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Beam Management in 5G:
A Stochastic Geometry Analysis

Sanket S. Kalamkar, François Baccelli,
Fuad M. Abinader Jr., Andrea S. Marcano Fani, and Luis G. Uzeda Garcia

Abstract—Beam management is central in the operation of
beamformed wireless cellular systems such as 5G New Radio
(NR) networks. Focusing the energy radiated to mobile terminals
(MTs) by increasing the number of beams per cell increases signal
power and decreases interference, and has hence the potential to
bring major improvements on area spectral efficiency (ASE).
This paper proposes a first system-level stochastic geometry
model encompassing major aspects of the beam management
problem: frequencies, antenna configurations, and propagation;
physical layer, wireless links, and coding; network geometry, in-
terference, and resource sharing; sensing, signaling, and mobility
management. This model leads to a simple analytical expression
for the effective rate that the typical user gets in this context.
This in turn allows one to find the number of beams per cell
and per MT that maximizes the effective ASE by offering the
best tradeoff between beamforming gains and beam management
operational overheads and costs, for a wide variety of 5G network
scenarios including millimeter wave (mmWave) and sub-6 GHz.
As part of the system-level analysis, we define and analyze several
underlying new and fundamental performance metrics that are
of independent interest. The numerical results discuss the effects
of different systemic tradeoffs and performance optimizations of
mmWave and sub-6 GHz 5G deployments.

Index Terms—5G NR, beam management, handover, interfer-
ence, Poisson point process, stochastic geometry

I. INTRODUCTION

The ever-increasing demand in capacity for mobile commu-
nications necessitates new implementation approaches that can
significantly boost data rates and the area spectral efficiency
(ASE) of mobile networks. One key enabler considered in
5G [2] to face this demand is the use of the spectrum
beyond the sub-6 GHz frequencies, known as millimeter wave
(mmWave). More specifically, 5G is designed to make use
of spectrum above 20 GHz, where bandwidth sizes of up to
400 MHz per carrier can be used to offer very high data
rates (above 10 Gbps peak rates) and increase the network
capacity [3]; nevertheless, the sub-6 GHz bands, with up to
100 MHz of bandwidth per carrier, are still needed to ensure
wide area coverage and data rates up to a few Gbps [4].
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One of the key difficulties faced by 5G operation on
mmWave frequencies is their challenging propagation char-
acteristics: they are subject to high path loss, penetration loss,
and diffraction loss, and are thus limited to short distance
links, typically of a few hundred meters. But what was once
considered a limitation makes nowadays mmWave a suitable
candidate for small cells deployments, which can be used for
network densification and capacity boosting.

To overcome the propagation challenges at mmWave fre-
quencies, steerable antenna arrays with a large number of
antenna elements each can be used to create highly directional
beams that concentrate the transmitted energy to achieve high
gains and increase coverage. Also, mmWave communications
must be designed to operate under mobility conditions, cov-
ering users in LOS (Line-of-Sight) and NLOS (Non-Line-of-
Sight) at pedestrian and vehicular speeds. This can become
quite challenging since operation at mmWave frequencies is
highly sensitive to changes in the environment (e.g., moving
of the hand/head, passing cars). Thus, any mmWave-based
wireless access system relies on techniques such as adap-
tive beamforming, beam-tracking and fast beam-switching to
always maintain the best selected beam that maximizes the
performance even in the face of beam misalignment events due
to intra-cell mobility and inter-cell handovers. Although more
important for mmWave frequencies, beamforming techniques
with directional narrow beams can also be used in sub-6 GHz
frequencies to improve the network performance.

A. Motivation

The introduction of beamforming as a central feature in 5G
New Radio (NR) requires a series of beam management pro-
cedures to ensure efficient operation. One of such procedures
is the so-called beam selection (or, beam refinement). Here the
mobile terminal (MT) monitors beamformed reference signals
(RSs) periodically transmitted by the base station (BS) to
identify and report to the BS the best serving BS beam. Such
RSs can be either synchronization signal/physical broadcast
channel blocks (SSBs), or channel state information reference
signals (CSI-RSs). Another such procedure is the beam failure
detection and recovery, where the MT monitors the radio
link quality of the serving BS beam. If the quality of the
radio link is repeatedly below a certain threshold, the BS
triggers a procedure to quickly re-establish communication on
neighboring beams.

Although beam management procedures are necessary for
beamformed 5G NR operations, they also bring inherent costs



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2021.3110785, IEEE
Transactions on Wireless Communications

2

TABLE I: New Performance Metrics

Performance Metric Formula Interpretation of the Metric
Probability of beam misalignment (3) and (4) The probability of beam misalignment between the beams of the BS and the MT

due to the mobility of the MT between two consecutive beam measurement events
Intensity of geometry-based beam reselection (17) Frequency of geometry-based beam switching within a BS cell
Geometry-based time-of-stay (19) Average time spent by the MT within the main lobe of a beam
Effective intensity of beam reselection (18) Frequency of beam reselections within a cell by taking into account the geometry and

the system design. It determines the time overhead associated with beam reselection.
Effective time-of-stay (20) Average duration of time intervals during which the MT has selected any given

serving BS beam, which is essential to, e.g., evaluate whether the MT will have
enough time to perform MT beam refinement and link adaptation before data
transmission

Probability of a beam switch (23) At a cell boundary, it is the probability that the MT has to switch panels/beams.
This allows one to predict a no beam switching event, which can help reduce the
number of beam measurements and the associated time overhead.

Time overheads (21), (22), (24) The time overheads are associated with the MT mobility and reference signal
measurements in 5G that are necessary for inter-cell handovers and beam switching
within the cell. The overheads determine the effective time available for data
transmission.

in terms of signaling and delay overheads. For instance, there
should be one beamformed BS RS for each beam in the
beamset for a proper beam management operation. Hence,
increasing the beamset size increases the signaling overhead.
Thus the network planning for 5G NR deployments must
take beam management into consideration. This requires the
understanding of existing systemic effects and tradeoffs for
any given MT mobility pattern, inter-site distance (inter-BS
distance), and the number/width of the beams. For example,
the adoption of a BS beamset containing a large number of
narrow beams during the network planning phase improves
the signal-to-interference-plus-noise ratio (SINR). But it may
also lead to more frequent service interruption due to, e.g.,
beam switching delays (i.e., between the moment the BS
RSs are measured and reported and the moment the BS
decides to make the beam switch) and beam misalignment,
which in the end may degrade the network performance.
System-level simulations can be crucial to evaluate all such
tradeoffs and determine the best combination of parameters
for a given network deployment. But given the complex nature
of beamforming and beam management procedures in 5G NR,
such simulations can be very time-consuming and expensive.
This paper proposes a mathematical framework that permits
a system-level analysis of beam management in 5G, leads to
insights into the associated tradeoffs, and has the potential
to make beam management efficient. We believe that this
mathematical framework will complement and help guide
system-level simulations.

B. Contributions

1) We develop a first mathematical optimization framework
for the beam management problem in 5G. Using the
well-established tools from stochastic geometry [5]–[8],
our proposed optimization yields the number of beams
at the BS and the MT that maximizes the effective ASE
of downlink transmissions to the directional MT.

2) The optimization permits a system-level analysis of 5G
NR deployment based solely on a small set of input pa-
rameters. In particular, it takes into account the average
speed of the MTs, mobility-induced beam misalignment,

geometry-based beam selections during BS handovers
and beam reselections within a cell, and time overheads
associated with these beam (re)selections. For instance,
given a mix of omnidirectional and directional MTs,
a mix of MT speeds (pedestrians, bikes, and cars), a
mix of geometries (some cells are bigger, other smaller,
with the MTs either close or far from the serving
BS), a mix of fading and blockages present in the
network, our proposed optimization framework enables
the identification of the number of beams that provides
the best effective ASE, namely the best “sum rate” for
MTs of all types in a large domain.

3) As part of the calculation of the effective ASE at the
system level, we define and evaluate many new and
fundamental performance metrics. These metrics are of
independent interest and are given in Table I with their
equation numbers in the paper and their interpretation.

4) While the proposed framework is generic and can cover
a variety of related beam-centric systems such as IEEE
802.11ax/Wi-Fi 6, we give numerical results to evaluate
a 5G NR-compliant radio access network (RAN) oper-
ating in a dense urban macro/picocell scenario, for both
sub-6 GHz and mmWave frequencies. The results reveal
the inter-dependencies between system parameters and
provide insights into the associated tradeoffs.

C. Related Work

Stochastic geometry has been widely used to model and
analyze several aspects of wireless networks including cellular
networks [5]–[8]. A stochastic geometry framework is also
popular to model mmWave cellular networks and evaluate key
performance aspects such as initial access, success probability,
average rate of the typical user, and the effect of blockages [9]–
[12].

The study of handovers due to user mobility in non-
beam-centric cellular networks and their effect on various
performance metrics such as throughput is a rich area of
research [13]–[15]. Most of the works have focused on BS
handovers (or, equivalently, cell handovers) [16]–[23]. The
work in [24] is probably the closest one to our work. This work
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TABLE II: Notation

Symbol Definition Symbol Definition
λ BS intensity v MT speed
fc Carrier frequency c Speed of light
2n Number of BS beams 2k Number of MT beams
ϕn Beamwidth at the BS ϕk Beamwidth at the MT
Gm,n, Gs,n Main and side lobe gains at the BS Gm,k , Gs,k Main and side lobe gains at the MT
pBS

bm Beam misalignment probability at the BS pMT
bm Beam misalignment probability at the MT

τ SSB burst periodicity Rc LOS ball radius
αL LOS path-loss exponent αN NLOS path-loss exponent
W Bandwidth N0 Noise power density
P Transmit power σ2 Noise power
β SINR threshold Qmax Maximum SINR
R Ergodic Shannon rate Reff Effective ASE
Tc Cell handover overhead Tb Beam reselection overhead
µs,c Linear intensity of BS handover µc Time intensity of BS handover
µs,b Linear intensity of geometry-based beam reselection µt,b Time intensity of geometry-based beam reselection
µb Effective intensity of beam reselection To Average time overhead per unit time
Tst Geometry-based time-of-stay Teff,st Effective time-of-stay
psw Probability of a beam switch ps Success probability of a transmission

studies both initial beam selections during BS handovers and
beam reselections within a cell and their associated overheads
in a beam-centric mmWave cellular network. The work in
[24] obtains analytical expressions of inter-cell and inter-beam
handover rates based on which the ASE is calculated subject to
overheads due to these handovers. But, it considers only noise-
limited scenarios and ignores interference from other BSs,
while our work considers both noise and interference in the
analysis. Second, our work also studies the effect of handovers
on optimizing the number of beams during network planning
phase, while [24] assumes a fixed number of beams. Third,
unlike [24], we consider blockages and beam misalignment
due to mobility. Finally, we also consider the directional
reception at MTs and its effect on beam management. Overall,
there is a lack of understanding on how network planning
decisions (such as BS beamset and inter-site distance), beam
management procedures (with its associated overhead) and MT
mobility affect system-level performance in the presence of
interference, fading, blockages, and beam misalignment error.
The present paper can be seen as an attempt to incorporate all
of the above in a system-level model.

II. SYSTEM MODEL

Table II provides the notation used in the paper.

A. Network Model

As shown in Fig. 1, we consider a downlink cellular
network, where BS locations are modeled as a homogeneous
Poisson point process (PPP) Φ ⊂ R2 with intensity λ. We
assume that a directional MT moves on a randomly oriented
straight line with speed v. Without loss of generality, thanks
to the isotropy and the stationarity of the PPP [5], this line
of MT motion can be considered to be along the x-axis and
passing through the origin. We assume that each BS always
has an MT to serve. Also, a BS serves one MT at a time
per resource block.1 The MT associates itself with the nearest

1The analysis in this paper can be extended to the case where a resource
block at a BS is shared by multiple MTs.

Fig. 1: A snapshot of a Poisson cellular network with direc-
tional beamforming to an MT. Here, each BS has 23 = 8
beams, i.e., n = 3. Triangles: Base stations (BSs), Square:
MT location, Circles on dashed lines: Geometry-based beam
reselection locations, Circles on solid lines: BS handover
locations, Solid lines: Cell boundaries, Dashed lines: Beam
boundaries, and Dotted line: Trajectory of the MT.

BS. Such an association results in BS cells forming a Poisson-
Voronoi tessellation as shown in Fig. 1. Let X0 ∈ Φ denote the
location of the serving BS of the MT at a given time. Without
loss of generality, we can focus on the MT that is located at
the origin at that time. After averaging over the PPP, this MT
becomes the typical MT.

B. Beamforming Model

A BS at location X ∈ Φ uses directional beamforming to
communicate with the typical directional MT located at the
origin. As shown in Fig. 1, we approximate the actual antenna
pattern by a sectorized one, where each sector corresponds
to the main lobe of one beam of the BS. For simplicity
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and without loss of generality, we assume that each BS has
2n beams with n ∈ N.2 This corresponds to 2n−1 beam
boundaries.3 Hence, the beamwidth for a BS is

ϕn =
2π

2n
=

π

2n−1
. (1)

We focus on a simple antenna pattern model where the main
lobe is restricted to the beamwidth. Both the main and side
lobe gains depend on the number 2n of beams. In particular,
the antenna gain Gn is expressed as

Gn(ψ) =

{
Gm,n if |ψ| ≤ ϕn/2
Gs,n otherwise,

(2)

where Gm,n and Gs,n denote the antenna gains within the main
lobe and the side lobe, respectively, and ψ is the angle off the
boresight direction. Note that the model used for beam gains
in (2) is based on grid-of-beams (GoB), i.e., beam switching
mode.

The beamforming model at the MT is the same as the one
at the BS, where the number of beams at the typical MT is
2k with k ∈ N. Thus the antenna gain Gk at the typical MT
is expressed as (2) with the subscript ‘n’ replaced by ‘k’ with
ϕk = π

2k−1 the beamwidth at the typical MT.

C. Beam (Re)Selection

As shown in Fig. 1, the MT may cross several cell and beam
boundaries as it moves on a straight line. At a cell boundary,
a BS handover occurs. Thus, a new beam at the next serving
BS and potentially at the MT needs to be selected during a
BS handover.

Within the cell as well, the MT moves from the main lobe of
one beam to that of another beam. Thus, a new beam has to be
reselected at the BS and potentially at the MT as well in order
for the MT to stay connected with the best serving BS beam.4

Ideally, the geometry-based beam reselection would take place,
where in order for the MT to stay connected with the main
lobe of the best beam (as defined in Footnote 4), it should
reselect the beam at a beam boundary. Such a location of beam
reselection is marked by “a circle” in Fig. 2. However, due to
5G NR system characteristics the herein called measurement-
based beam reselection takes place, where beam reselection
events only occur after beam measurement events of SSB
bursts [25], which are transmitted periodically by the BS with
period τ .

Hence the overall beam reselection process considers
both the geometry- and measurement-based beam reselection
events. However, the mismatch between the locations of

2The assumption of the number of beams to be 2n, i.e., the power of 2,
is to explore a very wide range for the number of beams, from few to many
(Massive-MIMO). The analysis in this paper is, however, valid for any number
of beams, and not just for a number that is a power of 2.

3Here, a beam boundary is a line segment that connects two points on the
cell boundary and passes through the location of the BS, as shown in Fig. 1.

4The best beam is the beam of the serving BS that has the MT in its main
lobe. For example, as shown in Fig. 2, at time t, the beam represented by
the solid blue line is the best beam, while at time t′, the beam represented
by the dashed pink line is the best beam. Hence, the best beam selection is
purely geometry-based and ignores reflections of signals from the BS in order
to maintain the focus of the paper on the most fundamental aspects of beam
management.

: SSB location

MT Trajectory

Geometry-based beam

reselection skipped

Time t

Time t´

Best beam 
at time t

Best beam 
at time t´

MT location

Fig. 2: Mobility-induced beam misalignment. Ideally, the beam
reselection should happen at the beam boundary for the MT to
stay connected to the main lobe of the best beam. But, since
the SSB burst (a beam-formed reference signal) location might
not coincide with the location of ideal beam reselection at the
beam boundary, the MT at time t′ is still connected to the side
lobe of the previously selected beam at time t, which results
in a beam misalignment.

geometry- and measurement-based beam reselections may lead
to the beam misalignment, which we discuss in the following
subsection using Fig. 2.

D. Mobility-induced Beam Misalignment

Beam misalignment occurs when the main lobes of the
serving BS and the typical MT are not aligned with each
other. Specifically, during an SSB burst, at the serving BS,
the beam that has the MT within its main lobe (i.e., the best
beam) is selected for communication. We call this beam the
reference beam (see Fig. 2). Due to the mobility of the MT, if
the duration between two consecutive SSB bursts is sufficiently
long, it is possible that the MT has moved out of the main
lobe of the reference beam without selecting the new beam at
the beam boundary (i.e., without performing geometry-based
beam reselection).5 Thus, the MT is still connected to the
reference beam via side lobe until the next SSB burst when
the new reference beam is selected. Such a mobility-induced
beam misalignment at the BS reduces the signal strength at
the MT as it then lies within the side lobe of the reference
beam selected during the previous SSB burst.

Similar to the beam misalignment at the BS, there can be
beam misalignment at the typical MT. During an SSB burst,
the beam that is pointing towards the serving BS is selected
at the MT to receive from the serving BS. Due to the mobility
of the MT between two consecutive SSB bursts, it is possible
that the beam selected at the MT during the previous SSB
burst is no more pointing its main lobe towards the serving
BS. As a result, the MT receives from the serving BS in the
side lobe of the beam that was selected earlier in the previous

5The duration between two consecutive SSB bursts is a system design
parameter. If this duration is very small, we get the geometry-based beam
reselection.
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SSB burst. In the worst-case of beam misalignment, the side
lobe of the selected beam at the serving BS is aligned with
the side lobe of the selected beam at the typical MT.

At a given time, the beam misalignment probability pBS
bm

at the BS depends on the speed v of the MT, the duration τ
between two SSB bursts, and the average distance between two
consecutive BS’s beam boundaries. Here, we propose a simple
approximate and yet effective formula that captures the effects
of these parameters on the probability of beam misalignment
at the BS due to MT mobility in a snapshot of the network.
We evaluate the probability pBS

bm that the MT is outside the
main lobe of the reference beam by the:

pBS
bm = 1− exp

(
− vτ

1/µs,b

)
, (3)

where 1/µs,b = π
2n
√
λ

is the average distance between two
consecutive BS’s beam boundaries, with µs,b being the linear
intensity of beam boundary crossing given in Theorem 2 in
Section IV-B. We can interpret (3) as

1− pBS
bm = P(T > τ),

where T is an exponential random variable with mean 1
vµs,b

,
with T interpreted as the time between two consecutive SSB
bursts. Note that 1

vµs,b
is the average time needed by the typical

MT to travel between two consecutive BS’s beam boundaries.
Hence, the average time between two SSB bursts is equal to
the average time taken by the typical MT to travel between
two consecutive BS’s beam boundaries.

As in the case of beam misalignment on BS’s side, we use
a similar formula to calculate the probability pMT

bm of beam
misalignment on MT’s side as

pMT
bm = 1− exp

(
− vτ

1/µs,m

)
= 1− exp

(
−2k
√
λvτ

π

)
,

(4)

where 1/µs,m = π
2k
√
λ

is the average distance between two
consecutive MT’s beam boundaries.

Based on the beam misalignment at both the serving BS
and the typical MT, the antenna gain G0 of the serving BS is
given by

G0(n, k) =


Gm,nGm,k w.p.

(
1− pBS

bm

) (
1− pMT

bm

)
Gm,nGs,k w.p.

(
1− pBS

bm

)
pMT

bm

Gs,nGm,k w.p. pBS
bm

(
1− pMT

bm

)
Gs,nGs,k w.p. pBS

bmp
MT
bm .

(5)

E. Blockage and Channel Models

The presence of blockages leads to LOS and NLOS prop-
agation between the MT and a BS. We adopt an LOS ball
model [9] to capture the effect of blockages. The propagation
between a BS and the typical MT separated by distance d
is LOS if d < Rc where Rc is the maximum distance for
LOS propagation. The LOS and NLOS channel conditions
induced by the blockage effect are characterized by different
path-loss exponents, denoted by αL and αN, respectively. As
shown in [26], typical values of these path-loss exponents are
αL ∈ [1.8, 2.5] and αN ∈ [2.5, 4.7].

The channel follows Rayleigh fading with unit mean power
gain.6 Let hX denote the channel power gain from the BS at
location X ∈ Φ to the MT. Note that, the random variables
hX are i.i.d. exponential random variables with unit mean,
i.e., hX ∼ exp(1). Let |X| denote the distance between a
BS at X ∈ Φ and the typical MT located at the origin. We
consider the standard power-law path-loss model with path-
loss function

l(X) =

{
K|X|−αL if |X| < Rc

K|X|−αN if |X| ≥ Rc,
(6)

where K =
(

c
4πfc

)2

with c the speed of light and fc the
carrier frequency.

F. Signal-to-interference-plus-noise Ratio (SINR)

When the typical MT is associated with the BS located at
X0 ∈ Φ with antenna gain G0 as in (5), the SINR at the
typical MT is given by

SINRn,k =
PG0(n, k)hX0

l(|X0|)
σ2 + In,k

, (7)

where P is the transmit power of the BS. Also, σ2 = WN0 is
the noise power, where W and N0 are the bandwidth and the
noise spectral density, respectively. In the denominator of (7),
In,k is the interference power at the typical MT given by7

In,k =
∑

X∈Φ\{X0}

PGX(n, k)hX l(|X|), (8)

where GX(n, k) is the antenna gain of an interfering BS
located at X ∈ Φ.

Since the beams of all BSs are oriented towards their
respective MTs, the direction of arrivals between interfering
BSs and the typical MT is distributed uniformly in [−π, π].
Thus, the gain GX of an interfering BS at X ∈ Φ is an i.i.d.
discrete random variable with the probability mass function
as:

GX(n, k) =


Gm,nGm,k w.p. pmm = ϕnϕk

4π2

Gm,nGs,k w.p. pms = ϕn(2π−ϕk)
4π2

Gs,nGm,k w.p. psm = (2π−ϕn)ϕk
4π2

Gs,nGs,k w.p. pss = (2π−ϕn)(2π−ϕk)
4π2 ,

(9)

where ϕn = π
2n−1 and ϕk = π

2k−1 are the beamwidths of the
BS and the typical MT, respectively.

III. ERGODIC SHANNON RATE

The downlink ergodic Shannon rate at the typical MT is
given as

R(n, k) = WE [log (1 + SINRn,k)] ,

where E(·) denotes expectation.

6Although LOS mmWave channels are better modeled by Nakagami-m
fading, Rayleigh fading allows one much better analytical tractability. Also,
simulation results in Section VIII-B (see Figs. 6 and 7) show that Rayleigh
and Nakagami fading yield the same trends in terms of effective ASE.

7The framework can also be extended to the scenario where there is a
frequency reuse among BSs as described in [6].
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Lemma 1: Let

F (αS, αI, w,G0) , 2πλ

(
1− pmm

1 +
βrαSGm,nGm,k

G0wαI︸ ︷︷ ︸
Interfering BS main lobe

↓
MT main lobe

− pms

1 +
βrαSGm,nGs,k

G0wαI︸ ︷︷ ︸
Interfering BS main lobe

↓
MT side lobe

− psm

1 +
βrαSGs,nGm,k

G0wαI︸ ︷︷ ︸
Interfering BS side lobe

↓
MT main lobe

− pss

1 +
βrαSGs,nGs,k

G0wαI︸ ︷︷ ︸
Interfering BS side lobe

↓
MT side lobe

)
w. (10)

The success probability ps(n, k, β) is

ps(n, k, β) =
(
1− pBS

bm

) (
1− pMT

bm

)︸ ︷︷ ︸
No beam misalignment

qs(n, β,Gm,nGm,k)︸ ︷︷ ︸
Corresponding

success probability

+
(
1− pBS

bm

)
pMT

bm︸ ︷︷ ︸
Beam misalignment

only at MT

qs(n, β,Gm,nGs,k)︸ ︷︷ ︸
Corresponding

success probability

+ pBS
bm

(
1− pMT

bm

)︸ ︷︷ ︸
Beam misalignment

only at BS

qs(n, β,Gs,nGm,k)︸ ︷︷ ︸
Corresponding

success probability

+ pBS
bmp

MT
bm︸ ︷︷ ︸

Beam misalignment
at both BS and MT

qs(n, β,Gs,nGs,k)︸ ︷︷ ︸
Corresponding

success probability

, (11)

where

qs(n, β,G0) =

∫ Rc

0

fR(r) exp

(
− βrαLσ2

PKG0︸ ︷︷ ︸
LOS SNR

)
exp

− ∫ Rc

r

F (αL, αL, w,G0)︸ ︷︷ ︸
LOS BS interference

dw −
∫ ∞
Rc

F (αL, αN, w,G0)︸ ︷︷ ︸
NLOS BS interference

dw

dr

+

∫ ∞
Rc

exp

(
− βrαNσ2

PKG0︸ ︷︷ ︸
NLOS SNR

−
∫ ∞
r

F (αN, αN, w,G0)︸ ︷︷ ︸
NLOS BS interference

dw

)
fR(r)dr (12)

with fR(r) = 2πλre−λπr
2

where R is the distance to the nearest BS, and SNR stands for signal-to-noise ratio.
Proof: The proof is given in Appendix A.

Definition 1 (Success Probability): The success probability
ps of the typical MT is the probability that the SINR at the
typical MT exceeds a predefined threshold. Mathematically,

ps(n, k, β) , P(SINRn,k > β),

where β > 0 is the predefined SINR threshold, which also
parametrizes the transmission rate.

We now give an analytical expression for the success
probability in Lemma 1.

For sub-6 GHz bands, the expression of the success proba-
bility gets simplified, which is given in Lemma 2.

Lemma 2: For sub-6 GHz bands, the success probability ps

is given by (11) with

qs(n, β,G0) =

∫ ∞
0

fR(r) exp

(
−βr

αNσ2

PKG0

)
× exp

(
−
∫ ∞
r

F (αN, αN, w,G0)dw

)
dr. (13)

Proof: The desired expression of the success probability
is obtained by substituting Rc = ∞ and replacing αL with
αN in (12).

Theorem 1: Imposing the limit Qmax on the maximum
achievable SINR stemming from RF imperfections and mod-

ulation schemes, the ergodic Shannon rate per unit time is8

R(n, k) = W

∫ Qmax

0

ps(n, k, z)

z + 1
dz, (14)

where ps(n, k, z) is given by (11).
Proof: The proof follows directly from

R(n, k) = W

∫ ∞
0

P(log(1 + min(SINRn,k, Qmax)) > z) dz

= W

∫ Qmax

0

ps(n, k, e
z − 1) dz

= W

∫ Qmax

0

ps(n, k, z)

z + 1
dz. (15)

IV. BEAM (RE)SELECTION

A. Beam Selection during BS Handovers

When the MT performs a BS handover, a beam is selected
with the new BS as well as the typical MT. We know from [28]
that, for the Poisson-Voronoi tessellation, the linear intensity
of cell boundary crossing, i.e., BS handovers, is µs,c = 4

√
λ

π .

8The parameter Qmax captures a non-ideal behavior of radio transmitters
or receivers. In practice, transceivers are not perfect and there is always a non-
zero error vector magnitude (EVM). The EVM — a function of the modulation
scheme used — gives insights into RF imperfections such as carrier leakage,
nonlinearity, IQ mismatch, and local oscillator phase noise [27]. The non-
zero value of the EVM imposes a restriction on the maximum SINR value
that could be achieved in practice. Note that the value of Qmax is taken to
be 30 dB in our work as just a representative value. Other values of Qmax

are also possible, but it does not change the analysis and the conclusions of
the paper.
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Hence, the time intensity of BS handover (or, equivalently,
beam selection) is

µc =
4
√
λ

π
v. (16)

B. Beam Reselection Within the Cell

We now calculate the average number of beam reselections
the typical MT performs per unit length and the time intensity
of beam reselection, i.e., the average rate of beam reselections.
As discussed in Section II-C, the beam reselection events
are a combination of geometry- and measurement-based beam
reselection events.

Recall that a geometry-based beam reselection occurs at a
beam boundary within the Voronoi cell of a BS. In Fig. 1,
locations of geometry-based beam reselections are denoted by
the “circles on dashed lines.”

Theorem 2 (Intensity of geometry-based beam reselection):
For 2n beams at a BS and PPP of intensity λ, the linear
intensity µs,b of geometry-based beam reselection for the
typical MT moving on a straight line with speed v is 2n

√
λ

π ,
while the time intensity µt,b is

µt,b(n) =
2n
√
λ

π
v. (17)

Proof: The proof is given in Appendix B.
This theorem is valid when integrating over all motion direc-
tions of the MT chosen uniformly at random, and it does not
hold for a fixed direction of MT motion.

Corollary 1: When taken into account the average number
of geometry-based beam reselections that are skipped between
two consecutive SSB bursts, the effective time intensity of
beam reselection becomes

µb(n) =
1

max
(
τ, 1

µt,b(n)

) , (18)

where τ is the SSB burst periodicity.
Corollary 2: The geometry-based time-of-stay Tst of the

MT defined as the average time spent by the MT within the
main lobe of a beam is simply the inverse of the time intensity
µt,b, i.e.,

Tst =
1

µt,b
=

π

2n
√
λv
. (19)

Corollary 3: The effective time-of-stay Teff,st defined as the
average time for which the MT is connected with a beam of
the BS is

Teff,st =
1

µb(n)
= max

(
τ,

1

µt,b(n)

)
. (20)

C. Time Overheads due to Beam (Re)Selection

This subsection builds on the previous subsections on an-
alytical results for beam (re)selections and incorporates the
practical time overheads that arise from the 5G NR design.

BS handovers and beam reselections may result in sig-
nificant overheads in terms of additional delay required for
periodically conducting the SSB measurement and report

which are required for the SSB beam sweeping and beam
alignment procedures. Such an overhead in time reduces the
overall time available for data transmissions, in turn reducing
the ergodic Shannon rate.

The two components that contribute to the time overhead
are:

1) The time Tc for executing the simultaneous cell and
beam reselection procedures during each BS handover at
cell boundary crossing. This includes the periodic SSB
measurement, receiver processing time for the SSBs, and
the handover interruption time due to cell switch and
radio resource control (RRC) reconfiguration.

2) The time Tb for beam alignment after each beam re-
selection within the cell of a BS, which includes the
periodic SSB measurement and the receiver processing
time for the SSBs.

Below we describe a step-by-step procedure for beam
selection during a BS handover:

1) A BS transmits a sequence of SSB bursts periodically,
where each SSB in an SSB burst uses a different BS
beam.

2) The MT measures the SSBs in the SSB bursts trans-
mitted periodically by the BS and track which of the
SSBs in the SSB burst presents the highest Reference
Signal Received Power (RSRP) for the BS, i.e., which
of the BS beams presented the best RSRP during the
SSB burst.

3) The MT then assumes that the best serving BS beam is
the BS beam that presented the best RSRP during the
last SSB burst.

4) The cell mobility is based on measurements on the best
serving BS beam for the serving cell and the neighbor
target BSs.

5) The beam reselection is based on measurements for the
best serving BS beam on the serving BS.

Now, we give time overheads corresponding to each operation
in the beam selection protocol during a BS handover.

1) We assume the SSB burst periodicity to be 20 ms; this
is one of the values specified by the 3GPP standard [3],
[4].

2) The assumed RRC processing delay is 3 ms.
3) The assumed handover processing delay for the Random

Access Channel (RACH) procedure is 20 ms.
Thus we assume that the BS handover time overhead Tc is 43
ms.

Corresponding to the intra-cell mobility of the MT, we
now describe each operation for a beam reselection with
corresponding time overheads.

1) The beam reselection overhead is the SSB burst period
(20 ms)

2) The RRC processing delay (3 ms)
This leads to 23 ms of time overhead Tb per beam reselection.

There is also a scaling factor for those SSB measurement
delays, associated with the way the MT implements the SSB
measurements, which is intrinsically related to its number
of antenna panels and their associated baseband processing
chains. In particular, the 3GPP specifies several multi-panel



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2021.3110785, IEEE
Transactions on Wireless Communications

8

Fig. 3: Probabilistic beam switching with two beams (panels) at the MT. The triangles depict the BSs located according to a
PPP. The solid black lines denote cell boundaries. A “cross” denotes the BS handover location of the MT. P1, P2, and P3
denote randomly oriented panels of the MT pertaining to each BS handover location, where each of the two beams covers the
left and right halves separated by the panel. For instance, the BSs X1 and X2 lie in the coverage of two different beams, i.e.,
on the opposite side of the panel P1. Thus there will be a beam switch during the handover from X1 to X2. On the contrary,
X2 and X3 lie in the coverage of the same beam (the left beam). Thus there is no need of a beam switch during the handover
from X2 to X3.

user equipment assumptions (MPUE-Assumption) depending
on the number of baseband processing chains and the number
of antenna panels at the MT side [30].9

For instance, MPUE-Assumption #1 covers the case when
the MT has multiple antenna panels but only a single baseband
processing chain to execute SSB measurements on them.
This requires that the MT iterates over each single antenna
panel—one at a time—during SSB bursts for conducting SSB
measurements. This iterative process incurs additional delays
for executing SSB measurements over all MT antenna panels.
On the other hand, MPUE-Assumption #3 covers the case
where the MT has multiple antenna panels but each antenna
panel has its own baseband processing chain. Thus the MT
is capable of conducting SSB measurements on all antenna
panels in a single SSB burst, hence resulting in a smaller
measurement delay in comparison to MPUE-Assumption #1.
In short, the total average overhead per unit time depends on
whether each of 2k beams (interchangeably, antenna panels)
at the typical MT has its own baseband processing chain or
not. We discuss three possible cases as follows:

1) Limited Overhead Case: This case corresponds to
MPUE-Assumption #3, where each of the 2k beams at the
typical MT has its own baseband processing chain for in-
dependently conducting SSB measurements. Thus the SSB
beam measurement can be done in all the beams of the MT
simultaneously. In this case, the total average overhead per
unit time is

To(n) = µb(n)Tb + µcTc. (21)

Note that, in spite of 2k beams at the typical MT, the
average overhead per unit time is the same as if the MT is
omnidirectional. But such a gain comes at the cost of increased
hardware complexity at the MT due to the need of a baseband
processing chain for each beam.

9Note that, in this paper, we use the terms the multi-panel MT and the
directional MT interchangeably in that a panel at the MT corresponds to a
directional beam.

2) Full Overhead Case: This case corresponds to MPUE-
Assumption #1, where there is a single baseband processing
unit that needs to be shared by all of the 2k beams at the typical
MT. Thus the SSB measurement for each of the 2k beams is
done sequentially. In this case, the total average overhead per
unit time is

To(n) = 2k (µb(n)Tb + µcTc) . (22)

Here, the average overhead per unit time is 2k times the
one in the limited overhead case, but with an advantage of
significantly less hardware complexity at the MT.

A key disadvantage of the full overhead case is that the
beam measurement is done during a BS handover even if the
current serving BS and the next serving BS lie in the coverage
of the same MT beam. Thus we propose a probabilistic
beam switch case that uses the network geometry, namely, BS
locations to reduce the overhead compared to the full overhead
case.

3) Probabilistic Beam Switch: The idea is to predict the
possibility of a beam switch during a BS handover since a
beam switch is necessary if and only if the current and the
next serving BSs lie in the coverage of different MT beams.
The case of two beams at the MT is depicted in Fig. 3.
Exploiting the properties of the PPP that models BS locations,
the probability that the current and the next serving BSs lie
in different beams can be calculated [29]. Specifically, when
there are 2k beams at the typical MT with main lobes oriented
in uniformly at random directions and covering all directions,
the probability of a beam switch is [29, Corollary 3]

psw =
π

2k
sin

2k

π
, k ≥ 1. (23)

Alternatively, only psw fraction of BS handovers require a
beam switch. When there are two, four, or eight beams at the
MT, the probability of a beam switch during a BS handover
is 0.637, 0.9, and 0.975, respectively. As a result, the total
average overhead per unit time can be given by

To(n) = 2kµb(n)Tb + (psw2k + 1− psw)µcTc. (24)
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TABLE III: Network parameter values for FR1 and FR2 deployments [3], [4]

Parameter FR1 FR2
Carrier frequency (fc) 3.5 GHz 28 GHz
Bandwidth (W ) 100 MHz per carrier 400 MHz per carrier
Noise density (N0) −174 dBm/Hz −174 dBm/Hz
Transmit power (P ) 43 dBm 36 dBm
Beam reselection overhead (Tb) 23 ms 23 ms
Cell handover overhead (Tc) 43 ms 43 ms
SSB burst periodicity (τ ) 20 ms 20 ms
MT speed (v) [3, 30, 120] km/h [3, 30] km/h
Inter-site distance (ISD) [250, 500, 1000] m [75, 125, 250] m
Maximum SINR (Qmax) 30 dB 30 dB
Path loss exponent (α) 3.5 αL = 1.9, αN = 3.5
Blockage model Implicit (NLOS) LOS ball
LOS ball radius (Rc) − 75 m

V. EFFECTIVE AREA SPECTRAL EFFICIENCY

For each of the three overhead cases discussed in Sec-
tion IV-C, the effective ASE per unit time is

Reff(n, k) = λ(1− To(n))+R(n, k),

where R(n, k) is given by (14) and (A)+ = max(0, A).
For a given k, our objective is to find the integer n that

maximizes the effective ASE per unit time, i.e.,

n∗ = arg max
n∈N

Reff(n, k).

The value of n∗ can easily be found by a linear search.

VI. NETWORK SETUP

To validate our proposed model, we consider a 5G NR-
compliant radio access network (RAN) operating in a dense
urban macro/pico cell scenario. A summary of the model
parameters for FR1 (sub-6 GHz) and FR2 (above 6 GHz)
network deployments is provided in Table III.

To explore the best potential of 5G NR networks in opera-
tional bands FR1 and FR2, we use the maximum bandwidth
allowed as per 5G NR Release 15 [3], [4], namely 100 MHz
per carrier for FR1 and 400 MHz per carrier for FR2. For
FR1, we assume NLOS conditions.

As the inter-site (or, equivalently inter-BS) distances (ISDs)
for FR1 are expected to be larger due to lower frequency-
dependent path loss, we choose a transmission power P =
43 dBm. For FR2, we can expect smaller ISDs due to (a)
higher attenuation loss at higher carrier frequencies, and (b)
because massive MIMO and high beamforming gains imposes
challenges in terms of RF exposure and EMF limitations. Thus
we decrease P to 36 dBm.

An important parameter is the intensity λ of BSs, which is
related to the average cell size and the ISD. For an intensity
λ of BSs, the average cell size is 1/λ. The average cell
radius is defined as the radius rcell of a ball having the
same average area as the cell: 1/λ. Then, the average ISD
is 2rcell = 2/(

√
πλ). Hence we simply adjust the value of

the intensity λ of BSs to represent different ISD scenarios.
For FR1 bands, we analyze the following ISDs: 1000 m,
500 m, and 250 m. As for FR2 bands, the effect of propagation
attenuation requires us to decrease the ISD. Hence we consider
the following ISDs: 250 m, 125 m, and 75 m.

One important network planning decision is the number of
beams per BS and per MT. In our model, this is related to the
choice of the values for n and k, respectively. The main and
side lobe gains depend on the number 2n and 2k of beams.
Specifically, an increase in the number of beams increases the
main lobe gain and decreases the side lobe gain. Thus, without
loss of generality, we assume the following antenna gains. The
main lobe gain is Gm,n = 2n at a BS (Gm,k = 2k at the MT),
while the side lobe gain is Gs,n = 1

2n at a BS (Gs,k = 1
2k

at
the MT).10

VII. NUMERICAL RESULTS: OMNIDIRECTIONAL MT

We now demonstrate how the proposed model can be used
for system-level evaluation of the effect of different system
parameters on 5G NR network deployments over FR1 and
FR2 for the omnidirectional MT for different MT speeds v
and ISDs (in Figs. 4a, 4b, and 5). In Section VIII, we will
consider the case of the directional MT that has 2k, k ≥ 1
beams. The discussions in this section pertain to Figs. 4a, 4b,
and 5.

A. Effect of the Number of Beams at BSs

In both FR1 and FR2 deployments, for a given ISD, as
n (and hence the number 2n of beams) increases, the beam-
forming gain increases and the interference from interfering
BSs decreases due to narrower beams. But, at the same time,
for a given v, the typical MT performs more frequent beam
reselections due to a smaller beamwidth, increasing the time
overhead. The negative impact of the increased time overhead
gradually dominates the beamforming gain. Also, an increase
in n increases the probability of beam misalignment at the
BS (given by (3)) as the MT is more likely to move into
the beamwidth of another beam between two consecutive
SSB measurements. As a result of this tussle between the
increased beamforming gain, increased time overhead due
to beam reselections, and the increased probability of beam
misalignment, we observe that there is a value n∗ of n that
maximizes the effective ASE.

10As seen from previous sections, our model is amenable to different
modeling of antenna gain patterns.
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(a) FR1: Dashed line: v = 3 km/h, Dashed-dotted line: v = 30 km/h, and
Solid line: v = 120 km/h.

0 5 10 15
0

500

1000

1500
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Fig. 4: Effect of average inter-site distance (ISD) on the effective ASE for different n.
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Fig. 5: Comparison between FR1 and FR2 deployments for
different ISDs with v = 30 km/h.

B. Effect of the MT Speed

With an increase in v, the MT crosses beam and cell
boundaries more frequently resulting in a higher number of
beam reselections and BS handovers, respectively. Also, the
probability of beam misalignment increases. Hence, with an
increase in v, the optimal value n∗ decreases, and for a fixed
n, the effective ASE decreases.

C. Effect of the ISD

Note that a smaller ISD means a denser cellular network.
As the ISD increases, the average cell size increases. Thus,
BSs need to increase the number 2n of beams for a higher
beamforming gain (equivalently, a smaller beamwidth) and
smaller interference. Hence, the value of n∗ increases with
ISD. For a smaller n, the time overhead associated with beam

reselections is small. Hence, a smaller ISD results in a higher
effective ASE due to a smaller distance between the typical
MT and its serving BS. This dominates the negative effects
of increased interference power due to a denser deployment
of BSs and increased time overhead due to more frequent BS
handovers. But, for a large n, both beam reselections and BS
handovers happen more frequently for a smaller ISD, and the
network with a larger ISD achieves a higher effective ASE.

D. Comparison of FR1 and FR2 Deployments

When comparing beamwidths for FR1 with those for FR2
given the same n value, we can expect that, even though the
angular beamwidth for a given n is the same, the linear width
of beams will be larger in FR1 than that in FR2 due to a
usually larger cell radius in the former.11 Thus, it is expected
that MTs operating in FR1 are less penalized due to overheads
associated with beam reselections and BS handovers. Also, due
to a larger ISD, the distance-based path loss when operating
in FR1 is higher than when operating in FR2. Hence for the
same value of n, we can expect that the interference in FR1
is smaller than that in FR2 despite a bit higher transmit power
in FR1. This indicates that the additional received interference
from a higher number of beams is not as intense in FR2 as
in FR1. As shown in Fig. 5, this behavior is captured by our
model, where the optimal value n∗ for the ISD = 250 m in
FR1 (n∗ = 8) is higher than that in FR2 (n∗ = 6) with ISD
= 75 m or in FR2 with ISD = 125 m (n∗ = 7).

Also, as Fig. 5 shows, when we compare the performances
of FR1 and FR2 deployments for the same ISD, we observe
an interesting tradeoff. Smaller ISDs (e.g., 75 m) benefit
FR2 irrespective of the value of n as, for a given critical
LOS distance Rc, it is more likely that the serving BS has

11Although nothing prohibits small ISDs for FR1 (e.g., Wi-Fi operation in
2.4 GHz and 5 GHz), pico/femto cell deployment models are the best fit for
mmWave deployments.
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Fig. 6: Effect of the number 2k beams at the typical MT on the effective ASE. v = 30 km/h and ISD = 75 m.

LOS propagation to the MT (so smaller path loss) boosting
signal power. Recall that, in FR1, even the serving BS always
has NLOS propagation to the MT. As a result, the impact
of increased time overheads with n on the effective ASE
is less in FR2 than that in FR1. As the ISD increases, the
probability of serving BS lying outside the LOS ball increases,
in turn, reducing signal power significantly in FR2. Thus,
when combined with higher path loss at higher frequencies
in FR2, for higher values of n, the impact of time overheads
is relatively higher in FR2 than FR1. Note that, as a result of
the tussle between competing effects, the values of n∗ in FR1
and FR2 are close to each other for the same ISD.

Overall, the numerical results discussed in this section
validate the claim that the proposed model allows for a system-
level evaluation of network planning decisions in beam-based
access networks such as 5G NR.

Note that, although the discussions on the effect of number
of beams at the BS, MT speed, and the ISD on the effective
ASE have considered until now an omnidirectional MT, they
are also valid for the case of directional MT.

VIII. NUMERICAL RESULTS: DIRECTIONAL MT

We now study the effect of multiple beams at the typical
MT and associated systemic tradeoffs. We will also compare
the performance of the directional MT with that of the
omnidirectional MT. Since it is expected that multiple beams
at the MT will be used mostly in FR2 (mmWave) due to the
need of directional communications, we restrict our discussion
to FR2.

A. Effect of the Number of Beams at the MT

Figs. 6 and 7 depict, for different ISDs and fading models,
the systemic tradeoffs associated with the directional MT
and the effect of the number of baseband processing chains
discussed in Section IV-C. Recall that, as given by (21),

(22), and (24), the time overheads for the limited overhead
(LO) case and the omnidirectional MT are the same, and are
smaller when compared to the probabilistic overhead (PO)
and full overhead (FO) cases, with the FO case leading to the
highest time overhead. Specifically, Figs. 6 and 7 compare
the performance of the directional MT with two (k = 1)
and four (k = 2) directional beams with the omnidirectional
MT. For the LO case, the additional beamforming gain due
to multiple directional beams at the MT (in addition to the
beamforming gain at the BS) dominates consistently over the
omnidirectional MT case, as the time overhead due to multiple
beams at the MT remains constant for the LO case irrespective
of the number 2k of beams at the MT. In other words, for
all values of n, the LO case with four beams at the MT
performs best, and the LO case with two beams outperforms
the omnidirectional MT case. Although the probability of
beam misalignment at the MT increases with k (see (4)), the
beamforming gain dominates this performance deteriorating
factor.

On the other hand, for the FO case, the time overhead
increases proportionally to both the number 2k of beams at the
MT as well as the number 2n of beams at the BS (see (22)).
Thus, after a certain value of n, the beamforming gain at the
MT is eventually dominated by the increased time overhead
and the probability of beam misalignment at both the MT and
the BS. For instance, as shown in Fig. 6a, for 25 = 32 beams
at the BS, the case with four beams at the MT achieves better
effective ASE compared to the case with two beams at the MT,
and the trend reverses from 26 = 64 beams onwards at the BS.
Also, for the FO case, when the number 2n of beams at the BS
is large enough (e.g., 32 beams in Fig. 6a), the advantage of
the directional communication at the MT vanishes due to the
increased time overhead, and the omnidirectional reception at
the MT leads to the better effective ASE. The optimal value of
n that maximizes the effective ASE reduces with an increase
in k in order to balance between the positive effect of the
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Fig. 7: Effect of the number 2k beams at the typical MT on the effective ASE. v = 30 km/h and ISD = 250 m.
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Fig. 8: Three-dimensional plot of the effective ASE against the number 2n beams at the BS and the number 2k beams at the
MT. v = 30 km/h and ISD = 200 m.

beamforming and the negative impact of the increased time
overhead and the increased probability of beam misalignment.
For a given number of beams at the MT, i.e, for fixed k,
the PO case offers an advantage over the FO case due to a
smaller number of beam switching at the MT for the given set
of network parameters.

To determine the effect of fading on the performance, we
compare two fading models: Rayleigh and Nakagami-m. For
the latter, we assume that the LOS propagation is characterized
by Nakagami-4 fading. As shown in Figs. 6 and 7, both fading
models present the same performance trend in the effective
ASE for different number of beams at the BS and the MT,
ISDs, and the overhead cases. This confirms the interest of
our mathematical results based on Rayleigh fading.

As Figs. 6 and 7 together show, the effect of the ISD for the
directional MT is the same as that for the omnidirectional MT
(discussed in Section VII-C). With respect to the directional
MT case, the comparison of Figs. 6 and 7 reveals that the
crossover point, where the FO case with four beams at the MT
(k = 2) starts performing worse compared to the FO case with
two beams at the MT (k = 1) and to the omnidirectional MT,
shifts towards right with an increase in ISD as the influence
of the beamforming gain increases due to larger average cell
sizes.

Fig. 8 gives a general view of the effect of directional
communications from the perspectives of both the BS and the
MT. Specifically, it gives the optimal number of beams at the
BS as well as the MT using a 2-D numerical optimization.
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Fig. 10: Overall performance for the mix of MTs. ISD = 200
m. p0 = 0.6, p1 = 0.3, and p2 = 0.1. q3 = 0.6 and q30 = 0.4.

For the LO case, the optimal number of beams at the MT
is 28 = 256, while it is 26 = 64 at the BS. This is due to
the fact that, for the LO case, the time overhead does not
increase with the number of beams at the MT. Thus, it is
better to increase the number of beams at the MT instead of
at the BS to achieve sufficient beamforming gain. However, the
negative impact of increased probability of beam misalignment
eventually dominates, which reduces the effective ASE after
increasing the number of beams beyond 256 at the MT.12 On
the other hand, as Fig. 8b shows, the optimal number of beams
at the MT reduces to four for the FO case as a result of the
proportional increase in the time overhead with the number of
beams at the MT.

12As of now, having 256 beams at the MT may be infeasible, but it may
be a reality in the future, especially for MTs that are not smartphones, such
as flying drones and vehicles.

B. Network Performance for the Mix of MTs

Fig. 9 compares a homogeneous network consisting of only
MTs with four beams (k = 2) and a heterogeneous network
consisting of a mix of MTs traveling at the same speed of
v = 30 km/h. For the heterogeneous network, 60% of the
MTs are omnidirectional (p0 = 0.6), 30% of the MTs are
with two beams (p1 = 0.3), and 10% of the MTs are with
four beams (p2 = 0.1). The performance for the mix of the
MTs can be obtained by weighing the ergodic Shannon rate
given by (14) by the probabilities p0, p1, and p2.

Specifically, for the LO case, the homogeneous network of
MTs with four beams suffers from a loss in the effective ASE
if other types of MTs are to be added in that network. This
is an expected result as the MTs with two beams and the
omnidirectional MTs achieve a smaller beamforming gain,
while the time overhead due to multiple beams at the MT
remains the same irrespective of the type of the MT. On
the other hand, for the FO case, the design of the network
is more complicated. In particular, Fig. 9 depicts how the
number of beams at the BS must be adjusted depending on the
composition of the network. For instance, when the network
consists of only MTs with four beams, having a small number
beams at the BS is beneficial from the effective ASE point
of view. On the contrary, if the network is heterogeneous as
per the aforementioned composition, having a large number
of beams at the BS is beneficial.

Fig. 10 captures the overall performance of the network
consisting of a mix of MTs where 60% of MTs move at
3 km/h (q3 = 0.6), while 40% move at 30 km/h (q30 = 0.4).
For each type of MT in terms of speed, 60% of the MTs
are omnidirectional (p0 = 0.6), 30% of the MTs have two
beams (p1 = 0.3), and 10% of the MTs are with four beams
(p2 = 0.1). In such a network, 29 = 512 beams are required
at the BS to maximize the effective ASE for the LO case,
while 28 = 256 beams are sufficient for the FO case. Note
that, despite of large time overhead in the FO case compared
to the LO case, the optimal effective ASE achieved in the
former case (137.9 nats/s/Hz/km2) is close to that in the
latter case (142.3 nats/s/Hz/km2). Recalling that the FO case
has reduced hardware complexity compared to the LO case,
Fig. 10 implies that the network operator might be able to
provide almost the same quality of service to MTs at reduced
hardware complexity for certain network compositions.

IX. CONCLUSIONS AND FUTURE DIRECTIONS

The system-level mathematical framework for beam man-
agement in 5G RAN presented in this paper captures
• essential scenario characteristics (e.g., operational fre-

quency, blockage characteristics)
• technological features (e.g., beamforming configuration,

delay overheads)
• network deployment choices (e.g., ISD, carrier band-

width)
• traffic scenarios (e.g., mix of MTs).

Also, this framework leads to the definition of several new
key performance metrics proper to 5G NR RANs; stochastic
geometry was used to derive closed-form expressions of
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each of them. These expressions are then aggregated in a
global formula allowing one to evaluate the effective area
spectral efficiency of this 5G RAN. This effective area spectral
efficiency is the Shannon rate per Hertz averaged out over
all users of a large network, when taking into account both
the pros of beam densification in terms of improved SINR,
and its cons in terms of the handover overheads that are
incurred by mobile users when they switch beams or cells.
For a dense urban macro/pico cell scenario in sub-6 GHz
and mmWave bands, the framework accurately captures the
systemic tradeoffs between ISDs, path loss, interference, and
signaling overhead due to beam management.

In the future, the model can be improved to incorporate
sectorized BSs with antenna panels and their effects on beam
shaping/gains, MT blockage models, and others. Further, our
model can be extended to capture other tradeoffs involved
in designing a beam-based RAN. For instance, the average
beam time-of-stay, i.e., the time a user remains with a given
beam before switching to another beam, decreases with an
increase in the number of beams in the beamset, which impacts
the available time for performing channel estimation, link
adaptation, and power control. Also, decreasing the periodicity
interval in which beamformed reference signal resources are
monitored may improve the effectiveness and response time
of beam refinement, but at the same time it results in reduced
spectral efficiency due to the control overhead.

From a theoretical analysis perspective, our framework can
be improved and extended in several ways by modeling the
LOS/NLOS propagation in a more sophisticated manner as
in [10], analyzing for arbitrarily shaped MT path, extending
to multi-tier networks, and calculating exactly the probability
of beam misalignment for the Poisson geometry of BSs.
Furthermore, more realistic beam patterns could be consid-
ered to take into account non-uniform beamwidths, arbitrary
beamwidth distributions, and a connection between the BS
and the MT through an NLOS beam due to reflections.
Finally, our framework is supposed to complement system-
level simulations; an actual validation of the framework using
system-level simulations is left for future research.

APPENDIX A
PROOF OF LEMMA 1

Based on whether the serving BS lies within the LOS ball
of radius Rc or not, we can write the success probability ps

as

ps(n, k, β) =

∫ Rc

0

P(SINRn,k > β | r)fR(r)dr

+

∫ ∞
Rc

P(SINRn,k > β | r)fR(r)dr, (25)

where fR(r) = 2πλr exp(−λπr2) is the probability density
function of the distance R of the typical MT to the nearest

BS. When 0 < r < Rc, we have

P(SINRn,k > β | r) = P
(
PKG0hX0

r−αL

σ2 + In,k
> β

∣∣∣∣ r)
= P

(
hX0

>
βrαL(σ2 + In,k)

PKG0

∣∣∣∣ r)
= e−

βrαLσ2

PKG0 E
[
exp

(
−βr

αLIn,k
PKG0

)]
(26)

for a given G0 which is a random variable with the probability
mass function given by (5).

We have

E
[
exp

(
−βr

αLIn,k
PKG0

)]
= E

[
exp

(
−
βrαL

∑
X∈Φ\{X0} PGXhX l(|X|)

PKG0

)]
(a)
= E

 ∏
X∈Φ\{X0}

E
(

exp

(
−βr

αLGXhX l(|X|)
KG0

))
(b)
= E

 ∏
X∈Φ\{X0}

E

(
1

1 + βrαL l(|X|)GX
KG0

)
(c)
= E

 ∏
X∈Φ\{X0}

(
pmm

1 +
βrαL l(|X|)Gm,nGm,k

KG0

+
pms

1 +
βrαL l(|X|)Gm,nGs,k

KG0

+
psm

1 +
βrαL l(|X|)Gs,nGm,k

KG0

+
pss

1 +
βrαL l(|X|)Gs,nGs,k

KG0

)]
, (27)

where (a) follows from the i.i.d. nature of fading random vari-
ables, (b) follows from averaging over the channel power gains
on interfering channels, and (c) follows from the probability
mass function of the gain GX (given by (9)) of an interfering
BS at X ∈ Φ.

From the probability generating functional (PGFL) of PPP,
it follows that

E
[
exp

(
−βr

αLIn,k
PKG0

)]
= exp

(
−2πλ

∫ ∞
r

(
1− pmm

1 +
βrαL l(w)Gm,nGm,k

KG0

− pms

1 +
βrαL l(w)Gm,nGs,k

KG0

− psm

1 +
βrαL l(w)Gs,nGm,k

KG0

− pss

1 +
βrαL l(w)Gs,nGs,k

KG0

)
wdw

)

= exp

(
−
∫ Rc

r

F (αL, αL, w,G0)dw

−
∫ ∞
Rc

F (αL, αN, w,G0)dw

)
, (28)

where, in (28), the first integral corresponds to interfering BSs
within the LOS ball and the second integral to those outside
the LOS ball with F (αS, αI, w,G0) given by (10).
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Fig. 11: At most one geometry-based beam reselection for
a BS. Triangles: Base station locations, Circles: Beam rese-
lection locations, Dashed lines: Beam boundaries, and Dotted
line: MT trajectory along the x-axis.

Similarly, one can obtain an expression for P(SINRn > β |
r) when Rc ≤ r < ∞, where the interfering BSs lie outside
the LOS ball. By averaging over the distance R of the typical
MT to its nearest BS, one gets (12). Finally, averaging over
the gain G0 from the serving BS yields the final expression
of the success probability in (11).

APPENDIX B
PROOF OF THEOREM 2

Geometry-based beam reselections occur at beam bound-
aries of a BS. In Fig. 1, these locations of beam reselections
are denoted by “circles.” Let θ denote the angle of a beam
boundary with respect to the direction of the motion of the MT
(see Fig. 11). This angle θ is distributed uniformly at random
in [0, π]. In Fig. 11, a “circle” denotes a point along the x-
axis where the typical MT reselects the beam. Let Ψ ⊂ R
denote the point process of beam reselection events, where
the points of Ψ are indicated by “circles.” We are interested
in calculating the average number of beam reselections the
typical MT performs per unit length, which is equivalent to
calculating the intensity of Ψ.

Without loss of generality, consider the motion of the typical
MT in the interval [0, `], which corresponds to the motion of
the typical MT from (0, 0) to (`, 0) along the x-axis. First, we
calculate the average number of beam reselections when there
is at most one beam reselection corresponding to a BS. This
happens when there are two beams of the same size for a BS.
Using the result for two beams, we can obtain the intensity of
beam reselection corresponding to 2n beams at a BS.

During the interval [0, `], the typical MT may move through
the Voronoi cells of multiple BSs. As shown in Fig. 12, let
ω(X) denote the point of the beam reselection corresponding
to the BS located at X ∈ Φ. The event of beam reselection
corresponding to a BS at X ∈ Φ occurs when the following
two events occur simultaneously:

1) the point of the beam reselection lies in the Voronoi cell
of the BS at X ∈ Φ, i.e., ω(X) ∈ VΦ(X) where VΦ(X)
is the Voronoi cell of the BS located at X ∈ Φ.

Fig. 12: Strip S (shaded area) between two blue solid lines
with angle θ with the x-axis. Triangle: Base station location,
Circle: Beam reselection location, and Dashed line: Beam
boundary.

2) the point of the beam reselection lies on the line con-
necting (0, 0) and (`, 0), i.e, ω(X) ∈ [0, `].

Consequently, conditioning on θ, the average of number of
beam reselections in [0, `] is

E(Ψ[0, `] | θ) = E

(∑
X∈Φ

1ω(X)∈VΦ(X)1ω(X)∈[0,`]

)
,

where 1 is the indicator function. Conditioning on the fact that
there is a BS at location z ∈ R2 and using the Campbell’s
theorem [5], it follows that

E(Ψ[0, `] | θ) = λ

∫
R2

Pz(ω(z) ∈ VΦ(z)) 1ω(z)∈[0,`] dz,

(29)

where Pz(·) denotes the Palm probability.
Event ω(z) ∈ VΦ(z): This event occurs when there is no

BS closer to the typical MT than the one at location z. This is
equivalent to the event that there is no BS in the ball of radius
‖z − ω(z)‖ centered at ω(z). Since the BS point process is a
PPP with intensity λ, we have

Pz(ω(z) ∈ VΦ(z)) = exp
(
−λπ‖z − ω(z)‖2

)
= exp

(
− λπy

2

sin2 θ

)
, (30)

where ‖z − ω(z)‖ = y
sin θ since z = (x, y).

Event ω(z) ∈ [0, `]: This event occurs if the BS at z lies
within the strip S between two lines passing through the origin
(0, 0) and (`, 0) at angle θ as shown in Fig. 12. Equivalently,
by representing z in Euclidean coordinates as z = (x, y), it
follows that

1ω(z)∈[0,`] dz = 1z∈S dz = 1(x,y)∈S dxdy. (31)

The left line passing through the origin at an angle θ can be
given as y = −x tan θ, while the right line passing through
(`, 0) at an angle θ can be given as y = (` − x) tan θ. Thus,
the BS at z lies in the strip S if

−∞ < y <∞ and − y

tan θ
≤ x ≤ `− y

tan θ
. (32)
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From (30), (31), and (32), we can express (29) as

E(Ψ[0, `] | θ) = λ

∫ ∞
y=−∞

dy

∫ `− y
tan θ

x=− y
tan θ

exp

(
− λπy

2

sin2 θ

)
dx

= `
(√

λ| sin θ|
)
.

Since θ is uniformly distributed in [0, π], averaging over
θ yields E(Ψ[0, `]) =

(
2
√
λ

π

)
`. Hence, for the case of two

beams, the linear intensity of beam reselection is 2
√
λ

π .
For 2n beams with n ∈ N, there are 2n−1 possibilities of

beam reselections corresponding to the serving BS. In this
case, we can obtain the average number of beam reselections
by superimposing the beam reselection events corresponding
to each beam boundary crossing considered earlier in this
proof. Hence, the linear intensity of beam reselection for 2n

beams at a BS is

µs,b(n) = 2n−1 2
√
λ

π
=

2n
√
λ

π
. (33)

Considering the speed v of the MT, one gets the time inten-
sity µt,b of geometry-based beam reselections as µt,b(n) =
2n
√
λ

π v.
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