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On the Degree of Multi-Connectivity in 5G
Millimeter-Wave Cellular Urban Deployments
Margarita Gapeyenko, Vitaly Petrov, Dmitri Moltchanov, Mustafa Riza Akdeniz,
Sergey Andreev, Nageen Himayat, and Yevgeni Koucheryavy
Abstract—Outage event caused by dynamic link blockage at
millimeter-wave (mmWave) frequencies is a challenging problem
for cell-edge users. To address it, 3GPP is currently working
on multi-connectivity mechanisms that allow a user to remain
connected to several mmWave access points simultaneously as
well as switch between them in case its active connection drops.
However, the actual number of such simultaneous links – named
the degree of multi-connectivity – to reach the desired trade-off
between the system design simplicity and the outage probability
levels remains an open research question. In this work, we characterize the outage probability and spectral efficiency associated
with different degrees of multi-connectivity in a typical 5G urban
scenario, where the line-of-sight propagation path can be blocked
by buildings as well as humans. These results demonstrate that
the degrees of multi-connectivity of up to 4 offer higher relative
gains. Our analytical framework can be further employed for
the performance analysis of multi-connectivity-capable mmWave
systems across their different deployment configurations.
Index Terms—mmWave systems, multi-connectivity, macro
diversity, dynamic human body blockage, outage probability.

I. I NTRODUCTION
The millimeter-wave (mmWave) radio links are known to
be susceptible to abrupt quality degradation due to the lineof-sight (LoS) blockage by various objects in the channel including the human crowd [1], [2]. To make mmWave systems
suitable for the applications that demand high reliability, 3GPP
has proposed the concept of multi-connectivity (MC) [3].
Currently, there is a number of multi-connectivity solutions,
such as dual connectivity (DC) or coordinated multi-point
(CoMP) transmission/reception [4], [5]. Originally proposed
in LTE Release 12, DC provides a user equipment (UE)
with the radio resources of two cells residing on the same
band but having different types or on multiple bands with
the same cell type (multi-RAT). The multi-RAT DC for 5G
is a generalization of the earlier where the UE may leverage
the resources of two cells, one of which provides E-UTRA
access and another one offers NR access [3]. Further, DC can
be extended to multi-connectivity where the resources of two
or more cells are made available to a UE. One of the MC
solutions named CoMP allows to receive/transmit a signal
from/to multiple cells on the same frequency [6]. It should
be noted that an exact architecture for each MC option may
vary and there are alternative realizations proposed [7]–[9].
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The advantages of MC techniques in mmWave and microwave bands have been demonstrated in [10]–[12]. Particularly, in [11], the authors proposed a scheduling framework to distribute mmWave and microwave resources while
satisfying the quality-of-service (QoS) constraints. Further,
in [13], caching was employed to mitigate handover failures
and reduce energy consumption at the UE side. In [14], an
analysis of signal-to-interference-plus-noise ratio with MC has
been contributed.
However, to satisfy high-rate constraints of the emerging
applications, reliance only on microwave resources may not
be sufficient. Therefore, another wave of studies related to
MC was dedicated to considering multiple mmWave APs.
For example, in [4], the authors employed their simulation
framework to demonstrate that MC increases per-user throughput in CoMP-based scenarios, while a comparison of various
AP switching strategies for MC-aided mmWave networks was
targeted by [15]. In [16], an active set management scheme
was proposed to avoid service interruptions.
One of the key practical aspects that has not been addressed comprehensively so far is selecting the degree of
MC, that is, the number of simultaneously supported links.
While higher degrees of MC can potentially lead to improved
performance indicators and more reliable service, this also
increases complexity of the networking protocols and may
yield significant signaling overheads [17]. Targeting the said
system design aspect, this paper analytically characterizes the
outage probability and spectral efficiency in a typical outdoor
urban 3GPP scenario as a function of the degree of MC with
both static (caused by buildings) and dynamic (caused by
humans) LoS blockage. We particularly focus on cell-edge
users that on average experience poor channel conditions even
with their closest AP.
The main contributions of this work are:
•

•

To study the outage and spectral efficiency metrics for
multi-connectivity mmWave environments in the presence of LoS blockage caused by stationary and dynamic
objects, a unified mathematical framework based on
stochastic geometry and probability theory is proposed.
To evaluate relative performance benefits of higher degrees of MC, a mathematical methodology is employed.
We demonstrate that the use of 4 simultaneous mmWave
links allows to achieve up to 95% gain in the outage probability and up to 74% gain in the spectral efficiency, while
improvements brought by higher degrees are marginal.

The remainder is organized as follows. Our system model is
introduced in Section II. The outage probability and spectral
efficiency for the cell-edge users in MC-aided mmWave networks are derived in Sections III and IV. Numerical results
illustrating the effect of the degree of MC are offered in
Section V. Conclusions are drawn in the last section.
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Fig. 1. Scenario considered for our analytical modeling.

II. S YSTEM M ODEL
A. Deployment Model
The system model is illustrated in Fig. 1. Assume that the
locations of mmWave APs follow a Poisson point process
(PPP) in <2 with the density of λA . The AP height is fixed
and set to hA . We consider a single cell-edge UE dropped
randomly in <2 , such that the distance between this UE and its
nearest AP is sufficient to result in an outage; hence, the signalto-noise ratio (SNR) is below its threshold value if the LoS
link between the UE and the closest AP is blocked. The target
user is assumed to remain stationary throughout its operation.
The UE height, hU , is constant as well.
The humans in the pedestrian area around the UE act as
potential blockers. Their spatial density in <2 is λB . These
blockers are modeled as cylinders and have the radius, rB [2].
The height of the humans is assumed constant and set to hB ,
hB > hU . To capture the mmWave LoS signal dynamics, we
assume that humans move according to a random direction
mobility (RDM, [18]) model.
B. Propagation Model
The LoS path between a mmWave AP and a UE in dense
urban environments can be blocked by: (i) large static objects,
such as buildings (nLoS state), and (ii) smaller dynamic objects, such as humans (blocked state). There are four possible
states for the link of interest: LoS non-blocked (nBl.) – no
large or small objects are occluding the LoS link, LoS blocked
(Bl.) – only small object is occluding the LoS link, nLoS
non-blocked – large object is blocking the LoS, and nLoS
blocked – LoS is blocked by a large object and all nLoS
paths are blocked by small objects. Following the current
3GPP considerations [19], we distinguish only three of them
by disregarding the worst case (nLoS blocked). The reason
is that the probability that all the available independent nLoS
paths are blocked simultaneously is negligible.
The LoS probability for the 2D distance x between the
mmWave AP and the UE, pL (x), is obtained by using the
3GPP urban micro (UMi) street canyon model [19] as
(
1,
x ≤ 18 m
(1)
pL (x) =
x 
x
− 36
− 36
18 + xe
− 18e
/x, x > 18 m.

The associated UMi path loss measured in dB for three
different states (LoS nBl., LoS Bl., nLoS) is given by


32.4 + 21.0 log10 (d) + 20 log10 fc , LoS nBl.,
L = 52.4 + 21.0 log10 (d) + 20 log10 fc , LoS Bl.,
(2)


32.4 + 31.9 log10 (d) + 20 log10 fc , nLoS,
where d is the three-dimensional (3D) distance between the
mmWave AP and the UE, while fc is the carrier frequency in
GHz. Targeting the mean SNR value at the cell-edge, we omit
the consideration of small-scale fading for simplicity.
Following the recent measurements of human body blockage effects at mmWave frequencies [1], the LoS path occlusion
by humans is assumed to (on average) result in 20 dB of
additional degradation in the received signal strength. Note
that human body loss is a parameter and various values may
be applied [20] by modifying the LoS Bl. expression in (2).
As mmWave communications employ directionality, we
model directional antenna systems at both the AP and the UE
sides. They are characterized by the antenna gains GA and
GU (equal for LoS and nLoS), respectively. For simplicity,
we assume cone-shaped antenna radiation patterns at both the
AP and the UE, thus disregarding possible negative effects of
the side lobes [21]. We also assume perfect beam alignment
between the AP and UE beams in both LoS and nLoS.
C. Connectivity Model
The UE initially selects N APs with the highest received
signal strength, where N is the degree of MC. We assume
that the channels of a UE have been measured for sufficiently
long to determine the set of the closest APs regardless of
their instantaneous blockage situation; therefore, the static UE
maintains this set of APs (e.g., a steady-state set) and does
not connect to any AP beyond the N initially selected ones.
The state of each selected link changes from Bl. to nBl.
by following the dynamic blockage process1 as detailed in
subsection II-A. At any instant of time, the UE always chooses
the best link out of N (e.g., by monitoring the received signal
strength or SNR) for its data transmission, while connections
over other backup links are maintained constantly via MC [9].
In our analysis, the UE first selects its closest AP in nBl.
state as the one with the best SNR; in case all of the APs are
blocked, it selects the closest AP in Bl. state having the SNR
higher than the SNR threshold (no connection re-establishment
is required when the UE selects another AP). In case all APs
are blocked and/or their SNR values are below the threshold,
the UE suffers from outage. Since 3GPP standardization of
the MC operation is still in progress, the delay and overhead
values introduced by switching between the mmWave APs are
not known yet, even though they are envisioned to remain
small in most scenarios [3]. In this paper, we assume idealistic
switching process where the UE can instantaneously transition
to its best AP out of N selected initially.
III. M ULTI -C ONNECTIVITY A NALYSIS
A. Outage Distance
First, let SNR at the UE be
S = PA + GA + GU − L(fc , d) − N0 (B),
1 This

(3)

work assumes independent blockage state changes for simplicity.
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where PA is the transmit power, GA and GU are the antenna
gains, L(fc , d) is the path loss, while N0 (B) is the total noise
power at the receiver and B is the bandwidth.
We define outage as a situation, when SNR at the receiver
becomes lower than a certain threshold (S < ST ). Hence, the
minimal 2D distances between the mmWave AP and the UE
resulting in outage w.r.t. the link conditions (nLoS, blocked
LoS, non-blocked LoS) are given by
q
PA +GA +GU −N0 −ST −32.4−20 log10 fc
21
− [hA − hU ]2 ,
RO = 10
q
PA +GA +GU −N0 −ST −52.4−20 log10 fc
21
− [hA − hU ]2 ,
RB = 10
q
PA +GA +GU −N0 −ST −32.4−20 log10 fc
31.9
RnL = 10
− [hA − hU ]2 , (4)
where RO is the distance at which the link enters outage in
non-blocked LoS state, RB is the distance at which the link
enters outage in blocked LoS state, RnL is the distance at
which the link enters outage in nLoS state, while ST is the
SNR threshold in dB. Analysis of (4) readily yields that RO is
the highest, while the relation between RnL and RB depends
on the input parameters. For the sake of exposition, we further
assume that Rnl < RB as the effect of nLoS is on average
more severe than the effect of human body blockage. However,
our proposed approach is generally applicable for Rnl > RB .
B. Outage Probability
Recall that for the cell-edge users we assume no APs closer
than RnL to the target UE. Let A and B denote the events
that there are no APs in non-outage conditions in the rings
(RnL , RB ) and (RB , RO ). Denoting the outage probability
for the degree of MC N by qO,N and using the independence
property of PPP, we have qO,N = P r(A)P r(B). Consider
now event A and observe that it may occur when the following
two mutually exclusive events happen: (i) event A1 of having
no APs in the ring (RnL , RB ) and (ii) event A12 of having at
least one AP in the ring (RnL , RB ) jointly with the event A22
of having all these APs in nLoS conditions. Let us denote the
probabilities of these events by P r(A1 ) and P r(A12 , A22 ).
Further, event B occurs when the following mutually exclusive events happen: (i) event B1 of having no APs in the
ring (RB , RO ), (ii) event B21 of having at least one AP in the
ring (RB , RO ) jointly with event B22 of having all these APs
in nLoS conditions, and (iii) event B31 of having the nearest
min(N, m) APs in LoS blocked state jointly with the event
B32 of having exactly m APs in LoS conditions in the ring
(RB , RO ), and event B33 of having at least one AP in that
ring. We denote these probabilities by P r(B1 ), P r(B21 , B22 ),
and P r(B31 , B32 , B33 ). The outage probability, qO,N , is then



qO,N = P r(A1 ) + 1 − P r(A1 ) P r(A22 |A12 ) P r(B1 )+


1 − P r(B1 ) P r(B22 |B21 ) + P r(B31 , B32 |B33 ) .
(5)
Consider events A1 and B1 . Recall that the mmWave APs
follow a PPP with the density of λA . Hence, the probability
of having no APs in the ring (RnL , RB ) is offered by
2

R

2

P r(A1 ) = p0 nL,B = e−λA π[RB −RnL ] ,
R

and, similarly, P r(B1 ) = p0 B,O = e

2
2
−λA π[RO
−RB
]

(6)
.

To determine the probability that all of the APs in the ring
(RnL , RB ) are in nLoS, given that there is at least one AP
in this ring, P r(A22 |A12 ), we define a new process of APs
that includes only those APs, which are currently in LoS.
We obtain this new process as a probabilistic thinning of the
original one with the probability of pL (x), thus arriving at a
non-homogeneous Poisson process of APs with the density of
λA pL (x), x > RnL , which decreases along the radial lines.
The density of APs residing in LoS in (RnL , RB ) is
Z RB
1
R
ΛL nL,B = 2
2xλA pL (x)dx,
(7)
2
RB − RnL
RnL
which implies that the sought probability is given by
RnL,B

P r(A22 |A12 ) = e−ΛL

2
2
π[RB
−RnL
]

.

(8)

Similarly to (8), we can obtain
RB,O

2

2

P r(B22 |B21 ) = e−ΛL π[RO −RB ] ,
(9)
R
RO
R
1
2xλA pL (x)dx.
where ΛL B,O = R2 −R
2
RB
O
B
Finally, consider the probability that there are m APs
residing in LoS in (RB , RO ) and the nearest min(N, m) APs
are blocked, given that there is at least one AP in this ring,
P r(B31 , B32 |B33 ). Since the UE always connects to its nearest
AP, we need to have the nearest min(N, m) APs in LoS.
When there is at least one AP in LoS conditions in
(RB , RO ), we first need to obtain the distance distribution
to i-th nearest AP in the ring (RB , RO ). Let X RB,O be the
random variable (RV) denoting the distance to a randomly
chosen AP in LoS conditions in (RB , RO ) and let fX RB,O (x)
be its probability density function (pdf). We thus have [22]
fX RB,O (x) = Z

xpL (x)
RO

.

(10)

xpL (x)dx
RB

Conditioning on m APs in the ring (RB , RO ), the pdf of
distance to the i-th nearest AP, between m independent and
R
identically distributed (i.i.d) RVs, Yi B,O , becomes


m−1
×
f RB,O (x; m) = mfX RB,O (x)
Yi
i−1
m−i

, (11)
FX RB,O (x)i−1 1 − FX RB,O (x)
where FX RB,O (x) is the CDF of X RB,O obtained from (10).
Consider the process of LoS blockage by dynamically
moving blockers around a stationary user of interest and a
mmWave AP located at the distance of x from the UE to
concentrate on non-blockage probability. Recall that a blocker
that moves according to the RDM model in a certain area is
distributed uniformly in this area [18]. The probability that
there is a non-blocked LoS path is then given by
h
i
h −h
−2rB λB x hB −hU +rB

pnB (x) = e

A

U

.

(13)

Denote by pO,i (m) the outage probability with i-th nearest
AP in (RB , RO ) that is currently in LoS conditions, given that
there are m APs in LoS conditions in this ring. We arrive at
Z RO


pO,i (m) =
f RB,O (x; m) 1 − pnB (x) dx, i ≤ m. (14)
RB

Yi

qO,N = e

e

2
2
−λA π[RB
−RnL
]

2
2
−λA π[RO
−RB
]



2
2
−λA π[RB
−RnL
]

+ 1−e


+ 1−e

2
2
−λA π[RO
−RB
]





e

R
2
2
−ΛL nL,B π[RB
−RnL
]

R

e

2
2
−ΛL B,O π[RO
−RB
]
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!

+

×
∞
X

min(N,m)

Y

B,O
pR
m

m=1

The probability of having m LoS APs in (RB , RO ) is

R
2
2 m
RB,O
− RB
]
ΛL B,O π[RO
2
2
RB,O
pm
=
e−ΛL π[RO −RB ] . (15)
m!

P r(B31 , B32 |B33 ) = 1 −

R
p0 B,O

qn,B = 1 −


R
p0 nL,O

B,O
pR
m

m=1

Y

pO,i (m). (16)

i=1

The outage probability, qO,N , is then derived by substituting
(6), (8), (9), and (16) into (5). The final result is given in (12).
IV. S PECTRAL E FFICIENCY
According to SNR analysis in subsection III-A, the UE is
associated with j-th AP in LoS non-blocked conditions out of
the nearest min(N, k) APs in the ring (RnL , RO ), if k > 0. If
there are no such APs, the UE is associated with j-th nearest
AP in the ring (RnL , RB ), which currently resides in LoS
blocked conditions, if any. Otherwise, the spectral efficiency
remains 0 until any of the APs becomes non-blocked again.
Hence, spectral efficiency is a mixed RV with the probability
mass at 0, the weight of qO,N , and several “branches”.
The first branch corresponds to the event of having the
nearest non-blocked LoS AP with index j out of min(N, k)
APs jointly with the event of having k APs residing in LoS
in the ring (RnL , RO ) and at least one AP in that ring. The
associated probability, qn,nB , is given by
qn,nB = 1 −


R
p0 nL,O

∞
X

pk

k=1
R
p0 nL,O

vj,k ,

(17)

j=1

pk w

pB,k

Y

pB,j,k , (20)

j=2

RnL

while fZ1 (x) = kfX RnL,O (x)(1 − FX RnL,O (x))k−1 , where
fX RnL,O (x) and FX RnL,O (x) are the pdf and CDF of distance
to a randomly chosen LoS AP in the ring (RnL , RO ) obtained
similarly to (10).
The final term in (20), wRnL,B , is the probability that the
closest LoS AP resides in the ring (RnL , RB ), given by
Z RB
k−1
RnL,B
w
=
kfX RnL,O (x) 1 − FX RnL,O (x)
dx. (22)
RnL

After obtaining the probabilities for the branches of interest,
the mean spectral efficiency takes the following form
R

E[CN ] = 1 − p0 nL,O

∞
X

min(N,k)

pk

k=1

Z

X

vj,k ×

j=1

RO


fZj (x; k) log2 1 + SnB,j (x) dx+

RnL


R
p0 nL,O

∞
X
k=1

Z

min(N,k)

pk w

RnL,B

pB,k

Y

pB,j,k ×

j=2

RB


fZ1 (x; k) log2 1 + SB,1 (x) dx,

(23)

RnL

2
2
−λA π[RO
−RnL
]

where
=e
is the probability of having
zero APs in the ring (RnL , RO ) and pk is the probability of
having k APs in LoS in the ring (RnL , RO ).
The probability vj,k that the nearest AP in (RnL , RO ) residing in nBl. LoS conditions has index j = 1, 2, . . . , min(N, k),
given that there are k APs in (RnL , RO ), is
vj,k = 1 − pB,j,k

min(N,k)
RnL,B

where pB,k is the probability of blockage for the closest AP
in the ring (RnL , RB ),
Z RB


pB,k =
fZ1 (x; k) 1 − pnB (x) dx,
(21)

1−

min(N,k)

X

∞
X
k=1

min(N,m)

∞
iX

(12)

i=1

APs in blocked state having non-zero APs in LoS in the ring
(RnL , RO ). The corresponding probability, qn,B , is given by

Combining (14) and (15), the sought probability is
h

!

pO,i (m) .

Y
 j−1

pB,s,k ,

(18)

s=1

where pB,j,k is the probability of blockage at j-th nearest AP
Z RO


pB,j,k =
fZj (x; k) 1 − pnB (x) dx,
(19)
RnL

where Zj is the RV characterizing the distance to j-th nearest
AP given that there are k APs, k ≥ j, in the ring (RnL , RO ).
Note that fZj (x; k) can be established similarly to fYi (x; m).
The second branch of the spectral efficiency is associated
with the event of having the closest LoS AP reside in the ring
(RnL , RB ) jointly with the event of seeing min(N, k) LoS

where SnB,j (x) is the SNR with j-th nearest nBl. LoS AP and
SB,1 (x) is the SNR for the first Bl. LoS AP in (RnL , RB ).
V. N UMERICAL A SSESSMENT
In this section, we numerically investigate the impact of
the MC degree together with the density of blockers and
APs on the outage probability and spectral efficiency. The
utilized system parameters follow 3GPP and are provided in
Table I. The outage thresholds, RnL = 92 m, RB = 107 m,
and RO = 963 m for the SNR threshold of ST = 3 dB are
computed with (2). The choice of the SNR threshold was
made with a reference to services that might require high SNR
levels [23]. The percentage illustrated in the plots demonstrates
the difference between the metrics for the MC degree of 1 and
the degree in question.
In order to verify our assumptions and analysis, we crosscheck the selected analytical results against those obtained
with the simulations conducted in Matlab. The geometrical
deployment closely follows the procedures detailed in subsection II-A, while the channels between all of the nodes are
modeled according to the 3GPP considerations [19].
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This framework operates in a time-driven regime with a
step of 0.05 s (resulting in human movement of not more than
5 cm with the speed of 1 m/s). Each simulation round begins
with a re-deployment of all the nodes of interest and then runs
for 60 s of real time by reporting time-averaged performance
indicators. All the intermediate simulation results have been
further averaged across 1, 000 independent replications. The
scenario was modeled for all the considered sets of input
parameters, which demonstrated a close match between the
analytical and the simulation output.
In Fig. 2(a), the outage probability is illustrated as a function
of blocker density. We observe that for low densities of
blockers, λB = 0.1, the MC degree N = 4 reduces the outage
probability by 95% as compared to N = 1. However, higher
densities of blockers, λB = 1, decrease the difference in the
outage probability between the MC degrees N = 4 and N = 1
by only 11%. For the chosen system design parameters and
the degree of MC, the multi-connectivity gains diminish as the
density of blockers increases. The underlying reason roots in
approximately geometric behavior of the probability that all
the available links reside in outage conditions.
Fig. 2(b) demonstrates the impact of the MC degree on
the outage probability for different AP and blocker densities
λB = 0.1. For λA = 10−4 , adding only one additional
link reduces the outage probability by 72%. Increasing the
MC degree further leads to much smaller gains that vanish
TABLE I
BASELINE SYSTEM PARAMETERS
Parameter
Value
Heights of AP, UE, and blockers, hA , hU , hB
10 m, 1.5 m, 1.7 m, [19]
Radius of a blocker, rB
0.25 m, [2]
Frequency and bandwidth
28 GHz and 1 GHz, [19]
Transmit power, PA
35 dBm, [19]
Gain, Rx- and Tx-side, GU and GA
5 dB and 10 dB, [24], [25]
SNR threshold, ST
3 dB, [23]

after N = 4. This is explained by the behavior of blockage
probability, which tends to 1 with an increased distance
between the AP and the UE. Also, decreasing the density of
APs down to λA = 4 · 10−5 shrinks the difference between
the two neighboring bars as compared to the same bars with
λA = 10−4 . It could be explained by the fact that the APs
in sparse deployments are located (on average) farther away,
which leads to lower non-blockage probabilities. Moreover,
the benefit of having N = 4 links comprises 97% of all the
available gains when increasing the degree MC to ∞. Also
note that increased SNR thresholds lead to a decreased number
of APs, which a UE may communicate with at increased APUE distances. Therefore, the UE cannot exploit higher degrees
of MC when the SNR threshold is high.
Fig. 2(c) and 3(a) highlight the effects of AP density on the
outage probability and the mean spectral efficiency. As can
be seen in the plot, for a lower density of APs (e.g., λA =
10−5 ) the outage probability is rather low as well; moreover,
the gains at higher degrees of MC are negligible. It can be
explained by the fact that the distance between the closest AP
and the UE is large, which makes the received signal weak
(due to blockage and path loss). Farther located APs cannot
deliver better signal quality, as they experience even worse
channel conditions. The benefit in the increased degrees of
MC is noticed for the density of APs equal to λA = 3 · 10−5
to λA = 2 · 10−4 . By growing the density of APs further, the
main AP offers channel conditions that are sufficient for the
UE to reside on the same AP without switching to other ones.
In Fig. 3(b), the mean spectral efficiency as a function of
the MC degree is shown for different values of λB and λA . As
one may observe, high densities of blockers (e.g., λB = 0.5)
can be partially compensated by denser AP deployments and
higher MC degrees. With the latter parameters, the same
spectral efficiency is observed at much lower blocker densities,
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λB = 0.1, and for a sparse AP deployment λA = 4 · 10−5 .
Therefore, the mean spectral efficiency in highly crowded
scenarios may be improved by densifying the AP deployment
and enabling the MC capability. However, one should note that
densification may lead to increased interference, which can
require coordination. In our study, for the given AP density
we assume noise-limited operation [26].
The relative MC gains for the mean spectral efficiency are
further depicted in Fig. 3(c). As one may notice, the relation
between the increased MC degree and the corresponding
benefits follows the same trend as the outage probability
assessed in Fig. 2(b). The main contributions are observed with
N = 2 and then with N = 3. A further increase of the MC
degree provides negligible impact. Note that N = 2 offers the
highest relative gain of over 40% in crowded environments
with higher densities of APs as compared to under 20% in
low blockage scenarios with λB = 0.1. The latter effect is
explained by already high spectral efficiency at lower densities,
which is sufficiently close to its upper limit.
VI. C ONCLUSION
Multi-connectivity is a recently introduced 3GPP consideration to improve the performance in the emerging mmWave
networks. However, it is also expected to increase the complexity and signaling overheads of its enabling protocols.
Hence, a careful selection of the degree of MC for a given
deployment is of particular importance. In this work, we
develop an analytical model to study the outage probability
and the spectral efficiency in mmWave networks with the
MC capability by capturing the key mmWave deployment,
accounting for nLoS, blocked, and non-blocked LoS link conditions, as well as dynamic transitions between these states.
Future work on this topic may include a performance study of
upper-layer protocols and beamforming overheads, as well as
the consideration of spatial and temporal consistency and the
effect of blocker density on the attenuation, among others.
Our numerical results support the following observations:
• For a moderately dense human crowd, λB ∈ [0.05; 0.7],
the use of the MC degrees of 2–4 notably improves both
outage and spectral efficiency metrics for the cell-edge users
over a given range of deployment parameters. In contrast,
any higher MC degree does not significantly benefit the
performance, which is important to note, since a higher degree
of MC may impose additional overheads on connectivity
management.
• The MC technique is most beneficial at moderate densities
of human blockers around the UE, λB ∈ [0.05; 0.7]. With
lower values of λB , the environment does not benefit from
reliance on the MC operation, whereas even the MC degree
of 10 cannot mitigate the outage probability for ultra-dense
crowds, since all of the possible paths around the UE become
blocked.
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