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1
Introduction
In this document, we evaluate the options for OFDM downlink common pilot multiplexing structure.
Throughout the document, we assume the reference 5 MHz downlink numerology outlined in TR 25.814.

2
Pilot Structure
2.1
TDM Pilot
Figure 1 outlines a strictly TDM pilot structure wherein in one slot, all the tones within one out of seven symbols are dedicated to the pilot.
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Figure 1

TDM Pilot
This structure has the following pros and cons:
· Pros

· UE needs to wake up only once per slot for channel estimation

· Cons

· UE also needs to wake up to decode the downlink control channel and possibly the uplink grant/HARQ channel

· The downlink frequency domain overhead is large (~14.3%)

· Possible channel estimation loss at high doppler

2.2
FDM Pilot

Figure 2 outlines a strictly FDM pilot with a time/frequency scattered structure. Within one slot, a few tones are dedicated to the pilot in all the symbols. The pilot tone locations are not identical in all the symbols, but are scattered in frequency domain across symbols.
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Figure 2

FDM Pilot
This structure has the following pros and cons:

· Pros

· Pilot overhead can be minimized

· For unicast, 20 tones per symbol provides sufficient number of observations when channel estimation is performed over multiple OFDM symbols, leading to a 6.7% downlink frequency domain overhead

· Channel estimation loss is minimized at high doppler

· Cons

· UE needs to be awake duing the entire slot for channel estimation even when it is not scheduled

· Depending upon implementation and the performance specification, the UE need not be awake the entire slot

2.3
Hybrid TDM/FDM Pilot

Figure 3 outlines a hybrid TDM/FDM pilot with a time/frequency scattered structure. Within one slot, a few tones are dedicated to the pilot in two of the symbols. The pilot tones are distinct in both these symbols and are scattered in frequency domain.
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Figure 3

Hybrid TDM/FDM Pilot
This structure has the following pros and cons:

· Pros

· Pilot overhead can be minimized further

· With 20 tones per pilot symbol and 2 pilot symbols per slot, the downlink overhead reduces to 2% in frequency domain

· Channel estimation loss is moderate at high doppler

· Cons

· The UE needs to be awake for 2 symbols during the entire slot even when it is not scheduled
3
Simulation Assumptions
3.1
Numerology

The link performance is evaluated using the following reference numerology. 
Note that we assumed 25 pilot tones per symbol, leading to 8.3% overhead for FDM pilot and 2.4% overhead for Hybrid pilot modes.

	Slot duration
	0.5 ms

	TTI
	0.5 ms

	Symbols / Slot
	7

	FFT size
	512

	Tone spacing
	15 KHz

	Flat guard samples 
(Number of symbols)
	29 (4)

28 (3)

	Flat guard period 
(Number of symbols)
	3.78 µs (4)

3.65 µs (3)

	Window length 

(Number of samples)
	1.04 µs (7)

	Guard tones per symbol
	212

	Pilot tones symbol
(FDM and Hybrid modes)
	25

	Peak data rate using 16-QAM
	15.4 Mbps – FDM

16.4 Mbps – Hybrid


Table 1

Evaluation Numerology
3.2
Tone Multiplexing
The tone multiplexing is done in the following way:
3.2.1
Data Tones
The data tones are uniformly spaced across the entire band.
3.2.2
Pilot Tones
When present, the pilot tones are uniformly spaced across the entire band. 
3.2.2.1
FDM Mode

A 2x time-frequency scattered pilot structure is used in the FDM mode.

The pilot tone location for symbols indexed {0, 2, 4, 6} are identical and are distinct from the pilot tone location for symbols indexed {1, 3, 5}.
3.2.2.2
Hybrid Mode

A 2x time-frequency scattered pilot structure is used in the Hybrid mode.

The pilot tones are transmitted in symbols {0, 3} per slot. The tone locations are distinct for both the symbols.
3.3
Channel Estimation

In these simulations, the channel estimator length is fixed to 15 OFDM symbols. 
3.4
Miscellaneous Assumptions

The rest of the simulation assumptions are as follows:

· Single Rx antenna

· Interference and noise modeled as bandlimited noise process
· GSM TU channel – 30 kph
3.5
MCS Setup
Since the impact of channel estimation is more severe on higher order constellations, we evaluate the performance with 16-QAM and 64-QAM.

The TB size, modulation and number of data tones are kept a constant during the simulation run. No re-transmissions are allowed.

· Bandwidth

· 70 tones are allocated to data ( 25.4% of the available 275 data tones
· 25 tones are allocated to pilot in FDM/Hybrid modes ( 8.3% when present

· Power

· Data Tx Ec/Ior is fixed to -6.0 dB ( 25% of available power

· Pilot Tx Ec/Ior is fixed to -10.0 dB in FDM/Hybrid modes ( 10% of available power when pilot is transmitted
	Modulation
	TB Size
	Number of data tones
	Code Rate

	16-QAM
	640
	70
	0.33

	
	960
	
	0.50

	64-QAM
	1440
	
	0.50


Table 2

Candidate MCS
3
Results
In Tables 3-5, we compare the C/I for each scenario.
	Pilot

Structure
	BLER
	C/I
(dB)
	Delta

(dB)

	Perfect
	10%
	4.8
	0.0

	FDM
	
	5.3
	+0.5

	Hybrid
	
	6.2
	+1.4

	Perfect
	1%
	8.0
	0.0

	FDM
	
	8.1
	+0.1

	Hybrid
	
	9.0
	+1.0


Table 3

16-QAM – Rate 1/3
	Pilot

Structure
	BLER
	C/I

(dB)
	Delta

(dB)

	Perfect
	10%
	8.4
	0.0

	FDM
	
	8.9
	+0.5

	Hybrid
	
	9.5
	+1.1

	Perfect
	1%
	11.2
	0.0

	FDM
	
	11.5
	+0.3

	Hybrid
	
	12.5
	+1.3


Table 4

16-QAM – Rate ½
	Pilot

Structure
	BLER
	C/I

(dB)
	Delta

(dB)

	Perfect
	10%
	12.8
	0.0

	FDM
	
	13.3
	+0.5

	Hybrid
	
	14.1
	+1.3

	Perfect
	1%
	15.5
	0.0

	FDM
	
	16.0
	+0.5

	Hybrid
	
	17.5
	+2.0


Table 5

64-QAM – Rate ½
4
Summary

Based on the results, it is seen that the channel estimation losses can be kept minimal (within 0.5 dB) with a continuous FDM pilot. For the estimation filter length considered (2-slots), channel estimation losses with the TDM/FDM hybrid mode can range from 1 dB to 2 dB. 

A fraction of the channel estimation losses in TDM/FDM hybrid mode may be recovered by increasing the pilot power overhead when the pilot tones are transmitted. However, this would imply that the traffic-to-pilot ratio could vary during a slot and this has implications on the demodulation performance.

Another approach to recover the hybrid mode channel estimation losses is to increase the pilot bandwidth overhead to the same as the FDM mode. This aspect will be evaluated in a separate document.
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