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1 Introduction
A new Study Item has been approved for studying the benefit of Uplink Transmit Diversity (UTD) and its potential impact on the HSPA network [Ref. 1]. The study item focuses on two uplink transmit diversity schemes those will use only the existing signalling, measurement parameters. Hence, the studied Uplink Transmit Diversity for HSPA do not require any change on the standardized signalling/protocol of HSPA network. In this document, we present the Beam-Forming type of Uplink Transmit Diversity (BF-UTD) - one of the proposed UTD schemes - and discuss the benefits of the BF-UTD technology. 
The architecture of the proposed BF-UTD is described in Section 2. The existing uplink power control bit is used as the feedback and is input into the BF-UTD algorithm. The algorithm then decide the new phase difference between the two transmit paths. The transmit beam is formed and dynamically steered toward the serving base station by the “phase”. A phase offset is periodically added to the phase difference for the “phase perturbation”. Through power control bit and the “phase perturbation”, the algorithm can optimize the phase difference which results in pointing the beam to the serving base station.

The link simulation results for the BF-UTD technology are shown and discussed in Section 3. Assuming both transmit antennas are Omni, the simulation results show that the averaged diversity gains of a moving (3 km/h to 120 km/h) UE with BF-UTD are on the range of 3 to 4 dB and around 2 dB without and with soft handover, respectively. The diversity gain can be enhanced by the antenna pattern gain if the non-Omni antennas are used. Using a measured antenna pattern in the simulation, the averaged diversity gain rose above 4 dB and 3 dB w/o and with soft handover, respectively.
The BF-UTD technology has been trialled on the commercial HSUPA, UMTS, CDMA, and EVDO networks and system test beds. The trials revealed the significant (~ 4 dB) transmit power reduction (diversity gain) [Ref. 2], data rate improvement at cell edge, and the uplink capacity gains (> 35%)[Ref. 3]. The field trial results on HSPA and UMTS networks are analyzed in Section 4.
The field trial results have shown the benefits of BF-UTD on UE for saving battery power, data rate improvement at the cell edge, and on the networks for the uplink capacity gain. The field trial results also prove there is no detrimental effect on the networks. A theoretically analysis shows that UE with BF-UTD can reduce the interference to the neighboring cells statistically [Ref. 4]. This was verified in trials for the uplink capacity improvement. In addition, the UE with BF-UTD should not pose any detrimental impact on networks if the UE can meet the current minimum requirements.
2. The architecture of UE with beam-forming uplink transmit diversity
The architecture of beam-forming uplink transmit technology is shown in Figure 1. The beam-forming algorithm resides in the baseband flash memory. The phase modulator splits the RF signal equally into two paths; optimizes the relative phase between the two paths and transmits via “half power” power amplifiers. The “half power” PA is used in the BF-UTD UE so that the UE can meet the “Maximum output power” conformance test. 
The output signals from the two antennas, through the fading channels, can still be highly coherent at the Node B receiver since the antenna spacing in UE is relatively small. Hence, the two RF signals will form a beam. The beam is then steered toward the serving NodeB by dynamically adjusting the phase difference between the two signals.
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Figure 1   An architecture of the UE with uplink transmit antenna diversity

3. Link simulation on beam-forming uplink transmit diversity

The simulation on the uplink transmit diversity gains is to predict the diversity gain at various mobile speeds, at different antenna spacing, and with soft handover impact. The simulation also studies the gain enhancement by the non-Omni antenna pattern. 

The simulation includes two transmit antennas on the mobile terminal, one or two base stations that have the fast power control mechanism. In addition, the beam-forming algorithm is simulated to steer the beam (i.e., to minimize the mobile transmit power). The channel environment used in the simulation is “Urban Macro”, a standard spatial channel model from 3rd Generation Partnership Project (3GPP) [Ref. 5]. The simulation software coding for the channel model is from MATLAB [Ref. 6]. The antenna pattern for the 3-sector cells is simulated for the NodeB [Ref. 5]. An Omni antenna and a specialty antenna patterns (shown later) were simulated for UE.

Fig. 2 summarizes the results with that Omni antenna is assumed for both antennas of the simulated UE. 
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Figure 2  The simulation results with Omni antennas on the mobile terminal

We simulated the diversity gains at 4 different mobile speeds, 3, 10, 30 and 120 Kilo-meter per hour. Given the same condition for other parameters, the diversity gains monotonically decrease with the increasing speeds. 

Antenna spacing, coupled with the spatial channel model (or fading environment), will affect the correlation of the two received signals (at base station) and hence affect the diversity gain. Three antenna spacing of 0.5 λ, 0.3 λ, and 0.12 λ (λ is the wavelength) were simulated.  The larger antenna spacing (0.5 λ) yields the higher diversity gains at the relatively low mobile speeds. On the other hand, the smaller spacing yields the larger diversity gain at the higher mobile speeds. 

The simulation used either one cell or two cells at the different NodeB. When the two cells are used, their locations are arbitrary and with reasonably spacing for SHO. During the soft handover operation, the sharp beam transmitted from mobile may not point to both cells simultaneously. The diversity gain is hence compromised. The averaged diversity gains reduced by the SHO are on the range of 0.8 to 1.5 dB, depending on the antenna spacing. The smaller antenna spacing results in the smaller impact from the SHO on the diversity gains.
The beam-forming transmit diversity gain can be enhanced by a non-Omni antenna pattern. A specialty antenna pattern shown in Figure 3 of a dual antenna is applied to the simulation to show the antenna pattern gain. For simplicity, the 2-D, instead of 3-D, antenna patterns are used. Figure 3 also shows the beam-forming gain pattern which is derived from the primary and the secondary antenna patterns. The derivation is no thing to do with simulation. Nevertheless, it just verified that the pattern gains obtained from simulation. 
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Figure 3  The primary and the secondary antenna patterns used in simulation
Figure 4 shows the summary of the simulation results based on the antenna patterns shown in Figure 3. The general trends of the diversity gains at various UE speeds and/or antenna spacing are similar to those using the Omni antenna pattern in simulation. The diversity gains are higher at the low mobile speeds. The smaller antenna spacing performs better at the high mobile speeds. The SHO degrade the diversity gains. On the other hand, the beam-forming diversity gains are enhanced by the pattern diversity at every simulated situation. The enhancement is even more pronounced in the SHO situation. 

The diversity gains averaged over all the simulated mobile speeds are between 3.8 to 4.0 dB in the single cell situation and around 3.4 dB with 2-way SHO. Comparing the simulation results, we found that the specific antenna patterns enhance diversity gains on average by 1.0 to 1.6 dB for the SHO situation and 0.4 to 0.7 dB for the single cell (non-SHO) situation. 
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Figure 4  The simulation results based on the non-Omni antenna patterns.

4. Field trials on Uplink Transmit Diversity technology
We have performed two field trials of BF-UTD technology on UMTS/HSUPA networks. The first field trial was conducted on a UMTS system test bed in United Kingdom, while the second trial was on a commercial HSUPA network in USA. These trials showed the BF-UTD UE reduced their transmit powers, improved the uplink data rate of the UE at cell edge, and increased the reverse link capacity. 
The two trials are on different Network (UMTS and HSPA), at different frequency band (Band I and Band II) and different locations. Nevertheless, the BF-UTD gains obtained for the two field trials are very close. Here, our discussion focuses on the trial on the HSPA network.
 The field tests were done on a commercial PCS band (1900 MHz) UMTS/HSUPA network in USA. We used a specialty antenna “isolated Mode Antenna Technology” (iMAT) which was developed for the UE receive diversity, for the BF-UTD trial. For the antenna pattern gains comparison, we also selected the commercial helix antenna, which has a relatively Omni antenna pattern. Two helix antennas were closed tightened to 1.5 cm apart as the diversity antenna. The iMAT diversity antenna has a very small antenna spacing (< 1 cm) and has a relatively rich antenna pattern. 

The diversity gain of the BF-UTD were measured relative to both primary and secondary antennas. The RF outputs at the antenna ports of the tested UE were ensured being balanced for the trials.

Table 1 lists the diversity gains measured for the different type of tests and with different antennas. The averaged diversity gain of 4.3 dB was obtained for static test. The test was done at 10 test locations. There is no clear performance difference among the tests at the cell edge, or middle of cell or close to the cell.

The averaged diversity gain of 3.0 dB was obtained for the Single Cell Pedestrian test at the same 6 test locations. The speed of the test van is between 3 and 5 km per hour for the pedestrian test. 

The vehicular test shows the gain of 2.6 dB, averaged over three driving routes. The driving speed is typically between 60 and 90 km per hour, subject to the traffic condition. 

There is no static test case in the simulation. Hence, we can not compare the test results with the simulation for the static tests. Otherwise, the trial results are relatively close to the simulation results except of the pedestrian test cases, in which the simulation seems to overestimate the diversity gains. The discrepancy might be due to the impractical channel model of Urban Macrocell, which does not match the field test environment. 
Five locations are arbitrarily chosen to do the tests for the antenna (pattern) comparison. At each of the 5 locations, we tested diversity gains using the two types of antennas, one follows the other to ensure the test conditions with the two types of antenna being as close as possible. Averaging over these 5 test locations, the diversity gains for the iMAT antenna and the commercial helix antenna are 4.1 and 3.2 dB, respectively. The antenna patterns of iMAT result in 0.9 dB pattern gain, which is reasonably close to the simulation results.

TABLE 1
Field Trial summary on a HSUPA network

	
	Test Item:
	Diversity gain
	Average over

	  1
	Static
	4.3 dB
	10 locations

	  2
	Pedestrian
	3.0 dB
	6 locations

	  3
	Vehicular
	2.6 dB
	3 driving routes

	  4
	Overall
	3.6 dB
	All test cases

	  5
	iMAT antenna
	4.1 dB
	5 locations, Static

	  6
	Helix antenna
	3.2 dB
	5 locations, Static


The BF-UTAD technology creates beam-forming for the UE transmit signals. If the beam is steered toward the serving NodeB, the received signal at the NodeB will be intensified. Through the power control mechanism, the transmit power of the mobile is eventually reduced. For the data calls, the reduced transmit power provides the extra headroom for the higher data rate transmission. This can be shown clearly from the data rate improvement at the cell edge in the trial. At the cell edge where the TX power is getting saturated and data rate is being reduced for the single antenna UE, the BF-UTD UE shows the significant data rate improvement. 
In addition to the diversity gain, the reverse link capacity can also be increased by the BF-UTD technology. The BF-UTD UE reduces the transmit power and hence reduces the interference to the neighbouring cells. Furthermore, the beam-forming technology in general reduces the RF power on the directions toward the neighbouring NodeB, and hence further reduces the interference of the neighboring cells. By combining these two effects, we can see a significant capacity increase on the reverse link. The reverse link capacity improvement by the BF-UTD UE has been demonstrated in a UMTS network as well as the CDMA2000 networks. These field trial results are consistent with the theoretical analysis shown in the Magnolia white paper [Ref. 4]. Both the field trial results and the theoretical analysis indirectly prove there is no detrimental impact on the networks from BF-UTD technology.
5. Conclusion
The contribution briefly describe the architecture of the UE with the transmit antenna diversity and present the benefits of uplink transmit antenna diversity with the simulation and field trial results. The deployment of the beam-forming uplink transmit diversity does not require changing the signalling/protocol between the UE and UTRAN. On the other hand, the UE with uplink transmit diversity is expected to meet the current minimum requirements of the regular (single antenna) UE, to guarantee an equal if not better performance in the network.  
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