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Abstract—Deep fading and multicell interference are the two
main limiting factors for the practical realization of ultr areliable
wireless transmissions. A recently proposed solution forhieving
ultrareliability builds upon the idea of combining the user
messages as a single packet, then transmitting the packeting
a two-phase relaying strategy in order to harvest diversity A
potential problem with such a strategy is that it may be overy
optimistic about the ability of the device to decode the ente
message in the first phase. This work devises an alternative Fig. 1: Two-phase transmission for an isolated productiog. INode

approach that splits the per-cell message into the broadcapart
and the relay part, thereby enabling layered data transmismns
to the receivers of various channel conditions. We first angkze

C is the controller and nodes 1 to 7 are the actuators. The kods
are the successful transmissions in Phase |, and the dashsdPhase
1. Only node 7 fails to decode the message from the controlle

the information theoretic achievable rate of a channel withone

sender and two receivers, and show that rate-splitting attens

the optimal generalized degree-of-freedom (GDoF) whereathe

existing method is suboptimal. Furthermore, we combine rat

splitting with successive cancellation to handle the case it

multiple cells interfering with each other. Numerical exanples

show a significant advantage of the proposed rate-splitting
method over the existing approaches.

hop transmissioh The idea is to combine all the downlink
messages as a single packet and to enable the actuators to
relay this packet for each other in a two-hop transmission
strategy. Briefly, this scheme lets all the actuators tryetedt

the packet from the controller directly in Phase I, then lets
those actuators who have successfully decoded the padket ac
as relay to assist the controller in re-transmitting the esam
packet in Phase Il, as illustrated in Fig. 1.

The strategy of [3] assumes that the encoded aggregate
probability of lower than10~> or even10~° (as compared packet either is fully decoded by an actuator, or would be
to the current 4G system with typical error rate I6f ) is discarded if the actuator fails to decode. This assumption,
one of the key requirements for future wireless systems [However, can be limiting, because if an actuator fails to
Ultrarellablllty for mission critical Operations, COUplWith the decode the packet in Phase I, then it gains no information. In
low-latency requirement, is envisioned for a broad rang&ef contrast, this paper proposes a different strategy. We thyali
plication use cases, including industrial automatiorelligent packet using layered transmission, so that the relativelgiw
transportation, power distribution and healthcare [1]-3is  receivers still have the potential to receive partial infation
paper focuses on the design of an ultrareliable low-latengy phase I. Importantly, this paper shows that the gain of
wireless network in the context of factory automation. Wggte splitting is not negligible. For a one-controller-amab-
improve upon a previously proposed two-hop diversity trangctuator model, the proposed message-splitting methaihsitt
mission protocol [3], [4] by incorporating a message spifit the optimal generalized degree-of-freedom (GDoF) of the
strategy, and provide both theoretical analysis and nwakrinetwork, whereas the Occupy CoW strategy of [3] does not.
results to show that the new approach significantly outper$o  compating interference is yet another challenge for achiev
the previous method in terms of achieving ultrareliahility ing ultrareliability, especially when multiple produatidines

Consider the application scenario in which the controller ¢n a factory setting operate close to each other. The priskwo
an automated production line, after receiving the closeg| [3] suggests an orthogonal frequency-division multiphexi
feedback from the sensors, sends control messages wiyelegpproach, but the required spectrum bandwidth would then
to the remote actuators in order to stabilize the contrgked to scale linearly with the number of controllers. To
processes. However, because of fading, not every actuaor fesolve this issue, the recent work [4] advocates reusieg th
a reliable direct wireless link from the controller. To a€lss entire bandwidth in Phase I, while suppressing the interfee
this issue, the earlier work [3] advocates a scheme named
“Occupy CoW” that enhances network coverage via two-More than two hops would incur too much latency.

I. INTRODUCTION

Ultrareliable wireless transmission with a target packedre



by successive cancellation. This paper further discusses hinto a single |K;|b-bit messagem,;, and requires all the

the proposed rate-splitting approach can be adapted to #wtuators in the cell to decode; within the two phases. The

framework of [4]. rationale for such a design is two-fold. First, the intrdl-ce
This work is most closely related to the Occupy CoVihterference can be eliminated. Second, those actuatachwh

method in [3] and a further development in [4] as alreadsuccessfully decode:; in Phase | can fully help relay this

mentioned. Other related works in the literature include [Single message in Phase Il within its cell.

that lets a subset of successful actuators help with redayin

in Phase Il in order to enhance energy efficiency and reduce !l M ESSAGESPLITTING: SINGLE-CELL CASE

interference, [6] that proposes deploying some statiorelay A, Reliability of Occupy Cow Protocol

nodes, and [7] that studies the multi-antenna case.
Notation: C(z) is used to denote the functidng, (1 + x)

for = > 0, C the set of complex numbers, addV/ (0, o2) the

zero-mean complex Gaussian distribution with varianée

We start with the case of a single cell with= 1, i.e., only
one production ling. In Phase I, the Occupy CoW protocol
lets the controller broadcasts the aggregated messagéus,
the signal-to-interference-plus-noise ratio (SINR) ofuator

II. Occurpy COW PrROTOCOL k in Phase I is \gii 2
7

Consider an industrial factory hall that hds automated Th! = T2 (3)

production lines, each consisting of one controller and fhe decoding of actuatdr is successful itV - C(v.1) > R
separate set of remote actuatéls i = 1,2, ..., L. We refer and fails otherwise. In Phase II, the controller repémtalong

to the area occupied by each production linecelh The role i the successful actuators iy. The SINR in Phase Il due
of the ith controller is to wireless stream control messaggs cooperation is

to each of the associated actuators in its cell. Independent

control messages of siZebits need to be received at each . |gri[*p + Deea, |gre|*p 4
of the actuators within period”, using a total ofil/’ wide Ve = — : 4)
spectrum band available for the entire system. Due to fadipgcoding is successful in Phase Il i - Clyrn) > R.

and interference, not every actuator has a sufficientlyngtroppserve thaty,i > 4., SO the failure events in Phase |

wireless link from the controller. The recent work of [3]are given a second chance with a higher SINR. The failure
proposes a two-hop transmission framework to enhance {@pability of actuator is

reliability as described below.
The period[0, T) is partitioned into two phase$d, 0.57) Pr[W-C(yi) <R and W-Clyen) <R].  (5)

and[0.57,T). In Phase |, all the controllers transmit signal§ye remark that channel state information at transmitted TCS
simultaneously, so each actuafor K; receives is not assumed by the Occupy CoW, but the receiver still needs
Vi (t) = graXa () + ngij_,.(t) + Zy(t) 1) Lc;lgfstmate the channel(s) from its transmitter(s), eyguding
J#i ) o
) o Observe that the Occupy CoW protocol can be inefficient
for ¢ € [0,0.5T"), whereg,; € Cis a realization of the channelyo .5 se an actuator would have a complete decoding failure
from controller j to actuatork, X;,(t) ~ CN(0,p) is the gyen jf itsyx1 is only slightly below the threshold. Next, we
i.i.d. signal transmitted by controllef with a fixed transmit .«-oquce a message-splitting method that allows the &mtua

N
power levelp, and Zx(t) ~ CN(0,07) is the background 4, harially decode the control message in case it is notidapa
noise. At the end of Phase |, l&f; C C; be the set of actuators of decoding the entire message.

that have successfully decoded the packet 1,2,...,L
Subsequently, in Phase I, these actuatorsljrwould assist B. Proposed Message-Splitting Strategy
the controlleri with sending the control message to the rest of
the actuators in the cell, so each of these actuatadC;\.A;
would receive

Yiu(t) = (gm‘Xi,n t)+ Z e X (t)) +Z 9 X ()

The goal is to provide a layered data transmission strat-
egy that can accommodate both strong receivers and weak
receivers. Toward this end, we partition the original mgesa

m of rate R into m’ andm”’, respectively with the rates

LEA; j#i R'=pR and R"=(1-u)R (6)
+Z Z g Xen(t) + Zk(t). (2)  for some0 < p < 1. For Phase I, we allocate a portion
JFLUEA; 0 < X < 1 of the total transmit power ten’ and the rest of

fort € [0.5T, T), wheregy, € C is a realization of the channelthe power ton”. The idea is thatn” is the part of the message
from actuator to actuatork, X, (t) ~ CA'(0, p) is the i.i.d. that all the actuators can decode without relaying, whilé
signal transmitted by controllef, X, (t) ~ CN(0, p) is the is the message that can benefit from relaying. The proposed
i.i.d. signal transmitted by actuatét. message splitting protocol thus consists of:

As mentioned earlier, this two-hop strategy makes eache Controller broadcastingn’, m”) in Phase I;
controlleri to concatenate all it§,C;| independent messages « Each actuator decoding’ then trying to decoden”;



« Controller broadcastingn” in Phase Il along with all
actuators that have already successfully decodéd
The SINRs of actuatok for messages:’ andm” in Phase |

. }I/n.XQn
can be computed respectively as 2 A2nt1

m on A
Z m
. Algril*p @) ; 921 g\ A"
’ o? + (1 - )\)|gkl|2p X12n 931 n Yl32n
and )
"o (1 - )‘)|ng| p e} . . . .
kT T2 8 Fig. 2: Node 1 is the controller, node 2 is an actuator, ancerdis

_ ) ) another actuator but with weaker channel, i|gzi| > |gs1]. In the
In Phase II, onn” is transmitted, so the entire power shoul@vo-hop strategy of [3], node 2 detectsin Phase | then forwards it
be devoted to it. As a result, if actuatbrdid not decodern’” to node 3 in Phase Il as a half-duplex relay. In the proposezbaue-

in Phase I, its SINR for decoding” in Phase Il would be SPlitting strategy, the message is split intom’ andm"; only m"
is being relayed.

7];,7” _ lgwi|*p + %56,41. gke|2p' )
Thus, the overall failure probability of actuatéris and
Pr[W - C(v},) < R +Pr[W-C(y,) < R" R = % min {%%),
and W Clyiy) < B | W-Cyzy) = R (10) C<|931|2p + |932|2p>} (14)
Note that the above method reduces to the Occupy CoW o? '

method of [3] whenA = 4 = 0. If we fix A and y, then Proof: In Phase I, node 2 and node 3 first decode
like the Occupy CoW method, our rate-splitting method dogg’ py treating m” as noise, so the maximunk’ is

H 2 H n
not require CSIT. %mmke{m}c(%). Note that “min” can be

C. Information Theoretic Analysis dropped by settinge = 3 becaus€go;| > |gs1|- After m/

To illustrate the advantage of message-splitting, thisiaec 1S successfully decoded by both node 2 and node 3, only the
provides an information theoretical analysis for the speciStronger actuator, node 2, further decodes This decoding
case of one controller (node 1) with only two actuator&ould be successful provided th&t < We(U=MgnlTey,
(node 2 and node 3), as shown in Fig. 2. Without loss of In Phase I, node 1 and node 2 broadeaStsimultaneously,
generality, node 2 is a stronger receiver than node 3 in the node 3 is able to decode” if R/ < W (lestlptloslr),
sense that|ga1| > |gs1|- Assume a total of2n channel Summarizing the above results yields the achievability.m
uses, so that Phase | occupies the channel uses 4, to Next, we provide an upper bound on the capacity of this
while Phase Il occupies channel uses+ 1 to 2n. As particular relay broadcast channel with common infornmatio
illustrated in Fig. 2, node 1 transmits a sequertg’ = Proposition 2 (Converse)fhe channel capacitR* satisfies
(X11,X1,2,...,X1,2,) throughout the two phases, node 2 0%
recoversin from the receivedyy in Phase |, then transmits 12* < - min {I(X1;Y2), I(X1;Y3)+1(X1, Xo;Y3)}, (15)
X371 = (Xomg1, Xonto, - -, Xo,2n) based oni in Phase
Il, and node 3 recovers: based on the receiver?” at the
end of two phases. We remark that the above channel model,, _ W . {C(Igz1|2p1) C(|g31|2p1)+
is a special version of thelay broadcast channéh [8] when - 2 o2 ’ o2

the common message transmission and the half-duplex relay 2h, + 2hy + 2
C(|g31| P |g32| p2 |g31932|\/]91p2)}. (16)

which can be further evaluated as

are assumed. D)

First, we discuss the achievability. Clearly, the Occupy\Co 7

method can at most achieve Proof: Let R; , be the maximum data rate received at
9 9 9 nodei € {2,3} in phaseq € {l,11}. The Phase | scenario
Ro =Y nin {C<|9212| p) : C(|g31| P +2 [932] p) } (11) canbe reéogn}{zed as a broadgast}channel with common infor-
i i mation. Clearly, we have;; < W - I(X1;Y;). The Phase II
The achievable rate of the message-splitting strategy séenario can be recognized as a multiple access channet. Sin
stated below: the half-duplex node 2 now works as transmitt&s,; = 0.
Proposition 1 (Achievability)The rate-splitting method canIn addition, B3 < W - I(X, X5; Y3). Combining the above
achieve results with R* < minge (o33 {(Rr,1 + Ry,1)/2} establishes
Rs =R, + R/, (12) the converse. u
Where Comparing the achievable rate and the converse as stated
W N gs1[?p above gives rise to the following main result on the approxi-
R, = o5 <02 T(- )\)|g31|2p> (13) mate optimality of the proposed message-splitting stsateg



Theorem 1 (Constant Gap Optimalityl, is always within Phase I, the approach of [4] lets each actuator try to dedwle t
1 bit per Hz from the channel capacify* regardless of the messages from the nearby cells for interference canamilati
values of(g21, g32, g31), WwhereagR* — R, | can be arbitrarily prior to the decoding of its desired message. Phase Il of [4]
large. remains the same as of [3], i.e., with each cell operates in
Proof: The key step is to setA\ = 1 — orthogonal frequency bands. This approach is overall more
min{1,02/(|gs1|?p)} in Proposition 1. After some algebra, itbandwidth efficient.
can be shown that the resultirg, is within 1 bit per Hz to ~ The message-splitting approach proposed in this paper can
the upper bound (16), i.e#|R*—RS| < 1. The gap between be extended to the multiple-cell case using a similar apgroa
R* and R, can be arbitrarily large because the Occupy CoWs in [4]. In particular, for each actuator, we order the hegar
method is suboptimal in terms of the GDoF, as discusseddantrollers according to their channel strength, and gitem
the next theorem. m interference cancellation starting from the strongestrodier.
We further examine the asymptotic achievable rate in theHere, we highlight some of the advantages of using message
high signal-to-noise ratio (SNR) regime. First, the coragp splitting in conjunction with interference cancellatidirst, as
the GDoF is briefly reviewed below. compared to the algorithm of [4], the rate-splitting apmtoa
Definition 1: Fix real numbers) < «;; < 1. Consider the proposed in this paper is more likely to be able to cancetinte
asymptotic regime in whichg;;|*p/o? = P, Vi, j, while cell interference in Phase |, because it allows the actuator
P goes to infinity, the GDoF of the channel as functiomgf removem]; even if it cannot remove the entire;. Second,
is defined asimp_, o R/(W . C(P)). the probability of successful decoding in Phase Il is higher
We now characterize the GDoF of our channel. in the proposed rate-splitting method because the datdrrate

Theorem 2 (GDoF Optimality)The message-splitting strat-Phase Il is lowered by the factar— . _
egy attains the optimum GDoF of the relay broadcast channeOn the other hand, we also remark that sineé¢ must

with common information: be decoded by all the actuators in Phase | in the message-
. splitting approach, the choice of the rate-splitting raiso
GDoF™ = crucial. Indeed, the optimal setting of the rate and power

2 max {07 min {om, max{0, az } + max{as, 0432}}}, spllt_tlng_ ratios would in general depend on thg specific nleahn_

2 realizations. How to best choose these ratios, perhaps in a
(17) way that depends only on the statistics of the channels, is an

whereas the Occupy CoW method attains a suboptimal GDateresting topic for future work.

GDoF, = %max{0,min{agl,max{a31,a32}}}. (18) V. NUMERICAL EXAMPLES
_ We validate the performance of the rate-splitting method by
_ Proof: It can be shown that2the acr21|evable rate of Propeymerically comparing it with the existing algorithms. @iv
sition 1 with A = 1 — min{1,0%/(|gs1|°p)} and the upper y,q |ocations that are meters apart, we model the pathloss in
bound of Proposition 2 give the same GDoF as in (17). Thgs petween them aBs.71g(d) +46.8 + 201g(0.6) if the chan-
optimality of GDoF* is Fhen verified. It is easy to see that,q|is line-of-sight (LOS), and &5.8 lg(d) + 46.8+20 1g(0.6)
GDoF" can be strictly higher thaGDoF,. B if the channel is non-line-of-sight (NLOS). Further, welase
The above capacity analysis suggests that messagergplitthat the channel must be LOS whér< 2.5 m, and would be
is crucial in guaranteeing the rgliability of transmissi@up- | os with a probability of( 1—0.9(1—(1.24—90.611g(d))?)"/3
pose that the target rate is slightly below the capaéty oiherwise. Thus, deep fading is more likely to happen when
and yet beyond?,, then the Occupy CoW method wouldihe gistance increases. We further assume that the standard
encounter a failure probability arbitrarily close to 100%yeviation of the shadowing is 4 dB. Let the total spectrum
whereas rate-splitting with the right splitting ratio catills pandwidthiV be 5 MHz, let the transmission period = 1
maintain reliable transmission. Furthermore, we remagk tr\ns, let the transmit power level= 5 dBm, and let the power
incremental redundancgoding [9] can achieve the same rat%pectral density of the background noise b&69 dBm/Hz.
region as rate splitting, but it requires some extra bufteha Assume that each cell is 20 m x 10 m square area in
actuator side to store the past signals. which the controller is at the centre and the actuators are
uniformly distributed. For the proposed rate-splittingthua,
we restrict its parameters to € {0.1,0.2,0.3,0.4,0.5} and
Inter-cell interference is the main issue when multiple € {0.5,0.6,0.7,0.8,0.9}, and find the optimal\, 1) pair
production lines are present close to each other. The earlyy the exhaustive search.
work [3] adopts an orthogonalization approach whereby eachWe first consider a single-cell setup. We set the size of the
cell runs the Occupy CoW method individually over a separaper-actuator control message= 980 bits. Fig. 3 shows the
sub-band. However, the bandwidth required by this approaiilure probability versus the number of actuators, avieigg
need to grow linearly with the number of cells. The morever 27000 trials in total. The message-splitting approach
recent work [4] proposes a more aggressive frequency reusetperforms the Occupy CoW protocol significantly, espécia
Assuming that the whole band is fully reused across the itellsin the low failure probability region. For instance, when

IV. MESSAGESPLITTING: MULTIPLE-CELL CASE
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Fig. 3: Single-cell system. Fig. 4: Multiple-cell system with 9 production lines.

34 actuators are present, the Occupy CoW protocol haglecoding. Considering a single-cell case with one cormroll
failure probability around 100 times higher than that of thand two actuators, we show that the Occupy CoW method used
rate-splitting method. Further, the failure probabilityogys in [3], [4] may lead to a GDoF loss so its achievable rate can
faster with the number of actuators when the Occupy CoWe arbitrarily lower than the capacity, whereas our progose
protocol is used. Observe also that no failure occurs undaie-splitting method is optimal in terms of the GDoF. The
the message-splitting method when there 32eactuator, so message-splitting method is further extended to the metdtip
the empirical probability of failure at this point is belowcell case. It provides layered transmission that can bemethit
1/(27000 x 32) ~ 1.2 x 107°. the decoding of the desired message and the cancellation of
We further test the multiple-cell case. Assume that 9 cellge inter-cell interference so as to enhance the religbaft
are deployed as 8 x 3 square grid. The cell-centre-to-cell-wireless communication. Furthermore, according to nucaéri
centre distance between the neighboring cellssGsn. We simulation, the proposed message-splitting method reduce
reduceb to 160 bits because of the interference. The proposélde failure probability significantly by more than 10 dB as
message-splitting approach in conjunction with intenfieee compared to the existing methods.
cancellation is compared with two existing methods: the
orthogonalization approach of [3] for both Phase | and Phase
II, referred to as “orthogonal Occupy CoW”, and the method! M: Bennis, M. Debbah, and H. V. Poor, “Ultrareliable arivtlatency
. . . . wireless communication: Tail, risk, and scal®foc. IEEE vol. 106, no.
of [4] with reusing the whole bandwidth in Phase | and or- 19, pp. 1834-1853, Sept. 2018.
thogonalizing Phase Il, referred to as “non-orthogonalupgc [2] P. Popovski, “Ultra-reliable communication in 5G wiesk systems,” in
CoW"”. Fig. 4 shows the average result acr&680 trials. It \1/Str\1|ms,v$:r2fyS§ ?&rfﬂq‘gﬁg;zcﬁ”r&sgmgwgv angiiag?igégh §
can be seen that the orthogonal Occupy CoW method performsg, nikolic, “Real-time cooperative communication for amtation over
much worse than the other two methods. As compared to the wireless,” IEEE Trans. Wireless Communol. 16, no. 11, pp. 7168

e 7183, Nov. 2017.
non-orthogonal Occupy CoW method, the message-splltnp@ S. A Ayoughi, W. Yu, S. R. Khosravirad, and H. ViswanathInter-

me_t.hOd proposed in this paper can cut down the failu_re _prOb' ference mitigation for ultrareliable low-latency wiresesommunication,”
ability by more than 10 dB. In particular, the message-pjt IEEE J. Sel. Areas Commurio be published.

method does not encounter any failure in this simulationrwhé! V: N. Swamy, P. Rigge, G. Ranade, B. Nikolic, and A. Safiredicting
wireless channels for ultra-reliable low-latency comneations,” inlEEE

30 actuators are deployed in each cell, so the correspondingint, symp. Inf. Theory (ISITYune 2018, pp. 27—30.

failure probability is belowl /(5000 x 9 x 30) ~ 7.4 x 10~7.  [6] N.Brahmi, O. N. Yilmaz, K. W. Helmersson, S. A. Ashraf,ca. Torsner,
“Deployment strategies for ultra-reliable and low-latgrmommunication

REFERENCES

VI. CONCLUSION in factory automation,” inEEE Globecom Workshops (GC Wkshigc.
. . 2015, pp. 6-10.
This paper proposes a message-splitting approach that[fa-B. Singh, O. Tirkkonen, Z. Li, M. A. Uusitalo, and R. Wickan,
cilitates the ultrareliable wireless communication bewé¢he “Selective multi-hop relaying for ultra-reliable commuation in a fac-
. . tory environment,” inlEEE Int. Symp. Personal Indoor Mobile Radio
controllers and the actuators of an automated industriabfa Commun. (PIMRG)Sept. 2016, pp. 4-8.

environment. In order to utilize the spatial diversity vehil [8] Y. Liang and V. V. Veeravalli, “Cooperative relay broamt channels,’

meeting the latency requirement, our approach adopts a twg-'EEE Trans. inf. Theoryvol. 53, no. 3, pp. 900-928, Mar. 2007.
[9] G. Caire and D. Tuninetti, “The throughput of hybrid-AR§otocols for

hopplng framework_ f.rom_ the existing .\{VOI‘kS [3]_* [4]' but the Gaussian collision channelEEE Trans. Inf. Theoryvol. 47, no. 5,
allows message-splitting in order to facilitate partialssege pp. 1971-1988, July 2001.



