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1 Introduction
In RAN #71, a new SI, on New Radio Access Technology (NR) was approved [1]. The main deployment scenarios for the NR are enhanced mobile broadband (eMBB), ultra-reliable low latency (URLLC) communications and massive machine type (mMTC) communications. For some eMBB use cases TR38.913[2] requires upto 20Gb/s on the down-link and 10Gb/s for the up-link. Maximising spectral efficiency at such high bit rates requires long scheduling intervals in order to minimize scheduling related signaling overhead. Long scheduling intervals are at odds with URLLC transmissions for which TR38.913 sets latency requirements of less than 1ms. This means there are issues to be studied for the co-existence of eMBB and URLLC services on a single component carrier. Some mMTC applications suffer from deep fading. Coupled with the need for extended battery life in mMTC UEs, special modulation schemes that are robust to fading and require low transmission power also have to be studied.
In this contribution we discuss signal space diversity [3] as a technique that can help to mitigate some of these problems for NR. This document is mainly a resubmission of [5], which was not treated in RAN1#87. [4] considers use of signal space diversity as a candidate for multiplexing eMBB and URLLC.
2 Signal Space Diversity
A basic form of a signal space diversity (SSD) modulator is illustrated in Figure 1. 
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Figure 1: SSD Modulator and demodulator
After FEC encoding and rate matching, the coded  bits are mapped to a QAM constellation such as indicated in Figure 2(a) for the case of QPSK. In the SSD modulator, each complex signal point [image: image3.png]1, +jQ,



 exiting the QAM mapper is rotated by the same carefully chosen angle [image: image5.png]


 as illustrated in Figure 2(b) such that the rotated complex symbol [image: image7.png]ST
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Figure 2 : Illustration of constellation rotation (a) normal QPSK, (b) rotated QPSK
The rotation converts the constellation point into [image: image10.png]


 such that in general [image: image12.png]I7 +Q~



. This   means that each rotated constellation point can produce a unique projection on the I and Q axes. For any QAM constellation,  the rotation angle phi should be carefully chosen such that the distinct projections of each of its constituent points on the axes as illustrated for QPSK in Figure 3 are equally spaced. This means that it suffices for the receiver to receive only one of the components and the transmitted point can be decoded accurately by use of pulse amplitude modulation (PAM) de-mappers of the one or both of the axis. If both components are received, the outputs from the two PAM de-mappers can be combined to provide (signal space) diversity.
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Figure 3: Projection of QPSK to I and Q axes (a) projection (b) resulting I and Q PAM constellations
The sequence of [image: image15.png]I
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 components of the rotated constellation points are often interleaved separately prior to being combined. The effect of the component interleavers is to shuffle the respective ordering of components differently thereby ensuring that although [image: image19.png]
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 enter their respective component interleavers at the same time, they exit at different times. The result is that when the outputs of the component interleavers are combined, the n-th output of the SSD modulator 
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. The overall effect is that the I and Q components of the original constellation point from the QAM mapper have been separated and will be transmitted using different resource elements. If for a given original QAM point of a transmission the two resource elements carrying its I and Q components are separated more widely in frequency than the coherence bandwidth and more widely in time than the coherence time, then it is likely that any deleterious propagation phenomenon would not affect both components at the same time. If this happens, then one of the PAMs of Figure 3(b) will be demodulated at the receiver with high certainty whilst the other will be demodulated with low certainty. When the results are combined, the high certainty of the unaffected PAM is expected to mitigate the effect of the deleterious propagation phenomenon better than in the case where SSD is not used.

3
Use cases for SSD in NR
In this section we discuss some use cases for SSD in NR.
3.1
Combining of URLLC with eMMB 
For reasons of efficiency, eMBB scheduling intervals have to be long to avoid excessive schedule signaling overhead. However because of its requirement for low latency, if the BS needs to transmit URLLC when there are no free resources in the current eMBB scheduling period, it has been suggested that the BS can puncture or superpose the ongoing eMBB transmission with the URLLC as illustrated in Figure 2.
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Figure 2: Sharing resources between eMBB and URLLC

If puncturing is used, then the eMBB modulated symbols that were meant to be transmitted in the REs occupied by the URLLC are not transmitted. On the otherhand, if superposition is done instead then the affected eMBB REs will suffer from multi-user superposition interference. Either way, this degradation may be enough to render the eMBB block undecodeable at the receiver. This situation can be mitigated by SSD of the eMBB. In this case, the component interleavers used for the SSD of the eMBB will be dimensioned to ensure that the I and Q components of any eMBB modulation symbol travel well enough apart not to both be affected by any URLLC transmissions. SSD of the eMBB can either be used for all eMBB subframes open to URLLC transmission or it can be applied only when URLLC transmissions are scheduled. In the first case, the eMBB demodulator would be an SSD demodulator. However in the second case, the eMBB receiver  would need some means of knowing when the URLLC was scheduled such as proposed in [4] so as to switch in SSD demodulation over the affected REs.
3.2
Fading in mMTC

SSD can provide significant gains in fading channels if the I and Q components of each transmitted modulation symbol are well separated with respect to the coherence time of the channel. MTC is quite suited to use of SSD for the following reasons:

· Stationary MTC UEs may be deployed in non-LOS locations that suffer from significant fading. The single antenna, narrower bandwidth nature of a low cost, small form factor MTC device means that it  operates with less inherent diversity than other devices. Modulation schemes, such as SSD, that enhance diversity are thus expected to provide gain.
· MTC transmission bit rates are typically quite low and low order constellations such as BPSK and QPSK are often used, especially considering that single-antenna MTC devices are more likely to be at the edge of coverage than more capable devices. These constellations are well suited to SSD because of the wide inter-symbol spacing between the projections on the I and Q axes.

· MTC may operate with a single carrier modulation (as is the case for NB-IoT at the edge of coverage). Since with single carrier modulation only the time dimension has to be considered in the design of the component interleavers, these interleavers can be better optimized for the operating conditions thereby maximizing the diversity gains.

4
Performance Evaluation of SSD
The performance of SSD was evaluated when used to combat erasures in an eMBB transmission, for example through URLLC transmissions colliding with eMBB transmissions. The simulations were baselined on a Release-13 LTE numerology, with the simulations assumptions of Table 2. 
It was assumed that the corrupting URLLC transmission contained CRS (allowing for the eMBB UE receiver’s channel estimation function to be unaffected by the colliding URLLC transmission). It was assumed that the eMBB UE had knowledge of the location of the URLLC transmission prior to it performing transport channel processing (e.g. through a second control channel at the end of the eMBB transmission [4]). Hence the eMBB UE was able to insert zero LLRs for resource elements that were collided with by URLLC (as per the operation of SSD, described in section 2, the combined LLR fed into the FEC decoder may be non-zero, due to the ability of SSD to the spread the I and Q portions of constellation points across more than one RE).
The link layer simulation results are presented in Figure 4 in the form of the SNR required to achieve 1% BLER against the percentage of eMBB PDSCH resources punctured by URLLC.
	Parameter
	Value

	eMBB Physical channel
	PDSCH

	Corrupting URLLC channel
	URLLC assumed to contain CRS

Second control channel makes eMBB UE aware of URLLC location [4]

	Control channel region
	2 OFDM symbols

	System bandwidth
	5 MHz

	PRBs allocated to PDSCH
	25PRB

	Transport block size
	4392 bits

	FEC
	LTE Turbo code and rate matching

	Channel
	AWGN

	Channel speed
	static

	Channel estimation
	realistic

	Transmission mode
	TM1

	Number of antennas
	1Tx, 2Rx


Table 2: Link layer simulation conditions
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Figure 4 – Performance of SDD for repairing eMBB transmissions punctured by URLLC
Figure 4 shows that above a certain amount of puncturing (approximately 25% puncturing, associated with the effective Turbo code rate approaching 1), the eMBB performance using TM1 fails. On the other hand, the SDD encoded transmission is tolerant to increasing amounts of puncturing, with a consequent degradation in SNR performance (as would be expected). Note that the SNR reported is the SNR per resource element and is not affected by the URLLC transmission.

The following observations can be made:
Observation 1: Signal space diversity is a good technique for mitigating erasures (or fading) in transmission channels.
Observation 2: Signal space diversity can mitigate the effect of URLLC superposition or puncturing when URLLC shares transmission resources with eMMB.
4 Conclusions
In this contribution, we discussed the use of SSD in NR while observing as follows:
Observation 1: Signal space diversity is a good technique for mitigating erasures (or fading) in transmission channels.
Observation 2: Signal space diversity can mitigate the effect of URLLC superposition or puncturing when URLLC shares transmission resources with eMMB.
From these observations, we would like to propose as follows:
Proposal 1: RAN1 should study the use of SSD in the NR
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