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Abstract – Vehicular communications are gaining a lot of attention for the delivery of enhanced mobility services that re‑
quire multi‑Gbps and low latency connections. In this paper, we focus on Infrastructure‑to‑Vehicle (I2V) communications
where a gNB has to assign spatial resources to a number of connected vehicle users. To ef iciently manage the scheduling,
we compare the Zero Forcing (ZF) and Maximum Ratio (MR) precoding strategies by evaluating the effect of shifting from
sub‑6 GHz to millimeter wave (mmWave) frequencies in urban and highway mobility scenarios. We analyze the impact of
the geometry of the environment and propagation characteristics at different frequencies in terms of number of users that
can be served and spectral ef iciency. To model the I2V channel, we integrate realistic traf ic conditions generated by SUMO
into an accurate channel model based on ray tracing software by WirelessInsite. By numerical results we demonstrate the
degradation at mmWave compared to sub‑6 GHz on the multiplexing gain. We show the higher ef iciency of ZF compared
to MR as the former is not limited by inter‑user interference, especially in urban scenarios where the number of distinctive
eigendirections in space is limited. On the other hand, highway mobility has a more uniform distribution of vehicles that can
be conveniently explored by the ZF scheduling to serve more users. Lastly, we show the bene its of adopting a higher number
of transmit antennas at mmWave jointly with ef icient scheduling to achieve higher spectral ef iciency.
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1. INTRODUCTION
The integration of dedicated communication technologies 
within current automotive ecosystems is expected to en‑ 
able faster, safer, and greener mobility [1, 2]. Among 
the recent technological advances, Vehicle‑to‑Everything 
(V2X) networking paradigms [3, 4, 5] are foreseen as 
disruptive, being designed to transfer multi‑Gbps data 
streams and ultra‑reliable and low‑latency communica‑ 
tions [6, 7, 8]. Rooted in 5G [9, 10] and following 
the related evolution towards 6G [11, 12, 13], they are 
conceived to support direct interactions among vehicles 
and road infrastructures via Vehicle‑to‑Vehicle (V2V) and 
Vehicle‑to‑Infrastructure (V2I) communications [14, 15], 
while enabling a wide range of vehicular use cases [16, 
17, 18, 19]. Among them, it is worth mentioning co‑ 
operative perception and planning strategies, platoon‑ 
ing, and advanced driving [20]. Despite the far‑reaching 
possibilities introduced by V2X networking, sophisticated 
processing tools, ef icient resource allocation strategies, 
as well as novel frequency bands are needed to meet 
the stringent requirements imposed by safety‑critical 
autonomous driving applications [21].
Nowadays, the research interest is focusing on millime‑ 
ter wave (mmWave) frequencies [22, 23] for accommo‑ 
dating the ever‑increasing demand of communication re‑ 
sources for V2X use cases, providing a remedy to the over‑ 
saturated bands at sub‑6 GHz [24]. The wide spectrum 
availability makes them ideal to support fast, reliable, and 
ultra‑wide bandwidth connections between vehicles, 

infrastructures and road users. Nevertheless, when 
com‑ pared to standardized cellular sub‑6 GHz systems, 
they face more propagation challenges as the mmWave 
signal is subject to higher propagation and penetration 
losses. Massive Multiple‑Input‑Multiple‑Output (MIMO) 
antenna systems are deployed to counteract such 
detrimental effects by using collimated spatial beams 
and concentrate the transmission power towards the 
receiver [25, 26, 27, 28, 29].

At mmWaves, the conventional spatial multiplexing 
strategies developed for sub‑6 GHz cellular technologies 
may not be equally performing as the channel propaga‑ 
tion characteristics signi icantly differ. Indeed, mmWave 
channels tend to be constituted by a few dominant clus‑ 
tered paths with sparse algebraic structure [30, 31]. 
Moreover, the large number of antenna elements em‑ 
ployed at these frequencies limit the classic processing 
methodologies for sub‑6 GHz, e.g., precoding, and demand 
new design strategies [32]. These effects are further exac‑ 
erbated when considering highly dynamic environments, 
and in particular vehicular networks, where these opera‑ 
tions should be implemented on a very short periodic ba‑ 
sis [33]. The next generation of mobile cellular stations, 
i.e., gNBs, should implement intelligent spatial scheduling 
techniques to guarantee a fair access to the available com‑ 
munication resources for all connected users.
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Paper contribution
In this paper, we explore the problem of spatial schedul‑
ing at mmWaves and compare it with respect to the sub‑6
GHz case, thus examining the effect of a completely dif‑
ferent propagation condition (the mmWave channel is by
far more sparse than the sub‑6 GHz one). In our pre‑
vious work [34], we demonstrated that the spatial re‑
sources, or equivalently, spatial multiplexing ef iciency
in the mmWave band is lower compared to the common
uncorrelated Rayleigh channel model. However, there
are still some aspects left behind to be examined further.
Therefore, in this paper we aim to expand our previous
investigation by adding the following contribution:

• a deeper analysis of the multiplexing gain loss at
mmWave with respect to sub‑6 GHz band;

• the design and implementation of a more realistic
channel model based on WirelessInsite [35] in place
of a generic Rayleigh channel model; it allows us to
realistically evaluate the position‑dependent chan‑
nel for both mmWave and sub‑6 GHz frequencies;

• the analysis on the eigen‑structure of the channel
correlation matrix to witness the differences be‑
tween mmWave and sub‑6 GHz propagation and its
impact over the multiplexing gain;

• the analysis in two practical Infrastructure‑to‑
Vehicle (I2V) scenarios, namely highway and urban
environments, to demonstrate the impact of the
environment geometry on the multiplexing gain;

• the analysis on the impact of antenna con iguration
(such as 8 × 8 and 32 × 32 Uniform Planar Arrays
(UPAs)) and associated beam resolution on spatial
multiplexing;

• the comparison of two precoders, i.e., Zero Forcing
(ZF) and Maximum Ratio (MR), over all simulations
to quantify the effect of interference on spatial mul‑
tiplexing at the mmWave band.

The I2V context is examined for urban and highway mo‑
bility conditions, which are characterized by time‑varying
traf ic densities and different vehicles’ speeds. Realistic
traf ic patterns are obtained using a traf ic simulator and
are used as input to an electromagnetic ray‑tracer to ob‑
tain the corresponding channel impulse response at both
mmWave and sub‑6 GHz frequencies. The analysis tar‑
gets to quantify the degradation of two widely used lin‑
ear precoders, namely ZF and MR, in case of moving from
the sub‑6GHz frequency region (forwhich they have been
demonstrated to be extremely ef icient) to mmWave. By
numerical simulations we show that mmWaves incur a
lower spatial multiplexing gain due to the sparsity of the
channel (and con irmed by a faster decay of the magni‑
tude of eigenvalues); ZF outperforms MR thanks to its
interference‑suppression capability; and that MIMO sys‑
temswith a large number of antenna elements are needed

to signi icantly increase the spectral ef iciency and let the 
gNB serve a higher number of users.

Paper structure
The structure of the paper is as follows. Section 2 presents 
an overview of spatial scheduling algorithms while Sec‑ 
tion 3 details the system model and linear precoders 
considered in this paper. Section 4 discusses the semi‑ 
orthogonal user selection algorithm. Section 5 explains 
the simulation framework while the numerical results are 
in Section 6. Lastly, Section 7 concludes the paper.

Paper notation
Uppercase boldface letters stands for matrices and lower‑ 
case boldface for vectors. Symbol || ⋅ || represents the Eu‑ 
clidean norm operator, | ⋅ | is the absolute value or the car‑ 
dinality of a set according to the input variable, (⋅)∗ stands 
for the conjugate transpose, and (𝑥)+ = max (𝑥, 0). H†

is the pseudo‑inverse of H. Operation 𝔼{⋅} indicates the
expected value. Lastly, 𝒩ℂ(𝜇, 𝜎2) denotes a circularly‑ 
symmetric complex Gaussian distribution with mean and 
variance equal to 𝜇 and 𝜎2, respectively.

2. RELATED WORK
Spatial scheduling in V2X systems has been addressed 
in several papers in the literature, where a variety of al‑ 
gorithms have been proposed. Complete surveys on re‑ 
source allocation in vehicular networks are in [14, 15, 36], 
where most of the existing algorithms are compared in 
V2X scenarios.
The Proportional Fair (PF) scheme with its related adap‑ 
tations is probably a largely adopted solution in wire‑ 
less networks [37, 38]. It is optimal for stationary chan‑ 
nels and, in addition, it is able to consider and exploit the 
users’ channel diversity. However, V2X communications 
are characterized by non‑stationary channels [39, 40, 41], 
and the temporal duration of a connection with a gNB can 
be very short (few seconds) [42]. For this reasons, PF 
easily loses its ef icacy. To enhance the PF scheduler per‑ 
formance, authors in [43] introduced a data rate predic‑ 
tion mechanism that exploits mobility information. A real 
dataset was used to quantify the performance gain which 
amounts to an increased throughput of 15%‑55% with re‑ 
spect to the traditional PF scheduler.
With the increasing number of antennas, it is easier to 
experience independent channels across multiple users 
served by a gNB, and the classical linear precoding 
schemes (e.g., ZF) can obtain a good performance, still 
keeping the complexity low. The algorithm for user group 
selection with ZF is detailed in [44], [45], and [46]. How‑ 
ever, those works [44, 45, 46] assumed Rayleigh fading 
channels, an assumption that fails in case of mmWave 
channels. In [47] and [48], the authors proposed an al‑ 
gorithm for user subset selection by ZF, but they did not 
enforce semi‑orthogonality across users as they address 
the problem of cancelling the interference by dirty 
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paper coding. In [49], a low complexity scheduling 
algorithm with block diagonalization was proposed to 
eliminate inter‑user interference with perfect channel 
state in‑ formation since the transmitter decomposes a 
multiuser MIMO channel into multiple parallel 
independent single‑ user MIMO channels. For a large 
number of users, the transmitter only selects the best 
quality served users to maximize the system 
throughput. The authors of [50] proposed an ef icient 
scheduling algorithm for downlink MIMO systems using 
ZF beamforming to achieve high system throughput 
with low computational complexity. Based on a 
theoretical approach, they represented the system as a 
graph and formulate the scheduling problem as a 
maximum weight k‑colorable subgraph problem. Ad‑ 
ditionally, [51] employed different precoders along with 
max‑min power control to investigate achieved spectral 
ef iciency in the context of cell‑free massive MIMO with 
centralized and distributed precoder design.
Most of the above‑mentioned works lack in terms of re‑ 
alistic simulation methodology, application to a real use 
case, e.g., vehicular network and, most notably, they do 
not deal with mmWave signal propagation. By contrast, 
in this paper, we analyze the bene its and limits of two 
different spatial scheduling algorithms, i.e., ZF and MR, 
by exploiting an accurate position‑based ray tracer for 
channel model in two vehicular environments (urban and 
highway) at both sub‑6 GHz and mmWaves, showing how 
the latter strongly impact the multiplexing ef iciency.

3. SYSTEM MODEL
In this section, we irst detail the model for a multi‑ 
antenna communication system in Section 3.1, then in 
Section 3.2 we de ine the spectral ef iciency objective 
function to be optimized by ZF and MR precoders.

3.1 Communication system
We consider a single cell scenario with 𝐾 single antenna 
receivers (i.e., vehicle users) served by a gNB. The gNB is 
responsible for allocating all the radio resources. The 
gNB is equipped with a UPA of 𝐼 antennas overall, which 
allows the transmission of up to 𝐼 independent streams 
via spatial multiplexing. The array is arranged along the 
𝑦𝑧‑ plane, with 𝐴 and 𝐵 elements on 𝑦 and 𝑧 axes such 
that 𝐴 × 𝐵 = 𝐼 .  The transmit array response vector a𝑇 
(𝜗𝑛, 𝜙𝑛) ∈ ℂ𝐼×1 for a single path 𝑛 is thus [52]

a𝑇 (𝜗𝑛, 𝜙𝑛) = 1√
𝐼

[1, ⋯ , e𝑗ℓ𝑑(𝑎 sin𝜗𝑛 sin𝜙𝑛+𝑏 cos𝜙𝑛), ⋯

⋯ , e𝑗ℓ𝑑((𝐴−1) sin𝜗𝑛 sin𝜙𝑛+(𝐵−1) cos𝜙𝑛)]T , (1)

where the indexes 𝑎 and 𝑏 identify a single antenna el‑
ement along 𝑦 and 𝑧 axes, respectively, ℓ = 2𝜋/𝜆,
𝜆 is the wavelength, 𝑑 is the inter‑element spacing, and
(𝜗𝑛, 𝜙𝑛) is the pair of Angles of Departure (AODs), in
terms of azimuth and elevation, from the gNB.

Fig. 1 – Block diagram of the multiuser multiple input single output
channel.

The downlink channel vector h𝑘 ∈ ℂ1×𝐼 for each user 𝑘 is
de ined as

h𝑘 =
𝑁𝑝,𝑘

∑
𝑛=1

𝛼𝑛a∗
𝑇 (𝜗𝑛, 𝜙𝑛) , 𝑘 = 1 ⋯ 𝐾, (2)

where,𝛼𝑛 denotes the channel complex coef icient for the
𝑛‑th path, while𝑁𝑝,𝑘 is the total number of paths between
gNB and user 𝑘. By collecting the downlink channels of
all 𝐾 users into one matrix H = [hT

1, ⋯ ,hT
𝐾]T ∈ ℂ𝐾×𝐼 ,

we canwrite the linear transformationmodel for themul‑
tiuser system as

y = Hx + n = HWPs + n , (3)

where y ∈ ℂ𝐾×1 is the collective received symbol for all
users, n = [𝑛1, ⋯ , 𝑛𝐾]T ∈ ℂ𝐾×1 is the additive com‑
plex white Gaussian noise, with each element 𝑛𝑘 inde‑
pendently drawn from 𝒩ℂ(0, 𝜎2

𝑛), and x ∈ ℂ𝐼×1 is the
transmitted signal from gNB at a speci ic time instant. Let
s = [𝑠1, ⋯ , 𝑠𝐾]T with 𝑠𝑘 ∼ 𝒩ℂ(0, 1), w𝑘 ∈ ℂ𝐼×1, and 𝑃𝑘
be the collective transmitted symbol, beamforming pre‑
coder, and associated power to user 𝑘, respectively, with
W = [w1, ⋯ ,w𝐾] and P = diag ([√𝑃1, ⋯ , √𝑃𝐾]) being
the collective matrix form of precoders and users’ pow‑
ers. Therefore, the transmitted signal from gNB is x =
∑𝐾

𝑘=1 √𝑃𝑘w𝑘𝑠𝑘 and, accordingly, the received symbol for
user 𝑘 is:

𝑦𝑘 = (√𝑃𝑘h𝑘w𝑘)𝑠𝑘 + ∑
𝑗≠𝑘

√𝑃𝑗h𝑗w𝑗𝑠𝑗 + 𝑛𝑘 , (4)

where the irst term on the right hand side is the desired
signal for the intended user 𝑘, and the second term is the
undesired interference. Accordingly, the equivalent block
diagram of the described communication system is illus‑
trated in Fig. 1.

3.2 Spectral ef iciency and downlink pre‑
coders

In this section, we irst brie ly review two well‑known
precoders, i.e., ZF andMR, which we consider in our anal‑
ysis as they provide low computational complexity. For
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an I2V communication systemwith 𝐼 antennas at gNBand
𝐾 users to be served, the computational complexity for ZF
and MR is 𝑂(𝐾2𝐼) and 𝑂(𝐾), respectively [53].
In the literature, ZF is acknowledged as the suboptimal
solution to determine a beamforming precoder that sat‑
is ies the zero‑interference condition across users, i.e.,
hT

𝑘w𝑗 = 0 for 𝑗 ≠ 𝑘. A choice ofW that ful ills the zero‑
interference conditionacross the set of selectedusers𝑆 ⊆
𝐾 by gNB scheduler is given by:

W(𝑆) = H(𝑆)†

‖H(𝑆)†‖ = H(𝑆)∗(H(𝑆)H(𝑆)∗)−1

‖H(𝑆)∗(H(𝑆)H(𝑆)∗)−1‖ , (5)

where H(𝑆) is the corresponding sub‑matrix of H. The
normalization is applied to achieve 𝔼{‖w𝑘‖2} = 1. Ad‑
ditionally, MR is the simplest precoder in MIMO systems
where no matrix inversion is required. The MR intrin‑
sically tries to maximize the gain for the respective user
without any interference suppression over the others.
The precoder matrix for MR is evaluated as:

W(𝑆) = H∗(𝑆)
‖H(𝑆)‖ , (6)

where the normalization is done again to achieve
𝔼{‖w𝑘‖2} = 1. The normalization is essential to provide
a fair comparison among twoprecoderswhichwill be dis‑
cussed in Section 6. Following the input‑output model in
(4), the achievable downlink Spectral Ef iciency (SE) for
each user 𝑘 is computed by considering the interference
as noise [53] as follows:

𝑆𝐸𝑘 = log2
⎛⎜
⎝

1 + 𝑃𝑘|h𝑘w𝑘|2
∑𝑠∈𝑆

𝑠≠𝑘
𝑃𝑠|h𝑘w𝑠|2 + 𝑛𝑘

⎞⎟
⎠

, (7)

and the total achievable downlink spectral ef iciency is:

𝑅(𝑆) = max
𝑃𝑠∶∑𝑖∈𝑆 𝑃𝑠≤𝑃

∑
𝑠∈𝑆

𝑆𝐸𝑠 , (8)

where 𝑃𝑠 is the transmitted power being assigned to the
selected user 𝑠 ∈ 𝑆 and 𝑃 is the available power to be as‑
signed by the gNB. The optimal power allocation 𝑃𝑠 can
be achieved by water‑ illing, where the power 𝑃 is dis‑
tributed among the users according to their channel qual‑
ity, i.e., allocating lower power to the users with higher
noise. The associated power is evaluated as [54]:

𝑃𝑠 = (𝜇 − 𝜎2
𝑛

‖h𝑠‖2 )
+

, (9)

where the water level 𝜇 is calculated by solving

∑
𝑠∈𝑆

(𝜇 − 𝜎2
𝑛

‖h𝑠‖2 )
+

= 𝑃. (10)

It should be noted that for the deterministic channel H,
the optimum value for (8) can be achieved by applying
water‑ illing over the eigenvalues ofHH∗ with power con‑
straint of 𝑃 [54]. However, inding the optimal subset of
users that maximized the achievable rate is computation‑
ally expensive and requires a brute force search. There‑
fore, in the next section, we explain the developed algo‑
rithm for the selection of users 𝑆 ⊆ 𝐾 , by considering a
constraint on the orthogonality across them.

4. SEMI‑ORTHOGONAL USER SELECTION
In this section, we explain how a subset 𝑆 ⊆ 𝐾 of users
is selected. Only after this step, the precoder matrices
(5) and (6) can be built and it is possible to use water‑
illing to maximize the system capacity in (8). The follow‑
ing algorithm guarantees a speci ic level of orthogonality
among users, which determines the level of interference
a user causes to another one. As will be stressed later
on in Section 6 for the MR precoder, orthogonal channels
are bene icial to lower themutual interference. Let us de‑
note with 𝑆 the dynamic set of selected users that has to
be served by the gNB. The user selection from the gNB is
based on an iterative algorithm. The single iteration is de‑
noted with 𝑖, while 𝑇𝑖 is the set of non‑selected users at
iteration 𝑖 = 1, … , 𝐼 . Initially, 𝑇1 = 𝐾 (i.e., it contains all
𝐾 users), while 𝑆 is empty. At iteration 𝑖, for each user
𝑘 ∈ 𝑇𝑖, the algorithm computes g𝑘, the orthogonal com‑
ponent of h𝑘 to the subspace spanned by already selected
users {g(1), ⋯ , g(𝑖−1)} as:

g𝑘 = h𝑘 (I −
𝑖−1
∑
𝑗=1

g∗
(𝑗)g(𝑗)

||g(𝑗)||2
) , (11)

where g(𝑗) corresponds to the orthogonal channel compo‑
nent of the user selected at iteration 𝑗, and for the irst
iteration we set g𝑘 = h𝑘. Afterwards, the algorithm
chooses the user with the strongest orthogonal channel
component as:

𝜋(𝑖) = argmax
𝑘∈𝑇𝑖

‖g𝑘‖ . (12)

Next, the algorithm checks if adding the current new can‑
didate in the system can increase the system capacity in
(8). If the capacity is increased, then the candidate is
added to 𝑆, and g(𝑖) = g𝜋(𝑖). If |𝑆| < 𝐼 a new set for
the next iteration is evaluated by considering the follow‑
ing orthogonality constraint

𝑇𝑖+1 = {𝑘 ∈ 𝑇𝑖, 𝑘 ≠ 𝜋(𝑖)|
|h𝑘g∗

(𝑖)|
‖h𝑘‖ ⋅ ∥g(𝑖)∥

≤ 𝛽} , (13)

where 𝛽 is the semi‑orthogonality threshold, which as‑
sumes a value between 0 and 1 (0 means perfect orthog‑
onality). If the constraint is satis ied for a user, then it
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Algorithm 1 User selection algorithm.
1: Initialize 𝑇1 = {1, ..., 𝐾}, 𝑆 = ∅, 𝑖 = 1.
2: while |𝑆| ≤ 𝐼 and 𝑇𝑖 ≠ ∅ do
3: if 𝑖 = 1 then
4: g𝑘 = h𝑘, ∀𝑘 ∈ 𝑇1
5: else
6: Compute g𝑘 according to (11), ∀𝑘 ∈ 𝑇𝑖
7: end if
8: Select the best user according to

𝜋(𝑖) = argmax
𝑘∈𝑇𝑖

||g𝑘||

9: CalculateΔ𝑅 = 𝑅(𝑆 ∪𝜋(𝑖))−𝑅(𝑆) following (8).

10: if Δ𝑅 > 0 then
11: 𝑆 ← 𝑆 ∪ {𝜋(𝑖)}
12: g(𝑖) = g𝜋(𝑖)
13: Update 𝑇𝑖+1 according to (13)
14: 𝑖 ← 𝑖 + 1
15: else
16: Break.
17: end if
18: end while

is added to 𝑇𝑖+1 for the next iteration; otherwise, it is dis‑
carded. The complete algorithm for user selection is sum‑
marized in Alg. 1. Additionally, for 𝐼 > 𝐾 the selection
algorithm has a complexity of 𝑂(2𝐾2) while for 𝐼 < 𝐾 it
is of 𝑂(2𝐾𝐼).

5. SIMULATIONMETHODOLOGY
Spatial scheduling schemes are here evaluated using a
simulation framework that supports the lexible con ig‑
uration of environments, vehicle types and densities, as
well as electromagnetic propagation properties. Inspired
by the simulator in [55], we integrate realistic traf ic,
real‑worldmaps and an electromagnetic solver to reliably
characterize radio frequency propagation for I2V commu‑
nications. Speci ically, we integrate SUMO [56] and Open‑
StreetMap [57] to model vehicular traf ic over real road
networks, and WirelessInsite [35] to obtain the position‑
dependent channel impulse response along with channel
coef icients and AoDs as in (2). By taking as input the po‑
sitions, velocities and headings of all vehicles from SUMO
and the coordinates of the gNB, WirelessInsite enables a
realisticmodelingof the I2V channel at bothmmWaveand
sub‑6 GHz frequencies, which are then used to evaluate
the performance of the spatial multiplexing strategies de‑
scribed in Section 4.
To analyze the effect of traf ic patterns and the impact of
vehicular mobility, we consider two different I2V scenar‑
ios, namely:

1. an urban environment in the city of Rosslyn, Virgina,
USA;

2. a type C highway (dual carriageway) in Milan, Italy.

Figures 2a and 2b report a screenshot of the WirelessIn‑
site simulator in both urban and highway scenarios, re‑
spectively, where the gray blocks represent buildings
while vehicles are in red. Three roads characterize the
urban settings, while a single 400 m long road is consid‑
ered for the highway. Both scenarios support two‑way
lanes that allowvehicles to enter/exit the simulation from
top/bottom, for the urban environment, and left/right for
the highway. In this regard, Fig. 3 exempli ies four possi‑
ble trajectories in the urban area. To consider the same
number of vehicle users to be served by the gNB, we set
to 30 the number of connected vehicles that are present in
the scenario. In case the traf ic demand results in a higher
number of vehicles, the exceeding vehicles are considered
as potential blockers. Due to the randomness of trajec‑
tories, any vehicle that exits the scenario is randomly re‑
placed by another one. The gNB (green cube) is located in
the center of each environment.
The main parameters characterizing vehicles’ mobility,
simulation duration, and geometric properties of the en‑
vironments are summarized in Table 1. Identical trajecto‑
ries and gNB positions are considered for a fair compari‑
son between mmWave and sub‑6 GHz.
Table 1 – Simulation parameters for urban and highway scenarios.

Parameter Urban Highway
Sampling time 1 s 1 s

Duration of simulation 100 s 100 s
Traf ic low 1.5 veh/s 3.5 veh/s

Maximum speed 50 km/h 80 km/h
Area 500x200 m 600x500 m

Regarding the parameters for channel simulation inWire‑
lessInsite, we select a frequency of 3.6GHz for sub‑6GHz
channels, and 28GHz for mmWave. The signal bandwidth
is 20MHz, while the noise power is 𝜎2

𝑛 = −81 dBm. All ve‑
hicles are assumed to have an isotropic antenna placed at
15 cm above the vehicle roof, while the gNB is equipped
with an 8 × 8 UPA (unless otherwise speci ied). More‑
over, the channel is assumed to be perfectly known at
the gNB and the total average power at the transmitter
is 𝑃 = 20 dBW.

6. NUMERICAL RESULTS

In this section, we present and analyze numerical results
to demonstrate how mmWave propagation characteris‑
tics affect scheduling in the spatial domain with respect
to conventional sub‑6 GHz channels. Moreover, we aim to
analyze the impact of orthogonality constraint 𝛽 in (13)
on ZF and MR precoders.
Fig. 4 shows the averaged number of selected users for
the ZF (dotted line) and MR (dashed line) precoders, in
bothurban (red color) andhighway (blue color) scenarios
and for both sub‑6 GHz and mmWave frequencies, with
respect to orthogonality threshold 𝛽. We recall that 𝛽 de‑
ines the orthogonality constraint among users (13), and
that 𝛽 = 0 means perfect orthogonality. Increasing the
value of 𝛽 (from 0 to 1) implies accepting interference
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(a) Urban scenario, Rosslyn, Virginia, USA.

(b) Highway scenario, Milan, Italy.

Fig. 2 – Simulated (a) urban and (b) highway scenario inWirelessInsite.
Gray objects represent buildings while vehicles are in red. The green
point is the gNB.

Fig. 3 – Example of four possible trajectories in the urban scenario.

among the users’ channel while establishing a candidate 
list for the next iteration of user selection. The analysis 
suggests that a relaxation of the orthogonality constraint 
has a different impact on the two precoders. Indeed, for 
the MR precoder, the number of selected users initially in‑ 
creases but then it saturates. On the other hand, for ZF, we 
experience a monotonic increase of selected users. The 
different behavior and impact of 𝛽 can be explained by in‑ 
vestigating the intrinsic characteristics of each precoder. 
Potentially, ZF is able to suppress the interference while 
increasing the spectral ef iciency for all users; while MR 
seeks to maximize the spectral ef iciency for each user re‑ 
gardless of the interference level. Therefore, when above 
the speci ic orthogonality threshold constraint, the inter‑ 
ference signi icantly affects the user selection algorithm, 
and it can strongly degrade the system performance and 
limit the number of users that a gNB can serve. In the 
same igure it is also possible to infer that the harsh prop‑ 
agation conditions of urban areas reduce the multiplex‑ 
ing gain. This behavior can be justi ied by visualizing the 
eigenvalues of the channel correlation matrix HH∗.
The magnitude of ordered eigenvalues is reported in 
Fig. 5 for both highway and urban scenarios over sub-

Fig. 4 –Number of selected users using ZF andMRprecoders in highway
and urban environment over sub‑6GHz andmmWave band, and consid‑
ering an 8 × 8 UPA at gNB.

Fig. 5 – Averaged eigenvalues for highway and urban scenario using a 
8 × 8 UPA at gNB.

6 GHz and mmWave band. The values are obtained by 
aver‑ aging over all time instants. The faster decay of the 
curve for the urban scenario con irms that it is harder to 
have a high multiplexing gain, as opposed to a smoother 
trend for the highway case. As an example, the difference 
be‑ tween the irst and ifth eigenvalues in the highway 
scenario for sub‑6 GHz and mmWave is 8.34 dB and 8.35 
dB, respectively, while in the urban scenario it is 10.44 
dB and 16.31 dB, respectively. Moreover, for each 
scenario, the curve decays faster for mmWaves with 
respect to sub‑6 GHz as they are more affected by 
blockage and penetration losses, and have less scatter 
points, i.e., the mmWave channel is more sparse. As a 
result, there are limited distinctive angles that the gNB 
can exploit to transmit to‑ ward vehicles. To further 
clarify this point, we employ the eigendecomposition of 
the channel correlation ma‑ trix as HH∗ = UΛU∗,  where 
Λ is the diagonal matrix of ordered eigenvalues, and U 
collects the associated eigen‑ vectors (or 
eigendirections). For each eigendirection, the 
corresponding eigenvalue determines the magnitude of 
the direction in space. A rapid decay of eigenvalues 
means that there are few signi icant directions in space 
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(a) ZF (b) MR

Fig. 6 – Achievable spectral ef iciency for (a) ZF and (b) MR precoders in highway and urban scenarios over sub‑6 GHz andmmWave bands, and consid‑
ering an 8 × 8 UPA at gNB. Solid lines represent the achievable Upper Bound (UB).

to be explored for spatial multiplexing, as only a limited 
number of good‑quality channels can be used. All in all, 
it is possible to conclude that a lower number of users 
is served by the gNB at mmWave with respect to sub‑6 
GHz due to a lower number of resolvable spatial 
directions on the I2V link (from gNB to vehicles) that 
can be exploited for spatial multiplexing.
To complement the analysis on the number of users that 
the gNB can serve, in Fig. 6 we report the achievable 
spectral ef iciency (8) for sub‑6 GHz and mmWave in ur‑ 
ban and highway scenarios using the ZF (Fig. 6a) and MR 
(Fig. 6b) precoders. In both igures, we also represent 
the upper bound of spectral ef iciency (solid lines) for all 
the simulated scenarios. Recalling Section 3, the upper 
bound is evaluated by applying water‑ illing over the 
eigenvalues of the channel correlation matrix HH∗.  
Comparing Fig. 6a and Fig. 6b, we notice that ZF is able to 
get closer to the corresponding upper bound compared 
to MR. Moreover, comments in the previous paragraph 
on the impairments attributable to mmWave 
propagation are applicable in these igures as well.
As a inal analysis, we want to demonstrate the impact of 
antenna con iguration on multiplexing gain at mmWave 
by considering two antenna array con igurations at the 
gNB, i.e., 8 × 8 and 32 × 32 UPA. In fact, increasing the 
number of antennas facilitates the gNB capability of dis‑ 
criminating spatially‑closed users that have similar AoD 
directions. Fig. 7 compares the two UPA con igurations 
in terms of the number of selected users with respect to 
orthogonality constraint 𝛽 for mmWave I2V communica‑ 
tions in urban and highway scenarios. By increasing the 
number of antennas it is possible to experience a higher 
multiplexing gain in both scenarios, with much higher 
gain for the ZF precoder rather than MR. With a 32 × 32 
UPA, vehicles with adjacent AoDs can be distinguished at 
the gNB with a higher beam resolution. However, they 
are still prone to a high interference level. Therefore, a 
precoding mechanism with suppressing interference, 
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Fig. 7 – Impact of antenna con iguration (8 × 8 vs 32 × 32 UPAs) on the 
number of selected users by a gNB at mmWave in highway and urban 
scenarios, for both ZF and MR precoders.

e.g. ZF, gets higher bene its from the increased number of 
antennas. Quantitatively, the ZF experiences an 
improvement of × 2.7 and × 2.1 on the number of 
selected users in urban and highway scenarios, 
respectively, while the values for MR are × 1.89 and × 
1.91. In the case of ZF, the greater improvement in the 
urban scenario can be attributed to the urban building 
layout and geometry, where there are many vehicles 
with close AoDs that bene it more from a iner spatial 
beam resolution. Additionally, in Fig. 7, one may notice 
that an MR with 32 × 32 UPA saturates to the same 
number of users as the ZF with the 8 × 8 UPA con‑ 
iguration, con irming the higher ef iciency of the ZF 
precoder.

Accordingly, Fig. 8 illustrates the corresponding spectral 
ef iciency and the same effect can be observed here as 
well. To conclude the analysis on the results, a more so‑ 
phisticated MIMO hardware allows us to have a higher 
beam resolution, enhanced user separability and higher 
multiplexing gain if, and only if, an appropriate precoder 
is employed. In other words, an inef icient choice on the
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Fig. 8 – Impact of antenna con iguration (8 × 8 vs 32 × 32 UPAs) on
the achievable spectral ef iciency by a gNB at mmWave in highway and
urban scenarios, for both ZF and MR precoders.

precoding strategy can completely nullify the choice of a
more complex hardware at gNB.

7. CONCLUSION
In this paper, we explored the performance of spatial
scheduling by a gNB in I2V communications for urban and
highway vehicular scenarios, and comparing mmWave
and sub‑6 GHz bands. We revealed that the geometry of
the environment and propagation characteristics at dif‑
ferent frequencies highly impact on the spatial multiplex‑
ing gain, which experiences a severe degradation when
shifting from sub‑6 GHz to mmWave frequencies. This
outcome is justi ied by the spatial sparsity of themmWave
channel due to the propagation features in the environ‑
ment. Indeed, in urban scenarios it is more dif icult to
separate users in space due to the closeness and overlap‑
ping of AoDs rather than for a highway. To overcome this
issue, it is required to increase the number of antennas at
the gNB, as it results in a higher beam resolution. How‑
ever, the adoption of a simple precoder such as the MR
has been demonstrated to be limited by the level of inter‑
ference, and using an appropriate precoder such as the
ZF is a more ef icient choice. The ZF has been proved to
outperform MR in both urban and highway scenarios, for
both mmWave and sub‑6 GHz, with remarkable improve‑
ments especially when a 32×32UPA is used in place of an
8 × 8. Accordingly, ZF and MR respectively experienced
on average ×2.4 and ×1.9 multiplexing gain by deploying
a higher number of antennas.
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