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Punctured Scheduling for Critical Low Latency Data
on a Shared Channel with Mobile Broadband

Klaus |. Pederséf?), Guillermo PocoW, Jens Steinét, Saeed R. Khosravir&d
Nokia — Bell Lab®), Aalborg Universit{p)

Abstract— In this paper, we present a punctured scheduling
scheme for efficient transmission of low latency ecomunication
(LLC) traffic, multiplexed on a downlink shared channel with
enhanced mobile broadband traffic (eMBB). Puncturirg allows to
schedule eMBB traffic on all shared channel resoues, without
prior reservation of transmission resources for spradically
arriving LLC traffic. When LLC traffic arrives, it is immediately
scheduled with a short transmission by puncturing prt of the
ongoing eMBB transmissions. To have this working &tiently, we
propose recovery mechanisms for punctured eMBB trasmissions,
and a service-specific scheduling policy and link daptation.
Among others, we find that it is advantageous to klude an
element of eMBB-awareness for the scheduling deaisis of the
LLC transmissions (i.e. those that puncture ongoingeMBB
transmissions), to primarily puncture eMBB transmission(s) that
are transmitted with low modulation and coding schene index.
System level simulations are presented to demonsteasthe benefits
of the proposed solution.

l. INTRODUCTION

different offered load conditions and the internet transport
protocols (TCP) [12] closed-loop flow control mechanisms.
However, despite the benefits of scheduling the users with
variable TTI sizes, there are still some non-trigiadblems that
call for more studies. One of those is how to efficiemtultiplex
eMBB and LLC on a downlink shared channel, especially for
scenarios where the eMBB traffic is primarily schedulbgth
long TTI sizes, while sporadic arriving LLC trafficust be
scheduled immediately with a short TTl size when such
payloads arrive at the gNB to fulfill the correspondingthay
deadline. In our effort to address this problem, our Hhgxis is
that a promising solution is to allow punctured scheduling,
where a longer ongoing eMBB transmission can be partly
replaced (i.e. punctured) by an urgent short TTI transomise
a user with LLC traffic. The fundamental principlepoictured
scheduling has some similarities to preemptive scheglulin
principles as studied extensively for computer networks to
accommodate real-time services [13]. However, despiset
commonalities, there are several differences and gpestions

Research on the 5G New Radio (NR) is gaining furthefor how to best design punctured scheduling for a 5G NR
momentum with the closing of the first Study Item on thiswireless system. In particular, we study how to mininttze

subject in 3GPP; see especially the following technigabnts
[1]-[3]. The ambitions for 5G NR are high, aiming fmhanced

impact on the eMBB users that are harmed (i.e. by iolegr
part of their transmission). For this purpose, we prepos

support for multiplexing of diverse services such as ergthn recovery mechanisms for the impacted eMBB users, amggstig

mobile broadband (eMBB) and low latency communicatiorcustom designed

(LLC) with ultra-reliability constraints [3]-[5]. Simulteeously
fulfilling the requirements for a mixture of users withck

radio resource management (RRM)
optimizations to most efficiently multiplex eMBB and LLC
traffic, when utilizing punctured scheduling. The proposed

diverse requirements is a challenging task, given th&ethods are evaluated in a dynamic multi-user, multi-Bele
fundamental tradeoffs known from communication theory [6]10 the complexity of the 5G NR system and the addressed

In that respect, the next generation base station dcghB)
scheduler, which orchestrates the allocation of radiourees
to different users, plays an important role. The flexilblgsiral
layer design [1] - and especially the agile frame stinectiesign
[7] - that comes with the 5G NR offers increased eegrof
freedom for the scheduler functionality. Facilitatingslaift
towards a user-centric approach, where the allocatioadi r
resources for each user is more flexible, and henceecbatter

problems, we rely on advanced system-level simulations fo
results generation to have high degree of realism. Those
simulations are based on commonly accepted underlying
models, calibrated with 3GPP 5G NR assumptions [1]-[3]
making sure that statistical reliable results areegeed.

The rest of the paper is organized as follows: Sedtion
further sets the scene for the study by shortly intcoduthe
system model and presenting the problem formulation and

optimized in coherence with the users’ diverse QogJelated objectives. The proposed punctured scheduling scheme

requirements. Among others, the 5G NR allows to sckadel
users with variable transmission time intervals ()T&s

is outlined in Section Ill, and the corresponding RRM
considerations in Section IV. The performance analygears

proposed also in [7]-[9]. Support for variable TTI sizesin SectionV, while concluding remarks are presented dticse

facilitates matching the radio resource allocations yser in
coherence with their radio conditions and QoS requiremieats
instance, to schedule LLC users with short TTIs to aehiew
latency, accepting the penalty of higher relative cémtrannel
overhead; see the recent studies in [10]-[11] on thefiteoé
variable TTIs for LLC traffic. Similarly, scheduling ith
variable TTI sizes also provides advantages for eNiiic
[9], as it offers a powerful instrument to efficientgapt to

VI.

Il.  SETTING THE SCENE

A. System model

We adopt the 5G NR assumptions as outlined in [1]-[2],
focusing primarily on the downlink performance. Users are
dynamically multiplexed on a shared channel, using orthogonal
frequency division multiple access (OFDMA). We assume the
setting with 15 kHz subcarrier spacing. LLC UEs afeestled



with short TTI of only 2 OFDM symbols, corresponding to aeMBB UE. As some of the resources for the eMBB
mini-slot of 0.143 ms. eMBB traffic is primarily schddd with  transmission are corrupted, it essentially resultarninerror
longer TTI sizes of 14 OFDM symbols (1 ms duration),floor, where the performance in terms of block error pbdtig
equivalent to two 7-symbol slots (but could also be schedule@BLEP) versus SINR for the UE saturates [14]. Thednt on

with shorter TTI sizes). In the frequency domain, usarsbe the eMBB UE performance from being punctured naturally
multiplexed on a physical resource block (PRB) resolution oflepends on multiple factors: how many resources have been
12 subcarriers. Users are dynamically scheduledgwsiuser- punctured, whether the eMBB UE is aware of the puncturing,
centric downlink control channel for transmitting the as well as how the information bits for the eMBB transpor
scheduling grant [7]. This includes informing the users orblock (TB) have been encoded, interleaved, and mapped to the
which resources they are scheduled, which modulation arghysical layer resources [14]. We assume that an eMBB
coding scheme (MCS) is used, etc. Asynchronous hybrittansmission consists of code blocks (CB). The maximum CB
automatic repeat request (HARQ) with Chase combining (asize equals Z=6144 bits, and the nhumber of CBs is denoted by
also supported for LTE) is assumed. The systemsisnasd to  C, as for LTE [15]. For the sake of simplicity, we hstmore
carry best effort eMBB traffic download, as well gooadic  assume that the CBs are equal size and fully time-frequency
LLC traffic. The latter is modeled as bursts of snmalload interleaved over the assigned resources for the TB.

size ofB bits that arrive for each LLC user in the downlink

direction following a uniform Poisson arrival point pros@sth The eMBB UE is
arrival rate\. Thus, the offered LLC traffic load per cell equals scheduled on
N-B-A, whereN is the average number of LLC users per cell.

channel.

LLC traffic arrives at the gNB for another UE, and the data
are immediately scheduled by overwritting part of the
ongoing eMBB transmission (using a short TTI).

Short TTI (mini-slot=0.143 ms)
Downlink

B. Problem formulation and objectives
shared

The objective is to serve the eMBB users with high averageff;:dio |
data rates (i.e. maximizing the spectral efficienoypile — "¢

|

Scheduled transmission for the eMBB UE (two slots=1ms)

serving the LLC users per their low latency requiremeit wi Resources Resources Tmaine”
ultra-high reliability. The LLC traffic takes prioritpver the scheduled for .Schedu.edﬂ,r

best effort eMBB data flows, and needs to be immediately the eMBB UE the LLC UE

scheduled when it arrives at the gNB. The dilemma, however, Fig. 1. Basic principle of downlink punctured scheduling.

is that due to the random unpredictable nature of the LCC

traffic, the gNB has no solid a priori knowledge of when LLC It should furthermore be noted that the illustratiorrig. 1
traffic arrives, and hence when to reserve radio ressuimr is simple in the sense that the eMBB transmission (ia thi
such transmissions. Reserving radio resources for [Eitgnt example) experiences one instance of time-domain puncturing
coming LLC transmissions would be inefficient as it resiit  only, by one LLC transmission. However, in a loaded multi
capacity loss for the eMBB users. On the other handnwheuser cellular system, an eMBB transmission may in fact
scheduling the eMBB users, the downlink shared chanitiel w experience puncturing by multiple LLC transmissioms] ¢he

in principle be monopolized by such transmissions, cgusinLLC transmission(s) may have smaller or larger bandvifdth
unnecessary latency to the LLC users that suddenly have date eMBB transmission. Aspects of how the gNB seldttlw

coming. This is the problem addressed in this study. eMBB transmissions to potentially puncture are further
addressed in Section IV when outlining the assumed scheduling
[ll.  PUNCTURED SCHEDULING PROPOSAL policy.
A. Basicprinciple B. Recovery mechanisms

The basic principle of the proposed punctured scheduling ag mentioned, the decoding probability (i.e. 1-BLEP) of the
solution is shown in Fig. 1. Here, a UE with eMBB traf8 1, nctured eMBB transmission depends on whether the UE is
scheduled by the gNB for transmission on the downlink sharegd,are of the puncturing. In line with [14], the performaiie
radio channel with a long TTI of 1 ms. The former isiifated improved if the eMBB UE is aware of the puncturing.r Bo
by the gNB sending a scheduling grant (transmitted on thgyiia| eMBB transmission we therefore assume that Ul
physical layer control channel) followed by the actualynay pe informed of the puncturing. The dilemma here is that
transmission of the transport block. During the transmissiog,q gNB does not know when it schedules the eMBB UE if it
time of the transport block for the eMBB UE, the shared; he subject to puncturing later. One option is to alkbe
channel f(_)r this transmission is in principle monopohz_edg,\lBtO append information of the puncturing (if that happens
However, it may happen that LLC data for another UE arriveg, the very last part of the eMBB transmission, i.ebedued
at the gNB while the scheduled transmission towardsNt&Be  j, the |ast part of the data transmission. However, theo i
UE is ongoing. To anId' waiting for the completion of the g rse the risk that if puncturing does happen, it may leppe
transport block transmission to the eMBB UE, we propose gy, the |ast transmission resources of the eMBB transmission
immediately transmit the LLC data by puncturing (o®€r- 5 hence the indication of the puncturing is lost. If theéilE
riding) part of the ongoing eMBB transmission. The advantagg, correctly decode a punctured eMBB transmission, a HARQ
of this solution is that the latency of the LLC data is miqbd, retransmission is triggered. At this point in time, the gNB
at the expense of lower performance of the transmission 0 theqys that the previous transmission was punctured, and hence



can inform the UE when scheduling the retransmission by
including such information in the downlink scheduling grant.

The UE benefits from such information by disregarding the
punctured resources of the previous transmission when
performing the HARQ soft combining, thereby improving the

Division of resources among competing LLC users is done
following the PF rule.

Lowest eMBB user (LeU):a = —1. It is prioritized to
schedule the LLC traffic on resources that have been

allocated to the eMBB user(s) that use the lowest MCS

performance. We assume that HARQ retransmissions consume (among the scheduled eMBB users). The rationale here is

the same amount of radio resources as the first trariemiss

IV. RADIO RESOURCEMANAGEMENT ALGORITHMS

A. Scheduling decisions
For scheduling of the eMBB traffic we assume time-

that eMBB users with low MCS can better tolerate
puncturing.

Highest eMBB user (HeU):a = 1. It is prioritized to
schedule LLC traffic on resources that have been alldcate
to eMBB users with highest MCS (among the scheduled
eMBB users). The rationale here is to protect the exdle

frequency domain radio channel aware Proportional Fair (PF) €MBB users from experiencing puncturing.

scheduling, based on periodical frequency selective C
feedback. The PF scheduling metg, , is:

Mu,p [n] = (1)

I
QI'he proposed eMBB-aware scheduling (LeU and HeU) for the

LLC transmissions tends to favor puncturing the same eMBB
transmission(s) in case several LLC transmissions msppe
during the same 1 ms TTI interval used for schedulhey t
eMBB users. Our hypothesis is that the eMBB-aware
scheduling options therefore are more attractive.

wherer, ,, is an estimate of the instantaneous supported data

rate of usewm in thep-th PRB,R, is its average delivered
throughput in the past, amdis the discrete time index for the
scheduling interval. eMBB users are scheduled with a IF€l s
of 1 ms. Pending eMBB HARQ retransmissions are prietiz

B. Service-specific link adaptation

Dynamic link adaptation (LA) is assumed for both the eMBB
and LLC users by setting the MCS for each transmisbiased
on the users reported CQIl. The MCS for the eMBB ugers

over new eMBB transmissions as also assumed in [16]. Badjusted to reach an average block error rate (BLERgttarfg

default, the eMBB traffic is scheduled on all availabldiga
resources, assuming there is enough offered eMBB traffic.
When LLC traffic arrives at the gNB, the scheduler saih
immediately scheduling such traffic with a short TTI sofe
0.143 ms (corresponding to 2 OFDM symbols). If there rae f
(unused) radio resources, the LLC traffic is scheduletthose
resources. If not, the LLC traffic is scheduled on radsmurces
currently allocated to eMBB transmissions, i.e. using fured
scheduling. It should be noted that due to the assumed sm
payload size for the LLC transmissions, only a fractiothef
available PRBs are typically needed for each LLC trassion.

10%. This is achieved by using the well-known outer loop link
adaptation (OLLA) algorithm, where the received CQI values
are offset by certain factor (a.k.a. the OLLA offsed)culated

in accordance to the received HARQ Ack/Nacks from past
transmissions [17]. The OLLA-offset for the eMBB users is
only adjusted based on Ack/Nack feedback from eMBB
transmissions that have not been punctured; i.e. weaimlyat
controlling the BLER (10% target) for the eMBB transnossi
et do not experience any puncturing. The BLER of the
punctured eMBB transmissions will naturally be higher, as the
error probability increases with the amount of puncturing.

The question is now which radio resources currently used for The LA for the LLC transmissions is conducted to have a

eMBB transmissions are the best to puncture? This is a no
trivial question, to which we propose the following ptured-
scheduling metric for the LLC usevs

1,

 Ry[n]

whereW,, is the normalized transport block size of the eMBB
user per PRB that is currently scheduled on the PRE. the
basic PF metric is weighted with a function of the MCS
employed for eMBB data transmissions on a given PRB. Th
exponentx controls how much weight is givend,. Based on

My p[n] Wyt [n], (2)

BLER target of only 1% to have lower latency. The LA fue t
LLC users is also conduced based on the users CQIg usin
standard OLLA to reach the 1% BLER target. Single-stream
single-user MIMO transmission is assumed, i.e. bergjitti
from both transmission and reception diversity againgt fas
fading radio channel fluctuations.

V.

A. Methodology and assumptions

Extensive dynamic system-level simulations are conducted,
following the 5G NR methodology in 3GPP [1], [3], assuming
a macro-cellular multi-cell scenario. The default ion

PERFORMANCEANALYSIS

this scheduling framework, we consider the following threeassumptions are summarized in Table 1. All the RRM

options for punctured scheduling:

Best Resources (BR)x = 0. In this case, the pending

functionalities described in Section IV are modeled. Fuifdy
traffic is used to model the eMBB best effort trafffcbursty
LLC traffic model is used, with 50-byte packets geredat

LLC traffic is scheduled on the PRBs where the LLC usersollowing a Poisson arrival process. Different levelofféred
experience the best channel quality as per the CQI feedbadW C traffic load per cell are considered.



Table 1. Summary of default simulation assumptions.

Description

Assumption

Environment

3GPP Urban Macro (UMa); 3-sector btastons
with 500 meters inter-site distance. 21 cells.

Carrier 10 MHz carrier bandwidth at 2 GHz (FDD)
PHY numerology 15 kHz subcarrier spacing configoraf1].
TTI sizes 0.143 ms for LLC (2-symbol mini-slot).
1 ms for eMBB (two slots of 7-symbols).
MIMO Single-user 2x2 closed loop MIMO and UE
MMSE-IRC receiver.
CSl Periodic CSI every 5 ms, with 2 ms latency,

containing CQI, and PMI.

Data channel modu-|
lation and coding

QPSK to 64QAM, with same encoding rates as
specified for LTE. Turbo codes.

Link adaptation

Dynamic MCS selection.
1% initial BLER target for LLC
10% initial BLER target for eMBB

HARQ

Asynchronous HARQ with Chase Combining sd
combining.
The HARQ RTT equals minimum 4 TTls.

=

Traffic model

In average 5 full buffer eMBB users pell.
In average 10 LLC users per cell with Poisson
arrival of B=50 bytes data bursts.

Scheduling

Proportional fair scheduling of eMBB.
Punctured scheduling for LLC traffic following
BR, LeU, and HeU.

Link-to-system

(L2S) mapping

Based on the mean mutual information per cod

ed

bit (MMIB) mapping methodology.

in such scenarios we model the punctured resources as
interference only, which decreases the overall MMIB, while
keeping the effective coding rate unaffected. The seittirzdi
simulations, except where explicitly mentioned, is that the
eMBB UEs are fully aware of the puncturing when it happens

B. Performance results

Fig. 2 shows the cumulative distribution function (cdf) for
the ratio of punctured eMBB resources per user allocation f
different offered load conditions of LLC traffic. Theticaof
punctured eMBB resources per user allocation is defined as the
sum of the sub-carrier symbols allocated to LLC withgiven
eMBB transmission, divided by the total amount of subliear
symbols in the eMBB allocation. As expected, the higher
LLC load, the more eMBB allocations are punctured. At 0.1
Mbps LLC load, only around 10% of the eMBB allocations are
punctured, whereas more than 70% puncturing ratio can be
observed for a high LLC load of 2 Mbps. The scheduling
scheme also impacts the distribution. The LeU and HeU
schemes tends to favor puncturing the same eMBB
transmission multiple times, in case several LLC tr@ssions
happen during the same 1 ms TTl interval. This resultsaxarfe
eMBB allocations being punctured as compared to BR, at the
expense of higher puncturing ratio for those transmissibiss.

Whenever a user is scheduled, the SINR at the receiver @Served that with relatively high probability, the puncturing
calculated for each subcarrier symbol, assuming a minimuftio is either 1/7 (~0.14) or 2/7 (~0.28), which copresls to

mean square error with interference rejection combinin

(MMSE-IRC) receiver at the terminal. Inspired by the mdadle

[18]-[19], the SINR values are mapped to the mutual
information domain, taking the applied modulation schente int
account. The mean mutual information per coded bit (MMIB)

is calculated as the arithmetic mean of the valueshisub-
carrier symbols of the transmission [19]. Given the \BMihd

the used modulation and coding rate of the transmission, the .2

error probability of a CB is determined from look-up talilest

are obtained from extensive
transmissions consisting of more than one CB, we assume

link level

simulations. For

identical and independent error performance for all JBss,
the error probability for the transport block is modeds P¢rg)
=1 — (1-P€cg))®, where P{cg) is the CB BLEP.

The effect of an eMBB transmission that is punctured is

captured as follows: The punctured sub-carrier symlooitan
no useful information for the receiver, and hence is medels
information-less. This effect is included in the caldolabf the
MMIB and the effective coding rate of the transmissionrgoo

BLEP. In other words, a receiver that is aware of theequring
incident is assumed to be aware of the exact subcayraols

éhe case when LLC allocations puncture the entire frequency

Sub-band of a certain eMBB allocation with one or tworth
|TTI transmissions.

0.1 Mbps

Cumulative distribu

I
0.4
; . g Puncture ratio of eMBB allocations [-]
using the look-up tables described above to determineBhe C Fig. 2: Cdf of the ratio of punctured resources per eMBB user

0 0.1 0.2 0.5

allocation.

that are punctured. Therefore, the receiver can distad Fig. 3 pictures the average decoding probability of eMBB
punctured parts of the physical resources prior to the degod transmissions for different puncturing ratios, includingdase
Hence, the MMIB for such users is calculated only as treme where the eMBB UEs are not made aware of the puncturing.
from transmission resources that were not punctured and tR/BB transmissions without any puncturing achieve the 90%
effective coding rate of the transmission is increase@decoding probability (or 10% BLER) in line with the service-
accordingly. specific LA setting described in Section IV-B. For casbsre

On the other hand, if the UE is unaware of the puncturing thgn eMBB allocation is punctured on 1/7 of the resourdes, t
punctured part of the transmission will still be taken asulisef decoding probability drastically decreases. It is observed tha
signal by the UE thus, used in the decoding process. Tineref | eU scheme achieves the best decoding performance, as users



with low MCS (typically low coding rate) can better tolerate
puncturing. The BR scheme tends to equally affect cell-edge

and cell-center eMBB UEs. This results in a decoding
probability which is in between what is observed for thesioth 0.8
two scheduling schemes. As expected, there is some gain from 8
making the eMBB UE aware of the puncturing (indicated by the
dashed line on Fig. 3); this gain is, however, generalleto
than what is reported in [14], although we still observe arcle
benefit of making eMBB UEs aware of the puncturing. The
reason for observing differences in performance gaiaeing

such puncturing awareness at the eMBB UEs, is expected to be
due to the abstract L2S model applied in our system-lavdy s 0.2
while findings in [14] are based on more detailed linkelev
simulations. For eMBB users that experience extensive
puncturing of 3/7, there is no visible gain by making thi&8

aware of the puncturing. This is because such a large fiactio 0 2 ‘LMBB fhroughiut [Mblr?‘ 12 14

of “lost” resources can anyway not be compensated at they 4. cdf of experienced eMBB user throughput for two different

0.6

0.4

Cumulative distribu

receiver end, and hence is likely to result in failedodéng offered loads of LLC traffic.
independent of whether the UE is made aware of it, or not.
1 ; ; ; \ Fig. 5 shows the complementary cdf (ccdf) of latency
0.9 mmr bl B BR || statistics for the LLC traffic for different load conditis. The
‘ L JLeu service-specific 1% BLER target for LLC transmissidas
0.81 et 1| EEEE HeUj clearly observed in form of a HARQ delay. Looking at the
o7k WM. ____| Puncturing unaware achievable LLC latency at the 2@ercentile, it is observed that
| | the 1 ms latency requirement for 5G is achieved for both 0.1
06 mm W o TTT T T Mbps and 2 Mbps load of LLC traffic. Furthermore, no

A D significant difference between the three proposed schedulers is

! observed at the 10level. One of the reasons is that the

! w proposed puncturing scheduling schemes partly accounts for

7777777 O — the experienced channel quality of LLC users. Also, Seffitty

| | good channel quality is experienced across the whole freguenc

band due to the high diversity from using 2x2 closed-loop

————— i R single-stream MIMO with MMSE-IRC receiver at the UE.

| [ . &
o7 7 27 3/7

Puncturing ratio of eMBB allocations [-]
Fig. 3: Average decoding probability of eMBB transmissions with
different puncturing ratio.

eMBB 1st Tx Decoding probability |
© © o o
R R

o
=
T

-1
10

-2
10
The impact on the eMBB performance from the puncturing

is shown in Fig. 4, where a cdf of the eMBB throughput i
plotted. It is observed that the eMBB throughput generally
declines as LLC traffic is increased, due to more punguri

The LeU scheme generally offers the best throughput
performance. This is due to the larger robustness dgains
puncturing, as also observed in Fig. 3. The difference in
performance between the BR and HeU schemes depend on the .
offered LLC load. For a LLC offered load of 0.5 Mbps, the 10 ‘ ‘ ‘

-3

10
-4

10

5
10

Complementary cumulative distributi

0.2 0.4 0.6 0.8 1 1.z
performance is as expected: the BR scheme performs better LLC Latency [ms
than the HeU, especially in the upper part of the distobyts Fig. 5: Latency distribution (ccdf) of the LLC traffic.

HeU favors puncturing of users with high MCS. However, for

a higher LLC offered load of 2 Mbps, HeU performs slightly  Finally, Fig. 6 shows the 50%-ile eMBB throughput (left

better than BR. This is due to the benefits of concentratiag t axis) and the 99.999%-ile latency for the LLC traffiggift

LLC puncturing in only a few eMBB allocations. Such gain i axis), for different offered loads of LLC traffic. Gnthe LLC

especially relevant at high LLC load, when the eMBBlatency with the BR scheme is shown as there is marginal

allocations are more likely to experience puncturing frondifference in performance (as seen in Fig. 5). The eMBB

multiple LLC users. throughput follows the trends previously described: The LeU
scheme offers the best throughput performance due derlar



robustness to puncturing. At low LLC offered load, the BRacknowledge the contributions of their colleagueserpttoject,
scheme performs better than the HeU, as HeU favoralthough the views expressed in this contribution are thbse
puncturing of users with high MCS (sensitive to puncturing)the authors and do not necessarily represent the project.
However, at high LLC offered load, HeU performs slightly
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