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Abstract—The emerging 5G New Radio (NR) cellular systems
that may operate in millimeter-wave (mmWave) frequency bands
are expected to offer larger bandwidths. They are to be deployed
in densely crowded environments, where the traffic load has
a high degree of variability, which may introduce capacity
bottlenecks. One of the options to alleviate the latter is to
concurrently utilize the radio resources available in unlicensed
mmWave bands, e.g., at 60 GHz. In this work, we address the
coexistence of mmWave-based NR Unlicensed (NR-U) and WiGig
technologies and account for the mmWave-specific directionality,
propagation, and blockage effects. By further incorporating
the features of duty cycling and random access operation,
we construct a mathematical framework, which is capable of
characterizing the achievable data rates of the NR-U users that
operate over both licensed and unlicensed mmWave spectrum
simultaneously. Our numerical results demonstrate that the rate
attained by such devices is primarily regulated by the initial
contention window size that, in its turn, heavily depends on the
system and environmental parameters. We report the optimal
contention window values for a wide range of blocker and user
densities as well as antenna array configurations.

Index Terms—NR-U, coexistence, WiGig, millimeter wave,
performance analysis, duty cycle, listen before talk

I. INTRODUCTION

The cellular market undergoes a transition from 4G to
5G systems. As they promise significantly higher data rates
and lower latencies at the radio access interface as well as
on-demand software-driven reconfigurability, 5G deployments
are expected to be ready for increased application demands.
Particularly, by 2025, at least 2.6 billion subscriptions are
predicted to be 5G connections, while the proportion of smart
devices may grow up to 75% [1], [2]. These new requirements
are primarily driven by the ever increasing share of video
services that is expected to account for around 76% of all
the network traffic by 2025. Further, novel applications ac-
commodate massive drone surveillance, extreme virtual reality
(X-VR), extreme augmented reality (X-AR) [3], synchronized
reality (SR) [4], and mixed reality [5].
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In response to the above, mobile network operators (MNOs)
prepare to initially adopt 5G New Radio (NR) access technol-
ogy solutions in the sub-6 GHz spectrum [6]. After freezing the
NR specifications for both standalone (SA) and non-standalone
(NSA) options in Release 15 [7], standardization bodies such
as 3GPP and ITU currently address the utilization of higher
frequency bands, i.e., 28 GHz, 38 GHz, and 73 GHz. However,
the mass adoption of emerging bandwidth-hungry services
may lead to scarcity of spectrum and traffic congestion in
densely crowded areas even for the 5G NR systems.

Many bandwidth-hungry applications are expected to be
utilized in densely crowded areas such as city centers and
shopping malls. Here, only millimeter-wave (mmWave) com-
munications technology can potentially meet the significant
traffic loads [1]. However, today’s mobile traffic demands are
characterized by a high degree of temporal variability [8].
Further, several studies indicate that temporal dynamics is
becoming less predictable and highly clustered as compared
to the past years [9]. One of the reasons is the proliferation of
advanced applications that include X-VR and X-AR gaming.
The situation is not expected to change even with the emer-
gence of 5G NR, as these access systems are likely to remain
isolated and bandwidth-rich islands [10], [11].

Today, the research community and standardization bodies
seek for a systematic answer to address the effects of temporal
variability in mobile traffic. Here, we explore a viable option
for mitigating the impact of traffic fluctuations – offloading
in onto unlicensed mmWave bands. The unlicensed 60 GHz
band was exploited by Wireless Gigabit Alliance as WiGig
and was standardized as IEEE 802.11ad (delivers the data rates
of up to 7 Gbps) as well as its successor IEEE 802.11ay [12].
The aggregation of directional connections across licensed and
unlicensed mmWave bands brings 5G user equipment (UE) a
possibility to offload the excess traffic volumes and at the same
time lower the degrees of traffic variability.

In this work, we study the coexistence of unlicensed-
band 5G NR Unlicensed (NR-U1) and WiGig technologies in
mmWave spectrum. To this aim, we consider the tagged 5G
NR-U base station (BS) operating in the field of WiGig access
points (APs) and implementing both duty-cycle and listen-
before-talk (LBT) access procedures. Particularly, duty cycle
mechanism is utilized for dynamic service provisioning from
the operator by timely reacting to the current NR-U BS load
(via increasing the fraction of time that the NR-U UEs may
access the unlicensed band during busy hours and reducing
it at other times), while LBT mechanism aims to ensure the

1In what follows, we refer to 5G NR-U and NR-U interchangeably.
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fairness of resources division between NR-U and WiGig UEs.
Accounting for the mmWave-specific properties, including
highly directional antenna radiation patterns, propagation, and
blockage, we further apply the tools of stochastic geometry
and probability theory to characterize the data rates made
available to the NR-U and WiGig UEs. The main contributions
of our study can be summarized as follows:
• a mathematical framework for assessing the achievable

data rate of the NR-U UEs operating over both licensed
and unlicensed mmWave bands in the field of WiGig APs
and UEs by capturing the mmWave specifics and two
mechanisms that ensure fairness, duty cycling and LBT;

• the optimal values of the initial contention window (CW)
size that maximize the attained NR-U UE data rate in the
unlicensed spectrum across a wide range of environmen-
tal characteristics and system parameters;

• a recommendation on the initial choice of the CW size,
since a substantial difference in the data rates is observed
for a relatively small fraction of the NR-U UEs.

The rest of this text is organized as follows. In Section II, we
begin with reviewing the recent work related to the considered
5G NR-U system that aggregates licensed and unlicensed
mmWave bands. Section III introduces our system model and
the metrics of interest, which are followed by the development
of a performance evaluation framework in Section IV. The
numerical results are presented and discussed in Section V.
Finally, the main conclusions are made in Section VI.

II. BACKGROUND AND RELATED WORK

In this section, we first provide an overview of the enabling
technologies for 5G NR-U operation in unlicensed bands.
Then, we proceed with describing the related research work.

A. Overview of NR Unlicensed

The concept of NR-U was first approached in 2016, see
Fig. 1. Similarly to the respective LTE specifications, 5G NR-
U documentation has been extended to include the possibil-
ity of operating over the unlicensed bands. This is enabled
by the following set of functions: (i) dynamic frequency
selection (DFS), (ii) carrier aggregation, and (iii) random-
access mechanisms. The first two functionalities are similar
to those specified for the LTE Licensed Assisted Access
(LAA) technology [13]. They were recently extended in 3GPP
Release 16 TR 38.889 and TR 38.716 to support the 5G
NR-U technology. In addition, a channel access procedure
based on the coexistence and frequency range regulations
were identified by TR 38.889 as a crucial feature of NR-
U. TR 38.889 further determines channel access procedures
for the bands that might become regulated in the future.
These adjustments help ensure adequate protection for the
technologies operating exclusively in the unlicensed bands.

Spectrum sharing in the unlicensed bands is therefore
an essential feature for NR-U. Certain bands are available
worldwide, while some of them are only accessible locally.
There are several candidate frequencies that have already
been shortlisted, such as 2.4, 3.5, 5, and 6 GHz. Selection
of the unlicensed bands is not restricted, as NR-U design is

Fig. 1. Illustration of LBT-based NR-U implementation.

expected to be extended to a wider range of frequencies [14].
In [15], there is an indication that the features of the physical
layer, such as waveforms, carriers, and frame structures, need
to maintain similar principles to ensure compatibility. For
example, 5G NR and NR-U already have a similar mapping.
With respect to the frame structure, providing appropriate
switching between uplinlk (UL) and downlink (DL) based on
LBT mechanisms needs to be followed, as described in TR
38.889.

Further, TR 38.889 ratifies four methods for NR channel
access in unlicensed bands. The first approach implies imme-
diate transmission after a short switching period. The second
considered solution employs the LBT mechanism without a
random back-off, by utilizing a constant time interval for
standby before transmission. The third principle also relies
upon the LBT scheme, but with a random back-off and fixed
size of the CW. Accordingly, the CW size is selected randomly
prior to a packet transmission, and then this size is interpreted
as the time period for standby. In our study, we consider the
fourth (more general) option, which includes the previous three
as its special cases: LBT with binary exponential back-off
(BEB), where the CW size is doubled in the case of a failed
transmission attempt.

B. Related Research Work

The concept of integration between licensed and unlicensed
mmWave bands was considered in [16], [17]. The authors
studied the coexistence of the two systems in terms of the
DL data rate, by comparing three different scenarios: IEEE
802.11ad only, coexistence of 802.11ad and NR-U, and NR-U
only. The results indicated that the use of unlicensed bands
by NR-U UEs may dramatically degrade the performance of
802.11ad UEs in terms of their data rate.

Since NR-U operation may also increase the levels of inter-
ference, recent studies focused on the effective coexistence
mechanisms between NR-U and 802.11ad/ay systems [18],
[19], including the duty cycle and random access consider-
ations. The study in [18] highlighted the overall design goals
for the coexistence mechanisms in these systems over the 60
GHz band, such as the architectural details of 5G NR-U to
support spectrum sharing in unlicensed bands. In [19], the
authors proposed a listen-before-receive (LBR) technique for
shared spectrum access and analyzed its potential to reach a
fair coexistence between multiple radio technologies in unli-



3

censed mmWave bands. The work in [20] developed a channel
observation-based LBT (CoLBT) mechanism for improved
fairness. Specifically, a more realistic channel observation
scheme was considered to adjust the CW to improve the
resource utilization and the coexistence performance.

More recently, in [21], the authors proposed a hybrid
channel access mechanism combining LBT access and non-
LBT schemes. When the channel is extremely congested, the
LBT mechanism is applied, while no-LBT access is utilized
when the medium is relatively free. The conducted system-
level simulations verified that the proposed mechanism can
achieve higher user-perceived throughput and lower delay as
compared to the case where LBT is always enabled. The
authors in [22] compared the performance of a combination
of omnidirectional and directional channel access schemes
with LBT/LBR mechanisms in the presence of a realistic
mmWave antenna array pattern, 3GPP mmWave indoor path
loss model, and fixed backoff mechanism. They demonstrated
that directional LBT combined with directional LBR and
omni-directional LBT performs better than other alternatives in
terms of the sum rate, mean rate, and minimum rate. Moreover,
directional LBT is preferred in terms of fairness. The authors
in [23] developed an analytical approach that maps the effects
of imperfect spectrum sensing and multi-cell, multi-tier LBT
onto the key performance indicators.

Several performance evaluation results targeting different
Wi-Fi and LTE coexistence options have also been reported to
date in the context of LAA technologies. Particularly, LBT and
duty-cycle approaches have been utilized previously for Wi-Fi
and LAA coexistence [24], [25]. In [24], the authors addressed
the Wi-Fi performance in the presence of the duty-cycle-based
LAA transmissions on the same channel. One LAA cell and
one Wi-Fi access point were considered by allowing the LAA
devices to only transmit their signals in the predetermined
duty cycles. On the other hand, Wi-Fi stations were permitted
to contend for the shared channel without cooperation with
the LAA system nor having any prior knowledge about the
duty-cycle parameters. Further, in [25], the authors proposed
coexistence schemes for LTE and Wi-Fi systems by aiming at
possible enhancements in the forthcoming NR networks.

The work in [26] applied the effective capacity consid-
erations to assess the statistical service quality guarantees
provided to the LTE sessions. A four-state semi-Markovian
model was developed to capture the transmission collisions,
random back-offs, and lossy wireless channels in distributed
heterogeneous networks. Further, a closed-form expression for
the effective capacity was offered to assess the operation in
question. The model in [27] addressed Wi-Fi and LAA coex-
istence in the presence of the LBT channel access provisions.

In [28], the authors continued their studies summarized
in [26] by considering the interaction of NR-U and Wi-Fi.
They designed a new LBT protocol, referred to as cooperative
LBT, in which zero-forcing precoding is applied to suppress
multi-user interference. In [29], the authors characterized
the significant sources of interference and developed closed-
form expressions for the spatially averaged performance of
a typical communication link. The work in [30] studied the
LAA induced duty-cycle mechanisms by showing that they

may offer service quality guarantees and ensure fair resource
allocations between Wi-Fi and LAA. That model was further
extended to elastic traffic in [13].

The study in [31] further addressed the coexistence of NR-
U and WiGig (802.11ad) technologies in 60 GHz bands. In
particular, the authors focused on determining whether NR-
U fulfills its coexistence objective in terms of the fairness
criterion by considering different NR-U parameters, such as
the numerology, the bandwidth, the channel access scheme,
the energy detection threshold, and the beamforming method.
Notably, the work in question is based on system-level simu-
lations. In [32], the authors studied the coexistence of cellular
and WiGig users around 60 GHz bands. They proposed a
sensing-based adaptive unlicensed channel sharing protocol.
Jointly considering the frequency and spatial resource alloca-
tion, an iterative channel allocation and hybrid beamforming
algorithm was designed to maximize the sum rate of all
cellular users while minimizing the interference to WiGig
networks. However, that work is (also) based on system-
level simulations. The research in [33] inspected the downlink
performance of NR-U and WiGig technologies under inter-
technology interference from each other in 60 GHz bands.
Under a small-cell setting, that paper offered models for
signal-to-interference-plus-noise ratio (SINR) and data rate.

In our study, we develop an analytically tractable model that
captures mmWave specifics and two concurrent mechanisms
for ensuring fairness as per past literature: (i) duty cycle-based
approach, and (ii) LBT-based scheme. The duty cycling may
provide overall protection for the WiGig traffic by regulating
the duration of ON periods when NR-U UEs are allowed to
compete, while the LBT mechanism ensures dynamic local
fairness where both types of UEs are allowed to compete over
the unlicensed band. The duration of ON and OFF periods
might be regulated by utilizing the approaches specified in,
e.g., [34], [35].

III. CONSIDERED SYSTEM MODEL

In this section, we specify our system model by introducing
its individual components. We start with the deployment
choice and then proceed by clarifying the wireless aspects
including propagation, blockage, and antenna parameters. Fur-
ther, we detail the considered channel access scheme for the
NR system. Finally, we define our metrics of interest. The
notation used in this work is summarized in Table I.

A. Deployment Model

In this paper, we consider a single NR-U BS that may serve
users over both licensed and unlicensed bands. We assume that
the WiGig AP operating exclusively in unlicensed spectrum is
located at the same geographical position as the NR-U BS. We
note that the analysis performed in our study can be extended
to the case of Poisson point process (PPP)-driven deployment
of the NR-U BS and WiGig APs by utilizing the conventional
tools of stochastic geometry. The NR-U BSs are assumed to
be equipped with two sets of radio transceivers and antennas.
The WiGig APs and NR-U BSs are also required to employ
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TABLE I
NOTATION USED IN THIS WORK.

Parameter Description
λB Density of pedestrians
S(x) Received signal power at UE
L(x), LdB(x) Path loss in linear and dB forms
PT Transmit power
GN,A, GW,A Antenna gains at NR-U BS and WiGig AP
GN,U , GW,U Antenna gains at NR-U UE and WiGig UE
MI Interference margin
fc Carrier frequency
Ai Propagation constants
ζi Path loss exponents
ψ HPBW of linear antenna array
N Number of antenna elements
φ3db, φm Antenna array parameters
Smin SNR outage threshold
S(x), SnB(x) SNR and SNR at distance r in non-blocked state
rB Average radius of human blockers
N0 Thermal noise
MS,B Shadow fading margin in blocked state
σS,B Standard deviation of shadow fading in blocked state
erfc−1(·) Inverse complementary error function
pcov Cell-edge coverage probability
dW , dN Effective coverage radii of WiGig AP and NR-U BS
BN , BW Bandwidths of WiGig AP and NR-U BS
fN (r) pdf of distance between NR-U BS and UE
fW (r) pdf of distance between WiGig AP and UE
hN , hW Heights of NR-U BS and WiGig AP
hU , hB User and blocker heights
MN ,MW Number of competing NR-U and WiGig UEs
αN,R, αW,R HPBWs of WiGig AP and NR-U BS antenna arrays
αN,T , αW,T HPBWs of WiGig and NR-U UE antenna arrays
pb(r), pb Distance-dependent/independent blockage probabilities
ΛN Intensity of NR-U UEs competing for access
ΛW Intensity of WiGig UEs competing for access
γL,i SNR of i-th device
pc Collision probability
πW WiGig UE transmission probability
ΠNR Weighted successful transmission probability
πNR NR-U UE transmission probability
UW WiGig UE successful transmission probability
UNR NR-U successful transmission probability
bi Number of time slots spent in state i
SON Mean time NR-U UE uses the unlicensed band
SOFF Mean time NR-U UE does not use the unlicensed band
vb State of back-off counter
vd Number of time slots before state changes
nNR Number of NR-U UEs competing over the unlicensed band
V Average number of steps
λW , λN Densities of WiGig and NR-U UEs
W Contention window size
qi Stationary probability for state i
θ Probability of successful transmission
K Number of retransmission attempts where CW is doubled
T Number of retransmission attempts where CW is constant
η Fraction of time spent on the unlicensed band
pW , pN Fraction of WiGig and NR-U UEs with active sessions
N Number of horizontal elements in NR-U BS antenna array
qN , qW NR-U and WiGig successful transmission probabilities
RN,U , RN,L UE rates with WiGig AP and NR-U BS
RU Aggregate NR-U UE rate

the same unlicensed band, e.g., 60 GHz. The heights of NR-
U BSs and WiGig APs are constant and set to hN and hW ,
respectively.

There are two types of users in the considered environment.
First, there are WiGig UEs that operate exclusively in the
unlicensed spectrum. Another set of users, named NR-U UEs,
may operate over both licensed and unlicensed bands simul-

Fig. 2. Illustration of considered system model.

taneously. Within the NR-U BS deployment, as we arbitrarily
tag one NR-U BS, we concentrate on the UL performance of
a randomly chosen NR-U UE under its coverage.

We assume that the density of pedestrians is λB per square
meter and that these are associated with UEs. With probability
pW , the UE is associated with a WiGig session and with
probability pN it belongs to an NR-U session. With the com-
plementary probability, (1−pN−pW ), the UE is not associated
with an active session. Recalling the thinning property of the
Poisson processes [36], under these assumptions, both NR-U
and WiGig UEs constitute PPPs in <2 with the intensities of
pNλB and pWλB , respectively. The height of pedestrians is
determined by the height of humans and is set as constant hB .
Pedestrians having active sessions are assumed to hold UEs in
their hands, and thus, the resulting height of UEs is smaller
than the height of pedestrians. Hence, we set the height of
UEs as constant hU .

B. Blockage Model

In this work, we account for dynamic blockage of radio
propagation paths by pedestrians. The latter is considered to
move in <2 according to a random direction mobility (RDM)
model [37] with the speed of v m/s and an exponentially
distributed run-length having the mean of τ m. Human bodies
are modeled as cylinders with height hB and radius rB . In
practice, hB is the mean height of pedestrians, hB = 1.7 m.

Generally, link blockage may have positive as well as
negative effects. Blockage degrades UE throughput when a
transmitting user finds oneself in a blocked state with WiGig
AP or NR-U BS. On the other hand, blockage effectively
reduces the number of UEs competing for transmission re-
sources. In our modeling, we account for both effects.

We define the blockage probability pb(r) as the probability
that the line-of-sight (LoS) link at the distance of r from the
transmitter is occluded. Then, 1− pb(r) is the probability that
at the distance of r there exists a LoS link. Recalling that the
stationary distribution of RDM is uniform in any closed region
of interest [37] and using the results of [38], the blockage
probability pb(r) at any given instant of time is given by

pb(r) = 1− e−2λBrB(r
hB−hU
hW −hU

+rB)
, (1)

where λB is the density of pedestrians.
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C. Propagation Model

The SINR at the UE can be written as

S(x) =
PTGN,AGN,UMS

(N0 +MI)L(x)
, (2)

where PT is the transmit power, GN,A and GN,U are the
antenna gains at the transmit and receive ends, L(x) is the
propagation losses at the distance of x, N0 is the thermal
noise, MI is the interference margin, and MS is the shadow
fading margin.

Employing the 3GPP Urban Micro (UMi) street canyon
model [39], the path loss (measured in dB) is given by

LdB(x) =

{
32.4 + 21 log(x) + 20 log fc, non-blocked,
47.4 + 21 log(x) + 20 log fc, blocked,

where fc is the operating frequency in GHz and x is the
distance between the BS and the UE.

The path loss can be represented in the linear form as Aixζi ,
where A and ζ are the propagation coefficients. Introducing
the coefficients (A1, ζ1) and (A2, ζ2) that correspond to non-
blockage and blockage conditions, respectively, we have

A1 = 102 log10 fc+3.24,

A2 = 102 log10 fc+4.74,

ζ = ζ1 = ζ2 = 2.1. (3)

In addition to capturing inter-technology interference be-
tween WiGig and NR-U in the unlicensed band, we also
account for interference from the adjacent NR-U BSs in the
licensed band. The latter is captured via the interference
margin MI . The rationale is that the cellular NR-U BS
deployment is expected to be well-provisioned by the operator
to avoid significant coverage overlaps. Further, our recent
studies of interference in mmWave deployments, e.g., [40],
[41], [42], indicate that the use of highly directional antennas
in mmWave-based NR systems drastically reduces the overall
interference footprint as compared to microwave 4G systems.

D. Antenna Model

In this work, by following [40], we utilize cone antenna
models that represent the main lobe as a cone centered at
the UE or at the NR-U BS (WiGig AP). To parametrize this
model, one needs to provide the antenna gains at the transmit
and receive ends for the NR-U BS and WiGig AP, GN,A,
GN,U and GW,A, GW,U , respectively. To derive these, in what
follows, we assume linear antenna arrays at both ends and
approximate the antenna gains by the average gain over the
half-power beamwidth (HPBW).

The HPBW of an antenna array ψ is proportional to the
number of its elements N in the appropriate plane [43], i.e.,

ψ = 2|φm − φ3db|, (4)

where φ3db is the 3-dB point and φm is the location of the ar-
ray maximum. The latter is available as φm = arccos(−β/π).
For β = 0, the mean antenna gain over the HPBW is then [43]

G =
1

φ+
3db − φ

−
3db

∫ φ+
3db

φ−
3db

sin(Nπ cos(φ)/2)

sin(π cos(φ)/2)
dφ. (5)

Fig. 3. Considered CoLBT mechanism for NR-U access.

E. NR-U Channel Access and Usage

The unlicensed band is employed by the NR-U UEs to
increase the transmission rates of their active sessions. The
WiGig APs are not explicitly aware of the NR-U BSs nor are
the NR-U UEs operating on the unlicensed band. Let SON be
the meantime that the NR-U UE utilizes the unlicensed band.
In what follows, the duration of SON + SOFF is named a
duty cycle, while η = SON/(SON + SOFF ), is the fraction
of time that the NR-U UE uses the unlicensed band. These
parameters are set by the MNO and depend on the long-
term load dynamics at the NR-U BS. Here, by long-term, we
assume the timescales of minutes to hours. The mean data rate
of the NR-U UE is thus the sum of its rates over licensed and
unlicensed bands, i.e., RU = RN,L +RN,U .

Each active NR-U UE session receives equal amount of
radio resources in the licensed band, i.e., the available band-
width BN is divided fairly between them. That is, when there
are i UEs in the system, BN/i resources are allocated over
the licensed spectrum, and the data rate of i-th device follows
from the Shannon’s law as

RN,L =
BN
i

log2[1 + S(x)], (6)

where S(x) is the signal-to-noise ratio (SNR).
As the unlicensed band is used to boost the bitrate of NR-

U sessions, all of these during a duty cycle employ the LBT
approach to gain channel access. We assume that the NR-
U technology utilizes the so-called CoLBT mechanism (LBT
based on channel observation, see Fig. 3), which is similar
to that recommended by 3GPP [20]. During the OFF periods
of a duty cycle, the back-off counters of the LBT procedure
freeze and resume only when the next duty cycle begins.

When the back-off counter of the LBT procedure reaches
zero and the UE attempts to transmit over the unlicensed
band, there are three possible outcomes: (i) a successful trans-
mission, (ii) an unsuccessful transmission due to a collision
with another NR-U or WiGig UE, and (iii) an unsuccessful
transmission due to the LoS blockage. The evolution of the
CW is assumed to follow a BEB procedure. Accordingly,
for the first K unsuccessful transmission attempts the CW
doubles. For the remaining T − K, T > K, unsuccessful
attempts, the CW is preserved constant.

After a specified interval, during which the channel is idle,
the value of the back-off timer is decreased by one. If, as a
result of an observation, the channel is busy, then the NR-U
BS pauses its back-off timer and continues to listen on the
channel. The timer starts only when the channel is free while
the transmission opportunity is only available at the beginning
of the time slot, where the value of the timer reaches zero.
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NR-U BS is assumed to be able to estimate the channel
based on the probability of collision, which occurs when two
or more devices transmit in the same time slot. In such a
situation, an increase of the CW takes place. The collision
probability also depends on the number of devices using the
unlicensed band. Therefore, we assume that an increase in the
CW value – by taking into account the collision probability –
ensures fair coexistence of NR-U using the LBT mechanisms,
similarly to the case of LAA technology [44].

The contention resolution procedures at both NR-U BS
and WiGig AP are also affected by the directivity of the
utilized antenna arrays. Hence, a collision may occur when the
devices using the same beam attempt to transmit at the same
time, or while attempting to transmit simultaneously when the
beams of the NR-U BS and the WiGig AP intersect. From
the perspective of the developed model, this implies that the
effective number of users competing among themselves for a
transmission opportunity decreases.

F. Metrics of Interest

Our key parameter is the data rate achieved by the NR-
U UE that operates over licensed and unlicensed bands si-
multaneously. Further, we characterize the rate available to
the WiGig UE in the presence of competing NR-U BS and
WiGig UEs. As an intermediate result, we also derive the
successful transmission probabilities for both UE types over
the unlicensed band.

IV. PERFORMANCE EVALUATION FRAMEWORK

In this section, we develop our performance evaluation
framework. We first outline the proposed methodology. Then,
we employ the deployment and propagation parameters to
characterize the number of devices competing for the trans-
mission resources. Finally, we capture the probability that the
NR-U and WiGig UE transmissions are successful and utilize
these to derive our metrics of interest.

A. General Methodology

To evaluate the data rates achieved by the WiGig and NR-
U UEs competing for the resources, we employ a multi-stage
approach. At the first stage, we assess the rate provided to the
NR-U UEs by using the tools of stochastic geometry as well
as accounting for the propagation and blockage effects.

Once the rate made available to the NR-U UE over the
licensed band is obtained, we proceed with characterizing the
additional rate achieved by the NR-U UEs in the unlicensed
band when competing with the WiGig UEs. At that stage,
we account for the deployment and wireless features (e.g.,
propagation, antenna, and blockage models) to determine the
numbers of NR-U and WiGig UEs competing for resources
and thus affecting the achievable data rate.

At the last stage, the knowledge of the number of competing
UEs is utilized to assess the NR-U and WiGig UE successful
transmission probabilities. Here, we also account for the
blockage of UE transmissions that impacts these parameters.
Finally, the intermediate variables are used at the last stage to
capture the aggregate data rate of NR-U and WiGig UEs.

B. Achievable Rate in Licensed Band
We start by deriving the data rate provided to the NR-U UE

in the licensed band. Recall that the available bandwidth BN
is assumed to be fairly shared among the concurrent sessions,
while the density of UEs served by the NR-U BS is pNλB . To
determine the number of devices sharing the same bandwidth,
we first characterize the effective cell coverage.

1) Effective Coverage: Let dN be the effective NR-U BS
coverage radius. Recall that the distance in question is defined
as the maximum separation between the UE and the NR-U
BS, such that the UE experiencing LoS blocked conditions is
not in outage. Note that it is affected by the antenna array
configuration at the transmit and receive ends via the antenna
gains. Let Smin be the SNR outage threshold, i.e., Smin is a
lower bound on the SNR range corresponding to the lowest
modulation and coding scheme.

Using the propagation model with respect to the LoS
blockage state, we have the following

Smin =
PTGN,AGN,U

N0A2
(d2
N + [hN − hU ]2)−ζ/2, (7)

where ζ is the path loss exponent, hN and hU are the heights
of the NR-U BS and the UE, PT is the NR-U BS transmit
power, GN,A and GN,U are the NR-U BS transmit and the
UE receive antenna gains, N0 is the thermal noise, and A2 is
the propagation constant.

Solving (7) with respect to dN , we obtain

dN =

√(
PTGN,AGN,U
N0A2SminMS,B

)2/ζ

− (hN − hU )2, (8)

where MS,B is the shadow fading margin in the blocked state,
which is computed as follows

MS,B =
√

2σS,Berfc−1(2pcov), (9)

where erfc−1(·) is the inverse complementary error function,
pcov is the cell-edge coverage probability, and σS,B is the
standard deviation (STD) of the shadow fading distribution
for the LoS blocked state as provided in [39]. The coverage
radius of the WiGig APs, dW , can be established similarly.

2) Data Rate Assessment: Once the effective coverage of
the NR-U BS is obtained, we determine that the number of
UEs within the coverage area of the NR-U BS, MN , follows a
PPP with the parameter pNλBπd2

N . Hence, the Shannon rate
achievable over the licensed band by the UE located at the
distance of r is given by

RN,L =
BN
MN

(1− pb(r)) log2(1 + SnB(r)), (10)

where SnB(r) are the SNRs in non-blocked and blocked
conditions, while pb(r) is the blockage probability in (1).

Taking the expectations on both sides, we establish

E[RN,L] = E

[
BN
MN

]
E[(1− pb(r)) log2(1 + SnB(r))].

(11)

The first term in (11) can be characterized as

E

[
BN
MN

]
=

∞∑
i=0

BN
i+ 1

(pNλBπd
2
N )i

i!
e−pNλBπd

2
N . (12)
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Employing a transformation of the sum, the above equation
is rewritten as

E

[
BN
MN

]
=

BN
pNλBπd2

N

(
1− e−pNλBπd

2
N

)
. (13)

The second term is determined by applying the so-called
”law of the unconscious statistician” in the form

E[(1− pb(r)) log2(1 + SnB(x))] =

=

∫ dN

0

(1− pb(x)) log2(1 + SnB(x))fN (x)dx, (14)

where fN (x) is the probability density function (pdf) of
distance r to the tagged UE. The said pdf is [45]

fN (x) =
2x

d2
N

, 0 < x < dN . (15)

C. Number of Competing UEs

We proceed by determining the numbers of NR-U and
WiGig UEs competing for the transmission resources with the
tagged NR-U UE in the unlicensed band as well as the num-
bers of NR-U and WiGig UEs competing for the transmission
resources with the tagged WiGig UE. The random variables
denoting these parameters are MN and MW , respectively.

Based on our antenna model, only the NR-U UEs located
inside the sector covered by the WiGig antenna with angle
αW,R may compete for a transmission opportunity. The area
of the sector can be obtained as

SA = π[min(dW , dN )]2
αW,R
360

, (16)

where min(dW , dN ) specifies the maximum sector radius that
depends on the number of antenna elements at the NR-U BS
and the WiGig AP as well as the UEs.

However, not all the NR-U UEs located inside the said sec-
tor actually compete for resources. An NR-U UE is excluded
from the process when it is blocked. Applying the thinning
theorem of a Poisson process [36], the number of NR-U UEs
competing for a transmission follows a Poisson distribution
with the intensity

ΛN = λB(1− pb)pN
[
π[min(dW , dN )]2

αN,R
360

]
, (17)

where pb is the blockage probability, i.e.,

pb =

∫ dN

0

rpb(r)

d2
N

dr. (18)

The number of WiGig UEs competing with the tagged NR-
U UE also follows a Poisson distribution with the intensity
ΛW that may be obtained similarly to (17) as

ΛW = λB(1− p?b)pW
[
π[min(dW , dN )]2

αW,R
360

]
, (19)

where the unknown term is provided by

p?b =

∫ dW

0

rpb(r)

d2
W

dr. (20)

Fig. 4. State transition diagram for considered model.

D. WiGig UE Transmission Probability

Here, we derive the probability of a successful transmission
by the WiGig UEs conditioned on the presence of exactly
n competing UEs, and then account for the random number
of competing UEs. In our study, the successful transmission
probability is defined as the probability that a single UE has a
packet ready for transmission in a slot and actually transmits it
successfully. Let pc be the probability of a collision and pb be
the probability of a non-LoS blockage. Then, the probability
of a successful transmission is given by

θ = (1− pc) (1− pb) . (21)

The access procedure in question can be described by a
Markov chain {Xn, n = 0, 1, . . . K + T}, see Fig. 4, where
K is the maximum number of unsuccessful transmissions
where CW is doubled, while T is the number of additional
retransmissions where the CW remains constant. Observe
that omitting the time when the back-off counter is frozen
during the OFF periods of a duty cycle, the residence time in
state Xi is a random variable having uniform distribution in[
0, 2iW − 1

]
, where W is the minimum CW value. We can

now formulate the following lemma.
Lemma 1. The stationary state probabilities of the consid-

ered Markov process {Xn, n = 0, 1, . . . } are given by

qi =
(1− pc − pb + pcpb)(pc + pb − pcpb)i

1− (pc + pb − pcpb)K+T+1
, i = 0, 1, .. (22)

Further, let πNR and πW be the probabilities that NR-U and
WiGig UEs transmit in arbitrarily chosen time slots. Then, if
there are nNR NR-U and nW WiGig sessions competing, the
collision probability is

pc = 1− (1− πNR)
nNR (1− πW )

nW . (23)

The unknowns πNR and πW can be established by con-
sidering the LBT access procedure. Particularly, they can be
expressed as functions of the mean numbers of steps (time
slots) at each state of the Markov chain {Xn, n = 0, 1, . . . }
before a state change. Let bj be the mean number of steps
(time slots) in state j, i.e.,

bj =

2jW∑
i=1

1

2jW
i =

2jW + 1

2
, j = 0, 1, ..,K + T, (24)

which implies that
∑K+T
i=0 qibi is the mean number of time

slots spent in a state. We now formulate the following impor-
tant result.

Lemma 2. The probability that WiGig UE performs a
transmission attempt is determined by (25).
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πW=

(
W (1− pc − pb + pcpb)(1− (2(pc + pb − pcpb))K+T+1)

2 (1− (pc + pb − pcpb)K+T+1) (2pcpb − 2pc − 2pb + 1)
+

1

2

)−1

. (25)

Fig. 5. Markov chain state transition diagram.

E. NR-U UE Transmission Probability

Analysis of NR-U UE transmission probability is more
involved since NR-U UE operates according to a duty cycle
structure. To account for it, we represent the time evolution
of the NR-U UE by another Markov chain as shown in
Fig. 5. Here, Y nin is a set of microstates that characterizes
equiprobable entry into macrostate Xn from macrostate Xn−1,
while Y nout is the set of microstates that characterizes an exit
from macrostate Xn.

Further, Zn0 and Zn1 include the remaining intermediate
microstates of macrostate Xn. The microscopic structure of
macrostate X0 of this Markov chain is displayed in Fig. 6,
where (s, vb, vd), s = {0, 1}, s = 0, refers to the OFF state
of a duty cycle, while s = 1 reflects the ON state of a duty
cycle. Further, vb denotes the state of the back-off counter and
vd is the number of time slots before the state s changes. The
system leaves macrostate X0 via the set of states Y 0

out that
encompasses microstates (1, 0, i), i = 1, ..., SON .

We also introduce the following subsets of states

UkON,0 : {(1, vb, vd) |vb < vd} ,
UkON,0 : {(1, vb, vd) |vd + (j − 1)SON ≤ vb < vd + jSON} ,
UkOFF,j : {(1, j, SOFF ) |vb < SON} , (26)

where vb < 2kW .
Upon arrival in X0, the system first enters microstate

(1, i, j), where i ∈ [0,W − 1] , j ∈ [1, SON − 1] for the
ON state of a duty cycle or microstate (0, i, SOFF ), where
i ∈ [1,W − 1] for the OFF state of a duty cycle with the
same probability. Denote these states as

I1
i,j : {(1, i, j) |i ∈ [0,W − 1] , j ∈ [1, SON − 1]} ,
I0
i,SOFF

: {(1, i, j) |i ∈ [0,W − 1]} , (27)

with their union corresponding to Y 0
in, see Fig. 5.

Note that the powers of the sets of these states are equal
to |W (SON − 1)| and |WSON |, respectively. Hence, the
probability that the system is in that state is

P (s, vb, vd) =

{
1

WSON
, vb ≥ 1,

1
W (SON−1) , vb = 0, s = 1,

where W = 2iW − 1.
There are standard methods for calculating the time to exit

a macrostate, such as those described in [46]. Let us further
denote Q0 as the transition probability matrix of the Markov
chain inside macrostate X0. Also, let a0 be the exit vector
from the macrostate that describes microstates (1, 0, i), where
i = 0, 1, . . . , SON , and qT0 is the vector that characterizes an
equiprobable entry into a macrostate. Then, qT0 Qk

0a0 is the
probability that the system leaves macrostate X0 over exactly
k + 1 steps of the Markov chain, and the average number of
steps V is given by [47]

V = qT0

( ∞∑
k=0

(k + 1)Qk
0

)
a0 = qT0 (I−Q0)−2a0. (28)

Note that each element of vector a0 is equal to the sum of
elements in the corresponding row of matrix I − Q0, which
means that the product (I − Q0)−1a is equal to the column
vector of units, i.e.,

V = qT0 (I−Q0)−11. (29)

Observe that the computational complexity of the proposed
method may be sufficiently high: for the realistic CW sizes,
i.e., 211, the size of the matrix is about 8 million elements.
Therefore, in what follows, we derive the sought probabilities
analytically by expressing the numbers of steps to exit a
microstate for ON and OFF states of a duty cycle, respectively.

1) ON State of a Duty Cycle: First, consider the case of
vb < vd. According to (28), the probabilities of entering a
macrostate are 1/W (SON − 1) and 1/WSON , respectively.
Observing Fig. 6, one may notice that if vb = 0, the number
of steps to exit a macrostate is exactly one, and for vb > 0,
the number of such steps is vb+1. The lower and upper limits
of the sum are determined via the states as specified by I1

i,j

in (26) and by vb + 1.
Hence, the mean number of steps in state (1, vb, vd) |vb < vd

is provided by

E[ξON |UkON,0] =
1

W (SON − 1)

SON−1∑
vd=1

1+

+
1

W (SON )

SON−1∑
vd=1

min(vd−1,W−1)∑
vb=1

(vb + 1). (30)

By simplifying (30), we arrive at

E
[
ξON |UkON,0

]
=

1

W
+

1

2WSON
F1(SON ,W ), (31)

where for SON ≥ 2 and W ≥ 1

F1(SON ,W ) =


1
6 (S3

ON − 7SON + 6), SON ≤W ,
1
2 (W 2 +W − 2)(S − 1−W )

+ 1
6 (W 3 + 3W 2 − 4W ), SON > W .
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Fig. 6. State transition diagram of macrostate X0.

Further, we consider the case of vd + (j − 1)SON ≤ vb <
vd + jSON . Similarly to (30), the probability of arriving into
a macrostate is 1/WSON and the number of steps to exit
a macrostate is given by jSOFF + vb + 1. The respective
upper and lower limits are provided by (27) as well as by the
condition vd + (j − 1)SON ≤ vb < vd + jSON .

Hence, the mean number of time slots that NR-U UE spends
in state (1, vb, vd) |vd + (j − 1)SON ≤ vb < vd + jSON is

E[ξON |UkON,j ] =
1

WSON

×
SON∑
vd=1

min(vd+jSON ,W−1)∑
vb=vd+(j−1)SON

(jSOFF + vb + 1). (32)

Note that (32) can now be expressed as

E[ξON |UkON,j ] =
SON − 1

WSON
F2(j, SON ,W ), (33)

where F2(j, SON ,W ) is provided in (34).
2) OFF State of a Duty Cycle: Here, consider at first

the case of vb < SON . Recall that the probability for NR-
U UE to enter state (1, vd, SOFF ), vd ∈ [0,W − 1] is the
same, while the stationary probability to reside in this state
is 1/WSON (28). Hence, the mean number of steps in state
(1, j, SOFF )|vb < SON is

E[ξOFF |UkOFF,0] =

=
1

WSON

min(SON ,W−1)∑
vb=1

(SOFF + vb + 1) =

=
1

2WSON
min (SON ,W − 1)×

×
(

min (SON ,W − 1) + 2SOFF + 3

)
. (35)

We proceed with the second case of (j − 1)SON ≤ vb <
jSON . Accordingly, the mean number of steps that NR-U UE

spends in state (1, j, SOFF )| (j − 1)SON ≤ vb < jSON is
provided by

E[ξOFF |UkOFF,j ] =

=
1

WSON

min(jSON ,W−1)∑
vb(j−1)SON+1

(jSOFF + vb + 1). (36)

By simplifying (36), we have

E
[
ξOFF |UkOFF,j

]
=

1

2WSON
×

×
(

min(jSON ,W − 1) + SON (j − 1) + 2jSOFF + 3

)
×

×
(

min(jSON ,W − 1)− SON (j − 1)

)
. (37)

Finally, the mean number of time slots that NR-U UE
spends in macrostate X0 is the sum of (30), (32), and (36),
which reads as

E [b0] =
1

W (SON − 1)

SON−1∑
vd=1

1 +

+
1

W (SON )

SON−1∑
vd=1

min(vd−1,W−1)∑
vb=1

(vb + 1) +

+

K+T∑
j=1

1

W (SON )

SON∑
vd=1

min(vd+jSON ,W−1)∑
vb=vd+(j−1)SON

(jSOFF + vb + 1)

+

K+T∑
j=1

1

WSON

min(jSON−1,W−1)∑
vb=(j−1)SON

(jSOFF + vb + 1). (38)

Hence, the mean number of time slots in macrostate Xi can
be obtained by replacing W with 2iW in (38). Similarly to
(49), the probability πNR is

πNR =
1∑K+T

i=0 qiE [bi]
=

=

(
θ

1− (1− θ)K+T+1

K+T∑
i=0

(1− θ)iE [bi]

)−1

. (39)
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F2(j, SON ,W ) =


(SON + 1) (jSON + jSOFF + 1) , (j + 1)SON − 1 ≤W ,
1

6

(
S2
ON (3j2 − 3j + 1) + SON (6j2SON − 3j(SOFF − 1)− 2)

)
−

−1

2

(
2jSOFF +W + 1

)
W, (j + 1)SON − 1 > W .

(34)

F. Aggregate Data Rate

After determining the successful transmission probabilities,
πNR and πW , we may proceed with deriving the data rate
achievable by NR-U UE operating in the unlicensed band.
Recall that the intensities of NR-U and WiGig UEs competing
for a transmission opportunity were obtained previously in
subsection IV-C. Hence, the weighted successful transmission
probabilities are available as a function of the number of NR-U
and WiGig UEs, i.e.,

ΠNR = η

∞∑
i=1

ΛiN
i!
e−ΛN

∞∑
j=0

ΛjWπNR(i, j)θ(i, j)

j!
e−ΛW ,

ΠW = η

∞∑
i=0

∞∑
j=1

ΛiN
i!
e−ΛN

ΛjW
j!
e−ΛW πW (i, j)θ(i, j)+

+ (1− η)

∞∑
j=1

ΛjW
j!
e−ΛW πW (0, j)θ(0, j). (40)

Building on these results, the average data rate achievable
by NR-U UE over the unlicensed band is given by

E[RN,U ] = ΠNRBWE[log2(1 + SnB(r))], (41)

where SnB(r) is the SNR at a separation distance between the
WiGig and the NR-U UEs. The latter component is established
similarly to (14) as

E[log2(1 + SnB(r))] =

=

∫ dW

0

log2(1 + SnB(r))fW (r)dr, (42)

where fW (r) is the pdf of distance from the WiGig AP to the
NR-U UE, which is given as [45]

fW (r) =
2r

d2
W

, 0 < r < dW , (43)

where dW is the coverage radius of the unlicensed-band radio
that is obtained similarly to dN in subsection IV-B.

The data rate achievable by WiGig UE is produced similarly.
Finally, the aggregate data rate of NR-U UE is available as a
sum of the rates over both radio access options.

V. REPRESENTATIVE NUMERICAL RESULTS

In this section, we numerically evaluate the coexistence of
WiGig and NR-U technologies in the unlicensed band. We
start by assessing the accuracy of the developed mathematical
framework by comparing its results to those obtained with
system-level simulations. We proceed with assessing WiGig
and NR-U UE performance in the unlicensed band by con-
centrating on the successful transmission probability. Further,
we optimize the settings of the random-access procedure for
a given set of the system and environmental parameters. After

TABLE II
ANTENNA HPBWS AND THEIR APPROXIMATIONS

Array Value, direct calculation Approximation
64x1 1.585 1.594
32x1 3.171 3.188
16x1 6.345 6.375
8x1 12.71 12.75

TABLE III
ANTENNA ARRAY GAINS

Array Gain, linear Gain, dB
64x1 57.51 17.59
32x1 28.76 14.58
16x1 14.38 11.57
8x1 7.20 8.57
4x1 3.61 5.57

optimizing the access scheme, we finally report the achievable
data rate of NR-U UEs.

The default parameters of the subsequent evaluation are
summarized in Table IV. In what follows, to produce the
numerical results, we also utilize the gains and the HPBW
values of the antenna arrays. These pre-computed parameters
including the approximations in question are summarized in
Table II and Table III.

A. Accuracy Assessment

The calculation of the successful transmission probability
is the core of the developed methodology that may affect the

TABLE IV
DEFAULT SYSTEM PARAMETERS.

Parameter Value
NR/WiGig operating frequency 28/60 GHz
NR/WiGig bandwidth 200/160 MHz
Height of NR-U BS 10 m
Height of WiGig AP 4 m
Blocker radius 0.2 m
Blocker height 1.7 m
Height of UE 1.5 m
WiGig transmit power 23 dBm
NR transmit power 33 dBm
Thermal noise -174 dBm/Hz
Interference margin 3 dB
Cable losses 0.5 dB
Outage threshold -9 dB
Intensity of blockers 0.3
WiGig AP/UE antenna 16x4/8x4
NR-U BS/UE antenna 64x4/8x4
Active NR-U UE session probability 0.1
Active WiGig UE session probability 0.1
Initial contention window size 128
Mean time NR-U UE uses the unlicensed band 256 slots
Mean time NR-U UE does not use the unlicensed band 128 slots
Retransmission attempts where CW is doubled 5
Retransmission attempts where CW is constant 3
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Fig. 7. Comparison of analytical and simulation results.

overall modeling accuracy. Hence, we assess the precision
of this component by comparing the NR-U UE successful
transmission probability obtained via the developed model and
the one calculated with our system-level simulations of the
random-access procedure demonstrated in Fig. 7 for 8×4 NR-
U antenna array, pN = 0.1, pW = 0.1, and the initial CW size
of 128 slots. As one may observe, the analytical results tightly
align with the simulation data. Therefore, in what follows, we
can rely on the developed mathematical model.

B. Utilization of Unlicensed Band

We continue by studying the effects of the system and
environmental parameters on the successful transmission prob-
ability as illustrated in Fig. 8. The first two graphs in Fig. 8
display the NR-U successful transmission probability as a
function of the NR equipment density, pNλB , and the density
of pedestrians, λB , for multiple NR-U UE antenna configura-
tions, the initial CW size of 128 slots, and pW = 0.1.

We note that the successful transmission probability il-
lustrated in Fig. 8 and further in Fig. 9 is defined as the
probability that a single UE has a packet ready for transmission
in a slot and delivers it successfully. We derive this probability
by utilizing the probability of a collision and the probability
of a non-LoS blockage in (21). The behavior of this metric is
mainly regulated by the LBT procedure; it is highly sensitive
to other systems parameters, and eventually determines what
happens with the weighted successful transmission probability
and thus the eventual UE data rates.

Recall that link blockage is expected to have a multi-
faceted impact on the successful transmission probability due
to occlusions (i) of node’s own transmissions as well as (ii)
of those by other nodes, which might have led to collisions
otherwise. The latter effect may have a positive impact on
the considered system parameters as opposed to the former.
In what follows, we demonstrate that these expectations are
confirmed by the reported output.

Analyzing Fig. 8(a), one may learn that the growing number
of NR-U UEs tends to decrease the successful transmission
probability. This fact is relatively straightforward as the overall
number of blockers is maintained constant while the number
of competing UEs increases. It is important to note that the
utilization of better antenna arrays at the NR-U side improves
the considered parameter. This is because for a given density

(a) Intensity of NR-U UEs

(b) Multiple UE antenna arrays

(c) Multiple initial CW sizes

Fig. 8. Effects of system parameters on successful transmission probability.

of NR-U and WiGig UEs the overall number of UEs that may
compete against each other decreases as NR-U UE antennas
become more capable.

The impact of the density of pedestrians is further elaborated
in Fig. 8(b). Here, the dependency is significantly more
intricate, with a distinct maximum point. This is explained
by the fact that the blockage effect is non-uniform across
the considered values of λB . Particularly, when the density
of blockers is moderate (i.e., under 0.2), it effectively lowers
the levels of competition from other nodes by only slightly
affecting the device’s own successful transmission probability.
However, for the higher values of λB , the reverse trend is
being observed.

The last plot in Fig. 8 highlights the successful transmission
probability as a function of the pedestrian density for different
values of the initial CW size. As one may notice, the latter
produces a significant impact on the considered parameter.
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(a) Multiple pN

(b) Multiple λB

Fig. 9. Impact of initial CW size.

First, for the given input parameters, there is a maximum
reached at λB = 0.2 that coincides for all the values of the
initial CW. Furthermore, changing the initial CW size from
64 to 512 time slots improves the successful transmission
probability by nearly three times from 0.0045 to around
0.0015.

To expand on the above, we assess the NR-U UE successful
transmission probability as a function of the initial CW size for
different values of pN and λB in Fig. 9. As we may understand
from Fig. 9(a), the value of the initial CW size that maximizes
the transmission probability changes from approximately 200
for λB = 0.5 to 450 for λB = 0.1. Consequently, the
achievable NR-U UE data rates also vary drastically. A similar
dependence is observed in Fig. 9(b), wherein the optimal CW
size is 90 for pN = 0.5 and then grows to 650 for pN = 0.01.

The above discussion suggests that the successful trans-
mission probability exhibits complex behavior that depends
on the system and environmental characteristics. The crucial

TABLE V
OPTIMAL VALUES OF CONTENTION WINDOW

4 × 4 UE antenna array
λB 0.01 0.1 0.5 0.1
pN 0.1/0.25/0.5 0.1/0.25/0.5 0.1/0.25/0.5 0.1/0.25/0.5
CW 512/512/512 512/512/256 512/256/256 512/256/128

8 × 4 UE antenna array
λB 0.01 0.1 0.5 0.1
pN 0.1/0.25/0.5 0.1/0.25/0.5 0.1/0.25/0.5 0.1/0.25/0.5
CW 512/256/256 256/128/128 256/128/64 128/64/32

16 × 4 UE antenna array
λB 0.01 0.1 0.5 0.1
pN 0.1/0.25/0.5 0.1/0.25/0.5 0.1/0.25/0.5 0.1/0.25/0.5
CW 512/256/256 256/128/64 128/64/32 128/32/32

parameter of the considered random-access procedure is the
initial CW size, which significantly impacts the data rate
attained by NR-U UE in the unlicensed band. To maximize
the achievable rate over the unlicensed spectrum, one needs
to determine the optimal value of the initial CW size. As
we conduct this numerically, the optimized CW values are
collected in Table V.

Since the dependence pattern of the optimal CW size on the
load and antenna parameters is unknown, we enumerate all the
possible values of the initial CW size, which range from 23

to 211 (9 possible values). For each value of the initial CW
size, we require the weighted successful transmission proba-
bilities according to (40). In (40), we utilize the probabilities
πNR(i, j), where i and j represent the numbers of active users
for NR-U and WiGig, respectively. Although the sum in (40) is
up to infinity, we use probabilities πNR(i, j) with 0 ≤ i ≤ 30,
0 ≤ j ≤ 30. This is due to factorials in the denominator of
(40), which make other terms negligible. Hence, to evaluate
the weighted successful transmission probability, we need
approximately 103 values of πNR(i, j). The estimation of each
term πNR(i, j) implies solving a system of nonlinear equations
(21), (23), (25), and (39), for which the Newton method can
be applied.

C. Optimized Aggregate Rate
After optimizing the system performance over the unli-

censed band, we conclude by reporting the aggregate NR-U
UE data rate. To this aim, Fig. 10 illustrates it as a function
of pN for the optimal initial CW size and 8× 4 antenna array
at the NR-U UE. As one may observe, across the considered
range of pN , different values of the initial CW size lead to
thus maximized NR-U UE rate.

A major difference is observed for smaller values of pN ,
where setting the initial CW size to 128 slots leads to a
reduced-by-a-half data rate as compared to the optimal values
of the initial CW. For higher values of the fraction of NR-
U UEs, the difference is not as pronounced but it remains
noticeable. We emphasize that dynamic adjustment of the ini-
tial CW size in practice requires the knowledge of the system
parameters and environmental characteristics, which may not
be available at the NR-U UE side. Given this uncertainty, one
may utilize the initial CW values that maximize the NR-U UE
data rate for smaller pN .

In Fig. 10(a), we also display the baseline NR-U UE data
rate corresponding to the case where the unlicensed band is
not used. Note that in our model this can be achieved by
setting SON = 0. As one may observe, the utilization of
the unlicensed spectrum allows to significantly improve the
data rates attained by NR-U UEs. However, this growth is
not proportional to the amount of radio resources available.
Indeed, here WiGig is assumed to operate over 2.16 GHz
of bandwidth as compared to 400 MHz available for NR-
U. However, the gains are much lower due to the following
reasons: (i) additional WiGig UEs, (ii) wastage of resources
due to collisions, as well as (iii) much smaller coverage range
of WiGig APs due to more severe propagation conditions.

The remaining plots in Fig. 10 highlight the effects of
other system parameters on the attained NR-U UE data rate
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(a) Optimal vs. fixed CW

(b) Multiple pedestrian densities

(c) Multiple antenna arrays

Fig. 10. Different data rates with optimized CW.

over the unlicensed band for the optimized initial values of
the CW size. We observe that the fraction of pedestrians
utilizing WiGig technology has a dramatic effect on the NR-
U UE data rate over the unlicensed spectrum. The NR-U UE
performance also heavily depends on the UE antenna array,
with the difference between 16× 4 and 4× 4 antenna arrays
reaching several orders of magnitude.

VI. CONCLUSIONS

In this work, we addressed the data rate improvements de-
livered to 5G NR-U UEs in congested cellular deployments. To
this end, we considered the possibility of utilizing unlicensed
mmWave bands. We thus explicitly accounted for the co-
located deployments of WiGig APs as well as for specific
mmWave features including more directional antenna radiation
patterns, characteristic propagation, and link blockage. Based
on these considerations, we developed a detailed mathematical

framework to assess the user data rates achievable by both
radio technologies, 5G NR-U and WiGig.

Our study of the coexistence between WiGig and NR-
U technologies in the unlicensed band demonstrated that
mmWave link blockage may affect the performance of such
joint deployments dissimilarly. Particularly, we identified that
the effect of blockage on random-access protocols is non-
uniform across the envisioned density of pedestrians: for
smaller values, it has a positive effect, which shifts to a
negative impact with the growing density.

Specifically, the choice of system parameters has a notable
effect on the successful transmission probability over the
unlicensed spectrum, where the initial CW size may need
to be optimized for each setup individually. Given the said
impact on the NR-U UE successful transmission probability
and thus the achievable data rate over the unlicensed band, a
major difference is observed for smaller values of the fraction
of NR-U UEs. Should dynamic adjustment of the initial CW
size be infeasible, its higher values are recommended.

Comparing the results for WiGig and NR-U coexistence
with those for the joint operation of LAA and Wi-Fi radios
[13], [30], we emphasize that the use of directional antennas
dramatically improves the system performance by isolating
transmissions in space even under denser network deploy-
ments. As radio technology evolves by employing massive an-
tenna arrays at both sides of a wireless link, NR-U utilization
may allow for a decisive capacity boost by aggregating across
licensed and unlicensed carriers.

APPENDIX

In this Appendix, we summarize the proofs of our Lemmas
introduced in subsection IV-D.

Proof of Lemma 1: We derive a system of equilibrium
equations based on the state transition diagram in Fig. 4:
q0(θ + (1− θ)) = q0θ + q1θ + · · ·+ qK+T 1,

qi(θ + (1− θ)) = qi−1(1− θ), i = 1, ..,K + T − 1,

qK+T (1) = qK+T−1(1− θ).
(44)

Further, by adding the normalization condition

K+T∑
j=1

qj = 1, (45)

the solution to the system in (44) is obtained by using a
recursion-based technique. Particularly, after expressing qi as
a function of qi−1 and continuing all the way to q0, we have{

qK+T = q0 − θ
∑K+T−1
i=0 q0(1− θ)i,

qi = qi−1(1− θ) = q0(1− θ)i, i = 1, . . . ,K + T.
(46)

Applying the normalization condition, we determine q0 as

q0 =
1∑K+T

j=0 (1− θ)i
=

θ

1− (1− θ)K+T+1
. (47)
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Substituting (47) into (46), we arrive at

qi =
θ

1− (1− θ)K+T+1
(1− θ)i =

=
(1− pc − pb + pcpb)(pc + pb − pcpb)i

1− (pc + pb − pcpb)K+T+1
, i = 0, 1, .., (48)

which concludes the proof.
Proof of Lemma 2: Observe that in each state of {Xn, n =

0, 1, . . . }, the tagged WiGig UE transmits exactly once. Using
(47) and (24), the sought ratio can be written as

πW =

[
K+T∑
i=0

−θ
(1− θ)K+T+1 − 1

(1− θ)i 2
iW + 1

2

]−1

. (49)

By simplifying (49), we establish

πW =

[
Wθ

(
1− 2K+T+1 (1− θ)K+T+1

)
2 (1− (1− θ)K+T+1) (2θ − 1)

+
1

2

]−1

. (50)
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