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Introduction

This document presents a general analysis of Eigenbeamformer for Tx-diversity technical report (TS25.869). We would like to introduce a new section for TR, “Concept Analysis”, for chapter 6 (“Performance”), where can be presented a general analysis of different schemas. 
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6. Performance

6.3 Concept analysis

6.3.1 History: Rel’99 TxAA versus STTD

This section briefs shortly the background when comparing 2-Tx open loop and closed loop schemes (rel’99): as a conclusion it can be seen that too ideal link level results may lead into somewhat wrong conclusion. For reference, see e.g. [12].

6.3.1.1 Non-idealities change the order

From the original contributions (see e.g. [15], [16] and [17]) we can see that at the beginning of diversity studies CL TxAA clearly seemed to outperform OL solutions with low and moderate velocities. After more careful analysis we can see that even the order of those results is changing under many conditions:

· STTD is a robust method (compared to TxAA): 

· Less sensitive for UE functions (e.g. SIR estimation), 

· Only marginal differences in performance with different UE velocities, 

· No feedback channel is needed. 

· More strict analysis shows that STTD performs at least equally with TxAA except in the case of low velocity Pedestrian channel. SHO results favour even more STTD.

· TxAA:
·  Biggest gains at low UE velocities and at Pedestrian environment,
·  Large variance in diversity gain with different UE algorithms,
· Verification is needed for CL, and this will increase variation in performance,
· Real feedback bit error rate is varying between 4% and 10% causing performance degradation and more sensitivity for UE velocity (instead of a fixed 4% feedback bit error rate as in the original simulations)  
· The effect of the feedback delay to the performance of TxAA,
· SHO problems (cf. multipath performance) with even negative gain in Vehicular channel and high velocities: only one fixed feedback stream restricts the adaptivity. 
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Figure 1 Link level Tx-diversity gain difference (TxAA mode 1 minus STTD) in dB scale with different environments and speech service.

Also, downlink capacity improvement is proportional to the link gains (Tx Eb/No) with Tx diversity: for example, as the UE speed affects to the link gain (esp. with CL mode1) it affects also to downlink capacity.  
6.3.1.2 Conclusion in the case of two Tx-antennas

It was pointed out that the gain (TxAA versus STTD) based on the “ideal” link level simulations is not fair, and that the average performance of OL solution is even better than CL TxAA after more realistic evaluations. Hence it’s evident that OL solution is much more universal than CL solutions for 2-Tx-node B’s. Main reasons for performance degradation for CL are bad adaptivity to multipath environment, losses in SHO and larger implementation marginal (compared to OL) as well as losses from many practical issues. 

6.3.2 Cells with high antenna correlation

There are several arguments indicating that there is no necessity to specify UE assisted Eigenbeamforming.  The main reasons for this are:

1. Presented link-level results for Eigenbeamformer seem too optimistic: more realistic analysis is required.

2. Analysis of measured channel impulse response data indicates that link level channel models for presented Eigenbeamformer results are not realistic (power of the second eigenbeam should be remarkably lower compared to the dominant eigenbeam when having small Tx-antenna spacing).

3. It follows from 2) that conventional (rel’99) beamforming can be utilized in macro cells: performance results of Eigenbeamformer seem to be at the same level as for conventional beamforming.

4. In the case of low-correlated Tx-antennas Eigenbeamformer (with STD or weighted combining as inner scheme) seems not to be an optimal solution.

6.3.2.1 Some Observations about Eigenbeamformer

1. It seems evident that standardized diversity (& beamforming) methods for 4-Tx-antennas should be compatible with different node B implementations, especially with different antenna configurations. For 4-Tx BS’s, there are at least two main categories of antenna configurations, namely linear arrays with single and dual polarizations. UE assisted beamforming creates the problem of how to perform well both configurations with the same long-term Eigenbeamforming feedback (and in general, how Eigenbeamformer performs for polarized antennas)? Also, it is hard to understand how a fixed feedback timing & rate can be optimal for all velocities and environments: this is a common problem for all CL schemes.

2. One disadvantage of Eigenbeamformer is that it envisages the presence of short antenna spacing (cf. §2.3, ch 5 in Tdoc R1-00-1067, and Tdoc R1-00-1180), while at the same time limiting the number of such antennas. This limitation exists by necessity, since each additional antenna requires additional feedback. In future, it might be feasible to have more elements in the antenna arrays with small spacing – this is possible by utilizing methods that are not depending on UE feedback (see later chapters).

3. The Eigenbeamformer proposal requires the UE to perform eigen-decompositions at regular intervals. Another big advantage of competitive solutions is that it’s possible to transfers the burden of calculating the beamforming weights to the base station transmitter. 

4. Also, by utilizing suitable non-feedback methods (letting the base station take responsibility for the beamforming) it is possible that joint optimisation for multiple mobiles can be performed. That is to say, the objective of the beamformer can be not only beaming towards the desired UE, but of suppressing interference towards other users. This global solution leads to further capacity improvement.

5. Performance of Eigenbeamformer with SHO and with difficult multipath environments (e.g. remarkable power in the second tap) is still unclear (cf. [11]). Difficulties are expected as in the case of 2-Tx-CL, especially when considering HSDPA with HARQ and AMC that utilize also feedback systems: how so many feedback methods can match in practice?

6. Quantization method of feedback is yet unclear: quantization will decrease the ideal “infinite precision” results remarkably. Also, long term (LT) feedback should not be considered as error free when presenting the simulation results and/or evaluating the complexity and feedback requirements. Total amount of LT feedback bits with relevant protection (that will also increase the complexity) seems quite big (more than one hundred bits per refresh cycle with two eigenbeams => longer delays => problems with high velocities). 

7. Ideal antenna verification was assumed at the UE in the presented Eigenbeamformer results: real verification will increase the UE complexity and decrease the performance remarkably (cf. 2-Tx-CL schemes and [11]).

8. Link level comparison of Eigenbeamformer against single Tx-antenna and 2-Tx-CL schemes are not fair in the sense that the wasted total CPiCH energy is not equal (system level comparisons are needed, cf. [2]).

9. There is no analysis about implementation marginals compared to e.g. 2&4-Tx-OL solutions. Especially, the effect of phase quantization (in feedback) should be presented.

10. It can be shown (cf. chapter 2.3) that the average rank of channel correlation matrix is not evenly two, meaning that it’s more probable to have one clear dominant eigenbeam or no remarkable correlation.  
6.3.2.2 Analysis of Urban Spatial Channel Measurements

Typically in simulation studies synthetic channel models are employed. This enables that different research teams can perform comparable simulations with high statistical reliability. Setting the basic assumptions of the propagation models is not always trivial (especially when spatial and polarisation properties are taken into account in the analysis). However, proper basic assumptions are essential, otherwise simulation studies may lead to technical solutions which do not provide performance gain any more in practical situations.

The aim of this section is to give a short overview on properties of spatial urban propagation channel. This is based on wideband channel sounder measurements and the full version of analysis is given in [13]. This section is organised in the following way; first the measurement set-up and environment is shortly described, then results of the eigenvalue analysis are shown and finally conclusions about urban spatial propagation mechanisms are drawn. 

Extensive spatial channel measurement campaign, using wideband channel sounder, was performed in downtown Helsinki during summer 2001. The transmitter antenna, moving along the measurement routes, was located on the roof of van or on the trolley. Both vertically polarised dipole and handheld terminal (attached to the phantom head) were used in the campaign as transmitter antennas. At the base station (BTS) site signal was received using antenna array consisting of 8-columns with (/2-spacing. Two different BTS sites in urban environment were used and three sectors were measured from both of them. Additionally BTS antenna was installed at two different heights at the second measurement site – one above the rooftop level (corresponding typical macrocellular installation) and another below rooftops of surrounding buildings (microcellular case). The total length of measurement routes was in the order of ~100 km. Full set of impulse responses (from all antenna elements) was collected every 3.6 ms, which with the used mobile speeds leads to 3-4 impulse response sets per wavelength. Measurement bandwidth was 5 MHz providing adequate delay resolution for WCDMA considerations.

Eigenvalue analysis was performed such that spatial covariance matrix was created from impulse responses collected by four center elements of the array (corresponding to ongoing 3GPP discussion) and averaged over 150 consecutive impulse response sets. This corresponds to averaging over 540 ms, which with target vehicle speed corresponds to movement over ~40(.

 Figures below show cumulative distribution function (CDF) for the relative eigenvalue powers 
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where i is the eigenvalue index in the order of degreasing power. Figure 2 shows eigenvalue CDF averaged over all measurement routes in all measurement sectors. Figure 3 and Figure 4 give eigenvalue distributions for low and high BTS antenna height, respectively (based on averaging over measurement routes in one sector). 
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Figure 2  Eigenvalue distribution over all measurement sectors and antenna installations
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Figure 3  Eigenvalue distribution with high BTS installation (macro cell)

[image: image5.wmf]
Figure 4 Eigenvalue distribution with low BTS installation (micro cell like installation)

One of the key assumptions of the eigenbeamformer concept is that multiple angularly separated (macro) multipaths exists [14] which leads to higher rank (>1) of the spatial covariance matrix. In the light of measurement results presented above, probability of such propagation conditions in urban cellular environment is low. This has a strong effect on the expectable performance of the proposed eigenbeamformer concept. Interesting fact is that shown "low-rank" behaviour seems to be typical both for "over-the-rooftop" and "below-the-rooftop" antenna installations. 

Like shown in [13] in "below the rooftop" case street canyons play more significant role as dominant propagation routes, whereas in case of higher array installation energy is typically impinging over roofs (mostly from the terminal direction). This also leads to essentially lower delay spreads and maximum excess delays in microcellular case.

6.3.2.3 Use of Uplink Measurements Instead of UE Assistance

In contrary to eigenbeamforming, in conventional beamforming the DoA of UE is estimated using UL measurements and transmit weights are selected directly based on DoA estimation results. It is well known that DoA estimation can be done very reliably in environment where the angular spread of received signals is relatively low. 

It is widely accepted that the angular spread in typical macro cells is in the range of 5-10 degrees when the BTS antenna array is placed above the roof-top level. For urban macro cells with high antenna positions and relatively small delay spread (1-5 s) the angular spread is typically 5 degrees [5]. In suburban/residential areas the angular spread can be significantly small [6]. In any case, the angular spread in typical macro cells is relatively small compared to the half-power beam width of a 4-antenna uniform linear array, which is in the range of 25-30 degrees. In bad urban environments multiple DoAs can be found which means that received signal paths may arrive at the antenna array from several clusters of reflectors. In the following sections we first shortly recall the beamforming alternatives that can be implemented according to present specifications. Then we make a comparison between these conventional methods and eigenbeamforming.   

6.3.2.3.1 Beamforming Methods Supported by Standards

There are basically two alternatives for beamforming that are supported by present specifications. 

Fixed beams  – this term refers to a beamforming method in which a sector is partitioned into several "sub-sectors" or angular coverage areas (beams). Sometimes also the term "multi-beam" or "grid-of-beams" have been used. For example, with a 4-element antenna array the 120o-sector can be divided into 4 beams each of which covers 30o. The beam directions are fixed. The beams are often generated by analog phase shifters (eg. with an analog Butler matrix). Beams can be generated also digitally.

User-spesific beamforming – this term refers to a beamforming method in which each UE is assigned a specific beam pointing to the UE direction. Thus, the beamforming weights in the BTS antenna array of a particular user are unique and independent of the beamforming weights of the other users. Since all the user beams are pointing to different directions, instead of the CPICH, the pilot symbols of the DPCCH have to be employed for channel estimation. User-specific beamforming can be implemented fully digitally or using hybrid digital/analog techniques. In 3GPP specification process the term "digital beamforming" has been loosely used as a synonym for user-specific beamforming even though the latter term is more appropriate
.

In the following, an overview is given on beamforming features of 3GPP specification .

Figure 5 illustrates a fixed beam case of N narrow beams and one wide sector beam. Each beam is assumed to have a unique S-CPICH, so all UE's receiving signals under the same beam are using the same S-CPICH for phase reference, (channel estimation). There are no constraints imposed on how the N beams are formed, and whether the beamformers are implemented digitally or in analogue hardware. Under these assumptions, the maximum number of beams is limited by the number of available SCPICHs. UTRAN can inform the UE ,which is entering the fixed beam cell, about the phase reference using the active set update message which includes the S-CPICH information. As the UE moves from one beam to another within a fixed beam cell, the UTRAN utilises the radio link reconfiguration message to inform the UE about the new phase reference. Thus, the UTRAN has full control of deciding to which beam it is transmitting a particular user signal and this decision is made from uplink measurements. On the other hand, the UE makes always cell selection and soft handover measurements based on the P-CPICH which is transmitted using the sector beam.

The fixed beam approach employs well-specified UE functions keeping the UE complexity at reasonable level. In addition, it allows Tx-diversity in a manner that is supported by the mandatory UE features already in rel.'99. While the fixed beam technique gives good link and system performance due to S-CPICH based channel and SIR estimation also  several DSCH's can be applied per beam to improve the packet scheduling for shared channels (improved trunking efficiency). Moreover, different scrambling codes can be assigned to individual beams to mitigate the problem of channelization code shortage. The advantage of user-specific beamforming is that the specific transmit beam method (sector/fixed/user specific beam) becomes transparent to the UE. The problem is, however, that the link performance is degraded compared to the usage of the CPICH as the phase reference. In addition, the use of multiple scrambling codes and the application of shared channels becomes more complicated compared to the fixed beam approach. 
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Figure 5 Grid of fixed beam concept. Downlink example.

6.3.2.3.2 Comparison Between Beamforming Methods

In the following some basic properties of eigenbeamforming, fixed beams and user spesific beamforming are compared.

A. Transmit Weight Selection. In eigenbeamforming UE defines the best set of transmit weights from a quantized set of different alternatives. In fixed beams method Node B selects the best beam among few alternatives. The number of used DL beams = number of alternatives in selection. In user-spesific beamforming transmit weights are selected in Node B and the set of selection alternatives can be large depending on the used angular resolution. In eigenbeamforming the beampointing resolution is set by quantization while beampointing resolution in fixed beams method is specified by the number of fixed beams. In user spesific beamforming the beampointing resolution is limited only by Node B computational capability. 
B. Signalling. In eigenbeamforming UE informs Node B concerning to best weight combination. For this purpose control bits need to be dedicated and feedback protocol is to be formed. All system aspects need to be carefully considered in order to avoid problems in handovers etc. In fixed beams method and user spesific beamforming all signalling is well defined by present specifications. In both conventional methods the signalling overhead is low and all system aspect are taken into account.
C. Errors.  In eigenbeamforming several sources of errors are faced. In UE the computational capability is limited and short digital expression of numbers can cause unwanted errors when solving eigenvalue problem. Deep fades in physical channel may increase the number of feedback bit errors. In present specifications the number of feedback bit errors is defined to be less than 4%. This assumption is based on the idea that using fast power control in feedback channel the amount of feedback bit errors can be controlled. This is, however, not true when mobile speed is increasing. At high mobile speeds fast power control is not any more able to compensate fast fading so effectively that feedback bit error ratio would be more than 4%. The proposed solution is to use channel coding that provides some redundancy to feedback bits. This will increase the feedback delay and thus, the robustness against high speeds can be lost. This is especially true when antenna spacing is higher than (/2. Finally, in eigenbeamforming the resolution of quantization is defined by the feedback capacity. In fixed beams method and user spesific beamforming none of the above problems are faced since Node B is implementing all computations and available resources are better than in UE. In conventional methods the main problems arise when angular spread in the environment is very high or several DoA's are present. This is, however, a serious problem only when narrow beams are used. When using 4 antennas with (/2 spacing, the effective beam width is 30 degrees and the probability of total mispointing is very low.  
D. System Capacity. When using eigenbeamforming the expected DL capacity increase will be on the same level as if conventional methods were used with a single scrambling code. It is known that in this case the code shortage becomes the limiting factor instead of actual interference at the radio interface. However, in fixed beams method several scrambling codes can be used instead. Then the DL capacity increase can be obtained by using different scrambling codes in separate beams. This is possible since the leakage of transmit power between fixed beams is relatively low. When using more than 4 transmit antennas and fixed narrow beams, the DL capacity  can be further increased. If eigenbeamformer is used then this kind of capacity increase is not possible. In addition, the eigenbeamforming concept does not take into account intra nor inter cell interference. There is no side lobe control which may lead to high level of interference towards other users in own cell or towards other cells. Therefore system capacity is decreased  (both the average interference level and variance of interference  increase). With classical beamforming side lobes can be kept at minimum and with optimal beamforming even cancelled towards other interfering users or other cells the capacity of which is to be maximised.

E. Calibration. The proposed advance of eigenbeamforming is that calibration of an antenna array is not needed. This is also true for conventional beamforming if analog beamforming devices are utilized. Calibration is needed only if digital beamforming is used. Finally, it is emphasized that the calibration hardware for digital beamforming system is simple and its effect to the total cost of beamforming base station is very small. 

Figure 2.3.1 depicts the DL gain from 3GPP beamforming methods when compared to the single antenna case. It is assumed that a dominant cluster of reflectors is present. This results as a single main DoA. 
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Figure 2.3.1. DL Gain from 3GPP beamforming versus a single antenna case. 

In simulations,

· S-CPICH overhead has not been taken into account.

· It has been assumed that the interference between beams is uniform. This is true if load is evenly spread over the entire cell.

· DoA estimation/beam selection is perfect. In simulations it has been found out that even if large angular spread (>15 degrees) of UL signals is assumed, the DoA estimation error is only few degrees and resulting performance loss is only fractions of dB's. 

· Parameter estimation in UE is assumed to perform as well as in a single antenna case. This assumption is always true when fixed beams method is applied. If user spesific beamforming is employed, then there might be some losses resulting from channel estimation utilizing dedicated pilots. Since the array gain is remarkable, these losses are not large.

Based on the above discussion it can be argued that if all implementation unidealities and feedback errors etc are taken into account, then the gain from eigenbeamforming versus the 3GPP beamforming methods is very low or even negative in almost all common physical environments.

6.3.2.3.3 Solution Based on Pair of Antenna Arrays

According to the present 3GPP specifications it is possible to use transmit diversity (e.g. STTD) over two antenna arrays. Arrays can be made uncorrelated by either using spatial separation or orthogonal polarizations. When polarization diversity is used, the physical antenna structure is very compact. This kind of solution is advantageous in bad urban environments where angular spreads are very large. If the number of transmit antenna branches is kept 4, then antenna system include two arrays of two transmit branches in both array. When employing the above solution both diversity and antenna array gains are available in UL and DL without any specification changes. If both arrays use three fixed beams in DL then the gain from this solution versus a single antenna case is approximately equal to the gain from two antenna STTD + 3dB (two antenna STTD gains can be found from []). Losses from erroneous beam selection are minimal since half power beam width is 60 degrees in 120-degree sector. It is expected that if all implementation unidealities and feedback errors etc are taken into account, then the gain from eigenbeamforming versus the above explained method is very low or even negative in urban environments with very large angular spread and multiple DoA's.

6.3.2.4 Conclusion in the case of correlated cells

Experience from spatial channel measurements indicate that only a single dominant eigenvalue is typically present in outdoor environments. This corresponds to a narrow angular spread of UE signal paths at the base station which situation can be easily handled by 3GPP compatible traditional beamforming. In these circumstances the proposed eigenbeamforming method does not bring any benefits.
The proposed eigenbeamforming method performs best in environments with two dominant eigenvalues. However, in this case the 3GPP beamforming can be effectively used with space-time transmit diversity (STTD) to give comparable gains. In addition, the 3GPP compatible beamforming methods are significantly simpler and more robust. From system point of view 3GPP beamforming is also much more attractive since it provides an efficient solution to the code limit problem, which is not the case with eigenbeamforming. Furthermore, eigenbeamforming does not provide means for maximising system capacity by joint optimisation of multiple user beams with respect to intra and intercell interference.

6.3.3 Cells with low antenna correlation

In the case of low correlation the use of long term Eigenbeamformer concept becomes useless (only omni beams can be produced) and LT feedback will only add uplink load and consume UE’s power. Also, the corresponding fast CL scheme (now Tx-antenna selection or basis selection e.g. over two temporally dominant Tx-antennas) is not optimal (compare e.g. with R2F2 or R2F4) and will have decreased performance due to sparse feedback frequency (LT processing still takes typically 1-2 slots per frame in UL). 

On the other hand, due to worse performance in multitap environment (see e.g. [11]), during SHO and at moderate & high velocities (a 4-Tx-CL schema is even more sensitive for Doppler than 2-Tx-CL!) 4-Tx-CL will not come off well compared to 2-4Tx-OL (as pointed in chapter 1). Also, OL schemes are more widely applicable with several environments and less complex from both UE and system design point of view.

For 4-Tx-OL results with low antenna correlation, see [10] & [11], and for 4-Tx-CL results, see [7].

Remark:

The use of both P-CpiCH and S-CPiCH in the case of 4-Tx-antennas implies that evidently the total power allocated to common pilots increases in Node B (e.g., in the case of P-CPiCH/S-CPiCH equals to 80:20, the total CPiCH power increases 25% compared to Rel’99/04!). This power increase should be taken into account when considering the use of S-CPiCH. Note that some Tx-OL solutions are robust for the use of Rel’99 P-CPiCH with the help of dedicated pilots (see [1]).

As a conclusion it is evident that the proposed Eigenbeamformer concept with fast feedback STD or weighted combining as an inner scheme will lose out to 2-4Tx-OL schemes (overall performance) and to an optimised 4-Tx-CL scheme (under realistic restrictions, e.g. low velocity). 

6.3.4 Compatibility issues

Pilot backward (rel’99) compatibility problem cannot be avoided when utilizing Eigenbeamformer. Hence, system simulations are needed in order to evaluate pilot loss when comparing to 2-Tx-antenna schemes. Also, it’s important to see HSDPA results with all significant features (e.g., AMC, ARQ), and compare them to the corresponding 1- and 2-Tx-antenna results in system level. 

One issue that has been raised lately is SSDT with CL Tx-diversity. As this combination has been outlawed in 3GPP, it seems important to consider also 4-Tx-CL-diversity compatibility with SSDT.

Furthermore, when designing a 4-Tx-cell for Eigenbeamformer (so small Tx-antenna spacing) it’s not clear how to utilize Rel’99 (& Rel’04-05) diversity modes (STTD and modes 1&2 requiring large Tx-antenna spacing) in that cell for Rel’99 (& Rel’04-05) UE’s or should those old UE’s utilize one antenna transmission or nonstandardized beamforming (which will lead problems in network design or implementation of duplicate beamforming concepts)!

6.3.5 Conclusions

· Possibilities offered by the current specification are preferred instead of the proposed UE assisted Eigenbeamformer with a new fast basis selection CL scheme. It was showed that beamformig steered by node B (within current specification) performs at the same level as UE assisted Eigenbeamformer.

· All the combinations (with minor modifications) of the current modes/schemes should be studied before accepting fundamentally new schemes.

· Proposed performance for CL Eigenbeamformer seems quite optimistic when considering the final practical performance – analogue with 2-Tx-CL & OL performances. Instead, the proposed conventional beamforming results are proved to be realistic in many practical tests. More realistic analysis for Eigenbeamformer is required. 

· Basis for presented Eigenbeamformer-results is showed to be nonrealistic (several high-powered eigenbeams) based on measurements in the case of small antenna spacing at node B.

· Hence conventional (rel’99) beamforming can be utilized in macro cells: performance results of Eigenbeamformer seem to be at the same level as for conventional beamforming.

· In the case of non-correlated Tx-antennas Eigenbeamformer (with STD or weighted combining as inner scheme) seems not to be optimal solution.

· There are no natural “2-Tx-diversity mother solution” for rel’99 UE’s if Eigenbeamformer is the only 4-Tx-diversity scheme in a node B. 







� If optimal downlink beamforming is desired, the beamforming weights of each user should be matched to the particular downlink channel. This is, however, not possible in FDD systems since the downlink channel is unknown. Therefore user-specific beamforming refers here to the beam pointing technique in which the direction of each UE is evaluated from the uplink and the corresponding beamforming weights are matched to that direction.
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