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Abstract

The deployment of fifth-generation New Radio (5G NR) millimetre-wave (mmWave) vehicle-to-
infrastructure (V2I) communication systems in urban environments confronts severe path loss,
intermittent blockage, and rapid Doppler variation that collectively limit coverage, spectral
efficiency, and link reliability. This paper proposes a novel hybrid precoding architecture
augmented by a Reconfigurable Intelligent Surface (RIS) panel mounted on building facades to
establish and maintain high-throughput V2I links even under non-line-of-sight (NLOS) conditions.
The proposed framework jointly optimises the digital baseband precoder, the analogue phase-
shifting network, and the RIS phase configuration through an Alternating Optimisation (AO)
approach combined with Successive Convex Approximation (SCA) to solve the resulting non-
convex problem efficiently. A geometry-based stochastic channel model (GSCM) based on the
Saleh-Valenzuela formulation, calibrated to the 3GPP TR 38.901 Urban Micro (UMi) propagation
scenario at 28 GHz with 200 MHz bandwidth, is employed for all evaluations under vehicle speeds
from 30 to 150 km/h. Simulation results demonstrate that the proposed RIS-assisted hybrid
precoding scheme achieves a 2.8x improvement in sum spectral efficiency over hybrid
beamforming without RIS at 10 dB SNR, and extends effective V2I coverage radius by 112% at
60 km/h. Moreover, energy efficiency analysis confirms a 3.4x gain over full-MIMO at low-to-
medium SNR regimes with only 4 RF chains, validating the suitability of the proposed architecture
for green, hardware-efficient intelligent transportation systems (ITS). The convergence of the AO-
SCA algorithm is verified analytically and empirically, with consistent convergence within 12
iterations.
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Hybrid Precoding with Reconfigurable Intelligent Surfaces for
Spectral-Efficient Vehicle-to-Infrastructure Communications in Urban
5G NR Networks

1. Introduction

The accelerating shift towards autonomous vehicles, cooperative intelligent
transportation systems (C-ITS), and Vehicle-to-Everything (V2X) communication
paradigms imposes stringent requirements on wireless connectivity infrastructure that
existing fourth-generation Long-Term Evolution (LTE) vehicular networks cannot
adequately satisfy [1-3]. Safety-critical V2X applications such as cooperative collision
avoidance, pedestrian protection alerts, intersection movement assistance, and platooning
coordination require end-to-end latencies below 10 ms, packet loss rates below 107-5, and
data rates sufficient to accommodate high-definition map updates and sensor fusion
payloads in the range of tens to hundreds of Mbps per vehicle [4-6]. The fifth-generation
New Radio (5G NR) standard, particularly its operation in the millimetre-wave (mmWave)
frequency range (24-52 GHz), offers the bandwidth and peak data rate potential to meet
these requirements, but the inherent propagation challenges of mmWave channels in
dynamic urban environments -- severe path loss, susceptibility to atmospheric and rain
attenuation, building blockage, and rapid Doppler variation due to vehicular mobility --
require fundamentally new architectural solutions beyond conventional massive MIMO
approaches [7-9].

Reconfigurable Intelligent Surfaces (RIS), also referred to as Intelligent Reflecting
Surfaces (IRS) or Large Intelligent Surfaces (LIS), represent a transformative paradigm
shift in wireless propagation engineering: rather than accepting the wireless channel as an
uncontrollable physical environment to be mitigated through signal processing, RIS
technology enables the electromagnetic propagation medium itself to be reconfigured in
near-real-time through programmable metasurface arrays comprising thousands of sub-
wavelength passive elements, each capable of inducing independent controllable phase
shifts on incident electromagnetic waves [10-13]. Deployed on building facades, road-side
structures, or purpose-built panels along vehicular corridors, RIS can create high-gain
reflection paths around obstacles, counteract Doppler-induced phase drift, reduce inter-cell
interference, and dramatically extend the effective coverage of 5G NR base stations (gNBs)
or Road-Side Units (RSUs) to serve high-mobility vehicular users [14-17].

Hybrid precoding architectures, which partition the spatial multiplexing function
between a high-dimensional analogue phase-shifting network (operating on radio-
frequency signals) and a low-dimensional digital baseband precoder (operating on complex
baseband), represent the state-of-the-art approach to realising the massive antenna array
gains of mmWave massive MIMO while drastically reducing the number of radio-
frequency (RF) chain hardware components -- each comprising a power amplifier, digital-
to-analogue converter (DAC), analogue-to-digital converter (ADC), and mixer -- that
dominate the power consumption and hardware cost of mmWave base stations [18-21].
The combination of RIS-assisted channel augmentation with hybrid precoding at the
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gNB/RSU represents a synergistic architecture that simultaneously exploits RIS-generated
spatial degrees of freedom to compensate for the rank deficiency of severely blocked
mmWave V2I channels, while maintaining the hardware efficiency advantages of the
single-RF-chain or few-RF-chain hybrid precoding framework [22-24].
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Figure 1. Proposed RIS-assisted hybrid beamforming V21 architecture in urban 5G NR environment.

Figure 1. Proposed RIS-assisted hybrid beamforming architecture for urban V2I communication:
gNB/RSU transmitter with hybrid precoder, building-mounted RIS panel, and vehicular UE receivers
exploiting both LOS and RIS-reflected NLOS paths.

Despite significant recent interest in RIS for vehicular communications, the existing
literature exhibits important limitations that motivate the present work. First, the majority
of existing RIS-V2I/V2X optimisation frameworks assume perfect channel state
information (CSI) at the gNB and ideal RIS phase control, conditions that are unattainable
in practical high-mobility scenarios where Doppler spread and channel ageing introduce
significant CSI estimation errors [25-28]. Second, few works explicitly address the joint
optimisation of the hybrid precoder and the RIS phase matrix, with most treating these as
independent design problems that miss the interaction between the two optimisation
variables [29-31]. Third, the energy efficiency implications of RIS elements -- which, while
passive in the RF sense, consume static power for their controller circuitry, feedback link,
and varactor/PIN diode biasing -- have received limited systematic analysis in the V2I
context [32-34].

To address these limitations, this paper makes the following contributions. First, we
propose a unified RIS-hybrid precoding framework for 5G NR V2I links at 28 GHz based
on a geometry-based stochastic channel model (GSCM) derived from the Saleh-Valenzuela
formulation and calibrated to the 3GPP TR 38.901 UMi scenario with explicit Doppler
modeling for vehicle speeds up to 150 km/h (Figure 1). Second, we formulate the joint
spectral-energy efficiency optimisation problem and develop an AO-SCA algorithm that
alternates between digital precoder design via weighted minimum mean-square-error
(WMMSE) optimisation and RIS phase design via manifold optimisation, with guaranteed
monotonic convergence. Third, we conduct comprehensive numerical evaluations --
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spanning spectral efficiency, energy efficiency, BER, coverage extension, and algorithm
convergence -- under realistic mobility scenarios with imperfect CSI, validating the
significant performance advantages of the proposed approach over benchmark systems.

2. Related Work

The literature on RIS for vehicular communications spans three primary research
threads: RIS channel modelling and measurement, RIS beamforming optimisation, and
hardware-efficient RIS-integrated architectures.

2.1 RIS Channel Modelling for V2X

Analytical and measurement-based characterisation of the cascaded transmitter-RIS-
receiver channel constitutes a foundational research thrust for vehicular scenarios. Zhu et
al. [35] developed a geometry-based stochastic model for RIS-assisted V2V links
incorporating mobility-induced Doppler and demonstrated that RIS can effectively double
the coherence time of vehicular channels through Doppler compensation. Alexandropoulos
and Vieira [36] analysed RIS-assisted propagation in tunnel environments, deriving closed-
form capacity expressions accounting for keyhole effects and showing that RIS achieves
full diversity order even in rank-one propagation. The 3GPP specification TR 37.885 [37]
and subsequent V2X channel models in TR 38.886 provide the standardised framework for
V2X channel simulation at sub-6 GHz; extensions to mmWave scenarios were studied by
MacCartney and Rappaport [38], whose wideband propagation measurements at 28 GHz
in urban vehicular environments informed the channel model adopted in this work. Basar
[39] showed theoretically that RIS phase patterns designed using Doppler-compensation
principles can significantly mitigate the frequency selectivity induced by vehicular
mobility, providing a foundation for the Doppler-aware phase design component of our
algorithm.

2.2 RIS Beamforming Optimisation

Optimisation of RIS phase configurations for beamforming gain maximisation has been
addressed under various objective functions and constraint sets. Wu and Zhang [40,41]
established foundational results on joint active and passive beamforming optimisation for
RIS-assisted MISO systems, demonstrating an O(N”2) power scaling law with the number
of RIS elements and proposing semidefinite relaxation (SDR) approaches for the non-
convex phase design problem. Guo et al. [42] extended the analysis to multi-user MIMO
scenarios and proposed successive refinement algorithms achieving near-optimal
performance with polynomial complexity. For hybrid precoding specifically, Abbas et al.
[43] studied joint hybrid beamforming and RIS optimisation in OFDM mmWave systems
using sparse signal recovery, while Ning et al. [44] proposed an alternating manifold
optimisation framework for multi-user scenarios that inspired components of the present
work. The specific challenge of V2I RIS optimisation under mobility was addressed by
Yuan et al. [45], who proposed a tracking-based phase update strategy with reduced
feedback overhead, though without integrating hybrid precoding at the gNB.

2.3 Hardware-Efficient RIS Integration
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The energy efficiency of RIS-integrated communication systems has attracted attention
in the context of green communications. Huang et al. [46] demonstrated that RIS can
outperform decode-and-forward relaying in energy efficiency by exploiting passive
beamforming gain without amplification power consumption. Bjornson et al. [47] provided
a critical comparative analysis of RIS versus active relay deployment strategies, identifying
regimes where the passive RIS advantage holds and where amplification overhead makes
relaying preferable. For hybrid precoding specifically, the single-RF-chain and few-RF-
chain architectures studied by Ayach et al. [48] and Zhang et al. [49] established the
hardware efficiency foundation that motivates the energy efficiency analysis in this paper.
The novel contribution of the present work relative to these prior efforts lies in the joint
treatment of hybrid precoding and RIS optimisation under mobile V2I conditions with
imperfect CSI, addressing a gap that existing literature has not fully resolved.

3. System and Channel Models

3.1 System Architecture

We consider a single-cell 5G NR downlink V2I scenario at 28 GHz in an urban micro
(UMi) environment, as depicted in Figure 1. The gNB/RSU is equipped with a uniform
planar array (UPA) of N_t = 64 antennas connected to N_RF = 4 RF chains via a phase-
shift-based analogue combining network. A single RIS panel of N = 128 elements is
mounted on a building facade at height h RIS. K = 2 single-antenna vehicular UEs
(representing adjacent vehicles or a vehicle and a pedestrian) move along a straight urban
road segment, with the gNB/RSU positioned at a street intersection. Each UE is equipped
with N_r =4 receive antennas and N_r"*{RF} = 2 RF chains. The transmit signal model is:

y=(H d+H 2*Theta*H 1)F RE*F BB*s+n (1)

where H d in C"{K x N _t} is the direct gNB-to-UE channel matrix, H 1 in C*{N x
N _t} is the gNB-to-RIS channel, H 2 in C*"{K x N} is the RIS-to-UE channel, Theta =
diag(e”{j*theta 1}, ..., e"{j*theta N}) is the RIS phase configuration matrix with
le”{j*theta n}| =1 for all n, F RF in C*{N _t x N_RF} is the analogue hybrid precoder
(constant-modulus), F BB in C*"{N RF x N_s} is the digital baseband precoder, s in
CM{N_s} is the transmitted symbol vector with E[ss"H] = (P/N_s)I, and n ~ CN(0, sigma”2
* 1) is additive white Gaussian noise.

3.2 Channel Model: Saleh-Valenzuela Formulation for mmWave V21

The cascaded V2I channel at 28 GHz is modelled using the Saleh-Valenzuela geometric
channel model calibrated to the 3GPP UMi scenario [37,50,51]. The direct gNB-to-UE
channel adopts L clusters with N_1 scatterers per cluster and is given by:

H d = sqrt(N_t*N r/(L*N 1)) * sum_{I=1}"{L} sum_{p=1}"{N_1} alpha {Lp} *
a_r(phi_{rLp},  theta_{r,Lp}) * a_t"H(phi_{t,Lp},  theta_{tlp}) *
exp(j*2*pi*f D*tau_{lLp}*t) (2)

where alpha {Lp} ~ CN(0, sigma {l,p}"2) is the complex path gain following
Nakagami-m statistics for the NLOS clusters (m=0.5 for harsh urban environments), a_r
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and a_t are the UPA array response vectors at the receiver and transmitter respectively, phi
and theta denote azimuth and elevation angles of departure/arrival, and f D = v * cos(psi)
/ lambda is the Doppler frequency corresponding to vehicle speed v (m/s), angle-of-arrival
psi, and carrier wavelength lambda = ¢/f ¢ =10.7 mm at 28 GHz. The close-in (CI) free-
space reference path loss model [52] is applied for large-scale fading:

PL(d) [dB] = FSPL(d _0) + 10*n_PL * log10(d/d_0) + X sigma 3)

where d 0 = 1 m is the free-space reference distance, n PL = 3.2 is the path loss
exponent for UMi NLOS, FSPL(d 0) = 20*log10(4*pi*f c*d 0/c) = 61.4 dB at 28 GHz,
and X_sigma ~ N(0, 7.82"2) dB is the log-normal shadowing term [53].

3.3 Energy Efficiency Formulation

The system energy efficiency (EE) is defined as the ratio of achievable sum-rate to total
power consumption [46,54]:
EE =R sum/P_total [bits/J] (4)

where R _sum = sum_{k=1}"{K} log 2(1 + SINR k) is the weighted sum spectral
efficiency in bits/s/Hz, and the total power P_total accounts for: transmit power P_tx, RF
chain circuit power N RF * P RF (P_RF =150 mW per chain including PA, DAC, mixer,
and LNA), and static RIS control power N * P_RIS elem (P_RIS elem = 1 mW per
element for PIN diode control, feedback logic, and bias circuitry [55,56]):

P total=P tx+ N RF*P RF+N*P RIS elem+ P _fixed (5)

Table 1. Key Simulation Parameters

Parameter ‘ Symbol Value ‘ Notes
fc

System bandwidth B 200 MHz 5G NR FR2
Transmit antennas N t 64 UPA (8x8)
RF chains (gNB) N_RF 4 Hybrid precoder
Receive antennas Nr 4 (per UE) UPA (2x2)
RIS elements N 128 UPA (16x8) dual-pol
Path loss exponent n PL 32 I3ng\./;iOIIILOS, 3GPP IR
Shadowing std. dev. sigma 7.82 dB UMi NLOS log-normal
Nakagami param. m 0.5 (NLOS) Severe urban scattering
Vehicle speed range v 30-150 km/h C-ITS deployment range
Monte Carlo runs - 1075 Convergence verified
Noise figure NF 7 dB 5G NR UE standard
RF chain power P RF 150 mW Per chain circuit power
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RIS element power P_RIS 1 mW Per element control
Fixed circuit power P_fixed 0.5W Baseband processing
Modulation - QPSK BER evaluation
Channel clusters L 6 Saleh-Valenzuela model

Table 1 summarises the key simulation parameters employed in all evaluations. The
choice of 28 GHz reflects the primary licensed 5G NR mmWave band for urban
deployment in multiple regulatory jurisdictions [7,9]. The Nakagami parameter m = 0.5
models severe urban scattering conditions with near-exponential fading distribution,
representing a conservative worst-case assumption for dense urban vehicular corridors
[57,58]. The RF chain power of 150 mW per chain is consistent with recent measurements
of commercial mmWave radio-on-chip implementations and represents a conservative but
realistic figure for 2024-era 28 GHz hardware [59,60].

4. Proposed Joint Hybrid Precoding and RIS Phase Optimisation

4.1 Problem Formulation

The joint optimisation problem for maximising the weighted sum spectral efficiency
under hybrid precoding and RIS phase constraints is formulated as:

max_{F RF,F BB, Theta} R _sum(F_RF, F BB, Theta)

subject to: |[F_RF|| F=N_s, |[[F RF] _{m,n}|= 1/sqrt(N_t) (constant-modulus)
theta n|=1,n=1, ..., N (unit-modulus RIS constraint)
Tr(F RF*F BB *F BB"H * F RF"H) <=P _max (power constraint) (6)

The objective function R_sum is jointly non-convex in (F_RF, F BB, Theta) due to the
unit-modulus constraints and the multiplicative coupling between RIS and precoder
variables. We address this non-convexity through an AO framework that decouples the
original problem into three sub-problems solved alternately: (i) digital precoder F BB
update via WMMSE; (ii) analogue precoder F_RF update via gradient ascent on the Stiefel
manifold; (iii) RIS phase vector Theta update via SCA with surrogate function
maximisation [44,61,62].

4.2 RIS Phase Optimisation via Successive Convex Approximation
The RIS phase sub-problem, with F_RF and F_BB fixed, is:

max_{theta: [theta n|=1} R sum(theta)

We construct a surrogate function g(theta; theta™{(t)}) that is a tight concave lower
bound on R _sum at the current iterate theta™{(t)}, obtained by applying the first-order
Taylor expansion of the log-det term in R_sum around theta™{(t)} [63,64]. The surrogate
maximisation decomposes into N independent phase update sub-problems, each admitting
a closed-form solution:
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theta n"{(t+1)} = exp(j * angle(q_n"{(t)})),n=1, .., N (7)

where q n*{(t)} = sum k w _k * h_{2,k}"H[:,n] * theta {-n}"{(t)} is the effective
gradient direction for element n with weights w_k from the WMMSE computation, and
theta {-n} represents all elements except the n-th. This closed-form per-element update
reduces the RIS phase sub-problem to O(KN) per iteration, enabling real-time execution
even for large N in vehicular platforms with embedded processors [65].

4.3 Doppler Compensation Component

To address the specific challenge of Doppler-induced phase drift in high-mobility V2I
scenarios, we augment the RIS phase update with a Doppler compensation term derived
from the estimated vehicle velocity and geometry [39,66]:

theta n”{Doppler} = exp(-] * 2*pi * f D*{(n)} * T update) (8)

where f D”{(n)} is the Doppler shift at the n-th RIS element estimated from the velocity
feedback obtained through 5G NR positioning reference signals (PRS), and T update is
the RIS phase update interval. The total phase for element n is theta n = theta n™{(t+1)}
* theta n™{Doppler}, effectively pre-compensating the Doppler phase rotation that would
occur between RIS update intervals [67,68]. This enables the proposed system to maintain
coherent combining at vehicle speeds up to 150 km/h (maximum Doppler shift of 3.9 kHz
at 28 GHz) within the RIS update latency budget of 1 ms, consistent with 5G NR Uu
interface numerology mu=3 (slot duration 0.125 ms) [69,70].

5. Simulation Results and Analysis

This section presents comprehensive simulation results evaluating the proposed RIS-
assisted hybrid precoding system across four performance dimensions: spectral efficiency,
energy efficiency, BER, and coverage extension. All results are obtained from Monte Carlo
simulations with 1075 independent channel realisations per SNR point, using the
parameters in Table 1 and the Saleh-Valenzuela GSCM described in Section 3.2.

5.1 Spectral Efficiency Performance

Figure 2 presents spectral efficiency results. Figure 2(a) shows the effect of RIS element
count N on sum spectral efficiency across the SNR range -10 to 34 dB with N RF =4. A
clear monotonic improvement with increasing N is observed across all SNR values,
consistent with the theoretical O(N"2) power scaling law of passive RIS beamforming [40].
The marginal gain per additional 64 elements decreases as N grows, reflecting the
diminishing returns in coherent combining as the phase alignment precision requirements
become increasingly stringent relative to the estimated CSI quality. At SNR = 10 dB,
increasing N from 64 to 128 elements provides 1.8 bits/s/Hz gain (18% improvement),
while the gain from 128 to 256 elements is 1.2 bits/s/Hz (10%), suggesting that N = 128
represents a near-optimal operating point for the considered hardware complexity and
power budget [71,72].
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Figure 2. Spectral efficiency results: (a) effect of RIS element count on sum SE; (b) comparison of
proposed RIS-HBF against full-MIMO, hybrid BF without RIS, and single-chain reference
architectures across SNR range.

Figure 2(b) compares the proposed RIS-HBF (N=128, N RF=4) against three
benchmark architectures: Full-MIMO (N_RF=8, no RIS), Hybrid BF without RIS
(N_RF=4), and Single-chain reference (no RIS). At low SNR (-10 to 5 dB), the proposed
system achieves spectral efficiency comparable to Full-MIMO despite using half the RF
chains, demonstrating that RIS-generated spatial degrees of freedom effectively
compensate for the reduced hardware complexity. At moderate SNR (5-20 dB), the
proposed system exceeds all benchmark architectures including Full-MIMO, confirming
the fundamental channel improvement enabled by RIS beamforming gain that cannot be
replicated by increasing the number of active RF chains alone [73,74]. At high SNR (>20
dB), Full-MIMO recovers its advantage due to the higher spatial multiplexing capability
with more streams; however, this regime corresponds to very short ranges (below 50 m)
that are atypical of V2I deployment scenarios [75].

5.2 Energy Efficiency and BER Analysis

Figure 3(a) analyses energy efficiency as a function of the number of active RF chains
N_RF at SNR = 10 dB. The proposed RIS-HBF achieves peak energy efficiency at N RF
=4 chains (EE approximately 4.2 Mbits/J), representing a 3.4x improvement over the full-
MIMO reference (EE approximately 1.25 Mbits/J at N RF=8). The energy efficiency of
the no-RIS hybrid BF system peaks at N RF = 2 chains at a substantially lower value
(approximately 3.0 Mbits/J), confirming that the RIS-assisted architecture achieves a
fundamentally better spectral efficiency per Watt by augmenting channel capacity through
passive beamforming rather than increasing active hardware consumption [46,55,56].
Beyond N_RF = 8-10 chains, all architectures exhibit declining EE as the marginal spectral
efficiency gains are outweighed by the linear increase in circuit power, consistent with
theoretical predictions of an EE-optimal RF chain count [76,77].
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Figure 3. Energy efficiency and BER performance: (a) EE vs number of RF chains at SNR =10 dB; (b)
BER vs SNR for QPSK modulation under Saleh-Valenzuela V21 channel at vehicle speed 60 km/h.

Figure 3(b) shows BER versus SNR performance for QPSK modulation at vehicle speed
60 km/h. The proposed RIS-HBF achieves BER = 10”-4 at SNR = 22 dB, representing a 7
dB SNR gain over hybrid BF without RIS and a 12 dB gain over the single-chain reference
at the same BER target. Notably, the proposed system outperforms Full-MIMO without
RIS by 2 dB at BER = 10"-4, confirming that the RIS beamforming gain exceeds the
additional spatial diversity gain provided by doubling the RF chain count. The error floor
visible in all curves at high SNR (above approximately 30 dB) is attributed to the residual
Doppler-induced inter-carrier interference that is not fully mitigated by the proposed
Doppler compensation at 60 km/h vehicle speed and 200 MHz bandwidth, consistent with
the cyclic prefix length of 5G NR numerology mu=3 [69,78].

5.3 Coverage Extension and Algorithm Convergence

Figure 4(a) evaluates the effective coverage radius -- defined as the maximum vehicle
separation from the gNB/RSU at which the instantaneous sum spectral efficiency exceeds
a threshold of 4 bits/s/Hz with 95% outage probability -- as a function of vehicle speed for
N =128 and N = 64 RIS configurations. At 60 km/h, the N=128 RIS-HBF configuration
extends effective coverage radius from 285 m (no-RIS hybrid BF) to 640 m, a 124%
extension attributable to the increased RIS beamforming gain compensating for the rapidly
increasing path loss with distance. Coverage degrades with vehicle speed for all
configurations due to increasing Doppler-induced channel estimation error and phase
alignment imprecision; however, the RIS-assisted system maintains a substantially larger
coverage advantage at all speeds [79,80].
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Figure 4. (a) Effective coverage radius vs vehicle speed for proposed RIS-HBF and benchmark; (b)
convergence behaviour of the proposed AO-SCA algorithm at SNR = 10 dB, showing monotonic
improvement over iteration count.

Figure 4(b) demonstrates the convergence behaviour of the proposed AO-SCA
algorithm against benchmark approaches (codebook-based phase selection and random
phase initialisation). The proposed AO-SCA algorithm converges monotonically within
12-15 iterations in all tested scenarios, consistent with the theoretical convergence
guarantee of SCA-based algorithms for unit-modulus optimisation problems [63,64]. The
codebook-based approach converges more slowly (approximately 20-22 iterations to the
same objective value) due to the discrete search overhead and coarser phase quantisation,
while random phase initialisation converges to a significantly suboptimal solution,
confirming the importance of the SVD-based warm start initialisation used in the proposed
algorithm [81,82].

Table 2. Performance Comparison with Existing RIS-V2I Works

EE Gain

Reference Architecture Freq. Elelflze?n ts r?f\loG-zl'(l;lS vs Full- 1?11(:)(:2:1:0
¥ MIMO s
Wu & Zhang | Passive RIS, | Sub-6 - .
[40] MISO Gz N=40 Not V2I N/A Static Perfect
Yuan et al RIS
: 4‘;] a1 Tracking, 5.9 GHz N=64 2.1x N/A 60 km/h Imperfect
SIMO
RIS Doppler - 1.8x dBm .
Basar [39] Mit., SISO 5.9 GHz N=32 RSSI N/A 120 km/h Estimated
Abbas et al. RIS-HBF, _ .
[43] OFDM 28 GHz N=64 2.3x SE 2.8x EE Static Perfect
Ning et al. RIS-HBF, - .
[44] Multi-user 28 GHz N=128 2.5x SE 3.1x EE Static Imperfect
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RIS+Hybrid

Proposed Precoder, 28 GH N=128 2.8x SE 3.4x EE 150 knvh Imperfect

RIS-HBF V2I AO- z ox X per
SCA

Table 2 contextualises the proposed system performance against related prior works.
The proposed RIS-HBF achieves the highest reported SE and EE gains among comparable
mmWave RIS-HBF systems, while uniquely evaluating performance under high-mobility
conditions up to 150 km/h with imperfect CSI -- conditions that are directly relevant to C-
ITS deployment scenarios but largely unaddressed in prior hybrid precoding plus RIS
optimisation works [83-85]. The comparison with Yuan et al. [45] and Basar [39] shows
that the proposed work provides substantially higher performance, attributable to the
mmWave operation and the joint optimisation of the hybrid precoder and RIS configuration
as opposed to independent design of each component.

6. Discussion

6.1 Practical Implementation Considerations

The practical deployment of the proposed RIS-HBF system in urban V2I infrastructure
raises several important engineering considerations beyond the idealised simulation
framework. Channel estimation overhead is the primary concern: estimating the cascaded
gNB-RIS-UE channel requires pilot resources scaling as O(N_t + N), which at N=128
elements and N_t=64 antennas represents a significant fraction of the 5G NR slot duration.
The Doppler-aware channel tracking strategy described in Section 4.3 reduces this
overhead by exploiting temporal channel correlation, but the estimation accuracy will
degrade for vehicle speeds above 120 km/h at the 200 MHz bandwidth considered here
[86,87]. Angle-domain channel estimation using compressed sensing techniques --
exploiting the sparse angular structure of the Saleh-Valenzuela mmWave channel -- can
substantially reduce pilot overhead to O(L) proportional to the number of resolvable
clusters [88,89], and represents the recommended approach for production deployments.

Hardware implementation of the 128-element RIS panel poses finite phase resolution
constraints not modelled in the simulation analysis. Commercial-grade RIS prototypes at
28 GHz use 2-bit (4-level) or 3-bit (8-level) phase quantisation implemented via PIN diode
or varactor switching [13,55]. The performance loss from 3-bit to continuous phase control
is quantifiable through the PAPR-like analysis of the quantisation error power, typically
yielding less than 1.5 dB SNR degradation -- an acceptable trade-off for the substantial
cost and power reduction that discrete-level phase control enables [56,65]. Future work
should evaluate the sensitivity of the proposed AO-SCA algorithm to phase quantisation
error and develop quantisation-aware phase optimisation variants.

6.2 Comparison with Active Relay Benchmarks

A legitimate question is whether the proposed passive RIS approach provides
advantages over conventional decode-and-forward (DF) or amplify-and-forward (AF)
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relay deployments at the same location. The energy efficiency analysis of Bjornson et al.
[47] provides the theoretical framework: passive RIS outperforms DF relay in EE when N >
sqrt(P_relay / (P_RIS elem * rho)), where P_relay is the relay transmit power and rho is
the path loss coefficient. For the parameters of this paper (P_relay approximately 100 mW,
P RIS elem = 1 mW, rho approximately 0.001 for 300 m range), this threshold is
approximately N > 316, suggesting that at N=128 the energy advantage of passive RIS over
relay is borderline at the considered ranges. The primary advantage of RIS in V2I scenarios
is therefore not solely energy efficiency but the ability to simultaneously serve multiple
UEs without additional spectrum resources, the absence of self-interference, and the lower
maintenance requirements of passive panel structures deployed on building facades.

The computational complexity of the proposed AO-SCA algorithm is analysed per
iteration. The WMMSE digital precoder update requires O(K * N_RF”3) operations for
the matrix inversions involved in computing the MMSE receive filters and update matrices.
The analogue precoder gradient update on the Stiefel manifold requires O(N_t * N_RF"2)
operations per gradient step. The RIS phase per-element SCA update requires O(K * N)
operations for computing the gradient direction q n for each of the N elements. The
Doppler compensation adds O(N) per update interval. The total per-iteration complexity is
therefore O(K * N_RF*3 + N _t * N RF*2 + K * N), which for K=2, N RF=4, N_t=64,
N=128 evaluates to approximately 2,000 floating-point multiply-accumulate (MAC)
operations -- well within the real-time processing capability of automotive-grade
embedded processors at the gNB/RSU with compute budgets of tens to hundreds of
GFLOPS [65,81,82]. The total algorithm execution time across 15 iterations is estimated
at approximately 30,000 MACs, requiring less than 1 microsecond on a modern digital
signal processor -- compatible with the 1 ms RIS update interval of the targeted 5G NR
numerology [69,70].

5.7 Computational Complexity Analysis

The Doppler compensation mechanism introduced in Section 4.3 is evaluated in
isolation to quantify its contribution to the system performance improvement. Without
Doppler compensation, the RIS phase configuration computed at estimation time t=0
becomes increasingly misaligned with the actual channel at application time t = T update
as vehicle velocity increases: the phase misalignment error accumulates as delta phi =
2*pi*f D*T update =2*pi*v*cos(psi)*T_ update/lambda, causing the coherent combining
gain of the RIS to degrade from N*2 (perfect alignment) towards N (fully incoherent)
[14,39]. At 60 km/h and T update = 1 ms, the maximum Doppler shift at 28 GHzis f D =
1.56 kHz, causing a phase error of delta phi = 0.56 rad -- sufficient to reduce RIS
beamforming gain by approximately 3 dB. With the proposed Doppler compensation, this
phase error is reduced to the residual positioning uncertainty error of approximately 0.02
rad (from 5G NR PRS positioning accuracy), recovering essentially full beamforming gain.
At 150 km/h, the uncompensated phase error reaches 1.39 rad, causing a 5.2 dB gain
reduction; the compensated system recovers within 1.1 dB of the ideal, confirming that
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velocity estimation accuracy is the dominant remaining limitation at extreme vehicle
speeds [39,66,67].

5.6 Doppler Compensation Effectiveness

In practical V2I deployments, the gNB/RSU simultaneously serves multiple vehicles
that may occupy substantially different positions along the vehicular corridor, resulting in
significantly different path loss, Doppler conditions, and RIS-assisted channel quality. The
WMMSE component of the proposed AO-SCA algorithm handles multi-user interference
suppression through user-weight optimisation; however, without explicit fairness
constraints, the algorithm naturally prioritises users with stronger channels, potentially
causing severe throughput starvation for distant or occluded vehicles [29,30]. We evaluate
the Sth-percentile outage spectral efficiency -- the minimum rate guaranteed to 95% of
vehicular users regardless of their position and mobility -- as a fairness-sensitive
performance metric across N UE = 2, 4, and 8 simultaneously served vehicles. The
proposed RIS-HBF achieves Sth-percentile SE values of 3.8, 2.9, and 2.1 bits/s/Hz for
N _UE = 2, 4, 8 respectively at SNR = 10 dB, representing improvements of 62%, 58%,
and 54% over the no-RIS hybrid BF baseline -- confirming that the RIS coverage extension
benefit is particularly pronounced for cell-edge vehicles that constitute the fairness
bottleneck in multi-user systems.

5.5 Multi-User Fairness and Outage Analysis

Simulation results (not shown for brevity) indicate that at epsilon = 0.05, the proposed
system incurs a spectral efficiency loss of approximately 0.8 bits/s/Hz at SNR = 10 dB
relative to the perfect CSI case -- a 7% degradation that remains substantially better than
the no-RIS hybrid BF baseline even under perfect CSI. This robustness is attributable to
two factors: first, the alternating optimisation framework inherently provides some
robustness through the regularisation implicit in the WMMSE formulation; second, the
Doppler compensation component of the phase update (Section 4.3) partially compensates
for the channel ageing component of the CSI error at known vehicle velocities [66,67]. At
epsilon = 0.10, corresponding to the most challenging conditions of vehicular speed
approaching 150 km/h, the SE loss grows to 1.5 bits/s/Hz (13% degradation), suggesting
that more robust or predictive channel estimation strategies -- such as Kalman filtering-
based channel tracking or neural network-based channel prediction -- would be beneficial
for deployment at such extreme velocities [83,84,88,89].

A critical practical concern for RIS-assisted V2I systems is the sensitivity of
performance to CSI estimation errors, which in high-mobility environments arise from both
channel estimation noise and channel ageing between the estimation epoch and the
precoding application epoch. To evaluate this sensitivity, we model the imperfect CSI as
H actual = H_est + Delta H, where H_est is the estimated channel and Delta H ~ CN(O0,
sigma_e”2 * I) is the estimation error with normalised error variance sigma_e”"2 = epsilon
* |H||_F~2 representing a fraction epsilon of the channel energy [25,26]. We evaluate the
proposed AO-SCA algorithm under epsilon = 0.01 (1% error, corresponding to high-
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quality estimation), epsilon = 0.05 (5% error, moderate quality), and epsilon = 0.10 (10%
error, corresponding to highly mobile conditions at 120-150 km/h with the OFDM pilot
density specified in 3GPP NR numerology mu=3) [69,70].

5.4 Robustness to Imperfect Channel State Information

7. Conclusion

This paper proposed and evaluated a hybrid precoding architecture augmented by a
Reconfigurable Intelligent Surface for spectral-efficient vehicle-to-infrastructure
communications in urban 5G NR mmWave environments. The proposed joint AO-SCA
optimisation framework achieves 2.8x improvement in sum spectral efficiency over hybrid
beamforming without RIS assistance, 3.4x energy efficiency gain over full-MIMO, and
124% extension in effective V2I coverage radius at 60 km/h -- all within 4 RF chains at
the gNB/RSU. The Doppler-aware phase update component maintains coherent RIS
combining up to 150 km/h vehicle speed, and the AO-SCA algorithm converges reliably
within 12-15 iterations with guaranteed monotonic improvement.

The results strongly support the adoption of building-mounted RIS panels as a cost-
effective network densification strategy for urban V2I mmWave corridors, particularly in
NLOS urban environments where direct gNB-vehicle links suffer severe blockage. Future
research directions include extension to multi-RIS cooperative deployment scenarios,
integration with 5G NR beam management procedures for practical CSI acquisition,
experimental validation on RIS hardware testbeds at 28 GHz, and machine learning-based
adaptive phase control for non-stationary vehicular channel environments.
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