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Abstract—5G New Radio (NR) technology operating in mil-
limeter wave (mmWave) band is expected to be utilized in areas
with high and fluctuating traffic demands such as city squares,
shopping malls, etc. The latter may result in quality of service
(QoS) violations. To deal with this challenge, 3GPP has recently
proposed NR unlicensed (NR-U) technology that may utilize 60
GHz frequency band. In this paper, we investigate the deployment
of NR-U base stations (BS) simultaneously operating in licensed
and unlicensed mmWave bands in presence of competing WiGig
traffic, where NR-U users may use unlicensed band as long as
session rate requirements are met. To this aim, we utilize the tools
of stochastic geometry, Markov chains, and queuing systems with
random resource requirements to simultaneously capture NR-
U/WiGig coexistence mechanism and session service dynamics in
the presence of mmWave-specific channel impairments. We then
proceed comparing performance of different offloading strategies
by utilizing the eventual session loss probability as the main
metric of interest. Our results show non-trivial behaviour of
the collision probability in the unlicensed band as compared to
lower frequency systems. The baseline strategy, where a session is
offloaded onto unlicensed band only when there are no resources
available in the licensed one, leads to the best performance.
The offloading strategy, where sessions with heavier-than-average
requirements are immediately directed onto unlicensed band
results in just 2−5% performance loss. The worst performance is
observed when sessions with smaller-than-average requirements
are offloaded onto unlicensed band.

Index Terms—NR-U, New Radio, overflow traffic, offloading,
QoS, queuing theory, Markov chains

I. INTRODUCTION

The recently standardized 5G millimeter wave (mmWave)
New Radio (NR) technology promises to deliver extreme rates
at the air interface [1]. To this aim, these systems will be uti-
lized mainly in areas with high traffic demands, such as shop-
ping malls, concert halls, and stadiums. In these deployment
conditions traffic demands tend to fluctuate leading to quality-
of-service (QoS) violations and even drop of sessions. The
service process is further complicated by mmWave-inherent
specifics, including the use of highly directional antennas [2],
large propagation losses [3], and blockage phenomenon [4].

To address the abovementioned challenge, a number of
approaches have been suggested in the literature. Network
densification using conventional NR base stations (BS) [5]
or utilizing integrated access and backhaul (IAB) architecture
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[6] are two straightforward options. However, it leads to
high capital expenditures, low resource utilization and may
require additional interference mitigation techniques [7]. The
use of mobile BSs mounted on, e.g., unmanned aerial vehicles
(UAV) [8], [9] or cars [10], [11] is another plausible option.
However, this approach is limited to those use-cases where
traffic fluctuations happen at the minutes or even tens of
minutes timescale such that the network operator has sufficient
time budget to densify the network. Furthermore, this option
is not available in indoor environments.

We consider an alternative approach capable of smooth-
ing small-scale traffic dynamics at seconds and sub-seconds
timescales. Particularly, we investigate a joint implementation
of licensed NR operating at 28 GHz and unlicensed technology
occupying the spectrum at 60 GHz at a single BS. This
technology, known as NR-unlicensed (NR-U), started to be
addressed in 3GPP in 2019. Similarly to the LTE operation
in the unlicensed band, known as LTE licensed assisted
access (LAA), 3GPP has extended 5G NR to operate in the
unlicensed bands. This is implemented by utilizing dynamic
frequency selection (DFS) with carrier aggregation techniques
and complementing then with the random access mechanism.
The former two mechanisms are similar to those utilized
in LTE LAA [12]. These functionalities have been further
clarified in Release 16 TR 38.889 and TR 38.716 to form the
5G NR-U technology. A random-access mechanism is aimed
to enable fair coexistence with IEEE 802.11ad/ay technologies.

The performance assessment of NR-U systems is often lim-
ited to analysis of coexistence strategies or offloading function-
ality onto unlicensed spectrum as further discussed in Section
II. The former set of studies usually neglects system-level
specifics while the latter ones often utilize simplified models
for abstraction of coexistence mechanism. Furthermore, only
a few models capture inherent specifics of mmWave including
directional antennas utilized in both licensed and unlicensed
bands as well as inherent blockage phenomenon. However,
owing to principally different access mechanisms utilized in
the unlicensed band, performance guarantees may not be
always provided. This raises questions related to the choice of
the optimal offloading strategy and density of NR-U mmWave
BSs to support a given density of NR-U user equipment (UE)
and UEs utilizing in unlicensed band only.

We study the service process of NR-U users in collocated
mmWave NR-U/WiGig BSs with licensed and unlicensed
technologies in presence of competing WiGig traffic. The
assumption of having collocated NR-U BS and WiGig access
points (AP) allows to target two use-cases: (i) operator own
WiGig APs that can be installed at the same site as NR-U
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BS and (ii) third-party APs, where the considered deployment
provides the worst-case interference. To this aim, we utilize the
tools of stochastic geometry to characterize UE traffic demands
and Markov chain theory to capture the random access dynam-
ics in the unlicensed band by accounting for mmWave-specific
propagation. Then, we employ queuing system with random
resource requirements to access the rate provided to NR-U
UEs as well as session drop probability in the unlicensed band
under different offloading strategies. These metrics allow us
to deduce the ultimate metric of interest – required density of
NR-U BSs for a given density of NR-U and WiGig UEs. The
main contributions of our study are:
• an analytical framework for evaluation of the NR-U

session loss probability in collocated deployments of
mmWave NR-U BSs under different offloading strategies
in a field of WiGig UEs;

• analysis of minimal density of collocated mmWave NR-
U BSs under different session offloading strategies onto
unlicensed band satisfying the prescribed session rate;

• numerical analysis demonstrating that: (i) the blockage
probability inherent for mmWave frequencies heavily
affects system performance (ii) the ”baseline” and ”fat”
offloading strategies lead to almost identical performance
in terms of eventual session loss probabilities.

We structure the rest of the paper in the following way. The
related work is provided in Section II. Then, in Section III we
formulate our system model. We developed our performance
evaluation framework in Section IV. Comparison of the con-
sidered offloading strategies is provided in Section V. Finally,
conclusions are stated.

II. RELATED WORK

3GPP has introduced NR-U as a concept in 2016 in techni-
cal reports TR 38.889 and TR 38.716. Further, as the work on
NR specifications progressed, NR-U standards have evolved as
well. Similarly to LAA technology, the main building blocks
for NR-U are carrier aggregation and dynamic frequency selec-
tion capabilities. To enable fair coexistence with technologies
utilizing unlicensed bands, i.e., IEEE 802.11ad/ay, random
channel access procedures have been emphasized in TR 38.889
as critical functionality.

1) Coexistence Mechanisms: The literature on performance
analysis of NR-U technology can be divided into two direc-
tions. The first direction investigates random access coexis-
tence mechanisms between NR-U and unlicensed technolo-
gies. There are two approaches proposed so far to address
this challenge: (i) duty-cycle based approaches and (ii) listen-
before-talk (LBT) based mechanisms. The study in [13] ex-
plores LBT mechanism originally proposed in TR 38.889 in
3GPP Release 15 and reveal that it may not fully fulfill the re-
quirements on coexistence between NR-U and IEEE 802.11ad
WiGig technology under realistic NR implementation. The
authors in [14] proposed a new version of coexistence mech-
anism, called listen-before-receive (LBR), and proceeded to
compare it to that defined in 3GPP TR 38.889. In spite of
this mechanism allows to eliminate performance degradation
issues of the original LBT coexistence scheme, the fairness

was found to be non-perfect. Another extension has been
suggested in [15], where a channel observation LBT (CoLBT)
random access mechanism has been proposed. The main aim
of the CoLBT scheme was to improve fairness between NR-U
and unlicensed technologies.

Further extension of the LBT scheme for NR-U technology
is due to Zhang et al [16], who proposed a hybrid scheme,
where conventional LBT from TR 38.889 is utilized in con-
gested channel conditions while no special access method is
utilized when the shared unlicensed channel is relatively free.
The carried our simulations have shown that this approach
potentially provides much smaller latency and throughput.
Performance optimization of the carrier sensing threshold for
conventional LBT from TR 38.889 is performed in [17], where
the authors reported closed-form results. Finally, excellent
overview and comparison of various NR-U channel access
proposals are provided in [18].

In our paper, we accept the following definition of fairness
”for N UEs utilizing the unlicensed band, the resources
delivered to WiGig UEs should not be different in both cases:
(i) N −M of these UEs are native WiGig UEs, (ii) N −M
of these UEs are NR-U UEs.”

2) Resource Allocation and User Performance: The second
research direction in context of NR-U that received much less
attention so far is related to the issues of resource allocation
and user performance in NR-U environment. Among others,
the authors in [19] considered the application of NR-U tech-
nology to extended virtual reality (VR) applications at sporting
events. Their results illustrate that provided fair coexistent
mechanism system-level performance improvements in user-
centric and operator-centric metrics can be achieved. An
analytical performance evaluation model for the system in [19]
has been developed in [20]. Among other conclusions, the
authors revealed that proportional splitting of traffic between
the licensed and unlicensed mmWave bands leads to better
performance. However, in their study, the authors considered
only a single NR-U BS and also did not include the specifics of
random access scheme in the unlicensed band in their model.
In spite of focusing on LAA technology, the authors in [21],
[22] developed and analyzed a simple duty-cycle based scheme
for fair resource splitting between LTE-U and Wi-Fi operating
in the unlicensed band.

The question of fair coexistence in unlicensed bands has
been considered in [23], [24]. The unique feature of the study
is that the proposed solution accounts for QoS metrics of
applications. Specifically, the authors formulated an optimiza-
tion problem such that QoS is maintained while unlicensed
users are shielded from LTE-U users and solved it using the
game-theoretic and Q-learning approaches. Technically, the
proposed solution can be implemented by utilizing the duty-
cycle coexistence approach.

In our recent study [25], we developed the model for
collocated NR-U design explicitly capturing the random access
behavior in unlicensed band and characterizing the NR-U
session loss probability. However, the scope of the interest
has been limited to a single offloading strategy, where NR-
U session is only offloaded onto unlicensed band only when
there is an insufficient amount of resources in the licensed
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Fig. 1. The considered deployment model.

band. This strategy may not be optimal. Furthermore, the
authors utilized a simple M/M/1/K queuing model to capture
the specifics of resource allocation in the licensed band.

3) Summary: Summarizing, we note that those studies
concentrating on coexistence mechanisms do not address user
traffic dynamics and issues related to user performance in
NR-U systems. Contrarily, the authors investigating resource
allocation aspects and offloading strategies generally assume
perfect coexistence mechanisms or resort to time-consuming
system-level simulations. In this paper, we fill this gap by
proposing a mathematically tractable approach capable of
capturing both aspects in detail. Specifically, we relax sim-
plifying assumptions in [25] by considering accurate model
of the service process in the licensed band and evaluating
performance of different offloading strategies.

III. SYSTEM MODEL

We now proceed to introduce the system model. We start
with the deployment model and description of the coexistence
mechanism and then proceed with mmWave-specific propa-
gation, blockage, and antenna models. Traffic and association
models are introduced next. Finally, we define the considered
offloading strategies and metrics of interest. Notation used in
our study is provided in Table I.

A. Deployment Model

Consider deployment with NR-U BS and WiGig AP collo-
cated on the same site, see Fig. 1. The licensed part of NR-U
BS uses the licensed 28 GHz band with the bandwidth BN
MHz [26]. The unlicensed part of NR-U BS operates in 60
GHz band using one channel with the bandwidth of BW MHz
[27]. Each site also contains a WiGig AP operating in the same
channel. In what follows, we refer to these collocated sites as
NR-U BS implicitly implying presence of WiGig APs at each
of those. NR-U BSs follow Poisson point process in <2 with
the density of λA. NR-U BS height is hB .

We consider two types of UEs, NR-U UEs and WiGig UEs.
Both types of UEs follow mutually independent PPPs in <2

with densities χB,N and χB,W . NR-U UEs may utilize both
unlicensed and licensed bands while WiGig UEs may only
utilize the former band. The rules of accessing the bands are
specified below in Section III-D. Note that we assume no
internal cooperation between NR-U and WiGig at the site.

TABLE I
NOTATION USED IN THE PAPER.

Parameter Definition
χB,N , χB,W Density of pedestrians
λ Arrival intensity from the Poisson process
λA,λB Densities of NR-U BSs / pedestrians
hA Heights of NR-U BS
hU , hB Heights of UE and blockers
T Number of retransmission attempts
S(x) SINR at UE
L(x), LdB(x) Path loss in linear and dB forms
PT Emitted power
GN,A, GW,A Array gains at NR-U/WiGig BSs
GN,U , GW,U Array gains at NR-U/WiGig UEs
MI Interference margin
fc Operational frequency
Ai, ζi Constants related to propagation models
α Antenna array’s HPBW
N· Number of antenna elements in appropriate plane
φ3db, φm Antenna array parameters
Smin Outage threshold
SB(x), SnB(x) SINR at distance r in blocked/non-blocked states
rB Average radius of human blockers
N0 Thermal noise
MS,B ,MS,nB Fading margins in blocked/non-blocked states
σS,B Standard deviation of shadow fading in blocked state
erfc−1(·) Inverse complementary error function
pb(r), pb Blockage probabilities
pc Collision probability
rN , rW Coverages of NR-U BS and WiGig AP
B(x) CDF of service time
E[Se] Mean spectral efficiency can be obtained as follows
α Half-power beamwidth of antenna array
β The array orientation (azimuth angle)
θ3db ±3 dB point of antenna array
θm Location of the array maximum
N Number of antenna elements
R Number of resource units
RF , RS Offloading thresholds for the ”fat/slim” strategy
K Maximum number of sessions in the system
πW Transmission probability of WiGig UE
πN Transmission probability of NR-U UE
ΠN Successful probability of transmission
π? Probability that the second type session is rerouted
π? Probability of session loss at NR-U
bi Amount of slots in state i
bmin Amount of resources required by NR-U
Rmin Minimum requested session rate
W Contention window size
pl,j pmf of required resources by session of type l
pj,? pmf of required resources in the unlicensed band
pj,? pmf of required resources for strategy ?
pj,? pmf of required resources in the licensed band
Pk(r) Stationary state probability
qi State i stationary probability
θ Successful transmission probability
mj Spectral efficiency
RNsU,j Rate achieved by the session
E[RNsU ] Attained rate in the unlicensed band of NR-U UE
QsU NR-U UE session loss probability for strategy s
Qs Eventual session loss probability

B. NR-U Coexistence Mechanism

We assume that NR-U UEs utilize the improved version
of the LBT coexistence mechanism from 3GPP 38.889 spec-
ification – CoLBT defined in [15], see Fig. 2. According to
CoLBT, NR-U UE that has a packet ready for transmission
first chooses a back-off counter uniformly in (0, CW ), where
CW is the current length of the contention window (CW).
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CW is decremented at each slot. Once it reaches 0, packet
transmission is initiated. Note that CW counter is paused if
the medium is sensed to be busy.

The result of the transmission can be successful or unsuc-
cessful. The latter may happen as a result of (i) collision with
another NR-U or WiGig UE transmission or (ii) LoS blockage.
Note that the collision may only happen when another NR-U
or WiGig UE transmits from the same sector currently covered
by WiGig AP antenna. In both cases, CW is doubled. The
number of retransmission attempts is upper bounded by T .
At each unsuccessful retransmission attempt, CW is doubled.
When the maximum number of retransmission attempts T is
reached, packet is considered to be lost.

C. Blockage, Propagation, and Antenna Models

1) Blockage Model: We assume that the propagation path
to NR-U BS or WiGig AP can be blocked by human bodies.
Humans move in <2 by following random direction mobility
(RDM, [28]) model with mean run time τ and speed v.
Humans are represented by cylinders with height hB and
radius rB . The UE height is assumed to be hU , hU < hB . In
what follows, we will utilize the line-of-sight (LoS) blockage
probability, pb(r), in the following form [4]

pb(r) = 1− e
−2λBrB

(
r
hB−hU
h(·)−hU

+rB

)
, (1)

where h(·) is NR-U BS or WiGig AP height while λB is the
human density.

Note that we assume that blockage always leads to erro-
neous reception in WiGig. First of all, even the minimum
reported human body blockage attenuation of 15 dB is a
large value requiring drastic change in modulation and coding
scheme (MCS) [29]. The second reason is that the frequency of
beamtracking is lower in WLANs as compared to NR systems,
and thus, the signal drop may not be detected timely. Still, it
is feasible to remove this effect assuming that the blockage
probability is zero or at least smaller than the actual blockage
probability. The latter would allow to represent non-perfect
beamtracking.

2) Propagation Model: The signal-to-interference-plus-
noise ratio (SINR) at the NR-U or WiGig UE is written as

S(y) =
PN,UGN,AGN,U

L(y)MS(N0W +MI)
, (2)

where y is the separation distance, GN,A and GN,U are the
transmit and receive gains, N0 is the thermal noise, MI and
MS are the interference and shadow fading margins, L(y) is
the path loss at the distance y, and N0 is the thermal noise.
Note that instead of utilizing interference margin MI one may
utilize detailed complex models such as [2], [30]. Also, note
that shadow fading margin differ in blocked MS,B and non-
blocked states and MS,nB , see [3].

Since we consider mmWave licensed and unlicensed bands,
we utilize the same 3GPP urban-micro (UMi) street-canyon
propagation model for both bands [3], i.e.,

LdB(y) =

{
32.4 + 21.0 log(y) + 20 log fM,c, non-bl.,
32.4 + 31.9 log(y) + 20 log fM,c, blocked,

(3)

where fM,c and y are the carrier frequency and separation
distance between communicating entities. In what follows, we
represent the path loss as Aiy−ζi , i = 1, 2, where A1 = A2 =
102 log10 fM,c+3.24 ζ1 = 2.1, ζ2 = 3.19.

By accounting for blockage in (1), SINR is now given by

S(y) =
PN,UGN,AGN,U
(N0W +MI)A

[ y−ζ1

MS,nB
[1− pb(y)]

+
y−ζ2

MS,B
pb(y)

]
, (4)

and using C = PN,UGN,AGN,U/((N0W +MI)A), we have

S(y) =
Cy−ζ1

MS,nB
(1− pb(y)) +

Cy−ζ2

MS,B
pb(y). (5)

3) Antenna Model: By following [7], for both licensed
and unlicensed bands we consider the cone antenna model,
where the half-power beamwidth (HPBW) of the main lobe
is represented by conical zone. The HPBW of the main lobe,
α, is given by α = 2|θm − θ3db| [31], where θ3db is the 3 dB
point, θm is the array orientation. For horizontal orientation,
θm = π/2. Note that α in horizontal and vertical planes can
be closely approximated [31] by 102◦/N·, where N· is the
number of antenna elements in the appropriate plane.

The gain of antenna array is given by [31]

G =
1

θ+3db − θ
−
3db

∫ θ+3db

θ−3db

sin(Nπ cos(θ)/2)

sin(π cos(θ)/2)
dθ. (6)

D. Traffic, Associations, and Offloading Schemes

For NR-U UEs we assume that the rate required from
the network is Rmin. This corresponds to rate-greedy non-
adaptive applications such as video streaming, AR/VR, remote
telepresence. Depending on the distance from NR-U UE to
NR-U BS maintaining the rate Rmin may require different
amount of physical resources, see Section IV. The intensity
of NR-U sessions is λ sessions per second. WiGig traffic is
assumed to be fully elastic, that is, the rate can be dynamically
adapted to changing conditions.
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Both NR-U UEs and WiGig UEs are associated with
collocated NR-U BSs and WiGig APs based on the average
reference signal receive power (RSRP). In practice, it implies
that physically nearest site is selected.

We consider the following offloading schemes:
• Baseline. In this case, NR-U UEs try to associate with

the nearest NR-U BS and utilize licensed band. If there
is no sufficient amount of resources to accept the session
for service, it is rerouted to the unlicensed band. If the
current rate provided to the offloaded session in this band
is less than Rmin the session is dropped.

• ”Fat” offloading. In this case, the decision upon the
service point of NR-U UE is taken upon arrival, based on
the amount of resources needed to satisfy the minimum
rate requirements Rmin. If these resources are higher
than a certain value E[Rmin] + rT , where rT is some
threshold, then the session is served in the unlicensed
band. Otherwise, the session first attempts to reserve
resources at the licensed band of NR-U BS and only if
there is insufficient amount of resources it is offloaded to
the unlicensed band.

• ”Slim” offloading. This scheme is a mirrored version of
the previous one, where NR-U UE upon arrival is routed
to the unlicensed band of NR-U BS if the amount of
resources needed to achieve the minimum rate Rmin is
smaller than E[Rmin]− rT , where rT is some threshold.
Otherwise, the session is first attempted at the licensed
band of NR-U BS and only if there are not enough
resources there routed to the unlicensed band.

The rationale behind the latter two schemes is that the
achieved rate of sessions in the unlicensed band is a non-
linear function of the number of competing UEs. Note that
only those sessions that are closer to the NR-U BS than rW ,
where rW is the coverage of unlicensed technology, can be
offloaded to the unlicensed band.

E. Metrics of Interest

The main metric of interest in our study is the so-called
eventual NR-U session loss probability. This metric is defined
as the probability to drop a session due to inability to maintain
the minimum rate Rmin at NR-U BS utilizing both licensed
and unlicensed bands. Note that this metric is calculated
differently for considered offloading strategies. By utilizing
this metric we report on the density of NR-U BSs required to
maintain a certain eventual NR-U session loss probability in
presence of competing WiGig traffic.

IV. PERFORMANCE EVALUATION FRAMEWORK

In this section, we develop and solve the model for con-
sidered offloading strategies. We start with the overview of
the modeling approach. Then, we characterize the resource
request distribution of NR-U sessions to licensed part of NR-
U BS, and define the service processes at the licensed and
unlicensed parts of NR-U BS. Using these models we finally
evaluate the NR-U UE eventual session loss probability for
considered offloading strategies.

A. Resource Request Characterization

To characterize the session service processes in the licensed
and unlicensed bands we need to determine the probability
that a NR-U session can be offloaded onto unlicensed band
and the amount of requested resources by NR-U and WiGig
UE sessions in both bands.

1) Coverage: In order to derive the abovementioned quanti-
ties, we first need to determine the coverage area of NR-U BS
in licensed and unlicensed bands, rN and rW , respectively.
Consider rN first and observe that it is can be bounded by
both intersite distance, rN,V , and SINR, rN,S , that is, rN =
min(rN,S , rN,V ). The latter can be determined by utilizing
the propagation model in the worst possible conditions, i.e.,
blocked state. Specifically, SINR threshold in the LoS blocked
state, Sth at the distance rN,S corresponding to the worst MCS
[32] takes the form

Sth = C
(
r2N,S + (hB − hU )2

)− ζ2 . (8)

Solving for rN,S , we obtain the sought radius

rN,S =

√
((SthMS,B) /C)

2
ζ − (hB − hU )2. (9)

where the shadow fading margin in the MS,B can be found
as MS,B =

√
2σS,Berfc−1(2pC). Here, σS,B is the shadow

fading standard deviation in the blocked state [3], pC is the
fraction of time in outage at the edge of the cell.

The coverage in the unlicensed band, rW,S is estimated
similarly. The second component in rN , the coverage induced
by intersite distance, rN,V is dictated by the Voronoi cells in
<2 organized by the NR-U BS deployment process in <2. We
utilize circular approximation to the Voronoi cells to estimate
rN,V . As the closed-form solution for the area of a Voronoi
cell is not available we rely upon approximations in [33].

2) Resource Request Distribution: We now proceed char-
acterizing with the resource request distribution by NR-U UE.
The procedure involves derivation of the SINR distribution and
further discretization by NR MCSs [32]. We start with deriving
SINR cumulative distribution function (CDF). To this aim, we
first differentiate between LoS blocked and non-blocked state
deriving SINR CDFs for them and then weight the obtained
distributions with blockage probability.

The probability density function (pdf) of two-dimensional
distance from NR-U UE to NR-U BS is wR(x) = 2x/2rN
[34]. Now by utilizing random variables functional transfor-
mation technique [35], cumulative distribution function (CDF)
of three-dimensional distance, D, is provided by

WD(x) =
2hBhU − h2B + h2U + x2

r2N
, (10)

defined for hB − hU < x <
√
r2N + h2B − 2hBhU + h2U .

The SINR in decibel scale can be found using the same
technique by utilizing transformation in the form φS,dB(x) =
10 log10

(
Ax−ζ

)
, where X is three-dimensional distance ob-

tained in (10). We arrive at

WSdB (x) = 1− 10−
x
5ζA

2
ζ − (hB − hU )

2

r2N
, (11)
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WSSF (x) =
1

2r2N

[
A2/ζ10

− x
5ζ e

σ2log2(10)

50ζ2
[
erf

(
50ζ logA− 25ζ2 logB + σ2log210− 5ζx log 10

5
√

2ζσ log(10)

)
−

−erf

(
50ζ(logA− ζ log(hB − hU )) + σ2

S log210− 5ζx log(10)

5
√

2ζσ log(10)

)]
+
(
r2N + (hB − hU )2

)
erf

(
−10 logA+ 5ζ logB + x log 10

√
2σ log(10)

)
−

−(hB − hU )2erf

(√
2(−10 logA+ 10ζ log(hB − hU ) + x log 10)

σ log 100

)
+ r2N

]
. (7)

defined for all x > 10 log10[A(r2N + (hB − hU )
2
)−ζ/2].

Recall that the shadow fading is characterized by Normal
distribution [36]. Thus, the SINR in decibel scale accounting
for shadow fading impairments can be written as SSF =
SdB +N (0, σ). Thus the sought SINR pdf can be determined
by utilizing convolution operation as follows

WSSF (y) =

∫ ∞
−∞

WS (y + u)
e−

u2

2σ2

√
2πσ

du. (12)

The latter can be represented in terms of error function,
erf(·), as in (7), where B = r2N + (hB − hU )

2. To obtain
SINR CDFs corresponding to LoS blocked and non-blocked
states, WSnB and WSB , one shall utilize different standard
deviations of shadow fading, σS,B and σS,nB , and different
path loss exponents, ζ1 and ζ2.

Having WSnB and WSB at our disposal allows us to
determine the overall SINR CDF by weighting two branches
with the blockage probability, i.e.,

WS(x) = pbWSB(x) + (1− pb)WSnB(x). (13)

Now, the spectral efficiency of NR-U session in the licensed
band can be determined by partitioning of the SINR CDF
according to NR MCS [32] the target block error rate (BLER).
Multiplying it by the minimum rate Rmin we obtain the session
resource requirements. Also, observe that only those sessions
that are located closer than rW can be potentially offloaded to
the unlicensed band. The resource requirements pmf of these
sessions can be obtained according to the abovementioned
procedure by replacing rN by rW . Finally, the pmf of resource
requirements of a session in the unlicensed band can be
determined similarly by utilizing MCSs to SINR mapping
defined for IEEE 802.11ad/ay technologies. Alternatively, the
mean spectral efficiency is obtained by

E[Se] =

∫ rN

0

2x

rN
log2(1 + S(y))dx, (14)

where S(y) is SINR in the unlicensed band. Note that WiGig
UEs experience similar spectral efficiency. By utilizing the
minimum requested rate Rmin we can further determine the
mean amount of resources requested by NR-U session in the
unlicensed band as bmin = Rmin/E[Se].

B. Offloading Schemes Specifics and Arrival Rates

Following our methodology, we can analyze all three de-
fined offloading strategies using the same framework consist-
ing of two principal components: (i) queuing system with
random resource requirements, and (ii) random access analysis
of the unlicensed shared medium. For the ”baseline” strategy,

see Fig. 3, the loss probability at NR-U BS is, in fact, the of-
floading probability to the unlicensed band, while the eventual
loss probability is the probability that the requested minimum
rate is not satisfied there. For the latter two strategies, ”fat”
and ”slim” offloading, see Fig. 4, the decision about the
first service point, licensed or unlicensed band, is taken upon
arrival of NR-U UE session. Thus, for these two schemes, the
eventual loss probability is defined as a probability that the
minimum rate Rmin is not satisfied in the unlicensed band.

Accounting for inherent imbalance between coverage radii
of licensed and unlicensed bands, rN and rW (i.e., rN > rW )
we now introduce two types of sessions. The first type of
sessions can be served in the licensed band only. When there
are not enough resources to service this session, the session
is lost. Geometrical locations of these sessions are in the ring
rW < x < rN . Sessions of the second type can be potentially
offloaded to the unlicensed band as they originate from the
circle with radius rW around the NR-U BS.

Recalling the notation introduced in Section III, let λ =
χB,Nr

2
NπpNλS be the initial intensity of NR-U sessions,

where χB,N is the density of NR UEs per square meter defined
in Section III-A, r2Nπ is the BS coverage area for the licensed
technology, and λS is the intensity of sessions from NR-U UE.
Since rW ≤ rN , we represent λ as λ = λ1+λ2, where λ1 and
λ2 are the arrival rates of NR-U sessions from 0 < x < rW
circle and rW < x < rW ring, respectively. From now on,
they are referred to as first and second types of sessions.

1) Baseline Strategy: For the baseline strategy, the overflow
arrival rate to the unlicensed band is simply the sum of the
intensities of all both types of sessions, i.e., λBL = λ1 + λ2.
The fraction of load that the licensed band of NR-U BS cannot
handle coincides with the overflow arrival rate of the second
type of sessions to the unlicensed part of NR-U BS. These
parameters are calculated as λBU = λ2πBU , where πBU is
the probability that the second type of session is routed to the

. . .

K

λ2

λ2πBU

Licensed
spectrum 

λ2(1-πBU)
R

λ1
λ1πBL 

λ1(1-πBL)

Unlicensed
spectrum 

λ

Fig. 3. Illustration of the queuing model for the ”baseline” strategy.
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1)
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2

Licensed
spectrum 

R
λ2(1-πFU1)(1-πFU2)

λ 2(
1-π

FU1)

λ2 π
FU1

λ2

Unlicensed
spectrum 

λ1 λ1πFL 

λ1(1-πFL)

λ

Fig. 4. Illustration of the queuing model for the ”fat” strategy.

unlicensed band. We also denote πBL the probability that the
first type session is lost upon arrival. These probabilities are
derived in the next section.

2) ”Fat” Offloading Strategy: For ”fat” and ”slim” offload-
ing strategies, see Fig. 4, the pmfs of resource requirements at
NR-U BS depend on the thresholds, RF and RS . Particularly,
for the ”fat” strategy, the arrival flow of the second type of
sessions is divided according to the ”weight” of the session.
”Heavier” sessions are initially routed to the unlicensed band
with a probability πFU1, and with complementary probability,
(1 − πFU1), ”lighter” sessions are routed to licensed band.
Thus, the overall rate, λFL, of both types of sessions to the
licensed band is λFL = λ1 + λ2 (1− πFU1).

Observe, that the second type sessions arrive to the unli-
censed band in two cases: (i) when the ”weight” of the session
is more than a certain threshold RF , (ii) when there are no
sufficient amount of resources available for a session that has
been initially routed to licensed band. The probability πFU
that the second type session will be directed to the unlicensed
spectrum is the sum of the probability πFU1 that the session
was ”heavy” and the probability πFU2 that a ”light” session
cannot be handled at the licensed band and thus offloaded
to unlicensed one, i.e., πFU = πFU1 + (1 − πFU1)πFU2.
The probabilities πFU1 and πFU2 will be defined in the next
section. Note that the arrival rate λFU to the unlicensed part
of NR-U BS can be written as λFU = λ2πFU .

3) ”Slim” Offloading Strategy: Similarly to the ”fat” strat-
egy, for the ”slim” strategy, the arrival rate λSL to licensed part
of NR-U BS can be calculated by λSL = λ1 +λ2 (1− πSU1),
where the probability πSU1 that the session is ”light”, that is,
session which requires less than RS amount of resources, and
was originally directed to the unlicensed band.

In contrast to the ”fat” strategy, sessions arrive at the unli-
censed range in two cases: (i) when the ”weight” of the session
is less than the threshold RS , or (ii) when the session has been
initially routed to the licensed band but the amount of available
resources is insufficient to serve it. With these in mind, the
probability that the second type session will be directed to the
unlicensed band is given by πSU = πSU1 + (1− πSU1)πSU2,
where πSU2 is the probability that a ”heavy” session cannot
be served in the licensed band and has to be offloaded to the
unlicensed band. The probabilities πSU1 and πSU2 will be
defined in the next section. The overall arrival rate λSU to the
unlicensed band and can be calculated as λSU = λ2πSU .

C. Service Process in the Licensed Band

To model the session service process in the licensed band,
we utilize the framework of resources queuing systems [37]–
[39]. To this aim, consider a multi-server queuing system
with K < ∞ servers and R < ∞ resource units, where K
accounts for the limit on the number of NR-U UE sessions in
the system. Sessions of two types arrive to the system, both
according to the Poisson processes with arrival rates λ1 for the
first type and λ2 for the second one. Thus, the total arriving
flow is Poisson with parameter λ = λ1 +λ2. The service time
distribution is exponential with the rate µ.

Service process of each session requires a server and a
random amount of resources, 0 ≤ r ≤ R. The distributions of
resource requirements for considered session types are given
by {pl,j}j≥0, l = 1, 2, where pl,j is the probability that
a session of type l requires j resources. According to [37]
resource-based queuing system with two flows can be analyzed
as a system with one aggregated flow assuming the following

pj,BL =
ρ1
ρB

p1,j +
ρ2
ρB

p2,j . (15)

where the offered traffic load is ρB = ρ1 + ρ2, ρi = λi/µ.
The system operates as follows. An arriving session is

accepted to the system if at the moment of arrival there are
sufficient amount of resources available. Alternatively, an ar-
riving session is dropped. In this case, the first type of session
is lost while the session of the second type is being redirected
to the unlicensed band. When the service time of a session is
over, it leaves the system releasing all the occupied resources.
The system behavior can be described by a stochastic process
X(t) = (ξ(t), γ(t)), where ξ(t) is the number of sessions in
the system and γ(t) = (γ1(t), γ2(t), . . . , γξ(t)(t)), γi(t) is the
vector of the amount of resources allocated to the ith session
at the time instant t.

Denote by Pk(r) the stationary probability that there are k
sessions in the system that totally occupy r resources, i.e.,

Pk(j) = lim
t→∞

P{ξ(t) = k,

ξ(t)∑
i=1

γi(t) = j}, 0 ≤ j ≤ R. (16)

According to [40], the stationary distribution is given by

Pk(r) = P0
ρiB
k!
p
(k)
r,BL, k = 1, 2, . . . ,K,

P0 =

(
1 +

K∑
k=1

ρkB
k!

R∑
r=0

p
(k)
r,BL

)−1
, (17)

where {p(k)r,BL}r≥0 is k-fold convolution of pmf {pr,BL}r≥0,
and is calculated as follows

p
(k)
r,BL =

r∑
j=0

p
(k−1)
r−j,BLpj,BL, k ≥ 2, (18)

where p(1)r,BL = pr,BL, r ≥ 0.
The loss probability of the second type sessions, i.e., the

probability that session will be rerouted to the unlicensed part
of the NR-U BS, is then given by

πBU = 1− P0

K−1∑
k=0

ρkB
k!

R∑
r=0

r∑
j=0

p2,jp
(k+1)
r−j,BL. (19)
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For large values of K and R calculations according to
(19) are computationally demanding. In this case, a recurrent
computational algorithm developed in [38] can be adopted.
According to it, the loss probability can be calculated as

πBU = 1−G−1B (K,R)

R∑
i=0

p2,iGB(K − 1, R− i), (20)

where the unknown term GB(K,R) is given by

GB(n, r) =

n∑
i=0

ρiB
i!

r∑
j=0

p
(i)
j,BL, P0 = G−1B (K,R). (21)

By utilizing the abovementioned results, the probability that
there is no sufficient amount of resources in the licensed band
to serve a session of the first type is calculated as follows

πBL = 1−G−1B (K,R)

R∑
i=0

p1,iGB(K − 1, R− i). (22)

The described methodology for estimating the NR-U session
loss probability in the licensed band remains intact for all the
considered strategies. However, the choice of strategy affects
input parameters including the intensity of arriving flow λ, and
the distribution of the amount of requested resourced delivered
in Section IV-A as detailed below.

For the ”fat” strategy, the probability that the second type
session requires j resources in the licensed band is given by

pj,FL2 =

(
RF∑
i=0

p2,i

)−1
p2,j , 0 ≤ j ≤ RF . (23)

Hence, similar to (15), the resource request distribution of
sessions in the aggregated flow is provided by

pj,FL =
ρF1

ρF
p1,j +

ρF2

ρF
pj,FL2, (24)

where the offered traffic load ρF = ρF1 +ρF2, and ρF1 = ρ1,
ρF2 = λ2(1− πFU1)/µ.

By analogy to the baseline strategy (20), the probability that
a session of the first type cannot be served in the licensed band
is calculated as

πFL = 1−G−1F (K,R)

R∑
i=0

p1,iGF (K − 1, R− i). (25)

Similarly, for the ”slim” strategy the probability that the
second type session requires j resources in the licensed band
is given by

pj,SL2 =

(
1−

RS∑
i=0

p2,i

)−1
p2,j , j ≥ RS . (26)

Similarly to (24), the resource request distribution of ses-
sions in the aggregated flow is provided by

pj,SL =
ρS1
ρS

p1,j +
ρS2
ρS

pj,SL2, (27)

where the offered traffic load ρS = ρS1 + ρS2 and ρS1 = ρ1,
ρS2 = λ2(1− πSU1)/µ.

Finally, similar to the baseline strategy (22), the probability
that a session of the first type cannot be served in the licensed
band is calculated as follows

πSL = 1−G−1S (K,R)

R∑
i=0

p1,iGS(K − 1, R− i). (28)

D. Unlicensed Band Characterization

Here, for each considered strategy, we will characterize
the probability distribution of resource requirements and the
intensities of session arrivals to the unlicensed band.

1) Baseline strategy: For the baseline strategy the probabil-
ity that a session, originally lost in the licensed band of NR-U
BS, requires j resources in the unlicensed part, is provided by

pj,BU =
p2,j
πBU

 R∑
r=0

PK(r) +

K−1∑
k=0

R∑
r=R−j+1

Pk(r)

 , (29)

where 0 ≤ j ≤ R.
By using GB(k, r) we can simplify (29) as follows

GB(K − 1, R)−GB(K − 1, R) =

=

K∑
i=0

ρiB
i!

R∑
j=0

p
(i)
j −

K−1∑
i=0

ρiB
i!

R∑
j=0

p
(i)
j =

ρKB
K!

R∑
j=0

p
(K)
j . (30)

Multiplying (30) by P0 we obtain
∑R
r=0 PK(r). Then, the

first sum in (29) can be written as
R∑
r=0

PK(r) =
GB(K,R)−GB(K − 1, R)

GB(K,R)
, (31)

while the second sum in (29) can be represented as

K−1∑
k=0

R∑
r=R−j+1

Pk(r) =

K−1∑
k=0

(
R∑
r=0

Pk(r)−
R−j∑
r=

Pk(r)

)
. (32)

Noticing that
K−1∑
k=0

R∑
r=R−j+1

Pk(r) =
GB(K−1, R)−GB(K−1, R−j)

GB(K,R)
, (33)

and further substituting (31) and (33) into (29), we see that
the following proposition holds true.

Proposition 1. The probability (29) that the session offloaded
to the unlicensed band requires j resources for the ”baseline”
strategy is given by

pj,BU =
1

πBU
p2,j

GB(K,R)−GB(K − 1, R− j)
GB(K,R)

. (34)

2) Fat strategy: For the ”fat” strategy, the probability πFU1

that the session is ”heavy”, i.e., session requires more than
RF resources, and is thus originally routed to the unlicensed
spectrum is given by

πFU1 = 1−
RF∑
i=0

p2,i. (35)

By analogy with the loss probability in the ”baseline”
strategy (19), the probability πFU2 that a ”light” session
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cannot be served in the licensed band and thus offloaded to
the unlicensed band can be calculated as

πFU2 = 1− P0,F

K−1∑
k=0

ρkF
k!

R∑
r=0

r∑
j=0

p
(k+1)
r−j,FLpj,FL2. (36)

Introducing GF (n, r) =
∑n
i=0

ρiF
i!

∑r
j=0 p

(i)
j,FL, we see that,

by analogy to (20), the probability πFU2 (36) is given by

πFU2 = 1−G−1F (K,R)

R∑
i=0

pi,FL2GF (K − 1, R− i). (37)

The probability that the session requires j resources in the
unlicensed band needs to be calculated separately for two
cases: (i) when a session is ”heavy” and thus initially routed
to the unlicensed band, and (ii) when a session is first routed
to the licensed band but there are not enough of resources
available for its service. Reflecting on these cases we arrive at

1− πFU1

πFU
p2,j

 R∑
r=0

PK,F (r) +

K−1∑
k=0

R∑
r=R−j+1

Pk,F (r)

, j ≤ RF ,
1

πFU
p2,j , j > RF . (38)

Combining (31) and (33) with (38), we see that the follow-
ing proposition holds true.

Proposition 2. The probability that the session requires j
resources in the unlicensed band for the ”fat” strategy is

pj,FU =

{
1−πFU1

πFU
p2,j

GF (K,R)−GF (K−1,R−j)
GF (K,R) , j ≤ RF ,

1
πFU

p2,j , j > RF .
(39)

3) Slim strategy: For the ”slim” strategy, the probability
πSU1 that the session is ”light”, i.e., session requires less than
RS resources, and thus is initially routed to the unlicensed
band is given by

πSU1 =

RS∑
i=0

p2,i. (40)

Similarly to the fat strategy, the probability πSU2 that a
”heavy” session cannot be served in the licensed band and
thus offloaded to the unlicensed one can be calculated as

πSU2 = 1− P0,S

K−1∑
k=0

ρkS
k!

R∑
r=0

r∑
j=0

p
(k+1)
r,SL pj,SL2. (41)

Denoting GS(n, r) =
∑n
i=0

ρiS
i!

∑r
j=0 p

(i)
j,SL, we see that by

analogy to (20), the probability πFU2 (41) can be written as

πSU2 = 1−G−1S (K,R)

R∑
i=0

pi,SL2GS(K − 1, R− i). (42)

Now, similarly to (38), we have for pj,SU

1− πSU1

πSU
p2,j

 R∑
r=0

PSK(r) +

K−1∑
k=0

R∑
r=R−j+1

PSk (r)

, j ≥ RS ,
1

πSU
p2,j , j < RS . (43)

Fig. 5. State transition diagram of the Markov model.

Finally, combining (31) and (33) with (43), we establish the
following proposition.

Proposition 3. The probability that the session requires j
resources in the unlicensed band for the ”slim” strategy is

pj,SU =

{
1−πSU1

πSU
p2,j

GS(K,R)−GS(K−1,R−j)
GS(K,R) , j ≥ RS ,

1
πSU

p2,j , j < RS .
(44)

E. Service Process in the Unlicensed Spectrum

Recall that for all considered strategies, NR-U session
can be offloaded to the unlicensed band, where it competes
with WiGig sessions for transmission resources. To obtain
the probability that for offloaded NR-U session the minimum
rate guarantees Rmin are satisfied, we need to first determine
the successful packet transmission probability for NR-U and
WiGig UEs in the unlicensed band. Note that in this section,
we first define the main inter-dependencies between auxiliary
probabilities for a fixed number of competing NR-U (nN )
and WiGig (nW ) UEs. Then, the auxiliary probabilities are
evaluated for all possible values of nN and nW to obtain the
successful transmission probability.

The probability θ = θ(nN , nW ) that a transmission attempt
is successful is written as

θ = (1− pc)(1− pb), (45)

where pc = pc(nN , nW ) and pb are collision and LoS
blockage probabilities.

We capture the competition dynamics between NR-U and
WiGig UEs in the unlicensed band by utilizing the Markov
process {Xn, n = 0, 1, . . . , T}, where T is the maximum
number of retransmission attempts. The state of the process
Xj = j corresponds to the transmission attempt. The transition
diagram of the process is shown in Fig. 5. By introducing
qi = limn→∞ P{Xn = i}, n = 0, 1, . . . , T one can write the
balance equations for this process in the following form

q0 = q0θ + · · ·+ qT−1θ + qT ,

qi = qi−1(1− θ), i = 1, 2, . . . , T − 1,

qT = qT−1(1− θ).
(46)

The system (46) has the closed-form solution given by

qi =
(1− θ)iθ

1− (1− θ)T+1
, i = 0, 1, . . . , T. (47)

Now, we introduce the probabilities that WiGig UE and
NR-U UE transmit in a randomly chosen slot – πW =
πW (nN , nW ) and πN = πN (nN , nW ). For a fixed number of
NR-U and WiGig UEs, nN and nW , respectively, the collision
probability is given by

pc = 1− (1− πW )nW (1− πN )nN . (48)
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We now determine two unknown terms in (48) – πN and
πW . To determine these quantities, observe that UEs transmit
in states Xj = j only. Thus, πN can be found by determining
the ratio between the average slot duration and the overall
amount of time slots spent by UEs, that is,

πN =

[
T∑
i=0

qjbj

]−1
, (49)

where bj is the average amount of slots in state j, i.e.,

bj =

2jW∑
i=1

1

2jW
i =

2jW + 1

2
, j = 0, 1, .., T. (50)

By utilizing (47), (50) into (49) and simplifying the NR-U
transmission probability πN can be found as

πN =

[
1

2
+

(
1− 2T+1 (1− θ)T+1

)
θW

2(2θ − 1)(1− (1− θ)T+1)

]−1
. (51)

By solving the set of nonlinear equations (45), (48) and
(51) with different parameters nN and nW , we can obtain the
corresponding probabilities for all possible numbers of active
NR-U and WiGig UEs.

Let us now denote by indices B, F , and S the type of the
considered strategy, ”baseline”, ”fat”, and ”slim”, respectively.
By utilizing NR-U UE transmission probability πN we can
obtain the successful transmission probability as

ΠN,s =

∞∑
i=0

(
ρ?N,s

)i
i!

e−ρ
?
N

∞∑
j=0

(ρ?W )j

j!
×

× e−ρ
?
W πN (i, j)θ(i, j), (52)

where ρ?N,s = λsU/µ and ρ?W = λW /µW are the total offered
load on the licensed and unlicensed bands.

Now, the rate attained by NR-U UE in the unlicensed band
is

RNsU,j = ΠN,sBUmj , (53)

where mj is the spectral efficiency, while the mean value is

E[RNsU ] =

R∑
j=0

pj,sUΠN,sBUmj . (54)

F. Eventual NR-U Session Loss Probability

Having obtained the mean rate of NR-U UEs in the unli-
censed band, we can determine the eventual NR-U session
loss probability. To this aim, we define QsU to be NR-U
UE session loss probability for strategy s. This probability
provides indication that the minimum rate Rmin is not met in
the unlicensed band. By using RNsU,j , (54) becomes limited by
rate threshold Rmin and the sought metric is given by

QsU = P{R < Rmin} =
∑

RNsU,j<Rmin

pj,sU . (55)

Finally, the eventual loss probability is delivered by

Qs =
λ1 + λ2(1− πsU )

λ
πsL +

λ2πsU
λ

QsU . (56)

V. NUMERICAL RESULTS

In this section, we present our numerical results. Dealing
with complex service strategies, we first start assessing the
performance of the random access procedure as a function
of system parameters. Then, we proceed by analyzing the
response of the system metrics including eventual session
loss probability and attained rate of NR-U sessions in the
unlicensed band. Finally, we compare the proposed offloading
strategies. The parameters are provided in Table II.

A. Random Access Procedure

We start by analyzing performance of random access mech-
anisms as a function of system parameters. To this aim, Fig. 7
demonstrates collision probability as a function of the number
of active NR-U UEs, density of blockers, λB , initial contention
window, W , and the number of retransmission attempts, T .

By analyzing the data presented in Fig. 7(a) one may
observe that, logically, the collision probability increases when
the number of NR-U UEs grow. However, the dependence
of the density of blockers is more complicated. Particularly,
the increase in the value of λB first increases the collision
probability. This is explained by the fact that more UEs
experience blockage once they win the contention for medium.
However, maximizing at around λ = 0.5 further increase
in blockers density conversely leads to the decrease in the
collision probability. This effect is caused by the increase in
the value of the current contention window size occurring as
a result of unsuccessful transmission attempts. The considered
metric also heavily depends on other values of system parame-
ters including the initial contention window and the number of
retransmission attempts. This behavior negatively affects the
delay performance of the system.

The effect of the initial contention window on the collision
probability is demonstrated in Fig. 7(b). Here, we again
observe behavior that is non-characteristic for lower frequency
systems, especially, for larger values of the initial contention
window. For small values of the contention window (e.g., 8
and 16) and considered blockage probability of λB = 0.3 we
observe linear increase in the collision probability. However,
for W = 32 the behavior of the considered metric is more
complex with clear minimum attained at approximately 40

TABLE II
DEFAULT SYSTEM PARAMETERS.

Parameter Value
Carrier frequencies of NR/WiGig technoligies 28/60 GHz
Bandwidths of NR/WiGig technologies 400/2160 MHz
NR-U BS and WiGig AP heights 10 m
Radius of blockers 0.2 m
UE and blockers height 1.7/1.5 m
WiGig and NR transmit powers 23/33 dBm
Thermal noise -174 dBm/Hz
Interference margin 3 dB
NR MCS outage threshold -8.97 dB
Density of blockers 0.3
BS/UE antenna arrays of NR technology 64x4, 8x4
AP/UE antenna arrays of WiGig technology 16x4, 8x4
NR-U UE active session probability 0.1
WiGig UE acctive session probability 0.1
Initial CW 16
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Fig. 6. Successful NR-U UE transmission probability as a function of system parameters.
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(c) Different number of retransmissions

Fig. 7. NR-U UE collision probability as a function of system parameters.

UEs. This is explained by the effect of the blockage proba-
bility that positively affects the collision probability for small
number of active UEs. However, when the number of UEs
grows the collision probability start to increase again.

The effect of the retransmission attempts is shown in Fig.
7(c). We see the logical decrease in the collision probability
when the number of retransmissions increases. Still, for a
small number of active UEs, we notice the effect of blockers
that decreases the collision probability. However, starting from
already 10 UEs both curves show consistent linear increase.

B. Baseline strategy

Collision probability presented in Fig. 7 is a function of
a fixed number of active UEs in the system and thus does
not account for system deployment parameters. Thus, we now
proceed analyzing performance of the baseline strategy starting
with the response of the random access mechanism to the
considered system deployment. To this aim, Fig. 6 shows the
successful transmission probability as a function of the density
of NR-U BSs, density of blockers, λB , initial contention
window, W , and the session intensity of NR-U UEs, λ.

By analyzing the data presented in Fig. 6(a) one may
observe, that the increase in the blockers density leads to
drastic decrease in the value of the considered metric. This
behavior is preserved across the whole range of considered
NR-U BS deployment densities. Particularly, by increasing
the λB from 0.1 to 0.5 we observe similar decrease in the
successful transmission probability for NR-U BS density of
2 × 10−5. However, for dense deployments with density of
2×10−4 the decrease is just by one half. Also, observe that the
considered metric increases as the NR-U BS density increases.

This behavior is explained by the fact that the increase in the
NR-U BS deployment density leads to the smaller coverage
areas of each BS and thus smaller mean value of the resources
needed to provide a given rate. As a result, fewer UEs are
offloaded onto the unlicensed band.

Analyzing the data further, we observe that the results
presented in Fig. 6(b) imply that small value of the contention
window leads to better system performance for all the consid-
ered NR-U densities. The rationale is that under the considered
intensity of sessions, the instantaneous number of active UEs is
rather small. To explain this effect, consider Fig. 6(c) showing
the dependence of the successful transmission probability on
NR-U BS deployment density for different values of the NR-U
session intensity, λ. Here, as one may observe, higher session
intensities logically lead to lower successful transmission
probabilities. However, this trend is non-uniform for different
values of λ and NR-U BS densities and also depends on the
amount of resources requested by a session. Particularly, for
extremely high session arrival intensity of λ = 1 the successful
transmission probability slightly decreases up until the NR-
U BS density, where the coverage of unlicensed technology
becomes comparable to that one of the licensed one (approx-
imately 5× 1−−5). At the same time, in this range of NR-U
BS densities, other values of λ demonstrate much higher and
increasing successful transmission probability. The rationale is
that for the latter loads (i) the number of active sessions that
can be offloaded onto unlicensed band gradually increases due
to the coverage of NR-U BS becomes smaller while (ii) the
session drop rerouting probability becoming smaller. For high
intensity of sessions, the licensed and unlicensed bands are
both overloaded, and thus the intensity of sessions offloaded
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Fig. 8. Eventual NR-U session loss probability.

onto unlicensed technology is virtually constant. When the
density of NR-U BS increases further approaching that of
the unlicensed technology, the amount of requested resources
by a single session at NR-U BS decreases, leading to the
proportional decrease in the session rerouting probability and
in the successful transmission probability.

Similarly to the successful transmission probability, the
eventual session drop probability, illustrated in Fig. 8 is also
a complex function of NR-U BS deployment density, session
arrival intensity and the amount of requested resources by a
session. Here, we see that Fig. 8(a) supports our conclusions
stated for successful transmission probability in Fig. 6(c).
More specifically, for all the considered session arrival inten-
sities the system is in fact in the overloaded conditions for low
density of NR-U BSs. When the latter parameter increases, the
mean amount of resources drastically decreases overweighting
the effect of the reduced coverage area of NR-U BS (and thus
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Fig. 9. Attained NR-U session rate in the unlicensed band.

Baseline

Fat

Slim

2.×10-5 5.×10-5 1.×10-4 2.×10-4
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

NR-U BS density, λA

E
ve
nt
ua
ll
os
s
pr
ob
ab
ili
ty
,Q

s

(a) Session rate 50 Mbps

Baseline

Fat

Slim

2.×10-5 5.×10-5 1.×10-4 2.×10-4
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

NR-U BS density, λA

E
ve
nt
ua
ll
os
s
pr
ob
ab
ili
ty
,Q

s

(b) Session rate 100 Mbps

Fig. 10. Eventual session loss probability for considered strategies.

session arrival intensity that is kept constant). Similar trends
are observed for other values of λ.

The eventual drop probability is represented as a function
of the minimum requested session rate, Rmin in Fig. 8(b).
Here, we may observe that the considered metric logically
increases when the session requested rate increases. Note that
this effect holds for both licensed and unlicensed bands simul-
taneously as smaller amount of requested resources decreases
the loss probability at the licensed band and also impose
milder requirements to the amount of required resources in
the unlicensed band.

Complementing the analysis above is the attained session
rate by offloaded session presented in Fig. 9 as a function of
the contention window for the baseline strategy. Recall that
this is in fact an intermediate metric that partially reflects
whether the session offloaded into unlicensed band is even-
tually dropped or not. Here, we see that further control (by
varying the initial contention window) can be implemented in
the unlicensed band to improve the session performance. On
top of this, the attained rates also confirm that under λ = 0.001
the amount of offloaded sessions to the unlicensed band is
negligible warranting the behavior of successful transmission
probabilities in Fig. 6 and the associated attained rates.

C. Comparison of Considered Strategies

Having studied the random access mechanism under block-
age impairments and baseline scheme we are now in position
to proceed with comparison of the considered offloading
strategies. To this aim, below we consider three variants of
the strategies: (i) baseline, where a session is offloaded when
no resources are available at NR part of NR-U BS, (ii) slim
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(c) Rate for the different contention windows

Fig. 11. Attained rate in the unlicensed band of NR-U and WiGig UEs and successful NR-U UE transmission probability as a function of system parameters.

strategy with RS set to the mean resource requirements of a
session and (iii) fat strategy with RS set to the mean resource
requirements of a session.

Fig. 10 illustrates the eventual session loss probability for
all considered strategies and two different session resource
requirements, 50 Mbps and 100 Mbps. By analyzing the
presented results one may observe that the baseline strategy,
where a session is offloaded onto unlicensed band when no
resources for its service are available in the licensed one, is
associated with the minimal values of the eventual session
drop probabilities. At the same time, offloading heavy sessions
to the unlicensed band leads to very similar performance
while ”slim” strategy, where ”lighter” sessions are offloaded
onto unlicensed band is characterized by drastically worse
performance. The latter can be explained by the fact, that
random access mechanisms under the same offered load are
known to utilize available resources better when there are
few ”heavy” sessions in the system rather than a plethora
of ”lighter” sessions. This is also confirmed by the increase
in the session loss probability for the slim strategy when
the density of the NR-U BS deployment increases. One may
further observe, that the response of the system is not affected
qualitatively by the requested session rates. Quantitatively,
however, the increase of the requested rate logically leads to
the associated increase in the eventual session loss probability.

D. Fairness Between WiGig and NR-U UEs

We now show the fairness between NR-U and WiGig UEs in
the unlicensed band. To this aim, Fig. 11 shows the successful
transmission probability for NR-U ΠN and WiGig UEs ΠW

and attained rate in the unlicensed band of NR-U E[RNsU ]
and WiGig UEs E[RWsU ] for different rerouting strategies and
initial contention windows. As one may observe, the successful
transmission probability for NR-U ΠN and WiGig UEs ΠW

and attained rate in the unlicensed band of NR-U E[RNsU ] and
WiGig UEs E[RWsU ] logically decrease as the intensity of NR-
U sessions increases λ. The drop is slow at first, as most of
the collisions are resolved, and then there is a sharp drop for
both types of UEs caused by overloaded conditions.

As one may observe, we see that the successful transmission
probabilities for both types of devices coincide at 16, see Fig.
11(a), implying that the fairness is retained with respect to
this metric. However, this naturally leads to different attained
rates in the unlicensed band due to the difference in the MCS

utilized by NR and WiGig. If one requires fairness in terms
of the data rates, one may adjust the CW size. To this aim.
Fig. 11(b) shows successful transmission probability, where
the initial CW size of NR-U UEs is two times higher. Here, we
see that this metric becomes worse for NR-U UEs translating
to equal rates of both types of UEs as shown in Fig. 11(c).

VI. CONCLUSIONS

In this paper, inspired by the potential use of NR-U
technology for smoothing short-term traffic variations in the
licensed band, we have developed an analytical framework
that captures mmWave-specific propagation, service process in
the licensed and unlicensed band, and LBT-based coexistence
scheme of NR-U technology. To this aim, we merged the tools
of stochastic geometry, renewal theory, and queuing systems
with random resource requirements. We then proceeded to
study different offloading strategies using the eventual NR-U
session loss as the main metric of interest.

Empowered with the developed framework, we proceeded
analyzing different offloading strategies. Our results demon-
strate non-trivial behavior of the collision probability as com-
pared to lower frequency systems with blockage having non-
linear impact: the increase in the density of blockers first
increases the collision probability as a result of more UEs
experiencing collision upon winning of contention and then
decreases due to increase in the current contention window at
UEs. This effect is characteristic for small to moderate number
of active UEs in the system (up to 10−20) and heavily depends
on the choice of other system parameters the initial contention
window and the number of retransmission attempts.

Further, by comparing the offloading strategies we revealed
that the baseline strategy, where a session is offloaded onto
unlicensed band only when there are no resources available
in the licensed one, leads to the best performance. However,
the ”fat” strategy that initially offloads heavier sessions onto
unlicensed band, is only 2−5% worse in terms of the eventual
session loss probability. This observation may allow to design
efficient traffic offloading strategies at UE side. By utilizing
the proposed model one may estimate the deployment density
of the collocated NR-U/WiGig BSs resulting in a prescribed
session loss probability as well as fine-tune the performance of
the unlicensed band to further decrease the latter probability.
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