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Abstract. Intelligent reflecting surfaces (IRS) promise
coverage enhancement for vehicular networks, but optimal
deployment strategies remain unclear. This paper analyzes
where and when an IRS provides the greatest value under
dynamic line-of-sight (LOS) and non-line-of-sight (NLOS)
blockage transitions. Using a blockage model motivated by
published mmWave vehicular measurements (three spatial
NLOS zones with 15 dB direct-path attenuation) and Monte
Carlo simulations, we quantify regime-dependent IRS gains,
CSI requirements, and scaling with blockage severity. The
key findings are: (i) in NLOS the IRS yields about a 10.8-
fold rate gain, compared with about a 1.2-fold gain in LOS
(roughly a ninefold difference in gain); (ii) CSI requirements
in NLOS can be relaxed by approximately 13-27% while
preserving most of the IRS benefit; (iii) IRS-assisted NLOS
performance remains stable across a wide range of scattering
conditions (Rician K between 0.5 and 10); and (iv) for a 256-
element IRS the gain increases superlinearly with blockage
severity and exceeds a twofold improvement once the block-
age level is around 20 dB. These results suggest deployment
guidelines that prioritize IRS placement at severely blocked
locations (e.g., urban canyons and intersections), where the
IRS impact is most pronounced.
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1. Introduction

Vehicular communication is essential for intelligent
transportation systems, supporting safety-critical applica-
tions such as collision avoidance, cooperative driving,
and traffic management [1]. The evolution toward sixth-
generation (6G) networks has intensified interest in vehicle-
to-everything (V2X) communication, where reconfigurable
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intelligent surfaces (RIS) are emerging as a key enabling
technology. However, dynamic blockages in urban environ-
ments pose a critical challenge for vehicle-to-vehicle (V2V)
and vehicle-to-infrastructure (V2I) links. Buildings, large
vehicles, and roadside obstacles induce frequent line-of-
sight (LOS) to non-line-of-sight (NLOS) transitions, caus-
ing sharp attenuation and rate fluctuations [2]. These losses
have been quantified in measurements: Boban et al. [3] re-
port 5-25 dB vehicle-induced attenuation from 6.75 GHz to
73 GHz; Rodriguez et al. [4] measured 17-25 dB fading at
28 GHz depending on vehicle height; and Liu et al. [5] report
10-20 dB additional loss from truck obstructions at mmWave
frequencies.

Intelligent reflecting surfaces (IRS) have emerged as
a promising approach to control the propagation environment
through passive planar arrays that impose programmable
phase shifts on incident waves, enabling reflection steering
without RF chains [6]. Under Rician fading, Singh et al.
derive closed-form ergodic-capacity expressions for RIS-
assisted links and show that the effective channel becomes
less random as the number of reflecting elements increases,
which is relevant to LOS-dominant vehicular scenarios [7].

The 3GPP TR 38.901 Urban Microcell (UMi) Street
Canyon model [8] is widely used as a baseline for mmWave
urban links and is discussed in the context of vehicu-
lar mmWave path-loss modeling by Giordani et al. [9].
Boban et al. [10] develop a three-state Markov chain for
LOS/NLOSV/NLOSb transitions trained on over 10° V2V
links across multiple cities. Field measurements by Zhu
et al. [11] report mean Rician K-factors of 1.8-3 dB across
urban, suburban, and rural environments, supporting the use
of moderate K-factor values in analytical studies.

Moreover, Tian et al. [12] optimize RIS deployment in
mmWave vehicular systems with random vehicle blockages,
showing that placement parameters (including height) can
enhance coverage and reliability by creating an alternative
reflected path. Mensi and Rawat [13] study RIS selection
for vehicular communications and derive closed-form ex-
pressions for ergodic capacity and symbol error probability
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to quantify the benefit of selecting an appropriate surface
among multiple candidates. Shaikh et al. [14] analyze dual-
RIS-assisted V2I communication under Nakagami-m fading
through closed-form performance evaluation. Vishwakarma
et al. [15] investigate STAR-RIS-NOMA empowered V2V
communications over cascaded double-Rayleigh fading and
characterize outage/capacity behavior as a function of the
number of reconfigurable elements. Dong et al. [16] de-
velop an analytical vehicular blockage modeling framework
for mmWave V2V links that captures the impact of traffic-
induced obstructions and antenna placement on link quality.

Despite advances in V2V channel measurement, RIS-
aided vehicular link design, and RIS deployment optimiza-
tion, many existing studies assume either fixed LOS or
fixed NLOS conditions and do not capture the dynamic
LOS/NLOS transitions characteristic of realistic urban ve-
hicular scenarios. An open question therefore remains: when
andwhere does IRS provide the greatest benefit? Specifically,
are IRS gains roughly uniform across propagation regimes,
or do they concentrate in blockage situations where the di-
rect path is severely attenuated? Quantifying this regime
dependence is essential for practical IRS deployment.

In this paper, we develop a modeling-and-simulation
framework to quantify regime-dependent IRS gains under
dynamic urban blockage. Large-scale path loss follows the
3GPP TR 38.901 UMi Street Canyon model, small-scale
fading is Rician with K = 2, consistent with urban K-factor
measurements in [11], and dynamic blockage is modeled
via three spatial NLOS zones in which the direct path in-
curs an additional 15dB blockage loss, chosen as a repre-
sentative value consistent with reported mmWave vehicular
blockage-loss measurements (5-25 dB [3], 17-25 dB [4], and
10-20dB [5]). The vehicle-IRS and IRS-BS links are as-
sumed unblocked under elevated roadside IRS placement.
The main contributions of this paper are listed as follows:

¢ A dynamic blockage model comprising three spatial
NLOS zones, with blockage-loss parameters motivated
by published mmWave vehicular measurements [3-5],
enabling tractable analysis of LOS/NLOS transitions.

* A regime-dependent performance analysis methodol-
ogy that separately quantifies IRS gains under LOS and
NLOS conditions via trajectory-based simulation, re-
vealing improvement ratios differing by approximately
an order of magnitude.

* A hypothesis-driven analysis framework that predicts
asymmetric IRS effectiveness, reduced CSI sensitivity
under blockage, and superlinear scaling with obstruc-
tion severity, validated through Monte Carlo simulation.

* Deployment guidelines identifying blockage severity
thresholds (e.g., >20dB) for effective IRS placement;
the qualitative principle generalizes, though precise
thresholds may vary across environments.

The reported gains and thresholds are conditioned on
the adopted 3GPP UMi model and unblocked IRS assump-
tions; quantitative results may differ under alternative channel
models or obstructed IRS links.

The remainder of this paper is organized as follows. In
Sec. 2, the system model and the dynamic blockage char-
acterization are presented. In Sec. 3, the proposed analysis
framework is developed. The simulation results and de-
ployment guidelines are provided in Sec. 4, and Section 5
concludes this paper.

2. System Model and Channel
Characterization
2.1 Network Geometry

We consider an IRS-aided V2I uplink as illustrated
in Fig. 1, operating at carrier frequency f. = 24.2 GHz,
representative of 5G NR frequency range 2 (FR2) alloca-
tions for V2X. The system consists of a single-antenna ve-
hicle, a base station (BS) equipped with N, = 2 receive
antennas, and an IRS comprising M X N = 16 X 16 pas-
sive reflecting elements arranged in a uniform planar array
(UPA). The inter-element spacing is set to A = 0.54, where
A=c/f. = 12.4mm.

Node positions in Cartesian coordinates are specified as

pas = [20,-10,12]" m,
Prs = [0,0,4]Tm,

pv=[15y1"m, ye[-50,50] m. (1)

The positions of the network nodes are illustrated in
Fig. 2. We adopt a right-handed Cartesian coordinate system
in which the y-axis is aligned with the vehicle trajectory (road
direction), the x-axis denotes the lateral direction across the
road, and the z-axis denotes height. The origin (0,0, 0) is
defined on the ground directly below the IRS reference point.
The IRS is mounted on the yz-plane (x = 0) with reference

—— Direct path
— — = Blocked path
RIS assisted

Fig. 1. IRS-assisted V2I communication scenario with building-
induced blockage.
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Fig. 2. Network geometry with BS, IRS, and vehicle trajectory.

point prrs = [0,0,4]T m, representing elevated roadside in-
frastructure (e.g., lamp posts or building-mounted surfaces)
positioned above common ground-level obstructions [12].
Elevated IRS deployments are widely considered in vehicu-
lar communications surveys [6]. The vehicle travels along
the y-axis with fixed lateral offset xy = 1.5m and an-
tenna height zy = 1m over y € [-50,50] m, represent-
ing a single-lane road segment. The BS height of 12m
is typical of urban microcell deployments and falls within
ranges considered in IRS-aided vehicular studies (e.g., 8—
12m in [12]). The choice zyv = 1m serves as a simpli-
fied baseline between bumper-level and rooftop-level place-
ments commonly considered in urban vehicular evaluations
(e.g.,0.75m and 1.6 m in [2]).

This single-lane, single-IRS geometry is adopted as
a controlled baseline to isolate the impact of time-varying
blockage on the direct and cascaded (BS—IRS—vehicle) links,
while keeping the model tractable and reproducible.

2.2 Channel Model

Let hy € CN¥! denote the vehicle-BS channel, h,, €
CMNX1 the vehicle-IRS channel, and H, € CN>XMN e
IRS-BS channel. Small-scale fading is modeled as Ri-
cian with baseline K = 2 (linear, # 3 dB), representative
of amoderate LOS condition in urban microcell settings
(e.g., WINNER II UMi Scenario B1 uses K =~ 3.3dB) [17].
A common baseline K is used for all links in this study; us-
ing link-specific K values only affects the LOS/NLOS power
splitin (2).

K 1
H=+/—Hos++—H 2
% 1 HLos X 5 1 NLos ()

where H represents any of the three channels with appropriate
dimensions.

Path loss follows the 3GPP UMi Street Canyon model
(TR 38.901) [8], used as a standardized large-scale base-
line for the considered FR2 carrier and microcell geometry.
While site-specific vehicular measurements may yield dif-
ferent absolute loss values, the conversion from path loss to
channel amplitude in (5) is unchanged.

PLios(dB) = 32.4 4 21 log o (d) + 20log,o(f),  (3)
PLytos(dB) = max {PLLOS, 22.4 +35.3log,o(d)

+21.31og,0(f;) = 0.3 (hy - 1.5)} (4)

where d is in m, f; is in GHz, and Ay = 1 m is the vehicle
antenna height.

The path loss in (3)—(4) specifies the average large-scale
power attenuation. Thus, for s € {LOS, NLOS}, we compute
the linear power gain and the complex-baseband amplitude
scaling as

ﬁs(d) — IOfPLS(dB)/IO,
afs(d) = 1[ﬂs(d) — IO—PLS(dB)/ZO

where B(d) is the linear power gain and @ (d) is the cor-
responding complex-baseband amplitude scaling for s €
{LOS,NLOS}. Moreover, a(0,¢) and ax (60, $) denote
the unit-norm steering vectors of the receive and transmit
arrays (BS ULA and IRS UPA), obtained from the Cartesian
geometry in Fig. 2 using standard ULA/UPA array responses.

&)

For the SIMO links h; and h, (single-antenna trans-
mitter), the LOS component is

hLos = aLos(d) exp(—j2nd/A) an (6, ¢) (6)

where a1 os(d) is obtained from (5). For the MIMO link H,.,
we use a rank-one LOS model.

Hios = aros(d) exp(=j2nd/d) a (0, ¢)all (0,¢). (7)

The diffuse (NLOS) component is modeled as i.i.d. cir-
cularly symmetric complex Gaussian fading (Rayleigh enve-
lope) [18]:

1
Hnios = anLos(d) 6()( +jY) ¥

where X and Y have dimensions matching Hnpos and have
i.i.d. entries distributed as N (0, 1), and any os () is obtained
from (5).

2.3 Dynamic Blockage Model

To emulate building-induced LOS/NLOS transitions
along the vehicle trajectory in a controlled and repeatable
manner, we define three spatial NLOS zones on the road
axis:

y € [-40,-25] m,

y € [-10,5]m, y € [25,35]m.

)

When the vehicle is within these zones, the direct

vehicle-BS link is modeled with an additional shadowing
loss of Ay = 15dB, ie.,

(blk)
h,

= aphy, ap = 10720w/20, (10)
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Outside blockage zones, hfiblk) = hy. The value
Apix = 15dB is selected as a representative, moderate block-
age level, consistent with reported mmWave vehicular block-
age/shadowing magnitudes on the order of ~10-20dB de-
pending on geometry and obstructing objects [4], [S].

The zone boundaries in (9) are a baseline configuration
used to create repeated, spatially localized blockage events for
reproducible comparison between the direct and IRS-assisted
paths. Changing Ay or the zone placement primarily affects
quantitative performance (e.g., the frequency and severity of
direct-link degradation) but preserves the underlying mech-
anism under study.

In the baseline model, blockage is applied only to the
ground-level BS—vehicle link. The IRS-related sublinks
(h,, and H, ) are modeled as unblocked due to an elevated
roadside/building-mounted IRS deployment, which is com-
monly adopted as a baseline assumption in RIS-assisted ve-
hicular studies to reduce near-ground obstructions [6].

2.4 Signal Model and IRS Phase Design

The vehicle transmits symbol x with E{|x|?} = 1 and
power Py. The IRS applies a diagonal phase-shift matrix
® = diag(v), where v = [v(,...,vyn]T and v, = exp(jé,)
with |v,| = 1. The received signal at the BS is

¥ = VPu herx +1 (1)

where n ~ CN (0, 021) and o denotes the noise power per
receive antenna. The effective channel is

her = h™ + H, diag(h,) v (12)

where h;blk) denotes the direct channel under the block-
age state (LOS/NLOS), and h,, is the IRS—vehicle channel
vector. Using maximum ratio combining (MRC), we set
W = heg/||heg||, which yields the instantaneous SNR

Py
Y= =5 Ihes |, (13)
O-l‘l
and the achievable rate
R =logy(1 +7). (14)

The IRS phase vector is optimized to maximize the
received power:
(blk) 2
max ||hd +‘I’V||
st vn e {exp(j2nt/L): £=0,...,L—1} (15
n=1,...,MN
where ¥ = H, diag(h,) € CN*MN_We solve (15) using

a coordinate-ascent algorithm with L = 8 uniformly quan-
tized phase levels (discrete-phase updates) [19].

3. Regime and Sensitivity Analysis

This section analyzes the operating regimes implied by
the system model in Sec. 2 and studies the sensitivity of IRS-
assisted links to channel knowledge, fading conditions, and
blockage severity. We also state hypotheses that are evaluated
in Sec. 4.

3.1 Blockage Regimes

From Sec. 2, the MRC-combined SNR is determined

by the effective channel hegr = h'?™ +¥v, where )™ = hy

outside blockage zones and hfiblk)
zones. In unobstructed segments

= aphy inside blockage

WL = hy + ¥y (16)

and a direct-path-dominant condition corresponds to

[lhall > [[¥v| )

in which the IRS mainly provides an auxiliary coherent con-
tribution. In blockage zones

W = aphy + ¥V Py, (ap <) (18)
which represents an IRS-path-dominant regime. The regime-
dependent IRS gains are quantified using the rate ratios

o8, (LOS)
Los) _ Byimirs
G = s (19)
without IRS
(blK)
o) _ withirs
Gs' = ROK) : (20)
without IRS

Under the baseline assumption that blockage mainly at-
tenuates the ground-level direct link while the IRS-related

sublinks remain LOS-dominant, it is expected that Gl(lglsk)

ceeds G595 when the blockage is sufficiently strong. The

IRS
gap between Gl(]glsk) and Gl(l]{g ) is shaped by the blockage

depth, IRS placement, and any additional attenuation affect-
ing the IRS sublinks; these effects are quantified in Sec. 4 via
trajectory, distributional, and gain-based evaluations.

€X-

3.2 CSI under Blockage

Acquiring full CSI for IRS-assisted links can be costly
due to training and feedback overhead. Motivated by
location-assisted IRS control methods [20], we consider
alocation-based LOS-only baseline, in which the IRS config-
uration relies only on deterministic LOS components inferred
from node locations:

A

hy =hy o, H, = H, Lo, h, =h,0s. (2D
The IRS phase vector is optimized using these LOS-only es-
timates, while performance is evaluated on the full fading

channels.
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To quantify CSI sensitivity, we define the absolute rate
degradation

AR = Rpuiicst — Rposition-basedcst  (bits/s/Hz).  (22)

To connect this behavior to the underlying channel com-
position, we decompose the effective channel into determin-
istic and diffuse parts, hegr = hegr 1.0s + heff,NLOS, consistent
with the standard Rayleigh/Rician fading interpretation [18].
We then define an effective Rician factor for the composite

channel as
. E{llheg Losl*}

E{||het nLos[I?}
Inside blockage zones, the direct-link contribution is
scaled by @;, and its power is reduced approximately by 01127,
while the reflected term is governed by the IRS sublinks in
the baseline model. Consequently, decreasing «;, tends to
reduce the relative weight of the attenuated direct diffuse
component and increase the determinism of the composite
channel, motivating the hypothesis that position-based CSI
incurs a smaller penalty under blockage:

AR®®) < AR1OS), (24)

Kot (23)

For compact comparison across blockage levels, we also
report the normalized reduction
AR(LOS) _ AR (bIK)

AR(LOS)

x 100%. 25)

Nreduction =

3.3 K-Factor Dependence

The Rician K-factor is defined as the ratio between
deterministic (LOS) and diffuse (scattered) power. Un-
der the adopted per-link Rician model (with independent
LOS/NLOS components), the average received power of the
direct channel satisfies

K
E[lIhgl*] = —Ilha.Losl®
[ ] K+1 (26)
+

1
T IE[||hd,NLOS||2] .

Showing that smaller K increases the relative contribution
of diffuse scattering. In blockage zones, the direct link
is downweighted by a; and thus contributes less to heg,
so the performance of the IRS-assisted link is expected to
be less sensitive to scattering than the direct-only baseline.
At the same time, because the reflected term is itself sub-
ject to small-scale fading on both sublinks, a moderate K-
dependence of the IRS gain can persist. These trends are
evaluated in Sec. 4 by sweeping K over a practical range
and comparing trajectory-averaged performance under un-
obstructed and blockage conditions.

3.4 Blockage Severity Scaling

We define a;, = 10728/20 a5 the direct-link amplitude
attenuation in blockage zones, where Agg denotes the block-
age depth (dB). The direct-only baseline rate under blockage
is approximated as

ROK)

P
OIRS © logz(l + U—‘;‘ainhdnz) 27)

n
while the IRS-assisted rate can be approximated as

P
RS ~ 10g2(1 + U—t;‘HHr(I)hVHZ) (28)

n
which is only weakly dependent on a} in the baseline model
where blockage primarily affects the direct link. We define
the blockage-dependent IRS gain as
(blk)
Girs(Ad) =~ (29)
noIRS
Since log, (1+x) is increasing, ngzlﬁ{)s in (27) decreases as the
blockage depth Agp increases (equivalently, as @, decreases).
In contrast, RI(Rblsk) in (28) is approximately insensitive to Agp
in the baseline model where blockage primarily affects the
direct link. Consequently, Girs(Agp) in (29) is expected to
increase with blockage severity over the considered range,

which motivates the empirical fit in (30).

Motivated by the contrasting ap-dependence
in (27)—(28), we use a power-law form as an empirical
fit over the simulated blockage range:

Grs(Adp) « @, (30)

where the exponent £ is obtained by regression on simulation
results and is used as a trend descriptor rather than a universal
constant.

Finally, the IRS array size influences the reflected term
through coherent combining across reflecting elements. Un-
der phase alignment, the reflected-path power is commonly
approximated to scale with the squared aperture (up to
geometry- and path-loss-dependent factors), motivating

|H, ®h, [|* < (MN)>. 31)

Accordingly, larger IRS arrays are expected to yield
stronger gains under severe blockage and a steeper gain-
versus-blockage trend. Section 4 evaluates this behavior
using two representative IRS sizes (8 x 8 and 16 x 16) and
a sweep over blockage severities.

4. Numerical Results

4.1 Simulation Setup

We evaluate the proposed model and simulation frame-
work via Monte Carlo simulations. Each data point is
obtained by averaging 50 independent channel realizations
per vehicle position. The system operates at carrier fre-
quency f. = 24.2GHz (5G NR FR2), with transmit power
Py = 30dBm and noise power per receive antenna o> =
—104dBm over B = 10MHz. The noise power is com-

puted from the thermal noise density Ny = —174 dBm/Hz as
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No + 10log(B) ~ —104dBm. Two IRS configurations are
considered: 16 X 16 (256 elements) and 8 X 8 (64 elements),
both with half-wavelength spacing A = 0.54. The BS em-
ploys N; = 2 antennas with MRC. All simulations and figure
generation were carried out in MATLAB, implementing the
adopted channel model and phase-optimization algorithm.

The vehicle moves along y € [-50,50] m with
0.5 m spatial resolution, yielding 200 evaluation positions.
Three blockage zones, located at y € [-40,-25]m, y €
[-10,5] m, and y € [25,35] m, impose 15 dB attenuation on
the direct V2I path. All links experience Rician small-scale
fading with K = 2. Large-scale path loss follows the 3GPP
TR 38.901 UMi Street Canyon model [8]. IRS phase opti-
mization is performed with finite-resolution (3-bit) discrete
phase shifts (L = 8) using an iterative coordinate-wise update
procedure [19], with amaximum of 100 iterations.

4.2 IRS Gains in LOS/NLOS

Figure 3 shows the achievable rate along the vehicle
route with three blockage-induced LOS/NLOS transitions
(shaded regions). In the blocked zones, the direct-only
link (red dashed) drops sharply and approaches near out-
age, whereas the IRS-assisted link (blue solid) remains sub-
stantially higher, confirming the regime-dependent behavior
predicted in Sec. 3.1. The corresponding 95% confidence in-
tervals are tight (within +0.002 bits/s/Hz), indicating stable
Monte Carlo estimates.

Figure 4 presents the CDFs under LOS and blockage-
defined NLOS conditions, and Figure 5 quantifies the cor-
responding IRS gains. In LOS, the IRS provides a modest
1.18x improvement (mean rate from 0.96 to 1.13 bits/s/Hz),
whereas under blockage the gain increases to 10.79x (mean
rate from 0.08 to 0.91 bits/s/Hz). The resulting differential

gain ratio is
G (NLOS)
—IRS 91 (32)
G (1L09) e
IRS

This pronounced asymmetry arises because the direct path
already provides a strong signal level in unobstructed seg-
ments, limiting the marginal contribution of the IRS-reflected
component. Under blockage, the direct-link power drops
by a/lz; ~ —30dB, so the baseline rate collapses to near
outage and the IRS-reflected path becomes the dominant
term in ||heg||>. The IRS thus effectively substitutes for the
lost direct path rather than merely supplementing it, which
explains the order-of-magnitude difference in relative gain
between regimes.

This behavior is consistent with the general finding in
the RIS vehicular literature that passive surfaces yield the
largest relative gains when the alternative path is weakest [6].
An approximately 50% area-averaged rate improvement un-
der optimized RIS deployment at 60 GHz with random truck
blockages is reported in [12]; however, their single trajectory-
averaged metric does not distinguish between LOS and NLOS
contributions. Our regime-separated analysis reveals that

averaged metrics mask the underlying differential: the IRS
benefit concentrates almost entirely in blockage zones, where
it restores the mean rate from near outage to a level com-
parable with unobstructed operation, as illustrated in Fig. 6.

5
NLOS Zones
== With IRS
4 F = Without IRS

w
T

Achievable Rate (bits/s/Hz)
S}

Vehicle Position, y (m)

Fig. 3. Achievable rate along vehicle trajectory. Shaded regions
indicate blockage zones.
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Fig. 4. CDF of achievable rate under LOS and NLOS conditions.
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Fig. 6. Mean achievable rate under LOS and NLOS conditions.

Similarly, Mensi and Rawat [13] report ergodic capacity of
0.45-2.25 bits/s/Hz for RIS-aided vehicular links depending
on array size (50-500 elements) under correlated Rayleigh
fading, which brackets the absolute rates observed here and
corroborates that the IRS-assisted performance scale is rep-
resentative of comparable settings.

4.3 CSI Impact

Position-based CSI is evaluated according to (21). The
IRS phase shifts are optimized using these coarse estimates,
whereas the achievable rate is computed using the full fading
realization. Figure 7 shows the absolute rate loss AR in both
LOS and NLOS for the two IRS sizes. For IRS-256, position-
based CSI yields a loss of 0.574 bits/s/Hz in LOS, which
decreases to 0.501 bits/s/Hz in NLOS (12.7% reduction).
For IRS-64, the loss decreases from 0.293 to 0.214 bits/s/Hz
(27.0% reduction). Figure 8 confirms this trend distribution-
ally: in LOS, full CSI provides a distinct rightward shift over
position-based CSI, whereas in blockage zones the two CDFs
become much closer and partially overlap.

The reduced CSI penalty under blockage is explained
by the change in channel composition. When the direct path
is attenuated by ap, its diffuse component contributes less
power to heg, and the IRS-reflected path—which retains its
LOS-dominant structure—becomes the primary term. This
effectively increases the determinism of the composite chan-
nel (cf. K in (23)), making position-based phase optimiza-
tion a closer approximation to the full-CSI solution. The
stronger robustness of IRS-64 (27.0%) compared with IRS-
256 (12.7%) further reflects the lower optimization dimen-
sionality of smaller arrays, which makes the phase solution
less sensitive to CSI imperfections.

This observation aligns with the position-aided IRS
control framework studied by Xing et al. [20], who show
that location information can substitute for instantaneous CSI
with limited performance loss when the channel has a strong
deterministic component. In vehicular settings, where co-
herence time is short due to mobility and beam-training

[ IRS-256 | 1
[ IRS-64

e
N
T

0.574

0.501

<
>N

e
W

e <
N W

Absolute Rate Degradation (bits/s/Hz)
(=] S
— ~

LOS NLOS
Propagation Regime

Fig. 7. CSI degradation under LOS and NLOS for IRS-256 and
IRS-64.
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Fig. 8. CDF of achievable rate under full CSI and position-based
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overhead scales with the number of IRS elements, the ability
to maintain near-optimal performance with coarser channel
knowledge in blockage zones—precisely where IRS assis-
tance is most needed—represents a favorable trade-off be-
tween overhead and gain.
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4.4 K-Factor Impact

The influence of the scattering environment is evaluated
by sweeping the Rician K-factor over K € {0.5,1,2,5, 10}.
As shown in Fig. 9 and Tab. 1, the IRS gain in LOS is
largely insensitive to K, remaining around 1.37-1.40X over
the tested range. In contrast, the NLOS gain increases mono-
tonically with K, from 1.29%x at K = 0.5 to 1.75x at K = 10.
Across all K, the IRS-aided NLOS rate remains around
1.5-2.0bits/s/Hz, while the corresponding baseline without
IRS remains around 1.1-1.2 bits/s/Hz.

The near-invariance of the LOS gain indicates that in
unobstructed conditions, the IRS contribution is governed
primarily by large-scale geometry (path loss and array aper-
ture) rather than small-scale fading statistics. In NLOS, the
monotonic increase with K reflects improved coherent com-
bining efficiency: a stronger specular component on the IRS
sublinks allows the phase-aligned reflected path to capture
a larger share of the available channel power, consistent with
the analytical observation of Singh et al. [7] that the effec-
tive channel of an RIS-assisted link becomes increasingly
deterministic as K grows.

From a deployment perspective, the stability of the
IRS-aided NLOS rate across the tested K range (1.5-
2.0bits/s/Hz) is significant because it indicates that the IRS
benefit does not critically depend on the precise scatter-
ing environment. Urban microcell measurements by Zhu
et al. [11] report K-factor values of 1.8-3dB across ur-
ban, suburban, and rural environments, which falls within
the range where the IRS consistently provides meaningful
NLOS improvement. Even under rich scattering (K = 0.5),
the IRS-assisted NLOS rate remains above the unblocked
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o
3 em@ === — === 0]
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Rician K-Factor

Fig. 9. Achievable rate versus Rician K-factor.

K LOS Gain (x) | NLOS Gain (x) | Ratio (x)
0.5 1.40 1.29 0.92
1.0 1.39 1.43 1.03
2.0 1.38 1.57 1.14
5.0 1.37 1.69 1.23
10.0 1.37 1.75 1.27

Tab. 1. IRS gain versus Rician K-factor in LOS and blockage-
defined NLOS.

direct-link baseline, confirming that passive reflecting sur-
faces retain practical utility across propagation conditions
representative of real vehicular scenarios.

4.5 Scaling Impact

Blockage severity is varied from 10 to 25dB. In this
experiment, only the direct BS—vehicle link is affected by
blockage, while the BS-IRS and IRS—vehicle links are as-
sumed unobstructed. The direct link attenuation is modeled
as ap = 107220 where A is the blockage loss in dB.

Figure 10 and Table 2 show that the IRS gain increases
as blockage becomes stronger. Specifically, the IRS-256 gain
rises from 1.18x at 10dB to 3.89x at 25 dB, whereas IRS-
64 increases from 1.05x to 1.62x. A power-law fit gives
G(A) =c a';ﬁ with fitted exponents 8 = 0.69 (IRS-256) and
B = 0.25 (IRS-64), indicating that larger arrays benefit more
when the direct link is more severely attenuated.

The superlinear scaling confirms the analytical predic-
tion in (27)—(31): the IRS-assisted rate in (28) is approx-
imately independent of blockage depth (since only the di-
rect link is attenuated), whereas the baseline rate in (27)
collapses as @, — 0. The fourfold difference in fitted ex-
ponents between IRS-256 and IRS-64 (8 = 0.69 vs. 0.25)
reflects the squared-aperture scaling ||H, ®h,||> o« (MN)?
in (31): larger arrays produce a higher reflected-path power
floor, so the gain ratio grows more steeply as the direct-
link baseline degrades. With finite-resolution phase shifts
(3-bit, L = 8) and realistic path-loss geometry, these re-
sults confirm that substantial scaling benefits persist under
practical constraints.

4

© IRS-256 (3=0.69)
3.5 | B Rs-64 (3-0.25)
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Fig. 10. IRS gain versus blockage attenuation for IRS-256 and

IRS-64.
BIk (dB) | G256 (X) | Gga (X) | Rosg | Res | Rair
10 1.18 1.05 3.12 2.76 2.63
15 1.46 1.12 2.05 1.57 1.40
20 2.16 1.28 1.31 0.78 0.60
25 3.89 1.62 0.85 0.36 0.22

Tab. 2. Achievable rates and IRS gains versus blockage depth
Agg-
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Fig. 11. Achievable rate versus blockage attenuation for baseline
and IRS-assisted links.

Figure 11 shows the corresponding absolute rates. At
A = 25dB, the baseline drops to 0.22 bits/s/Hz, while IRS-
256 sustains 0.85 bits/s/Hz, mitigating the severe rate reduc-
tion under deep blockage.

These results provide a quantitative basis for the de-
ployment guideline that IRS panels should be preferentially
allocated to locations with consistently high blockage sever-
ity, such as urban canyon intersections or tunnel approaches.
The observation that IRS-256 exceeds a twofold gain at ap-
proximately 20dB blockage establishes a practical thresh-
old: at sites where measured or predicted blockage exceeds
this level, the investment in a 256-element panel yields dis-
proportionate returns compared with smaller arrays. This
complements the spatial deployment optimization of Tian
et al. [12], who optimize RIS height and downtilt for cov-
erage maximization; our analysis adds blockage severity as
an orthogonal deployment dimension that should inform both
the placement decision and the choice of array size.

5. Conclusion

This paper evaluated an IRS-aided V2I uplink under
trajectory-dependent LOS/NLOS transitions using a tractable
system model and Monte Carlo simulations. The results show
a clear regime dependence: the IRS provides modest gains
in unobstructed segments, but offers substantially larger rel-
ative and absolute improvements when the direct path is at-
tenuated by blockage, thereby stabilizing the achievable rate
along trajectories with repeated transitions. For the consid-
ered setting, the mean NLOS rate improves from 0.08 to
0.91 bits/s/Hz with IRS-256, whereas the LOS increase is
from 0.96 to 1.13 bits/s/Hz, yielding G g > /G k™ ~ 9.1,
The corresponding 95% confidence intervals are tight, indi-
cating stable Monte Carlo estimates. Blockage also reduces
the marginal benefit of fine-grained CSI, as the performance
gap between full CSI and position-based CSI narrows in
NLOS, particularly for smaller arrays. Additional parameter
sweeps show increasing IRS gains with blockage severity and
consistent trends over the tested Rician K-factor range.

These findings should be interpreted within the adopted
assumptions, including the 3GPP TR 38.901 UMi Street
Canyon path-loss baseline, Rician small-scale fading, and
a simplified blockage representation applied to the direct
link with a baseline IRS placement and LOS-dominant IRS
sublinks. Consequently, the reported numerical gains and fit-
ted scaling exponents are scenario-dependent and require re-
validation for different geometries, carrier frequencies, band-
widths, blockage dynamics, and IRS deployments. Future
work will therefore focus on (i) sensitivity studies over IRS
position/height/orientation and alternative blockage patterns
(including gradual and stochastic attenuation and blockage
on IRS sublinks), (ii) validation under independent channel
models and measurement- or ray-tracing-based environments
to translate the observed trends into site-specific deployment
rules, and (iii) developing analytical performance bounds
(e.g., rate or outage bounds) under dynamic blockage and
practical IRS constraints.
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