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1 Introduction
In previous RAN1#86, the following agreements were made regarding the DC subcarrier issue [1]. 

Agreements:
· No explicit DC subcarrier is reserved both for DL and UL

In addition, in RAN1#86bis, the following agreements were made regarding handling of DC subcarrier [2].
Agreements:
· Regarding DC present within the transmitter,

· DC Handling of DC subcarrier in transmitter side is specified

· Receiver knows where DC subcarrier is or is informed (e.g., by specification or signaling) of where DC subcarrier is or if DC subcarrier is not present within receiver bandwidth

· When receiver is informed DC subcarrier is present, FFS: transmitter DC subcarrier is punctured, rate matched, modulated, or EVM is not specified

· When DC subcarrier is not present, all subcarriers within the receiver bandwidth are transmitted
Agreements:
· Receiver side

· No special handling of the DC subcarrier(s) on the receiver side is specified in RAN1

· Behavior left to implementation, the receiver may for example puncture data received on the DC subcarrier
According to the agreements made in RAN1#86 and RAN1#86bis, there are still remaining issues regarding handling of a DC subcarrier at a transmitter as below.

· Issue #1: Handling of a DC subcarrier at transmitter side

· Issue #2: Indication of the existence of a transmit DC subcarrier within receiver bandwidth. 

This contribution discusses remaining issues regarding handling of a DC subcarrier at a transmitter. 
2 Handling of a DC subcarrier in NR

2.1 Background of a DC subcarrier 
To discuss how to handle a DC subcarrier in NR, it is important to know why a DC subcarrier is used in OFDM. In most OFDM systems, a DC subcarrier is reserved at the center of the given bandwidth and it is not used for the transmission of QAM symbols. The purpose of this reserved subcarrier is to minimize the impacts of DC interference in demodulation at the expense of spectral loss. The DC interference is the unwanted direct current component taking place at near zero Hz frequency in a transmitter or a receiver, respectively. It is known that the DC interference is generated due to imperfect analog RF components (e.g. the current leakage of each analog component, impedance mismatch, reflections, etc.). Figure 1 shows a simple diagram that shows how the DC interference takes place in a receiver RF. In a receiver, the leakage component from a local oscillator can be feed-through a low noise amplifier (LNA) and then comes back into a mixer again due to reflections at the antenna port. This LO leakage which passes the LNA again is amplified by a large gain of the LNA. As a result, the DC interference is generated when the amplified LO leakage is down-converted into baseband in the mixer. Even though the structure of a transmitter is different from the structure of a receiver, the similar principle is applied for the generation of the DC interference in a transmitter. Basically, if the DC interference is not cancelled or removed properly, it can degrades the EVM of the transmitted signals or receiver sensitivity. For this reason, OFDM does not use the subcarrier which is vulnerable to DC interference. 
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Figure 1. Cause of DC offset in a receiver
However, in LTE Release-8, there were arguments saying that with modern base-station design the DC interference at the transmitter can be substantially suppressed and may not be a big problem [3]. In addition, it is highly possible that UE implementation also can suppress DC interference sufficiently at the transmitter considering the technical improvements in RF and baseband. If a base-station or a UE can suppress DC interference in its transmitter, a DC subcarrier may not be necessary in the transmitter side and QAM symbols can be modulated. In that perspective, it is meaningful if RAN1 asks RAN4 whether the transmitter in a base-station and a UE can suppress DC interference sufficiently to the required level for data reception so that QAM symbol can be modulated from the transmitter perspective.

Proposal 1: RAN1 asks RAN4 whether the transmitter in a base-station and a UE can suppress DC interference sufficiently to the required level for data reception.
2.2 Remaining issues regarding handling of a DC subcarrier in NR
Issue #1: Handling of DC subcarrier at a transmitter side

According to the agreement in the previous RAN1#86bis, it should be discussed how to handle a DC subcarrier at a transmitter. There are three alternatives as below.

- Alt #1: Puncturing at a DC subcarrier in a transmitter

    - Alt #2: Rate-matching around a DC subcarrier in a transmitter

    - Alt #3: Modulation regardless of a DC subcarrier in a transmitter

As discussed the previous section, if the DC interference can be suppressed sufficiently in a transmitter of a base-station and a UE, Alt#3 is preferred among three alternatives to maximize spectral efficiency and reduce spec impacts. 

If the DC interference cannot be suppressed sufficiently in a transmitter, several considerations are required as follows. If Alt #1 (puncturing) or Alt #2 (rate-matching) is applied, DC interference can be avoided by not transmitting QAM symbol in the subcarrier corresponding to DC in a transmitter. Possible benefit from puncturing and rate-matching is power-saving by not using one subcarrier. However, the gain of power saving is expected very marginal. For Alt#3, the handling of DC interference is remained up to receiver implementation. It means whether to use QAM symbols in the subcarrier corresponding to DC for demodulation is up to receiver’s decision. If receiver implementation does not want to use the subcarrier due to the expected performance losses, it can puncture QAM symbols received in the DC subcarrier. Even though there is some distortion in the QAM symbol in the subcarrier, the reliability of LLR could be better than just puncturing of that subcarrier if the receiver uses distorted QAM symbols. Therefore, it is better to modulate QAM symbols in a DC subcarrier in the transmitter. As a conclusion, it is proposed that NR specification supports QAM symbol transmission in all subcarriers within system bandwidth. If QAM symbol is modulated in a DC subcarrier, transmitter EVM would be degraded, so it could not satisfy compliance test. Therefore, EVM requirement should not be specified in the subcarrier.
Proposal 2: NR specification supports QAM symbol transmission in all subcarriers within system bandwidth.
Issue #2: Indication of the existence of a transmit DC subcarrier within receiver bandwidth.

If QAM symbols are modulated in a transmit DC subcarrier and the receiver uses the QAM symbols for demodulation, a receiver doesn’t need to consider the existence of a transmit DC subcarrier within receiver bandwidth. However, it is only possible if the DC interference is maintained negligible to guarantee demodulation performance in a receiver. On the other hand, if the DC interference is not ignorable, it could be beneficial if a receiver knows where the transmit DC subcarrier is for puncturing in the receiver side. 

In downlink, a transmitter is a base-station and a receiver is a UE and there is a transmit DC subcarrier at the center of system bandwidth since a single transmitter in a base-station uses overall system bandwidth. Figure 2 shows a transmit DC subcarrier in downlink system bandwidth. Therefore, a UE can derive the existence of a DC subcarrier and where it is located by the system bandwidth indicated by gNB by implicit manner. In case that synchronization signals are not transmitted in the center of the system bandwidth, the additional information indicating the frequency location of synchronization is also necessary. Since this additional information is required for other purpose such as resource allocation, sub-band configuration, etc. it will not result in signaling burden from system perspective. Therefore, implicit indication is enough for UE to figure out where a transmit DC subcarrier is. 
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Figure 2. A DC subcarrier in downlink

In uplink, within the system bandwidth, there are multiple UEs transmitting uplink signal. Figure 3 shows that transmit DC subcarriers in uplink from a base-station perspective. In UL case, a transmitter is a UE and a receiver is a base-station. It is considered that various UE bandwidth smaller than the system bandwidth is supported and the frequency location where a UE tunes can be different by uplink scheduling. In addition, selecting the exact location of a transmit DC subcarrier can be remained as UE implementation. Considering them, there are multiple transmit DC subcarriers from a base-station perspective and unlike downlink, it is difficult for a receiver in a base-station to know where transmit DC subcarriers are by implicit manner. One possible approach for a base-station to know where transmit DC subcarriers are to have UE specific signaling for the location of a transmit DC subcarrier. However, considering having UE specific signaling would result in considerable burden and it will restrict scheduling flexibility, further studies are required on how to handle a transmit DC subcarrier in uplink if the DC interference cannot be suppressed sufficiently in a UE transmitter .
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Figure 3. DC subcarriers in uplink

Proposal 3: For indication of the existence of a transmit DC subcarrier within receiver bandwidth 

· In downlink, UE can know where a DC subcarrier is implicitly. 

· In uplink, further studies are required on how a base-station knows the location of transmit DC subcarriers

3 Conclusion

This contribution discussed remaining issues regarding handling of a DC subcarrier at a transmitter based on the agreement in the previous RAN1#86bis and following proposals were made as below.
Proposal 1: RAN1 asks RAN4 whether the transmitter in a base-station and a UE can suppress DC interference sufficiently to the required level for data reception when DC interference in the receiver is not considered.
Proposal 2: NR specification supports QAM symbol transmission in all subcarriers within system bandwidth
Proposal 3: For indication of the existence of a transmit DC subcarrier within receiver bandwidth 

· In downlink, UE can know where a DC subcarrier is implicitly. 

· In uplink, further studies are required on how a base-station knows the location of transmit DC subcarriers
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