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Abstract—A point-to-point communication is considered where
a roadside unite (RSU) wishes to simultaneously send messages
of enhanced mobile broadband (eMBB) and ultra-reliable low-
latency communication (URLLC) services to a vehicle. The eMBB
message arrives at the beginning of a block and its transmission
lasts over the entire block. During each eMBB transmission
block, random arrivals of URLLC messages are assumed. To
improve the reliability of the URLLC transmissions, the RSU
reinforces their transmissions by mitigating the interference of
eMBB transmission by means of dirty paper coding (DPC). In the
proposed coding scheme, the eMBB messages are decoded based
on two approaches: treating interference as noise, and successive
interference cancellation. Rigorous bounds are derived for the
error probabilities of eMBB and URLLC transmissions achieved
by our scheme. Numerical results illustrate that they are lower
than bounds for standard time-sharing.

I. INTRODUCTION

Enhanced mobile broadband (eMBB) and ultra-reliable low-
latency communication (URLLC) services enabled by 5G new
radio (NR) are considered as key enablers of the vehicle-
to-everything (V2X) technology [1]-[6]. Particularly, eMBB
services aim to provide high data rate for content delivery and
therefore improve the quality of experience (QoE) of in-vehicle
entertainment applications. URLLC services, however, are key
to guarantee the delivery of critical road safety information and
thus enable fully autonomous driving of connected vehicles [7],
[8].

Coexistence of eMBB and URLLC services in V2X com-
munications has been studied in the literature [9]|—[11]. In [9],
a novel URLLC and eMBB coexistence mechanism for the
cellular V2X framework is proposed where at the begining
of the transmission interval eMBB users are associated with
a V2X base station, whereas, URLLC users are allowed to
puncture the eMBB transmissions upon arrival. The work in
[LO] formulates an optimization problem for joint scheduling of
punctured eMBB and URLLC traffic to maximize the aggregate
utility of the eMBB users subject to latency constraints for the
URLLC users. Related to this work is [11], where resources
are allocated jointly between eMBB and URLLC messages
for a one-way highway vehicular network in which a vehicle
receives an eMBB message from the nearest roadside unit
(RSU) and URLLC messages from the nearest vehicle. During
each eMBB transmission interval, random arrivals of URLLC
messages are assumed. The eMBB time slot is thus divided
into mini-slots and the newly arrived URLLC messages are
immediately scheduled in the next mini-slot by puncturing the

on-going eMBB transmissions. To guarantee the reliability of
the URLLC transmission, guard zones are deployed around the
vehicle and the eMBB transmissions are not allowed inside such
zones.

In this work, the RSU wishes to transmit both eMBB and
URLLC messages to a vehicle. The eMBB message arrives at
the beginning of a block and its transmission lasts over the
entire block. The eMBB blocklength is again divided into mini-
slots and URLLC messages arrive randomly at the beginning of
these mini-slots. Specifically, at the beginning of each of these
mini-slots a URLLC message arrives with probability p € [0, 1]
and the RSU simultaneously sends the eMBB message as well
as the newly arrived URLLC message over this mini-slot. With
probability 1 —p no URLLC message arrives at the beginning of
the mini-slot and the RSU only sends the eMBB message. In our
work, we do not use guard zones, but instead the RSU reinforces
transmission of URLLC messages by mitigating the interference
of eMBB transmission by means of dirty paper coding [12[]-
[14]. After each mini-slot, the receiving vehicle attempts to
decode a URLLC message, and after the entire transmission
interval it decodes the eMBB message. Given that the URLLC
transmissions interfere with the transmission of eMBB, we
employ two different eMBB decoding approaches. The first
approach, known as treating interference as noise (TIN), is to
treat the URLLC interference as noise. The second approach,
known as successive interference cancellation (SIC), is to first
subtract the decoded URLLC message and then decode the
eMBB message based on the received signal. Rigorous bounds
are derived for achievable error probabilities of eMBB (in
both approaches) and URLLC transmissions. Numerical results
illustrate that our proposed scheme significantly outperforms the
standard time-sharing scheme.

II. PROBLEM SETUP

Consider a point-to-point setup with one RSU (transmitter)
and one vehicle (receiver) communicating over a ne uses of
an AWGN channel. The transmitter (Tx) sends a single, so
called eMBB-type message M (), over the entire blocklength
ne, where M(®) is uniformly distributed over a given set
M® = {1,... L.}. Message M® is thus available at the
Tx at time ¢ = 1 (and remains until time n.). Additionally,
prior to each channel use in

TW .= {1,1+ny,1+2ny,...,1+ (-1 ny}, 1)
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where
Ne
n= {_J 9 (2)
ny

the Tx generates with probability p an additional, so called,
URLLC-type message that it wishes to convey to the Rx. With
probability 1 — p no URLLC-type message is generated. For
each b € [n], if a URLLC message is generated at time ¢t =
(b—1)ny+1, then we set A, = 1, and otherwise we set A, = 0.
Denote the time-instances from (b — 1) - ny + 1 to b - ny by
block b. If in block b a message is generated we denote it by
M, ISU) and assume that it is uniformly distributed over the set
MW =11, Ly}
During block b, the Tx computes its inputs as:

t(U) (M(U),M(e)) . if Ap = 1,
Xe=1" g 3)

£ (M©), if A, =0,
fort=(b—1)-ny+1,...,b-ny and some encoding functions
t(U) and ft(e) on appropriate domains. After the last URLLC
block, i.e. at times ¢t = nny + 1,...,n., the Tx produces the

inputs

Xi= fO(M®), t=nny+1,...,n @)

The sequence of channel inputs X, ..
the average block-power constraint

., Xy, has to satisfy

1 &
n—e Z Xf <P, almost surely. %)
t=1
The input-output relation of the network is described as

Y, = hXy + Zy, (6)

where {Z;} are independent and identically distributed (i.i.d.)
standard Gaussian for all ¢ and independent of all messages;
h > 0 is the fixed channel coefficient between the Tx and Rx.

After each URLLC block b the receiver (Rx) decodes the
transmitted URLLC message M, ;U) if Ay = 1. Moreover, at the
end of the entire ne channel uses it decodes the eMBB message
M® Thus, if A, =1 it produces

~ (U N

MY = g7 (V- tymg 155 Yoy ) @)
for some decoding function g™ on appropriate domains.
Otherwise, it sets MZEU) = (0. We define the average error

probability for each message MZEU) as:
& = B [19 % M| 4y = 1]
+(1—p)P [le‘” ” 0’Ab - 0] . ®)

At the end of the n. channel uses, the Rx decodes its desired
eMBB message as:

M — 1/)(%) (Y7, 9)

where Y := (Y1,...,Y;,.) and (") is a decoding function
on appropriate domains. We define the average error probability
for message M (®) as

(© .= p [M@) £ M©] (10)

Ne
: ny : ny : ny : ny :ne — 'r]nU:
XgU)_"_ Xge,2) X;e,l) XgU)+Xge,2) Xfle,l) Xée,l)

Fig. 1: Example of the coding scheme with n = 4 and Bgen =

{1,3).

The goal is to propose a coding scheme that simultaneously
has small error probabilities elgu) and €(®),

III. JOINT TRANSMISSION OF URLLC AND EMBB
MESSAGES

A. Construction of Codebooks

Define
Bagsival := {b € [n] : Ap = 1}. (11)
Choose Sy and e € [0, 1] such that:
Pu + Be = 1. (12)

Fix a value of a € [0,1]. For each block b € [n], for each
j € [Ly] and each realization m € [Ly], generate codewords
Vy(m,j) by picking them uniformly over a centered ny-
dimensional sphere of radius y/nySyP independently of each
other and of all other codewords, for

By == Bu + Oﬁﬂe-

For each ¢ € [Le| randomly draw a codeword X 28’2) (0)
uniformly distributed on the centered ny-dimensional sphere of
radius y/ny P and a codeword X l(je’l) () uniformly distributed
on the centered ny-dimensional sphere of radius /nyP. All
codewords are chosen independently of each other.

13)

B. Encoding

1) Encoding at Blocks b € Biva: In each block b € Bival,
the Tx has both an eMBB and an URLLC message to send. It
first picks the codeword X l()e,z) (M(©)) and then employs DPC
to encode MZEU) while precanceling the interference of its own
eMBB codeword X Z()e’2) (M (®). Specifically, it chooses an index

7 such that the sequence
x\V = vy, j) — ax (o (14)

lies in the set
2
Dy = {wl()u) :nyBuP — 6 < le()U)H < nUﬁUP} (15)

for a given 0 > 0. If multiple such codewords exist, the index
7™ is chosen at random from this set, and the Tx sends:
X=X + X107 (16)

We also set Ap gent = 1.



If no appropriate codeword exists, the Tx discards the arrived
URLLC message by setting Apgsene = 0 and sends only the
eMBB message

X, = XD (M) (17)

over this block.
Define

Bsenl = {b S Barrival : Ab,sent = 1}7

where Bgent C Bamival and represents the set of blocks in which
an URLLC message is sent. See Figure

2) Encoding at Blocks b € [n]\Barivar and in Block n + 1
when ne > nny: In each Block b € [1]\Bariva, the Tx sends
only eMBB message M (®):

(18)

X, = X (M©). (19)
Over Block b, the Tx thus transmits
XYWL x©& i h € Ben,
X, = { by P sent (20)
X, 0.W.

C. Decoding

After each block b € [n], the Rx attempts to decode a
URLLC message, and after the entire block of n. channel
uses it decodes the transmitted eMBB message. Given that the
URLLC transmissions interfere with the transmission of eMBB,
the Rx envisions two different approaches to decode the eMBB
message. The first approach, termed TIN approach, is to treat the
URLLC interference as noise. The second approach, termed SIC
approach, is to first subtract the decoded URLLC message and
then decode the eMBB message based on the received signal.

1) Decoding of URLLC Messages: At the end of each
block b € [n], the Rx observes the following channel outputs
Yo ={Yo 1ynyt1,-- s Yony }:

v, _ X7 4 hX P 4 2y i € B o
"TARXEY + 2, o.w.
with Z, ~ N(0,1,,). Define the information density metric

between y;, and v; by:

.(U) fo|Vb (yplvp)

iy (Vb3 yp) = In Ty, (W) (22)
After observing Y, the Rx chooses the pair
(m',j') = arg rflna;( z'l()u)(vb(m,j); Y,). (23)
If for this pair
i (o', ) ) > 4V 24)

where ~(Y) is a threshold over which we optimize, the Rx

chooses (M;U),j) = (m/,j’) and sets Ap detection = 1. Oth-

erwise the receiver declares that no URLLC message has been

sent and indicates it by setting M, ISU) = 0 and Ap_detection = 0.
Define

Bdelecl = {b S [77] : Ab,deleclion = 1} (25)

that is the set of blocks in which an URLLC message is
detected. A detection error happens if Bgetect 7 Bsent-

In each block b € Bgetect, St Ap decode = 1 if (Méu),j) =
(Mlgu),j), otherwise set Ap gecode = 0. Define

Bdecode = {b S Bdelecl : Ab,decode = 1} (26)

that is the set of blocks in which an URLLC message is decoded
correctly.

2) Decoding the eMBB Message under the TIN approach: To
decode its desired eMBB message under this approach, the Rx
treats URLLC transmissions as noise. Therefore, the decoding
of the eMBB message depends on the detection of URLLC
messages sent over the 7 blocks.

Let By be the realization of the set Bgeecr defined in
@3). Given By, the Rx decodes its desired eMBB message
based on the outputs of the entire ne channel uses by look-
ing for an index m such that its corresponding codewords

{{@i m)hsgn {2 (m) e, | maximize
ZTIN ({m(e 1)}b¢Bdu {ml(yeg)}beBm; Y"|Baetect = Bdt)

fo‘Xl()e’l) (yb|fﬂz(fi) fyb|Xl<7e,2> (yb|wl(;2)

= 1In In 27)
bgd[ fo (yb) bgm fo (yb)
among all codewords {{wge’l)(m’)}bgBdl, {wl(f’Q) (m")}oepy }-

3) Decoding the eMBB Message under the SIC approach:
Under this approach, before decoding the desired eMBB mes-
sage, the Rx mitigates the interference of the correctly decoded
URLLC messages from its observed output signal. Therefore,
the decoding of the eMBB message depends not only on the
detection of the sent URLLC messages but also on the decoding
of such messages.

For each Block b € Bgeteer, We define Ap gecoge = 1 if
(Mlgu),j) = (Mlgu),j), otherwise set Ap gecode = 0. Define the
set of blocks in which an URLLC message is decoded correctly:

Bdecode = {b S Bdelecl : Ab,decode - 1} (28)

Let By be a realization of the set Bgeeor and By, be a
realization of the set Bgecoge- After observing the channel outputs
of the entire n. channel uses, the Rx decodes its desired eMBB
message by looking for an index m such that its corresponding

codewords {{wge’l)(m)}bgBdl, {:cl()e’2) (m)}beBm} maximize
e1) (e,2) -y™|Bi+. B \%4
i ({28 Yogpao {245 Yoe 5 4™ [ Bav, Baer (Vi }oe e
1 2
Fyxt o (yylzY) fyb‘X<e,2)(yb|mz()e ))
nH +1n H L
b Bu fo(yb) b€ By\ Buc fo(yb)
Ty yxe® v, Wolzy™ w)
+in [ e Y (29)
be Bu. Sy v, (ys|ve)

among all codewords {{:cl()e’l)( m') }og By {:c( ’ )( NVveBy )



IV. MAIN RESULTS

Define 02 := h?P + 1, 03 := h?B,P + 1, 03 = h*(1 —
@)?BeP + 1 and

x ur u u?
~ x ur wu u?
U= 2vnuP (U?z’(\/ﬁ_u—i_ VPBe) + otVBe(l - a))a 31¢)
h(o? — ag)
_._ VP (VB(o? +ja)2+ (1- a)\/Egg), 314)
2

SIC§Z<>Q41_pUQ2) -k
1—A+Z() 1—qk’5<%—y> . (34)

where (V) 4(¢) (¢) are arbitrary positive parameters, G(-, ")
denotes the regularized gamma function, k := | By, & = |Bqc|,

pui=p (1= (1=¢)"),

N
R/l —qa + (LyLy — 1)e )

(U))L » Ly

q3 := puqs + (1 — pu)q1, and

(35a)

. qi=1-(1-c : (35b)
and for all integer values n = 1,2,...:
U < LyLy
(1l —2?)" 2n q2 = (1 ( ,uu)) +G (— /\(uu))) (35¢)
Kn(x) = + Kn—1(x) (31e) 2
T oan+d 2n+1 """ . (1 ( 3G ))—f—G(nU N )))LULESSd)
4= - u - u
where ko(z) := x. By employing the scheme proposed in 2’
o —pu)"Fe (1 — )"
Section [l we have the following theorem on the u%)per bounds _ Py Py 0 (35¢)
on the URLLC and eMBB error probabilities eb s eTIN, and (pu-a3+ (1 —pu)-q)*(1 —py-gq)n=*
n 2(1—a)2BePn
eé?c ' . - ,—Bvﬁe2UT+l _h7(1 2) BePny (35f)
Theorem 1: For fixed 5. , By € [O,.ll].and(br;ess?e%e set SIZ(S)S u:= 9h2(1 — o) (By + (1 — @)2Be)’
Ly and L., the average error probabilities €, ’, ey, and €gie - 27 /7 (1 + h2(1 _ a)QﬂeP)e”Uth(ﬁﬁ(l*a)zﬁe)
are bounded by = . (359
U 2(h2(1 — )™ =2,/8(1 + 2h2(1 — )2 3P
&) <p(1=0" +q+1-a)+(1-pa (32)
n = - ~ .
(&) < L n—k (] _ AT 33 and J., J., ¢, pu, jiu, jt, ji, T and v are defined in (30).
eTIN = ; ( >Q3 pua2)" ( +7) (33) Proof: See Section [V1l u
nU+1 —h2 BVPnU k n*k
L 2 VByPe 8(1 + 2h2P) (30a)
< 9h2(1 - a)"U LBy + (1 — a)2Be) 27/7(1 + h2P)
nU+1 —n2 BVPnU k_;} 3 777]9 3 3 ];3
j o w277 V By Be . 8(1 + 2h?P) . V/8(1+2h%(1 — a)2S.P) (30b)
€ 9h2(1 — a)"U By 4+ (1 — a)?Be) 27y/m(1 + h2P) 27/m(1 + h2(1 — a)?3.P)
1 (2
¢ _wr<"02 ] GO CVENERCET V) Ry CVENEY) (300)
2020 ny, o2 o?nyBeP(1 — )?
= hQ(T—:%) < o - 7V 4 1n JU) tot g (nUP(\/ﬁ /B - 5b) - TR = (30d)
20%03 ny, o2 o?nyBeP(1 — )?
T hicl PV () — ©
= T ( In e —i—anu) (nUP (v/Bu + /Be) ) S (30e)
k —k 2
u::%lnﬁ—%lnag— 572 nUP+2 26VnUP ( ﬁv—i-(l—a)\/ﬁe) nuP — 4 +1n J. (301)
~ Te /Bv (\/E'i_(l_a)\/m) 1110'% l;f 0'2 77—]{5 I;(l—Oé)Qﬂe ~(e) =~
— ey o2 p P — ' n -3 — — Ine™™ " J. (30
K g M7 + < 2 <02 o2 P + 2P o2 202 203 +ine (30¢)
7. (ne—kny)(@®—1)  (n+1-k)VnP \fF (") | kT V2D (M) | kny(o® —03) L, — e " 30h
: 2 + 2 (2 T U 2.2 + (Le —1)e (30h)
202 o I () poo T () 202031
k (V2T ("UTH) (1 —a)vnuBP o o3 —1 [T ©
= — _ = Le -1 —e 7 30
’ /1< 0(%) (r- = ) <2o ) ) e (5 ) G0
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Fig. 2: Upper bounds on e{X, Sk for P = 5,n, = 600 and

ny = 200 and for maximum value of el()u) fixed at 1075.

100 TTTTT T T T T T T T T T T T T T T T
1077 b
10711 8

o]
=g e
-z 1077 B
vw!—*
1078 .
o

o --- TS, p=08 == TS, p=0.2

10771 —4—TIN, p = 0.8 ——TIN, p = 0.2 | |
—&— SIC, p = 0.8 —8— SIC, p = 0.2
Ll Lol Lol Lol Lol

1073 1072 1071

W

107° 1074

Fig. 3: Upper bounds on eg\],eé?c, el()u) for P =5 and ny =

20 - b and ne = 3ny for values of b in {10, 8,6,4,2}.
V. NUMERICAL ANALYSIS

In Figure 2l we numerically compare the bounds in The-
orem [I] with the time-sharing scheme where URLLC trans-
missions puncture the eMBB transmission upon arrival. In
this figure, we set the maximum error probability of URLLC
transmission to be equal to 1075. For each value of p €
{0.2,0.4,0.6,0.8,1}, we then optimize the parameters «, (e
and [y to minimize the eMBB error probability under both
TIN and SIC approaches. As can be seem from this figure, our
schemes outperform the time-sharing scheme specifically for
large values of p, i.e., in regions with dense URLLC arrivals.

In Figure Bl we numerically compare the bounds in Theo-
rem [I for p = 0.2 and p = 0.8. In this plot, ny = 20 - b and
ne = 3ny and the value of b varies from 10 to 2 with step size 2.
The values of «, . and By are optimized to minimize e% and
GS)C for a given maximum q()u). As can be seen from this figure,
when p is high, the TIN scheme outperforms the SIC and the
time-sharing schemes. For low values of p, however, the SIC
scheme outperforms the other two schemes. The reason is that
for high values of p, more subtracted URLLC interference will

be wrong which introduces error in the eMBB decoding under
the SIC scheme.

V1. PROOF OF THEOREMII]

A. Bounding el()U)

Recall the definition of the sets Biuival, Bsent and Bgetece from
(@D, [@8) and @3, respectively. Given that URLLC message

Méu) arrives at the beginning of Block b, i.e., b € Byyiva, We
have the following error events:
gU,l = {b ¢ Bsem} (36)
Eu,2 = {b & Buetect} (37)
fusi={ (0".5) # (M”.5) } - (38)

Given that no URLLC message is sent over Block b, i.e., b ¢
Bsent, We have the following error event:

gU,4 = {b S Bdetect}' (39)

The error probability of decoding URLLC message MZEU) of
Block b thus is bounded by

El(,U) < ]P)[b S Barrival]]P[gU,1|b S Barrival]
‘Hp[b S Ban‘ival]P[gU,2|gﬁyla be Barrival]
‘Hp[b S Ban‘ival]P[gU,3|gﬁ72a glﬁ,la b € Barrival]
]

'Hp[b ¢ Barrival P[5U74|b ¢ Barrival]' (40)

1) Analyzing P[Ey.1|b € Bupivar): From (I3) we notice that
(Vs —aX(®®) € Dy if and only if

nufuP =8 < [V, —a X |2 <nufuP. (4D
Recall that ||V ||> = nySyP almost surely.
Lemma 1: We can prove that
P(Vy - aX}*?) € D] =¢ (42)

where ( is defined in (30d).
Proof: see Appendix [Al [ |
Since the L, codewords are generated independently:

P[Eu1|b € Bamival] = (1 — )" (43)

To analyze the remaining error events, we employ the fol-
lowing lemma.
Lemma 2: For any v(Y) > 0:

P\ (Vi (m, j); Vi) < V]

<1-G (nu /\(uu)) +G (%J,:\(Mu)) ;

< 5 (44)

where G(-,) is the regularized gamma function and A(-) and
A(+) are defined in (1) and py is defined in (30).
Proof: See Appendix [Bl [ |



2) Analyzing P[8U12|Eﬁ)l,b € Buwivar]: This error event is
equivalent to the probability that for all j € [L,] and for all m €
[Ly] there is no codeword V3, (m, ) such that i(V(m,:); Yy) >
~Y) Therefore,

P[Eu2|€5 1,b € Bamivall
= (B[ivim. s <))

- L,Ly
< (1-¢ (FAm) + 6 (L Am))
where the last inequality holds by Lemma
3) Analyzing P[Ey 3]EG 5, £ 1,b € Barrivall: To evaluate this
probability, we use the threshold bound for maximum-metric
decoding. For any given threshold v(\):
P[gU,3|ng,2v gl.cl,lu be Barrival]
< Pli(Vo(M”, ) Yo) < 1Y)
+(LyLy — DP(Vy(m',5); Yp) > 4]

(45)

(46)

(47)

where m’ € {1,...,Lu}, /' € {1,....L,}, (MY, j) #
(m/,j"), Vi ~ fy, and is independent of (V,Y).
Lemma 3: For any ~(Y) > 0:

Pli(Vy; Y3) >~V < e, (48)

Proof: See Appendix [ |
By Lemmas 2] and Bl we have

P[5U73|56,2756717 be Barrival]
ny ny = -~

<1-— — — —_ Y

<1 G( 5 ,A(uu)) +G( 5 ,)\(MU)) + (LyLy — 1)e

4) Analyzing P[Ey 4|b ¢ Bawival]: This error event is equiv-
alent to the probability that given no URLLC is arrived, there
exists at least one codeword Vj(m,i) with m € [Ly] and
j € [Ly) such that i(Vy(m, j); Y3) > v(Y). Therefore,

P[Ey 4|b ¢ Barivall
=1 (B [i(Vym.)iyy) <7V

<1- (1 - e_’Y(U))LULU

where the last inequality follows by Lemma 3

By combining @3), @9, @6) and (3I) we prove bound (32).

B. Bounding e(TG;I)\,

(49)
W

(50)

(51

Define
pPU = P[b S Bsent]a (523)
Pdet,0 = P[b S Bdelecl|b S Bsenl]a (52b)
Pdet,1 ‘= P[b € Bdelecl|b ¢ Bsem]- (SZC)

Lemma 4: We prove that

pu=p(1—1-0"), pe1<a, ¢ < paeo < as,
(53)
where q1, ¢2 and ¢3 are defined in (33) and ¢ in (30d).
Proof: See Appendix [ |

Given Bgeeet = Bat, we have the following two error events:

STIN,l = {Bdetect 7é Bsent}
Erng = {M©® # MO}

(54)
(55)

The eMBB decoding error probability under the TIN ap-
proach thus is bounded by

EzIN S Z ]P)[Bdelecl - Bdl]
Ba

- (P[ErN,1 [ Baeweer = Bat] + P& 2| Bacteet = Bat, Efin 1)) -

1) Analyzing P(Bgereet = Ba]: Define

(56)

Pdet = ]P)[b S Bdelecla be Bsent] + P[b S Bdelecla b ¢ Bsenl]
= pupdet,0 + (1 = pu)pPet, 1,

(57)
(58)

where py, paer,0 and paer,1 are defined in (32). By Lemma [t

pU G2 < pae < pu - g3+ (1= pu) a1, (59

and thus by the independence of the blocks:
]P)[Bdelecl = Bdl] (60)
= phe! (1= pact)” 174! (61)

< (pu- g3+ (1= pu) - 1) Pal(1 = py - o) 1P (62)

2) Analyzing P[Eqn1|Baerecr = Bar): Notice that the values
of pu, Paet,0 and pger,1 stay the same for all blocks in [r]. Thus

P[Bdetect ?A Bsem|Bdelecl = Bdl] (63)
=1- ]P)[Bsent = Bdt|Bdelecl = Bdt] (64)
—1_ ]P)[Bsent = Bdt7 Bdelecl = Bdl] (65)

]P)[Bdelecl - Bdl]
P %en:B P eec:B sen:B
1 [Bsent ‘21‘ [Baetect dt| Bsent at) (66)
Paet (L — pdel)nle‘"‘
Bt — B _
A ) P g (1 )1
Pha (1= paet)n=1Bul
(67)
By — Bat _
o PU py) Pl (1 — gy

(pu - gs+ (1= pu) - q)Pal(1 = py - go) 7= 1Pal
(68)

where puy,q1,q2 and g3 are defined in (33). The inequality in
(68) follows by Lemma [4]

3) Analyzing P[Enn2|Bhetecr = Bd,,5§,N71].' To bound
P[M© # M©®|Bgewet = Ba, Efix.1)» we use the threshold

bound for maximum-metric decoding. For any given threshold
(e).
DA

P[M(e) 5& M(e)|Bdetect = Bdt7 5’1?IN,1]
<P () X(eJ) X(e72) Y™ |B (e)
irv ({ X tog o {X3 ™ FoeBus |Bat) <7

(e < (e,1 - (e,2 Ne
+P [Z(TI)N ({Xz()e )}bngdn{Xz()e Nep Y |Bdt) > 7(8)}
(Le — 1) (69)



where for each b, Xf, ~ fX(e 1 and Xl() ~ fX(e 2y and

are independent of (X'®"), x{® 2 ,Y). We use the following
two lemmas to bound the above two probability terms.
Lemma 5: For any v > 0:

e el e,2
B ik (X5 hogm X0 Yo
<T—(L,—1)e "

Yne|Bdl) < 7(8)}
(70)

where T is defined in (30H).
Proof: See Appendix [El [ |
Lemma 6: For any v > 0:

{TIN ({Xb }bgBd“{Xb }bEBau{Yb}nH|Bdt) > V(e)}

<e . (71)

Proof: The proof is similar to the proof of Lemma [3] and
omitted. ]
Combining Lemmas [3 and [6] with and defining k := | By|
proves the bound in (33).

C. Bounding ES)C

Recall the definition of the sets Bagival, Bsents Bdetect and

Baccode from (D), @8), @3), and (28), respectively. Let By
be a realization of the set Bgeec, and By. be a realization of
the set Bgecode- We have the following two error events:

gSIC,l = {Bdetect 7é Bsenl}
Esice = {M© # M©}

(72)
(73)

The eMBB decoding error probability under the SIC approach
thus is given by

ESICS ZP[Bdetect - Bdt]
Bdl

(P [Esic, 1] Baetect = Bat

+ Z P[Bdecode = Bdc|g§[C717 Bdelecl = Bdl]
Bdc

']P)[E‘SIC72|Bdelecl - Bdh Bdecode - Bdc; gSCIC_yl]) . (74)

]) Analyng ]P)[Bdewde - Bdc|55‘1C 1 Bderecr — Bdt] For any
subset B, C By we have:

P[Bdecode - Bdc|Bdelecl - Bsem - Bdt]
= H P[M(U) = MéU)lgdetect = Bsenl = Bdl]

(75)

b€ Byc
H (1 - P[MZEU) = MéU)|Bdetect = Bsem = Bdl]()76)
bEBd[\Bdc
< q|Bdc\(1 _ q)IBdt\—\Bdcl (77)

where ¢ is defined in (33). Inequality (7Z) holds by and
by the independence of the blocks.

2) Analyzlng P[£SIC,2|Bdetect = BdtaBdecode = Bdﬁgglc,l]:
To bound this probability, we use the threshold bound for
maximum-metric decoding. For any given threshold 5(®):

P[M(® 2 M ®|Byereet = Bat, Buecote = Bae: E§ica]  (78)
< P[’sm({X }bngd[a (X Yoe b
Y| B, Bac, {Vb}ven,.) < W(e)}
+(Le = DPiSLUX (D hogmo IX 1D oe s
Y3 Ba Baes {Vihoen) 23|  (79)

where for each b, X(e” ~ fX<e 1 and X(e 2 fX(e 2y and

are independent of (X", X {® 5 ,Y). We use the following
two lemmas to bound the above two probability terms.
Lemma 7: Given 7(®), we prove that

[Zé?c({X g o XS Ve s (Y )10

|Bat, { Vs }oeBa) < :Y(e)}

T
< “7 —v (80)
where T', v, u and i are defined in (30).
Proof: See Appendix [El [ |
Lemma 8: We can prove that
[zSIC({X }bQBmv {Xb 2}b€Bdw
- 5
(Yo} B AV oen,) =719 <e777. (81

Proof: The proof is based on the argument provided in the
proof of Lemma [3 [ |
Combining Lemmas [7] and [§] with and defining k = |By|
proves the bound in (34).

VII. CONCLUSIONS

We considered a point-to-point scenario where a roadside
unite (RSU) wishes to simultaneously send eMBB and URLLC
messages to a vehicle. During each eMBB transmission interval,
random arrivals of URLLC messages are assumed. To improve
the reliability of the URLLC transmissions, we proposed a
coding scheme that mitigates the interference of eMBB trans-
mission by means of dirty paper coding (DPC). We derived
rigorous upper bounds on the error probabilities of eMBB and
URLLC transmissions achieved by our scheme. Our numerical
analysis shows that the proposed scheme significantly improves
over the standard time-sharing.
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APPENDIX A
PROOF OF LEMMA [TI
By @) and since X 26’2) and V, are drawn uni-
formly on the ny-dimensional spheres of radii v/nyB.P and

Vnu(Bu + a2Be)P, the error event &, holds whenever the

following condition is violated:
]
aBenyP < (Vy, X&) < afenyP + 2—b (82)

The distribution of (V, X l()e.,2)> depends on V', only through
its magnitude, because X 28’2) is uniform over a sphere and
applying an orthogonal transformation to V', and X Z()e’2) does
neither change the inner product of the two vectors nor the
distribution of X l()e,2)' In the following we therefore assume
that Vi, = (||V4]],0,...,0), in which case (82) is equivalent
to:

afenyP (e) afenyP 3
< X 83
VBnyP — b2t = \/ﬁanP+2a\/ﬂanP 83

where X é 2.1 1s the first entry of the vector X, (e2)

The distribution of a given symbol in a length-nu random
sequence distributed uniformly on the sphere is [15]]

ny—3
n (e)
Fey (#45.) = 1L T (@)
it ) = Trmpremy ! e
x1{ (2} 1)* < nufeP}. (84)
Thus,
P [Vb —aX? ¢ pk}
\"‘/w-r \/L
= [ VPR e © ) gz
" apenyr fng;)l (%,2,1) dry s, (85)
VBvnyP
_1 Ty 20°nyPpe + 8
N wF(”Ugl) =\ 2anyPvB. 5.
1 I3 Be
__Wr(nuz—l)ﬂy o E ’ (86)
where
1 _ 2\n 2
fin(:c)zx( ) 4 Fon—1(2) (87)

2n +1 2n +1

with ko(2) = . This concludes the proof.
APPENDIX B

PROOF OF LEMMA 2]

Note that Y, and Y|V, do not follow a Gaussian distribu-
tion. Define

Qv,(Yy) = N (Y4130, In,07) (88)
QYb\Vb(yb|’Ub) = N(yp; th,InUag) (89)
with 0% = h?P + 1 and 02 = h?(1 — a)?B.P + 1.
Introduce
QYb|Vb (yplvp) '

Qv (W) ©0

iV (wyy,) == 1n

Lemma 9: We can prove that

i) (wbi ) > 1) (vhy,) + In Juy, o1
where
T = WMQHUTH e~ hz(li;ﬂg)zﬂepnu o
U 9R (1= a)(B, + (1 )?Be)
Proof: By [16, Propsition 2]:
frilw) _ (L= )h)™ BP+ (1= a)BP o
QYb (yb) n 27\/5 (1 - a)PV By e
By [17, Lemma 5]:
Sy, v, Wlvs) > = (h(1 — O[))nU72 e,m 94)
Qv v, (Yp|vs)
Combining the two bounds concludes the proof. [ ]
As a result, we have
Pliy” (V; Ys) < 7] (95)
<SPV Y) <7V —InJy] (96)
Qy, v, (Ys|Vy)
=P |ln 222" 2 <~V p 97)
[ QYb (Yb) =7 v

1 exp( Yy — thH2)
—Plm (y/202m)™u 203
1 ox ||Yb||2
(V2mwo2)™u p
N O L A
2 o3 202 203 -

<y —In Ju] (98)

W _1n JU] (99)

[ e P21 (1—a)? )
—P X 2 (= X(e7) 2
X1+ 5 (22 - 55 >|I il

h? /1 1 h U 9
S (S ) izl + S x X
o3 (o

2 \ o2
h s h  h(l-a) (€2)
+§<Xb 7Zb>+(§+0'7§ <Xb ,Zb>
2
<AV gy - Wiy "—2] (100)
2 o3

<P h? (nyBuP — &) n h*nyBeP (1 (1-a)?
202 2 o2 o2
B2 /1 1 hnyP A
g g
2
<AV gy - N 0—2] (101)
2 o3
=P [|Zs|* + ul| Zs|| > pu] (102)
u\ 2 u?
2| (1Zsll+3)" 2+ % | (109

/ u?2  u / w2  u
—1—F< ,LLU+Z—§>+F<— /LU—FZ—E) (104)



where

2
U
71110—%—’}/( )+1DJU>

L% (nUP(\/ﬂ——\/Eﬁ—zsb)

0% — o2
o?nyBP(1 — a)?
B 0% — o2
oo VP (03(VBU + V) + 0?VBe(1 — @)

h(o? — o2)

Notice that in (I04) we use the fact that ||Z;|| follows a chi-
distribution with degree ny and F(-) represents its CDF.

APPENDIX C
PROOF OF LEMMA[3]

By Bayes’ rule we have

fv, () = Ty, (W) fv, v, (0b]yy)
. fo\Vb (ybl'bb)
= fv,|v, (0b|yy) exp (—i(vp, y3)) -

By multiplying both sides of the above equation by
1{i(vs,y,) > v} and integrating over all v,, we have

/7 1{i(vp, yp) > v} fv, (0p)dop =

(106)
(107)

/ 1{i(vp, ) > v}e ") fy 5 (Doly,)dvp.  (108)
Up

Note that the left-hand side of (I08) is equivalent to
Pli(vp,yp,) > 7Y = y,). Thus

Pli(ve, y,) > 7Y =y, (109)
- [ iton) > )
X eXp (_i('l_’bv yb)) be|Yb ('l_)b|yb)d'l_’b (110)
Ty, v, (Yplos) }
— [ 11DVl
/m, { )
x exp (—i(0s,Yp)) fv, v, (Ublyy)doy,  (111)
v, (o)
- vy, fo(yb)
x exp (—i(0s,Yp)) fv, v, (Uslyy)doy  (112)
:[ eV fv, v, (VoY) dvs (113)
—e (114)

APPENDIX D
PROOF OF LEMMA [4]

We start by analyzing the quantities in py, Pdet,0 and pPet,1

defined in (32a)), (32b) and (32d).
1) Analyzing py:

pu=p-PEjeL]st XV, (MY, j) eDy] (115)
=p(1—(1-0") (116)
where the last equality is by (@3).

2) Bounding pge0:

pdet,O
= ]P)[b S Bdelecllb € Bsent] (117)

=1—PNm,Yj iy (Vo (m,5); Ys) < 7 V[b € Bien] (118)

ny ny ~ Ly Ly
21— (1-6(52M0m)) +G (G Am)) (119)
where is by (@6).
Lemma 10: For any v(Y) > 0:
Bliy” (Vi(m. j); Yo) < V)
ny g,- ny -
>1-G (M) +G (G AG)) (120

where G(-,-) is the regularized gamma function, A(-) and A(-)
are defined in (BI) and iy is defined in (B0).
Proof: The proof is similar to the proof of Lemma 2| We
present a sketch of the proof.
We start by upper bounding

i\ (vy;y,) <10 (v ) + Iy, (121)

where by [[16, Propsition 2] and [[17, Lemma 6] we can prove
that

Ju = 27y/r(1+h*(1 - Oé)QBeP)e"thP(ﬂv+(1—a)2ﬂe)

: (122
v 2(h2(1 — a))w=2/8(1 + 2h2(1 — )25.P (122)
Thus

Pliy” (V; Y3) < +W) (123)
> Pli(Vi;Y3) <Y —InJy] (124)
=P [||Zs]|* = ul| Zs]| > ] (125)

u\ 2 u?

= B > _

P[(”ZbH 2) > jiv + 4} (126)
=1-F (/i L) e (s ) a2
- PO ™3 RO T3

||
where
202032) ny. o -
. L0t ()
= g (B g o )
2
a.
2 (P )
2 _ 2
T 11Uﬁ2€P(12 Q) (128)
ag —0'3

By Lemma [I0t
- - \\ LoL
paro <1- (1-G (F M) +G (. 4)) (129
3) Upper Bounding pges1:

Pdet,1
= P[b S Bdetect|b ¢ Bsenl] (130)

= P[Em € [Lyl,j € [Lo] : i (Vi(m, ); Y5) > 7V |b ¢ Been]
—1—PNVm,Vj : i (Vi(m, 5); Y3) < v Vb € Ben]  (131)

L,L
<1- (1 _ e*W(”)) Y

where (I32) is by (GI).

(132)



APPENDIX E
PROOF OF LEMMA[3]

Notice that for each b € [1 : n + 1], Y} and for b €
By, Y| X l(f’Q) do not follow a Gaussian distribution. Define

Qy,(y,) as in (88) and
D) = Ny h(1 — )XY 1,,03) (133)

with 03 = h2B,P + 1.
Introduce

1 2 1
ZTIN ({mb )}bgBm,{wﬁe )}bede{yb}ZiﬂBdt)

(e, 1))
=m][ ][]

b Ba bE By

Qy, X (Y |mz(;e

Qy, xes Wl

be( )

Yb‘X(e ,1) yb|.’1}

134
be yb) ( )

Lemma 11: We can prove that

1 2 1
ZTIN ({mb )}bgBm,{wff )}bede{yb}ZiﬂBdt)

2 Z%eg\l ({ml()e)l)}béBdu {wb 2)}beBma {yb}n+l|Bdt) +1nJe, (135)
where
7T2nu+1 —h B\,Pnum k
vire

Jo 1=

9h2(1 — )™ =1(B, + (1 — a)2B)
8t 2nzp) \ "
"\ 27/7(1 + n2P)

Proof: similar to the proof of Lemma [ and by [16,
Proposition 2], for b ¢ By:

(136)

27 1+ h%P
Ty, (Ys) < V(1 + )' (137)
Qv (yp) 8(1 + 2h2P)
| |
As a result, we have
P [ ITIN ({X(e 1)}b¢Bdu {X( ’ )}bGBma ne|Bdt) < ’Y(e)}
<P Z(TEI)N ({Xz(;e’l)}béBdu {xi? )}beBm;Y"ﬂBdl)
<~® 1 Je}
e )
L v¢Ba QYb(yb)
e,2)
(e:2) (yb|$ )
—|—1nH Yb‘X <~ —InJ,
bEBd be yb)
1 RIEATS
(\/ﬂ)"U €

]P’lnH

,1
[xED 4z,

b¢Ba\n+l__1____ o~ 202
(V2ma?)™u 7
CVptZl12
1 e 202
(v/2mo3)"u
‘HDH U, x©2)
Xy +X5% +2,112
b€ By, T 2.z

1
—F——C
(« /271'(7'2)"U

_Zggall?
2

ﬁe
T P ¥ —InJ,
1 X+ Zeall?
(VamaZyre—mmy © >
1 1 e, 1
= P[§ Do NZelP — 55l X5 + 2P
bQBm
Yy It Vit a — )XY 4 2
203 202
be By
k
> —4© £ 1nJ. + % Ino? — "% 1na§] (138)
02 —1 \/nUP
< ]P’[ = t— > 12l
b¢ Bat b¢ Ba
+7 Z 1Zy| + 2 per Z |1 Z||? >u] (139)
beBdl beBdl
2
(a) o —1 - vnyP
=2 ]p[ s Lt > 12|
b¢Bdl
=y Zy)| + 2 5, 2222 >u] (140)
beE By
W B[S 2+ 5P S, 1201
- 1%
E |7 Yicn, |Z6ll + 525 2]
Sl 20275 (141)
7!
_ (e —kny)(@® = 1) (g1 k)viuP VAT (25
207 & ey
n 1
E\/?F( ) knu(UQQ—Ug) (142)
po T (B 202031
where
v/nyP (\/E(UQ +03)+(1— a)\/Eag)
- o203
k 1—k
pi=—® +1nJ. + E11102 — ﬂlnog — LnUP
2 202
2
5 gﬁvnup = (VB + (1 —a) V) noP
In step (a), we define
= > Zol* ~ X% (ne — kny) (143)
b¢Bdl
= > NIZol* ~ X2(kny) (144)
beBdl

where X2(n) represents chi-squared distribution of degree n.
In step (b), we use the following Markov’s inequality:

E[X]

P[X > da < (145)

In step (c):

E[Z1] = ne — kny, (146)



E[Z] = knu, (147)
r
Ell|Z,]) = % (148)
2
APPENDIX F

PROOF OF LEMMA[7]

Define Qy,(y;) as in @8), Qy,|v,(y,|vs) as in and
2 :
Qy, xeo (Wl2) as in (3D,

Introduce

i ({-’Bb Yog Bos {25 Yoe Bas 47| Bao, Baes {Vb}beBdc)

Yb X(e 1) yb|:1}

Yb X(e 2) (yb|wb ))

(e, 1))
HH +In H

b¢ Ba Qv (yn) b€ B\ Bac Qv,(yp)
T (e.2) (yb|wl()e’2), vy)
+1nH Yb|Xb Vi (149)
be Bue Qv v, (Yp|ve)

Lemma 12: We can prove that

ZSIC ({wb 1)}b¢Bm= {wb }beBdHy ¢| Bat, Buc, {vb}beBdc)
2 Zs?)c ({‘Bb 1)}b¢Bmv{‘Bb boeBw Y" |Bdlquca{vb}b€Bdc)
+InJe, (150)
where

nU+1
= m2T 7

Jeo 1=

—n2 B‘, —hZBvPny

VBvPe
9h2(1—a)"u 1By + (1 -

8(1+2n2P) \
\ 277 (1 + h2P)
V/8(1+2h%(1 — )?S3.P) ¢
\27y7(1 + h2(1 — a)2B.P)

Proof: similar to the proof of Lemmas [9] and {11 [ |
As a result, we have

{ tsic ({X }bngdn {Xz(;ez)}beBdl;

Y| By, Bac, {Vb}bEBdc) < W(e)}

Zsm ({X Y og e {X 0 hoe

Y| Bat, Bac, {Vb}beB(k) <#® —In je}

(e, 1))
]

L b¢Ba

+In H

b€ Bai\ Bac

a)?fe)

(151)

(152)

IN
'ﬁ

(153)
fY XD (Y|,

QYb (yb)
(872))

be|X§7‘*v2) (yblwb

QYb (yb)

(e,2)
N lnH fyb‘Xge,2>7Vb(yb|fBb , V)

@) _1n T
<y In Je | (154)
QYb\Vb (Yolys) e]

be By

1 _lzyl?

X)) 421112
202

e
_ (v2m)™
=P|Iln H XDz, 12
b%Bd[\n+l(1—2)e*T
V2mo?)™u
Vp+Zl12
1 e 20%
o [
n
\\X£U)+X§f‘2)+zbu2
bEBi\Bae L o 5,7
(V2mo2)mu
1 _1Zp11?
——e
-I—lnH (vV2m)™y
Cla—ex P 4z
beBdc( - 1 2)nU e 20,%
\/ 7TO'3
1 Zggall?
1
2 )re—nmny ~ ~
+In — V20 <5© _1n.j(]55)

1
(V2mo2)me—nmy Vet ©

_pll 2 1 iy 2
=P B Z |1 Zs] —@HXJJ + Zy||

b¢Bdl
IV + Z|?
beBdl\Bdc

Vet (- )X + 2z
202

Ly 1zl —a) X + 72

be Byc 203

ne — kny
2

(k—l%)nu o2  nyk
+Tlna—§+ ) lna3

In o2

> -4 +InJ. +

(156)

nUP
+ =Y iz

bt Bat

1Y 1Zl

b€ Bdl\Bdc

b¢Bdl

2 2
o? — 02
202

> NZulP

o3
b€ Bat\ Bac

—l—% VQnUBe Z 1 Zy||

beBdc
> ﬂ]
be By

L S e, 126l

(157)

2_
E (55 Suen, 1262 +
i
E [Tienasn, 120l
_l’_

o
E (5% Loenaz, 120l2]
+
m




—a)v/nyBP
E |Gl s 120

+ SR
il
E %5 Sien, 1211
20% b€ By b
7
_ (ne — kny)(c? — 1) N (n+1—k)vnyP V2r ("UTH)
2021 o2 I (%)
ﬁ\/ﬁl—‘ ("”;1) kny(o? — o2)
p T (%) 202031
k V20 () ( (1—a)\/nuBeP)
_Z _ _—
aor(y) o3
nuk (0*—03 o3—1
i 20203 B 203 (158)
where
. ne — kny (k — l;)nu o2 kny
/LZ: eTlnoj—i_flno’_%—i_Tlngg
n—k k—Fk k(1 — a)?nyPpe
_ P P — ) T e
202 ok 203 By 20§
k—k

( By + (1 —a)\/E)QnUP —5® +1n ..

202

This concludes the proof.
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