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Abstract—Future mobile communications systems are likely to be such as those that are expected in next generation system
very different to those of today with new service innovatios driven  deployments. It is important for future system design toedi@y
by increasing data traffic demand, increasing processing mer 5 pay channel model that will be validated for operation ghbr

of smart devices and new innovative applications. To meet #se f . to 100 GH d that will all t
service demands the telecommunications industry is convging on requencies (e.g., up to z) an at will allow acaara

a common set of 5G requirements which includes network speecas P€rformance evaluation of possible future technical djpations

high as 10 Gbps, cell edge rate greater than 100 Mbps, and latey in indoor environments. Furthermore, the new models should
of less than 1 msec. To reach these 5G requirements the indugt he consistent with the models below 6 GHz. In some cases,
is looking at new spectrum bands in the range up to 100 GHz ne requirements may call for deviations from the modeling
where there is spectrum availability for wide bandwidth channels. o

For the development of new 5G systems to operate in bands u par:_;lm_eters or methodology of the _e)_('sung mOdels’_ but these
to 100 GHz there is a need for accurate radio propagation mods ~deviations should be kept to a bare minimum and only intreduc
which are not addressed by existing channel models develappdor ~when necessary for supporting the 5G simulation use cases.
bands below 6 GHz. This paper presents a preliminary overvie of There are many existing and ongoing campaign efforts world-
the 5G channel models for bands up to 100 GHz in indoor offices wide targeting 5G channel measurements and modeling. They i

and shopping malls, derived from extensive measurements @ss
a multitude of bands. These studies have found some extensity clude METIS2020 [4], COST2100/COST [5], IC1004 [6], ETSI

of the existing 3GPP models (e.g. 3GPP TR36.873) to the highe MMWave [7], NIST 5G mmWave Channel Model Alliance [8],
frequency bands up to 100 GHz. The measurements indicate tha MiIWEBA [9], mmMagic [10], and NYU WIRELESS [11]-[14].

the smal_ler wavelengths introduce an increasc_ad sensitiyitof the  METIS2020, for instance, has focused on 5G technologies and
propagation models to the scale of the environment and show paq contriputed extensive studies in terms of channel rfingel

some frequency dependence of the path loss as well as increds Their t ¢ . ts includ id ff
occurrence of blockage. Further, the penetration loss is kghly eir target requirements inciude a wide range of frequency

dependent on the material and tends to increase with frequesy. bands (up to 86 GHz), very large bandwidths (hundreds of
The small-scale characteristics of the channel such as dglapread MHz), fully three dimensional and accurate polarizationdmo

and angular spread and the multipath richness is somewhat siilar  elling, spherical wave modelling, and high spatial resotutThe
over the frequency range, which is encouraging for extendig the  \\eT)5 channel models consist of a map-based model, stachast

existing 3GPP models to the wider frequency range. Further wrk del d hvbrid del which i : t of
will be carried out to complete these models, but this paper sents mocel, and a hybrid model which can meet requirement o

the first steps for an initial basis for the model development flexibility and scalability.
[Index Terms—5G channel model; indoor; office; shopping mall; The COST2100 channel model is a geometry-based stochas-
millimeter-wave; penetration; reflection; blockage. tic channel model (GSCM) that can reproduce the stochastic

properties of multiple-input/multiple output (MIMO) chaals
over time, frequency, and space. On the other hand, the 5G
Next generation 5G cellular systems will encompass frequanmWave Channel Model Alliance is newly established and will
cies from around 500 MHz all the way to around 100 GHzstablish guidelines for measurement calibration and ogeth
For the development of new 5G systems to operate in barmalegy, modeling methodology, as well as parameterization i
above 6 GHz, there is a need for accurate radio propagati@rious environments and a database for channel measuremen
models for these bands which are not fully modeled by exjsticampaigns. NYU WIRELESS has conducted and published
channel models below 6 GHz, as previous generations wesdensive urban propagation measurements at 28, 38, 60, and
designed and evaluated for operation at frequencies orttyghs 73 GHz for both outdoor and indoor channels, and has created
as 6 GHz. One important example is the recently developkudge-scale and small-scale channel models and conceptaeof
3D-Indoor Hotspot (InH) channel model [1]. This paper is aluster spatial lobes (TCSL) to model multiple multipath time
summary of key results provided in a much more detailed whitdusters that are seen to arrive in particular directiori§HfiL 3],
paper by the authors found at the link in [2], in addition to fl5]-[18].
3GPP-style outdoor contribution in [3]. The 3GPP 3D channel This paper presents a brief overview of the indoor channel
model provides additional flexibility for the elevation démsion, properties for bands up to 100 GHz based on extensive mea-
thereby allowing modeling two dimensional antenna systensirements and results across a multitude of bands. In additi

I. INTRODUCTION
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we present a preliminary set of channel parameters suifable b)
indoor 5G simulations that are capable of capturing the main
properties and trends.

Il. REQUIREMENTSFOR NEW CHANNEL MODEL 6) The

The requirements of the new channel model that will support
5G operation across frequency bands up to 100 GHz are aditline
below:

1) The new channel model should preferably be based on the
existing 3GPP 3D channel model [1] but with extensions
to cater for additional 5G modeling requirements and
scenarios, for example:

a) Antenna arrays, especially at higher-frequency
millimeter-wave bands, will very likely be 2D and
dual-polarized both at the access point (AP) and at the
user equipment (UE) and will hence need properly-
modeled azimuth and elevation angles of departure
and arrival of multipath components.

b) Individual antenna elements will have antenna radi-
ation patterns in azimuth and elevation and may re-
quire separate modeling for directional performance
gains. Furthermore, polarization properties of the
multipath components need to be accurately ac-
counted for in the model.

2) The new channel model must accommodate a wide fre-
guency range up to 100 GHz. The joint propagation
characteristics over different frequency bands will need t
be evaluated for multi-band operation, e.g., low-band and
high-band carrier aggregation configurations.

3) The new channel model must support large channel band-
widths (up to 2 GHz), where:

a) The individual channel bandwidths may be in the
range of 100 MHz to 2 GHz and may support carrier
aggregation.

b) The operating channels may be spread across an
assigned range of several GHz.

4) The new channel model must support a range of large
antenna arrays, in particular:

a) Some large antenna arrays will have very high direc-
tivity with angular resolution of the channel down to
around 1.0 degree.

b) 5G will consist of different array types, e.g., linear,
planar, cylindrical and spherical arrays, with arbitrary

polarization. "

¢) The array manifold vector can change significantly
when the bandwidth is large relative to the carrier
frequency. As such, the wideband array manifols!li
assumption is not valid and new modeling techniqu%%_f
may be required. It may be preferable, for example, tg
model departure/arrival angles with delays across tla
array and follow a spherical wave assumption inste%
of the usual plane wave assumption.

The channel model structure should be suitable for
small-scale mobility and rotation of both ends of the
link in order to support scenarios such as device to
device (D2D) or vehicle to vehicle (V2V).

new channel model must ensure spa-

tialtemporal/frequency consistency, in particular:
a) The model should provide spatial/temporal/frequency

<)

consistencies which may be characterized, for exam-
ple, via spatial consistence, inter-site correlation, and
correlation among frequency bands.

The model should also ensure that the channel states,
such as line-of-sight (LOS)/non-LOS (NLOS) for
outdoor/indoor locations, the second order statistics
of the channel, and the channel realizations change
smoothly as a function of time, antenna position,
and/or frequency in all propagation scenarios.

The spatial/temporal/frequency consistencies should
be supported for simulations where the channel con-
sistency impacts the results (e.g. massive MIMO,
mobility and beam tracking, etc.). Such support could
possibly be optional for simpler studies.

7) The new channel model must be of practical computational

complexity, in particular:
a) The model should be suitable for implementation in

b)

single-link simulation tools and in multi-cell, multi-
link radio network simulation tools. Computational
complexity and memory requirements should not be
excessive. The 3GPP 3D channel model [1] is seen,
for instance, as a sufficiently accurate model for its
purposes, with an acceptable level of complexity.
Accuracy may be provided by including additional
modeling details with reasonable complexity to sup-
port the greater channel bandwidths, and spatial and
temporal resolutions and spatial/temporal/frequency
consistency, required for millimeter-wave modeling.
The introduction of a new modeling methodology
(e.g. Map based model) may significantly complicate
the channel generation mechanism and thus substan-
tially increase the implementation complexity of the
system-level simulator. Furthermore, if one applies
a completely different modeling methodology for
frequencies above 6 GHz, it would be difficult to have
meaningful comparative system evaluations for bands
up to 100 GHz.

. | NDOORDEPLOYMENT SCENARIOS- INDOOR (INH):

OPEN AND CLOSED OFFICE, SHOPPINGMALL

The indoor scenario includes open and closed offices, argid
thin offices and shopping malls as examples. The typical
ice environment has open cubicle areas, walled officesnop
reas, corridors, etc., where the partition walls are c@ago
a variety of materials like sheetrock, poured concretassy
der block, etc. For the office environment, APs are gdlyera
mounted at a height of 2-3 m either on the ceilings or walls,

5) The new channel model must accommodate mobility, ith UEs at heights between 1.2 and 1.5 m. Shopping malls
particular (for outdoor models, although mentioned hetge generally 2-5 stories high and often include an open area

for consistency):

(“atrium”). In the shopping-mall environment, APs are geig

a) The channel model structure should be suitable forounted at a height of approximately 3 m on the walls or cgdin

mobility up to 350 km/hr.

of the corridors and shops, with UEs at heights between 1d2 an



1.5 m. The density of APs may range from one per floor to o1

'S
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per room, depending on the frequency band and output pow E ; O wai
A typical indoor office and shopping mall scenario are shown & 387 i 0 whiteboard
_yp - pping o i O clearGlass
Figures 1 and 2, respectively. SIS O Mesh Glass
§ [0 Tinted Glass
IV. CHARACTERISTICS OF THEINH CHANNEL FROM 6 GHz e I
70100 GH & -
g 200
Measurements over a wide range of frequencies have be £ 5l L
performed by the co-authors of this paper. In the followin & .
sections we outline the main observations per scenario w % 10 [t
some comparisons to the existing 3GPP models for below 6 G ¢ sl L N
(e. [1)). E n o5
% 273 !?o 60 100

In LOS conditions, multiple reflections from walls, floor,dan i --150
ceiling give rise to waveguiding. Measurements in both effind Frequency [GHz]
shopping mall scenarios ShO\.N that path IOSS. exponentsy lumseFig. 3: 2.5 GHz, 28 GHz, and 60 GHz normalized material pertien
al m free spacg reference distance, are typically below m,'ﬂosses from indoor measurements with common types of gladsvalls
conditions, leading to more favorable path loss than ptedicwere lumped together into common datasets [13], [20], [21].
by Friis’ free space path loss formula. The strength of the
waveguiding effect is variable and the path loss expongmars
to increase very slightly with increasing frequency, pbigstue Measurements of the small scale channel properties such
to the relation between the wavelength and surface roughnesis angular spread and delay spread have shown remarkable
similarities between channels over a very wide frequenngea
It appears as if the main multipath components are preseit at

A frequencies though with some smaller variations in amgétu
M /ILf— Walled Offices ) 1 Recent work shows that polarization discrimination ranges
- o between 15 and 25 dB for indoor millimeter wave channels,[19]
D D 9 T - with greater polarization discrimination at 73 GHz than &t 2
£ @ g GHz [14].
W : 3
E é _E o % V. PENETRATION INSIDE BUILDINGS
E ‘E /] gn 5 Measurements have been reported for penetration loss ffor va
:%’._ .ﬁf‘« £ ious materials at 2.5, 28, and 60 GHz for indoor scenariok [11
(@5 38 [12], [20], [21], although all materials were not measured f
B B E i b the same frequencies. For easy comparisons, walls and isywa
D D D ™ n i were lumped together into a common dataset and differemstyp
/_PJ—P of clear class were lumped together into a common datashkt wit
Y normalized penetration loss shown in Figure 3. It was oleskrv

75 m p thatclear glass has widely varying attenuation (20 dB/cid.at
GHz, 3.5 dB/cm at 28 GHz, and 11.3 dB/cm at 60 GHz). For
mesh glass, penetration was observed to increase as aofunéti
frequency (24.1 dB/cm at 2.5 GHz and 31.9 dB/cm at 60 GHz),
and a similar trend was observed with whiteboard penetratio
increasing as frequency increased. At 28 GHz, indoor tinted
glass resulted in a penetration loss of 24.5 dB/cm. Wallsveldo
very little attenuation per cm of distance at 28 GHz (lessitha
dB/cm) [2]. Furthermore, a simple parabolic model as a fionct

of frequency for low-loss and high-loss building penetratis

given in [3].

A

Fig. 1: Typical Indoor Office.

V1. PATH LOSS, SHADOW FADING, LOS,AND BLOCKAGE
MODELING

A. LOS Probability

The definition of LOS used in this paper is discussed in this
- sub-section together with other LOS models. The LOS state is
determined by a map-based approach, i.e., by considermg th
transmitter (AP) and receiver (UE) positions and whether an
buildings or walls block the direct path between the AP ared th
UE. The impact of objects not represented in the map such as
chairs, desks, office furniture, etc. is modelled separaising




Bt & . ST — Table Il shows the parameters of the ClI, CIF, and ABG
0.9 -fiy-v ioé «  Quakcomm hybrid ofice [ path loss models for different environments for omnidiiatal
08l \ ,,,,,,, q : E:z:::: :an”dzfﬁ“ || antennas. It may be noted that the models presented here are
o g ¢ Ericsson room multi-frequency models, and the parameters are invariant t
0.7 . ‘ul . (3
T Y 3 . * Adlto corridor 1 carrier frequency and can be applied across the 0.5-100 GHz
> 06" ” .: ‘tv e Aalto rcom L band
= \ » by . e *  Awraged LOS Prob :
ig 0.5 [ aie e AN L ITU Model H cI d CI
& . _\ fa v WINNER Model B3 PL™"(f,d)[dB] = FSPL(f,1 m) + 10nlog;, <—) + X,
8 04\ Al e WINNER Model AT || 1m
- New model (2)
N where f is the frequency in Hzp is the PLE,d is the distance
in meters,X¢7 is the shadow fading (SF) with in dB, and the
free space path loss (FSPL) at 1 m, with frequerici given
as:

FSPL(f,1 m) = 201log, (‘”f ) , 3)

c

distance(m)

Fig. 4: Indoor office LOS probability for the three models satered. Wherec is the speed of light. o
The ABG PL model [14], [25], [28], [29] is given as:

PL"BC(f,d)[dB] = 10alog;,(d) + 5
shadowing/blocking terms. An attractive feature of this3.0O ABG
definition is that it is frequency independent, as only walle +107log;p(f) + X5
considered in the definition. where o captures how the PL increase as the transmit-receive

Since the 3GPP 3D model [1] does not include an indo8fStance (in meters) increasesis gfl_oating offset value in _dB,
scenario for LOS-probability, and the indoor hotspot scena 7 aftempts to capture the PL variation over the frequefieg
e.g. the IMT advanced model [22] differs from the office scama GHz, andX75¢ is the SF term with standard deviation in dB.
considered in this paper, an investigation on the LOS pritibab ~ The CIF PL model is an extension of the Cl model [14], and
for indoor office has been conducted based on ray-traciH§eS @ frequency-dependent path loss exponent given by:

(4)

simulations. Different styles of indoor office environmemtere PLYF(f,d)[dB] = FSPL(f,1 m)+
investigated, including open-plan office with cubical adased-

plan office with corridor and meeting room, and also a hybrid- 10n <1 +b (f - f0> ) logy (i) + XCF ©®)
plan office with both open and closed areas. It has been \erifie 0 1m 7

that the following model fits the propagation in indoor Ofﬁc%vheren denotes the path loss exponent (PLE), dnés an
environment the best, of the three models evaluated: optimization parameter that captures the slope, or linear f
1 d<12m quency dependency of the path loss exponent that balances
B ’ - at the centroid of the frequencies being modeled (e.g., path
Pros = § exp(—(d — 1.2)/4.7), 12<d<65m loss increases ag increases whem is positive). The termyf,
exp(—(d —6.5)/32.6)-0.32, d>6.5m is a fixed reference frequency, the centroid of all frequesici
1) represented by the path loss model [14], found as the weighed

The verification results are shown in Table | and Figure 4,y of measurements from different frequencies, using the
The LOS probability model used in ITU IMT-Advanced evaIToIIowing equation:

uation [22] and WINNER 1l [23] are also presented here for X
comparison. For the ITU and WINNER Il model, parameteri- _ >k JENK
zation results based on new data vary a lot from the original

del. Th Its sh hat th del h d fi Zf:lNK
model. The results show that the new model has a goo ItvB%.ereK is the number of unique frequencies, ai, is

the data in an average sense and can be used for 5G InH scengno : !
. . oo . e number of path loss data points corresponding tokftie
evaluations. However, note the high variability betwedfedént : .
i . frequencyf,. The input parametef, represents the weighted
deployments and degrees of openness in the office area. : . .
frequencies of all measurement (or Ray-tracing) data egpli
B. Path Loss Models to_the model._The CIF mo_del reverts to thg Cl model when
b = 0 for multiple frequencies, or when a single frequerfcy
To adequately assess the performance of 5G systems, muitify is modelled. For InH, a dual-slope path loss model might
frequency path loss (PL) models, LOS probability, and béagk provide a good fit for different distance zones of the progiaga
models will need to be developed across the wide range efvironment. Frequency dependency is also observed in some
frequency bands and for operating scenarios. Three PL modgf the indoor measurement campaigns conducted by co-author
are considered in this paper; namely the close-in (Cl) fpees For NLOS, both a dual-slope ABG and dual-slope CIF model
reference distance PL model [13], [20], [24] the close-ieefr can be considered for 5G performance evaluation (they each
space reference distance model with frequency-dependéint gequire 5 modeling parameters to be optimized), and a single
loss exponent (CIF) [14], and the Alpha-Beta-Gamma (AB&GJope CIF model (that uses only 2 optimization parametees) m
PL model [14], [25]-[27]. These models are described in thee considered as a special case for InH-Office [14]. The dual-
following text and are then applied to various scenarios. slope may be best suited for InH-shopping mall or large imdoo

fo (6)



TABLE I: Comparison of the LOS probability models for the InH
environment

Models || Original Updated/New | MSE |
1, d<18m 1, d<1im
ITU Model Pros = { exp(—(d — 18)/27), 18 m<d < 37m Pros = dexp(—(d—1)/4.9), LIm<d<9.8m 0.0499
0.5, d>37Tm 0.17, d>98m
1 d<1lm
1 d<10 = ) =
WINNER I model (B3) Pros = {e)’(p(_(d —10)/45), d > 10 m Pros = {exp(—(d —1)/9.4), d>1m 0.0572
1, d < 2.5m 1, d <2.6m
WINNER Il model (A1) || Pros = {1 ~0.9(1 — (1.24 — 0.6110g10(d))3)1/3, d> 2.5m Pros = {1 ~0.9(1 — (1.16 — 0.4log10(d)3)1/3, d>2.6m 0.0473
1, d<1.2m
New Model N/A Pros = | exp(—(d — 1.2)/4.7), 1.2m< d<6.5m| 0.0449
exp(—(d — 6.5)/32.6) - 0.32, d>6.5m
(—( )/32.6)
Dual =
v a1 - 10logo(dpp) + B1 + v - 101logyo(f) + a2 - 10log (ﬁ) , d>dpp
FSPL(f,1 m) + 10n; (1 + by (L2 )) logyo (1% . Im<d<dgp
PLGE(f, d)[aB] = e (i’“) o ) (8)
FSPLUS, 1 m) -+ 10m (1+ b1 (5522) ) logyg (432) + 10m3 (14 by (552) )10y (72 ) d > dip

distances (greater than 50 m). The dual slope InH large Sél’égLEll: InH and Shopping Mall Path Loss Models for LOS and QS.

path loss models are given in (7) (ABG) and (8) (CIF).

Scenario

CI/CIF Model Parameters‘ ABG Model Parameters ‘

In the CI PL model, only a single parameter, the path 10SS| inH-Indoor-Office-LOS | n=1.73,05¢=3.02 dB N/A
exponent (PLE), needs to be determined through optimizatio | InH-Indoor-Office-NLOS | n=3.19, b=0.06, fo=24.2 | &:=3.83,=17.30,7=2.49,
to minimize the SF standard deviation over the measured PL—mo e (7S oz, 7sr 829 B 05k 608 &8
0 minimize X InH-Indoor-Office-NLOS | n;=2.51, b1=0.12, | a1=1.7,31=33.0,7y=2.49,
data set [13], [24], [28]. In the CI PL model there is an anchor | dual slope fo=24.1 GHz, np=4.25, | dgp=6.90 m, a=4.17,
. . . b2=0.04, dpp=7.8 m,| ogp=7.78 dB
point that ties path loss to the FSPL at 1 m, which captures osp=7.65 dB
frequency-dependency of the path loss, and establisheifoamn InH-Shopping Malls-LOS | n=173,05¢=2.01 dB N/A
I InH-Shoppin Malls- =2.59, b=0.01, fp=39.5 =3.21,3=18.09,v=2.24,
standard to which all measurements and m_od_el parameters maly\fo2hopens NES| G ey 90 Jo ey T el
be referred. In the CIF model there are 2 optimization patarse int-Shobping ~Mals-| 11243, =001 | c1=2.9, 5122217,
i it i 1 I NLOS dual slope =39.5 GHz, n»=8.36, =2.24, dpp=147.0 m,
(n and b), and since it is an extension of the CI _model, it P PR S A 7 Sl I A g b S
also uses a 1 m free-space close-in reference distance path o5r=6.26 dB

loss anchor. In the ABG PL model there are three parameters

which need to be optimized to minimize the standard dewiatio

(SF) over the data set [14], [28]. Closed form expressioms fo

optimization of the model parameters for the Cl, CIF, and ABG VII. FAST FADING MODELING
path loss models are given in [14], where it was shown that

indoor channels experience an increase in the PLE value a . . I . :
P ]S—'or InH scenarios, an investigation of fast fading modgllin

the frequency increases, whereas the PLE is not very fregue .
g y y Trey Has been conducted based on both measurement and raytracin

dependent in outdoor UMa or UMi scenarios [13], [14], [24]B th ind p 4 shoopi I . ts h b
[28], [29]. The CI, CIF, and ABG models, as well as cross- o Indoor-oftice and shopping mall environments have been

polarization forms and closed-form expressions for opation g\éezsnfjtgdH;t 1féegL|J_IeZnC|2eos (;rILCZIUdzlggGZH.S ?9H2H§'56 g 27426
are given for indoor channels in [14]. : ' ’ ’ ' ’ '

and 73 GHz. Some preliminary analysis on large-scale channe
Another important issue related to path loss is shadow pdircharacteristics have been summarized in [2]. Although #tiis

For InH, the distance dependency and frequency dependetwy early to apply these results to the full frequency rangéou

were investigated for both indoor office and shopping mallLO0 GHz, these preliminary investigations have providesityimt

For the LOS propagation condition, the frequency and dégtaninto the difference induced by the largely extended fregyen

dependency is weak. But for the NLOS propagation conditiorange. The preliminary analysis in [2] illustrates the fregcy

frequency and distance dependency is more apparent aatedicdependency of large-scale channel characteristics adtwss

in Table 7 of [2]. measured frequency range.



The basis for this paper is the open literature in combimatio
with recent and ongoing propagation channel measuremeﬂrﬁ

VIII. CONCLUSION

performed by a majority of the co-authors of this paper, some

which are as of yet unpublished. The InH propagation models a

somewhat different from the outdoor UMi and UMa models iELS]
that the indoor channels are more frequency-dependenbiltan

door channels, leading to the ABG and CIF frequency-depg&nde
NLOS path loss models. In LOS conditions, waveguiding effe
were observed in all frequencies measured, leading to path

exponents less than the theoretical valueof 2 in LOS. The
preceding tables give an overview of these recent measutenté’]
activities in different frequency bands and scenarios diditaon

to further information provided in [2].
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