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1. Introduction
Diversity techniques are widely utilized in wireless communication systems to improve link performance. In general, diversity techniques refer to the transmission of a signal over independent fading channels. Diversity techniques take advantage of the random nature of the radio propagation channel by finding and combining uncorrelated signal paths. 

Diversity techniques can also be used to improve TOA (RSTD) estimation performance, as discussed in this contribution. 
2. TOA Estimation With Diversity
All diversity techniques used for wireless communication systems could in principle be used for TOA estimation with the general structure shown in Figure 1 below, where the diversity system has P branches. The TOA is estimated independently at each diversity branch of the receiver, and then a “combining algorithm” is used to process the TOA estimates from all branches to obtain a desired “optimum” estimate for RSTD calculation.
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UrbanA, MS speed = 30 km/h, 2 consecutive PRS occasions, SNR=[-6dB, -13dB]
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Figure 1: General Structure of TOA Estimation with Diversity Techniques. 

A variety of different combining algorithms can be designed for different diversity techniques. Two examples were used for the simulation results in [1]:
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(Referred to as “Method #1” in the following)
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(Referred to as “Method #2” in the following)
Other possibilities may be to include a weighting factor, where the estimate of each diversity branch is weighted with a coefficient that reflects the quality of the TOA estimation at each branch.
For the simulation results in [1], P=2 has been used as defined in the simulation assumptions (section 6.3.1 of TR 36.855 [2]).

3. Diversity Techniques

Three diversity techniques (as described in [2]) for PRS are simulated in [1]:

· Antenna Switching:

· Consecutive PRS occasions are transmitted on different antennas.

· TX Diversity 1 (Power splitting with sign flip)

· In odd-numbered occasions, the same signal (PRS) is transmitted from two TX antennas simultaneously.

· In even-numbered occasions, the same signal (PRS) is transmitted from two TX antennas simultaneously, but with 180 degrees phase shift on the second antenna.

· TX Diversity 2 (Power splitting):

· The same signal (PRS) is transmitted from two TX antennas simultaneously. 
These PRS TX diversity techniques are summarized in the table below; illustrating which TX signal is used for TOA estimation in the individual PRS occasions. At the UE receiving antennas, the signals from TX1 and TX2 overlap as follows:

	
	Occasion 1
	Occasion 2
	Occasion 3
	Occasion 4

	No Diversity 
	Tx1
	Tx1
	Tx1
	Tx1

	Antenna Switching
	Tx1
	Tx2
	Tx1
	Tx2

	Tx Diversity 1 (split power with sign flip)
	Tx1 + Tx2
	Tx1 – Tx2 
	Tx1 + Tx2
	Tx1 – Tx2 

	Tx Diversity 2 (split power)
	Tx1 + Tx2
	Tx1 + Tx2
	Tx1 + Tx2
	Tx1 + Tx2


Provided that the two antenna branches are exposed to different multipath fading, a performance improvement over a single TX antenna (“No Diversity”) can be achieved. In addition, TX diversity 1 may ensure that the signal does not remain stuck in a fading dip (e.g., if odd-numbered occasions mostly add deconstructive at the receiver, even-numbered occasions would likely add constructive). In addition, since two PRS occasions are used (as defined in the simulation assumptions [2])  a time diversity effect is obtained as well, if the channel varies during the transmission of the two PRS occasions (TPRS = 160 ms in the simulation assumptions [2]). 

4. Diversity Gain
The propagation channel is a multipath fading channel, which is assumed to be constant during one subframe (NPRS=1). The Figure 2 below shows a typical example of the used channel model in the simulations for the two TX antennas (“Urban A” channel). The Figure 2 shows the delay profile for a particular realization for two consecutive PRS occasions (TPRS=160 ms).  The upper graph shows the amplitude, the lower graph the phase. The amplitude-delay-profile on the two antenna branches is essentially the same; the phase is different. In the graphs, the (temporal) fading of the channel between the two occasions is visible (30 km/h mobile speed).
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Figure 2: Example of channel impulse response (Urban A) for two TX antennas and two PRS occasions (TPRS = 160 ms).

The Figure 3 below shows the simulation results using the simulation assumptions defined in [2] for the Urban A example and the two TOA combining methods described in section 2 above (the result is taken from [1]).

(a) Time Diversity Benefit:
The curves “No Diversity” in Figure 3 show the benefit from time diversity; i.e., a single TX antenna is used but two PRS occasions which are combined as described in section 2 above. With combining method #1 (min TOA), a time diversity effect is exploited. The performance is about 1.5 Ts better at the 70th percentile compared to the use of a single PRS occasion. 

Due to the fading, the two TOAs estimated are slightly different, and picking the smallest TOA among the two as a final TOA estimate should provide a TOA as close as possible to the desired line-of-sight TOA.  

Using Figure 2 as an illustrative example, the first two paths in the first occasion are faded up, whereas the second path in the second occasion is faded down, resulting in two different TOAs where the TOA from the second occasion may be more closer to the desired first path TOA. 

With combining method #2 (average TOA), essentially no time diversity benefit is obtained. The “No Diversity” curve in Figure 3 (right hand side) overlap with the result of a single PRS occasion (baseline). The average TOA over two consecutive occasions is (on average) similar to the TOA estimated from a single occasion. 
(b) Antenna Switching Benefit:
With the given channel models, antenna switching does not provide an additional performance benefit compared to the use of a single antenna (“No Diversity”). 

With combining method #1 (Min TOA) the benefit is essentially due to time diversity. With combining method #2 (average TOA), no benefit compared to a single PRS occasion can be obtained (the same as (a) above). 
(c) TX Diversity 1 (Power splitting with sign flip):
This technique shows worse performance compared to no diversity; slightly worse with combining method #1, and considerably worse with combining method #2. With combining method #2, the performance is even worse compared to the base line result with a single PRS occasion. 

In the first PRS occasion, the sum of the two TX signals is used at the receiver; for the second PRS occasion the difference of the two TX signals is used at the receiver. With the given channel models, this means that most of the signal is canceled in the second occasion. With combining method #1, we pick the TOA mostly from the first occasion; with combining method #2, we compute an average TOA, but since the TOA from the 2nd occasion is quite bad (since components cancel due to the 180 degrees phase shift), the final TOA get worse compared to the use of a single occasion. 

With combining method #1, we essentially use the TOA from the first occasion only, and therefore, no additional time diversity. The benefit here comes primarily from space diversity only, where the two TX signals in the first occasion are added from the two antennas. With the given channel models, space diversity alone does not provide the same benefit as time diversity alone. Therefore, the performance with method #1 is worse compared to no diversity (i.e., time diversity only), but still better compared to the baseline with a single PRS occasion only.
(d) TX Diversity 2 (Power splitting):
This technique shows the  best performance in the simulations. Here, in both occasions the signal from the two antennas adds up at the receiver. There are two different TOAs available (compared to a single “good” TOA as in case of TX Diversity 1, where the signal in the second occasion mostly cancel), and by picking the smallest among the two TOAs, both, time and space diversity is exploited. The benefit with combining method #1 is about 2.5 Ts compared to a single PRS occasion at the 70th percentile; and about 1.5 Ts compared to time diversity only (“No Diversity”) at the 70th percentile.

Also with combining method #2, a gain can be obtained, which is however, slightly worse compared to combining technique #1. The average TOA is always more biased than a single selected TOA. 

[image: image6]
Figure 3: Urban A Results with PRS TX Diversity (taken from [1]). Left: Combining Method #1 (Min TOA); Right: Combining Method #2 (Average TOA).
5. Conclusion
In this contribution, the performance of the different PRS TX diversity schemes is discussed. PRS TX diversity can achieve about 1 – 2 Ts RSTD performance improvement (i.e., about ~10 – 20 meter).

The performance improvement depends on the UE processing. For certain TX diversity schemes (e.g., TX Diversity 1) the performance can be worse compared to the baseline results in case the UE treats each occasion equally (i.e., simple average).

Therefore, the UE should be informed if TX diversity is used for PRS in order to process the received PRS occasions appropriately. 
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