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1. Introduction
The reference signals in the SC-FDMA LTE uplink are used for multiple purposes such as [1]:

1. Channel estimation for coherent demodulation/detection at the Node B 

2. Channel quality estimation for time and frequency channel-dependent uplink scheduling. 

Uplink reference signals for channel quality estimation need to be allocated not just to UEs that are currently transmitting, but also to UEs that could potentially be scheduled to. With MIMO, the overhead increases even further as different reference signals – in either time or frequency or both – are allocated to the different transmit antennas. 
Therefore, the reference signal overhead in the uplink is considerable. This paper considers TTI grouping based solutions for reducing the reference signal overhead. The TTI grouping schemes can be tailored for FDM, CDM, or hybrid FDM/CDM reference signal structures.  

2. Motivation for TTI Grouping
Table 1 tabulates the Doppler spread and the channel coherence time as a function of the UE speed at a carrier frequency of 2.0 GHz.  For example, at a UE speed of 30 km/h, the Doppler spread is 
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, which equals a duration of 4.5 TTIs. The coherence time is even larger for lower UE speeds. Thus, due to the short TTI duration envisaged for LTE, the channel remains quasi-static over multiple consecutive TTIs. 

While the uplink scheduler can theoretically completely reallocate the resources every TTI, this consumes considerable signalling resources on the downlink. The relatively long coherence time of the channel also shows that such frequent reassignment is unnecessary as it does not improve multi-user diversity. A lower speed UE will therefore likely be allocated multiple consecutive TTIs for uplink transmission. 
By grouping TTIs for channel estimation, the reference signal overhead can be reduced. In TTI grouping, a UE does not always transmit its reference signals with the same resources (time, frequency or power depending on the reference signal structure) in the multiple consecutive TTIs it is scheduled to transmit. The Node B can instead exploit the relatively large channel coherence time to reduce the reference signal resources in some of the TTIs. The relatively large coherence time implies that doing so has a marginal impact on the channel estimation at the Node B. Low complexity techniques based on channel prediction and channel interpolation can be effectively used to estimate the channel of all the TTIs sufficiently accurately for the purpose of coherent demodulation/detection [3].  Depending on UE speed, different numbers of TTI may be grouped.
     

Table 1: Maximum Doppler Frequency and channel coherence time for various vehicle speeds
	UE speed

[km/h]
	Max. Doppler spread
[Hz]
	Coherence time

 [ms]
	Coherence time 
[TTI]

	3
	5.5
	22.7
	45.4

	30
	55
	2.3
	4.5

	120
	220
	0.57
	1.14


Performing channel estimation on a per TTI group basis instead of on a per TTI basis leads to a lower net reference signal overhead. 
2.1. Reference Signal Overhead Reduction Analysis

When 
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 sub-carriers present in one TTI, the reference signal overhead ratio (per TTI) is
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For TTI grouping, the net reference signal overhead ratio is given by
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where 
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 is the total number of reference signals in the TTI group and 
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is the number of total number of subcarriers used in the group.
In the following, we consider two TTI grouping schemes: 

1) Interpolation-based TTI grouping 

2) Prediction-based TTI grouping

3. Interpolation-based TTI Grouping
Figure 1 shows three adjacent TTIs (allocated to a UE) as one TTI group. In TTI 1 and TTI 3, the reference signals are inserted for channel estimation in the short blocks SB1 and SB2. In TTI 2, we consider the extreme case in which no reference signal is inserted in SB1 and SB2 for channel estimation. The channel estimates, 
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, of TTI 1 and TTI 3 are calculated by using their respective reference signals. The channel estimate for TTI 2 is obtained by interpolating the channel estimates of TTI 1 and TTI 3:
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, where 
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are interpolation coefficients.  We call this the [1 0 1] TTI grouping pattern, where ‘1’ indicates that the corresponding TTI has reference signals, and ‘0’ indicates that the corresponding TTI has no reference signals. From (2), the reference signal overhead ratio for this TTI grouping scheme is
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, which is a 33% reduction in overhead. 
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Figure 1: TTI grouping pattern [1 0 1]
4. Prediction-based TTI Grouping
In the interpolation-based TTI grouping pattern described above, while TTI 1 and TTI 3 can be decoded immediately after they are received, TTI 2 can be decoded only after TTI 3 has been received. We now consider the prediction-based TTI grouping schemes, in which this problem does not arise, though this is at the expense of less accurate channel estimation. 

Figure 2 shows the case of two adjacent TTIs (allocated to a UE) as one TTI group. The reference signals are inserted in TTI 1 for channel estimation. The figure shows the extreme case in which no any reference signal is inserted in TTI 2. The channel estimate, 
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, of TTI 1 is calculated from TTI 1’s reference signals. The channel estimate of TTI 2, 
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. We call the [1 0] pattern. From (2), the reference signal overhead ratio is 
[image: image19.wmf]L

=

L

2

1

'

, which is a 50% reduction per UE. 


[image: image20]
Figure 2 TTI grouping pattern [1 0] 

The two methods discussed above completely eliminate the reference signal in the intermediate TTIs. However, the above methods can also be applied to cases in which it is desirable not to completely eliminate the reference signals in the intermediate TTIs, but just reduce it.
In case of CDM reference signals, a lower reference signal overhead is achieved by means of a power offset that gives a lower power (or even no power) to reference signals in intermediate TTIs. 
5. Simulation Results
We now evaluate the performance of the various TTI grouping schemes and compare them with the conventional case of No-TTI grouping.  The link-level simulation parameters are summarized in Table 2.
Table 2: Simulation parameters
	Parameter
	Value


	Carrier frequency
	2.0 GHz

	Total system bandwidth (MHz)
	10

	Sub-frame duration (ms)
	0.5

	Long block size 
(μs/#of occupied subcarriers/samples)
	66.67/600/1024

	Short block size

(μs/#of occupied subcarriers/samples)
	33.33/300/512

	CP duration 
(μs/samples x 1)
	(4.1/63) x 7

(4.62/71) x 1

	Number of subcarriers used per UE 
in long block (Resource block size)
	25 x 4

	Number of transmit antennas
	1

	Number of receive antennas
	2

	MCS
	QPSK with r = 1/2 
16QAM with r =  1/2

	UE speeds 
	30 kmph

	Reference signal sequence
	Random

	Channel model
	Typical Urban (TU) 
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Figure 3: Performance of TTI grouping at 30 km/h (QPSK, rate 1/2 code)

Figure 3 shows the throughput of a single user for several TTI grouping patterns [1 1], [1 0 1], [1 0 0 1],  and [1 0]. The [1 1] pattern corresponds to the standard time-uniform (No TTI grouping) reference pattern. For fairness, the results are shown so that estimation for the second TTI in the [1 1] pattern also uses estimates from the first and second TTIs. The MCS used corresponds to QPSK modulation and a rate ½ turbo code. The UE speed is 30 km/h. An RPF of 2 is used for the TTIs in which reference signals are inserted.  It can be seen that there is no performance loss between No-TTI grouping ([1 1]) and the grouping pattern [1 0 1]. However, the grouping pattern [1 0 0 1] introduces a 0.5 dB loss compared to No-TTI grouping ([1 1]) and the [1 0 1] pattern. Among the reference signal designs, the [1 0] pattern has the worst performance, though it is the simplest of them all in terms of decoding delay and estimation algorithm complexity. Also, the degradation in its performance for lower UE speeds, such as 3 km/h, will be considerably lesser.  
Figure 4 shows the throughput of a single user for the TTI grouping patterns [1 0 1], [1 0 0 1], and [1 0]. These are compared with the conventional [1 1] (No TTI grouping) pattern. As before, estimation over multiple TTIs is allowed for the [1 1] case, for the sake of fairness. The MCS used corresponds to the 16QAM modulation and a rate ½ turbo code. The UE speed is 30 km/h. As before, an RPF of 2 is used in the TTIs in which reference signals are inserted. It can be seen that the performance of the TTI grouping patterns [1 0 1] and [1 0 0 1] is almost the same as the case without TTI grouping.  The difference between the curves is primarily due to simulation noise. 
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Figure 4: Performance of TTI grouping at 30 km/h (16QAM, rate 1/2 code)
6. Drawbacks of TTI Grouping

While TTI grouping reduces the reference signal overhead considerably, it has the following drawbacks:

1. The TTI decoding delay at the Node B increases for the intermediate TTIs. This is because the reference signals in adjacent TTIs need to be used to generate the channel estimate for the intermediate TTIs.

2. The gains from TTI grouping at higher UE speeds are marginal as the channel estimation accuracy suffers. 
7. Conclusion

We considered reference signal structures based on TTI grouping techniques that reduce the reference signal overhead, which is considerable in the uplink of LTE. These structures are best suited for low speed UEs that encounter channels that remain the same over multiple adjacent TTIs. 
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--------------------------------Start of Text Proposal-------------------------------------------------------

9.1.1.2.2
Uplink reference-signal structure

As indicated in Section 9.1.1, uplink reference signals are transmitted within the two short blocks, which are time-multiplexed with long blocks. Uplink reference signals are received and used at the Node B for the following two purposes:

· Uplink channel estimation for uplink coherent demodulation/detection

· Possible uplink channel-quality estimation for uplink frequency- and/or time-domain channel-dependent scheduling

Provided that uplink transmissions are received in a time-aligned fashion (within the cyclic-prefix tolerance), multiple mutually orthogonal reference signals can be created. Multiple such mutually orthogonal uplink reference signals can be allocated to 

· A single multi-transmit-antenna UE to support e.g. uplink multi-layer transmission (MIMO)

· Different UEs within the same Node B

As shown in Figure 9.1.1.2.2-1, the uplink reference-signal structure should allow for: 

· Localized reference signals occupying a continuous spectrum.

· Distributed reference signals occupying a comb-shaped spectrum.
· Varying reference signal pattern, e.g., depending on UE speed, to reduce reference signal overhead.

-------------------------------- End of Text Proposal ------------------------------------------------------
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