Introduction
The following agreements [1] were reached during RAN4#59 related to CQI testing for eDL-MIMO:
•
Option 2 – MIMO configuration = 4x2 FDD and 8x2 TDD (agreement from RAN4#58AH) – is agreed with phase error for the static test to be further studied until the next meeting.

•
Static test = PUCCH 1-1

•
Frequency non-selective fading = PUCCH 1-1

•
Frequency selective fading = PUSCH 3-1

•
Channel precoding: Fixed PMI is the working assumption. If cabling effect is shown to be an issue in the static test, then we will revisit this test setting.

•
Static channel proposal in R4-112849 is to be adopted as the working assumption. If cabling effect is shown to be an issue in the static test, then we will revisit this.

•
CRS is the baseline for interference estimation for deriving performance requirements.

•
No frequency selective interference test is needed.

•
Simulation work could start with FDD first.
The above mentioned “cabling effect” refers to potential phase impairments induced at the test equipment (TE) to the equivalent transmission channel. In the following we discuss its implications to CQI testing for eDL-MIMO.
2
Agreed CQI test framework for eDL-MIMO
The current agreements in [1][2] on CQI testing for eDL-MIMO are summarized in Table 1.
Table 1: Currently agreed CQI test framework for eDL-MIMO
	
	Test
	Number of codewords
	Channel bandwidth
	Reporting mode
	Propagation channel
	Antenna conf.
	Antenna corr.

	CQI tests
	Static test
	2
	10 MHz
	PUCCH 1-1
	Static
	4x2 (FDD)

8x2 (TDD)
	-

	
	Frequency non-selective test
	1
	10 MHz
	PUCCH 1-1
	EPA5
	4x2 (FDD)

8x2 (TDD)
	ULA H/H

	
	Frequency selective test
	1
	10 MHz
	PUSCH 3-1
	2-tap
	4x2 (FDD)

8x2 (TDD)
	Full correlation


CQI testing for eDL-MIMO will consist of two main classes of tests: static and fading CQI tests.
Static CQI tests:

The CQI reporting accuracy in static conditions will be verified by using a similar approach as in LTE Rel-8, i.e. by enforcing a static propagation channel being frequency flat and time-invariant. The difference to Rel-8 is that higher number of transmit (Tx) antennas is now used – 4x2 configuration for FDD, 8x2 for TDD – instead of 1x2 and 2x2 configurations. The basic intention of the test is to verify that the reported CQI follows the RAN1 CQI definition in terms of BLER, assuming a dual-codeword setup (i.e. rank-2 transmission). It was agreed to apply a fixed precoder (PMI) to the data prior to the static channel, which ensures, at least in theory, the orthogonality of the MIMO streams and maximum beamforming gain and thus maximum receiver side sum of SINR over the spatial layers. The matrices proposed in [4] seem feasible choices for 4x2 and 8x2 configurations, given that the beamforming gain is properly taken into account in the test case definitions.
Fading CQI tests:
The goal of these tests is to verify CQI reporting under time- or frequency-selective conditions and to capture potential excessive averaging of the channel component when deriving CQI estimates. These tests are run in a single-codeword setup (i.e. rank-1 transmission) under high spatial correlation. There were divergent opinions on how the PMI feedback should be accounted in the eNB scheduling decisions. It is now tentatively agreed [1] that the precoder applied by the eNB should be fixed via precoder subset restriction. The fixed precoder is practically selected as the one ensuring maximum beamforming gain (hence the closest to the main direction of the channel) in order to isolate the verification of the CQI from the verification of the PMI. While such configuration could be feasible in theory, it is unclear whether a certain “main direction” can be guaranteed in a practical test setup given the possibility of phase impairments within the equivalent transmission channel. 
In the following section, we investigate potential impairments that test equipments could introduce to the transmission channel and analyse the implications on CQI testing through analytical derivations and simulations.

3
Modeling of phase impairments during CQI tests
As already pointed out in [3], phase impairment introduced by the test equipment could potentially alter the equivalent transmission channel used for CQI testing purposes. Let us start from the tentatively agreed proposal of using a fixed PMI in CQI tests. Assuming Nt transmit and Nr receive antennas, the baseband transmission model for one subcarrier then reads as follows:
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where y is the received signal vector of size Nr x 1, H is the MIMO channel matrix of size Nr x Nt, Wfixed is the fixed precoding matrix of size Nt x R, R being the transmission rank, x is the input signal vector of size R x 1, and n is the AWGN component of size Nr x 1. It is assumed that 
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being the identity matrix of size K x K. The MIMO channel matrix H is selected depending on the type of CQI test.
· For CQI tests under AWGN conditions, static channels in [4] are assumed:

· For 2-port transmission (in Rel-8/9 CQI testing) the channel matrix is defined in the frequency domain by:
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· For 4-port transmission the channel matrix is defined in the frequency domain by:
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· For 8-port transmission the channel matrix is defined in the frequency domain by:
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The intention in static CQI testing is to operate with a static – time-invariant and frequency-flat – equivalent channel profile. This is done through the use of one of the above matrices (depending on the number of Tx antennas) with the corresponding optimum fixed (rank-2) PMI through codebook subset restriction.
· For fading CQI tests, the channel profile is either EPA5 (frequency non-selective CQI) or 2-tap (frequency selective CQI) with high spatial correlation. The channel matrix H stems accordingly.
The fixed rank-2 precoders are defined as follows:
· For 2 port transmission: 
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· For 4 port transmission: 
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· For 8 port transmission: 
[image: image11.wmf]4

/

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

T

fixed

ú

û

ù

ê

ë

é

-

-

-

-

=

W

.
One may then rewrite equation (1) as: 
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where the matrix He of size Nr x R represents the equivalent channel matrix for the transmission. After offline discussion with test equipment (TE) vendors during RAN4#59, it appeared that depending on TE implementation, there may be practical difficulties in generating such equivalent channels because of phase misalignments in test systems at the input of the channel emulator (faders). The logical structure of test systems is described in Annex A of [5]. For instance the connection diagram corresponding to 4x2 antenna configuration ([5], Figure A.11) is illustrated in Figure 1. 
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Figure 1: Connection for RX performance tests with antenna configuration 4x2 (transmit diversity) 
As noted in [5], these connection diagrams do not mandate real implementations. In the following, we distinguish two possible test system implementations (illustrated conceptually in figures below):
· Test system implementation A (Figure 2): Test signal generation including the channel emulator operate in baseband before RF-conversion. The resulting Nt outputs are then RF-converted and input to the UE. For test system implementation A, it is seen that the Nt outputs resulting from the precoding operation Wx are fed to the channel emulator in baseband, hence no phase misalignment can occur in-between. The resulting signal HWx is then modulated and converted to RF. There may still exist phase differences between the two Rx paths – random, but quasi-static during the test duration – but these will be compensated by UE processing (channel estimation and equalization). Therefore, there is no degradation of post-processing SINRs and hence no impact to be expected on CQI testing. 
· Test system implementation B (Figure 3): Test signal generation operates in baseband and the resulting RF-converted Nt signal outputs are fed as input to the channel generator. The outputs of the channel generator (at RF level) are then input to the UE. For test system implementation B, the Nt outputs resulting from the precoding operation Wx are first modulated and RF-converted prior to be input to the channel emulator. Phase differences – random, but quasi-static during the test duration – are likely to exist between the Nt precoded inputs to the channel generator. This effect is only relevant when R<Nt and cannot be cancelled at UE side. It can be understood in two equivalent ways: 

a) A rotation of the resulting transmit precoder from the left by a diagonal matrix D of phases: DW. If the precoder has different size than Nt x Nt, the result is not anymore equal to the intended precoder as each element of a column has been multiplied by a different phase and a column of a precoder represents the transmit antenna weights.
b) A new (random) static channel, not the intended one, which does not match the chosen fixed precoder. The channel has been multiplied by the diagonal matrix of phases D from the right: HD. This means that each element of a row of the channel matrix has been multiplied by a different phase value. A row of a channel matrix represents the channel from each transmit antenna to a receive antenna.
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Figure 2: Possible test system implementation A
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Figure 3: Possible test system implementation B


Thus, with test system implementation B, it is seen that there is no guarantee in practice that a UE plugged to a TE would experience an equivalent channel matrix He equal to the intended one because of possible phase misalignment of signals input to the channel emulator (faders). We now focus on the impacts of phase misalignments to CQI testing assuming such test system implementation. According to TE vendors, the phase impairments may be modelled as random complex phasors which remain static during the duration of a given realization of the CQI test. These multiply each Tx branch input to the channel emulator as described above in b). Since it is sufficient to model the phases relative to the first preceoded stream, we write the equivalent transmission model with phase impairments as follows: 
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with 
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 where the diagonal matrix D of size Nt x Nt is defined as:
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with k, k=1, …, Nt-1, being defined as random uniformly distributed phases within [0, 2[.
We now take a look at the post processing SINR for the i-th spatial layer at the output of the MMSE filter, which reads:
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where 
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is the receiver side MMSE equalizer and
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 are defined as the i-th line and i-th column of matrices 
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4
Impact of phase impairments to static CQI tests

We have run simulations over a total 10000 static CQI test realizations and derived the cumulative density function (c.d.f) of the post-processing SINR in dB for codeword 0 assuming rank-2 transmission (R=2) computed from eq. (4). Static channels defined in previous section are assumed for each given antenna configuration. Results are shown in Figure 4, Figure 5, Figure 6 for Nt={2, 4, 8}-Tx respectively and Nr=2. The SNR is set to 10 dB. Table 2 summarizes the results in terms of mean and standard deviation. Three cases are investigated: 

1. Fixed PMI (ideal): fixed PMI with static channel without phase impairment (eq. (1) or eq. (3) with 
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2. Fixed PMI: fixed PMI with static channel including phase impairment (eq. (3)).
3. Follow PMI: UE-selected PMI over LTE Rel-10 codebooks with static channel including phase impairment.
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Figure 4: Post-equalization SINR cdf (CW0) – 2 Tx
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Figure 5: Post-equalization SINR cdf (CW0) – 4 Tx
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Figure 6: Post-equalization SINR cdf (CW0) – 8 Tx


Table 2: Mean and standard deviation of post-equalization SINR

	Tx/Rx antenna configuration, transmission rank
	Fixed PMI
	Follow PMI
	Fixed PMI (ideal)

	
	Mean [dB]
	Std [dB]
	Mean [dB]
	Std [dB]
	Mean [dB]
	Std [dB]

	2x2, rank-2
	10
	0
	10
	0
	10
	0

	4x2, rank-2
	6.8
	4.8
	12.3
	0.6
	13
	0

	8x2, rank-2
	7.2
	3.9
	12.5
	1.3
	16
	0


On the basis of these results, the following observation can be made:
· For 2 Tx rank-2 transmission, we observe no impact of phase impairments in terms of post-processing SINR (all curves overlap in Figure 4). Precoding has a two-way effect, power steering to the R strongests eigendirections of the channel and orthogonalization between the streams. When a precoder is multiplied by a unitary matrix from the left it alters the power stearing property while multiplication from the right affects the orthogonality of the streams (cross-talk). As a 2x2 channel has two non-zero eigenvalues and assuming two streams (R=2), the transmission occupies the whole signal space of the channel. As the only possibility to transmit two streams in the 2x2 channel is to utilize the two non-zero eigenvalues power steering in this situation is meaningless [6]. Potential phase impairments inherent to certain TE implementation do not have any impact in the case of a 2x2 static channel and rank-2 transmission and there is thus no issue for Rel-8/9 CQI tests since these operate exactly along this configuration. 
· For 4 Tx and 8 Tx rank-2 transmission and fixed PMI, phase impairments impact severely the post-processing SINR (bias and increased variance) as expected, essentially lowering the SINR of the test point. When two data streams are transmitted from Nt>2 antennas, the precoding results in power steering. The channel has Nt eigenvalues from which Nt-Nr are 0. Thus to avoid transmitting the two streams to the null space of the channel, a precoder is chosen to maximize the precoding gain. Even if Nr<Nt, the eigenvalues are typically of different magnitude and the precoding is used to steer the power towards the strongest eigendirections of the channel. A phase matrix between the channel and the precoder results in altering the power steering and thus the precoding gain and subsequent post-equalization SINRs. Since phase errors are random but assumed to be static during one realization of the CQI test, it may happen in practice that a UE plugged to such TE would experience a test point at much lower SINR than the intended one, which may in turn compromise the results of the CQI test itself. The discussion in [3] is confirmed by the results for follow PMI which show that the situation is largely improved by following precoder recommendations from the UE instead of a fixed PMI.
5
Impact of phase impairments to fading CQI tests

Similarly to the static CQI case, we have run simulations over a total 10000 fading CQI test realizations and derived the cumulative density function (c.d.f) of the post-processing SINR in dB for codeword 0 assuming rank-1 transmission (R=1) computed from eq. (4). EPA5 channel with high spatial correlation is assumed. Results are shown in Figure 7 and Figure 8 for Nt={4, 8}-Tx respectively and Nr=2. The SNR is set to 10 dB. Table 2 summarizes the results in terms of mean and standard deviation. Three cases are investigated: 

1. Fixed PMI (ideal): fixed PMI under EPA5 channel (high correlation) without phase impairment.
2. Fixed PMI: fixed PMI under EPA5 channel (high correlation) including phase impairment.

3. Follow PMI: UE-selected PMI over LTE Rel-10 codebooks under EPA5 channel (high correlation) including phase impairment.

	[image: image30.emf]-20 -15 -10 -5 0 5 10 15 20 25 30

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

SINR [dB]

cdf

4x2 rank-1 CW

0

ExtendedPedestrianA,high correlation

 

 

Fixed PMI

Follow PMI

Fixed PMI (ideal)


Figure 7: Post-equalization SINR cdf (CW0) – 4 Tx
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Figure 8: Post-equalization SINR cdf (CW0) – 8 Tx


Table 3: Mean and standard deviation of post-equalization SINR

	Tx/Rx antenna configuration, transmission rank
	Fixed PMI
	Follow PMI
	Fixed PMI (ideal)

	
	Mean [dB]
	Std [dB]
	Mean [dB]
	Std [dB]
	Mean [dB]
	Std [dB]

	4x2, rank-1
	9.0
	6.6
	15.9
	4.5
	16.9
	4.6

	8x2, rank-1
	11.0
	4.6
	17.4
	2.54
	17.9
	3.6


The conclusions are the same as for the static CQI case for 4- and 8-Tx:
· For rank-1 transmission and fixed PMI under fading conditions (EPA5) with high spatial correlation, phase impairments impact severely the post-processing SINR (bias and increased variance) as expected. High spatial correlation enforces a strong dominant direction of the channel and phase impairments alter beam steering towards that direction (less precoding gain) and lead subsequently to lower post-equalization SINRs.
· These results confirm again that that the situation is largely improved by following precoder recommendations from the UE (follow PMI) instead of a fixed PMI.
6
Conclusion
Based on the provided analysis and simulation results, we conclude that Rel-8/9 CQI test are not affected by potential phase impairments introduced by a test equipment prior to of after a static transmission channel, regardless of the test system implementation. For Rel-10 CQI tests, it seems necessary in the light of these findings to either revisit the working assumption of fixed PMI in favour of follow-PMI or to get agreement among test system vendors that test system implementation having no phase impairments can be assumed for Rel-10 CQI tests. Therefore, we make the following way-forward proposal:
Proposal: Revisit the working assumption of fixed PMI in favour of follow-PMI or get agreement among test system vendors that test system implementation having no phase impairments can be assumed for Rel-10 CQI tests.
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