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Abstract—In 6G networks, integrated sensing and communi-
cation (ISAC) is envisioned as a key technology that enables
wireless systems to perform joint sensing and communication using
shared hardware, antenna(s) and spectrum. ISAC designs facilitate
emerging applications such as digital twins, smart cities and
autonomous driving. Such applications also demand ultra-reliable
and low-latency communication (URLLC), a feature that was first
introduced in 5G and is expected to be further enhanced in
6G. Thus, an ISAC-enabled URLLC system can prioritize critical
and time-sensitive targets and ensure information delivery under
strict latency and reliability constraints. We propose a bi-static
multiple-input multiple-output (MIMO) ISAC system to detect the
arrival of URLLC messages and prioritize their delivery. In this
system, a dual-function base station (BS) communicates with a
user equipment (UE) and a sensing receiver (SR) is deployed to
collect echo signals reflected from a target of interest. The BS reg-
ularly transmits messages of enhanced mobile broadband (eMBB)
services to the UE. During each eMBB transmission, if the SR
senses the presence of a target of interest, it immediately triggers
the transmission of an additional URLLC message. To reinforce
URLLC transmissions, we propose a dirty-paper coding (DPC)-
based technique that mitigates the interference of both eMBB
and sensing signals. To decode the eMBB message, we consider
two approaches for handling the URLLC interference: treating
interference as noise (TIN) and successive interference cancellation
(SIC). For this system, we formulate the rate-reliability-detection
trade-off in the finite blocklength (FBL) regime by evaluating the
communication rate of the eMBB transmissions, the reliability
of the URLLC transmissions and the probability of the target
detection. Our numerical analysis show that our proposed DPC-
based ISAC scheme significantly outperforms power-sharing based
ISAC and traditional time-sharing schemes. In particular, it
achieves higher eMBB transmission rate while satisfying both
URLLC and sensing constraints.

I. INTRODUCTION

Integrated sensing and communication (ISAC) is enabled by
higher frequency bands, wider bandwidths and denser distribu-
tions of massive antenna arrays. Such integration is mutually
beneficial to sensing and communication tasks [2]-[4]. On the
one hand, the radio wave transmission and reflection can be used
to sense the environment and thus the entire communication
network can serve as a sensor. On the other hand, the capabilities
of high-accuracy localization, imaging, and environment recon-
struction obtained from sensing can improve communication
performance. ISAC designs thus offer various use cases for
autonomous driving, smart factories, and other environment-
aware scenarios in 6G communication networks [5]-[9].

Many ISAC use cases also require ultra-reliable and low-
latency communication (URLLC), a feature introduced in 5G
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and is expected to evolve further in 6G [10]-[13]. For example,
in autonomous driving, ISAC plays a crucial role in detect-
ing targets, including pedestrians and vehicles and delivering
sensing information to users. URLLC is essential for ensuring
the timely delivery of critical road safety information [14]. In
particular, URLLC ensures 99.99% reliability at a maximum
end-to-end delay of no more than one millisecond, which is
essential for many 5G and 6G applications, including industrial
automation, intelligent transportation, and telemedicine [15]—
[19].

Despite progress in achieving the required latency and re-
liability, 5G URLLC still does not meet all key performance
metrics needed for diverse mission-critical applications. One of
the main challenges arises from the random generation nature
of URLLC services, as their generation is often linked to the
occurrence of critical, time-sensitive events in the environ-
ment. Consequently, their arrival time becomes unpredictable
for transmitting and receiving units. Another challenge is the
coexistence of URLLC services with other 5G/6G services such
as enhanced mobile broadband (eMBB) that depend largely on
high transmission rate and are less sensitive to delay. Different
coexistence strategies have been studied in the literature [20]—
[24]. For example, [21] proposes a puncturing strategy (also
known as time-sharing) in which the on-going eMBB transmis-
sion stops upon the arrival of URLLC messages. The work in
[22] shows that a superposition coding strategy in which the
transmitter simply sends a linear combination of eMBB and
URLLC signals while sharing the total transmit power between
the two services outperforms the puncturing strategy. A dirty-
paper coding (DPC) [25]-[27] based joint transmission strategy
is proposed in [23] which also outperforms the puncturing
technique. Theses studies either assume a deterministic model
or a random model with Bernoulli distribution for the arrival of
URLLC messages [23], which have shortcomings in offering a
practical model for the stochastic nature of this type of services.
Therefore, they do not provide an effective model to address
both challenges.

In this work, we address these challenges by proposing a
bi-static MIMO ISAC-enabled URLLC system that supports
the coexistence of URLLC with eMBB services while using
its own sensory data to trigger URLLC transmissions with no
assumption on their arrival distribution. In the proposed system,
the eMBB message arrives at the beginning of the transmission
slot and its transmission lasts over the entire slot. Whereas,
transmission of a URLLC message is triggered only when the
SR detects the presence of a target.

To enable real-time joint sensing and communication in this
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system, we divide the eMBB transmission slot into smaller
blocks. In each block, the base station (BS) transmits dual-
function signals performing simultaneous communication and
sensing tasks. If the SR senses the presence of a target, it
triggers the transmission of an additional URLLC message
over the next immediate block. Each block thus is either with
no URLLC or with URLLC depending on whether a target is
detected in the previous block. In blocks with no URLLC, we
generate the dual function signal using DPC to precancel the
interference of sensing signal from the eMBB transmission. In
blocks with URLLC, to increase the reliability of the URLLC
transmission, we also propose a DPC based method to generate
the dual function signal. In this method, we first precancel the
interference of the sensing signal from the eMBB transmission,
and then precancel the interference of both eMBB and sensing
signals from the URLLC transmission. After each block, the
UE attempts to decode a URLLC message using a threshold
decoder.

The UE decodes the eMBB message after the entire trans-
mission slot. To handle URLLC interference on the eMBB
transmission, we consider two approaches: treating interference
as noise (TIN), and successive interference cancellation (SIC).
In the TIN approach, the decoding of the eMBB message
depends on the detection of URLLC messages sent over all
blocks of the transmission slot. Under the SIC approach, prior
to the decoding of the eMBB message, the UE first mitigates the
interference from correctly decoded URLLC messages across all
blocks. Therefore, successful eMBB decoding relies on both the
accurate detection and correct decoding of URLLC messages
in all blocks. For this system, we optimize the dual-function
transmit waveform to maximize the eMBB transmission rate,
while ensuring that the URLLC decoding error probability
remains below a threshold and the target detection probability
exceeds a threshold across all blocks.

We compare our proposed DPC-based scheme with two
baseline schemes: time-sharing and power-sharing schemes.
Through numerical analyses we show that our proposed DPC-
based ISAC scheme outperforms the power-sharing and the
time-sharing schemes by achieving higher eMBB rate while
accommodating the URLLC constraints and the sensing con-
straints of the target detection. Our numerical analysis also
demonstrate the rate-reliability-detection performance trade-off
under both the TIN and SIC approaches. The results show
that when there is a high reliability constraint on the URLLC
transmissions, the SIC approach outperforms the TIN approach
by achieving higher eMBB transmission rate while satisfying
the sensing constraints of the target detection. However, the
performance gap between the two approaches decreases as
the URLLC reliability constraint becomes less stringent. Our
proposed ISAC-enabled URLLC system thus effectively ad-
dresses both the coexistence and the random nature generation
challenges of URLLC services while outperforming the baseline
time-sharing and power-sharing based systems.

The rest of this paper is organized as follows. Section II
describes the general problem setup. Section III presents our
coding schemes and our target detection strategy. Section IV
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Fig. 1: An illustration of the system model: (a) no target is
detected, (b) detection of a target, (c) example of transmission
blocks with 1 = 4.

discusses our main results. Section VI concludes the paper.
Technical proofs are deferred to appendices.

II. PROBLEM SETUP

We consider a bi-static MIMO ISAC system where a BS is
communicating with a UE and simultaneously wishes to sense
a target of interest. A SR is deployed to collect echo signals
reflected from a target. We assume that the UE is not within the
SR sensing range. Hence, the SR does not receive echo signals
from the UE. The BS is equipped with ¢ transmit antennas, the
UE and the SR each are equipped with r receive antennas. The
BS communicates both eMBB and URLLC type messages to
the UE. Assume n is the total communication frame length.
The BS regularly transmits the eMBB message over the entire
n channel uses. We divide n into 7 blocks each of length ¢
(i.e., n = n - {), as in Fig. 1. The sensing task is performed
across all n blocks. In each block b, if the SR senses the
presence of a target, it triggers the transmission of an additional
URLLC message in the next immediate block. We assume that
the SR and the BS can communicate over an interference-free
backhaul link. In each block b, the BS thus forms its dual-
function transmit signal adaptively based on the target detection
outcome in the preceding block b— 1. In the following sections,
we explain the procedures for sensing, adaptive dual-function
signal generation, and communication in such blocks.

A. Target Echo Signal Model

The sensing task is performed across all blocks. In a given
block b € [n] with [9] := {1,...,n}, the SR receives the
reflected echo signal Yy s = [Yps1... Y] € C™". Upon
observing Yy s, the goal of the SR is to detect the presence
of a target. The target detection problem in each block thus is
formulated by defining the following two hypotheses:

Ho:Yps = Nps, (D
Hi:Yps = XpHp s + Ny g, 2

where H, ; € C'*" is the target channel response matrix,
N, € C™" is additive noise matrix with each entry having



zero mean and unit variance, and X, € C?*" is the dual-function
signal transmitted by the BS. We will explain shortly how this
signal is formed. The optimal detector for this problem is the
likelihood ratio test (LRT) [28] and is given by

f Yb sngl H
=1 : 26 3
o8 H Yb $,J |7'[0) “rfo ©)

where f (Y4 5;|Ho) and f (Y45 ;|H1) are the probability
density functions (pdf) of the observation vector under the null
and alternative hypotheses, respectively, and ¢ := min{r, t}.
We denote the target detection and false alarm probabilities of
block b by P, p and P pa, respectively, which are

Pyp =

Pypa =

P[Tb > (5|H1],
P[T, > 6| Ho).

(4a)
(4b)

The threshold ¢ is set to ensure the desired probability of false
alarm. In each block b, we assume that the SR has the full
knowledge of the sensing channel state information.

B. Dual-Function Signal Generation

In each block b € [n], the dual-function signal X, is generated
adaptively depending on whether a target is detected in the
preceding block b — 1. More specifically, the BS transmits the
eMBB message m, across all n blocks, where m, is uniformly
drawn from the set M, := {1,..., M.}. In each block b, the BS
transmits an additional URLLC message m;, y to the UE with
probability P,_; p which is the target detection probability in
block b — 1. With probability 1 — P,_; p no URLLC message
is generated. If present, the message my, y is uniformly drawn
from the set My := {1,..., My}.

In each block b, the BS thus creates its dual-function signal
X, € CH*t as

fb (me, mb,U)a
Xb {fez)(me)

with probability P,_1 p )
with probability 1 — P, p,

where f(g) and flfé) are encoding functions on appropriate
domains. We assume that Ppp = 0, ie., no URLLC is
transmitted over the first block. Denote X := [X{,...,X]]T.
The input matrix X is admissible if it belongs to the following
set:

Px(P) := {X e C™t: Tr (XXH) < nP} ) (6)

that implies a power constraint on the input matrix X by upper
bounding the trace of XX with nP. Define

BurLLc = {b € [77] : block b is with URLLC}, (7)

as the set of blocks in which an additional URLLC message is
generated.

C. Communication Received Signal at the UE

At the end of each block b € [r], the UE receives the signal
Yoo = [Yper..- Yoo, € C" from the BS. Assume a
MIMO memoryless Gaussian quasi-static fading channel. The
channel input-output relation in each block b € [n] is given by

Yy = XpHpe +Np, ¥

where Y, . € C**" is the communication channel output,
Hy . € C**" is the communication channel matrix, and N €
C**7 is additive noise at the UE whose entries are i.i.d. A'(0, 1)
and is independent of Hjp .. Assume that the channel state
information is known at both the BS and the UE. After each
block b € BuyrrLic, the UE decodes the transmitted URLLC
message myp y. Thus it produces

s, = gy (Yo.e, Hye), ©)
for some decoding function 9152 on appropriate domain. Oth-

erwise, the UE produces i,y = 0 if b ¢ ByrLLc. For each
message my, u, the average error probability is defined as

ep,u := Pp_1 pP[ri ]
+(1 — Py—1.p)Pliw,u # 0]b ¢ BurLLc]-

After the entire 1 blocks, the UE decodes its desired eMBB
message as:

(10)

e =g (Y1er..., JH, ). (11)
(n)

where ge ’ is a decoding function on appropriate domain. The
average error probability of the eMBB message m. is defined
as

Yn,w Hl,ca ce

e = Plhe # me). (12)

The objective is to optimize the dual-function transmit wave-
form X to maximize the eMBB transmission rate, while ensur-
ing that the URLLC decoding error probability €, y remains be-
low a threshold and the target detection probability P, p exceeds
a threshold across all blocks. In the following Proposition 1, we
formulate the corresponding optimization problem as the rate-
reliability-detection trade-off.

Proposition 1: Given n,n and P, let R, := % be the
eMBB transmission rate. The rate-reliability-detection trade-off
is

max Re (13a)
fx(x)€Px (P)

subject to (M < e, (13b)

epu ey, Vb€ [77], (13¢)

P,p >Pp, Vben, (13d)

where Px (P) is defined in (6).

III. CODING SCHEME

In this section, we propose a coding scheme to design the
dual-function sensing and communication signal X in different
transmission blocks with the objective of Proposition 1. Due
to URLLC requirements, we perform our analysis in the finite



blocklength (FBL) regime [29]-[31]. In terms of the choice
of input distribution, to improve the FBL analysis of power-
constrained channels, our analysis relies on the use of power-
shell codebooks. A power-shell codebook of length ¢ consists of
codewords that are uniformly distributed on the centered (/—1)-
dimensional sphere with radius v//P where P is the power
constraint. According to Shannon’s observation, the optimal
decay of the probability of error near capacity of the point-to-
point Gaussian channel is achieved by codewords on the power-
shell [32].

Codewords are generated such that the total transmit power
satisfies the power constraint (6) over the n blocks. Therefore, in
each block b ¢ ByrLLc, we choose a power sharing parameter
Bs1 € [0,1] to allocate (1 — B5,1)P to the sensing task and
the remaining 35 1P to the communication task of transmitting
only the eMBB message. In each block b € BygriLc, we
choose power sharing parameters (3, 8s,2 € [0,1]. We allocate
By P to the URLLC transmission, (35 2(1 — 8, )P to the eMBB
transmission and the remaining (1 — B,2)(1 — 5,)P to the
sensing task.

Denote a centered ¢/-dimensional sphere of radius r by S,(r).
For each block b € [n] and for each transmit antenna j € [t], we
generate the following codewords that are uniformly distributed
on the power-shell.

e For each v € [M,] and each realization m € [My],
generate codewords V', ;(m, v) by picking them uniformly
over S (\/E(ﬁu FoZ(l— Bu))P) with a, € [0, 1].

e For each s € [M,] and each realization m’ € [M,],
randomly draw two codewords: a codeword S l(,lj) (m

s)
uniformly distributed on Sy ( | /¢(f, + a§ (1= Bo1)P)
with a1 € [0, 1]; and a codeword S

V= B)(Bea + a2,

(m s) uniformly

— Bs,2))P )

distributed on Sy
with a2 € [0, 1].
e For each s € [M,], randomly draw two code-
words: a codeword X l(fjl)(s) uniformly distributed on

Se ( (1 — 55,1)P); and a codeword Xl(ff)(s) uniformly
distributed on S (\/E(l A= ﬁs,g)P).

All codewords are chosen independently of each other. We
assume that in each block b, the SR has a full knowledge about
the auxiliary codewords X, (s 1) and X, (S ) for all j € [q]. We
thus denote this codewords as sensing 51gnals However, the
SR has no knowledge about the URLLC codeword V7, ; and the
eMBB codewords S, (1 ) and S! J) We denote these codewords as
communication 51gnals In each block b € [n] and for each trans-
mit antenna j € [g], the dual-function signal X ; is created
by superposing the sensing and communication signals using
the DPC technique. Specifically, in each block b ¢ Byrrrc,
we employ a DPC technique with parameter a1 € [0,1] to
precancel the interference of the sensing signal from the eMBB
transmission. In each block b € Byrric where the BS has both
eMBB and URLLC messages to send, we first precancel the
interference of the sensing signal from the eMBB transmission
using a DPC with parameter «, 2 € [0,1], and then precancel

the interference of both eMBB and sensing signals from the
URLLC transmission using a DPC with parameter «,, € [0, 1].
In the following sections, we explain encoding, decoding and
target detection processes in details.

A. Encoding

1) Encoding at each block b ¢ Bygprc: In each block b ¢
BuriLc, for each j € [t], the BS first picks its sensing signal
X ,()3]1) (s) and then uses DPC to encode its eMBB message .
while precanceling the interference of its own sensing signal.

Specifically, it chooses an index s such that the

Xl(:J’l) = Sl(),lj) (m87 S) - asA,le(:ﬁjl) (14)
lies in the set D(¢3;s1P, (s,1) for a given (51 > 0 where
D(a,¢)i={@:a~ ¢ < Jal” <a}. (15)

For simplicity, we assume that at least one such a codeword
exists. If multiple such codewords exist, the index s is chosen at

random from this set, and the BS sends X, = [ X 1,..., X4
with
Xpy =X+ X0 el (16)

2) Encoding at each block b € Bygirc: In each block b €
Buriic, the BS has both eMBB and URLLC messages to send.
For each j € [t], it first picks its sensing signal X 1(75]2 (s). It then
uses DPC to encode its eMBB message m. while precanceling
the interference of its own sensing signal. More specifically it
chooses an index s such that

Xé;’?) = Sf} (me, 8) — asthéff) 17
lies in the set D (¢fBs2(1 — Bu)P,(s2) for a given (o > 0.
Then it employs DPC to encode m; y while precanceling the

interference of its own sensing and eMBB signals X, (e 2 4

X2

by - Specifically, it chooses an index v such that the sequence

Xl(,tjj) = Vb}j(mb,u,v) — g (Xl():,?) + X(s 2)) (18)

lies in the set D (¢3,P, () for a given (,, > 0. If multiple such
codewords exist, indices s and v are chosen at random from

these sets, and the BS sends X = [ X4 1, ..., X ] with
X=X+ XS0+ X357, el (19)

B. Decoding

1) Decoding of URLLC Messages: At the end of each
block b € [n], the UE observes the channel outputs Yy .

if b ¢ BuriLc

(X" + X5 Hyc + Ny
Yoo= (L) (e,2) 52y
(Xb + X, + X )Hb,c + Np,c 0.W.
(20)
Define the information density metric between y,, . and v, :=
[Ub1,...,Vpq) DY:
. Ny.ovy (Y5 clve)
if”) (i ¥ o) o= log P PbE @

fo,c (yb,c)



The UE then chooses the pair
(V)

(m*,v*) = argmaxtiy (Vi Yy .)- (22)
m,v
Given a threshold dy, if for this pair
i (Vi yp,) > 6 (23)

the UE chooses (1 u,?) = (m*,v*). Otherwise the UE de-
clares that no URLLC message has been received and indicates
it by setting 7, y = 0. Define
Baetect 1= {b € [77] : mILU 7& 0}7
Becode := {b € Baetect : mb,U = mb,U}a

(24)
(25)

where Bgeeer denotes the set of blocks in which a URLLC
message is detected and Bgecoge denotes the set of blocks in
which a URLLC message is decoded correctly.

2) Decoding the eMBB Message under the TIN Approach:
The UE decodes its eMBB message based on the output of
the entire 1 blocks. Let Y. := [Y1,...,Y, ]. Given that the
URLLC messages interfere on the eMBB transmissions, under
this approach, the UE treats URLLC transmissions as noise.
Therefore, the decoding of the eMBB message depends on the
detection of URLLC messages sent over the n blocks. Let By
be the realization of the set Byeee: defined in (24). Also, let
Se1 1= {sél)}bgBm, and s¢ 5 := {sb2 Yven,- Given By, the UE
decodes its eMBB message based on the outputs of the entire n
channel uses by looking for an index pair (m/, s’) such that its
corresponding codewords {s. 2(m/,s’),se1(m/, s’)} maximize

Z"([‘en)\J (se 2,Se,15 yc|BdeteLt = Bdt) =
2
for|S(> ybc| ( ))

1"gH o] I =0

bE By
among all codewords {se 2(m’,s"),se1(m’,s')}.

3) Decoding the eMBB Message under the SIC Approach:
Under this approach, before decoding the eMBB message, the
UE first mitigates the interference of correctly decoded URLLC
messages over the n blocks. Therefore, the decoding of the
eMBB message depends on both the detection of URLLC
messages sent over the 7 blocks and the decoding of such
messages. Let By, be the realization of the set Bgecoge defined
in (24). Also, let se1 == {s\" },ep,, and seo = {s\” }ren,.-
Given By and By, the UE decodes its eMBB message based
on the outputs of the entire n channel uses by looking for
an index pair (m/,s’) such that its corresponding codewords
{Se,2(m’', "), se1(m', s')} maximize

:(e) . .
1g1C (se 2y Se 1 yc|Bdetect = Bdh Bdecode = Bdc) =

Py, 5 Wnclsy”)
logH —|— log H YoclSy ‘

fo C\S(l) yb c|sb
th c (Yb c

(26)

fo ‘5(1) yb c| b

b¢t Ba o (Yo.e) be B\ Ba Moo Vo)
f (2) (yb.c|sl(;2)7 vb)
+ logH Yy,c[Sy7 v, V0, o
be Byc fo,C|Vb (yb,c‘vb)

among all codewords {se 2(m’,s"),se1(m’,s")}.

C. Target Detection

Following the proposed encoding and decoding schemes, the
received signal at the SR in the alternative hypothesis in (2) can
be reformulated as

{(xg&l) + Xz()SJ))Hb,s + Ny s, b ¢ BurLic

Yo, =
’ (Xz(,u) + Xl(je’Q) + X,(,S’Q))Hbvs + Nps, o.w.

. (28)
In each block, the SR has the knowledge of the sensing signal
but treats the interference of the communication signal as noise.

IV. MAIN RESULTS

Our main results are presented in Theorem 1 and Theorem 2
where we formulate the optimization problem of Proposition 1
under the TIN and SIC approaches, respectively. Based on our
proposed coding scheme in Section III, the design of the dual-
function transmit waveform X reduces to selecting the coding
parameters « = {au,as1,052} and B := {Bu, Bs.1,0s.2}-
Hence, the objective is to maximize the eMBB transmission
rate over different value of B and o while ensuring that
the URLLC decoding error probability ¢,y remains below a
threshold and the target detection probability P, p exceeds a
threshold across all blocks. To this end, in this section, we first
evaluate the URLLC decoding error probability in Lemma 1,
the eMBB transmission rate under the TIN and SIC approaches
in Lemma 2 and Lemma 3, and the target detection probability
in Lemma 4. By combining these lemmas with Proposition 1,
we then prove Theorem 1 and Theorem 2.

A. URLLC Decoding Error Probability Analysis

When channel state is known at both the BS and the UE, then
by performing a singular value decomposition, the MIMO chan-
nel in (8) is transferred into the following set of ¢ := min{¢,r}
parallel channels

Yic;=

X3 v/ + Noej

for each j € [q] and each b € [n]. Here, A\p1 > Mpo >

> Mpg are the largest ¢ eigenvalues of Hb,CHlf{c and
Ny~ N(0,l,) are independent noise vectors. Let Ay, :=
Ap,1,-- 5 Abgl. Also, let Xy := [Xp1,...,Xp4]. In each
block b € Buyrric, we have the following URLLC decoding
error events:

(29)

Euq =
guﬁg =

{b ¢ Byetect|b € Burrrc},
{b ¢ Bdecode‘b S Bdetecta b S Ban’ival};

which indicate a missed-detection event. Specifically, £y 1 hap-
pens when the transmitted URLLC message is not detected
and &y 2 happens when the decoded URLLC message does not
match the transmitted one. In each block b ¢ ByrrrLc, we have
the following error event:

{b € Bdetect‘b ¢ BURLLC}:

which indicates a false-alarm event. More specifically, &£y 3
happens when the UE incorrectly declares the detection of a

(30)
€1V

fus = (32)



URLLC message in a block with no URLLC. The URLLC
decoding error probability thus is bounded as

epu < Po_1p (PlEuq] +PlEug]) + (1 — Po—1p)PEus], (33)

where P,_; p is the target detection probability in the previous
block b — 1 and is calculated in Lemma 4. In Appendix A, we
analyze each error event which results in Lemma 1.

Lemma 1: The average URLLC decoding error probability is
upper bounded as

evu < Po_1pPyi1+ (1—Pom1p)Pue (34)
where
Pya = éua+ (fun)™M + ey, (35)
gU 9 MyM,,

P, = 1—(1- : 36
U,2 ( MUM1;> ; (36)

_ £Cy — log(MyM,) — Ky log(g)) B
= + T 37
fu1 =@ ( N 7i (37)

. 2 log2 2B

= — — 38
6U,2 EKU (m + \/Z) b ( )

for some Ky > 0 and B > 0 and where Q(z) =

\/% fmoo exp (—%) dt is the Q-function and

q q
Cui=) C(y), Vui=Y V() (39)
j=1 j=1
with C(z) = 1log(1+z), V(z) == % with
o2 —0o? .

Qb,j = y’jziy\wv (40)

o2 .

ylv,j
on =1+ A ;P, 41)
Ui\v,j =1+ /\bj(l -« )(1 - Bu) (42)
Proof: See Appendix A. []

Remark 1: Under the assumption that P[Ey ;] — 0 and
P[Eys] — 0, i.e., when the probability that all the URLLC
messages are detected correctly is almost 1, then for sufficiently
large /,

&,u < Poo1p(€u1 +€u2)
LCy — log(MyM,)
=P,_

b—1,00 ( NG
where Cy and Vy are defined in (39). This result is consistent
with the FBL analysis of decoding error probability of parallel
AWGN channels proposed in [34, Theorem 78].

Remark 2: In the single-input single-output (SISO) case,
the bound on the URLLC decoding error probability can be
recovered from Lemma 1 by setting ¢ = 1 and replacing Ay ;
with X, for all j € [g]. In this case, under the assumptions of

Remark 1, we have
(fC(QM) — log(MyM,) — 0(1og(e))> )

OV (,5)

= 0(log(€))) 43)

eu < Po_1pQ

where C(z) = 1log(l+x), V(z) := ;((12_:;“;)2 This result is

consistent with the FBL analysis of decoding error probability
of point-to-point single AWGN channels proposed by Polyan-
skiy, Poor and Verdu in [35, Theorem 54].

B. eMBB Transmission Rate Analysis Under the TIN Approach

The eMBB message is decoded at the end of the entire
n channel uses. Under this approach, the UE treats URLLC
transmissions as noise. Therefore, the decoding of the eMBB
message depends on the detection of URLLC messages sent
over the n blocks. We have the following two eMBB decoding
error events:

ge,l
geyg =

{Bueteet # Burrrc}
{me # Me|Baetect = BurirLc},

(45)
(46)

where & 1 happens when the UE does not successfully detect all
the transmitted URLLC messages, and & 2 happens when the
UE successfully detects all the transmitted URLLC messages
but the decoded eMBB messages does not match the transmitted
one.

Recall the definition of By, as the realization of the set Bgetect-
The average eMBB decoding error probability is bounded by

e(:nT)IN < Z P[Bdetect = Bdt]
Ba

(P[ge,l ‘Bdetect = Bdl] + HD[(S s

= Bu)).(47)

In Appendix B, by analyzing the occurrence probability of each
error event, we calculate the right-hand side (RHS) of (47).
We then use the Berry-Esseen central limit theorem (CLT)
for functions [33, Proposition 1] to upper bound the eMBB
transmission rate which results in the following lemma.
Lemma 2: Under the TIN approach, the eMBB transmission

rate Re := % is upper bounded as
Ve log(n log (M.
Re < Ce — ;eQ 1(€e_Ae)_Ke gf[g ) - g(n S) (48)
for some K. > 0 and where
Coi= D PI(1 =Py IPIC, (49)
Ba
Ve =D PLoHI(1 — py)1=IBaly,, (50)
Ba
= 1 1 2
Ceo = 52 Saefh+ S cofh |, 6o
j=1 \b¢Bua b€ Ba
- 1<
V=S [ v+ SSvelh |, 62
521 \vgBa be Ba
where C(z) = £ log(1 + z), V(z) := ;((1%:))2,

Pdt = Pb—l,D(]- — (éu,l)MU]w”) + (1 - Pb—l,D)PU,2a (53)

B 4 2log 2
Ae:i=1+— _
€ + vn ( TLKE) + nfe\/2nm




a Z (Pb—l,D(l — (€U71)MuMU))IBm|

B
—|B
x (1= Po1p)(1— Pyo)) 1P (54)
2 _ 2 2 _ 2
QW . v " Ts®y @) Tvi T Tls® 5 s
bj = o U . (55)
yls) 4 yls(®) 4

with €y 1 == €y,1 — 2—51;, and where €y,; and €y o are defined in
(37) and (38), respectively, and

ailsu),j =1+ X ;(1— a2 )(1—Bs1)P, (56)
025 = 1+ 2P (1= (1= )1 = B)
(1-(-a2)(1-B.2))). (57

Proof: See Appendix B. ]
Remark 3: The parameter Py can be interpreted as the
probability of correct detection of a URLLC message in a given
block b. In the case where A, ; = A forall b € [n] and all j € [q],
the capacity and the channel dispersion terms can be simplified
as

Ce=q((1=Pa)COM) +PaC(2®)),  (58)

Ve=a((1-PaV(OQD) +PaV(@®)),  (59)
where Q1) and Q) are obtained from (55) by replacing Ab,j
with A. As a result, under the TIN approach, the eMBB trans-
mission channel is interpreted as ¢ parallel AWGN channels
where in each channel, with probability Py a URLLC message
is detected and with probability 1 — Py, no URLLC message is
detected.

C. eMBB Transmission Rate Analysis Under the SIC Approach

Under this approach, before decoding the eMBB message,
the UE first mitigates the interference of correctly decoded
URLLC messages over the n blocks. Therefore, the decoding of
the eMBB message depends on both the detection of URLLC
messages sent over 7 blocks and the correct decoding of such
messages. Recall the definition of By, as a realization of the set
Bletect and the definition of By, as a realization of the set Bgecode-
To decode the eMBB message, we again have the two error
events defined in (45) and (46). The average eMBB decoding
error probability is bounded as

6275)1(: < Z HD[Bdetect = Bdt] (P[ge,l |Bdetect = Bdt]
Ba

+ Z IP)[Bdecode = Bdclgdelect = BURLLC: Bdelecl = Bdt]
Bdc

]P)[ge,2|8detecl = Bdta Bdecode = Bdc])~ (60)

Note that, compared to the TIN approach, here the decoding of
the eMBB message not only depends on the detected URLLC
messages set By but also depends on the correctly decoded
URLLC messages set Bge C Bg.. Under this approach, we have
the following lemma on the eMBB transmission rate.

Lemma 3: Under the SIC approach, the eMBB transmission

rate Re := % is upper bounded by
Vea o 1 log(n) log({Ms)
Re < Ce,2_ Q (Ee_Ae)_Ke - (61)
n n n
for some K. > 0 and where
Ce2:= 3> A(Pa,Pac)Cey2, (62)
Ba Buc
Vea = > A(Pa, Pac)Vep, (63)
Ba Buac
~ 1 < 1 2 3
Ceni=—> [ dc@h)+ > colh+> cel) |,
= b¢ Ba, be By:\ Bae bE Bye
(64)
- 1 < 1 2 3
Ve == > v+ S vl +> v |
77j:1 bt By b€ Ba\ Buc b€ Bac
(65)
where C(z) = 3log(1 + z), V(z) := 5255,
A(a,b) = alPal(1 — q)1~|BalplBal (1 — p)lBal=IBul — (66)
and
Pac :=1—¢€y1 — €u,2, (67)
02 =02
Q[():?,]) — y|v,12 y|s(@v,j (68)
0y|8<2)v7j
with
2
Ty|sv,j

=14 M (1 —ay)?(1 — as1)?(1 — Bu)(1 — Bs.1)P,(69)

and €y,; and €y are defined in (37) and (38), respectively.
Proof: See Appendix C. [ ]
Remark 4: In Lemma 3, Py can be interpreted as the
probability of correctly decoding a URLLC message in each
block b. In the case where X\, ; = A for all b € [n] and all
j € [gq], the capacity and the channel dispersion terms can be
simplified as

Ce = g(1 ~ Pa)C(Q)

+aPu (1= P)CQ®) + PeC(@D)) - (70)
Vea = q(1 — Pu)V(QY)

+aPu (1= P)V(Q®) + V(@) (1)

where Q)| Q2 and Q) are obtained from (55) and (68) by
replacing A\ ; with A. As a result, under the SIC approach, the
eMBB transmission channel is interpreted as g parallel AWGN
channels where in each channel, with probability 1 — Py, no
URLLC message is detected, with probability Py Py, a URLLC
message is correctly detected and decoded, and with probability
Py (1 — Py) the correctly detected URLLC message is missed
decoded.



D. Target Detection Probability Analysis

Given that the sensing channel state is known at the SR, the
MIMO channel in (2) is transferred into the following set of ¢
parallel channels

Y55 = Xbjv i+ Nosjs (72)
for each j € [¢] and each b € [n]. Here, yp,1 > V52 > ... > Yo q

are the ¢ largest eigenvalues of Hszb,s. The LRT test in each
block b € [n] is defined in (3). Given that Ny, 5 j ~ N (0, lox ),
thus f (Y j|Ho) is a Gaussian distribution. However, due
to our power-shell code construction, this is not the case for
f(Yss;H1). Hence, we take a change of metric measurement
approach by introducing the following new LRT test:

YbSJ|H1)

Q(
= log H F (Vs Ho) (73)

< 67
Ho

where Q (Y3, s j|H1) is a Gaussian distribution and y,, , ;|H1 ~
N ;0 ;1) with

Wy = \/'Yb,j(l — Ols,l)m[()sjl), b ¢ BURLLC (74)
b \/’Yb,j(l - au)(l Qg 2) 1(, 2)7 i
op ;=14 ka(l — k1)P (75)
where
PR A aZy)(1 = Bs1), b ¢ Buriie (76)
| (1=a2y)(1 - Bs2), ow.
- L, b & BurLrc 77
(1= Bu)(1—ay)?, ow
The test thus can be written as
- i Yooi— |2\ H
T, = Z ||Yb,s7j|‘2 _ M 21 5. (78)
j=1 Ub,j Ho

Accordingly, in each block b, the target detection and false alarm
probabilities are given by

Pb,[) = ]P)[Tb > 6|7‘[1], Pb,FA = P[Tb > 5‘7‘[0} (79)

We set ¢ such that P, ga = Pra across all 7 blocks. The target
detection probability then is given by the following lemma.
Lemma 4: The target detection probability is given by

Pop =1~ Fy, (F'(1 = Bw)), (80)

where Fpa is the desired false alarm probability,
Xi({ws} oy 6w} 1) and Xo({we i}, € {75 }i—1)
are generalized chi-square distributions with Fy, (-) and Fy, (-)
as their corresponding cumulative distribution functions (CDFs)
and

1
Wy, 5 = 1-— 5 (813)
Tb,j
2
1— )
Vb = K1kiglP (IUZ”“) : (81b)
5]

Py = {7b7j€PT2(Bs,1aas,1) b ¢ BurLLc, 8l0)
’be[PTg O0.W.
where
o? . ?
To(b,a) :=b+ (1 —b) (a 71(1 - a)) , (82)
b] -
T3 1= 6u + (1 - ﬁu)(au + (1 - au)QT(ﬁs,% 045,2)), (83)

and 05’ i K1 and ko are defined in (75), (76) and (77), respec-
tively.
Proof: See Appendix D. [ ]
Remark 5: In the SISO case, the target detection probability
can be recovered from Lemma 4. In this case, x; and X
are non-central chi-square distributions with degree of ¢ and
parameters v, and 7, respectively. These parameters can be
calculated from (81) by assuming v, ; =, for all j € [g].

E. Rate-Reliability-Detection Trade-off

By combining Lemmas 1, 2 and 4 with Proposition 1, we have
the following theorem on the rate-reliability-detection trade-off
under the TIN approach.

Theorem 1: Given n and P, the rate-reliability-detection
trade-off under the TIN approach is given by

1 log (M,
max C, — WAL Q! g loe(n) _ 1og(M) g
n n
st:Py_1pPui+ (1 —P_1p)Py2 <ey, Vben], (84b)
1= Fg,(FZ'(1~ Pa)) > Po, Wb e [n], (84c)

where /3 = {ﬂuvﬂs,lvﬂsﬂ} and a := {051u s 1, as,Q}-

By combining Lemmas 1, 3, and 4 with Proposition 1,
we have the following theorem on the rate-reliability-detection
trade-off under the SIC approach.

Theorem 2: Given n and P, the rate-reliability-detection
trade-off under the SIC approach is given by

Veo _ log(n)  log(M,
max Ce72 N ,QQ 1(€e o Ae,Q) o Ke,2 g( ) o g( )
B,a n n n
(85a)
t.: (84b) and (84c) (85b)

where ﬂ = {Buvﬁs,laﬁs,Q} and o := {auyas,1;a5,2}~

V. NUMERICAL ANALYSIS

In this section, we numerically evaluate the rate-reliability-
detection trade-off of Theorem 1 and Theorem 2. For given
P,n,n, P, €e and ey, we first find values of a,, and (3, such
that €,y is below ey in all blocks. Meaning that the constraint
(84b) is satisfied for all blocks. Next, we maximize the upper
bound on the eMBB rate in (84a) over (1,032, 0s,1,0s,2
while satisfying the minimum required target detection prob-
ability (i.e., Pp) over all blocks.

We compare our results with the following two baseline
schemes:
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Fig. 2: Comparing our DPC-based scheme under the TIN
approach with power-sharing and time-sharing schemes for
P=0.5,¢=150,n=10, Ppa = 1075, ¢, = 1073,
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Fig. 3: Our scheme under the TIN approach with different values
of the URLLC decoding error probability threshold for P = 0.5,
¢ =150, 7 =10, Ppy = 107%, ¢, = 1073,

o Power-sharing scheme: under this scheme, sensing and
communication signals are superposed by simply adding
the two corresponding codewords [27]. We can obtain
the power-sharing scheme from the proposed DPC-based
scheme by setting o, = 5,1 = a2 = 0. We then share
the total transmit power P between the communication and
sensing tasks using the power sharing parameters f; 1, 53,
and [ o as explained in our scheme.

o Time-sharing scheme: under this scheme, the available
transmission block is shared between the sensing and
communication tasks and thus the two tasks are performed
separately [19]. To analyze the performance of this scheme,
in each block b ¢ ByrLrc, we share the ¢ channel uses
between the communication task of transmitting the eMBB
message and the sensing task. In each block b € ByrrLc,
we share the ¢ channel uses among the communication
task of transmitting a URLLC message, transmitting the
eMBB message and the sensing task. Each individual task
is performed using the transmit power P.

Fig. 2 illustrates the upper bound on the eMBB transmission
rate as a function of Pp for our DPC-based scheme under the
TIN approach. We compare the result with the power-sharing
and time-sharing schemes when ¢y is fixed at 1072, As can be
seen from this figure, our scheme significantly outperforms the
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Fig. 4: Comparing the upper bound on the eMBB transmission
rate under the TIN and SIC approaches for ey set at 1072 and
107% and P = 0.5, £ = 150, n = 10, Pp4 = 1075, ¢, = 1073.
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Fig. 5: An illustration of the upper bound on the eMBB
transmission as a function of Pp and ey under the TIN and
SIC approaches. In this figure, ey varies from 10=° to 1074
with a step size of 1075. In this figure, P = 0.5, £ = 150,
n =10, Ppa = 10~* and e, = 10~2.

other two schemes. Fig. 3 illustrates the upper bound on the
eMBB transmission rate as a function of Pp for our proposed
TIN scheme under different levels of URLLC reliability. It
can be seen that as we decrease the required threshold on
the URLLC decoding error probability (i.e., ey) the eMBB
rate decreases. In other words, increasing URLLC reliability
requirements decreases the eMBB transmission rate.

Next we compare the performance of our DPC-based scheme
under the TIN and the SIC approaches. In Fig 4, we plot the
upper bound on the eMBB transmission rate R. under both
approaches for different values of €y. It can be seen that in the
case of no URLLC or when the URLLC reliability constraint is
very low, i.e., ey = 1072, the TIN and the SIC approaches have
similar performance. However, at high URLLC requirements,
the SIC approach outperforms the TIN. Fig. 5 illustrates the
upper bound on the eMBB transmission as a function of Pp
and ey for both the TIN and SIC approaches. In this plot, ey
varies from 1075 to 10~ with a step size of 10~° which implies
high requirements on the URLLC reliability and results in the
outperformance of the SIC over the TIN. However, the per-
formance gap decreases when the target detection probability,
ie., Pp, is either very low or very high. Specifically, when



the target detection probability is very low, most blocks are
with no URLLC, resulting in comparable performance for both
approaches. At high target detection probability, most blocks are
with URLLC and thus more subtracted URLLC interference
will be wrong which introduces error in the eMBB decoding
under the SIC and eventually reduces the gap between the two
approaches.

VI. CONCLUSION

We have proposed a MIMO ISAC-enabled URLLC system
where a BS communicates with a UE and a SR collects echo
signals reflected from a target of interest. The BS simultane-
ously transmit messages from eMBB and URLLC services.
During each eMBB transmission, the transmission of an ad-
ditional URLLC message is triggered when the SR sensed the
presence of the target. To reinforce URLLC transmissions, the
interference of both eMBB and sensing signals were mitigated
using DPC. For this system, we formulated the rate-reliability-
detection trade-off in the finite blocklength regime. Our numer-
ical analysis shows a significant outperformance of our scheme
over the power-sharing and the time-sharing methods.

APPENDIX A
PROOF OF LEMMA 1

Recall that all the codewords are uniformly distributed on
the power shell. As a result of this code construction, our
input codewords are non ii.d. We thus take a change of
metric approach and instead of the information density metric
zgu)(Vb; Yy,c) defined in (21), we use the following metric:

: QYh‘c‘j‘Vb,j (yb,clvb)

~(u
BV =3 los TG TR ®9
where (Q’s are i.i.d Gaussian distributions. Specifically,
Qvy.; ~ N (Ypey 0,07 lexe) (87)
Qvyojivi, ~N (yb,c,j : /\b,jvb,j70y|v,j'exe) ;o (88)
where 0’573» and o2 v, are defined in (41) and (42), respec-

tively. The followmg lemma shows that the random variable
%ZEU)(Vb; Ys,c) converges in distribution to a Gaussian distribu-
tion.

Lemma 5: The following holds:

i) (Vo; Yi.0) ~ N (£Cy, V), (89)
where
q q
Cu=> C(,), => V() (90)
j=1 j=1
with C(z) = Jlog(1 + z), V(z) := ;ﬁ;@ and €, ; is defined
in (40).
Proof: See Appendix E. ]

We are now ready to analyze the URLLC decoding error
probability. Recall the bound on the average URLLC decoding
error probability from (33). Recall the definition of £y 1, £y2
and &y 3 from (30), (31) and (32), respectively.

1) Analyzing P[€y1]: This is equivalent to the probability
that for all v € [M,,] and for all m € [My] there is no codeword
V(m,v) such that EZ()U)(Vb;Yb,C) > dy. Hence,

~ MyM,
Pleua] = (PG (Vo3 Vo) < 00])

2) Analyzing P[€y 2] This is equivalent to the probability
that the UE has detected a URLLC message but the decoded one
does not match the transmitted one. To evaluate this probability,
we use the threshold bound for maximum-metric decoding. Le.,
for any given threshold dy:

Pl€u ] < Blig” (Vo (mo,u,0); Y.e) < du]
+(MyM, —I)IP[( J(Vy(m',0'); Y0) > 6y (92)
where m' € [My], v' € [M,] and (mpy,v) # (m/,v’) and
V, ~ fv, and is independent of V;, and Yy ..
3) Analyzing P[€y 3]: This is equivalent to the probability
that no URLLC message has been sent over block b but there

is at least one codeword V;, such that P[i (U)(Vb;Yb,c) > dy).
Hence,

) M,
Plens] = 1— (P (Vi Yo,) < 6]
Combining (33), (91), (92) and (93), we have

oD

M,

93)

eu< FP_ip (]p[gl()u)(vb; Yo.o) < oy Mot
-HP)[E;()U)(Vb; Yi.c) < 0u)
+(Mqu — 1)P[E§U)(\7¢,; Yb,c) > (Su])

(U My M,
+(1—Ppip) (1 ([P’[zb (Vp: Yo.o) < 5U]) . (94)
For some Ky > 0, set

oy = log(MyM,) + Ky log(¢). 95)

To evaluate IP[il()U)(Vb; Ys,c) > dy] we follow [35, Lemma 47]

which results in
2 log2 2B
— |. (96
MuM 2y (\/277 + f) 96)
Given that EZ(JU)(Vb(mb,U7 v); Yy, o) follows a Gaussian distri-
bution (as shown in Lemma 5), thus we employ the Berry-

Esseen CLT for functions [33, Proposition 1] to bound the
following probability:

Py (Vb; Yo.e) < 0y]

<0 <— log(Mqu) +/Cy — Ky log(€)> =
VIVy Vi

where B > 0 is a constant. Combining (96) and (97) with (94)

concludes the proof.

Pl (Vy: Yy ) > 6] <

o7)

APPENDIX B
PROOF OF LEMMA 2

Recall the average decoding error probability of eMBB under
the TIN approach from (47). We now evaluate the right-hand
side (RHS) of (47).



1) Analyzing P[Bgeteet = Ba:

Pat := Pb € BurircPb € Bueteat|b € Burric]

+P[b ¢ Burric|P[b € Baeteet|b ¢ Burtic] (98)
= Pb—l,D(l — IP[SUJ]) + (1 - Pb—l,D)P[gu,S}- 99)

We thus have
P[Bdetect = Bdt] = IS(‘tht‘ (1 — ﬁdt)U*‘de‘, (100)

which is equivalent to the probability that the UE detects
URLLC messages in all the blocks in By and there is no
URLLC detection in blocks that are in [n]\ Bg.

2) Analyzing P[Ee 1|Buetect = Bar]: This error event is equiv-
alent to the probability that the set of blocks in which UE detects
URLLC is different from the set of blocks in which the BS
transmits URLLC messages (i.e., Bagetect 7 BUrLLC)-

]P)[ge, 1 |Bdetecl = Bdt]

= P[BurLrc # Bat|Baetect = Bat) (o)
P[BurLLc = Ba)P[Baeweet = Bai|BurLLe = Bai]
wT 102
P[Bdelecl = Bdt] ( )
-1 (P)b—l,D(1 - P[5U71]))|Bdt|
_ T
- K — W_‘Bm‘
o (L= PlEys])(1 = Poo1p)) o
(1 - Pdt)n*|Bm|

3) Analyzing P[Ee 2| Beteer = Bai): To evaluate this probabil-
ity, we first follow the argument provided in Appendix A, and
introduce a new metric:

;"(r?%\] (Se,2> Se,1; yc|BdeteCl = Bdt)
q
=2 D log

1
Qv ., 15 Weslshy)

Qyy.; Ype,)

S ]Pj[z'(l‘e;l)\l (SE,la e 27 c|Bdetect — Bdt) < 5 ]
+ (MEMS - )P[Z”(H%\I (Se,la e,2;Yc|Bdetect = Bdt) > 6e}7 (108)

where 3671 ~ fs,, and 3872 ~ fs,, and are independent of
Sc.1. Se,2 and Y. For some K. > 0, set

Se := log M + log M + K. log(n). (109)

To evaluate IP’[E%EI%\I (Se,1,Se2; Ye|Baeteet = Bar) < de], given
that 5%1)\] (Se,15Se,2; Y¢|Baetect = Bar) follows a Gaussian distri-
bution (see Lemma 6), we employ the Berry-Esseen CLT for

functions to bound this probability. Hence,
P[g'(l‘?\l (Se,lv Se,2§
<0 (—1og(M) log( M,

Yc|Bdetect = Bdt) < 6e}
o) +nCe — Ke log(n)> B

+ )
LV nVe Vn

(110)

for some B > 0 and where Q(:) is the Q-function. To
evaluate ]P’[%(Teil)\l (ge,h .25 Ye|Baetect = Bdl) > 0] we follow
[35, Lemma 47] which results in

P[Z'(l“eI%\I (ge,la ge,2§ Yc|Bdetect = Bdt) > 6e]
2 log2 2B
< +—=-
]\4e]\4snKe V2mn \/ﬁ

By combining (60), (100), (103), (108), (110) and (111) we
have the following bound:

(111)

w2y b 14 3 ) Zloe?
p el _ 41064
¢ - vn nke nfe\/2n7

- Z (Py—1,p(1 - (éUJ)MuMu)>|Bm\

B

b By j=1 0 ( | (2)) ((1 _ Pb . D)(l _ Pu,2))n7‘Bd‘|
! Y. s<>ybc s \Bdl - Bl
+ g E log —— il ’ , (104) +ZP ”
beBy j=1 QYb,c,j (yb,CJ) Ba )
where (s are Gaussian distributions.  Specifically, ) — log(MM;) + nNCe — K.log(n) (112)
QYM,J- (yb7c7j) is defined in (87) and \/W
Y = A+ E P‘Bd[ —|Bal
QY},,C,_7‘|S§7?J). ~ N (ybvcaj : )\b)jsl(),J7 UlS(U ,J IZXZ) (105) o

Qy,. 50 ~N (e * (1= )87 0% e ) (106)

where o2 Jlsm,; and o2 yls,; are defined in (56) and (57), respec-
tively. Followmg the same argument as the proof of Lemma 5
in [?, Appendix E], we have the following lemma showing
Z(T?\I (Se,2,Se,1; Y| Baeteet = Bar) converges in distribution to a
Gaussian distribution.

Lemma 6: The following holds:

Z"(r(i%q (se,2a Se,15 yc|Bdetect = Bdl) ~ N(ném n\~/e)7 (107)

where C, and V. are defined in (51) and (52), respectively.
Now by using the threshold bound for maximum-metric decod-
ing, for any given threshold ., we have

]P)[Ee,Z |Bdetect = Bdt}

o ( log(MeM;) + nCe

— K.log(n)
— (113)
vV nVe )

where A, is defined in (54) and (7) is followed by (91) and
(93) which also result in Isdl < P4 where Py is defined in
(53). According to Proposition 1, it is required that eé”) to be
bounded above by e, i.e., e < e.. Thus

e > Ac+ Y P

Ba
of= log(M.M;) + nNCe — K.log(n) (114)
v nVe
—log(MeMs) +nCe — K. log(n)>
nVe
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where C. and V. are defined in (49) and (50), respectively, and
() follows by the fact that )-function is a decreasing function
of its argument. By taking the inverse of the ()-function and
dividing both sides by n, we conclude the proof.

APPENDIX C
PROOF OF LEMMA 3
Recall the average decoding eMBB error probability un-
der the SIC approach from (60). In this section, we ana-
lyze IP)[Bdecode = Bdc|Bdetect = BURLLCaBdetect = Bdl] and
]P)[ge,2|Bdetecl = Bdquecode = Bdc]- See Appendix B for the
calculation of the remaining terms in the RHS of (60).

A. Analyzmg P[Bdecode = Bdc|Bdetect = BURLLC7 Bdelecl = Bdt]

From (92), we have

Plmp,u # 176 0| Baetect = BurLic = Ba] < €éu1 + €u2. (116)
Let €U,1 + €U72 := 1 — Pgc. Thus,
]P[Bdecode = Bdcleetecl = BURLLC7 Bdetect = Bdt}
= H Pmp u = 1,u|Baetect = BurLLe = Bt
b€ By
H (1 = P[mp,u = 172, u|Baetect = Burrre = Ba]) (117)
b€ Bui\ Bc
< PIBel(1 = py)IBal= 1Bl (118)

which is equivalent to the probability that all the URLLC
messages in By, are decoded correctly and no URLLC message
is decoded correctly in the remaining blocks in Bg;\ Bc.

= Bdc]

To evaluate this probability, we first follow the argument
provided in Appendix A, and introduce a new metric:

B. Analyzing ]P)[ge,2|6detect = Bdta Becode

%(e) . _ _ -
ts1C (Se 25 Se 1 YC|Bdetecl - Bdta Bdecode - Bdc) -

Qy, s Vs.clsi)
logH + log H Yb.c[Sy ¢

be ‘5() yb c| b

b¢ By, QYb c (yb c) b€ By \ Bae QYb,c (yb,c>
Qy 15y Ypelst”,vs)
+log [ et Ve (119)
bE Bye QYb,clvb (Yb,c‘vb)
where (Js are Gaussian distributions.  Specifically,

1
QYb,c,j(yb,c,j)’ QYb,c\Vb(yb,ch’b)’ be,c‘sél)(yb,cbl() ))’ and
Qy, |s(2>(ybc|s§f>) are defined in (87), (88), (105) and (106),
,cl9p ’
respectively, and QYb,C\sf),vb(yb,Jsf)»Vb) is a Gaussian
distribution with mean V5, ; + (1 — )S(l) and variance
y\s<2> . defined in (69). Following the same argument as the

proof of Lemma 5, we have the following lemma.
Lemma 7: The following holds:

~ N(née727 n\~/e,2)a
R ) (120)
where C. 2 and V. are defined in (64) and (65), respectively.

=(e) .
tsic (se,2a Se,1; yc‘Bdetect = B, Baecode = Bdc)

Following similar steps as in (108) to (113), we can show that

€e > Ae
Z Ple‘l n—|Ba| Z p(\fdc|(1 pdc)|Bm|—|Bdc\
Bm Bdc
—log(M.M; Ceo — Kel
\/’I’LVe’Q
S AL+ O —log(MeM;) + nCe 2 — Ke 2 log(n) (122)
\ nve,2

where C. 2 and V. o are defined in (62) and (63), respectively.
By taking the inverse of the (Q-function and dividing both sides
by n, we conclude the proof.

APPENDIX D
PROOF OF LEMMA 4

From (78), the probability of false alarm is given by

>

INb,s.5 =t ;117
Pypa =P <|Nb,s_,j||2 — e TIT ) S 5| (123)
— ol .
=1 J
[ q
=P %>5+§:ﬁ b1 (124)
b,j
where
! 1 1
wp =y (1 - ) ||Npsj+ 7%]-”2. (125)
— O'b oy, —1
j=1 J g
Given that Ny ; ~ N(0,l;), then Ny ; + — ,—1I’l'bj ~
N(= o7 ——ty, j,l¢) and consequently [Ny ; + —=— ;|2

follows a non- central chi- square distribution W1th degree of /
and parameter L, ||y, ;11> . Hence, uy is the weighted sum
of independent non-central chi- square random variables. It thus
follows a generalized chi-square distribution. More specifically,

Up ~ /'91({%,3‘}3—:1’57 {Vbﬂ'}?':l)v

where the parameters {wp;}i_, and {1} ;}_, are defined
in (81). Let Fy (-) denote the CDF of the corresponding
generalized chi-square distribution. The probability of false
alarm thus is given by

(126)

q
D P (127)

j=1 b3

Popa =1—Fjy, ||/1’b]”2
For each block b, we fix P, pa at Pga. Thus, § is equal to

q

ZJ

Jj=1

0= F

Y1 — Ppa) — 1§

— s (128)

The target detection probability is given by

q

Pb,DZP[Z

(||Nb,s,j . Oy varrils



[[Nb,s,5 + Xbj/ o —
- 2
i i

(1 — Pra)],

“WHQ) > 5](129)

— Pli, > F (130)

1 1
= 5 NINboj + V05 X+ I

j=1 b,j b,j
(131)
Following the same argument provided for the false alarm
probability, one can obtain that wu; is the weighted sum of
independent non-central chi-square random variables and thus
follows a generalized chi-square distribution as

Up ~ 222({’11)6,]‘}?:17 2 {ﬁbd}?:l)’

where the parameters {wp ;}_, and {7 ;}]_, are defined in
(81). By denoting Fg, () as the CDF of the corresponding
generalized chi-square distribution, we conclude the proof.

(132)

APPENDIX E
PROOF OF LEMMA 5

To prove this lemma, we follow a similar argument as the
one provided in [33, Proposition 1]. Recall the definition of
iu(Vp; Yp,c) from (86). In the following, we prove that

(Vi3 Yoes) ~ N (EC(Q5), V(D 5))

which consequently proves Lemma 5. To this end, recall the

definition of Qy, v, (Ypc ;|ve;) and Qy, . ;(yy, . ;) from
(87) and (88), respectively. Denote

Z; = y(1— ) (S5 + (1 - as2) X57) + Niej. (134)

(133)

According to the definition of Qy, . v, (Ypc ;lVb;), Z,
follows an 1.i.d Gaussian distribution with zero mean and

variance ay‘v J|E>< ¢. We thus have
< Qy, ;1o Ypejlveg)
iu(Vb,j3 Ye,j) = log —olmnd =20l o (135)
! “ QYb‘c‘j (yb,c,j)
¢
/ . . 2
( 27;2 ) exp [_HYM 207 ‘)\HVMH
= log e ; (136)
12
(7o) ool 2]
Y,J Y,
1 2 Jg,j 5 112
= () + g (¥ bes P = 2N1Z,|7) (37
Y.J ylv,j
1 2 5 12,12
= gC(QbJ) + 20_2 4 (0U7] — o-y\v,]> (6 — 2]
Y.J Ty|v,j
Vo, ~
+- 5 (Vb;, Zj) (138)
Oy,j
=(C(N,5)
1 - -
tor (@l 12" + (2, Vo) (139
Y.j
where
G = Qba](jy\v 7 (140)

Co = 2\/ >\b,j~

The summands in (139) are not independent, since V' ; are not
independent across time. One can however express independent
uniform random variables on the power shell as a functions of
independent Gaussian random variables. To this end, let W ~
N(0,1;) be i.i.d Gaussian random variables independent of the
noise Z ;. Inputs Vj, j; with ¢ € [¢] thus can be expressed as

Wi
[[W4]|
To apply the CLT for functions proposed in [33, Proposition 1],

we consider the sequence {U, := (U4, Uz, Us )} 72, whose
elements are defined as

(141)

Vot = VE(Bu +a2(1 = B,))P (142)

72
Ul,t =1- %’t, (143)
g .
ylv,j
Usiei=/(Bu+a2(1 = Bu))Po2, ,WiiZe,  (144)
Usy:= Wi, —1, (145)

Note that this random vector has an i.i.d. distribution across
time ¢ = 1,...,n and its moments can be easily verified to
satisfy E[U1] = 0 and E[||U,||3] < oc. The covariance matrix
of this vector is given by

Cov(U) = Diag[ (Bu+a2(1 = B.))Po2, ;2] . (146)
Next, we define the function f as
CoU2
u) =cu; + —/——. 147
f(u) =crux i (147)

Notice that f(0) = 0, and all the first and second order partial
derivatives of f are continuous in a neighborhood of u = 0.

The Jacobian matrix {85757) }1x3 at w = 0 thus is given by

I o = ler c2 0] (148)
Furthermore,
1 V4
. o
t=1 ylv,J
(ButaZ(1-p, ))Pava
+72 f 1 \/ N/ ‘ Wl tht
VI+ESL 2 -
1 - -
= (et =11Z;]1*) + c2(Z;, Vi) (149)
i

From the CLT in [33, Proposition 1], we now conclude that the
random variable iy(V'p, ;; Y, . ;) converges in distribution to a
Gaussian distribution with mean ¢C(€2;, ;) and variance

14
1o [e1 2 00]Cov(U)[er ez 0"
Y.
4
- 4Jyj |:2ij y\v_] +4)‘b](ﬁu—|—a (1_ﬁu)) y\v,j:|

b



_ 24 D)

20112 V(Q,;) (150)
J

This concludes the proof.
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