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1 Introduction

Due to the possibility in E-UTRA for a UE communicating with a Node B of larger bandwidth to have different camping positions, DC offset may destroy the signal on different sub-carrier positions, if direct conversion architecture is used in the UE and/or the Node B RF part. 

In the Cannes LTE Ad Hoc meeting, two different methods were proposed to deal with the DC offset. In [1], it is proposed to add a few null sub-carriers in both uplink and downlink signal structures to avoid any DC offset interference on data and keep the same regular frequency domain signal structure in uplink and downlink signals. On the contrary, in [2], for downlink, it is proposed to transmit data on the DC sub-carrier, i.e., to transmit data on all sub-carriers except in the edge guard bands. If DC offset interferes too much on a sub-carrier, it is proposed to puncture data on this sub-carrier. Thus, solution in [2] leads to a degradation of FER performance in resource blocks suffering from DC offset whereas solution in [1] avoids this degradation at the cost of a slight spectrum widening. Both solutions guarantee the same peak data rates.

In this paper, we further study the impact of both solutions on performance and spectral occupancy in both up- and down-links. In particular, we evaluate:

· the performance degradation in downlink due to puncturing of solution in [2],

· the back-off loss and time windowing increase due to insertion of null sub-carriers in the OFDMA signal in downlink [1],

· the performance degradation in uplink when neglecting the DC offset interference,

· the back-off loss due to insertion of null sub-carriers in the SC-FDMA signal in uplink [1].

We conclude that solution 1 should be preferred for downlink. Its benefits in uplink strongly depends on the DC offset level and the resource unit allocation.

2 Solutions to avoid DC offset interference

In [3], the minimum bandwidth that a E-UTRA UE should be capable to deal with is 10 MHz. If the Node B uses a higher frequency bandwidth (e.g., 15 or 20 MHz) than the frequency bandwidth capability (e.g., 10 MHz) of a given UE, then several camping positions may be offered to this UE [4]. In this case, the central sub-carrier of the Node B is not at the same location as the central sub-carrier of the UE.

For IFFT-based transmission concepts such as OFDMA and SC-FDMA, a DC offset may interfere with the central sub-carrier after demodulation with a zero-IF receiver. In order to avoid the resulting performance decrease, the central sub-carrier of the transmitted signal is usually designed so as to not carry any information, i.e., it is a null sub-carrier. 

In downlink, this is the solution that has been adopted in [3, 7.1.1], for a UE implicitly tuned to the same carrier frequency as the Node B carrier frequency. 

However, with the existing set of parameters, when a UE camps on a position which is different from the Node B carrier frequency, there is a mismatch between the location of the transmitted null sub-carrier and its appropriate position to avoid DC interference. As a result, the UE receiver suffers from DC interference since an information signal is present on its central sub-carrier. 

In the uplink, null DC sub-carrier is not considered in [3] for two reasons. On one hand, a null sub-carrier inserted among data sub-carriers may affect the good PAPR properties of the SC-FDMA signal . On the other hand, and thanks to the IDFT performed after OFDM demodulation, the DC offset is spread over several modulation symbols, with a reduced interference on each of these symbols. However, the Rx DC offset is computed according to the total received power arising from different UEs whereas the spreading effect of the IDFT may be as low as M, where M is the size of a resource unit in the frequency domain. We will see in section 4 that the degradation brought by PAPR increase due to null sub-carrier insertion may be lower than the degradation brought by the DC offset in uplink, depending on the DC offset level and the resource unit allocation.

2.1 Solution 1: Insertion of null sub-carriers (in downlink and uplink)

As a simple solution [1] to deal with DC offset in both uplink and downlink, a few regularly spaced null sub-carriers can be inserted to allow different UE camping positions with neither impact from DC interference, nor impact on the frequency domain signal structure whatever the Node B frequency bandwidth, the UE capability and its camping position. These null sub-carriers may be replaced by pilot sub-carriers for optional synchronisation refinement, e.g., phase noise compensation, or PAPR reduction. To keep the same regular structure in uplink and downlink we propose to insert the same null sub-carriers in both up- and down-links.
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	Figure 1: Impact of DC interference on short blocks depending on camping position 

(either even or odd index of the long block sub-carrier).


However, compared to downlink, the existence of short and long blocks in uplink creates an additional constraint: the camping positions, and thus the null sub-carriers, should be located on sub-carrier frequencies which are valid for both types of blocks. Otherwise, as shown in Figure 1, the DC offset interference does not affect only one sub-carrier of the short block but all of them. To avoid this, the UEs should be allowed to camp only on sub-carriers with even index. Thus, the corresponding frequency domain signal structure, which is depicted in Figure 2 for the example of resource blocks (RBs) / resource units (RUs) composed of M=25 sub-carriers, is structured in blocks of 75 sub-carriers to allow camping positions on carriers fk = 152k, for k = -2, -1, 0, 1, 2.

The proposed parameters are summarized in Table 1 for OFDMA symbols and SC-FDMA long blocks and in Table 2 for SC-FDMA short blocks, assuming that Node B carrier frequency index is 0.
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	Figure 2: Camping of UEs with different capabilities in cells with 20 MHz and 15 MHz bandwidth 

(M = 25, scenario in [4]).


	Transmission bandwidth
	1.25 MHz
	2.5 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	FFT size
	128
	256
	512
	1024
	1536
	2048

	Number of occupied sub-carriers
	76
	151
	303
	607
	911
	1215

	Number of RBs / RUs
	3
	6
	12
	24
	36
	48

	Indices of null sub-carriers
	0
	0
	-76, 0, 76
	-228, -152, 

-76, 0, 76, 152, 228
	-380, -304, 

-228, -152, 

-76, 0, 76, 152, 228, 304, 380
	-532, -456, 

-380, -304, 

-228, -152, 

-76, 0, 76, 152, 228, 304, 380, 456, 532

	Indices of camping positions [4]
	0
	0
	0
	0
	-152, 0, 152
	-304, -152, 0, 152, 304

	Spectral occupancy increase compared to TR 25.814
	0%
	0%
	+0.7%
	+1%
	+1.1%
	+1.2%


Table 1: Number of occupied sub-carriers and indices of camping positions depending on Node B bandwidth for downlink OFDMA symbols and uplink SC-FDMA long blocks (M=25).

	Transmission bandwidth
	1.25 MHz
	2.5 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	FFT size
	64
	128
	256
	512
	768
	1024

	Number of occupied sub-carriers
	38
	75
	151
	303
	455
	607

	Indices of camping positions [4]
	0
	0
	0
	0
	-76, 0, 76
	-152,

-76, 0, 76, 152


Table 2: Number of occupied sub-carriers and indices of camping positions depending on Node B bandwidth for uplink SC-FDMA short blocks.

2.2 Solution 2: Puncturing of sub-carriers affected by DC offset (in downlink only)

In [2], as another solution to deal with DC offset, it is proposed to transmit data on all sub-carriers regardless of the DC offset they could suffer from. Sub-carriers suffering from DC offset are then considered as punctured. However, the performance of the resource block in which the punctured sub-carrier is located will differ from the performance of other resources blocks. Besides, this solution is only applicable to downlink. Indeed, in uplink, it would require the puncturing of M modulation symbols together in a DFT-S-OFDM signal, which would strongly degrade performance.

2.3 Solution 3: Additional payload size (in downlink only)

In a third solution, when a sub-carrier is affected by DC offset for a given UE, no data is transmitted to this UE on the affected sub-carrier. Either the symbol to be transmitted is punctured (which is very similar to solution 2) or the payload size has to be adapted to a new resource block size in the frequency domain equal to M-1. In the latter case, the number of payload sizes must be doubled. Furthermore, it may complicate the scheduling process. In order to simplify scheduling and keep a regular structure in both uplink and downlink, we will not further consider solution 3.

3 Comparison of solutions in downlink

Solutions 1 and 2 are compared in terms of performance and spectral occupancy.

3.1 Increase of occupied bandwidth with solution 1

Compared to solution 2, the addition of some null sub-carriers by using solution 1 widens the occupied bandwidth of the signal. 

In [7], we evaluate the output back off (OBO) and time windowing size required to satisfy the 5 MHz downlink spectrum mask. We assume that a high-quality HPA is employed in Node Bs. Therefore, we evaluate the spectrum occupancy using a Rapp model with knee factor 8. Up-sampling with factor 4 is performed using an image rejection filter with a Kaiser window (37 coefficients, beta parameter equal to 5). Thus, the filtering introduces an additional delay of 0.59 us, which is not prohibitive compared to the cyclic prefix duration (4.69 us). In order to satisfy the downlink spectrum mask, time windowing must be applied on OFDM symbols before filtering.
Table 3 summarizes the required OBO and raised cosine windowing size for different numbers of occupied sub-carriers. We see that adding two sub-carriers in downlink in the 5 MHz bandwidth does not result in significant OBO loss and time windowing size increase.

	Nb occupied sub-carriers
	289
	291
	301
	303

	OBO (dB)
	-9
	-9
	-9
	-9.05

	RC time windowing size
	18
	18
	22
	24


Table 3: Required OBO and time windowing size to satisfy the 5 MHz DL spectrum mask.

3.2 Performance degradation with solution 2

Puncturing a sub-carrier in a resource block of size M (in frequency domain) results in a puncturing rate of one bit over M. Table 4 summarizes the difference in SNR between the punctured [2] and unpunctured [1] performances for a convolutional code with rate ½ and a QPSK modulation. The degradation resulting from neglecting the DC offset is also computed to highlight the need to deal with DC offset in downlink. The DC offset power is 20 dB below the total received power.

	
	Puncturing

M = 12
	Neglecting 

DC offset impact

M = 12
	Puncturing

M = 25
	Neglecting 

DC offset impact

M = 25

	FER = 10-1
	0.6 dB
	4.4 dB
	0.3 dB
	2.9 dB

	FER = 10-2
	0.75 dB
	Infinite
	0.5 dB
	Infinite


Table 4: SNR loss brought by puncturing or neglecting the DC offset impact  in downlink 

for different values of M, convolutional code ½, QPSK, 6-tap TU channel, 

DC offset 20 dB below total received power.

From Table 4, we conclude that DC offset cannot be neglected and that puncturing results in 0.3 – 0.75 dB degradation depending on the resource block size M and the operating point. In the current set of parameters, the central sub-carrier is a null sub-carrier. Thus, the number of resource blocks impacted by puncturing is lower with the current set of parameters than with solution 2. Furthermore, in both the current set of parameters and solution 2, the number of impacted resource blocks increases with the bandwidth. 

4 Necessity and impact of null sub-carriers in uplink

4.1 Impact of DC offset interference in uplink

If direct conversion architecture is applied in the Node B receiver, even with DC offset cancellation methods, the residual DC offset power may still be around 25 dB below the total received power. If a UE transmits in a single resource block and the Node B receives data in all resource blocks, the spreading gain of the IDFT with size M at the receiver may not be sufficient to make the DC offset negligible. Furthermore, the DC offset will impact M modulation symbols instead of one in downlink. Puncturing of modulation symbols affected by DC offset would thus result in a strong performance loss.

As summarized in Table 5, without null sub-carriers, a –20 dB DC offset results in a significant SNR loss ranging from 0.5 dB for a UE transmitting on 4 RUs with M=25 up to 2.5 dB for a UE transmitting on one RU with M=25 to achieve 10% FER. A –25 dB DC offset results in an SNR loss lower than 0.4 dB with M=25 and 0.8 dB with M=12.

	DC offset

	
	No
	-30 dB
	-25 dB
	-20 dB
	-15 dB

	M=12, 1 RU
	8.5 dB
	8.7 dB
	9.3 dB
	Infinite
	Infinite

	M=25, 1 RU 
	8.2 dB
	8.3 dB
	8.6 dB
	10.7 dB
	Infinite

	M=25, 2 RUs 
	7.6 dB
	7.7 dB
	7.9 dB
	8.7 dB
	Infinite

	M=25, 3 RUs
	7.3 dB
	7.4 dB
	7.5 dB
	8.0 dB
	Infinite

	M=25, 4 RUs
	7.2 dB
	7.2 dB
	7.4 dB
	7.7 dB
	9.7 dB


Table 5: Required SNR to achieve 10-1 FER with DC offset, 

convolutional code ½, QPSK, 6-tap TU channel.

4.2 Impact of additional sub-carriers on spectral occupancy

As in downlink, the addition of some null sub-carriers by applying solution 1 widens the occupied bandwidth of the signal. Furthermore, to obtain good PAPR properties of the uplink SC-FDMA signal, we should transmit either on regularly spaced sub-carriers (distributed transmission) or on contiguous sub-carriers (localised transmission). Thus, inserting a null sub-carrier between two RUs results in a PAPR increase which could thus result in an OBO loss.
In [7], we evaluate the OBO required to satisfy the 5 MHz uplink spectrum mask. We assume that a low-cost HPA is employed in UEs. Therefore, we evaluate the spectrum occupancy using a Rapp model with knee factor 2. Up-sampling with factor 4 is performed using an image rejection filter with a Kaiser window (37 coefficients, beta parameter equal to 5). Time windowing is not necessary.
Table 6 summarizes the required OBO for different numbers of occupied sub-carriers. We see that adding three null sub-carriers in uplink in the 5 MHz bandwidth results in an OBO loss of 0.7 dB. Note however that these results assume all RUs allocated to a single UE, which is a low probability scenario.

	Nb occupied sub-carriers
	288
	288 + 3 null sc
	300
	300 + 3 null sc

	OBO
	-4.8 dB
	-5.5 dB
	-5.1 dB
	-5.8 dB


Table 6: Required OBO to satisfy the 5 MHz UL spectrum mask and ACLR = -33 dB

(All RUs allocated to same UE).

When the number of RUs allocated to a given UE is smaller, the probability of having RUs separated by a null sub-carrier decreases. Even in this latter case, the spectrum constraints are relaxed and the OBO loss due to null sub-carriers is reduced.

4.3 Impact of null sub-carriers on performance

When the OBO is set in order to satisfy the spectrum mask, a PAPR increase may still result in performance degradation due to HPA non-linearities. 

In Figure 3, the total degradation is drawn versus OBO in order to achieve 10% FER for a UE transmitting on two RUs separated by a null DC carrier or not. The total degradation takes into account both OBO and additional SNR required to compensate the in-band distortion introduced by the HPA non-linearities. We see that the introduction of a null sub-carrier impacts total degradation only for low OBO values. In Table 6, it is shown that an OBO ranging between –4.8 and –5.8 dB is required to satisfy the uplink spectrum mask and ACLR constraints. For such an OBO value, inserting a null sub-carrier does not impact performance.
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	Figure 3: Degradation due to PAPR increase when including a null sub-carrier between two localized resource units of size M = 25, HPA Rapp (p=2) model, convolutional code ½, QPSK, 6-tap TU channel.


5 Summary

We draw the following conclusions:

· In downlink: 

· Solution 1: 

· Negligible OBO(<0.05 dB) increase due to additional sub-carriers

· Small time windowing increase (< 2 samples) due to additional sub-carriers

· Same performance in all resource blocks

· Solution 2: 

· No time windowing increase

· 0.3-0.75 dB FER degradation in resource blocks affected by DC offset

· Conclusion: Solution 1 should be preferred as it does not degrade performance, since two additional samples in raised cosine windowing will not increase inter-symbol interference significantly [5].

· In uplink:
· Current solution (DC offset neglected):
· For DC offset equal to –20 dB, more than 0.7 dB degradation for small payloads occupying 3 RUs or less. For DC offset equal to –25 dB, less than 0.8 dB.

· Solution 1:

· 0.7 dB OBO loss due to the addition null sub-carriers in the SC-FDMA signal when all sub-carriers are assigned to a same user, which is a low probability scenario.

· Conclusion: The advantage of solution 1 over current solution depends on the DC offset level and the RU allocation. With a DC offset level higher than or equal to –20 dB, solution 1 is preferable.

Studies have been carried out in the 5 MHz bandwidth. They also hold for larger bandwidths in which the guard bands are wider. The spectrum mask for lower bandwidths has not been defined yet. However, it should be feasible to take into account the introduction of a single DC null sub-carrier as proposed in Tables 1 and 2 when defining the spectrum mask. 
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