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[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Introduction
One of the objectives of the new Release 14 WI proposal on eMBMS enhancements for LTE [1], is the creation of a longer cyclic prefix:
a. [bookmark: _GoBack]Specify means of using a longer cyclic prefix (e.g. greater than 33.33µs) for use in a mixed unicast/eMBMS carrier for large SFN delay spread environment (e.g. 15km or larger inter-site distance), which guarantees coexistence of the legacy and new prefixes on the same carrier, while achieving a spectral efficiency of at least 2 bps/Hz. This objective includes evaluation. (RAN1, RAN4)
From RAN1#86, there is the following agreement:
A single new numerology with a CP of at least 100us and core symbol duration of at least 400us is introduced for PMCH.
Working assumption that the CP length is 200us and core symbol duration of 800us.
Link level results may be provided at RAN1#86bis.
Working assumption then to be confirmed at RAN1#86bis.

From previous system simulation results presented, it is clear that for the stationery rural “Fixed (rooftop antenna)” use case [6], the 200µs CP numerology offers greater spectral efficiency than the 100µs CP.   However there are also results [5], that indicate for the “Mobile outdoor (car mounted antenna)” use case [6], that a lower CP length may be more effective.
In this contribution, we provide an analytical approach to estimating the optimum RS pattern required to support different UE speeds for both the 100µs and 200µs CP numerologies.  From this analysis we propose some alternatives for ensuring a degree of mobility support whilst maintaining the option to support high spectral efficiency for the “Fixed (rooftop antenna)” use case using the 200µs CP.
RS Pattern Design
For any design of RS pattern, two parameters need to be determined: 

1) 𝐷x which is the spacing between the subcarriers carrying RSs in the frequency plane, which are not necessarily located in the same |OFDM symbol (i.e. not necessarily aligned in time).
2) 𝐷y which is the difference in OFDM symbol number between successive RSs on a given subcarrier in time plane.

Now follows an analytical approach to determine the optimum values of Dx and Dy for the candidate symbol numerologies.

For clarity, Fig. 1 shows an illustrative example of a RS pattern for 12 subcarriers and one subframe of 12 OFDM symbols. The RSs are shown in grey. In this example, 𝐷x and 𝐷y are equal to 3 and 6, respectively.
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Figure 1:  An illustrative example of RS pattern shown for 12 subcarriers and
 one subframe of 12 OFDM symbols.  


The resulting overhead 𝑂 of RS pattern (3, 6) illustrated above, is equal to 1/18 as determined using this equation:

 														(1)


Design of Dx
If the channel changes abruptly in the subcarriers where there are no RSs, the channel estimator at the UE side will fail to accurately estimate the channel frequency response.  For the frequency domain, the channel should be stable over the subcarriers that do not have RSs.  The minimum coherence bandwidth Bc of a channel, provides an estimate of the bandwidth over which a channel can be considered to be constant amplitude.  The product of the Dx and the subcarrier spacing ∆f, should not exceed the coherence width Bc if accurate channel estimation is to be maintained.

   																(2)

The Nyquist channel extent I, defines the spread between the first and last path in a channel that can be usefully resolved by the ideal receiver. I is shown in TS102.831 section 10.3.2.3.2, to be a function of Dx and the useful symbol period Tu:

																 (3)

In practice, the equalization interval 𝐸I of the real receiver will be a fraction of the Nyquist channel extent [4], i.e.

																(4)

According to [4], 𝜆= 57/64 corresponds to practical and realizable receiver and can be used for network planning purposes.

In order to maximize the usage of CP, we set the condition, (5), that the equalization interval of the receiver should exceed the duration of the CP (that should correspond to the maximum delay spread).  If equation (5) is not fulfilled, the UE receiver is not able to combine all the broadcast signals that fall within the duration of CP.
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Using equations (3), (4) and (5), the upper bound for 𝐷x can be rewritten as equation (6).


																(6)


Thus, in order to reduce the overhead of RS while still fulfilling the condition of Eq. (5) the maximum integer value of 𝐷x fulfilling Eq. (6) is selected. Following our assumption that the duration 𝑇CP of CP is 20% of total symbol duration 𝑇s for all CP designs and 𝜆= 57/64, 𝐷x < 3.56 and 𝐷x is chosen to be 3. Accordingly, the equalization intervals 𝐸I corresponding to 𝑇CP= 66.67 us, 100 us and 200 us are 80 us, 120 us and 240 us, respectively, computed using equations (3) and (4).


Observation 1:	In the frequency domain, a separation of 2 empty sub-carriers between sub-carriers carrying reference symbols (not necessarily aligned in time), is sufficient for all candidate symbol numerologies. 

Design of Dy
The value of 𝐷y should be set such that the time interval between the successive RSs on a given subcarrier in time plane is less than the coherence time 𝐶, equation (7), where Ts corresponds to the sum of the duration of the cyclic prefix and core symbol durations, Tc and Tu respectively:


																(7)

The coherence time, C, gives a measure of the time duration over which the correlation between two channel impulse responses has a value tc. For a time correlation, tc, greater than 0.5, C can be computed as follows, equation (8), where Φ = 9/16π and fd is the Doppler spread as given by equation (9):

																(8)


For the Doppler spread fd, v is the user speed, c is the velocity of light and f is the carrier frequency, i.e. 450 MHz ≤ f ≤ 700 MHz for TV broadcast transmission.

															(9)

High Doppler spread may lead to Inter-Carrier Interference (ICI) and in turn leads to a degradation in SINR if it is large compared to the subcarrier spacing Δf.  Accordingly, the Doppler spread 𝑓d should be much smaller than Δf to avoid high ICI and loss in SINR.  Assuming that the transmitter and receiver are perfectly synchronized (frequency errors of local oscillator are assumed to be negligible), the maximum relative frequency offset 𝛽 that can be tolerated in the design is defined as follows, where Tu is the usable “core” symbol duration.

														(10)

Moreover, the maximum user velocity that can be supported can be computed using Eq. (8) and Eq. (9) as follows, assuming that Tu is four times the cyclic prefix duration Tcp:

													(11)

Using equations (7), (8), (9) and (11), an upper bound for 𝐷y can be derived as follows:

														(12)

Using equation (11) it is possible to estimate the maximum user velocity that can be supported for a receiver with a frequency offset 𝛽, equation (10), for a target carrier frequency and cyclic prefix length.  Using this velocity result, the corresponding optimum Dy, i.e. the largest integer value of Dy, can be determined using equation (12).  Tables I and II, provide estimates of the maximum user velocity and optimum Dy for the 100us and 200us cyclic prefixes respectively, for a range of values of β at a carrier frequency equal to 600MHz.  Note, these tables also provide an estimate of the RS overhead assuming Dx is fixed to 3 (see previous section).  


	β
	Maximum Velocity km/hr
	Optimum (Dx, Dy)
			RS Overhead

	0.02
	90
	(3, 7)
	4.76%

	0.03
	135
	(3, 4)
	8.33%

	0.04
	180
	(3, 3)
	11.11%

	0.05
	225
	(3, 2)
	16.67%

	0.06
	270
	(3, 2)
	16.67%

	0.07
	315
	(3, 2)
	16.67%

	0.08
	360
	(3, 1)
	33%

	0.09
	405
	(3, 1)
	33%


Table I:	Maximum user velocity and RS design (with overhead) for 100us CP at 600 MHz



	β
	Maximum Velocity km/hr
	Optimum (Dx, Dy)
	RS Overhead

	0.02
	45
	(3, 7)
	4.76%

	0.03
	67
	(3, 4)
	8.33%

	0.04
	90
	(3, 3)
	11.11%

	0.05
	112
	(3, 2)
	16.67%

	0.06
	135
	(3, 2)
	16.67%

	0.07
	157
	(3, 2)
	16.67%

	0.08
	180
	(3, 1)
	33%

	0.09
	202
	(3, 1)
	33%


Table II:   Maximum user velocity and RS design (with overhead) for 200us CP at 600 MHz

From Tables I and II the following observation can be made

Observation 2:	To support higher user velocities, the 200us CP requires more RS overhead and a more sensitive receiver capable of handling a lower Doppler spread to sub-carrier spacing offset (β) than the 100us CP.  
Note that link level simulation results presented in table 3 of [5], similarly show that to maintain a 2 b/s/Hz spectral efficiency with a UE device moving at 100 Km/hr, that the required SNR for the 200µs CP is approximately 5 dB greater than the 100µs CP even though the RS symbol overhead is the same.

Conclusions
In this contribution, we have provided an analytical approach to estimating the optimum RS pattern required to support different UE speeds with the 100µs and 200µs CP numerologies.   From this analysis, we have the following observation and proposal.
Observation 1:	In the frequency domain, a separation of 2 empty sub-carriers between sub-carriers carrying reference symbols (not necessarily aligned in time), is sufficient for all candidate symbol numerologies. 
Observation 2:	To support higher user velocities, the 200us CP requires more RS overhead and a more sensitive receiver capable of handling a lower Doppler spread to sub-carrier spacing offset (β) than the 100us CP.  
Proposal 1:	In order to support a trade-off between mobility and spectral efficiency, RAN1 is asked to consider the following options:
· OPTION 1:	If only the 200µs CP numerology is selected, then the network has the choice of 2 reference symbol patterns to use.

· OPTION 2:	In addition to supporting the 200µs CP numerology, the network also supports a second new lower CP numerology (either 100µs or 66µs)
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