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1
Introduction
In RAN1 #46 the topic of how to treat the DC subcarrier was discussed. The result of this discussion was to agree [1] that the uplink would introduce a ½ subcarrier (7.5kHz) frequency shift in order to ‘spread’ any DC offset distortion over multiple subcarriers [2].
This contribution considers the performance impact of DC offset distortion on PUSCH transmissions that include the ½ subcarrier shift as proposed in [2] and included in 36.211 [3]. The results indicate the presence of the ½ subcarrier shift does not improve the BLER performance of PUSCH transmissions, whilst making it difficult to implement post-FFT DC offset compensation. Further results suggest that if the ½ subcarrier shift was to be removed, a simple post-FFT DC offset compensation process could provide BLER performance similar to that of a system with zero DC offset.
2
Impact of DC offset on PUSCH performance
This section presents PUSCH BLER results for simulations incorporating a DC offset impairment and compares them with results for simulations without the impairment.
Herein, the power of the DC offset is specified relative to the average subcarrier power. In all simulations presented here, the DC offset is always set to 0dB when applied – matching the value used in [2].
The simulation parameters are given in Table 1, with all other system parameters being as specified by [3]. The number of resource blocks has been fixed to 1, and the value of nPRB set to 12 so that the transmission always overlies DC. 
The simulated receiver uses a frequency-domain MMSE equalizer and a simple least-squares channel estimator. It should be noted that the simple channel estimator is used only to facilitate replication of these results, and this is not a factor in the trends observed.
Table 1: Simulation parameters

	Parameter
	Value

	Channel bandwidth
	5 MHz

	Number of resource blocks
	1

	nPRB
	12

	Frequency hopping
	Disabled

	Number of TX antennas
	1

	Number of RX antennas
	2

	Channel
	TU

	Cyclic prefix length
	Normal


The BLER results presented in Figure 1 are for a range of modulation and code rates from QPSK 1/3 rate through to 64QAM 5/6 rate. Three sets of curves are presented, corresponding to simulations with:
· no DC offset

· a 0dB DC offset and the ½ subcarrier shift on the baseband PUSCH signal

· a 0dB DC offset and no shift on the baseband PUSCH signal

In all three cases no DC offset compensation is employed. The simulated receiver conducts channel estimation and equalization on all 12 subcarriers in the resource block. No subcarriers are punctured.
For both simulation cases incorporating a DC offset these results demonstrate a significant performance degradation, with unacceptable error floors for the higher rate modes.
It can also be noted that the ½ subcarrier shift does not mitigate the impact of distortion due to a DC offset. In fact, the BLER performance is slightly worse when the ½ subcarrier shift is applied than when it is not applied.
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Figure 1: BLER results illustrating the impact of a DC offset on PUSCH performance
3
DC offset compensation
3.1
With ½ subcarrier shift applied
When a ½ subcarrier shift is applied to transmissions, as required by the current uplink specification, the estimation and removal of a DC offset becomes non-trival. An illustration of this is given in Figure 2 where it can be seen how a DC offset of 0dB (relative to the average data subcarrier) is distributed in frequency when a ½ subcarrier shift is present. (Only the 12 subcarriers corresponding to the central resource block of a 5 MHz channel are shown). The estimation and removal of this signal is obviously significantly more complex than would be the case if the energy were constrained to a single DC subcarrier.  Specifically, estimation of the DC impairment suffers because all post-FFT symbols already contain interference from the DC offset.  This is avoided for all but one of the symbols when the DC is confined to one sub-carrier only.
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Figure 2: Frequency domain spreading of a 0dB DC offset when a ½ subcarrier shift is applied
3.1
With no subcarrier shift
If the ½ subcarrier shift is not applied, then any DC offset will be contained within a single ‘DC’ subcarrier. The estimation and removal of the DC component from this single subcarrier is much simpler than the estimation and removal of the spread DC offset illustrated in Figure 2.
As an example, a simple but effective DC offset estimation and compensation scheme is given in Appendix A. Simulation results for this compensation scheme, using identical simulation parameters and DC offset as in Section 2, are shown in Figure 3. The only difference is that the ½ subcarrier shift is not applied, in order that the DC offset is contained within a single subcarrier.
The results in Figure 3 demonstrate very little difference between the simulations with and without the presence of a DC offset, and significantly better performance in the presence of a DC offset than the results for the ½ subcarrier shift shown in Figure 1.
These results suggest that the ½ subcarrier shift should be removed from the LTE uplink specification, thereby greatly simplifying DC offset estimation and removal.
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Figure 3: BLER performance for a simple DC offset compensation scheme
5
Conclusion
This contribution has discussed the impact of DC offsets on PUSCH performance and receiver complexity.  It is observed that the following result from application of the ½ sub-carrier shift:

i) The BLER performance for PUSCH in the presence of a DC offset is worsened (for all coderates) when no explicit DC offset compensation scheme is employed
ii) The implementation of algorithms for DC offset estimation and removal is complicated by the spread nature of the DC in this case

Consequently, it is proposed that the ½ subcarrier shift should be removed from the LTE uplink specification.
A draft CR indicating the required changes to 36.211 is included at the end of this document.
We would also welcome any other input from other companies on this issue and/or verification of these results.
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Appendix A
One simple DC offset compensation method

The pilot symbols transmitted on each of the Nsc data subcarriers are denoted by an Nsc-by-1 vector, xpilot, and the corresponding values received on each of the Nsc data subcarriers are denoted by an Nsc-by-1 vector, ypilot. In the following we will denote element i in each of these vectors as the subcarrier corresponding to DC, such that the received pilot symbol on the DC subcarrier is denoted as ypilot[i].

The first step of the estimation process is to obtain an unimpaired channel estimate for the DC subcarrier. One method to achieve this is to interpolate between the least-squares channel estimates for the two subcarriers adjacent to the DC subcarrier to give
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Eqn. 1
Given the unimpaired channel estimate for the DC subcarrier, a known pilot symbol for the DC subcarrier, xpilot[i], and the received copy of this pilot symbol, ypilot[i], an estimate of the DC offset contained in the data symbols received on the DC subcarrier can be calculated as
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Eqn. 2
The estimated DC offset can therefore be removed from each data symbol received on the DC subcarrier, ydata[i], to produce a compensated data symbol, 
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5.6
SC-FDMA baseband signal generation 

This section applies to all uplink physical signals and physical channels except the physical random access channel.

The time-continuous signal 
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5.7.3
Baseband signal generation

The time-continuous random access signal 
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 is an amplitude scaling factor and 
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 accounts for the difference in subcarrier spacing between the random access preamble and uplink data transmission. The variable
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, a fixed offset determining the frequency-domain location of the random access preamble within the physical resource blocks, are both given by Table 5.7.3-1.

Table 5.7.3-1: Random access baseband parameters.

	Preamble format
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	1250 Hz
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	7500 Hz
	2
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