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Abstract

A novel 4Tx diversity scheme for use with sub-array antenna configurations is proposed for the TR 25.869. A major advantage of the proposed 4Tx diversity scheme is that Node B and UE can reuse the implemented signal processing algorithms for R99/4/5 2Tx diversity, and thus the additional implementation and testing effort in Node B and UE is kept at minimum. Computer simulation results further indicate significant advantages compared to other 4Tx diversity proposals in terms of error rate performance gains and robustness in case of moderate-to-high UE velocity or feedback errors.

1. Introduction

This contribution is a revision of R1-03-0740 submitted to RAN1#33.

Tx diversity solutions with more than two Tx antennas have been investigated for possible inclusion in Release 6 of the UTRA standards. TR 25.869 [1] summarises such Tx diversity proposals.

Tx diversity schemes with two Tx antennas are already included in R99/4/5 specifications of UTRA. In UTRA/FDD, to which this contribution is confined, in particular 2Tx open loop STTD and 2Tx closed loop diversity Mode 1 and Mode 2 are applicable to the downlink DPCH [2]. 

In this contribution, we propose a 4Tx diversity transmission scheme for use with antenna configurations in which the antennas are preferably arranged in two sub-arrays, either two spatially separated linear-polarised 2-element arrays, or a 2-element cross-polarised array. We consider such a sub-array antenna arrangement an attractive alternative to pure diversity or beamforming solutions, in particular due to the compact antenna size and due to the combination of spatial/polarisation diversity gain and beamforming gain that is achievable in both uplink and downlink.

The proposed 4Tx open loop – closed loop (OL-CL) diversity scheme achieves a spatial/polarisation diversity gain by using 2Tx STTD between the sub-arrays, and an additional beamforming gain by applying 2Tx CL Mode 1 within each sub-array. 

A major advantage of the proposed 4Tx OL-CL diversity scheme is that Node B and UE can reuse the implemented signal processing algorithms for R99/4/5 2Tx diversity, and thus the additional implementation and testing effort in Node B and UE is kept at minimum. A further advantage is that the gain in error rate performance versus the 1Tx baseline is approximately constant over a wide range of UE velocities.

2. 4Tx Open Loop – Closed Loop Diversity

The Node B transmit part of the proposed 4Tx OL-CL diversity scheme is depicted in Figure 1. The symbol stream to be transmitted is split into two STTD encoded sub-streams. These two sub-streams are transmitted via different 2Tx sub-arrays, each using 2Tx closed loop diversity (i.e. a complex-valued weighting factor is used per 2Tx sub-array). A spatial or polarisation diversity gain is achievable in downlink by means of the STTD component, provided the sub-arrays are well separated in position or polarisation orientation, respectively. The 2Tx closed loop diversity mechanisms are used with the sub-arrays in order to provide downlink beamforming gain. In principle, both Mode 1 and Mode 2 of R99/4/5 2Tx closed loop diversity can be applied. However, Mode 1 is preferable for beamforming applications, as the transmit power is balanced among the antenna elements. 
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Figure 1: Node B transmit part of proposed 4Tx OL-CL diversity scheme.

We use a notation as indicated in Figure 1 to describe the UE receiver algorithms for the 1Rx case. For the sake of convenience, we assume four one-path fading channels characterised by the complex-valued coefficients h1, h2, h3, and h4. It should be noted that the proposed 4Tx OL-CL diversity scheme is applicable also in multipath case. In response to the two transmitted symbols s0 and s1, the UE receives the two symbols
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where w1 and w2 denote the complex-valued antenna weights for 2Tx closed loop diversity for sub-array 1 and 2, respectively, and s* denotes the conjugate complex of the symbol s. UE performs channel estimation for all the four propagation channels, e.g., by means of a CPICH transmission scheme for >2Tx antennas as described in §6 of the TR 25.869 [1]. Using knowledge of the channel coefficients h1, h2, h3, and h4, and knowledge of the antenna weights w1 and w2, UE applies its R99/4/5 channel weighting algorithm to compute the effective channel coefficients 
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 seen from sub-array 1 and sub-array 2, respectively. UE can now apply the R99/4/5 STTD decoding algorithm in order to obtain estimates ŝ0 and ŝ1 of the transmitted symbols s0 and s1 according to
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To determine optimum antenna weights w1 and w2, UE applies its R99/4/5 feedback information computation algorithm such as to separately maximise 
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 cf. Annex A of [3]. 

The building blocks of a UE receiver are sketched in Figure 2 for 2Tx STTD, 2Tx closed loop diversity and 4Tx OL-CL diversity transmission. As can be seen, the proposed 4Tx OL-CL diversity scheme has the advantage that the UE can fully reuse its R99/4/5 receiver algorithms. Additional implementation effort in the UE is mainly confined to channel estimation with a CPICH transmission scheme for >2Tx antennas, and to using a novel feedback information (FBI) transmission scheme. Further, additional computational complexity is required in the UE as the STTD decoding has to be carried out in conjunction with the channel weighting and feedback information computation algorithms of the closed loop scheme. It should be noted that the feedback information computation is carried out as often as with 2Tx CL diversity, as the capacity for FBI on the UL DPCCH is limited to 1 bit per slot, and thus an FBI transmission scheme is used in which the bits to represent the weights w1 and w2 of the two sub-arrays are transmitted in time multiplex. An FBI transmission scheme for use with 4Tx OL-CL diversity is proposed in Figure 3.

Additional Node B implementation complexity compared to R99/4/5 2Tx diversity, apart from using four Tx antennas and the related RF and baseband processing requirements, is mainly confined to implementing a weighting mechanism for two signal paths (i.e. duplication of weighting mechanism used for R99/4/5 closed loop 2Tx diversity). No antenna calibration mechanism is needed in Node B for closed loop beamforming.
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Figure 2: Building blocks of a UE receiver in case of (a) 2Tx STTD, (b) 2Tx closed loop diversity and (c) 4Tx OL-CL diversity transmission. Blocks related with feedback information are carried out once per slot, and the other building blocks are shown for a single finger after the despreading. Blue and green colours indicate that R99/4/5 algorithms can be reused, whereas red colour indicates an algorithm not used in R99/4/5.
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Figure 3: Possible FBI transmission scheme for 4Tx OL-CL diversity scheme. Per antenna weight w, a bit pair (I,Q) is used for coding the phase of w as with R99/4/5 2Tx CL Mode 1, i.e., I/Q = +1 if real/imaginary part of w > 0, 0 else. The bit I/Q transmitted in slot #i is updated in the same slot prior to transmission.

3. Link Level Simulation Results

We assessed the error rate performance of the proposed 4Tx OL-CL diversity scheme in link level simulations, and compared it with the error rate performances of other Tx diversity solutions:

· 1Tx (no Tx diversity) baseline scheme,

· R99/4/5 2Tx closed loop diversity Mode 1 based on a linear array (pure closed loop beamforming),

· 4Tx closed loop diversity based on a pure spatial diversity antenna arrangement, using the ‘closed loop transmit diversity mode 2 (4p0g) with reduced states for 4 elements’ as described in §5.5 of the TR 25.869 [1].

· 4Tx closed loop diversity based on a 2x2 sub-array antenna arrangement (two spatially separated 2-element linear arrays, pure closed loop beamforming with the sub-arrays), using a scheme similar to the ‘Tx diversity scheme with beamforming feature’ as described in §5.4 of the TR 25.869 [1].

· 4Tx OL-CL diversity based on a 2x2 sub-array antenna arrangement (two spatially separated 2-element linear arrays, pure closed loop beamforming with the sub-arrays).

Our performance results are summarised in Figures 4-6. In these figures, the Ec/Ior of DPCH required to achieve 10% uncoded bit error rate is depicted versus UE velocity (same ordering of schemes as above is used in the figure legends). We used the following simulation assumptions:

· Node B transmitting P-CPICHs, DPCH and OCNS,

· Channel estimation using CPICH scheme with one P-CPICH per Tx antenna, as described in §6.1.1 of the TR 25.869 [1], and with equal gain in all branches (g=1),

· Ideal knowledge of path delays at UE receiver,

· Aggregate CPICH power = 10% of total Node B output power, irrespective of number of Tx antennas,

· OCNS to model intra-cell interference, OCNS signal consisting of 16 dedicated data channels (cf. Table C.6 of [4]) transmitted to 16 spatially uniformly distributed UEs.

· The Tx diversity method under test is applied to DPCH and all OCNS channels.

· Inner loop power control off,

· Constant geometry factor Ior/Ioc = -1dB.

· Closed loop schemes use feedback scheme as with R99/4/5 CL Mode 1 (i.e. 2 bit phase information and no amplitude information per weight) per antenna branch, one FBI bit per slot is transmitted in uplink.

· With closed loop schemes, we assume 4% bit error rate for feedback of antenna weights, if not stated otherwise.

· With closed loop schemes, two options regarding the use of antenna verification are investigated: ideal antenna verification (i.e. UE receiver has perfect knowledge of antenna weights used at Node B transmit site) and absence of antenna verification (i.e. UE receiver assumes error-free feedback signalling of the antenna weights to the Node B).

· We assume uncorrelated channel fades between spatially separated antennas, and fully correlated channel fades between antenna elements of a linear array.

· The simulated area corresponds to a single 120 degree sector, using antennas with 90 degree half power beamwidth (HPBW), and the position of the UE under test is averaged over 120 degrees.

3.1. Simulation Results with Ideal Antenna Verification

Simulation results in case of ideal antenna verification are summarised in Figures 4 and 5 for one-tap Rayleigh fading and Vehicular A channel, respectively.

As can be seen in Figures 4 and 5, the gain in error rate performance of the proposed 4Tx OL-CL diversity scheme versus the 1Tx baseline is approximately constant over the simulated range of UE velocities. This is a consequence of the closed loop beamforming mechanism which due to the narrow antenna spacing is insensitive to UE movement. The gain in uncoded BER versus the 1Tx baseline amounts to about 4.3dB in the one-path Rayleigh fading case, and to about 2.5dB in case of Vehicular A channel.

Versus 2Tx closed loop beamforming, the gain in error rate performance of the proposed 4Tx OL-CL diversity scheme amounts to about 1.9dB and 0.3dB in case of one-path Rayleigh fading and Vehicular A channel, respectively. These gains are approximately constant over the simulated range of UE velocities.
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Figure 4: Ec/Ior of DPCH required to achieve 10% uncoded BER versus UE velocity for one-path Rayleigh fading channel.
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Figure 5: Ec/Ior of DPCH required to achieve 10% uncoded BER versus UE velocity for Vehicular A channel.

As compared to 4Tx pure closed loop diversity techniques, either 4Tx CL diversity or 4Tx CL diversity with beamforming feature, the 4Tx OL-CL diversity scheme is outperformed in the range of low or low-to-moderate UE velocities, respectively. However, due to the large spacing between the antennas or sub-arrays, respectively, and due to the increased number of feedback weights, the 4Tx pure closed loop diversity schemes are comparatively sensitive to UE movement and feedback errors, and their error rate performances tend to degrade with increasing UE velocity and with increasing feedback error rate.

As compared to 4Tx CL diversity, the 4Tx OL-CL diversity scheme is outperformed at UE velocities of up to 10-25km/h, the losses amounting up to about 2.2dB and 0.6dB in case of one-path Rayleigh fading and Vehicular A channel, respectively. However, the 4Tx CL diversity scheme results in significant performance losses versus the proposed 4Tx OL-CL diversity scheme if the UE velocity exceeds a value greater than 10-25km/h. At 50km/h UE velocity, the performance loss of 4Tx CL diversity as compared to 4Tx OL-CL diversity amounts to about 2.1dB for both one-path Rayleigh fading and Vehicular A channel. For UE velocities greater than about 70km/h, the performance of the 4Tx CL diversity scheme can even be outperformed by the 1Tx transmission scheme.

As compared to 4Tx CL diversity with beamforming feature, the 4Tx OL-CL diversity scheme is outperformed at UE velocities of up to 60-80km/h, the losses amounting up to about 1.7dB and 1.2dB in case of one-path Rayleigh fading and Vehicular A channel, respectively. However, the 4Tx CL diversity scheme with beamforming feature results in significant performance losses versus the proposed 4Tx OL-CL diversity scheme if the UE velocity exceeds a value greater than 60-80km/h, particularly in case of limited multipath. At 120km/h UE velocity, the performance loss of 4Tx CL diversity with beamforming feature as compared to 4Tx OL-CL diversity amounts to about 2.3dB and 0.7dB for one-path Rayleigh fading and Vehicular A channel, respectively. For UE velocities greater than about 100km/h, the performance of the 4Tx CL diversity scheme with beamforming feature can even be outperformed by the 2Tx closed loop beamforming scheme. 

It should be emphasised that the performance advantages of 4Tx CL diversity with beamforming feature versus 4Tx OL-CL diversity, as observed in Figures 4 and 5 in the range of low-to-moderate UE velocities, further diminish in case of increasing feedback error rate and/or non-ideal antenna verification. This is briefly discussed in the sequel. 

3.2. Simulation Results in Absence of Antenna Verification

Simulation results in the absence of antenna verification are presented in Figure 6 for 4Tx OL-CL diversity and 4Tx CL diversity with beamforming feature, together with the 1Tx baseline. In Figure 6, we assume one-path Rayleigh fading and 4% and/or 8% bit error rate for the feedback of antenna weights.
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Figure 6: Ec/Ior of DPCH required to achieve 10% uncoded BER versus UE velocity for one-path Rayleigh fading channel. Bit error rates of 4% (solid) and 8% (dashed) are assumed for the feedback of antenna weights.

As can be seen in Figure 6, the gain in error rate performance of the proposed 4Tx OL-CL diversity scheme versus the 1Tx baseline is approximately constant over the simulated range of UE velocities, even in the absence of antenna verification and in the presence of significant feedback bit error rates of up to 8%. In case of 4% feedback bit error rate, the gain in uncoded BER versus the 1Tx baseline amounts to about 3.8dB. This compares to a gain of about 4.3dB in case of ideal antenna verification. In case of 8% feedback bit error rate, the gain in uncoded BER versus the 1Tx baseline still amounts to about 2.9dB. The observed robustness of the 4Tx OL-CL diversity scheme in the presence of feedback transmission errors can partly be explained by the impact of the STTD component which prevents destructive addition of the signals transmitted by the different sub-arrays.

In case of 4% feedback bit error rate, the maximum UE velocity for which 4Tx CL diversity with beamforming feature outperforms 4Tx OL-CL diversity reduces to about 40km/h in the absence of antenna verification. In case of 8% feedback bit error rate, no performance advantage is achieved with 4Tx CL diversity with beamforming feature as compared to 4Tx OL-CL diversity. Further, the error rate performance of the 4Tx CL diversity scheme with beamforming feature degrades with increasing UE velocity. For UE velocities greater than 55-105km/h, the 4Tx CL diversity scheme with beamforming feature can even be outperformed by the 1Tx transmission scheme.

From Figure 6, we conclude that the proposed 4Tx OL-CL diversity scheme offers a high degree of robustness in the presence of feedback transmission errors. The error rate performance of the 4Tx CL diversity scheme with beamforming feature on the other hand shows significant degradation in the presence of feedback transmission errors and/or moderate-to-high UE velocity.

4. Summary and Conclusions

We investigated the error rate performance of a novel 4Tx open loop – closed loop (OL-CL) diversity scheme for application with sub-array antenna configurations. This scheme makes use of the R99/4/5 2Tx diversity algorithms, both in Node B transmitter and UE receiver. Either of the two STTD encoded sub-streams is transmitted via a sub-array, each sub-array applying a 2Tx CL Mode 1 weight mechanism. The proposed scheme has the following advantages:

· Low implementation and testing effort due to reuse of R99/4/5 Tx diversity algorithms in Node B transmitter and UE receiver.

· Combined spatial/polarisation diversity and beamforming gain due to combination of open loop STTD and closed loop beamforming.

· No antenna calibration mechanisms needed in Node B to achieve downlink beamforming gain.

· Due to small antenna spacing, closed loop beamforming is insensitive to UE movement.

· Gain in error rate performance versus conventional 1Tx scheme of up to 4.3dB, this gain being approximately constant over wide range of UE velocities.

· Significant performance advantages compared to other studied 4Tx diversity proposals in terms of:

· gains in error rate performance versus the 1Tx baseline scheme,

· robustness in case of increasing UE velocity,

· and robustness in case of increasing feedback error rate.

· Due to insensitivity to UE movement, no UE velocity estimate is needed in RNC in order to select the optimum Tx diversity mode for the UE.

We propose to include a text proposal covering the investigated 4Tx OL-CL diversity scheme in the TR 25.869. The text proposal is given in the Appendix.
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5
Descriptions of Studied Concepts

5.1
4Tx OL-CL Diversity

It is desirable that Tx diversity solutions shall be applicable to a variety of different antenna constellations. The 4Tx open loop – closed loop (OL-CL) diversity scheme [1] is suitable for application with sub-array antenna arrangements, in which case a combined spatial/polarisation diversity and beamforming gain is achievable. Possible 4Tx sub-array antenna arrangements include two spatially separated 2-element linear-polarised arrays or an array using two cross-polarised elements.

The 4Tx OL-CL scheme is further characterised by the following design considerations:

· The 4Tx OL-CL scheme combines the existing R99/4/5 2Tx diversity solutions. Node B and UE can therefore reuse the implemented signal processing algorithms for 2Tx diversity, and thus the additional implementation and testing effort in Node B and UE is comparatively low.

· Closed loop feedback mechanisms are applied in order to provide beamforming gain. This has the advantage that the gain in error rate performance versus a 1Tx scheme is approximately constant over a wide range of UE velocities.

The Node B transmit part of the 4Tx OL-CL diversity scheme is depicted in Figure 1. The symbol stream to be transmitted is split into two STTD encoded sub-streams. These two sub-streams are transmitted via different 2Tx sub-arrays, each using 2Tx closed loop diversity (i.e. a complex-valued weighting factor is used per 2Tx sub-array). A spatial or polarisation diversity gain is achievable in downlink by means of the STTD component, provided the sub-arrays are well separated in position or polarisation orientation, respectively. The 2Tx closed loop diversity mechanisms are used with the sub-arrays in order to provide downlink beamforming gain. In principle, both Mode 1 and Mode 2 of R99/4/5 2Tx closed loop diversity can be applied. However, Mode 1 is preferable for beamforming applications, as the transmit power is balanced among the antenna elements. 
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Figure 1: Node B transmit part of 4Tx OL-CL diversity scheme.

We use a notation as indicated in Figure 1 to describe the UE receiver algorithms for the 1Rx case. For the sake of convenience, four one-path fading channels characterised by the complex-valued coefficients h1, h2, h3, and h4 are assumed. It should be noted that the 4Tx OL-CL diversity scheme is applicable also in multipath case. In response to the two transmitted symbols s0 and s1, the UE receives the two symbols
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where w1 and w2 denote the complex-valued antenna weights for 2Tx closed loop diversity for sub-array 1 and 2, respectively, and s* denotes the conjugate complex of the symbol s. UE performs channel estimation for all the four propagation channels, e.g., by means of a CPICH transmission scheme for >2Tx antennas as described in §6. Using knowledge of the channel coefficients h1, h2, h3, and h4, and knowledge of the antenna weights w1 and w2, UE applies its R99/4/5 channel weighting algorithm to compute the effective channel coefficients 
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 seen from sub-array 1 and sub-array 2, respectively. UE can now apply the R99/4/5 STTD decoding algorithm in order to obtain estimates ŝ0 and ŝ1 of the transmitted symbols s0 and s1 according to
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To determine optimum antenna weights w1 and w2, UE applies its R99/4/5 feedback information computation algorithm such as to separately maximise 
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The building blocks of a UE receiver are sketched in Figure 2 for 2Tx STTD, 2Tx closed loop diversity and 4Tx OL-CL diversity transmission. With the 4Tx OL-CL diversity scheme, the UE can fully reuse its R99/4/5 receiver algorithms. Additional implementation effort in the UE is mainly confined to channel estimation with a CPICH transmission scheme for >2Tx antennas, and to using a novel feedback information (FBI) transmission scheme. Further, additional computational complexity is required in the UE as the STTD decoding has to be carried out in conjunction with the channel weighting and feedback information computation algorithms of the closed loop scheme. It should be noted that the feedback information computation is carried out as often as with 2Tx CL diversity, as the capacity for FBI on the UL DPCCH is limited to 1 bit per slot, and thus a FBI transmission scheme is used in which the bits to represent the weights w1 and w2 of the two sub-arrays are transmitted in time multiplex. An FBI transmission scheme for use with 4Tx OL-CL diversity is proposed in Figure 3
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Figure 2: Building blocks of a UE receiver in case of (a) 2Tx STTD, (b) 2Tx closed loop diversity and (c) 4Tx OL-CL diversity transmission. Blocks related with feedback information are carried out once per slot, and the other building blocks are shown for a single finger after the despreading. Blue and green colours indicate that R99/4/5 algorithms can be reused, whereas red colour indicates an algorithm not used in R99/4/5.
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Figure 3: Possible FBI transmission scheme for 4Tx OL-CL diversity scheme. Per antenna weight w, a bit pair (I,Q) is used for coding the phase of w as with R99/4/5 2Tx CL Mode 1, i.e., I/Q = +1 if real/imaginary part of w > 0, 0 else. The bit I/Q transmitted in slot #i is updated in the same slot prior to transmission.

Additional Node B implementation complexity compared to R99/4/5 2Tx diversity, apart from using four Tx antennas and the related RF and baseband processing requirements, is mainly confined to implementing a weighting mechanism for two signal paths (i.e. duplication of weighting mechanism used for R99/4/5 closed loop 2Tx diversity). No antenna calibration mechanism is needed in Node B for closed loop beamforming.
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