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Abstract. The recently standardized millimeter wave-based 3GPP New
Radio technology is expected to become an enabler for both enhanced
Mobile Broadband (eMBB) and ultra-reliable low latency communica-
tion (URLLC) services specified to future 5G systems. One of the first
steps in mathematical modeling of such systems is the characterization
of the session resource request probability mass function (pmf) as a func-
tion of the channel conditions, cell size, application demands, user loca-
tion and system parameters including modulation and coding schemes
employed at the air interface. Unfortunately, this pmf cannot be ex-
pressed via elementary functions. In this paper, we develop an accurate
approximation of the sought pmf. First, we show that Normal distri-
bution provides a fairly accurate approximation to the cumulative dis-
tribution function (CDF) of the signal-to-noise ratio for communication
systems operating in the millimeter frequency band, further allowing
evaluating the resource request pmf via error function. We also investi-
gate the impact of shadow fading on the resource request pmf.

Keywords: 5G - New Radio - millimeter-wave - SNR - shadow fading -
performance evaluation

1 Introduction

The future 5G New Radio (NR) systems are expected to provide three pri-
mary services, massive machine-type communications (MTC), enhanced mobile
broadband (eMMB) and ultra-reliable low-latency communications (URLLC).
NR interface operating in the millimeter frequency range is planned to be-
come enabling technology for the latter two services [1]. The first two phases
of NR standardization providing LTE-anchored and standalone NR operations
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have been completed by 3GPP in December 2017 and August 2018, respectively.
The NR standardization efforts are expected to commence by the end of 2020.

In addition to inherent advantages of 5G NR related to the use directional
antenna radiation and reception patterns and extremely wide bandwidth, the use
of millimeter-wave frequency band (30 — 100 GHz) brings unique challenges to
system designers, e.g., blockage of propagation between communicating entities
path that may lead to abrupt fluctuations of the signal-to-noise ratio [2-5]. To
provide deployment guidelines for 5G NR network operators and evaluate forth-
coming technology under a wide variety of prospective scenarios, researchers
currently analyze the performance of NR systems in various deployments. The
effects of three-dimensional communications scenarios in 5G NR have been ad-
dressed in [6]. In [7, 8] the authors have analyzed performance aerial access points
operating in the millimeter-wave band. Aiming to improve spectral efficiency and
reduce outage probability, the authors [9] have deeply investigated the effect of
multi-connectivity option recently proposed by 3GPP. The upper bound on spec-
tral efficiency in the presence of multi-connectivity has been developed in [10].

Most of the performance evaluation studies of 5G NR technology carried out
so far concentrated on system aspects characterizing time-averaged user per-
formance using spectral efficiency, achieved rate, and outage probability as the
primary metrics of interest. However, the prospective applications of 5G NR
include applications generating bandwidth-greedy non-elastic traffic patterns.
Thus, in addition to spatial randomness of users request distributions, perfor-
mance evaluation models need to capture traffic dynamics as well. Recently,
these studies started to appear. In [11], the authors developed a framework that
jointly captures spatial and session-level traffic dynamics in 5G NR systems
in the presence of a 3GPP multi-connectivity option. The authors in [12] pro-
posed a new approach to improve the reliability of the session service process at
5G NR base stations (BS) using the concept of resource reservation. The effects
of both multi-connectivity and bandwidth reservation have been studied in [13],
where the authors demonstrated that initial selection of NR BS having sufficient
amount of resources to handle arriving session provides the positive impact of
new and ongoing session drop probabilities. The effect of multi-RAT NR/LTE
service process in the street deployment of 5G NR systems has been investigated
in [14,15]. Finally, the joint support of multicast and unicast sessions in 5G NR
systems has been analyzed in [16].

Accounting for traffic dynamics at the 5G NR air interfaces requires the
joint use of queuing theory and stochastic geometry. Due to the randomness
of user locations in the service area as well as propagation and environmental
dynamics, the queuing models for this type of analysis need to capture random
session resource requirements by [17,18]. Thus, the critical part in most of the
abovementioned studies is a derivation of probability mass function (pmf) of
resources required by a session from NR BS. As one may observe, this pmf is the
function of multiple system parameters including antenna gains at transmitting
and receiving side, emitted power, interference, the randomness of user location
within the service area of interest and propagation environments including the
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Fig. 1. An illustration of the considered 5G NR cellular deployment.

density of dynamic blockers. As a result, no closed-form expression is available for
the sought pmf. Furthermore, the use of various approximations by the authors
to simplify the derivations of the pmf in question restrains potential readers from
comparing the reported results across the studies.

This study aims to unify the efforts towards an accurate and reliable ap-
proximation of pmf of session resource requirements in millimeter-wave 5G NR
systems. Using the standardized propagation model, typically assumed coverage
of NR BS and random user equipment (UE) distribution we first demonstrate
that the signal-to-noise ratio (SNR) perceived at UE can be fairly well approx-
imated by Normal distribution. This fact allows expressing the pmf of session
resource requirements in terms of well-known error function drastically reduc-
ing the computational efforts. Our numerical results confirm that the proposed
model provides an accurate approximation for the session request distribution.
Finally, we investigate the effect of shadow fading on the considered pmf.

The paper is organized as follows. Section 2 describes the system model. The
develop approximation for session resource request pmf in Section 3. Numerical
illustration of the proposed approximation is provided in Section 4. The last
section concludes the paper.

2 System Model

Deployment Fig. 1 illustrates the considered deployment. We assume a single
NR BS with a certain coverage area with radius r4 around it. In practice, this
is achieved by using several antenna arrays, each service its sector. In what
follows, we consider a single sector. The coverage of NR BS is determined by the
propagation model specified below, cell-edge outage probability pc, and the set
of modulation and coding schemes for 5G NR specified in [19]. UE is assumed to
be randomly and uniformly distributed in the service area of an NR BS sector.
The height of UE and NR BS are assumed to be hy and hy4, respectively.

In our scenario, similarly to [4], we also assume dynamic blockage by the
mobile crowd around UE. The spatial density of blockers is assumed to be Ap.
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Table 1. Notation used in the paper.
Parameter Definition
fe Carrier frequency
AB Users density
ha NR BS height
A Radius of coverage area
hu UE height
hB Height of blockers
rB Blocker radius
¢ Path loss exponent
No Thermal noise
Lp Loss blockage loss
Pr NR BS transmit power
Co Control channel overhead
Cr Cable losses
My Interference margin
Ms.nB, Ms,B Shadow fading margins in non-blocked and blocked states

0S,B,0S8,nB

STD of fading in LoS blocked and non-blocked states

Np

Noise figure

pc Cell edge coverage probability

T Session rate

Kp,Ku Number of planar antenna elements at NR BS and UE
wB, WU Antenna directivities at NR BS and UE

GB,Gu NR BS transmit and UE receive antenna gains

Fx(ﬂi),fX(IL‘)

CDF and pdf of random variable X

Smin

SNR outage threshold

Si, S SNR with NR BS 7 and overall SNR

pB,i(T), DB Distance-dependent,/ independent blockage probabilities
S5 SNR margins

m; Probability of choosing MCS j

€; Spectral efficiency of MCS j

erfe(-) Complementary error function

Blockers move around the area according to random direction mobility model
(RDM, [20]). The flux of blockers across the cell boundary is assumed to be
constant; i.e., the density of blockers is homogeneous. Blockers are modeled as
cylinders with constant base radius rp and constant height hp.

Propagation Model and SNR The SNR at UE can be written as

_ PrGpGy (1)
Lig(y)NoCoCrLMNpMs’

Pr(y)

where Pr is the NR BS transmit power, Gp and Gy are the antenna gains at
the NR BS and UE sides, respectively, y is the three-dimensional (3D) distance
between the UE and the NR BS, Lgg(y) is the propagation loss in decibels,
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Table 2. CQI, MCS and SNR mapping for 3GPP NR.

CQl MCS Spectral efficiency SNR in dB
0 out of range

1 QPSK, 78/1024 0.15237 -9.478
2 QPSK, 120/1024 0.2344 -6.658
3 QPSK, 193/1024 0.377 -4.098
4 QPSK, 308/1024 0.6016 -1.798
5 QPSK, 449/1024 0.877 0.399
6 QPSK, 602/1024 1.1758 2.424
7 16QAM, 378/1024 1.4766 4.489
8 16QAM, 490,/1024 1.9141 6.367
9 16QAM, 616,/1024 2.4063 8.456
10 16QAM, 466,/1024 2.7305 10.266
11 16QAM, 567/1024 3.3223 12.218
12 16QAM, 666,/1024 3.9023 14.122
13 16QAM, 772/1024 4.5234 15.849
14 16QAM, 873/1024 5.1152 17.786
15 16QAM, 948/1024 5.5547 19.809

Co is the control channel overhead , C, is the cable losses, M7 is the interference
margin, N is the noise figure, Mg is the shadow fading margin.

We capture interference from adjacent NR BSs via interference margin Mj.
For a given NR BS deployment density, one may estimate the interference margin
using stochastic geometry-based models [6,7,21]. The effect of shadow fading is
accounted for using shadow fading margins, Mg g, Mg, ,p for LoS blocked, and
non-blocked states provided in [22].

The LoS path between the UE and the NR BS might be temporarily oc-
cluded by moving users. Depending on the current link state (LoS blocked or
non-blocked) as well as the distance between the NR BS and the UE, the running
session employs an appropriate MCS specified in TR 38.211 to maintain reli-
able data transmission [19]. We also utilize the 3GPP urban micro (UMi) street
canyon model specified in TR, 38.901 with blockage enhancements that provide
path loss for a certain separation distance with and without blockage [22]. Par-
ticularly, the path loss is

32.4 4 21log(y) + 20log f., non-blocked,

2
52.4 4+ 21log(y) + 201og f., blocked, @

Lap(y) = {

where y is the 3D distance, f. is the carrier frequency in GHz.

Session Resource Requirements We assume that the session requires con-
stant bitrate R. Technically, to determine pmf of resources required from NR BS
to serve a session with bitrate R, we have to know the CQI and MCS values as
well as SNR to CQI mapping. As these parameters are usually vendor-specific,
in our study, we use MCS mappings from [23] provided in Table 2.
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Denote by s;, j = 1,2,.., K, the SNR margins of the NR MCS schemes,
where K is the MCS number, and by m; the probability that the UE session is
assigned to MCS j. We have

mj = Pr{s; <s <sji1} = Ws(sj1) — Ws(s;)), (3)

where Fg(x) is the CDF of SNR S.
Oncem;,j =1,2,..., K, are available, the probabilities that user will request
i resources for a session with rate R is provided as

Vie; € L'WPRB > (i—1)WpRB )

where e; is a spectral efficiency of j-th CQI and Wpgrp is a bandwidth of the
primary resource block (PRB).

3 The Proposed Methodology

In this section, we develop the approximation for pmf of session resource require-
ments in the considered scenario. First, we determine the maximum coverage
area of NR BS such that cell edge UE experiences no more than a fraction of
time pc in an outage. Next, we develop approximation for SNR that simultane-
ously accounts for random UE location in the service area and shadow fading.
Finally, we derive the pmf of the session resource requirements.

3.1 NR BS Coverage

We first determine maximum coverage of the deployment area, r 4, such that no
UEs experience outage with any of NR BS located on the circumference. Let
Smin be the SNR outage threshold, i.e., Spin is the lower bound of the SNR
range corresponding to the lowest MCS [19]. Using the propagation model for
LoS blockage state, we have the following relation

PrGpGy

Spmin = ra+ [ha —hy)?) "¢, 5
NOCOCLMINFMS,B( a+lha—hol’) )

where ( is the path loss exponent, h4 and hy are the heights of NR BS and UE,
Pr is the NR BS transmit power, Gg and Gy are the NR BS transmit and the
UE receive antenna gains, Ny is the thermal noise, Cp is the control channel
overhead, C, is the cable losses, M; is the interference margin, Np is the noise
figure, Mg p is the fading margin in LoS blocked state.

Solving (5) with respect to 74, we obtain

PrGpGy /2
“ \/<NOOOCLMINFMSVBSmin) +( A U) ) ( )
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where Mg p is computed as follows
MS,B = \/ﬁas,Berfc_l(ch), (7)

where erfcfl(-) is the inverse complementary error function, pc is the cell edge
coverage probability, and og p is standard deviation (STD) of shadow fading
distribution for LoS blocked state, which is provided in [22].

3.2 SNR CDF Approximation

We now proceed deriving SNR CDF. Observe that in the considered model, the
randomness of SNR is due to two factors, UE location, and shadow fading. For
accounting for shadow fading, that follows Lognormal distribution (i.e., Normal
distribution in the decibel scale), it is easier to operate in decibel scale.

To derive SNR CDF approximation we first obtain CDF of the 3D distance
between UE and NR BS assuming that the position of UE is uniformly dis-
tributed within the coverage zone. Recall, that the 2D distance is distributed
according to probability density function (pdf) wgr(z) = 2z/2r4 [24]. Now,
3D distance can be expressed as a function of 2D distance using ¢p(r) =
\/(ha —hy)? + 72 The 3D distance can be found using the random variable
(RV) transformation technique [25]. Particularly, recall that pdf of a RV Y,
w(y), expressed as function y = ¢(z) of another RV X with pdf f(x) is

dyi’ (y)

w(y) =3 F(w) ]dy , ®
Vi

where z = ;(y) = ¢~ !(z) is the inverse functions.
Substituting w,(z) and ¢, (z) into (8) we arrive at

1 \/d2E+h?4—2hAhU+hU2§$7
Wa(z) = QhAhU_Zz“+h%'+x27 ha —hy <@ < \/d +h% — 2hahy + 3, (9)
E
0 elsewhere.

The inverse of the SNR in decibel without shadow fading can be found us-
ing the same technique, where SNR in decibels is a function of 3D distance
dsnras(d) = 10logy, (Ad_c), where d is a 3D distance between UE and NR
BS, ( is a pathloss exponent and A is a term representing all gains and losses
except propagation losses and fluctuations due to shadow fading. Substituting
¢snr.ap(r) and Wy(z) into (8) we get SNR CDF:

1075 AT (ha=hy)? —¢/2
Was (2) = 4 1 7 x> 10log 10 [AB=¢/2] ,

0 elsewhere,

(10)

where B = d2 + (ha — hy)®.
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Now, recalling that shadow fading is characterized by Lognormal distribution
in linear scale leading to Normal distribution in the decibel scale, the random
variable specifying the SNR, distribution can be written as

Ssp = 8% 4 Norm(0,0sr). (11)

Finally, we determine the SNR CDF as a convolution of Wg(y) and the prob-
ability density function of a normal distribution with zero mean and standard
deviation o, i.e.,

'u,2
o) e 202
Woorl) = [ Wsly+0) - du (12)

Unfortunately, the latter cannot be evaluated in closed-form by using ran-
dom variables transformation technique but can be represented in terms of error
functions as follows:

1 . U2log2(10)
WSSF (I) =572 [AQ/HO_SC@ 5072
2%
[erf (50( log A — 2572 log B + 0log?10 — 5¢z log 10) B
5v/2y0 log(10)
—erf (50C(logA — ylog(ha — hy)) + 02log®10 — 5¢x log(l()))_‘_}
5v/2v0 log(10)

—10log A + 5¢ log B + x log 10 2
+ (d% + (ha — ho)? f( — (ha — hy)? x
( %+ (ha—hv) )ef V20 log(10) (ha —hv)

ot V2(—101log A 4 10¢ log(ha — hy) + zlog 10) a2,
olog 100

(13)

where B = d2%, + (ha — hu)?, erf(-) is the error function.

Including the blockage induced losses Lp into A and using og p and os,5
into (13), we can obtain two SNR CDFs Wy, , and Wg, for non-blocked LoS
and blocked LoS conditions.

To determine SNR S;, we also need the blockage probability. Observe that
with the specified RDM mobility model the fraction of time UE located at the
2D distance = from NR BS is in blocked conditions coincides with the blockage
probability provided in [26],

pila) =1 — ¢ PereleiE el (19)
leading to the following weighted blockage probability with the NR BS
ra
pB = / pe(x)wp(x)d. (15)
0
The final result for SNR, CDF accounting for shadow fading and blockage is
Ws(2) = PpWsp(a) + (1 = Pp) W, 5 (a)- (16)

Once SNR CDF is obtained, session resource requirements pmf can be ob-
tained using (3) and (4). Observe that it is expressed in terms of error functions.
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Table 3. System parameters.

Parameter Value
Carrier frequency, f. 28 GHz
Transmit power, Pr 23 dBm

UE receive antenna gain G 5.57 dBi

NR BS transmit gain Gg 20.58 dBi
LoS blockage loss, Lp 20 dB

NR BS height, ha 4 m

UE height, hy 1.5 m
Blocker height, hp 1.7 m
Blocker radius, rp 0.3 m

User density, Ap 0.2 users/m?
Session rate, R 2 Mbps
Control channel overhead, Co 1dB

Cable losses, Cr, 2 dB
Interference margin, M 3 dB
Thermal noise, Ny -174 dBm/Hz
Noise figure, Np 7 dB

Noise figure, Wprp 1.44 Mhz
Min SNR, Siin -9.478 dB
Cell edge coverage probability, pc 0.01, 0.05, 0.1
Radius of coverage area, ra 65, 119, 165 m

Standard deviation of shadow fading, os,5,05,8 4, 8.2 dB

4 Numerical Results

In this section, we report our numerical results. We first demonstrate that the
resulting SNR CDF closely follow Normal distribution. Then, we proceed illus-
trating the effect of shadow fading on session resource requirements pmf. System
parameters used in this section is shown in Fig. 3.

4.1 SNR Approximation

We first start assessing the proposed Normal approximation to SNR CDF. Fig. 2
illustrates SNR. CDFs with and without shadow fading as well as their approx-
imations by a weighted sum of two Normal distributions, similar to (16), with

parameters p = E[SdB] and 0 = 4 /O'%F,‘ + UgdB for LoS and nLoS cases. To as-

sess the closeness of original and approximating distributions, we use the notion
of statistical distance. Particularly, we apply the Kolmogorov Statistic (K-S) also
shown in Fig. 2. Analyzing the resulting values of K-S statistic, the proposed
approximation is extremely close to the original SNR CDF with shadow fading.
Furthermore, as one may observe, the approximation becomes better standard
deviation of shadow fading increases, e.g., in nL.oS case.
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SNR with SF = = = = SNR without SF SNR norm. approx.] |

1.0

%
]

K-S=0.01

-10 0 10 20 30 40 50

Fig. 2. SNR CDF with/without shadow fading and their approximations.

Note that the Gaussian distribution of shadow fading partially explains the
suitability of Normal approximation and partially due to other random effects
involved in SNR CDF, e.g., blockage, random UE location.

The second critical observation is that SNR CDF without shadow fading,
also shown in Fig. 2 drastically deviates from the one accounting for this effect.
Thus, excluding the effects of shadow fading from the model characterizing re-
source requirements pmf may lead to drastic errors in the predicted system and
user performance metrics. Recalling the non-linear mapping of SNR into MCS
schemes dropping the effects of shadow fading leads to overly optimistic results.

4.2 Resource Request Approximation

We now proceed highlighting the effect of shadow fading on resource request pmf.
Observe that its effect manifests itself in two ways: (i) it affects the coverage
area of NR BS, ra, and (ii) once r4 is determined the shadow fading affects
the number of requested resources directly by introducing another source of
uncertainty in addition to distance-induced path losses.

The comparison of resource requirements pmfs with and without shadow
fading is provided in Fig. 3 for R = 2 Mbps and in Fig. 4 for R = 5 Mbps.
In both cases, the fraction of outage time for cell-edge UE in nLoS state is set
to pc = 0.1. As one may observe, the difference is rather significant and may
drastically affect the absolute values of the performance metrics of interest in
5G NR system analysis. Note that not only the form of the distribution changes
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Table 4. Summary of approximations for R = 5 Mbps.

pc 0.01 0.05 0.1

Mean SNR 27.016 17.8982 12.7958
Mean SNR no SF 27.016 17.8982 12.7958
Mean SNR Approximation 27.016 17.8982 12.7958
STD SNR 12.0514 12.7718 12.7065
STD SNR no SF 10.538 10.9461 10.6159
STD SNR Approximation 12.0513 12.7718 12.7065
Mean Resource Requirement 1.42256 2.37408 3.27115
Mean Resource Requirement no SF 1.22362 1.69017 2.21262
Mean Resource Requirement Approximation  1.43419 2.35948 3.20999
SDT Resource Requirement 2.71887 11.7379 20.8665
STD Resource Requirement no SF 0.17362 0.64415 1.29765
STD Resource Requirement Approximation 3.03627 11.9472 20.5599

but its moments as well. The mean resource requirements with shadow fading

11

taken into account are now higher compared to the model without this effect.

Table 4 provides the mean and standard deviation of SNR with and without
shadow fading and the proposed approximation for SNR using Normal distri-
bution. It also illustrates the mean and standard deviation of resulting session

resource requirements, including original pmf and its approximation.

No Shadow Fading  With Shadow Fading

—

10]

I
I
I
]

Using Approximation With Shadow Fading
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(a) SF vs. no SF

06 04 02

00

02 04 06

(b) SF vs. approximation

Fig. 3. Comparison of pmfs of resource requirements for session rate 2 Mbps.
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No Shadow Fading_ With Shadow Fading  Using Approximation With Shadow Fading
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21 21
20 20
19 19
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(a) SF vs. no SF (b) SF vs. approximation

Fig. 4. Comparison of pmfs of resource requirements for session rate 5 Mbps.

5 Conclusion

Characterizing session request requirements is an essential step in assessing user-
level performance provided by forthcoming 5G NR systems. In this study, to
derive pmf of resources requested by a session from NR BS we have proposed
a unified methodology that accounts for 3GPP propagation model, random lo-
cation of UE within the coverage area of NR BS and other environmental im-
pairments including shadow fading and blockage of LoS path between UE and
NR BS. We further demonstrated that in the presence of shadow fading SNR
CDF could be well approximated by Normal distribution that allows express-
ing session resource requirements pdf in terms of error functions. The proposed
methodology can be extended to the case of random requested rate R.

References

1. A. Ometov, D. Moltchanov, M. Komarov, S. V. Volvenko, and Y. Koucheryavy,
“Packet Level Performance Assessment of mmWave Backhauling Technology for
3GPP NR Systems,” IEEE Access, vol. 7, pp. 9860-9871, 2019.

2. M. Gapeyenko, A. Samuylov, M. Gerasimenko, D. Moltchanov, S. Singh, E. Arya-
far, S. Yeh, N. Himayat, S. Andreev, and Y. Koucheryavy, “Analysis of Human
Body Blockage in Millimeter-Wave Wireless Communications Systems,” in Proc.
of IEEE ICC, May 2016.

3. D. Moltchanov, A. Ometov, and Y. Koucharyavy, “Analytical characterization of
the blockage process in 3GPP new radio systems with trilateral mobility and multi-
connectivity,” Computer Communications, 2019.



An Approximation of Resource Distributions in mmWave 3GPP NR Systems 13

4.

10.

11.

12.

13.

14.

15.

M. Gapeyenko, A. Samuylov, M. Gerasimenko, D. Moltchanov, S. Singh, M. R.
Akdeniz, E. Aryafar, N. Himayat, S. Andreev, and Y. Koucheryavy, “On the tem-
poral effects of mobile blockers in urban millimeter-wave cellular scenarios,” IEEE
Transactions on Vehicular Technology, vol. 66, no. 11, pp. 10124-10138, 2017.

A. Samuylov, M. Gapeyenko, D. Moltchanov, M. Gerasimenko, S. Singh, N. Hi-
mayat, S. Andreev, and Y. Koucheryavy, “Characterizing Spatial Correlation of
Blockage Statistics in Urban mmWave Systems,” in Proc. of the IEEE Globecom
Workshops (GC Wkshps), December 2016.

. R. Kovalchukov, D. Moltchanov, A. Samuylov, A. Ometov, S. Andreev, Y. Kouch-

eryavy, and K. Samouylov, “Evaluating SIR in 3D Millimeter-Wave Deployments:
Direct Modeling and Feasible Approximations,” IEEE Transactions on Wireless
Communications, vol. 18, no. 2, pp. 879-896, 2018.

R. Kovalchukov, D. Moltchanov, A. Samuylov, A. Ometov, S. Andreev, Y. Kouch-
eryavy, and K. Samouylov, “Analyzing effects of directionality and random heights
in drone-based mmWave communication,” IEEE Transactions on Vehicular Tech-
nology, vol. 67, no. 10, pp. 10064—10069, 2018.

M. Gapeyenko, V. Petrov, D. Moltchanov, S. Andreev, N. Himayat, and Y. Kouch-
eryavy, “Flexible and reliable UAV-assisted backhaul operation in 5G mmWave
cellular networks,” IEEE Journal on Selected Areas in Communications, vol. 36,
no. 11, pp. 2486-2496, 2018.

M. Gapeyenko, V. Petrov, D. Moltchanov, M. R. Akdeniz, S. Andreev, N. Himayat,
and Y. Koucheryavy, “On the degree of multi-connectivity in 5G millimeter-wave
cellular urban deployments,” IEEE Transactions on Vehicular Technology, vol. 68,
no. 2, pp. 1973-1978, 2018.

D. Moltchanov, A. Ometov, S. Andreev, and Y. Koucheryavy, “Upper bound on
capacity of 5G mmWave cellular with multi-connectivity capabilities,” Electronics
Letters, vol. 54, no. 11, pp. 724-726, 2018.

Petrov, Vitaly and Solomitckii, Dmitrii and Samuylov, Andrey and Lema, Maria
A and Gapeyenko, Margarita and Moltchanov, Dmitri and Andreev, Sergey and
Naumov, Valeriy and Samouylov, Konstantin and Dohler, Mischa and others,
“Dynamic multi-connectivity performance in ultra-dense urban mmWave deploy-
ments,” IEEE Journal on Selected Areas in Communications, vol. 35, no. 9,
pp- 2038-2055, 2017.

D. Moltchanov, A. Samuylov, V. Petrov, M. Gapeyenko, N. Himayat, S. Andreev,
and Y. Koucheryavy, “Improving session continuity with bandwidth reservation in
mmWave communications,” IEEE Wireless Commaunications Letters, vol. 8, no. 1,
pp- 105-108, 2018.

R. Kovalchukov, D. Moltchanov, V. Begishev, A. Samuylov, S. Andreev, Y. Kouch-
eryavy, and K. Samouylov, “Improved Session Continuity in 5G NR with Joint Use
of Multi-Connectivity and Guard Bandwidth,” in 2018 IEEE Global Communica-
tions Conference (GLOBECOM), pp. 1-7, IEEE, 2018.

V. Petrov, M. A. Lema, M. Gapeyenko, K. Antonakoglou, D. Moltchanov,
F. Sardis, A. Samuylov, S. Andreev, Y. Koucheryavy, and M. Dohler, “Achiev-
ing end-to-end reliability of mission-critical traffic in softwarized 5G networks,”
IEEE Journal on Selected Areas in Communications, vol. 36, no. 3, pp. 485-501,
2018.

V. Begishev, A. Samuylov, D. Moltchanov, E. Machnev, Y. Koucheryavy, and
K. Samouylov, “Connectivity Properties of Vehicles in Street Deployment of 3GPP
NR Systems,” in 2018 IEEE Globecom Workshops (GC Wkshps), pp. 1-7, IEEE,
2018.



14

16

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

R. Kovalchukov et al.

A. Samuylov, D. Moltchanov, A. Krupko, R. Kovalchukov, F. Moskaleva, and
Y. Gaidamaka, “Performance Analysis of Mixture of Unicast and Multicast Ses-
sions in 5G NR Systems,” in 2018 10th International Congress on Ultra Mod-
ern Telecommunications and Control Systems and Workshops (ICUMT), pp. 1-7,
IEEE, 2018.

K. Samouylov, V. Naumov, E. Sopin, I. Gudkova, and S. Shorgin, “Sojourn time
analysis for processor sharing loss system with unreliable server,” in International
Conference on Analytical and Stochastic Modeling Techniques and Applications,
pp- 284—297, Springer, 2016.

V. Naumov and K. Samouylov, “Analysis of multi-resource loss system with state-
dependent arrival and service rates,” Probability in the Engineering and Informa-
tional Sciences, vol. 31, no. 4, pp. 413-419, 2017.

3GPP, “NR; Physical channels and modulation (Release 15),” 3GPP TR 38.211,
Dec 2017.

P. Nain, D. Towsley, B. Liu, and Z. Liu, “Properties of random direction models,”
in Proc. of the IEEE 24th Annual Joint Conference of the IEEE Computer and
Communications Societies (INFOCOM), March 2005.

V. Petrov, M. Komarov, D. Moltchanov, J. M. Jornet, and Y. Koucheryavy, “Inter-
ference and SINR in millimeter wave and terahertz communication systems with
blocking and directional antennas,” IEEFE Transactions on Wireless Communica-
tions, vol. 16, no. 3, pp. 1791-1808, 2017.

3GPP, “Study on channel model for frequencies from 0.5 to 100 GHz (Release 14),”
3GPP TR 38.901 version 15.0.0, July 2018.

J. Fan, Q. Yin, G. Y. Li, B. Peng, and X. Zhu, “MCS selection for throughput
improvement in downlink LTE systems,” in 2011 Proceedings of 20th international
conference on computer communications and networks (ICCCN), pp. 1-5, IEEE,
2011.

D. Moltchanov, “Distance distributions in random networks,” FElsevier Ad Hoc
Networks, vol. 10, pp. 1146-1166, Aug. 2012.

S. Ross, Introduction to probability models. Academic Press, 2010.

M. Gerasimenko, D. Moltchanov, M. Gapeyenko, S. Andreev, and Y. Koucheryavy,
“Capacity of Multiconnectivity mmWave Systems With Dynamic Blockage and
Directional Antennas,” IEEE Transactions on Vehicular Technology, vol. 68, no. 4,
pp. 3534-3549, 2019.



