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1   Introduction
Since NR SID was approved at RAN#71 in March 2016 [1],  one of the main objectives in NR has been to consider frequency ranges up to 100 GHz. In this contribution, we discuss some of the potential issues for high frequency (HF) operations, and propose the framework for low frequency (LF) assisted HF operations.
2   Issues for standalone HF operation 
Refer to [3] for a list of design issues for standalone HF systems, including but not limited to idle mode, broadcast, access, link fragility, etc. Additionally, all of these issues impact mobility performance negatively, and their existence magnifies the challenges in HF particularly in standalone HF mobility.
· Due to atmospheric absorption, sparse scattering, small coherence time, and easy blockage of HF radio, mmWave channel is characterized by fast attenuation, limited coverage, and intermittent and unreliable links. These characteristics turn into low transmission efficiency for small packets or control signaling and complex beam management in standalone HF systems.
· On the other hand, [9] proposes stringent requirements for NR systems, such as 0ms intra-system mobility interrupt, multi-connectivity, tight interworking with LTE or between NR HF and NR LF, etc., which would be difficult to meet by standalone HF systems. 
Small coverage and link outage
In Figure 1, we show the line of sight (LOS) probability for urban macro deployment using the path model provided in [2]. It can be found that the LOS probability decreases with the distance between UE and base station. For example, the LOS probability is 0.5 when the distance is 50m, and it decreases to 0.22 when the distance is 100m. 
Due to radio characteristic of HF, the diffraction is very low. Therefore, the signal strength deteriorates significantly when the UE is in the NLOS scenario. We compare the path loss at 28GHz for LOS and NLOS scenario in Figure 2 using the LOS model provided in [2]. It can be seen that the path loss of NLOS is 15dB higher than that of LOS when the distance is 100m, and the difference of path loss between NLOS and LOS becomes even larger as the distance increases.
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Figure 1: LOS probability for HF                    Figure 2: Pathloss at 28 GHz for urban macro (UMa) 
Since the receiver sensitivity for NR is not specified yet, we use the metrics of LTE as reference for link budget analysis, where the minimum required SNR for uplink and downlink is around -1 dB and 2 dB, respectively. Then, the link budget for HF uplink and downlink can roughly be calculated as below: 
	
	Uplink
	Downlink

	Transmission bandwidth
	100MHz
	100MHz

	Noise power density
	-174 dBm/Hz
	-174 dBm/Hz

	Shadow fading
	11 dB
	11 dB

	Minimum SNR
	-1 dB
	2 dB

	Receiver noise figure
	2.5 dB
	9 dB

	Receiver sensitivity
	-92.5 dBm
	-83 dBm

	Peak EIRP (including antenna  gain)
	43dBm
	75dBm

	Penetration loss (Standard multi-pane glass) [2]
	7.6 dB
	7.6 dB

	Link budget
	116.9 dB
	139.4 dB


· Referring to the right plot of Figure 2, the NLOS uplink coverage is about 80m, while the NLOS downlink coverage is around 300m. Therefore, the HF uplink coverage is much smaller than that of downlink. Note that in this simple analysis, proper design of antenna beamforming gain and new power regulation are not accounted. For example, per FCC 16-89A1 Section 281-284, 28GHz peak EIRP limit including antenna gain is 43dBm for UE, and per Section 277, it is 75dBm for TRP with 100MHz. This may significantly affect the actual numbers of coverage and link budget. 
As shown in [4][6][10], more simulations and analysis show the standalone HF performance is hardly comparable to that of to macro or LF cell particularly in mobility.  Intermittent links are common due to the high pathloss, sensitivity to NLOS conditions, and fast changing LOS/NLOS blockage condition. This means radio link failure could be a “normal” cause of mobility in HF, which is against the requirements of 0ms intra-system service interrupt [9].  Coverage with multiple TRPs per UE (e.g., a UDN approach) could help address this, but it also introduces complexity as well as high signaling and power consumption overhead.
Observation 1:  HF incurred large path loss, intermittent link connection, asymmetric UL and DL link budget, and small “cell” coverage makes it difficult to design a reliable standalone HF that meets the performance requirement of [9].
Complex beam management and control
In order to combat the large path loss, beamforming is used to achieve directional gain. There are several beamforming techniques, including digital beamforming, analog beamforming, and hybrid beamforming. Digital beamforming achieves large flexibility for beamforming. However, digital beamforming requires multiple radio frequency chains which greatly increased cost. In order to reduce cost, analog beamforming could be used. Analog beamforming saves cost because only a single radio chain is needed. The main issue for analog beamforming is that the beam is generated for the whole bandwidth (unless FDM is feasibly adopted given multiple but costly RF chains at the TRPs). Meanwhile, to combat large path loss, the beam is tuned to a very narrow range. As a result, only a very small number of UEs are available for transmission or reception in the narrow beam. Hybrid beamforming could achieve a balance by reduced cost and improved resource efficiency to some extent since each beam may correspond to a different stream, and each may only use a fraction of the bandwidth. However, even given careful design of the beamforming and signalling channels, frequent handovers due to small coverage of each HF cell and the intermittent HF links make it difficult to maintain a long-term reliable control channel. 

The complexity of beamforming in standalone HF systems is not limited to just fast beam management for active connections during frequent handovers or link blockage. It impacts almost every aspect related to beamforming during RAN1 channel formation, e.g. cell and device discovery, synchronization, scanning, RACH, xSS and xRS design, etc., which further impacts many of RAN2 design aspects, e.g., multi-TRP coordination for BW aggregation or diversity, control information broadcasting or unicasting, and overhead control for transmission and reception of small data. As discussed below, LF assistance in many of these aspects will help reduce the complexity very conveniently. 
Observation 2: Low transmission efficiency for control information and high complexity of beam management characterizes a standalone HF system given mobility, dense deployments, and/or multiple-connectivity TRPs.
3   Advantages of LF Systems 
LF sub-6 GHz systems have obvious advantages that are complementary to the challenges of HF systems.  Transmissions are omni-directional, links are more reliable and coverage areas larger.  These effects make common control information more efficient to signal in LF due to more UEs in coverage, compared to the HF as noted in Observation 2 above.

For LF, its diffraction is much stronger than HF. As a result, LF transmission/reception is more feasible in case of the NLOS scenario. Therefore, with LF, a more reliable link is maintained between UE and eNB.
As the frequency decreases, the path loss for LF generally becomes smaller than that of HF. As a result, narrow-width beams may not be necessary for LF operation. In LTE, the frequency resource is shared by all the active UEs in a cell instead of a small proportion of active UEs in a narrow beam. Without the complexity of beamforming, the eNB can easily schedule many UEs in one time slot, making the transmission efficiency for small packets in LF higher than that of HF. Therefore, LF systems are well suited for broadcasting system information, while HF systems have intrinsic difficulties to do so due to the characteristics of beamforming. In addition, it also means that discovery signals and paging are much easier to design for a LF system than a HF system, which results in more efficient procedures for synchronisation, RACH, paging, control handshaking, etc.
Dual connectivity utilizes macro-cell assistance for small cell operation, though previously both at LF, for the robust and wide-coverage C-plane signalling anchored at MeNB and for the flexible C/U split between MeNB and SeNB. Extensive technical analysis and simulations have been conducted in [8] to reach the conclusion that the wide-coverage of MeNB can assist the small-coverage small cells in different operations, including mobility and bandwidth aggregation. Similar advantages in wide-coverage LF (NR or LTE) can be realized in LF assisted NR HF operation by using DC in a similar way. 
Besides dual connectivity, LF and HF resource can also be utilized with carrier aggregation. Carrier aggregation operates with ideal backhaul and HF base station and LF station co-located scenario. The control information of HF can be sent on LF to improve the reliability.  
Observation 3: LF assisted HF operation offers a scalable solution for addressing the tight LTE (LF)-NR (HF) interworking, C/U split, and near 0ms mobility.
4   LF assisted HF operation
In the previous section, we elaborate on some potential issues for HF operations. In order to address these problems, it is natural to consider LF-assistance in HF operations by considering the advantage of LF and the existing mature DC framework. Below we list the open opportunities for having LF assistance in HF operations in order to better meet the target requirements of [9]:
· In accordance with RAN2 decisions taken so far, it is natural to have LF and HF systems interwork via DC framework, keeping the same C/U split flexibility but with enhanced signalling diversity, such as dual RRC entities with LF as the master and HF as the slave.  This framework actually applies to both intra-NR (NR-LF + NR-HF) and inter-RAT (LTE-LF + NR-HF) scenarios. As in [7][8], the LF macro assistance is a natural extension to DC and multi-RAT interworking, and will be a natural starting point for inter-system mobility, C/U split, collocated or non-collocated multiple transmission points, and the tight interworking between new RAT and LTE [9].
· Besides dual connectivity, carrier aggregation is also applicable to LF assisted HF operation.  By the use of carrier aggregation, HF is used as secondary carrier while LF is used as primary carrier. As a result, HF resource can be scheduled with LF by cross scheduling, which improves the reliability and efficiency for HF. Moreover, with carrier aggregation, a UE does not necessarily to maintain multiple uplinks, which is beneficial for the UE in bad coverage. Instead, all the uplink packets on multiple carriers can be multiplexed and be sent on PUCCH on LF. 
· For non-standalone HF, the LF and HF can be coupled even more tightly if there is always LF assistance: LF and HF resource are always configured to the UE together. Therefore, one possible assistance form is that one single “cell” includes LF and HF pair. If the UE accesses the LF, the HF resource can be used without explicit configuration.
· The legacy RF coexistence issue in multiple frequency or multi-RAT operations originates from simultaneous RX-TX and antenna sharing between multiple RATs at different frequencies. However, given the widely separated LF and HF bands and vastly different antenna formation, RF interference across LF and HF TX-RX may not exist at all. Hence it becomes very convenient to consider the split UL and DL in LF assisted HF, e.g., by receiving downlink packets on one RAT (NR HF) and sending the uplink small packets on another (e.g., NR LF), which eliminates the complexity to coordinate multiple carriers, and also reduce UE’s complexity. 
· As in [5], a TRP or a group of TRPs associated with a gNB, if coordinated by LF macro assistance, can offer a graceful mechanism of DC based mobility between omni-directional (NR LF or LTE) system and beamformed (NR HF) system. In particular, LF due to its wide coverage and reliable connectivity compensates the HF in broadcasting, paging, discovery, and feedback signaling for beam and mobility management as well. For example, if HF layer is overlapped with LF layer (e.g. NR or LTE), the UE can transmit the UL tracking signal on the overlapped LF layer, and in this case the LF layer can assist the association between the HF TRP(s) and the UE for their beam-forming configuration. In an alternative choice, HF UE can use LF layer’s coordination to schedule beamformed UL tracking signals over a specialized HF channel, which may help network-side beam alignment and tracking of the UE in mobility, and save the power at the UE-side for constant DL scanning otherwise.
· LF can also help broadcast HF information, such as HF cell discovery information, HF band, frequency, PCI, timing reference for HF DL xSS, beamforming information (sweeping pattern, wider/narrower beams, single/multiple beams, periodicity, etc.).. The detection of xSS on LF can be used as timing reference for the detection of xSS on HF cell. Furthermore, LF could enable convenient control of dynamic ON-OFF of HF xSS/RSs or dynamic HF resource reservation/release, and thus reduce the HF signal contamination and measurement efforts, save power, and reduce access latency. 
· LF assisted HF operation could be executed after RAB setup, or during the RRC connection setup procedure. For example, UE sends the measurement of HF cell or UL RSs in the RRC connection request message, which could be along LF, then the network could set up LF link and HF link together in the RRC connection setup message in order to reduce the signalling overhead (e.g. measurement and addition message of HF cell), or network could redirect UE to set up RRC connection in HF cell in order to reduce the overhead of LF cell.  
Proposal 1: Use DC as the baseline to define LF assisted HF operations in the access procedure, RRC and RRM signaling, paging, mobility management, and measurement. 
Proposal 2: Consider LF-HF carrier aggregation and single-cell formation for the scenario where HF base station and LF station are co-located or connected with ideal backhaul. 
· For high-speed data transmission on HF, L1/L2 CSI (channel state information) and ACK/NACK feedback and small data transmissions are crucial, which requires higher reliability and faster response. Moreover, CSI and ACK/NACK are usually of small size, which makes them less efficient to be sent on HF with analog/hybrid beamforming. If given an ideal backhaul and possibly separate MAC between the LF and HF TRPs/gNBs, transmission of CSI and ACK/NACK for HF data channel may be conducted on LF PUCCH, for example, which not only increases reliability but also improves the transmission efficiency. At the same time, the potentially higher feedback latency can be mitigated by ideal backhaul between the main cell and the secondary cell. Since LF has higher reliability, cross carrier scheduling can be considered.
· Due to the movement of UE or the change environments (e.g., a car movement), the UE may be in HF blockage area that greatly degrades the signal strength. In this case, a UE may switch to another serving TRP set with beam switching, or perform handover to another cell/TRP. However, since the signal drop is very prompt and beam re-alignment may take time, a UE may fail to send or receive along HF any measurement report and handover signalling in time. With the assistance of LF, measurement report and signalling related to cell/beam modification can be sent on LF which addresses the problem.
Proposal 3: Consider LF assistance in HF system operations such as L1/L2 signaling HF beam management, and small data transmission.
5   Conclusion
In section 2, we made the following observations:

Observation 1: HF incurred large path loss, intermittent link connection, and small “cell” coverage makes it difficult to design a reliable standalone HF that meets the performance requirement of [9].
Observation 2: Low transmission efficiency for HF control information and high complexity of beam management characterizes a standalone HF given mobility, dense deployments, and/or multiple-connectivity TRPs. 
Observation 3: LF assisted HF operation offers a scalable solution for addressing the tight LTE (LF)-NR (HF) interworking, C/U split, and near 0ms mobility.
Based on the discussion in section 4, we propose the following:

Proposal 1: Use DC as the baseline to define LF assisted HF operations in the access procedure, RRC and RRM signaling, paging, mobility management, and measurement. 
Proposal 2: Consider LF-HF carrier aggregation and single-cell formation for the scenario where HF base station and LF station are co-located or connected with ideal backhaul. 
Proposal 3: Consider LF assistance in HF system operations such as L1/L2 signaling, HF beam management, and small data transmission.
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