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Introduction
In RAN1 #94 and #94b, the following agreements were reached:
Agreements:
· RAN1 to study the potential enhancements for UL inter UE Tx prioritization/multiplexing
· Performance study of the enhanced UL inter UE Tx prioritization/multiplexing mechanisms using Re-15 mechanisms as the performance benchmark
· The use cases and scenarios adopted in L1 enhancements for URLLC are considered for the evaluation of UL inter UE Tx prioritization
· Other factors to be considered such as overhead, capability, etc.
· Study the UE UL cancelation mechanisms, including at least the following aspects
· The potential mechanisms may include UE UL cancelation/pausing indication, UL continuation indication, UL re-scheduling indication
· Physical channel/signal used for the UL cancelation indication 
· UE Processing timeline for the UL cancelation indication
· UE monitoring behaviours for the UL cancelation indication
· UE PDCCH monitoring capability, if the UL cancelation indication is by PDCCH
· Methods to ensure the reliability of the indication for UE UL cancelation
· Study the UL power control enhancements
· Study other enhancements for the multiplexing between a grant-based UL transmission from a UE and a grant-free UL transmission from another UE.
Agreements:
· Potential UL power control enhancements are to be studied further:
· Enhanced dynamic power boost for URLLC UE
· Dynamic change of power control parameters, e.g. P0, alpha without SRI configured
· Enhanced TPC, e.g. increased TPC range, finer granularity
· Currently, the need of URLLC UE power change during one transmission instance is not envisioned
· Study the Enhanced dynamic power boost for URLLC UE, including at least the following aspects
· Feasibility of boosting UE power in power limited or interference limited scenarios
· Physical channel/signal used for the signalling 
· UE Processing timeline for the signalling
· UE monitoring behaviours for the signalling
· UE PDCCH monitoring capability, if the signalling is by PDCCH
· Methods to ensure the reliability of the signalling
· Type of gNB receiver should be reported
· Note:
· Other power control enhancements are not precluded. 
· No change of eMBB UE power control scheme is assumed in this study.

This paper presents
1. Some design details for uplink pre-emption indication (ULPI), including the DCI format, the monitoring capability, and timeline. It shows that ULPI enhances the performance of both GB-URLLC and GF-URLLC.
2. Discussions on the inter-UE multiplexing via power control (both reducing eMBB transmit power and maximizing URLLC transmit power), and performance evaluations. 
3. The impact of the ULPI and power boosting on the eMBB performance evaluated via link-level simulations.
Dynamic resource sharing of eMBB and URLLC on UL
Dynamic multiplexing of eMBB and URLLC transmissions in both time and frequency domains on the downlink was agreed in Rel-15. This systems design optimizes the outage capacity of minislot-based URLLC transmissions by exploiting the statistical multiplexing gain over wide bandwidth and maximizes the capacity of slot-based eMBB transmissions by fully utilizing time and frequency resources. The same design principles are applicable to uplink URLLC and eMBB transmissions. Wideband resources allow more URLLC uplink transmissions to be dynamically FDM’ed in the same minislot, reducing the latency overhead at the UE side and increasing the number of URLLC UEs that can be connected to the network. In contrast, if uplink resources are statically or semi-statically reserved for URLLC, either the overall system utilization is low when too much bandwidth is reserved for URLLC, or the URLLC capacity is significantly reduced when too little bandwidth is reserved. Section 4 shows the system-level simulation (SLS) results illustrating the performance gain of dynamic resource sharing. In later sections, we show that while downlink pre-emption is intended to improve the eMBB performance, ULPI boosts the performance of both eMBB and URLLC users.
Uplink pre-emption indication (ULPI)
The URLLC traffic on the uplink needs to be scheduled as soon as practically feasible at the minislot level due to the low latency requirement. URLLC transmissions need wideband resources to exploit trunking efficiency and require a fair amount of system resources to achieve high reliability. Due to the different scheduling granularity of eMBB and URLLC transmissions, gNB may reallocate eMBB resources to later URLLC transmissions by suspending ongoing eMBB transmissions. One option is for gNB to send an indication to eMBB UEs to suspend transmissions during the scheduled URLLC PUSCH. This is referred to as uplink pre-emption indication (ULPI). Unlike downlink pre-emption indication that can take place after the completion of eMBB transmissions, ULPI should be sent before the scheduled URLLC PUSCH to allow eMBB UEs to take actions. Figure 1 shows an example of UL transmission with UL-PI.
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Figure 1. The URLLC PUSCH is scheduled by DCIs in a minislot. The eMBB UEs receive uplink pre-emption indication (PI) from gNB to suspend their transmissions during the scheduled URLLC PUSCH.
By preventing eMBB from interfering with URLLC transmission on the uplink, the reliability performance of URLLC is improved, less resources are consumed, and the end-to-end HARQ transmission latency is reduced. As a result, more URLLC traffic/UEs can be admitted into the network, leading to higher URLLC capacity. Table 5-I in Section 5 shows the SLS results that the URLLC outage capacity under eMBB suspension via ULPI is higher than that under various eMBB power-control setpoints. In particular, as compared to the semi-static power control scheme for eMBB UEs, ULPI allows eMBB transmissions to be suspended only when URLLC PUSCH is scheduled, hence minimizing the efficiency loss. The eMBB UEs can return to normal high-spectral-efficiency operations in the absence of URLLC transmissions. 
[bookmark: _Hlk525926947]Observation 1: Uplink pre-emption indication maximizes the URLLC performance by muting eMBB transmissions that interfere with the URLLC ones. Compared to semi-static power control, the eMBB performance is improved since eMBB transmissions are only suspended when URLLC transmission is present.
Another important point to consider is that ULPI can effectively help the eMBB users too. As an example, consider two eMBB users; UE1 supports ULPI and UE2 does not. The gNB scheduler therefore needs to make sure that the allocations of UE2 are contained within a smaller bandwidth (region 1) not to interfere with the potential URLLC transmission (region 2). On the other hand, UE1 can be assigned in both region 1 and region 2 since its transmission can be suspended whenever needed (hence UE1 can utilize strictly more available system resource than UE2 to achieve better performance). Considering the bursty nature of URLLC arrival rates, UE1, on average, experiences an enhanced performance.
[bookmark: _Hlk525926986]Observation 2: As compared to an eMBB UE that is not able to suspend its transmission, the eMBB user supporting ULPI experiences an enhanced performance since it can be allocated a larger bandwidth. 
ULPI channel design, monitoring capability and processing timeline
Ideally, the eMBB users supporting ULPI should be able to decode it and suspend their UL transmission as fast as possible. To accomplish this task, the first step is to ensure that decoding the ULPI PDCCH does not require a large amount of time. In this regard, the ULPI can be designed assuming a small number of PDCCH candidates and CCEs for channel estimation. 
[bookmark: _Hlk525922351]Proposal 1: To reduce the ULPI timeline, its PDCCH can be configured with a small number of candidates and non-overlapping CCEs for channel estimation.
Further, to reduce the ULPI overhead, similar to DLPI, ULPI can be designed as a group-common DCI intended for multiple UEs.
[bookmark: _Hlk525922358]Proposal 2: ULPI can be sent via a group-common DCI. 
In terms of the ULPI monitoring capability, two aspects should be considered. First, it is important to highlight that not all Rel-16 eMBB UEs are required to support ULPI. In particular, the ULPI can be introduced for different UE capabilities similar to different cases considered for PDCCH monitoring capabilities. As mentioned in the preceding section, the eMBB users that support ULPI can not only experience an improved performance, but their presence in the system can help improving the system capacity. The eMBB UEs not capable of monitoring ULPI may not be able to dynamically multiplex their transmissions with the URLLC ones, losing the full statistical multiplexing gains. Further, even the eMBB users supporting UL pre-emption may not be required to monitor the ULPI channel at all times. For example, the eMBB UEs that are capable of monitoring ULPI do not need to monitor it when they do not have scheduled or ongoing PUSCH transmissions. As another example, when the UL received power from the cell-edge eMBB users is low and cannot impose significant interference to the UL URLLC, the cell-edge users may not need to be configured to monitor ULPI suspend their transmission in favour of UL URLLC
[bookmark: _Hlk525922363]Proposal 3: The support for ULPI is based on a UE capability for Rel. 16 eMBB users. 
Observation 3: The Rel. 16 eMBB users capable of UL pre-emption are not required to always monitor the ULPI channel. 
In general, configuring the ULPI monitoring could be as frequent as the URLLC PDCCH monitoring occasions or considering the same timeline for ULPI as PUSCH scheduling of URLLC is not necessary. In the remainder of this section, we present multiple examples of ULPI capabilities that can help both GB-URLLC and GF-URLLC users as follows:
Example 1: In this example, we consider a GB-based URLLC (both initial and reTx are grant based), 7 URLLC PDCCH occasions per slot, 7 ULPI monitoring occasions per slot with N2 = N2’ (processing time for UL PI) = N4 (gNB processing time) = 4symbols. Further, SCS = 30KHz and a propagation delay of half a symbol is considered. In this example, when ULPI and URLLC PDCCH occasions are aligned, ULPI does not introduce any additional latency for URLLC UEs. Note also that the processing timeline here is based on the tightened N2 = 4 symbols proposal to accommodate a lower latency for meeting the Rel.16 eURLLC requirements with HARQ based transmissions. 
As shown in Figure 2, with grant based URLLC, both the first and second transmissions can be protected against the eMBB interference. This operation can be supported by a high capability UE.
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Figure 2: A GB-URLLC w. 7 PDCCH and ULPI occasions/slot, N2 = N2' = N4 = 4 symbols, SCS = 30KHz, and a half-symbol propagation delay.
Example 2: In this example, the first URLLC transmission is grant free, but the retransmission is grant-based. As compared to the previous example, both N2 and N2’ values are relaxed and set to 5.5symbols, which is aligned with the timing capability 2 introduced in Rel. 15 NR. Once the initial transmission is detected by the gNB, the retransmission can be scheduled; at the same time, the ULPI can be sent to the eMBB users to clean up the eMBB interference from the allocated resources. As shown in the figure, the first PUSCH has 2symbols, while the second one has 4 symbols (Alternatively, instead of allocating a larger number of symbols to re-transmission, the N2’ value, i.e., the processing timeline of ULPI can be increased.) As compared to the grant-free transmission with multiple repetitions, this approach which relies on HARQ-ACK re-transmission has a larger system capacity. This conclusion can also be drawn from the results illustrated in Figure 4 below.  


Figure 3: URLLC latency with GF initial transmission, 7 PDCCH occasions/slot, 7 ULPI occasions per slot, N2 = N2' = N4 = 5.5 symbols, SCS = 30KHz, and a half-symbol propagation delay.

We illustrate the benefit of such a scheduling scheme compared to a blind repetition scheme. In particular, we compare the following two scheduling options: 
· Option 1: Grant-free transmission with repetition factor K=2
· Option 2: Grant-free initial transmission with grant-based retransmission. 




Figure 4: Two scheduling options for URLLC: Option 1 is for GF-URLLC transmission with repetition factor of 2 and Option 2 is for grant-free transmission with a grant-based re-transmission.
We further compare the performance of the two schemes using link-level simulation results. For the sake of example, let us assume that a URLLC packet has a payload of 32 bytes (256 bits) plus 16 CRC bits. Figure 5 and 6 below show the BLER of transmitting such a packet over a TDL-A 30ns and TDL-C 300ns channel as a function of SINR (signal over interference and noise ratio per antenna before combining across antennas) and resource (i.e., number of allocated RBs).  
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Figure 5: LLS performance for transmitting 32 bytes over TDL-A 30 ns channel; # UE Tx=1, # UE Rx=4, 2-symbol PUSCH. 
[image: cid:image001.png@01D45755.B9D30CC0]
Figure 6: LLS performance of transmitting 32 bytes over TDL-C 300 ns channel; # UE Tx=1, # UE Rx=4, 2-symbol PUSCH. 

Also, assume that the uplink SINR is -3 dB. In this case, to get reliability of  for Option 1 (ULCG w/ repetition), 40 RBs are needed for each transmission. Indeed, from the link-level simulation results above,  BLER is achieved at 40 RB and SNR=0 dB, which correspond to a transmission at SNR=-3 dB with a repetition factor K=2. Note also that, with 40 RB and SNR=-3 dB, the first transmission achieves a BLER of . 
On the other hand, for Option 2, the first transmission BLER could be maintained at 10%, which requires 20 RBs of resource. For the retransmission,  BLER can be achieved with 70 RBs without soft-combining with the first transmission (only 50RBs needed when 1st and 2nd transmissions can be soft combined). Thus, the average resource consumed for Option 1 is 40 RB + 40 RB=80 RB, whereas the resources consumed for Option 2 is 20 RB + 70*10%=27 RB. As can be seen from this example, to achieve the same BLER target, Option 1 with grant-free blind repetition requires 3 times resources as Option 2. As seen from Figure 6, the same conclusion can be drawn from the example under TDL-C model.
Table 4-I: Resource utilization comparison between blind GF repetition and grant-free 1st Tx + grant-based re-Tx
	Average resource
	TDL-A 30 ns
	TDL-C 300 ns

	Option 1
	40+40=80 RB
	20+20=40 RB

	Option 2
	20+70*0.1=27 RB
	16+30*0.1=19 RB

	Resource ratio between Option 1 and Option 2
	
	



From the analysis above, we also see that the re-transmission resource in Option 2 is only used 10% of the time. Without dynamic URLLC/eMBB resource sharing, i.e., without being able to reclaim eMBB resources for URLLC, these resources cannot be utilized for other UEs to guarantee the high reliability for URLLC UEs. With ULPI, the URLLC retransmission resources can be dynamically shared among eMBB and URLLC UEs. Thus, gNB may always schedule an eMBB transmission on the resource for potential URLLC retransmission. If retransmission for URLLC is indeed required, gNB may use the ULPI to clean up the resource for the URLLC UE. Furthermore, gNB can monitor the interference of all UL resources and use ULPI to clean up the channel for any granted URLLC transmissions. In case the first (grant-free) transmission is impacted by strong interference, the ULPI may be used to remove the eMBB interference and therefore boost the retransmission SINR for URLLC. 
Example 3: In this example, the first URLLC transmission is grant free, but the retransmission is grant-based. As compared to example 2, the number of monitoring occasions per slot for ULPI is reduced from seven to four. As can be seen from Figure 7, the latency bound of 1ms can still be achieved. 



Figure 7: URLLC latency with GF initial transmission, 7 PDCCH occasions/slot, 4 ULPI occasions per slot, N2 = N2' = N4 = 5.5 symbols, SCS = 30KHz, and a half-symbol propagation delay.

Example 4: In this example, a periodic traffic is considered. Hence, there is no alignment latency. Further, since the arrival is periodic, the ULPI occasions can be configured accordingly. As compared to the previous example, only 2 ULPI monitoring occasions per slot is considered. As shown in Figure 8, the overall latency after decoding the grant-based re-transmission is well below 1ms.



Figure 8: The latency of URLLC with GF initial transmission, 7 PDCCH occasions/slot, 2 ULPI occasions per slot, periodic traffic, N2 = N2' = N4 = 5.5 symbols, SCS = 30KHz, and a half-symbol propagation delay.

[bookmark: _Hlk525922372]Observation 4: ULPI can be implemented with different monitoring and processing timeline capabilities for different deployment scenarios. 
Observation 5: Even when GF is used for URLLC, the retransmission performance can be enhanced by reducing eMBB interference via monitoring ULPI. 
Another important point to consider is that suspending the UL transmission takes a smaller amount of time as compared to PUSCH timeline, i.e., for an eMBB user, N2’ < N2. This is because PUSCH transmission includes multiple steps such as packet preparation, while suspending UL transmission is much simpler.
[bookmark: _Hlk525922383]Observation 6: The monitoring and reaction to ULPI, per UE capability, takes less processing time than the processing time N2 during which URLLC UEs monitor UL grants and prepare uplink data transmissions.
ULPI PDCCH Reliability
Next, we discuss the reliability of ULPI. For the sake of example, we assume that the DCI containing ULPI has 28 bits payload, which includes two 14-bits fields. The BLER performance of PDCCH with 28 bits DCI payload and 24 bits CRC are shown in the figure below for aggregation level from 1 to 16. We observe from the figure that, to achieve  BLER at SINR=-3 dB, it suffices to use AL=4. Furthermore, if the payload of ULPI is 14 bits, we may get another 1.4 dB gain (i.e., =1.4 dB) compared to the results shown in Figure 9.

[image: ]
Figure 9: LLS performance of PDCCH with different aggregation levels 
We also remark that ULPI PDCCH BLER of 10-5 is typically not required if the gNB can schedule 2 HARQ transmissions for a URLLC user before the transmission deadline. This is because even if the first ULPI is missed, there is enough time for URLLC re-transmission; hence, the second ULPI can be decoded to reduce interference. For cell-centered UEs which cause strong eMBB interference, DL channel is corresponding in good channel condition and ULPI can be detected with even higher fidelity. In this case, the PDCCH resource required for transmitting the PI is even smaller.
[bookmark: _Hlk525931565]Observation 7: ULPI PDCCH reliability can be achieved with a relatively small AL.
[bookmark: _Hlk510792495]Timing-advance (TA) alignments across UEs
ULPI can be efficiently signalled to eMBB UEs that have ongoing transmissions via GC-PDCCH. In Rel-15, a similar scheme of uplink transmission cancellation signalled by GC-PDCCH is already supported in SFI, where UEs refrain from configured-granted and SRS transmissions when they fall on flexible symbols. In a case where eMBB UEs have different timing advances in large-cell URLLC deployments and may not receive GC-PDCCH in sync, further technical discussions can address it in the same way as SFI monitoring.
[bookmark: _Hlk525922392]Observation 8: The timing alignment of UEs with different TAs for ULPI processing can be done in the same way as SFI which is signalled by GC-PDCCH.
[bookmark: _Ref525929888]The eMBB-and-URLLC multiplexing via uplink power control and ULPI
An alternative proposal to ULPI is reducing the eMBB-to-URLLC intra-cell interference by either boosting the transmission power of URLLC UEs or reducing the transmission power of eMBB UEs, which are discussed below.
Boosting transmission power of URLLC UEs
The issues with boosting the transmission power of URLLC UEs are as follows:
1. The outage cell capacity of the URLLC service is dominated by cell-edge URLLC UEs, which may not have the power headroom for power boosting.
2. Increasing transmission power goes against the long-standing practice of controlling the interference-over-thermal (IoT) to achieve stability in cellular networks. In the interference-limited regime where there may or may not be URLLC UEs in neighboring cells, increasing transmission power provides negligible improvement of system capacity at the cost of high UE power consumption.
[bookmark: _Hlk525922401]Observation 9: Boosting transmission power of URLLC UEs is infeasible for cell-edge UEs with limited power headroom and is ineffective in the interference-limited regime for all URLLC UEs.

Reducing transmission power of eMBB UEs
When URLLC UEs have random traffic, the exact timing of the URLLC traffic is unpredictable. The options of reducing eMBB transmission power include:
1. Static or semi-static power reduction: No new eMBB UE capability is needed. But the eMBB performance will be significantly impacted in the long run because power reduction is not needed when there is no URLLC traffic present.
2. Dynamic power reduction in the presence of URLLC transmissions: A gNB provides on-demand power control command and the timing of scheduled URLLC transmissions in DCI to the eMBB UEs. ULPI is a special case of dynamic power control where the eMBB transmission power is set to zero during colliding portion of an eMBB PUSCH. More importantly, fully dynamic power control during an eMBB PUSCH is infeasible when phase continuity cannot be maintained across the collided period. 
In Table 5-I below, the SLS results show the outage URLLC capacity is significantly degraded even when eMBB UEs in the same cell perform power control. The performance degradation of URLLC is mitigated only if eMBB UEs set a very low target received data SNR, which will result in prolonged low throughput and spectral efficiency for eMBB UEs even in the absence of URLLC traffic.
[bookmark: _Hlk525922411]Observation 10: For eMBB UEs, semi-static transmission power reduction to maintain satisfactory URLLC performance significantly impacts the eMBB performance.
System-level simulation results
To study the effectiveness of uplink power control and the need of dynamic multiplexing between eMBB and URLLC transmissions on the uplink, we provide the system-level simulation (SLS) results in this section. The detailed SLS assumptions are given in Section 7. We consider one URLLC serving cell with 21 URLLC UEs and one eMBB UE, surrounded by 20 eMBB cells with ISD=200m. The eMBB UEs in the neighbouring cells have full-buffer traffic and are scheduled dynamically. The inter-cell interference is captured in the simulations. In the URLLC serving cell, the eMBB UE has the best path gain among all intra-cell UEs and is not power-limited, and intra-cell interference is captured by using a linear MMSE receiver at the gNB. The eMBB and URLLC UEs in all cells apply open-loop power control with partial pathloss compensation. All eMBB UEs in the neighbouring cells and all URLLC UEs in the serving cell set the target data received SNR to 20dB above thermal. The eMBB UE in the serving cell is power-controlled at different operating points to study the impact of intracell interference from eMBB to URLLC.
Table 5-I shows the cell capacity of URLLC UEs on the uplink, subject to different available frequency resources to URLLC and different target received data SNRs for the eMBB UE in the serving cell. Target received data SNR of “-inf dB” means that all eMBB transmissions are suspended, at least during scheduled URLLC transmissions, in the serving cell. The cell capacity corresponds to the largest traffic load at which all URLLC UEs meet the QoS requirements of 1ms latency and 1e-5 reliability in the serving cell (see an exemplified capacity calculation in Section 3.2.2 of [1]). We observe that the URLLC capacity and the associated spectral efficiency increase with frequency resources across all received data SNR targets of the jamming eMBB transmissions. The associated resource utilization of URLLC transmissions, shown in Table 5-II, is relatively low even when the URLLC traffic load is at the capacity-achieving level. The simulation results confirm our observation that URLLC needs wideband resources, and dynamic multiplexing between eMBB and URLLC is needed to maximize total system resource utilization on the uplink. It is also observed that power control does not solve the problem for URLLC and eMBB dynamic multiplexing. In the BW = 20MHz case, even with P0 = 14dB at the eMBB interferer, the URLLC capacity can drop by a factor of three. FDM-ing URLLC and eMBB is also not a good idea as the capacity drops super-linearly as the URLLC frequency resources are reduced.
In addition, lowering target received data SNR for UEs in good channel condition is essentially performing channel inversion, which significantly handicaps the capacity of the corresponding eMBB system, with and without the presence of URLLC transmissions.
Table 5-I: The URLLC cell capacity under different URLLC frequency resources and target received data SNR values of the eMBB UE in the serving cell.
	Target received data snr of in-cell eMBB UE
	URLLC resources 20MHz
	URLLC resources 10MHz
	URLLC resources 5MHz

	-inf dB (eMBB transmissions are preempted)
	16.13Mbps
	5.38Mbps
	1.08Mbps

	2dB
	15.05Mbps
	5.38Mbps
	1.08Mbps

	8dB
	11.83Mbps
	4.3Mbps
	negligible

	14dB
	5.38Mbps
	2.15Mbps
	negligible

	20dB
	2.15Mbps
	negligible
	negligible



Table 5-II: The resource utilization of URLLC transmissions at the maximum URLLC capacity under different URLLC frequency resources and target received data SNR values of the eMBB UE in the serving cell.
	Target received data snr of incell eMBB UE
	URLLC resources 20MHz
	URLLC resources 10MHz
	URLLC resources 5MHz

	-inf dB (eMBB transmissions are preempted)
	63.9%
	41.7%
	17.3%

	2dB
	63.8%
	44.5%
	18.6%

	8dB
	58.8%
	41.3%
	negligible

	14dB
	39.4%
	28.1%
	negligible

	20dB
	25.4%
	negligible
	negligible



[bookmark: _Hlk525922424]Observation 11: In intra-cell eMBB and URLLC multiplexing on the uplink, semi-static power control of eMBB UEs significantly degrades the URLLC performance, unless the target received data SNR of eMBB is very low, resulting in significantly degraded eMBB performance.
URLLC Power Boosting Performance
Cell-edge UE is already power-limited in SLS
In the system-level simulations in Section 4.3, the cell-edge UE has the maximum coupling loss of 110 dB (see Appendix for the MCL distribution of URLLC UEs) is already power-limited. Indeed, the transmit power of the cell-edge UE over the bandwidth of 20MHz is
{p0=20} + {alpha=0.9}*{MCL=110} + {Nb noise figure=5} + {noise floor= -174+10log10(20MHz)} = 23dBm.
URLLC power boosting is infeasible to further improve the URLLC performance here. In contrast, one might plan to concentrate the transmit power of a URLLC UE onto a few resource blocks in the frequency domain. The issues of this approach include (i) wideband resource allocation may get better frequency diversity to achieve high reliability, (ii) spreading power across more RBs in the frequency domain is more power efficient from Eb/N0 point of view (see the capacity analysis in Section 5.2) when total transmit power is constrained (iii) higher IoT in the cellular network.
Observation 12: Narrowband URLLC power boosting is less efficient than wideband power allocation and incurs higher IoT.
Spectral efficiency comparison under power control
We consider the following scenarios of open-loop power control. We assume the eMBB UE in the serving cell has p0=20, alpha=0.9, and MCL=63dB (following the assumptions in Appendix). The target received eMBB SNR is p0 + alpha * MCL – MCL = 13.7dB.
· Scenario 1: URLLC transmissions overlay with eMBB ones over wideband.
Consider the power-limited URLLC UE with MCL=110dB and full pathloss compensation in Section 5.1. Under equal power-splitting over the bandwidth of 20MHz (or 50RBs), the SINR of this URLLC UE is {Max TX power 23dBm} – {MCL=110dB} – {noise=-174+10log10(20MHz)+5} - {eMBB received SNR 13.7dB} = -4.7dB. The URLLC spectral efficiency is log2(1+SINR) = 0.42 bps/Hz. The URLLC UE capacity is 0.42 bps/Hz * 18MHz = 7.56Mbps.
· Scenario 2: URLLC transmissions do not collide with eMBB ones by ULPI.
When eMBB UEs do not interfere with URLLC UEs via ULPI, from Scenario 1 the SINR of the URLLC UE is -4.7dB + 13.7dB = 9dB. The URLLC spectral efficiency is log2(1+SINR) = 3.2 bps/Hz, which is 7.6x the performance of the Scenario 1. The URLLC UE capacity is 3.2 bps/Hz * 18MHz = 57.6 Mbps.
· Scenario 3: Narrowband URLLC transmissions use power boosting to overlay with eMBB ones.
This scenario is similar to Scenario 1 except that we assume UE TX power is concentrated on 10% of the 50 RBs to have another 10dB gain in SINR, i.e., SINR= -4.7dB+10dB = 5.3dB. The URLLC spectral efficiency is log2(1+SINR) = 2.13 bps/Hz. The URLLC UE capacity is 2.13 bps/Hz * 1.8MHz = 3.83 Mbps, which is worse than that of Scenario 1.
· Scenario 4: Narrowband URLLC transmissions use power boosting and do not collide with eMBB ones.
Similar to Scenarios 2 and 3, the URLLC SINR is 9dB + 10dB = 19dB. The URLLC spectral efficiency is log2(1+SINR) = 6.33 bps/Hz, and the URLLC UE capacity is 6.33 bps/Hz * 1.8Mbps = 11.4 Mbps, which is worse than the performance of wideband power allocation in Scenario 2.

We summarize the results as follows.
Table 5-III. Spectral efficiency comparison for the power-limited URLLC UE in various scenarios.
	
	Received URLLC SINR
	Spectral efficiency
	Max # of RBs given 23dBm Tx power limit
	UE throughput capacity

	Wideband overlayed URLLC/eMBB
	-4.7dB
	0.42 bps/Hz
	50
	7.56Mbps

	Wideband URLLC/eMBB with ULPI
	9dB
	3.2 bps/Hz
	50
	57.6Mbps

	Narrowband URLLC with power boosting and overlayed eMBB
	5.3dB
	2.13 bps/Hz
	5
	3.83Mbps

	Narrowband URLLC power boosting without overlayed eMBB
	19 dB
	6.33 bps/Hz
	5
	11.4Mbps



Observation 13: Narrowband URLLC with power boosting has worse performance than wideband power allocation, with or without ULPI.
Link-Level Comparison between ULPI and Power Boosting 
In this section, we compare the impact of ULPI and power boosting on the eMBB performance via link-level simulations. 
The considered parameters are given in the following table:

Simulation assumptions 
	Parameter
	Value

	Channel 
	TDL-C

	Doppler
	11 Hz

	SCS
	30 KHz

	# Rx antenna
	2

	# Tx antenna
	2

	PUSCH length 
	8 symbols [7-14]

	DMRS location
	Symbols 5-6

	Channel estimation
	MMSE 

	Allocation
	Localized, 70RBs

	PUSCH MCS
	MCS10, 17 and 25

	Number of transmissions 
	Maximum of 4 

	RV sequence  
	All 0’s 

	#Layers 
	1



Then, we consider the following cases:
· eMBB with ULPI: In every transmission, two consecutive symbols are chosen at random and preempted. 
· eMBB with PB: In every transmission, two consecutive symbols are chosen; it is assumed that on those symbols the eURLLC received power is 3dB higher than eMBB. 

Also, in both cases, it is assumed that the DMRS symbols are not impacted. The results are illustrated in Figure 10 below, which compares the two schemes in terms of achievable eMBB throughput.
[image: ]
Figure 10:eMBB performance under ULPI and eURLLC power boosting with different MCS values.
As shown in this figure, the eMBB performance with ULPI is superior in all the considered cases. The reason is that without eURLLC cancellation, the receiver assumes that the eURLLC transmission belong to eMBB; hence, it takes the wrong symbols and generate the LLRs with the incorrect interference estimation assumption. As the MCS gets larger, the impact of assuming the wrong symbols as valid ones becomes more significant. Hence, at MCS25, there is a considerable gap between the eMBB performance with ULPI and power boosting.
Observation 14: From the link-level performance evaluations, the eMBB performance with ULPI significantly outperforms the performance of eMBB with eURLLC power boosting. 
From the results above, there is no benefit of keeping eMBB transmission when URLLC interference is present (e.g., URLLC with power boost) from eMBB throughput point of view (in fact significant performance loss due to interference mismatch). On the other side, the benefit of ULPI on URLLC UEs are substantial as shown in SLS and can also be analyzed from LLS as the following. In power boosting case, URLLC UEs will be heavily interfered by the eMBB interference. In the ULPI case, URLLC UE will see no intracell interference thanks to ULPI, hence URLLC performance will be substantially better when multiplexed with eMBB UEs with ULPI capability. This is especially the case for a high throughput eMBB UE in high geometry.
Conclusion
Observation 1: Uplink pre-emption indication maximizes the URLLC performance by muting eMBB transmissions that interfere with the URLLC ones. Compared to semi-static power control, the eMBB performance is improved since eMBB transmissions are only suspended when URLLC transmission is present.
Observation 2: As compared to an eMBB UE that is not able to suspend its transmission, the eMBB user supporting ULPI experiences an enhanced performance since it can be allocated a larger bandwidth. 
Proposal 1: To reduce the ULPI timeline, its PDCCH can be configured with a small number of candidates and non-overlapping CCEs for channel estimation.
Proposal 2: ULPI can be sent via a group-common DCI. 
Proposal 3: The support for ULPI is based on a UE capability for Rel. 16 eMBB users. 
Observation 3: The Rel. 16 eMBB users capable of UL pre-emption are not required to always monitor the ULPI channel. 
Observation 4: ULPI can be implemented with different monitoring and processing timeline capabilities for different deployment scenarios. 
Observation 5: Even when GF is used for URLLC, the retransmission performance can be enhanced by reducing eMBB interference via monitoring ULPI. 
Observation 6: The monitoring and reaction to ULPI, per UE capability, takes less processing time than the processing time N2 during which URLLC UEs monitor UL grants and prepare uplink data transmissions.
Observation 7: ULPI PDCCH reliability can be achieved with a relatively small AL.
Observation 8: The timing alignment of UEs with different TAs for ULPI processing can be done in the same way as SFI which is signalled by GC-PDCCH.
Observation 9: Boosting transmission power of URLLC UEs is infeasible for cell-edge UEs with limited power headroom and is ineffective in the interference-limited regime for all URLLC UEs.

Observation 10: For eMBB UEs, semi-static transmission power reduction to maintain satisfactory URLLC performance significantly impacts the eMBB performance.

Observation 11: In intra-cell eMBB and URLLC multiplexing on the uplink, semi-static power control of eMBB UEs significantly degrades the URLLC performance, unless the target received data SNR of eMBB is very low, resulting in significantly degraded eMBB performance.
Observation 12: Narrowband URLLC with power boosting is less efficient than wideband power allocation and incurs higher IoT.
Observation 13: Narrowband URLLC with power boosting has worse performance than wideband power allocation, with or without ULPI.
Observation 14: From the link-level performance evaluations, the eMBB performance with ULPI significantly outperforms the performance of eMBB with eURLLC power boosting. 
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 Appendix: System-level simulation assumptions
	Parameters
	Urban Macro

	Layout
	Single macro layer. Hex. Grid, 21 cells wrap around

	Inter-BS distance
	200m

	Carrier frequency
	2GHz

	System bandwidth
	5, 10, 20MHz (FDD UL)

	Channel model
	3D UMa

	Transmission power
	BS: 49dBm PA scaled with simulation bandwidth. UE: 23dBm

	Antenna config
	2 Tx / 2 Rx (X-pol)

	BS antenna height
	35m

	BS antenna element gain+connector loss
	8dBi

	BS/UE receiver noise figure
	5/9 dB

	Open-loop power control
	Target received data SNR=20dB, partial pathloss compensation alpha=0.9. Same for all eMBB and URLLC UEs. The eMBB UE in the serving cell has other target received data SNR values for evaluation.

	Traffic model
	eMBB: full-buffer. URLLC: Poisson with 32-byte packets (FTP3)

	URLLC traffic arrival rate
	Swept over a wide range to find the largest one that is supported in the network

	Target percentage of UEs in outage
	X=0

	UE distribution
	21 URLLC UEs and 1 eMBB UE (closet to BS) in the serving cell. Uniformly random drop in a cell with 80% indoor and 20% outdoor. 20 eMBB neighboring cells, each has one eMBB UE.

	Scheduling algorithm
	URLLC: delay-based subband 2x2 SU-MIMO

	Inter/intra-cell interference
	Fully captured with beamforming. Linear-MMSE receiver in the URLLC serving cell

	Tone spacing/cyclic prefix
	30KHz/NCP

	Minislot/RTT durations
	2-symbol minislot, 6-symbol RTT

	HARQ
	Incremental redundancy

	Target reliability
	Tx missed deadline + Rx HARQ failure <= 1e-5

	Hard latency bound
	1ms

	Channel estimation
	Demod chanEst error is captured in link sim results

	Control
	Overhead is not captured in capacity analysis

	CDF of UE maximum coupling loss
	See figure below



[image: ]
Figure 10: The CDF of maximum coupling loss of the eMBB and URLLC UEs in the URLLC serving cell. There is one eMBB UE which has the lowest MCL. All other UEs are URLLC ones.
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