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Abstract—This paper investigates the use of Integrated Sens-
ing and Communication (ISAC) to enhance beam management
in Terahertz (THz) networks. Following the 5G numerology,
the proposed ISAC scheme leverages the synchronization signal
block (SSB) for channel condition perception, environmental
blockage sensing, and user tracking, which facilitates timely han-
dovers and beam switching based on sensing results. We develop
a system-level stochastic geometry framework to account for line-
of-sight (LoS) and non-line-of-sight (NLoS) channel conditions,
base station (BS) and blocker densities, and sensing accuracy
limitations. This framework yields a semi-closed expression for
evaluating the average beam misalignment probability in ISAC
networks. We demonstrate the performances of both timeout-
induced and sensing error-induced misalignment probabilities,
respectively. Furthermore, we propose an optimal resource
allocation strategy under noisy sensing conditions to minimize
beam misalignment probability. Numerical results are provided
to validate our analytical results and illustrate the efficacy and
robustness of the proposed ISAC beam management scheme
compared to conventional networks. This research can offer
insight for ISAC network deployments and configurations.

Index Terms—Beam management, integrated sensing and
communications (ISAC), stochastic geometry, SG new radio

I. INTRODUCTION

Future 6G networks are envisioned to provide ultra-high
throughputs for a wide range of use cases. In pursuit of
larger bandwidth and higher speed, terahertz (THz) radio
access technologies are promising enablers in next-generation
wireless networks [1]. Due to the propagation characteristics
of the THz bands, narrow and highly directional antenna beam
patterns are required on both the transmit and receiver sides
of wireless links to compensate for path losses [2]. However,
while using narrow beams can enhance antenna gain, it also
increases the likelihood of beam misalignment because of
line-of-sight (LoS) blockage and user mobility [3]. This poses
significant challenges for beam management in THz cellular
networks.

The development of THz technologies makes the frequency
bands of communication gradually coincide with that of radar,
giving rise to the design paradigm of integrated sensing and
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communications (ISAC), which has been recognised as a
technical trend in future wireless networks. The ISAC network
allows the reuse of both hardware and spectral resources be-
tween sensing and communications to achieve higher spectral
efficiency and mutual benefits [4].

Using sensing functionality for efficient and timely beam
management is a typical application scenario in ISAC [5],
[6]. Specifically, sensing can track the location of user
equipment (UE) to improve alignment accuracy and reduce
training overhead. Pioneering work [7] pointed out that side
information derived from radar in infrastructure can be used
to adapt the beams of vehicular communication systems.
Following that spirit, the authors in [8] proposed a two-
stage Kalman filter-based ISAC frame structure for precise
and predictive beam tracking. With regard to sensing with
5G standard, the authors in [9] first explored the feasibility of
using synchronization signal block (SSB) for wireless sensing.
Furthermore, work [10] proposed a network-level ISAC beam
management scheme by SSB sensing, in which an ISAC
network can predict link blockage and enable proactive beam
switches for users. They evaluated network beam alignment
performance using stochastic geometry and demonstrated the
power of ISAC. However, existing research does not allow
for wireless channel conditions and limitations of sensing
capability, which can significantly impact the sensing results
and beam alignment performances, especially when sensing
resources are limited. How can one quantify those impacts
on network performance and design the optimal SSB sensing
pattern remain a critical issue.

To address the issues above, this paper proposes a more
efficient SSB-based beam management for THz networks as
well as the optimal sensing resource allocation strategy. The
main contributions of this paper include:

1) We propose a comprehensive network architecture for
ISAC-enabled beam management that allows perception
of channel condition, environmental blockage detection,
and user tracking, which can enable timely handovers
and smart beam switches to mitigate the beam misalign-
ment issue in THz networks.

2) Using stochastic geometry, our analysis establishes the
performances for the timeout beam misalignment prob-
ability and sensing error-induced beam misalignment
probability, respectively, explaining their impacts on
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ISAC networks.

3) The optimal resource allocation strategy for the sensing
pattern is found to minimize the beam misalignment
probability under noisy sensing conditions.

4) We demonstrate extensive simulations to validate our
analytical results and showcase the efficacy of the
proposed ISAC beam management scheme.

To the best of our knowledge, this paper is the first to study
the ISAC-enabled beam management scheme while consider-
ing physical conditions and sensing accuracy limitations. The
importance of this work lies in providing a more realistic
and robust framework for evaluating and optimizing ISAC
networks.

The remainder of this paper is organized as follows. In
Section II, the system model of outdoor THz networks is
introduced. Section III presents the proposed ISAC beam
management scheme, performance analysis, and optimal sens-
ing pattern design. Section IV provides extensive numerical
results. Finally, the conclusions are drawn in Section V.

II. SYSTEM MODEL
A. Network Model

As shown in Fig. 1, we consider a large-scale outdoor
downlink wireless network with blockers (such as buildings),
which can be applied in most cellular scenarios. The nodes
are modelled as round dots with radius r.,;, and follow the
homogeneous Poisson point process (PPP) in a 2-dimensional
plane, which is a well-developed mathematical framework
for network performance analysis. Base stations (BS), mobile
terminals (MT), and blockers follow three independent PPPs
with intensity A, Aps and Ag. The considered system adopts
the maximum receive power (MRP) association rule in BS
cells, which means that each MT tends to connect to the
closest available BS. This rule leads to a Poisson-Voronoi
tessellation and forms the cell boundary. Assume that each
BS always has an MT to serve and a BS serves one MT
during one resource block. We consider a typical MT that
moves in a randomly orientated straight line with a speed of v.
According to the isotropy and stationarity of PPP, the typical
MT can reflect the average behaviours of users in all possible
directions, and its receiving performance can represent the
average MT performance in the network.

B. Beamforming Model

We approximate the actual antenna as a sectorized pattern,
where each sector corresponds to the main lobe of a BS
beam. The beam numbers at the BS and MT sides are
denoted as np,nys, and the corresponding beamwidths are
0p =27 /ng,0m = 27 /0y, respectively.

The movement of MT involves handovers and beam rese-
lections. A handover occurs at a cell boundary, during which
the next serving BS has to choose a new beam for the MT.
Within the cell, a beam reselection occurs when the MT moves
outside the main lobe of the previous beam. To stay connected
in the best serving BS beam, the MT should reselect the
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Fig. 1. Network deployment model with a directional beamform.

beam at the intersections between user trajectory and beam
boundaries. For the Poisson-Voronoi tessellation, the beam
switching points follow the Poisson distribution with intensity
of [11]

g = (npV/Ap)/m. (D

Therefore, 1/114 is the average distance between two consecu-
tive BS’s beam boundaries, and the coverage of a single beam
dy follows the exponential distribution with parameter .

C. Blockage and Channel Model

The presence of blockages dictates whether the channel
model between the MT and the BS is LoS or NLoS. In
addition to blockers such as buildings (plotted as grey circles
in Fig. (1), BSs and MTs are also considered as potential
blockers in our work. Considering the molecular absorption
and propagation characteristics of THz bands [12], the path
loss between MT and BS is expressed as

if the link is LoS,

if the link is NLoS.

) @)
with ¢ the speed of light and

L(r) = Gr—*Lexp(—vLr),
| GrNexp(—wr),

C
4 fe

fc the carrier frequency. a,a are path loss exponents of
the LoS and NLoS channel, and ~z, vy are the corresponding
absorption coefficients for the LoS and NLoS channels. Usu-
ally, ar, < an,yr < vn. Let r denote the distance between
MT and BS which satisfies r» > 2r,;, as there is no overlap
between each of them.

To evaluate the degradation of signal quality, consider the
logarithm of the path loss ratio between LoS and NLoS link
[, which is given by

where G is the constant (

B2 (an —ap)lnr+7r(yv — 1) 3)

Since ay > ap,Yn > 7, B is a monotonic function of 7.
In a LoS ball model, given the range threshold Ry > 2rpyn,
if » > Ry, the corresponding NLoS link is considered not
capable of SSB transmission.
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(b) ISAC-based Network Beam Management Procedures
Fig. 2. The proposed ISAC-based beam management scheme.

D. Beam Misalignment Challenge

The beam misalignment refers to cases in which the direc-
tions of the MT and BS beams are not aligned. As specified
by NR [13], the synchronization signal block (SSB) consists
of primary synchronization, secondary synchronization, and
physical broadcast channel signals. Beam switches are deter-
mined by the base stations (BSs) based on beam measure-
ments reported by the users. This requires users to receive at
least one SSB burst while remaining within the coverage of
the currently connected beam. Accordingly, failure to receive
an SSB burst leads to beam misalignment.

In THz networks, either the blockage of the LoS link or
the mobility of the MT may cause the interruption of an
SSB transmission. Therefore, the misalignment issue can be
attributed to the following two cases:

1) Blockage-induced beam misalignment: This case hap-
pens when the LoS link is blocked by other nodes or
blockers, while the NLoS link is considered incapable
of reliable SSB transmission.

2) Mobility-induced beam misalignment: This case hap-
pens when the MT moves too fast to receive scheduled
SSB ahead of reaching beam or cell boundaries.

III. ISAC-BASED BEAM MANAGEMENT SCHEME
A. System Design

In order to tackle with the beam misalignment issue, the
proposed ISAC-based beam management scheme makes use
of the omni-directional SSB signal for both environmental
blockage sensing and user movement tracking. Following 5G
terminology, an SSB burst consisting of a sequence of SSB
signals is periodically transmitted over a period 7.

The frame structure of the proposed ISAC network is
demonstrated in Fig. 2(a), which follows the 5G NR termi-
nology. Assume that an SSB signal takes up /N, symbols and
Ny subcarriers, and that the network has a symbol length
Ts and subcarrier spacing Af. For one SSB, the overall
time resource it occupies is Tssp = N T, and the overall

frequency resource is Bsgg = NyAf. The smallest physical
transmission resource of the proposed network is the resource
element (RE), which occupies one subcarrier in one symbol.
Accordingly, the number of RE that one SSB takes up is
N = N,N;. To control the tradeoff between sensing and
communications, the resource allocation ratio « is defined as
a £ In(Ny)/In(N), so Ny = N Ny = N1=«,

The sensing capability in the ISAC network is to track the
users and detect potential blockages. As KPIs of sensing, the
speed resolution Av and range resolution Ar rely on how
many resources are allocated to SSBs, which can be denoted
as [14]

Av = C/(2chSSB) - C/(2chaT9)7

Ar = ¢/(2Bssp) = ¢/(2N*"*Af), @

where c is the speed of light, and f, is centre frequency of the
ISAC signal. It should be noted that the relationship between
motion resolution Adj, and the range resolution is

c

Ady = AgAr = Ag——— 5
b oA = Ao oA )
and Ay is the conversion constant given by:
sinfp
Ap o OB g 6
0 1+COS93(7T B)7 ( )

B. Beam Management Procedures

Compared to [10], which only considers blockage predic-
tion, we propose a more comprehensive beam management
scheme that considers both channel condition sensing and MT
tracking to keep the beam pair between BS and MT aligned.
The beam management of the proposed ISAC network in-
volves the following procedures, as shown in Fig. 2(b):

o Step 1: Initialization
The system begins with the configuration of SSB signal
pattern. The initial number of SSBs within an SSB burst
is set equal to the beam number np. Meanwhile, the
SSB period 7, the number of RE N, and the allocation
ratio « are specified. Then the first BS builds the link
between itself and the MT and starts sensing and data
transmission.

o Step 2: Sensing-aided Beam Switch and Assistance
Based on the SSB sensing, the current BS periodically
perceives the surroundings for blockage detection, and
keeps track of the moving MT to know its kinetic states
and location. During this process:

(1) If the current BS detects potential blockers that could
obstruct the LoS link, it will compare the quality of the
NLoS channel provided by the current BS with the LoS
channel offered by the next closest available BS. Based
on this comparison, the BS will decide whether to initiate
an inter-cell handover to the next BS or to utilize the
NLoS link. Whenever a handover is initiated, the next
BS will transmit an extra SSB burst for beam alignment
within the mini-slot specified in 5G NR [15].

(2) If the current BS realizes that MT moves too fast, i.e.
the estimated speed of MT ¥ exceeds the trigger point
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(fb /7, it will transmit an additional SSB burst to assist
with the intra-cell beam switch.

o Step 3: Feedback and Adjustment
If frequent absence of SSB is reported, BS will increase
the number of resource elements NV for the better sensing
performance.

C. Performance Analysis

We allow for the sensing capability and channel condi-
tions in the analysis of the ISAC network. With sensing
functionality, the beam misalignment probability contains two
independent parts:

(1) Handover Timeout: The blockage-induced handover
can introduce additional processing time, which is unaccept-
able in delay-sensitive THz services. In our setup, a timeout
is defined as the event that the links to the nearest K BSs
are all blocked. Let Prog(r;) denote the LoS probability of
a link between MT and i—th BS with distance r;. According
to the property of 2D-PPP [16], Pr.s(r;) can be calculated
as

—(X A i_2 min 2 min
Prog(ry) = e Qs T im2rmin)2min g0 9p i (7)

The timeout event happens when none of the closest K BSs
can serve the SSB transmission. So the timeout probability in
an ISAC network is

s

Pio(r) =] |[1 = Pros(ri)|1ir,>Rr}- ®)

=1

where 1, is the indicator function. Note that the joint
probability density function (pdf) of BS distances r =
{ry,rq,..rx} is given by [17]

K
flr) = e—ABW(T‘i—“,znm)(2)\B7T)K Hri. )
=1

Therefore, the average timeout probability with sensing is

DPto :E[Pto]

:/.../]Df(r)lf[[l—PLOS(ri)]drl...drK,

i=1

(10)

where integral domain D = {r|Rr <11 <73 < ... <Tg}.

(2) Sensing error: Suppose that the sensing capability
is sufficient for blockage detection, the beam misalignment
occurs when there the speed of MT is underestimated, even
though the link quality is good for SSB transmission. This is
because the BS misjudges that MT can receive the scheduled
SSB burst.

In [10], the estimated value ¥ is simply defined as ¢ =
v + Aw, which overlooks the effect of sensing noise on the
estimated speed, leading to inaccuracies under realistic noisy
conditions. In this work, we refine this definition by explicitly
modeling the effects of noise. Our approach offers a more
comprehensive evaluation of sensing accuracy and reliability
compared to prior work. Specifically, the speed accuracy and

motion accuracy depend on both their respective resolutions
and the sensing SNR [18]:
2(Ady)?

%)QL,UE,) =g D
m° Ng-SNR SNR

where SNR is the signal-to-noise ratio received at the output
of a matched filter, and o, and o4, are the root mean square
values (RMS) of the difference between the estimated value
of speed and motion and their true values. In the presence of
additive white Gaussian noise, the estimated speed v and dAb
at sensing receiver are given by

7y =

f):v—&—nmcib:db—i-ndb. (12)

where n, ~ N(0,02),na, ~ N(0,07,).

Let pse denote the probability of beam misalignment due
to the limited sensing capability. This event occurs when 9 <
dy/7 while actually v > d /7. Therefore

dp + N, }

d
pse:IP’{v>b,v+nv<
T T

(13)
=P{(v+ny)T —ng, <dp <v7}.

To calculate this probability, first note that d; follows an
exponential distribution with parameter p,, and we assume
random variables n,,, ng,, dp are independent, so (v +n,)7 —
na, ~ N(rv,7%07 + 03 ) = N(p,0°). Eq. (13) can be
computed in a close form

(z—p)*
202

y  exp (—
e [ )

)
dx exp (— d
- e /O Ig €xp (—pgy) dy
"1 y— u)}
= — |1+ erf ( g exp (—ugy) dy
/0 2 |: /20_2 g ( g ) (14)

Mf]az—;t 2 _
L) o () o (12
2 V2 V20

_Ee(ug;z ,p,;;,g)erf (N) + 1 (1 o e—ug‘rv)
2 Voo ) 2 ’

where erf(+) is the error function.

Combining handover timeout and sensing error, the overall
beam misalignment probability in the ISAC network is given
by

15)

where pn represents the probability of simultaneous timeout
and sensing error events. Assuming full blockage detection
capability, and leveraging noise / interference mitigation tech-
niques for adaptive MT tracking SNR [19], the timeout and
sensing error events can be considered statistically indepen-
dent, which accounts for the approximation (a).

(a)
Pmis = Pto T Dse — Pn = DPto + Pse — PtoPse-

D. Optimal Resource Allocation Design

Eq. (10) indicates that the timeout probability depends on
the density of BS, MT, and blockers and cannot be altered by
the sensing patterns. Thus, the beam misalignment probability
of the ISAC network depends only on pg. According to the
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TABLE I
NETWORK PARAMETER SETTINGS
Parameters Value
T'min Node radius I m
fe Transmit frequency 1 THz
Ts Symbol time 4.46 ps
Af Subcarrier spacing 240 kHz
T SSB burst period 20 ms
K Max Handover Attempts 2
Sensing SNR -15 dB
Network deployment Suburb Urban
AB BS density 500 km—2
A MT density 2500 km 2 ‘ 5000 km 2
v MT speed 60 km/h | 40 km/h

second line in (14), y — 7v < 0 in the integral interval
[0,7v], and the error function is monotonically increasing,
so the whole integral is monotonically increasing with the
denominator of error function. Therefore, the minimization
Dse 1S equivalent to minimizing the value of the variance
0% = 7%0, + o, . Substituting (4) into (12), we have

2 2 2
9 c 3T A

= 16

(@) = 5NR <87r2 FZN%are TNz 2aA f2> , (19)

where we substitute Av and Ad,, following (4), and Ny =

N, In a specific network, the resource allocation ratio « is
flexible. The optimization problem can be formulated as

min ¢ () = min 5 + A
0<a<l 0<a<l | 872 f2N3eT2 = 2N2-20Af2 |7
a7
Letting % = 0, the optimal a,p¢ is found to be
1 972Af?
opt = — |1 — 2|. 18
oo =5 [onw (g ) +2]- 09

At THz bands, the center frequency f. will be much higher
than the carrier spacing Af, leading to logy () < 0. Eq.
(18) indicates that vy, increases as the number of sensing
resources N increases, which means that the system requires
more time-domain resources and fewer frequency-domain
resources as N grows.

IV. NUMERICAL RESULTS

This section provides numerical results in different sce-
narios to show the efficacy of ISAC in mitigating the beam
misalignment problem. Specifically, the probability of beam
misalignment is compared between the proposed ISAC beam
management scheme and conventional networks without sens-
ing. The theoretical model and analysis above are then vali-
dated by thorough Monte Carlo simulations. The deployment
setups are selected based on SGAA requirements [20] and
5G NR numerology [21]. Specifically, two different network
deployments with different MT density and speeds are con-
sidered, reflecting cellular networks in the suburban and urban
areas respectively. Assume the MT number n); = 1, and the
blocker density Ag is equal to the MT density Ap;. Detailed
system parameters are shown in Table 1.

: : : : : :
W
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our model

= w/ sensing,
urban
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Fig. 3. The beam misalignment probability results in Table I scenarios, where
markers are MC simulation results, {circle, diamond, square} correspond to
Ry = {2,15,20}rmin, and lines are theory results.
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Fig. 4. The beam misalignment probability with different MT speeds.

Fig. 3 compares the beam misalignment performances of
the proposed ISAC beam management scheme (labeled w /
sensing), conventional networks (labeled w / 0), and work [10]
with fixed number of resources N = 4000. Generally, using
more beams causes the increase in beam misalignment prob-
ability. The proposed ISAC scheme can significantly mitigate
this issue, reducing the beam misalignment probability by ap-
proximately 50% across both scenarios examined. Moreover,
our model demonstrates superior alignment with simulation
data compared to [10], particularly under noisy sensing con-
ditions. Another notable observation is that the misalignment
probability decreases when the permitted handover threshold
Ry increases. This is because when Ry = 27, in the ISAC
scheme, we assume that the signal experiences significant
path loss, rendering only the LoS link viable. If the link
between the MT and the nearest BS is blocked, the MT will
always handover to the next closest unblocked. However, if
the handover threshold increases to 15 or 20r,,;, and makes
use of the NLoS link within the permitted radius range Rr,
it can further mitigate the misalignment issue.

Fig. 4 compares the performance with different MT speeds
in an urban network deployment. As the MT speed increases,
the beam misalignment probability also rises. At higher speeds
(v = 100 km/h), the misalignment probability for the con-
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Fig. 5. The beam misalignment probability versus allocation ratio.

ventional network reaches 0.58 when np = 128, while the
ISAC network manages to keep the misalignment probability
below 0.25. At lower speeds, the misalignment probability
is significantly lower. For the ISAC network, the probability
stays around 0.15 when v = 0. The results of this figure
show that ISAC can effectively address the problem of beam
misalignment at higher speeds, demonstrating its robustness
under various mobility conditions.

Fig. 5 shows the misalignment probability versus o with
different numbers of resources N. The network deployment
is suburban. The estimated a°P' values, as shown in the
figure, closely match the true values that minimize the beam
misalignment probability, thereby validating the accuracy of
the proposed model and theory. As expected, a larger number
of resources leads to better sensing performance and reduced
beam misalignment probability. The optimal « also makes a
more significant difference when the number of resources is
more sufficient. Furthermore, the optimal allocation ratio cop¢
increases as the number of resources increases. For example,
when N = 2000, ap, = 0.12, whereas for N = 32000, cvop
is around 0.19. The results highlight the trade-off between
sensing time and frequency resources as well, particularly
when the total sensing resources remain fixed.

V. CONCLUSION

This paper proposed an ISAC-based beam management
scheme for THz networks. The proposed scheme uses SSB
signals to enable sensing capability for channel perception,
blockage detection, and user tracking, which facilitates timely
handover and assistance. We analyzed its beam alignment
performance under noisy sensing conditions, and presented
the optimal design and resource allocation for the sensing
pattern. The proposed stochastic geometry framework and
simulations demonstrated the power of ISAC over traditional
networks, showing that ISAC can significantly reduce beam
misalignment for THz systems in different network deploy-
ments. Furthermore, we provided insights into trade-offs in
sensing time-frequency resource allocation. This work can
serve as a foundation for further research into ISAC schemes,
especially for next-generation multi-functional wireless net-
works.
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