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Abstract—The directional RTS/CTS mechanism of mm-wave
Wi-Fi hardly resolves the hidden terminal problem perfectly. This
paper proposes cross-link RTS/CTS under multi-link operation
(MLO) to address this problem and introduces a novel point
process, named the generalized RTS/CTS hard-core process (G-
HCP), to model the spatial transceiver relationships under the
RTS/CTS mechanism, including the directional case and the
omnidirectional case. Analytical expressions are derived for the
intensity, the mean interference, an approximation of the success
probability, and the expected number of hidden nodes for the di-
rectional RTS/CTS mechanism. Theoretical and numerical results
demonstrate the performance difference between two RTS/CTS
mechanisms. The cross-link RTS/CTS mechanism ensures higher
link quality at the cost of reduced network throughput. In
contrast, the directional RTS/CTS sacrifices the link quality for
higher throughput. We further provide a quantitative evaluation
of the additional overhead introduced by the cross-link RTS/CTS
mechanism based on the existing Wi-Fi standards and introduce
a hybrid RTS/CTS selection method. Our study reveals a funda-
mental trade-off between link reliability and network throughput,
providing critical insights into the selection and optimization of
RTS/CTS mechanisms in next-generation WLAN standards.

Index Terms—millimeter wave, Wi-Fi, RTS/CTS mechanism,
stochastic geometry

I. INTRODUCTION
A. Motivations

Over the past decades, Wireless Local Area Network
(WLAN) standards have evolved into one of the most widely
adopted and efficient networking technologies. Among them,
Wi-Fi has become the dominant solution for providing ubig-
uitous wireless connectivity. The first Wi-Fi standard, released
by IEEE in 1997, enabled a maximum throughput of 2
Mbps [2], thereby formalizing WLAN technology in the 2.4
GHz band. However, such performance has quickly become
inadequate to satisfy the rapidly growing demand for high-
speed wireless access.

To meet these demands, subsequent Wi-Fi generations have
continuously enhanced their physical (PHY) and medium
access control (MAC) capabilities. Notable advances include
the introduction of Orthogonal Frequency-Division Multiplex-
ing (OFDM) in IEEE 802.11a (Wi-Fi 2) [3] and Orthogo-
nal Frequency-Division Multiple Access (OFDMA) in IEEE
802.11ax (Wi-Fi 6), as well as the extension of usable spec-
trum resources [4]. In particular, Wi-Fi 6E further expanded
into the 6 GHz band [5], while IEEE 802.11ad and 802.11ay
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pioneered the use of millimeter-wave (mm-wave) communica-
tions.

Despite these advances, mm-wave transmissions in IEEE
802.11ad/ay still suffer from several fundamental limitations,
which have hindered their large-scale commercial deployment
[6]. The fundamental propagation characteristics of 60 GHz
mm-wave, including severe penetration losses and blockage
sensitivity, fundamentally restrict the applicability. The com-
munication relies on narrow directional beams for sufficient
gain, but even slight terminal movement or obstruction can
cause beam misalignment, leading to poor reliability in mobile
scenarios. Moreover, the rigid and time-consuming Beamform-
ing Training (BFT) process of 802.11ad/ay causes extremely
high latency. The quasi-omni antenna configuration inherent
to 802.11ad/ay’s initial access mechanism frequently induces
asymmetric links.

Along with the large-scale adoption of Wi-Fi [7], medium
access coordination has emerged as a critical challenge. The
hidden terminal problem, in particular, significantly degrades
network performance. To mitigate this issue, IEEE introduced
the Request-to-Send/Clear-to-Send (RTS/CTS) handshake [8].
In mm-wave systems, beamforming is widely employed to
combat high-frequency propagation impairments [9]. However,
the resulting directional transmissions render the conventional
RTS/CTS mechanism less effective, as neighboring nodes
outside the beam path may fail to detect control frames,
thereby causing collisions (see Fig. 1).

To address these limitations, the IEEE 802.11be standard
(Wi-Fi 7) has recently introduced multi-link operation (MLO),
which allows simultaneous use of both sub-7 GHz and mm-
wave links [10]-[12]. This integration provides new opportu-
nities to enhance MAC-layer coordination in next-generation
mm-wave Wi-Fi, where the mm-wave link is just used for
high-throughput data delivery with one or more dedicated sub-
7 GHz links for control. Motivated by this, we propose a
novel cross-link RTS/CTS mechanism that leverages the sub-7
GHz band for control frame exchange while maintaining mm-
wave transmissions for high-rate data (see Fig. 2). Specifically,
RTS and CTS frames are transmitted in the sub-7 GHz band
so that neighboring devices, regardless of beam orientation,
can correctly update their Network Allocation Vector (NAV)
and avoid collisions in the mm-wave band. Furthermore, the
proposed mechanism can just be interpreted as a reliability
transmission solution for next-generation mm-wave Wi-Fi in
the scenarios, where the mm-wave link suffers from severe
hidden-node collisions due to directional transmission, rather
than replacing the initial design goal of MLO, simultaneous
multi-link payload transmission.

This work is thus motivated by the necessity to systemati-
cally model and analyze the spatial characteristics of both the
conventional directional RTS/CTS and the proposed cross-link
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Fig. 1. Illustration of the hidden terminal problem under omnidirectional and directional RTS/CTS mechanisms. Three types of APs are shown: (i) black APs
that are actively communicating with their associated Stations (STAs), (ii) green APs that are silenced by the RTS/CTS mechanism and thus prohibited from
transmitting, and (iii) the remaining APs that act as hidden terminals and may cause collisions. In the omnidirectional case, nearby APs detect the RTS/CTS
frames and defer transmissions. In the directional case, the beamformed transmission prevents APl and AP2 from overhearing the RTS/CTS frames, even
though they are located near the STA. As a result, AP1 and AP2 may initiate transmissions during the ongoing communication, leading to collisions.

RTS/CTS mechanisms. By providing rigorous performance
benchmarks, we aim to guide the design and optimization of
next-generation WLAN protocols that integrate sub-7 GHz and
mm-wave technologies under the MLO framework.

B. Related Work

The MLO framework in Wi-Fi 7 (IEEE 802.11be) represents
a fundamental architectural milestone for future mm-wave
WLANSs. By integrating sub-7 GHz and mm-wave technolo-
gies, MLO enables next-generation wireless applications with
higher throughput, lower latency, and enhanced reliability [13].
Building upon this vision, the Integrated Millimeter Wave
(IMMW) Study Group has proposed a Project Authorization
Request (PAR) [14], which defines a new standard, IEEE
802.11bq, aimed at extending the reuse of sub-7 GHz PHY/-
MAC specifications to the mm-wave band under the 802.11be
MLO framework. Despite these advances, the design of a
robust RTS/CTS handshake mechanism tailored for integrated
sub-7 GHz and mm-wave systems remains largely unexplored
in the current literature.

In parallel, extensive research has been devoted to charac-
terizing mm-wave networks through both empirical measure-
ments and theoretical models [15]-[20]. For instance, [16]
employs stochastic geometry to analyze mm-wave networks
within finite regions using a tractable flat-top antenna pattern.
While analytically convenient, the flat-top model introduces
inaccuracies in evaluating transmission success probabilities.
To mitigate this issue, [20] proposes sinc and cosine antenna
patterns, which significantly improve approximation accuracy
and enable more precise derivations of network success prob-
ability. However, these models are predominantly developed
under the assumption of a Poisson point process (PPP),
which is poorly aligned with networks governed by RTS/CTS
protocols.

To address this discrepancy, traditional hard-core point
processes, such as the Matérn hard-core model [21]-[23], have

been adopted to study CSMA-based networks. [23] derive
closed-form analytical expressions for crucial network perfor-
mance metrics based on the type II Matérn hard-core model.
Yet, these models fall short of capturing the unique character-
istics of RTS/CTS-enabled networks, where both transmitters
and receivers enforce exclusion regions. To overcome this
limitation, [24] introduces the dual-zone hard-core process
(DZHCP), which explicitly incorporates dual exclusion regions
around transmitters and receivers. Although promising, the
DZHCP framework is currently limited to omnidirectional
antenna scenarios and cannot accurately model directional
RTS/CTS mechanisms in mm-wave networks.

Another line of research focuses on the analytical tractabil-
ity of the success probability in hard-core point processes,
which is intractable in closed form. The work in [25] derives
an analytical bound under the densely packed assumption.
To overcome this limitation, several studies have developed
the Approximate SIR Analysis based on the PPP (ASAPPP)
framework [26]-[28], which enables tractable approximations
while preserving key spatial correlations. Initially developed
for cellular models, ASAPPP provides accurate approxima-
tions by mapping hard-core processes onto PPP-based equiv-
alents. More recently, [24] extended the applicability of AS-
APPP to bipolar models and demonstrated its validity in this
broader context. Nonetheless, most existing studies employing
ASAPPP or related methods remain focused on sub-7 GHz
networks, typically assuming Rayleigh fading, which limits
their applicability to directional mm-wave scenarios with RT-
S/CTS mechanisms.

C. Contributions

This paper focuses on the two types of RTS/CTS handshake
mechanism. We investigate the mean interference and the ap-
proximate success probability in mm-wave networks with the
blockage effect reflected by a LOS ball blockage model under
the RTS/CTS handshake mechanism. The key contributions of
our study are summarized as follows:
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Fig. 2. [Illustration of the mm-wave Wi-Fi supporting MLO. This mm-
wave Wi-Fi devices are equipped with multiple independent physical layer
for each link, enabling simultaneous communication on different frequency
bands or channels. The connection between AP and STA includes multiple
links including at least one link in the sub-7 GHz band and another in the
mm-wave band. If there is any blockage in the mm-wave link, the sub-7 GHz
link can ensure communication quality.

o We propose a novel exclusion region model based on
cosine antenna patterns, applicable to both directional and
omnidirectional scenarios. Based on the exclusion region,
we introduce a novel hard-core point process, named
generalized RTS/CTS hard-core process (G-HCP), to
characterize the spatial properties of directional RTS/CTS
mechanism and the cross-link RTS/CTS mechanism.

o Leveraging classical statistical measures and analytical
tools, we derive the expressions for mean interference.
Besides, We extend the ASAPPP method to approx-
imate the success probability under integer-parameter
Nakagami-M fading channels, accounting for a finite
LOS communication region. An exact expression for the
mean interference-to-signal ratio (MISR) in a bounded
domain is established to support this approximation.

o In the context of directional RTS/CTS, we provide an
exact expression for the expected number of hidden
nodes, revealing the impact of system parameters such
as antenna array size, frequency, and node density.

o« We provide a quantitative evaluation of the additional
overhead introduced by the cross-link RTS/CTS mecha-
nism, and we introduce the reservation inefficiency ratio
to reflect the spectrum-utilization inefficiency of sub-7
GHz.

II. STOCHASTIC MODEL FOR RTS/CTS-ENABLED
NETWORKS

A. Network and Channel Assumptions

We consider a MLLD network where each transceiver can
operate simultaneously in the sub-7 GHz and mm-wave bands.
All devices employ a single omnidirectional antenna for sub-
7 GHz communications, while the mm-wave transmission
relies on uniform linear arrays (ULAs) with Ny (for MLD
transmitters) and N, (for MLD receivers) antenna elements.
The mm-wave reception is omnidirectional. Omnidirectional
transmission is restricted to the sub-7 GHz band and is
triggered only when (i) the cross-link RTS/CTS mechanism
is enabled, and (ii) the transmitted frame is a cross-link RTS
or CTS frame. For all other cases, mm-wave directional trans-
mission is applied, whereas reception remains omnidirectional.

We assume the omnidirectional reception to simplify spatial
analysis. Although directional reception can suppress inter-
ference from certain directions, it also changes the CTS

clear region and the geometric distribution of hidden nodes.
Accordingly, directional receive beamforming will lead to dif-
ferent quantitative results. However, the fundamental trade-off,
where directional RTS/CTS provides higher spatial reuse but
is more vulnerable to hidden nodes while cross-link RTS/CTS
improves reliability at the cost of additional overhead, remains
unchanged.

Blockage is modeled using the LOS ball model [15], with
LOS radius R representing the maximum distance within
which potential LOS interferers exist. Given that NLOS paths
are typically over 20 dB weaker than LOS paths [29], we re-
strict our analysis to LOS channels. The mm-wave propagation
follows a clustered channel model, where the channel vector
between transmitter y and its receiver is given by

h, = /Nepyall (9,), (1)

with fading coefficient p, modeled as Nakagami-M, and
a(v,) is the array response vector as

1
) = [
Yy Nt
where ¥, = dy" sin ¢, and dy, A, and ¢, represent the antenna
spacing, wavelength, and physical angle of departure (AoD).
The optimal analog beamforming vector between transmitter
y and its intended receiver is

T
j2m k9 j2m (N —1)9
IRy L i2n(Ne=1)dy | ()

wy = ai(oy), 3)
yielding the beamforming gain

‘2 _ sin®(m Ny (9 — ¢y)) @

N¢ Sinz(ﬂ'(ﬂy - ‘Py)).
For tractability, we approximate this gain by a cosine antenna
pattern [20] in (8).

The perfect beam alignment assumption corresponds to a
best beam training condition, where the intended transmitter
and receiver have already established their dominant beam
directions. This assumption allows us to isolate the hidden-
node effect from beam training errors and improve analytical
tractability. In practical mobile scenarios, beam alignment suf-
fers from many factors, such as terminal rotation, and dynamic
blockage and so on. Therefore, the results for directional
RTS/CTS can be regarded as a best case of the beam training
of the mm-wave control frame, which means the analytical
results in this paper are intended to provide qualitative insights
into the system level rather than serve as exact quantitative
predictions for a fully realistic mm-wave PHY.

Gacl(ﬁy_(py) = ’atH(ﬁy)Wy

B. Generalized RTS/CTS Hard-Core Process

We model the locations of transceivers using a Poisson
bipolar process, where the transmitters are distributed accord-
ing to a homogeneous PPP, each paired with a receiver at
a fixed distance d and a uniformly random angle 6. The
RTS/CTS mechanism is incorporated through a thinning pro-
cedure, which selectively removes transceiver pairs from the
underlying process based on the RTS/CTS handshake rules.
This allows us to capture both the directional RTS/CTS and
the cross-link RTS/CTS in a unified framework.



The RTS/CTS operation induces exclusion regions around
each transceiver pair, which consist of an RTS-cleaned region
and a CTS-cleaned region. For omnidirectional RTS/CTS, the
exclusion regions are isotropic, whereas directional RTS/CTS
generates anisotropic exclusion regions due to beamforming.

We distinguish between two types of RTS/CTS thinning:

- Type I thinning: A transceiver pair is retained only if no
other potential transmitter lies within its exclusion region. This
corresponds to a synchronous channel access model where
time is slotted and only one pair can be active within a given
exclusion region. Collisions occur if multiple transmitters
attempt to access the channel simultaneously.

- Type II thinning: Each transceiver is assigned a ran-
dom time mark representing its channel access attempt. A
transceiver is retained if no other transmitter with a smaller
time mark lies within its exclusion region. This model reflects
asynchronous contention, where multiple transceivers may
coexist in a slot but priority is given to those with earlier
access marks.

Both thinning schemes ensure that retained transceivers
respect the RTS/CTS exclusion principle, with Type I em-
phasizing strict mutual exclusion and Type II offering a more
realistic representation of distributed channel access.

To characterize the antenna effect, we approximate the
actual beam pattern. For simplicity, we assume that the AoD
between each transmitter and its associated receiver is zero,
so the optimal analog beamforming vector reduces to

1
'TUN
The corresponding beamforming gain is
_ sin2(7rNt19 )
~ NZsin(rd,)

Following [20], we approximate this beamforming gain by
the cosine model

W

1,1,...,1)". (5)

Gact('l?y) = ‘a{{(ﬁy)wy‘ (6)

Gnn(0) = cos?(T5+9), 9] < -, o
® 0, otherwise,

where ¢ = )? sin @.
Using the small-angle approximation sin(x) ~ z for small
x, we further obtain a simplified directional gain

2 ( wNydg < A
cos ( 2\ ¢)v ‘(bl — doNy? (8)

0, otherwise.

Gt(¢) =

In Fig. 3, we observe that the simplified gain provides
a good approximation for the cosine gain. Based on the
simplified gain, we define the RTS/CTS exclusion regions. For
transmitter y and its receiver x, the RTS exclusion region is

Sus(y) ﬁ{z € R | 7] < Roor/Cr(@),

7211172

while the CTS exclusion region is
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Fig. 3. The comparisons between the different gains.

with the receiver gain

cos? (o) . (9] < A

0, otherwise.

G:(¢) = { an
Here, R, and R, denote the maximum transmission ranges
of RTS and CTS frames. All transmitters follow the Carrier
Sense Multiple Access with Collision Avoidance (CSMA/CA)
protocol. Therefore, the exclusion of each transmitter consists
of two regions: a physical carrier sensing (PCS) region caused
by CSMA/CA protocol and a virtual carrier sensing (VCS)
region, i.e., the RTS exclusion region. The PCS region exhibits
a geometric shape consistent with that of the VCS region, but
while a larger range, i.e., Ry > R,s, where R; denotes the
maximum ranges of the PCS region, and the exclusion region
of transmitter y is

5. 2 {2 B 181 < RV/@), eoss = Tl

92115
(12)

Therefore, the exclusion region of the transceiver pair with
transmitter y and receiver x is

S(y,z) = Si(y) U Si(x).

When the antenna spacing is 0, dy = 0, all antennas can
be regarded as a single antenna, which corresponds to the
omnidirectional case. In this special case, the numbers of
antennas (V¢ and V,) represent how many times larger the
transmit power is compared to the per-antenna transmission
power in the directional case, and both Si(y, z) and S (y, x)
reduce to disks centered at y and z, respectively. Therefore,
the proposed exclusion region framework generalizes naturally
to both omnidirectional (cross-link RTS/CTS) and directional
RTS/CTS mechanisms, enabling a unified spatial model.

The simplified cosine antenna pattern is adopted to obtain
tractable exclusion regions and analytically manageable ex-
pressions. This approximation captures the main dependence
of beamwidth and main-lobe gain on the antenna array size,
but it does not fully represent practical side lobes, irregular
beam shapes. More realistic antenna patterns may change the
exact numerical values of the interference, success probability,

(13)
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Fig. 4. Illustration of the exclusion region. (a) is the case of omnidirectional
case, i.e., the cross-link RTS/CTS mechanism. (b) is the case of directional
case with N;=16 and N,=8. The exclusion region consists of two parts, i.e.
the physical carrier sensing cleaned region and the RTS/CTS cleaned region.

and hidden-node count. Nevertheless, the qualitative conclu-
sion remains that directional RTS/CTS creates the anisotropic
exclusion regions and may cause the hidden-node problem,
whereas cross-link RTS/CTS provides a more isotropic reser-
vation region through sub-7 GHz control signaling.

C. Mathematical Description

The G-HCP model employs a dependently marked PPP, de-
noted as ®ppp, for the spatial distribution of the transmitters.
This process is structured as follows:

e ®ppp = {y;} C R? denotes the locations of potential
transmitters modeled by a PPP with intensity Ap;

o x; denotes the location of the receiver. 6; is an i.i.d. orien-
tation of the receiver x; for the transmitter y;, uniformly
distributed in [0, 27]. Having assumed a constant distance
of d between a transmitter and its receiver, the orientation
0; together with y; uniquely determines the receiver x;.
These marks determine the time order of transmissions
for each transmitter;

e ¢; is the medium access indicator. Each transceiver pair
(yi, x;) has a medium access indicator, which determines
whether the transmitter could transmit.

1) Type I G-HCP: For the Type I G-HCP, let N(y, z, ¢)
denotes the other transmitters within the exclusion region of
transceiver pair (y,x):

N(y,a,e) 2 {(y/,2',¢') € Tppp \ {(y, 2, €)} :

y' € Si(y) U Si(z)}. (14)
The medium access indicator e; is a dependent mark as
€; = ﬂ(#N(yuxuel) = 0)7 (15)

where # denotes the count of elements in the neighborhood.
The set of transceiver pairs that have passed all RTS/CTS
contention requirements, is denoted by @

O£ {(y,z,¢) € Pppp: e = 1}. (16)
Finally, the set of active transmitters is defined as ¢
2 {(y,z,e) € : y} (17

2) Type II G-HCP: The difference between the Type I and
the Type II is the time mark ¢, which reflects the time cost of
a transmitter competing for channel access in the Type II.

e t; is an i.i.d. time mark uniformly distributed in [0, 1],
representing the time cost of a transmitter competing
for channel access, i.e., the relative initiation time of
transmission for each transmitter.

For the Type II G-HCP, let N(y, , t, ) be the neighborhood

of the transmitters, which have smaller time marks than ¢ and
are within the exclusion region of transceiver pair (y, z).

N(yvxatv 6) é{(y/axlvt/a 6/) : (y,7$/7 6/) € (’fPPP \ {(y,x, 6)},
Y € Si(y) US(z),t" <t} (18)

The medium access indicator e; of (y;, z;, t;, €;) is a dependent
mark defined as

ei = L(#N(yi, i, ti, e5) = 0).

The set of transceiver pairs that have passed all RTS/CTS
contention requirements, is denoted by

19)

d 2 {(y,x,e,t) € Pppp: e =1}. (20)
Finally, the set of active transmitters is defined as ®
O L {(y,x,e,1) € D: y} 1)

The G-HCP is used to describe the spatial distribution of the
active transmitters within a time slot. ®ppp is the set of the
locations of the transmitters that attempt to transmit within this
time slot, which means ®ppp is reallocated within each slot.
For the Type II G-HCP, the time marks are redrawn within
each slot. Consequently, in both Type I G-HCP and Type II
G-HCP, a transmitter’s suppression is a temporary state per
slot, not a permanent condition.

III. NETWORK PERFORMANCE ANALYSIS

In this section, we analyze the network performance based
on the proposed G-HCP model. Without loss of generality, we
consider the typical transmitter y, located at the origin o and
its associated receiver z, positioned at (d,0). To facilitate the
derivations, we define several key quantities as follows

o Transceiver pair parameters (r,(,6): each transceiver
pair is represented by (r,,6), where the transmitter
and receiver are located at y = (rcos/3,rsin3) and
x = (rcosf + dcosf,rsin 8 + dsin ), respectively.

e Union exclusion region V(r,(,6): the spatial region
covered by the union of the exclusion zones of the typical
transceiver and a transceiver at (r, 3, 6).

« Spatial criteria for interference S1, S2, S3 and Sy: Define
the spatial criteria for transmitters within the exclusion
regions, helping to determine interference conditions:

- S ={(r,8,0) : 2 < R2G,(0 — B — )},

- Sy = {(r,5,0) : 2 + 2rdcos(8 — 0) + d*> <
R2G, (arccos ——cs0=0)-d )}
\/T2+27"dcos(,8—0)+d2
- S3={(r,8,0) : 1* < R{G:(B)},
-8 = {(r,p,0) r? — 2rdcosf3 + d* <
R2G, (arccos reosfod Y

\/7T2—2rd cos B+d?



The set Sy includes (r, 8,6) where o is within its transmit-
ter’s exclusion region. The set Sy includes (r, 3,6) where o
is within its receiver’s exclusion region. The set S5 includes
(r,8,0) of which the transmitter is within S;(0). The set Sy
includes (r, 8,6) of which the transmitter is within S, (z,).

A. Node Intensity

In the G-HCP model, the point process ¢ is obtained
through a dependent thinning of the original PPP ®ppp. Under
the Palm probability measure P®?P*, the node intensity of the
retained process ®ppp can be expressed as

Ay = A\, PPPPP (0 retained), (22)

where P®PPP (node retained) denotes the mean retention prob-
ability of a node in ®ppp after applying the thinning rule.

1) Type I G-HCP: In the Type I G-HCP, a node is retained
only if its exclusion region is free of any other nodes from
®,. This implies that each retained node corresponds to an
empty exclusion zone. Consequently, the retention probability
equals the void probability of a PPP with intensity A, i.e.,

PPPPP (o retained) = exp(—\,V5,), (23)

where V,, is the area of the exclusion region associated with
the typical node. Hence, the resulting node intensity is

Ay = )\pe_)\pvo- (24)

When the parent intensity A, is small, the retained intensity
Ay increases approximately linearly with A,. However, as A,
becomes large, the exponential term dominates, leading to a
decrease in \,. Therefore, )\, reaches its maximum value at
Ap = 1/V,, beyond which it monotonically decreases due to
the exponential decay of P®*¥? (o retained).

2) Type I G-HCP: In the Type II G-HCP, each transceiver
pair is associated with a time mark ¢ € [0, 1], drawn indepen-
dently from a uniform distribution. The time mark determines
the priority of a node during the contention process. Specifi-
cally, a transmitter y with time mark ¢ is retained only if no
other transmitters with smaller time marks are located within
its exclusion region. The overall node intensity is obtained as

1
1
Ab::Apj/ e MVodt = —(1—e M%), (25)
0 Vo

It can be seen from (25) that )\, is a monotonically increas-
ing function of \,, asymptotically approaching its upper limit
of 1/V, as \p — o0.

B. Mean Interference
In this part, we will derive the mean interference at the

typical transceiver pair in G-HCP.
The aggregate interference at the receiver x, is

S PaNilp, PGy - ).
ye®@\{o}
where P, is the per-antenna transmit power, the channel gain
|py|* follows a gamma distribution Gamma(M, ;) and I(-)
is the path-loss function.

(26)

Firstly, we derive the mean interference in the network,
where all interferers are LOS interferers. The mean inter-
ference for the dual zone hard-core point process has been
established in [24]. Building upon this result, we extend the
derivation to obtain the mean interference for the directional
RTS/CTS modeled by G-HCP.

Theorem 1. The mean interference I, experienced by the
typical receiver x, in G-HCP, under the assumption that all
interferers are LOS interferers, is

)\2P0Nt 2 2m
! _
By
l <\/7"2 —2rdcos 3+ d2) Gy(r, 8,0)k(r, 8,0)rdodsdr,
(27)
where k(r, 3,0) for the Type I process is
k(r, 8.0) = 0 if(r,3,0) € (S51US2) U (53 U Sy),
exp (=A,V (1, B,6)) otherwise,
(28)
and k(r, B,0) for the Type II process is
0 (T‘,ﬁ,g) € (SlLJSQ)m(SBUSAL)a
k(r,8,0) = ¢ 2p(V) (r,B,0) € S11 82N S3N Sy,
p(V)  otherwise,
(29)

in which V is the abbreviation of V (r,3,0), and p(V) is

Voem 2V — Ve Vo 4 V-V,
AV =V,)VV, '

p(V) = (30)

Proof. Following the derivation in [24], under the reduced
Palm probability and E[|p,|?] = 1, (26) can be written as

]E(o 0)[ xo} )\bPONt/
R2 x[0,27]
l(”y - xo”)Gt(ya 9) K(O,O) (d(ya 9))

where K, 0)(-) is the reduced second-order factorial measure.
Using the same argument as in [24], K, ) is related to the
second-order product density, which can be expressed through
the joint retention probability %(y, ). Hence,

A]%PONt/
27y R2 x[0,27]

l(”y - xOH)Gt(y>6>k(y79) d(y,@)

Finally, expressing y in polar coordinates as (r, ) and
noting that

€2y

]Eto,O) [ITO} (32)

ly — || = /12 — 2rd cos B + d2.

We obtain (27). Therefore, compared with [24], the only
modification is that the product [(-)Gi(r, 3,0) is treated as
an equivalent path loss. O

(33)

Theorem 1 assumes that all interferers are LOS interferers.
However, this leads to an over-estimation of the interference
since, per our model, some paths are NLOS. A more accurate
result is obtained by ignoring the interference along NLOS
paths, which is significantly weaker than that along LOS paths.



Under this simplification, the mean interference in the LOS
ball model can be derived using Theorem 1.

Corollary 1. The mean interference I, r experienced by the
typical receiver xq in G-HCP with a LOS radius R is

)‘QPONt 2m 2w \/m-i-d cos B
P
27’1’)\}, / / /
(/72 =2rdeosfi + &) Gu(r, B,0)k(r, 5, 0)rd 3d6dr,
(34
where k(r, 3,0) is given by (28) for Type I and by (29) for
Type II.

E!(O,O) [Iil?o ,R] =

Compared to Theorem 1, Corollary 1 calculates the mean
interference within the LOS region, which is a disk area of
radius R centered at the receiver. As R — oo, Corollary 1
becomes equivalent to Theorem 1. Physically, this describes
a scenario that all links satisfy the LOS condition, which is
consistent with the assumption of Theorem 1.

To study the impact of blockages on the mean interference,
we extend our result to a probabilistic blockage model. This
extension does not affect the G-HCP thinning structure.

Corollary 2. Under the probabilistic blockage model, the
mean interference at the typical receiver can be written as
(considering LOS and NLOS)

)\ POthb 27 27
E . [.]=
oo 1) =g [ [

l (\/7“2 — 2rdcosfs + d2> Gt(r, 3,0k (T, 3,0)rdBdodr 35
+ ]E!(O,O) [I:Co,nlos] 5

where

)\QPONt 1— Pb 2m 2m
sl A

ntos (\/7’2 " 2rdcosf + d2) Gi(r, B,0)k(r, B, 0)rdBd6dr,
(36)
denotes the mean NLOS interference. lyios() is the path-loss
function of the NLOS paths.

IE!(o,o) [Ixo ,nlos] =

C. Success Probability

The transmission success probability serves as a fundamen-
tal performance metric in wireless network analysis. However,
for the hard-core process under consideration, deriving an
exact analytical expression for the transmission success prob-
ability appears intractable.

To address this issue, we employ ASAPPP to approximate
the success probability. This approach is motivated by prior
work [20], which derived the success probability Pppp(6) for
a PPP model with nearest transmitter association under the
LOS ball assumption.

In this study, we extend the applicability of ASAPPP to
Nakagami-M fading, where M is the integer, for the bipolar
network. The success probability P4 () for a point process ¢
is approximated via Pppp () adjusted by G

0
P¢(9) ~ Pppp (G)’ (37)

where the asymptotic gain G defined in [26] and reflects the
relationship between the SIR characteristics of the PPP and ¢.

We will derive the asymptotic gain G for both Type I and
Type II G-HCP under the LOS ball assumption.

Lemma 1. The asymptotic gain for both Type I and Type II
G-HCP with a LOS radius R

</27r/27r/ R2—(dsin B)2+dcos 8

-1
l <\/r2 — 2rdcosf + d2> Gy(r, B,0)k(r, B, 0)7“dﬁd<9d7“> ,
(38)

271’)\1;[

G = MISRr 5

where k(r,3,0) is given by (28) for Type I and is given by
(29) for Type I and MISRpg is the mean interference-to-
average-signal ratio of a PPP model with nearest transmitter

association and a LOS radius R, written as
2
MISRp = —— — &
oa—2
4/\][,7TR2 9
— mFQ(}\pﬂ'R ) + e

with F,, (x) denoting the confluent hypergeometric function

Fo.(x) =1F .
() =1 1(2 n—l— 2 )
Proof. See Appendix A. O

HF]_ ()\pﬂ'Rz)

—)\pﬂ'Rz , (39)

(40)

Theorem 2. The success probability of a receiver in Type I
and Type Il G-HCP, under LOS conditions with a LOS radius
R and independent Nakagami-M fading with integer M, can
be approximated as

R
Puce(6) % 2nx, [ e exp (Car(r)Hardr,
0

where ||-||1 represents the sum of the first column and

co(r)
a(r)  co(r)
Cu(r)=| <) al) ol ’
car—1(r) ca(r) ci(r) co(r)
whose exponent is given by (41), where s = MQT ,0=2/a, G

is defined in Lemma 1 and E,(-) is the generallzed exponential
integral.

Proof. See Appendix B. O

To assess the accuracy of the MISR approximation for the
Nakagami-M fading, we compare its results with simulation
data in this work. Figures 5 and 6 present the success
probability under varying values of M and for commonly
used values of SIR threshold under the directional RTS/CTS
mechanism. The proposed MISR approximation provides ac-
curate approximations for practical success probabilities at low
SIR thresholds and the gap between theoretical and simulated
results expands with increasing SIR threshold. This obser-
vation also clarifies the applicability range of the ASAPPP
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Fig. 5. SIR ccdf for the type I hard-core process and MISR-based
approximation for A\p = 4 x 10~*m~2 and R = 300m under the
directional RTS/CTS mechanism.

ck(r) =

approximation used in this paper. The approximation is mainly
reliable at the low SIR threshold regime, which is the operating
range emphasized in our numerical evaluation. Therefore, the
analytical success probability should be only interpreted as
a trend for comparing RTS/CTS mechanisms under a unified
framework, rather than an exact prediction.

The success probability for cross-link RTS/CTS is con-
sistently observed to be approximately 1 in simulations and
exhibits negligible dependence on the SIR threshold. Due to
the directional transmission and the isotropic exclusion region,
the asymptotic gain G is greater than 350. This high gain
leads to an analytical approximation of 1, which is in excellent
agreement with the simulation results. Considering this almost
invariant behavior, the results are omitted from Figure 5 and
Figure 6.

D. Hidden Nodes

Our preceding analysis demonstrates that the directional
RTS/CTS mechanism cannot completely eliminate the hidden
terminal problem. We now present a quantitative analysis of
this limitation. Specifically, this section develops: an exact
mathematical derivation of the expected number of hidden
nodes under directional RTS/CTS operation. We focus on the
hidden nodes of the typical receiver z,.

Definition 1. A hidden node y of x, in the G-HCP is defined
as a transmitter that satisfies the following two conditions:
1) y € ®, i.e., the transmitter is active (retained after the
thinning process);
2) x, € Si(y), i.e., the typical receiver x, lies within the
exclusion region of transmitter y.
In other words, a hidden node is an active transmitter whose
exclusion region overlaps with the typical receiver, potentially
causing interference despite the RTS/CTS mechanism.

Ay {r? — R? + 6R’Ey[E115(sR™%g)] — 0r?Ey[Er14s(sr™%9)] },
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Fig. 6. SIR ccdf for the type II hard-core process and MISR-based
approximation for A\, = 4 X 10~*m~2 and R=300m under the
directional RTS/CTS mechanism.

k=0,
(41)

The exclusion region of each transceiver pair is caused
by the RTS/CTS frame. The other transceiver pairs in the
exclusion region of a transceiver pair can decode the RTS/CTS
frame transmitted by the transceiver pair. This formal defini-
tion captures the essential characteristics of hidden nodes.

Let &, be the set of all hidden nodes

O, = {y:yc®\{o},z, € Si(y)}
The number of hidden nodes NV}, in the G-HCP is denoted as
Ny, = #0y,.

(42)

Theorem 3. The expected number of hidden nodes Ny, in G-
HCP is

IE!(0,0) [Nh]

)\12) /7\' /Rtw_dcosﬂ /f("y)
0 0

B 7T)\b —f(ry)
—d
k:(r, 3,0 + arcsin (TCOS'B))rdBdeQ,
r
! 43)
where k(r,(,0) is given by (28) for Type I and by
(29) for Type II, f(x) = ﬂ?,i‘do arccos(g-) and ry =
\/7’2 + d? — 2rd cos 3.
Proof. See Appendix C. O

IV. IMPLEMENTATION OF CROSS-LINK RTS/CTS
PrROTOCOL

A. Channel Access Procedure

Unlike the traditional RTS/CTS mechanism, which op-
erates entirely within a single frequency band, the cross-
link RTS/CTS mechanism employs the sub-7 GHz band for
control signaling while enabling data transmission over the
mm-wave band. This dual-band coordination improves spatial
reuse but also requires simultaneous reservation of resources
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Fig. 7. (a) Message exchange process of the cross-link RTS/CTS mechanism: the AP transmits an RTS* (cross-link RTS frame) over Link 1 (sub-7 GHz); the
target STA responds with a CTS* (cross-link CTS frame) on the same link. Neighboring devices then set their NAV timers on Link 1 (sub-7 GHz) according
to Duration 1 in the RTS* and CTS* frames, and simultaneously on Link 2 (mm-wave) according to Duration 2. Data transmission subsequently proceeds on
the high-rate mm-wave link. (b) Message exchange process in the case where the AP fails to occupy the mm-wave channel within the specified time interval.

in both sub-7 GHz and mm-wave channels, which constitutes

the primary challenge of this mechanism.
The overall channel access procedure,

Fig. 7(a), can be summarized as follows:

illustrated in

o sub-7 GHz channel contention: The AP first contends for
access to the sub-7 GHz channel;

o cross-link RTS transmission: Upon successful contention,
the AP transmits a cross-link RTS frame over the sub-
7 GHz link;

« mm-wave channel assessment: The target STA, after
receiving the RTS frame, checks the availability of the
mm-wave channel;

« cross-link CTS response: If the mm-wave channel is idle,
the STA responds with a cross-link CTS frame on the
sub-7 GHz link;

o network reservation: Neighboring devices overhearing
either the RTS or CTS frame set their NAV timers for
both the sub-7 GHz and mm-wave bands;

o mm-wave data transmission: Following a specified Inter-
Frame Space (IFS), the AP proceeds with data transmis-
sion on the mm-wave channel.

To reduce the risk of collisions during the transition to mm-
wave transmission, a backoff procedure is introduced before
the AP occupies the mm-wave channel. However, there is a
scenario where the process could not be successfully executed,
namely when the mm-wave channel can be acquired.

The cross-link Denial to Send (DTS) frame is designed to
handle this scenario. In the case, the frame is used to inform
the devices around the STA of releasing NAV reservations,
which results from the AP’s failure to contend for the mm-
wave channel. Due to the uncertainty in mm-wave contention
duration, we propose a timeout mechanism: if the STA does
not receive any data frame from the AP within a duration
Ty after sending the CTS frame, it broadcasts a cross-link
DTS frame, as illustrated in Fig. 7(b). The timeout parameter
To is set to the value of nx slot time, where n denotes
the maximum backoff counter. Due to the complexity of the
contention for the channel, the likelihood of cross-link DTS
occurrences pprs is difficult to be quantified.

Since the DTS mechanism only releases unnecessary reser-
vations after a failure of the mm-wave channel competition

and does not alter the spatial relationship of the active trans-
mitters under the mm-wave network, it is incorporated into
the overhead analysis rather than into the G-HCP topology
analysis.

B. Implementation Feasibility

In this subsection, we will discuss the implementation
feasibility of the cross-link RTS/CTS within the future mm-
wave Wi-Fi, named 802.11bq, including required MAC/PHY
changes and backward compatibility with legacy devices.

e« MAC layer modifications: Modification and resetting of
the frame formats for the three corresponding frames are
required to support the proposed mechanism. The design
of the frames must accommodate the dual-band reserva-
tion property of the mechanism. Specifically, each control
frame includes two duration fields, enabling neighboring
devices to update their NAV timers on both the sub-7 GHz
and mm-wave links, as shown in Fig. 8. In addition, the
standard Frame Check Sequence (FCS) field, a 32-bit
cyclic redundancy check (CRC) located at the end of each
Wi-Fi frame, is used for error detection. Definitions of all
other fields are summarized in Table I;

e« PHY layer modifications: The sub-7GHz PHY layer
implementation leverages existing standards. And the
mm-wave PHY layer reuses the architectural design of
existing sub-7 GHz PHY layer to minimize hardware
changes, ensuring low deployment costs;

e backward compatibility: Given the limited large-scale
commercial deployment of IEEE 802.11ad/ay devices,
backward compatibility with legacy mm-wave Wi-Fi de-
vices is not required for future deployments. Meanwhile,
the sub-7 GHz PHY layer adheres to existing standards,
ensuring seamless backward compatibility with legacy
sub-7 GHz devices (e.g., IEEE 802.11n/ac/ax/be).

C. The Additional Overhead

Compared to the conventional directional RTS/CTS, the
cross-link RTS/CTS would introduce the additional over-
head without doubt. In the following text, THrg/TRTgy»
Térg/Tépg, and THpg, denote the transmission times of
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Fig. 8. Frame formats of the cross-link RTS/CTS mechanism.

the RTS/cross-link RTS, CTS/cross-link CTS, and cross-link
DTS frames, respectively, on channel a. The overhead of
conventional directional RTS/CTS is modeled as

Ton,a = E[Tpo"] + Trrs +

where T7.™ is the mm-wave backoff time, TgjTy is Short
Inter-Frame Space (SIFS) of the mm-wave channel. And the
approximate value is obtained under the 802.11ad/ay PHY
MCSO assumption, with the minimum bandwidth. For the
proposed cross-link RTS/CTS, the overhead is

Tgps + TETs =~ 55.3 us, (44)

+ TSub7

TOh,C = /TI?ISH + E[T};rcl)m] res (45)

where 1758 is IFS before mm-wave data transmission and
TSUbT is abstracted as
— T(:Scub7 +

Sub7
+ Tprss

Sub7
TCTS*

T Ty,

TSub7

res

Thrs. +
Sub7 (46)
+ 3T51rs
Here, T5"P7 denotes the sub-7 GHz access preparation time
before transmitting the cross-link RTS. If the AP has already
obtained the sub-7 GHz channel, which may occur when
the AP needs to transmit the cross-link RTS frame with

priority during an ongoing data transmission, it reduces to a
SIFS. Otherwise, it includes the expected sub-7 GHz backoff
duration. Therefore, the extra overhead is written as

AT = Toh,c - Toh,d- (47)

Under EHT (802.11be) OFDM with 20 MHz bandwidth,
MCSO0, a guard interval of 0.8 us and n = 31, AT can be
approximated as

AT ~ {
(48)

Under the proposed cross-link RTS/CTS mechanism, the
sub-7 GHz link may remain reserved but carry no payload. To
quantify this effect, we define the reserved but idle time on
the sub-7 GHz link as
Tie” = Ties' + E[T50"] + 375tk

+To + (1 — pors) T,
R 266.3 ps.

Accordingly, the sub-7 GHz reservation inefficiency ratio is
defined as

261.9 ps,if acquired the sub-7 GHz channel
319.4 ps, others.

(49)

Sub7
Sub7 __ T’idle

: =12 ___ ~(.83.
771d1e Toh7c _ TCSCUb7

(50)
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This ratio is used to directly reflect the spectrum utiliza-
tion inefficiency of sub-7 GHz channel under the cross-link
RTS/CTS.

The 802.11ad/ay PHY differs significantly from the sub-7
GHz PHY. Therefore, the aforementioned approximations can
only serve as a reference and cannot fully reflect the additional
overhead introduced by cross-link RTS/CTS in future mm-
wave Wi-Fi. The timeout parameter 7j is one of the most
important factors in the overhead evaluation. In particular, if
Ty is too small, an ongoing backoff process may be mistakenly
treated as a failure to obtain channel access, whereas an
excessively large 7 unnecessarily increases the reservation
overhead.

For each overhearing device, the NAV maintenance cost
increases from one timer state in conventional single-band
RTS/CTS to two timer states in the proposed dual-band
reservation. When an overhearing device receives a cross-
link control frame, it needs to perform two NAV maintenance
operations CJxy; = 2, namely, one for the sub-7 GHz band
and the other for the mm-wave band, whereas only one NAV
maintenance operation CY )y = 1 is required in conventional

single-band RTS/CTS.

D. Hybrid RTS/CTS Selection

Motivated by the difference between the two RTS/CTS
mechanisms, we propose a hybrid switching rule. This hybrid
policy provides an actionable design rule: short transmission
opportunities (TXOPs) should use the conventional directional
RTS/CTS to avoid excessive signaling overhead, while long
transmissions should switch to cross-link RTS/CTS to avoid
collisions.

Mode = {

where Trxop denotes the TXOP duration, representing the
required channel occupation time, and T}, is the pre-defined
threshold for mode switching.

cross-link RTS/CTS,
directional RTS/CTS,

Trxop > Tin,

51
otherwise, oD

Fig. 9 presents the system-level simulation results. In this
simulation, we adopt a silencing strategy that better reflects
practical systems, in which only active transmitters can silence
surrounding devices. The number of propagation time slots,
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Fig. 9. The system-level simulation of the three RTS/CTS mechanisms.

denoted by Trxop, required by each transmitter follows the

distribution
0'2a TTXOP = 07
0.2, Trxop = 1,
b= TXOP (52)
0.4, Trxop =2,
0.2, Trxop =3,

Moreover, Ty, is set as 3. As shown in Fig. 9, where the
fixed threshold is intended to demonstrate the feasibility of the
hybrid RTS/CTS. The hybrid RTS/CTS lies between the other
two mechanisms, providing a compromise between reliability
and throughput.

In fact, T}, is mainly determined by the active node density,
since the density directly affects the probability of hidden
node. When the active node density is low, the hidden terminal
problem is relatively weak. In this case, the threshold should
be relatively large, so that cross-link RTS/CTS is activated
only for long TXOPs to reduce the overhead. As the active
node density increases, the probability of the collisions under
directional RTS/CTS becomes higher. Therefore, the threshold
should decrease with the active node density, allowing cross-
link RTS/CTS to be used for a wider range of TXOP durations
to achieve a high reliability.

However, the active node density is difficult to measure in
practice. Therefore, measurable interference-related indicators
can be used to adjust the threshold dynamically in practical
deployment, as the interference level reflects the active node
density to a certain extent.

V. PERFORMANCE COMPARISON UNDER A UNIFIED
BENCHMARK

A. Unified Benchmark

To ensure a fair and consistent comparison between the pro-
posed cross-link RTS/CTS mechanism and the conventional
directional RTS/CTS mechanism, it is essential to establish a
unified performance benchmark. A key consideration in this
comparison is whether to normalize the exclusion region size
across different configurations.
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Assuming omnidirectional reception, the receive antenna
gain is set to unity. A receiver can successfully decode a frame
in either the sub-7 GHz or mm-wave band when the received
power satisfies

Prx > Prx(th)v (53)

where P tn) denotes the minimum detectable power thresh-
old for the corresponding frequency band.

The maximum transmission ranges R; for frequency band
1 and Ry for frequency band 2, respectively, under the Friis
model are related by

B [0 G e

Ry Gy fi’
where P;, GG; and f; are the transmission power of the
single antenna, the transmitting antenna gain and frequency
of frequency band ¢, respectively. For the mm-wave band, the
directional antenna gain in the main-lobe direction equals the
number of antenna elements, while for the sub-7 GHz band,
the omnidirectional transmit gain is unity.

In this study, the exclusion region size corresponding to
the cross-link RTS/CTS mechanism with a transmit power of
20 mW is adopted as the reference. The exclusion regions
for both the directional and cross-link RTS/CTS mechanisms
under other transmit powers are then scaled according to (54).

(54)

B. Performance Comparison

In this section, the terms c¢RTS/CTS and dRTS/CTS refer
to the cross-link RTS/CTS and directional RTS/CTS mecha-
nisms, respectively. For the reference configuration, the re-
ceiver range is set to R, = 4d and the transmitter range
to Ry = 4.8d for the cRTS/CTS scheme operating with a
transmission power of 20 mW. The default system parameters
are summarized in Table II. The transmission power per mm-
wave antenna is Py = 20 mW, and the path loss follows
I(r) = (14 7%)~L. The loss exponent of LOS paths, denoted
by a, is given in Table II, and that of NLOS paths is 3.

In the following figures, the legend labels “Type I” and
“Type II” correspond to the Type I and Type II G-HCPs,
respectively. The label Py,,7 denotes the sub-7 GHz transmis-
sion power for cRTS/CTS. Two configurations of cRTS/CTS
are evaluated, with Py,,7 = 20 mW and FPy,,7 = 40 mW,
respectively.

Figure 10 illustrates the relationship between the active node
density A, and the original PPP intensity A, under various
RTS/CTS configurations. For all Type I models, the active
node density A, first increases with A, and then decreases after
reaching a peak. The maximum occurs when A\, = V% where
V, denotes the area of the exclusion region, yielding a peak
value of Vioe_l. In contrast, for Type II models, \; increases
monotonically with ), and asymptotically approaches the
reciprocal of the exclusion region. It can also be observed that
the dRTS/CTS mechanism yields a higher A, than cRTS/CTS
under identical exclusion conditions, indicating that cRTS/CTS
achieves a stronger suppression of concurrent transmissions
and thus a more effective interference mitigation.

Figure 11 depicts the variation of the mean interference
with respect to the original PPP intensity A,. For all Type I



TABLE I
CROSS-LINK CONTROL FRAME FIELD DEFINITIONS

Frame Type Duration 1 / Duration 2

RA Field

Additional Fields

cross-link RTS the time that the entire transmis-
sion session occupies the sub-7

GHz / mm-wave channels

MAC address of the recipient
STA

TA: MAC address of the transmitting
STA

cross-link CTS Remaining time on sub-7 GHz

/ mm-wave channels

TA from the cross-link RTS
frame

cross-link DTS Remaining time on sub-7 GHz

/ mm-wave channels

TA from the cross-link RTS
frame

NAV-SA/NAV-DA: MAC addresses of
the STAs transmitting the cross-link
RTS / cross-link CTS

TABLE 11
SYSTEM PARAMETERS

Symbol | Parameter Value
R LOS radius 300 m
d Transmitter—receiver distance 20 m
Nt Number of transmit antenna elements 16
Ny Number of receive antenna elements 8
0 SIR threshold —5 dB
« Path loss exponent 2.1

models, the mean interference first increases with A, and then
decreases after reaching a peak. Similar to Type I models,
the trend is observed for Type II models, where the mean
interference evolves consistently with the active node density.
In particular, the mean interference in Type II models increases
monotonically with A\, and gradually converges to a constant
value. It is also observed that dRTS/CTS exhibits higher
mean interference than cRTS/CTS under both Type I and
Type II configurations, even though its active node density
is lower. This seemingly counterintuitive behavior stems from
the inherent differences in the exclusion regions of the two
RTS/CTS mechanisms and the directional gain of antenna
arrays. When )\, — 0, both mechanisms can be approximated
as PPPs with identical intensities, since the exclusion effect
becomes negligible. The only distinction lies in the spatial
distribution of transmitters: nodes under dRTS/CTS can be
located closer to the typical receiver, leading to stronger
interference. Overall, cRTS/CTS provides a clear advantage
by maintaining a lower interference level for most density
regimes, thereby achieving superior link quality and more
stable network performance.

Figure 12 presents the variation of the mean interference
under the probabilistic blockage model introduced in Corollary
2 with respect to the original PPP intensity. Compared with
the results of the LOS ball model in Figure 11, the overall
qualitative trends remain unchanged: cRTS/CTS still achieves
lower mean interference than dRTS/CTS under both Type
I and Type II thinning for most density regimes, which is
consistent with Figure 11. These results indicate that the
main conclusion of Figure 11 is unaffected by the blockage
modeling assumption.

Figure 13 illustrates the variation of a key performance
metric, the product of the success probability and the active
transmitter density \,. This metric effectively represents the
network throughput. For Type I schemes, the throughput trends
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Fig. 10. Active node density A\, as a function of the original PPP intensity
Ap for various RTS/CTS configurations.
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Fig. 11. Mean interference as a function of the original PPP intensity A,
under different RTS/CTS mechanisms

closely follow those of the mean interference. Both cRTS/CTS
and dRTS/CTS exhibit an initial increase in throughput as A,
rises, followed by a decline beyond a certain point, indicat-
ing the existence of an optimal network density for Type I
configurations. A distinct behavior is observed under Type II
schemes. For cRTS/CTS, the throughput monotonically fol-
lows the variation of mean interference, while for dRTS/CTS,
a non-monotonic pattern emerges—throughput first increases,
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then slightly decreases, and finally converges to a constant
level. This divergence can be explained by the interference
characteristics shown in Figure 11. At low ), throughput
for both mechanisms is mainly governed by the active node
density. However, when A, > 1 x 1073m~—2, the continuously
increasing interference in dRTS/CTS leads to a reduction in
success probability that outweighs the gain from higher node
density, resulting in the observed throughput trend. Overall,
despite the higher interference levels, dRTS/CTS achieves
superior throughput performance compared to cRTS/CTS,
benefiting from its more efficient spatial reuse of the wireless
medium.

Figure 14 illustrates the relationship between the mean num-
ber of hidden nodes in Type I dRTS/CTS and the original PPP
intensity A, under different system configurations. For Type
I models, the mean number of hidden nodes first increases
with )\, and then decreases after reaching a peak, indicating
the existence of an optimal intensity that maximizes hidden
nodes occurrence. A comparison between the second curve
(35 GHz, N, = 16, N, = 8, d = 20 m) and the fifth curve

13

1 wave=35GHZ, N;=16, N =8, d=10m
O ae=35GHZ, N;=16, N =8, d=20m
f =35GHz, N,=16, N =16, d=10m
t
t

mmWave
— =35GHz, N.=32, N =16, d=10m

mmWave

g mwave=80GHZ, N;=16, N =8, d=20m

w

Mean number of hidden node for type |

I I
0.005 0.01 0.015

Original PPP A, (m?)

0.02 0.025 0.03

Fig. 14. The mean number of hidden nodes for Type I under different system
configurations

(60 GHz, N, = 16, N, = 8, d = 20 m) shows that higher
carrier frequency results in a larger maximum mean number
of hidden nodes. For a fixed frequency (35 GHz) and link
distance (d = 10 m), increasing N, significantly raises the
peak value, whereas increasing N, yields only a marginal
impact. This observation indicates that the hidden-node count
is mainly influenced by the transmitter-side exclusion region,
since a larger NV, allows more distant transmitters to become
hidden nodes despite the narrower beam coverage. Comparing
the first (35 GHz, N, = 16, N, = 8, d = 10 m) and second
(35 GHz, N, = 16, N, = 8, d = 20 m) curves reveals
that both achieve similar maximum values but at different
Ap, implying that merely scaling the exclusion region size,
without altering its spatial structure, is insufficient to mitigate
the hidden-node issue. Overall, all curves exhibit peak values
exceeding 3.5, highlighting the severity of the hidden-node
problem in Type I dRTS/CTS within a moderate density range.
As ), continues to increase, the mean number of hidden nodes
gradually converges to zero, suggesting that the likelihood of
hidden-node occurrence diminishes in denser Type I networks.

Figure 15 illustrates the relationship between the mean
number of hidden nodes in Type II dRTS/CTS and the original
PPP intensity A\, under different system configurations. For
Type II models, the mean number of hidden nodes increases
monotonically with A\, and gradually converges to a steady-
state value as A, grows large. This steady value exhibits
similar parameter-dependent behavior to the peak value ob-
served in the Type I case. The fundamental distinction between
Type I and Type II lies in their asymptotic behavior: in Type
I, increasing node density eventually suppresses hidden-node
occurrences, whereas in Type II, the problem persists even at
high densities. Furthermore, both the steady value for Type
II and the peak value for Type I are consistently higher
in dRTS/CTS than in cRTS/CTS, indicating a more severe
hidden-node issue and consequently lower link reliability in
directional RTS/CTS networks.
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VI. CONCLUSION

This paper presented a marked point process framework to
characterize the spatial configuration of transceivers operating
under the RTS/CTS handshake mechanism in WLANs. The
proposed model accommodates both omnidirectional and di-
rectional communication scenarios, enabling a unified analysis
of interference and throughput performance.

Numerical results demonstrate distinct performance trends
between the cross-link RTS/CTS and the directional RTS/CTS
schemes. The cross-link RTS/CTS ensures more reliable link
quality by effectively mitigating interference, but at the cost
of reduced overall throughput. In contrast, the directional
RTS/CTS achieves higher network throughput, yet suffers
from degraded link reliability and a pronounced hidden node
problem. These findings reveal a fundamental design trade-
off between link reliability and spatial reuse. The appropriate
choice between the two protocols should thus depend on the
network’s target performance objectives—whether prioritizing
throughput efficiency or communication robustness.

APPENDIX A
PROOF OF LEMMA 1

The asymptotic gain G is defined as

MISR

¢ = MSRo_nor’

(55
where MISRg_pycp is the mean interference-to-average-
signal ratio of the G-HCP model, denoted as

E!(o,o) [IwcnR]

MISRg_ncp = 1(d)

(56)

Next, we focus on MISR i, which is the mean interference-
to-average-signal ratio of the PPP model with nearest trans-
mitter association and a LOS radium R. Letting Ry be the
distance from the typical user to the k-th nearest cellular BS,
vk, = Ry /Ry, is the distance ratio. The interference-to-average-
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signal ratio for the LOS region, denoted by ISRy, is defined
as

ISRE = Y v?P(N > 1),

=2

(57)

where P(N > i) denotes the probability that the number of
nodes is no less than ¢ within the LOS region. For a PPP
where the mean number of nodes in the LOS region is N,g =
A\pmR?, P(N > i) follows as

© k ,—NLr
Nrge

P(N > i) = kz:: . (58)
Therefore, MISR(R) can be written as
MISRy £ E[ISRR]
r(1 + NF
_ =N LR
—e LRZ Z S G9)
=2

and MISR,, follows as [26]
2

A qQ _
MISRx £ E(ISRx) = ——.

Since the direct evaluation of (59) is computationally chal-
lenging, we introduce g(R) defined as:

g(R) = MISR. — MISRy
= NF
_ N LR
— ¢~ Mg ; T Z o (60)
where (z); = FFT:” is the Pochhammer symbol. Changing

the order of summation, (60) can be rewritten as

e (S5 )

k=0

oo

_ > N (k+1);
_ Nir LR 2
e o — — 1
<I;)(1+2)k.2(k+1+2)¢ >
® _N rr(2k + )
= e LR <Z2)—1
k=0
c (6] 4N
© —5F(Nir) + L4F2(NLR)—6 LR (61)

where step (b) follows from the Gauss’s Hypergeometric
Theorem and (c) follows from the Kummer’s transformation
for the confluent hypergeometric function with F,, (z) denoting

« «
Fuo) =B (Gin+ 5

Therefore, MISR i can be written as

(62)

2
MISRg = a_2 9(R),

which can be substituted into (55) to get the equation in
Lemma 1.



APPENDIX B
PROOF OF THEOREM 2

The cumulative distribution (cdf) of the SIR is

Fsir(0) = P(h < 0ISR), (63)
where & follows a gamma distribution Gamma(}M, 7).
Considering that M € N and x — 0, the cdf of h is
M—1
(M‘,E)keme
Fi(z)=1- Z —
k=0
MM—I "
~ () T (64)
Thus, we have
P(h < 0ISR | ISR) = F},(0ISR)
MMfl M ovanM
~ N 0" - ISR (65)
Taking the expectation, we obtain
MM-1 ~
P(SIR < 6) ~ oM . E(ISR™). (66)

I(M)

Based on the traditional ASAPPP, the approximation of
P(h > 0ISR) is written as

P(h > 0ISR) ~ Pppp(h > 0/Gar), (67)
where
E@SRY) \™
N )
E(ISRG_ucp)
The approximation of G, is given by [26]
G]w ~ G, (69)

where G is given by Lemma 1.

Under Nakagami-M fading conditions, the success prob-
ability Pppp(SIR > 0) in the cellular network for a given
SIR threshold 6 is given in [20]. Substituting (69) into (67),
Theorem 2 has been proved.

APPENDIX C
PROOF OF THEOREM 3

First, we present the reduced second-order factorial measure
K(r.,6)(B x L) for the marked point process, under the
assumption that the transmitter corresponding to (r,(,6) is
contained within the point process ®. And Ay X ;. g,9) (B x L) is
the expected number of points located in B with marks taking
values in L under the condition of the potential transmitter
y=(r,pB) e

Based on K, 50 (B x L),B C R? L C [0,2x], the
expectation of hidden nodes E!(o,o) [N] can be written as

E!(070) [Nh] = IE!(0,0) Z ]l<x0 € Sy)
(y,0)€d
= )\b/ ]l(.%‘o S St(y))fK(OyO) (d(y, 9))
R2 x [0,27]

(70)
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The second-order factorial moment measure for the marked
point process can be formally expressed as
a(2)(Bl X BQ X Ll X LQ)

=
Z 131 (yl)lB'z (y2)1L1 (91)1L2 (92)

y1,y2€P

=E

Y2£Y1

D 1m.(y2)1L,(62)

Y2 €P
(@) /\
o / Kiy,0)((B2 = y) x L2)d(y,0)
T JByix Ly

/ (/ o (92,91,92)d(y2792)> d(y1,01),
By x Ly (B2—y1)x L2

(71
where (a) follows that E gzzigl 1B, (y2)1r,(02)) is the
expected number of points located in B, with marks taking
values in Ly under y; € @, ie., MKy, 9)((B2 — y1) X L2)
and (b) follows the definition of a2 and the second-order
product p(2).

The second-order product density o(?) and Ko,0)(B x L)
satisfy:

= Ey1€<I> E

®)

2m

fK(O,O) (d(yu 9)) = F«Q(Q) (y7 07 Q)d(y, 9)7 (72)
b

where d(y, ) denotes the differential measure in polar coor-

dinates. Therefore, ]E!(O 0)[Nu] can be written as

2

Bl =1 [ 1€ 8i(0)0®(5,0,0)d(1.0)

Ao Jr2x(0.27]
(73)

0 (y, 0y,0) admits the explicit form
)\2

(2) (ya 007 0) 7;2 k(yv 907 9)7 (74)
where k(y,0p,0) represents the probability that two

transceiver pairs (o, 0) and (y, ) are both within ®.
Obviously, under the condition that one transceiver pair is
the typical pair, k(y, 0y, 6) can be written as:

k(yaeoa 9) = k('f‘, Ba 9)7

where (r, 3,0) is the parameter of the other transceiver pair.
Substituting (74) into (73), we get

il L

1(z, € Si(v))k(r, B, 0)rdrdpde,

(75)

E!, ) [Mi]
(0.0) [Nl (76)

where Si(y) is the transmitter’s exclusion region of the
transceiver pair (r, 3, 6).

The key point is to derive 1(x, € S;(y)). v is the transmitter
of the transceiver (7, 3, 6). Assuming that r,, is the dlstance of
z, and y and §,, is the angle difference between the vector ymo

and U = (cos( ),sin(9)), if =, € Si(y), r, and 6, satisfy:
2\ r
| < —— 2. 77
16y] < TN arccos(Rt) )



Substituting (77) into (76), (76) can be written as:

R Y,

y
7rN d arccos IT)

arcco:a( )

N d
—d
k(r, 3,60 — arccos (wsﬁ>>rdﬁdrd9,
r
! (78)
where r,, = \/7’2 + d? — 2rdcos f5.
Noting r, < Ry, r should satisfy:
a5
r < Ry /1—( Smﬂﬁ—dcosﬂ, (79
Ry
which follows the equation:
r? +d* — ri = 2rd cos (3. (80)

Substituting (79) into (78) has been mentioned above com-
pletes the proof of Theorem 3.
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