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Abstract—This paper investigates the sensing-and-then-
transmit (SAT) integrated sensing and communication (ISAC)
network, where a multi-functional base station (MBS) senses the
target’s state and then transmits the sensed results to the receiv-
ing node (RN). To measure the timeliness of the SAT process, we
define a novel metric called Age of Correct Sensing (AoCS). To
enhance the system’s AoCS, we propose a pipelined SAT ISAC (P-
SAT ISAC) paradigm, where the MBS simultaneously transmits
individual beams to perform sensing and communication. We
derive the mathematical expression of the probability of detection
(PD), the probability of false alarm (PFA), and the probability
of communication outage (PCO), based on which, the AoCS of
the P-SAT ISAC is quantified. Furthermore, we formulate an
expected AoCS minimization problem by optimizing the power
splitting factor for sensing and communication to explore the
achievable lower bound of AoCS. Then, the minimum expected
AoCS is found by developing a linear search based algorithm.
Simulation results validate the theoretical analysis on PD, PFA,
and PCO, and also show the impact of system parameters
on them, as well as the minimum achievable expected AoCS.
Compared with the existing alternating SAT ISAC (A-SAT ISAC),
our proposed P-SAT ISAC achieves an average reduction in
expected AoCS of 38.97%, demonstrating the efficiency of the
proposed pipelined sensing and communication paradigm in
improving system timeliness.

Index Terms—6G, integrated sensing and communications, age
of information (Aol), resource allocation.
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I. INTRODUCTION

HE emerging paradigm of Integrated Sensing and Com-

munication (ISAC) has been recognized as a promising
technology for 6G, aiming to provide ubiquitous, intelligent,
and diverse services [1]. ISAC allows wireless systems to
sense the surrounding environment and transmit data by shar-
ing the same network resources [2].

Among various ISAC networks, the sense-and-then-transmit
(SAT) ISAC network is emerging as a new typical paradigm
and attracts increasing attention [3]. In SAT ISAC, a multi-
functional base station (MBS) senses the target’s state and
then transmits the sensed results to the receiving node (RN)
via beams. So far, two types of SAT paradigms, i.e., alternating
SAT ISAC (A-SAT ISAC) and monobeam SAT ISAC (MB-
SAT ISAC), have been presented in [4]. In A-SAT ISAC, the
MBS transmits either a communication or a sensing beam
in each time slot, where sensing and communication are
performed sequentially. In MB-SAT ISAC, the MBS transmits
one multi-functional beam in each slot to simultaneously
perform sensing and communication, where the transmitted
signal in the current slot carries the sensed result collected in
the previous slot.

To date, ISAC has been designed for various scenarios,
including autonomous driving and industrial automation, in
which timeliness plays a critical role [5]-[7]. If the information
is received after it becomes outdated, the actual state may have
already changed, potentially leading to errors or even critical
failures in time-sensitive applications. Recently, the age of
information (Aol) has been proposed as a metric to quantify
timeliness, and some works have been devoted to enhancing
Aol performance in A-SAT ISAC networks, see e.g. [8]-[10].
In [8], Aol was used to quantify the timeliness of sensing and
communication, and the average Aol of the sensing task was
minimized in an A-SAT ISAC system. In [9], Aol was used
to characterize the timeliness of sensing, communication, and
computation, and the amount of sensing data was maximized
with a maximum Aol constraint in an A-SAT ISAC system.
In [10], Aol was used to jointly capture sensing accuracy and
transmission timeliness, and the Aol of sensing updates was
minimized in an A-SAT ISAC system.

It is worth noting that, to enhance the timeliness of SAT
ISAC systems, correct sensed data should be transmitted as
soon as possible. Nevertheless, in [8]-[10], sensing and com-
munication were performed sequentially, so that the RN could
only receive updated information once every two slots, leading
to limitations in enhancing timeliness. Although, MB-SAT



Fig. 1: An SAT ISAC-assisted intersection safety warning
system.

ISAC allows the MBS to perform sensing and communication
simultaneously within the same slot, employing mono beam
to serve both sensing and communication may not be efficient,
because sensing and communication have different objectives,
making it challenging to simultaneously achieve high sensing
and communication performance with mono beam design.

To fill this gap, this paper also investigates the SAT ISAC.
To efficiently measure the timeliness of the SAT process, we
define a novel metric, i.e., Age of Correct Sensing (AoCS).
To promote the system’s AoCS, we propose a pipelined SAT
ISAC (P-SAT ISAC) paradigm. Closed-form expressions for
the probability of detection (PD), probability of false alarm
(PFA), and probability of communication outage (PCO) are
derived, based on which, the long-term expected AoCS is
quantified. To minimize the AoCS, we formulate an opti-
mization problem by optimizing the power splitting factor
and then the minimal AoCS is achieved by a linear-search
algorithm. Simulation results validate the theoretical analysis
on PD, PFA, and PCO, and further show the impact of system
parameters on these metrics and on the minimum achievable
AoCS. Moreover, compared with the existing A-SAT ISAC,
our proposed P-SAT ISAC achieves an average 38.97% re-
duction in expected AoCS, demonstrating its effectiveness in
enhancing information timeliness.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider an SAT ISAC-assisted
intersection safety warning system' configured as a downlink
multiple-input single-output (MISO) network. The system
comprises an MBS equipped with N; transmitting and N,
receiving antennas, both configured as horizontal uniform
linear arrays (ULAs), a single-antenna RN, and a target to
be detected. The system operates in a time-slotted manner
to enable synchronized detection and reporting. To enhance
the system timeliness, we present a P-SAT ISAC paradigm

IThe proposed network model has many practical applications. For ex-
ample, in intelligent transportation systems, a typical application is the SAT
ISAC-assisted intersection safety warning. Specificly, in each slot, the MBS
transmits a sensing beam and a communication beam, both sensing and
communication beams jointly enable target detection, and the communication
beam conveys the most recent sensing result to the RN. When a vehicle
suddenly approaches, the system delivers an emergency notification to users’
terminal devices; when no vehicles are detected, the system informs users that
it is safe to cross.
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Fig. 2: Per-slot operation of the MBS.

illustrated in Fig. 2, where the MBS transmits two individual
beams to perform sensing and communication in parallel
within each time slot, where the sensing beam detects the
target’s state in the current slot while the communication beam
transmits the sensed result obtained in the previous slot to the
RN.

To perform sensing and communication simultaneously, the
MBS employs a joint precoding vector denoted as a commu-
nication beamformer w, € CN+*! and a sensing beamformer
ws, € CNeX1 Let P denote the total transmit power of
MBS and pg € [0,1] denote the power splitting factor. pg P
is assigned for sensing and (1 — pg)P for communication.
Moreover, to enable correct sensing, the MBS collects L
signal sequence [11] and [12]. Denote the sensing sequence as
ss € CIX! and the communication sequence as s, € CE*1,
both of which are independent and identically distributed
(i.i.d.) complex Gaussian random variables with zero mean
and unit variance. Thus, the transmitted signal X is given by
X = psPwesl + /(1 — ps)Pwest.

A. Target Detection

To characterize the dynamic evolution of the target, we
model the sensing environment as a discrete-time two-state
Markov process [13]. Let X (t) € {Ho, H1} denote the states
of the target at time slot ¢, where H represents that the target
is absent and H; indicates that it is present. The target stays
in Ho with probability p and in H; with probability ¢q. The
target transitions from Hg to H; with probability (1 — p),
and from #H; to Ho with probability (1 — q), respectively.
When the target is present, it reflects the sensing signal back
to the MBS; otherwise, the MBS receives only noise. Thus,
in the case of the target being present, the received signal
is Y = GX + N € CN-*L where G € CN-xNt jg
the target reflection matrix, X is the transmit signal, and
n = [n(l),---,n(L)] denotes the noise (AWGN), where
n(i) ~ CN(0,0%1) is a N, dimensional i.i.d. complex Gaus-
sian noise vector. The target reflection matrix is modeled as
G = GsaBsa,(biar)al (0iar), where G = /N, N; represents
the sensing antenna gain, « is the radar cross section (RCS)
coefficient, Sy is the path loss coefficient, and 6,, is the
angle of the target with respect to the MBS. The transmit and
receive steering vectors of the target are defined as a;(0y.,) =

1 Nt sin(Ogar j N1 sin(Ogar
m[e T (t()a"'ve] 7 msin(0rar) ang ar(etar)

Np—1
2

7 sin(Ogar)

1 . .
sin (0
m sin( tar), e, el , respec-

— 1 —j N
N, ‘Ee
tively. When the target is absent, the received signal consists



of noise only, i.e., Y = N. With receiving beamforming
v € CN*1 the processed signal is expressed by

HOv

B vAN, 0
I vEGX +vIN, H,.

To achieve a simple system design close to practical de-
ployment, similar to [10], the maximum ratio transmission
(MRT)-based transmit beamforming and maximum ratio com-
bining (MRC)-based receive beamforming are adopted for
target sensing and communication. To detect the target, the
sensed result is evaluated based on the likelihood ratio test
(LRT) function, A(r) = 2 (:IH;;_ With Gaussian noise, the
conditional probability density functions (PDF) of r are given

2
by p(r | Ho) = ﬁexp (_%) and p(r | Hi) =

lr—v7 GX]?
— ==L

ﬁ exp ) To be efficient, we use the log-

arithm form of A(r) for target detection, which is

A(r) = & (Ir]? - r — v GX]?)

2
=L 2RV GeXr") — |V GX|?). @)
Based on LRT, PD and PFA are defined as
Pp =Pr{lnA(r) > " | Ha}, 3)
Ppa =Pr{IlnA(r) > " | Ho},

where i is the detection threshold.

B. The Probability of Communication Outage

Denote the channel between the MBS and the RN be
h = G¢v/Bch € CVeX! where G, = /N, is the antenna
gain, and f3. is the path loss coefficient. The small-scale

fading coefficient is modeled as h ~ CN(0,0°Iy,). Thus,
the received signal y(l) at the RN is given by

y(l) = \/f)hTwssS(l) ++/1 = phTwes. (1) +n(l), (4

where n(l) is the additive complex Gaussian noise with zero
mean and variance o2, and s4(!) and s.(l) are the sensing and
communication symbols, respectively. The received signal-to-
interference-plus-noise ratio (SINR) for decoding the commu-

nication signal is then given by
_ (1= p)hfwf? -

7= plhf w2 + 02"

As a result, the outage probability of the P-SAT ISAC

com

system with threshold ™ is
(1= p)P|n/ w,

< com .
pPHw [+ g2, =T }
6)

P.=Pr{y <y"} = Pr{

C. Defination of AoCS

As is known, Aol was defined as the time elapsed since the
most recently received update is generated, ignoring sensing
errors in fading environments. As such, traditional Aol cannot
comprehensively characterize the timeliness of information in
SAT ISAC systems, because in SAT ISAC, the RN may receive
timely but incorrect information due to possible sensing errors.
To efficiently measure the timeliness in SAT ISAC, the sensing

errors should be taken into account. Therefore, we define the
AoCS as a novel metric that captures the age of the latest
correct sensed result received by the RN, which is expressed
as AM°CS(t) =t — u(t), where p(t) denotes the generation
time of the latest successfully received correct sensed result
at RN. The evolution of AoCS is described as

ARGCS () {1, if Cle— 1) =land D(t) =1,
AA°CS(t — 1) + 1, otherwise,

where C(t — 1) € {0,1} and D(t) € {0,1} are binary

variables, denoting whether the sensed result in slot (¢ — 1) is

correct, and whether the communication is successful in slot

t, respectively.

III. ANALYSIS OF PD, PFA, PCO AND AOCS
MINIMIZATION

A. PD, PFA and PCO of P-SAT ISAC

Lemma 1. Based on LRT, the expressions for PD and PFA in
the considered P-SAT ISAC network are given by

Pp

0 o?y5m — LP (pvE Gw, 2 + (1 — p)|[vH Gw,|?)
-~ V2LPo (\/pvIGwy| + /T = p|vi Gw,|) ’

Pra
Q o2y + LP (pvP Gw, 2 + (1 — p)|[vH Gw,|?)
~ V2LPo (/v Gw,| + T = p|vi Gw,|) ’

©))
where Q(-) is the Gaussian Q-function with Q(zx) =
0o 2
\/% [ e dt.
Proof. Based on the PDF of r, the distribution of the real part
term R(v GXr) in (2) is given by

N(O7%02|‘VHGX||2), Ho,
N(IVPGX]]?, o IVHGX]]?), Hi.

RIGXrT) ~ {
(10)

Therefore, in the case of H;, PD is obtained by

Po(p, we, Ws, vii) = Pr{lnA(r) > 5" | #Ha}

QTSI _ o (i IVIFY.
V20 |[vHGX|| V20| T an
where U = \/pPvEGws +./(1 — p) PviiGw,.s. When

L is sufficiently large, the sensing signal can be approximated
by its statistical expectation. Since each element in sg and s,
is i.i.d., we have sfs; ~ E{sffs;} = L and sffs. = 0. As a

result, Eq. (11) is approximated to be (8). In the case of H,,
PFA is obtained by

PFA(,D, chwsaﬂYtsﬁn) =Pr {h’lA(I‘) > V‘S}eln | HO}
QT HIIGXE) _ o (e s Ioit,
V20| vEGX | V20| ||

Similarly, Eq. (12) is approximated to be (9). O




Lemma 2. In Rayleigh fading, the PCO, denoted as P, is

Pe (’D’ We, Ws, ,‘thl?m) = u(’)’fﬁm(fgom)*
Nl N com
Zt S S ieiw”“xijgomu i Tom ’
Ny |/\l| /\l
U | OYEPY)
i=1,i#l

(13)
where ® = (1 — p)Pw.wl — ympPwowH, )\ is the I-th
eigenvalue of the matrix ® and u(-) is the unit step function.

Proof. In Rayleigh fading, P, can be characterized based on
the distribution of Hermitian quadratic forms over central
complex Gaussian vectors [14]. Similar to the proof in [14],
the detailed derivation is omitted for brevity. O

B. Analysis of the expected AoCS

As the instantaneous AoCS reflects only the timeliness in
a specific slot and cannot capture long-term performance in
dynamic systems, we use the expected AoCS to evaluate the
system performance, which is defined as

AACS _ E, [AAOCS(t)] = Zz . Pr{AAOCS(t) =1} (14)
i=1

Lemma 3. In the considered P-SAT ISAC, AA°CS g

AAOCS _ Pt+gq ‘
q(1 = Pe)(1 — Pra) +p(1 — Pe)Pp

Proof. Pr{A*°C5(t) = i} can be expressed as the probability
that all of the first (¢ — 1) attempts result in unsuccessful joint
sensing—communication events while the i-th attempt yields a
successful event, which is given by

5)

i—1
Pr{A*%S(t) =i} = [JQ-Pr{C(t -k 1) =1,

k=1
D(t—k)=1})-Pr{C(t—1)=1,D(t) =1}, i=2,3....

(16)

Since for long-term observations, the system operates stably,
the noise distribution and channel distribution in the system do
not change with time. Accordingly, Pr{C(t —1) =1, D(t) =
1} is identical for all t. Consequently, by substituting (16) into
(14), we have that

AAOCS _ 1 .
Pr{C(t—1)=1,D(t) =1}
Moreover, for the sensed data obtained in the (¢ — 1)-th
slot, its associated sensing and communication operations
are performed in two orthogonal time slots, so the events
{C(t—1) =1} and {D(t) = 1} are independent, leading to
Pr{C(t—-1)=1,D(t) =1} =Pr{C(t—1) =1} Pr{D(t) =
1}. Then, Pr{C(t — 1) = 1} Pr{D(t) = 1} can be further
derived via the total probability law as follows:

Pr{C(t —1) = 1} Pr{D(t) = 1}
— Pr{D(t) = 1}(Pr{{C(t — 1) = 1| X(t) = Ho}} Pr{X(t)
= Ho} + P{O(t — 1) = 1| X(t) = Ha} Pr{X(t) = H1})

A7)

Over long-term evolution, Pr{X (t) = Ho} and Pr{X (¢) =
H1} converge to the stationary distribution of the Markov
process, which is given by

Pr{X(t) = Ho} = p%q’ Pr{X(t)=H} = p%q. (19)
Substituting (18) and (19) into (17) yields (15). O

C. Problem formulation and solution

To explore the lower-bound of AoCS in the P-SAT ISAC
system, we formulate an AoCS minimization problem by
optimizing the power splitting factor p, which is

AR°CS | subjectto 0 < p < 1.

Po: minignize (20)
where 0 < p < 1 specifies the feasible range of p.

Due to the Gaussian Q-functions and eigenvalue-based
terms in (10)—(12), the objective function exhibits a semi-
closed dependence on p, preventing a closed-form global op-
timum. To achieve the minimum A*#°CS 3 one-dimensional

linear search is performed with a ste(n size of Ap, which has
1

the computational complexity of O a5 )

IV. NUMERICAL RESULTS AND DISCUSSION

The simulation parameters are as follows. The number of
transmit antennas is set to IN; = 4 and the number of receive
antennas is set to /N, = 4. The transmit power is P = 10
dBm. The transmission sequence length is L = 100, and the
RCS coefficient is 1. The communication noise power is —114
dBm, and the sensing noise power is —156 dBm. The distance
from the RN to the MBS is dgny = 100 m with an azimuth
angle of 6grn = /4, and the distance from the target to the
MBS is dio = 100 m with an azimuth angle of 0;,, = 7/2.
The path loss exponent is o« = 4. The probability that the
target remains present in the next time slot is p = 0.4, and
the probability that the target remains absent is ¢ = 0.5. The
search step size is set to Ap = 0.0001.

Fig. 3(a) and Fig. 3(b) show Pp, Pra, and P, wr.t. yp™
and " with different p. To validate the correctness of the
theoretical analysis, we conduct Monte Carlo simulations,
based on 100,000 independent simulation trials for each con-
figuration. As shown in the Fig. 3, the theoretical results
of Pp, Pra, and P, match perfectly with the Monte Carlo
simulations. Moreover, Fig. 4(a)-(c) show that increasing p
leads to higher Pp, lower Pra, and higher P.. This reflects
the fundamental trade-off. That is, allocating more power to
sensing enhances echo signal strength, improving detection
accuracy, but simultaneously reduces the power available for
communication, and also introduces additional interference,
both of which further make P. increase. Moreover, it is seen
from Fig. 4(a) and Fig. 4(b) that Pp decreases monotonically
while Pra decreases with increasing {1, because i serves
as the decision threshold for target detection and the higher
threshold makes it harder for signals to exceed the decision
boundary, reducing Pp, yet also lowering Pra. This indicates

= (1 - P.)((1 — Ppa) Pr{X(t) = Ho} + Pp Pr{X(t) = H, }).that the system’s sensitivity to target detection can be adjusted

(18)

Sen

by tuning ~

com

. In Fig. 4(c), as ~;,™ increases, Pe rises
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Fig. 3: Theoretical analysis vs. Monte Carlo results.

monotonically, since a higher ;™

of outage.

Fig. 5(a) shows the effect of v and ™ on the minimum
achievable A*A°CS_ When Y™ is below 0, variations in
Yo have little influence on A*A°CS When Y™ is exceeds
0, AA°CS decreases as 5" increases, because to minimize
AA°CS | more power will be allocated to communication,
making sensing increasingly resource-constrained. As a result,
Yenl exerts a stronger influence on both Pp and Pra. A higher
sensing threshold suppresses false alarms and enhances the
correctness of sensed results, thereby reducing the A*A°CS,

Fig. 5(b) compares the achievable A*°S of our proposed
P-SAT ISAC to three baselines, i.e., A-SAT ISAC, MB-SAT
ISAC, and P-SAT ISAC with equal power splitting. In A-SAT
ISAC, sensing and communication are performed in alternat-
ing time slots in [4] (also referred to as the R&C mode in [12]).
In MB-SAT ISAC, the MBS performs sensing using the one
single beam in [4] (also referred to as the communication-only
mode in [2]). In P-SAT ISAC with equal power splitting, the
sensing and communication are performed with equal power
splitting, i.e., p = 0.5. As shown in Fig. 5(b), the values of
AA°CS increase with the increasement of Y, since a higher
threshold requires a stronger received SINR for successful
transmission, increasing PCO, thereby degrading timeliness.
Compared with the A-SAT ISAC, our proposed P-SAT ISAC
achieves a 38.97% reduction in AA°CS demonstrating that the
pipelined sensing and communication framework’s efficiency
in enhance system timeliness. Moreover, compared with the
MB-SAT ISAC, P-SAT ISAC yields about 18.82% reduction
in A2°CS_ which stems from the individual beam design and
efficient power splitting optimization. In addition, compared
with P-SAT ISAC with equal power splitting, the performance
gap widens as ™ increases, indicating that the power
splitting factor should be dynamically optimized to enhance
timeliness.

increases the likelihood

V. CONCLUSION

This paper studied the SAT ISAC network. A new metric,
AoCS, was proposed to capture the overall timeliness of the
SAT process. To minimize the AoCS, an efficient P-SAT
ISAC paradigm was presented. Theoretical expressions of
the long-term expected AoCS was derived and the minimum
expected AoCS was found. Simulation results validate the
theoretical analysis and demonstrate the efficiency of the
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pipelined sensing and communication paradigm in enhancing
system timeliness.
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