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1. Introduction

The study on new radio (NR) access technology has been agreed in 3GPP RAN #71 meeting [1]. To accommodate the ever growing mobile data traffic, more efficient transmission schemes, interference mitigation schemes, as well as utilizing the massive spectrum above 6GHz are all currently under investigation. Flexible duplex schemes with variable DL/UL resource allocation have also been proposed to more efficiently utilize the available time/frequency resource given the often asymmetric data traffic. The concept of in-band full duplexing, where a transmitter and a receiver communicates using the same frequency spectrum at the same time, has not caught much attention currently. In this contribution, we review the recent advances and development of in-band full duplex communications and its applications in NR. We conclude that the at least for wireless relaying and D2D, the support of in-band full duplexing is a promising solution for further improving the spectrum efficiency.
2. Discussions
The study on new radio (NR) access technology has been agreed in 3GPP RAN #71 meeting to kick off 3GPP’s standardization of 5G [1]. To accommodate the ever growing mobile data traffic, which is estimated to grow several hundred fold in the next 10 years, more efficient transmission schemes, interference mitigation schemes, as well as harvesting the massive spectrum above 6GHz are all currently under investigation. To more efficiently utilize the available time/frequency resource given the often asymmetric data traffic, flexible duplex schemes with variable DL/UL time/frequency allocation has been proposed [2]. The concept of in-band full duplexing, where a transmitter and a receiver communicates using the same frequency spectrum at the same time, has not caught much attention at the current stage. Considering that one of the objectives for NR is to keep forward compatibility, taking various scenarios and design possibilities into account at an early stage would be a sensible approach. 
Observation 1: To achieve forward compatibility in NR, fully considering various design possibilities at an early stage is desirable.

The advanced wireless transmission techniques employed in LTE/LTE-A systems, including turbo coding, HARQ, 256 QAM modulation, and MIMO have already pushed the spectrum efficiency to its limits and are facing diminishing performance gains. Standardizing 1024 QAM is not going to increase the spectrum efficiency as when we went from 64 QAM to 256 QAM due to hardware limitations and other non-idealities. Replacing turbo codes with LDPC is not expected to offer much improvement, either. Massive MIMO is a more promising technique for further enhancing the link performance and could potentially lead to a paradigm shift in cellular communication systems. However, the proportionally larger amount of channel state information (CSI) feedback along with non-idealities like imperfect CSI still renders the MIMO systems facing diminishing gains. 
Observation 2: Physical layer techniques for improving spectrum efficiency is facing diminishing performance gains.
In-band full duplexing, where a transmitter and a receiver communicates using the same frequency spectrum at the same time, could potentially double the spectral efficiency since the same spectrum is being used for transmission and reception at the same time. Inevitably, the receiver will be severely interfered by its own transmitted signals. Such a phenomenon is termed self-interference. As a consequence, in-band full duplexing is commonly thought to be infeasible as also proclaimed in authoritative textbook [3]. In practical communication systems, e.g., LTE/LTE-A, duplexing is achieved by either dividing the frequency resource, i.e., FDD, or the time resource, i.e., TDD. Theoretically though, the self-interference in in-band full duplexing should be able to be cancelled. After all, the interfering signal is the transmitted signal, which is known. In practice, the self-interference can be more than 100 dB stronger than the desired received signal; that is, 10 billion times stronger. For an LTE eNB with a transmit power of 46 dBm, to cancel the effect of self-interference, we have to suppress the interfering signal down to approximately the level of the noise floor, which is around -100 dBm for a bandwidth of 20 MHz in room temperature. As depicted in Fig. 1, this gives a self-interference cancellation goal as high as 146 dB. Such a staggering number poses a great challenge to the circuit and RF design, and is the reason why in-band full duplexing is deemed infeasible only until recently.
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Fig. 1. Even for an SNR of 10 dB, the self-interference is still overwhelmingly stronger than the received signal strength. A self-interference cancellation of over 140 dB is necessary.

Even if in-band full duplexing has been realized, based on some statistics, the DL to UL ratio in mobile cellular traffic is approximately 8:2 on average [4]. This means that the capability of doubling the spectrum efficiency by in-band full duplexing is only an illusion. Granted, it is also our belief that a full-fledged in-band full duplex macro cellular system is still far from reality. Aside from the traffic radio and self-interference, all sorts of inter-UE and inter-eNB interference problems will arise with the introduction of full duplexing. Similar problems have been encountered during the discussions of eIMTA [5]. It is our opinions that full duplexing will be a desirable feature in NR at least for relaying and potentially D2D or V2V communications, where UEs exchange data with one another or simply serves as a relay [6]. An equal amount of UL and DL data traffic is straightforward as far as relaying is concerned. An illustration is given in Fig. 2. The potential benefit of an in-band full duplex relay is obvious, as evidenced by the fact that it had already been discussed when standardizing relays in LTE-A [7].
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Fig. 2. Relays and D2D communications can potentially double the spectrum efficiency by enabling in-band full duplexing.
Observation 3: In NR, in-band full duplexing is beneficial and practical at least in relaying and D2D communications.
We have seen a paradigm shift towards small cells in cellular communication systems in the past few years, notably the standardization of small cell related enhancements in LTE-A. The lowered micro eNB transmit power in small cells means the extent of necessary self-interference cancellation is also reduced. A loosened requirement coupled with recent advances in the design of RF front end and digital/analog circuits are the key factors which revive interest in in-band full duplexing in both academics and industries. The approaches to mitigate self-interference can be categorized as passive cancellation and active cancellation [8]. As the name implies, passive cancellation utilizes antenna separation or special hardware design to attenuate the self-interference signals in a passive manner. For example, this can be achieved by placing the transmit and receive antennas such that they are exactly 180 degrees out of phase. However, this might not be a compelling setup to claim advantage over half duplex systems since more antennas are required. A single-antenna design to achieve in-band full duplexing has also been proposed and continuously improved in an endeavor to lift such limit and shrink the form factor at the same time. In this case, a circulator, or more recently, an electrical balance achieves the isolation between the transmitted and received signals [9]. Active cancellation is further categorized as analog cancellation and digital cancellation. Also as the the name implies, the former is such that the interfering signal is subtracted from the received signals in the analog domain; while the latter performs the subtraction after the ADC. Active cancellations have to take into account various non-ideal properties introduced by the hardware components, e.g., signal reflections, signal leaking, phase noise, quantization noise, etc. Advanced algorithms can be designed and applied more easily in the digital domain. However, due to the limitation of the dynamic range in ADC, the amount of self-interference cancelation that the digital cancellation can achieve is limited to around 50 dB [8]. The passive cancellation as well as the analog and digital cancellations are not mutually exclusive, and in practice they are usually implemented and work together at the same time. Several works have indicated that we are able to cancel up to 110 dB; a full duplex MIMO relay for LTE-A is also studied and demonstrated in lab [10]. Commercial products which are capable of in-band full duplexing are also available [11].

Observation 4: Recent advances in RF/circuit design have made in-band full duplexing feasible in certain scenarios.
Besides being able to boost the spectrum efficiency, there are also other benefits that are offered by in-band full duplex systems. For example, the collision problem in listen before talk (LBT) systems can be handled more efficiently as the transmitter is able to detect a collision while transmitting. Full duplexing also relieves the systems from the hidden node problem as both the transmitter and receiver are transmitting at the same time; nodes in the neighborhood of the transmitter as well as the receiver thus keep quiet during the signal exchange. The fact that the signals are exchanged at the same time in the same frequency also improves secrecy as an eavesdropper will intercept mixed signals which are more difficult to decipher [12]. To sum up, we therefore propose

Proposal 1: Evaluate the possibility and impact of introducing in-band full duplexing in NR.
3. Conclusions
In this contribution, we have discussed the recent advances of in-band full duplexing and its role in NR access technology. Physical layer techniques have undergone a major development in LTE-A, and are facing their limits. It is our opinion that in-band full duplexing is the missing piece, and is the key for further improvement of the spectrum efficiency. We have the following observations and proposals:

Observation 1: To achieve forward compatibility in NR, fully considering various design possibilities at an early stage is desirable.

Observation 2: Physical layer techniques for improving spectrum efficiency is facing diminishing performance gains.
Observation 3: In NR, in-band full duplexing is beneficial and practical at least in relaying and D2D communications.
Observation 4: Recent advances in RF/circuit design have made in-band full duplexing feasible in certain scenarios.
Proposal 1: Evaluate the possibility and impact of introducing in-band full duplexing in NR.
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