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Abstract—Fifth-generation (5G) wireless networks are expected
to operate at both microwave and millimeter-wave (mmWave) fre-
quency bands, including frequencies in the range of 24 to 86 GHz.
Radio propagation models are used to help engineers design,
deploy, and compare candidate wireless technologies, and have a
profound impact on the decisions of almost every aspect of wireless
communications. This paper provides a comprehensive overview of
the channel models that will likely be used in the design of 5G radio
systems. We start with a discussion on the framework of channel
models, which consists of classical models of path loss versus
distance, large-scale, and small-scale fading models, and multiple-
input multiple-output channel models. Then, key differences
between mmWave and microwave channel models are presented,
and two popular mmWave channel models are discussed: the 3rd
Generation Partnership Project model, which is adopted by the
International Telecommunication Union, and the NYUSIM model,
which was developed from several years of field measurements
in New York City. Examples on how to apply the channel models
are then given for several diverse applications demonstrating the
wide impact of the models and their parameter values, where the
performance comparisons of the channel models are done with
promising hybrid beamforming approaches, including leveraging
coordinated multipoint transmission. These results show that
the answers to channel performance metrics, such as spectrum
efficiency, coverage, hardware/signal processing requirements,
etc., are extremely sensitive to the choice of channel models.

Index Terms—Beamforming, channel models, coordinated mul-
tipoint (CoMP), hybrid beamforming, millimeter wave (mmWave),
multiple-input multiple-output (MIMO), NYUSIM, fifth genera-
tion (5G).
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I. INTRODUCTION

THE radio channel is fundamental to wireless communica-
tions. Almost every aspect of wireless communications,

ranging from equipment design and system design to system
performance, depends upon an accurate understanding of the
performance of radio signals when they propagate via a radio
channel. The modeling of a radio channel is therefore vital to
wireless communications research [1]. The demand for cellular
data traffic continues to outstrip forecasts and is currently grow-
ing at a rate of 40–70% per annum [2]. This growth rate implies
that relative to current levels, a 1000 times capacity increase
within the next decade may be required to be met by the new
radio capabilities of the fifth-generation (5G) wireless commu-
nications [3]. The capacity gains required by 5G are expected
to be provided by:

� Massive multiple-input multiple-output (MIMO) antenna
arrays at base stations (BSs) and smaller arrays at the
mobile user equipment (UE) [4]

� Increased spectrum bandwidth and use of wideband
(> 100 MHz) channels

� Multi-user and three-dimensional (3D) MIMO [5]
� Network densification using smaller cell coverage

zones [6]
� New modulation waveforms
A discussion of the above is given in [7] and references

therein, but it is clear that new waveforms will offer the small-
est capacity increase, while increased spectrum bandwidth and
channel bandwidth using directional antennas will provide the
largest capacity increases. With dense networks, capacity in-
creases in conventional ultra-high frequency (UHF)/microwave
networks, interference will be the limiting factor, thus the
peak rates cannot be achieved [7]. Furthermore, according to
the International Telecommunication Union (ITU) requirement
for compliance with International Mobile Telecommunications-
2020 performance [8], no amount of densification can yield the
target peak rates of 20 Gbps and per-user rates of 100 Mbps
at the 5% cumulative distribution function (CDF) level, un-
less much larger bandwidths are made available. However, in-
creased spectrum bandwidth cannot come from existing mi-
crowave bands which are already congested and allocated for
other purposes, thus new millimeter-wave (mmWave) spectrum
bands of 30–300 GHz are being considered for 5G and be-
yond, since they have ample unused spectrum relative to the
microwave bands [9] and are potential candidates for alloca-
tion to mobile services. The World Radio Conference in 2015
(WRC-15) approved a number of candidate bands for 5G, which
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are: 24.25–27.5 GHz, 31.8–33.4 GHz, 37–43.5 GHz, 45.5–50.2
GHz, 50.4–52.6 GHz, 66–76 GHz, and 81–86 GH. A final
list of the bands will be approved by WRC-19. In addition
to these bands, spectrum in the 60 GHz band may also be used.
A judicious contribution of spectrum use across all bands is
necessary to keep up with capacity demands, and this also is
likely to include lower UHF/microwave frequencies for wider
area coverage.

Due to the importance of mmWave channel modeling and the
novelty of using frequencies above 6 GHz for mobile communi-
cations, many different groups around the world have embarked
on sharing knowledge and producing mmWave channel mod-
els, such as the 3rd Generation Partnership Project (3GPP) (for
0.5–100 GHz) [10], [11], the ITU (for 0.5–100 GHz) [8], [12],
European Cooperation in Science and Technology (COST) 2100
(applicable frequencies not specified), the Mobile and Wireless
Communications Enablers for the Twenty-Twenty Information
Society (METIS) (up to 70 GHz for a stochastic model, and up
to 100 GHz for a map-based model1) [13], 5G mmWave Chan-
nel Model Alliance (for 0.5–100 GHz) [14], Fraunhofer HHI
(which developed QUAsi Deterministic RadIo channel Gener-
Ator (QuaDRiGa)) (applicable frequencies not specified) [15],
NYU WIRELESS (for 0.5–100 GHz) [16], IEEE 802.11 ad/ay
(for the 60 GHz band) [17], IEEE 802.15.3d (for the 300
GHz band) [18], IEEE 802.15.3e (for the 60 GHz band) [19],
Millimeter-Wave Evolution for Backhaul & Access (MiWEBA)
(up to the 60 GHz band) [20], mmWave based Mobile Radio Ac-
cess Network for 5G Integrated Communications (mmMAGIC)
(for 6–100 GHz) [21], a consortium of universities and indus-
try, and many individually led efforts [22]–[25]. Many of the
participants of these global groups participate overlap with the
organizations, thus there is a great deal of similarity in models
in many cases. The statistical channel models proposed by those
different groups can be boiled down to 3GPP/ITU and NYUSIM
channel models [16], [26]. Therefore, we compared the perfor-
mance of 5G systems using these two models. Nevertheless, our
methodology can be extended to other models.

The main purpose of the 3GPP [11] and ITU statistical mod-
els [8], [27] is to enable simulations for 5G candidate tech-
nology evaluations, and, importantly, to include the effects of
directional, steerable antennas that will be needed for practical
mobile systems at mmWave frequencies [28], [29]. It is desir-
able, but not a primary function, of these models to accurately
predict real-world system performances. However, certain parts
of 3GPP, such as RAN4,2 will require models that accurately
predict mmWave MIMO performance in the face of interference,
since antenna directionality will directly impact interference. It
is fair to say that the 3GPP and ITU models for frequencies
above 6 GHz are in their early stages of development, and their
use for research should be tempered with caution [16]. This
motivates us to prepare this paper to show that the impact of

1A map-base model is built upon the geometry of objects, such as buildings
and streets, and transmitter (TX) and receiver (RX) locations in the area under
study, and is usually only applicable to a specific environment.

2RAN4 refers to Radio Access Network working group 4, which performs
simulations of diverse radio frequency (RF) system scenarios and derives the
minimum requirements for transmission and reception parameters, and for chan-
nel demodulation. Once these requirements are set, the group defines the test
procedures that will be used to verify them (only for BS).

channel model choice is extremely wide ranging. To demon-
strate this fact, we present a number of examples and care-
fully compare results using the 3GPP/ITU model [8], [11] and
NYUSIM model [16], where promising hybrid beamforming
(HBF) approaches are used to investigate channel performance
[28]. Note that in this work, we are not advocating one channel
model over another, as both models are in use widely throughout
the community. Rather, we are illustrating how different channel
models impact system performance results, and we attempt to
solve the issue of determining the system capacity and impact
of various algorithms and various antenna structures in a multi-
user multi-stream system using two different channel models,
in order to provide a range of results that may be of use to the
wireless research community. The purpose of this paper is to
not create channel models, rather to implement systems.

The key contributions of this paper include examples of
methodologies/simulations/calculations on how to apply the
channel models to evaluate 5G mmWave system performance,
and demonstration of the wide ranging results produced. The
most remarkable results are as follows:

� In the case of cell range prediction, the different large-
scale path loss models and shadow fading values in both
channel models lead to a noticeable difference on the cell
range evaluation given a certain cell-edge signal-to-noise
ratio (SNR).

� In terms of the eigenvalue properties of the channel, one
model predicts significantly more dominant eigen modes
than the other. This implies that the spatial degrees of free-
dom predicted by both channel models are quite different,
hence resulting in different numbers of available spatial
streams to be multiplexed.

� In terms of spectrum efficiency, the performance of a
single-cell single-user is a base case. Which channel model
predicts higher spectral efficiency depends on the number
of transmitted data streams, and NYUSIM predicts a much
higher occurrence of peak rates than the 3GPP model when
the number of data streams is small (e.g., no more than
four).

� Extending the single-cell case to a multi-cell multi-user
case, we propose a new HBF approach. The novelty of the
proposed approach, called signal-to-leakage-plus-noise-
ratio (SLNR)-based HBF, as opposed to the algorithm
in [30] is that the SLNR-based HBF consists of both RF
analog beamforming and digital baseband beamforming,
rather than digital-only processing as considered in [30],
and that a CoMP technique, named coordinated beam-
forming, is utilized in this work. Here we show that the
median values of per-user spectrum efficiency is roughly
half for the 3GPP model relative to the NYUSIM model
when there are a relatively small number of RF chains at
each BS.

� The number of RF chains needed to achieve a given spec-
trum efficiency level is a key parameter to determine TX
and RX signal processing requirements. Here we show that
for the multi-cell case the median spectrum efficiency for
the 3GPP models even with 2.5 times more RF chains is
still less than what is predicted by the NYUSIM model.
Less RF chains means less RF hardware, less power con-
sumption and lower cost.
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II. CHANNEL MODEL FRAMEWORK

A. Path Loss and Large-Scale Fading

Path loss is the reduction in power density of a radio wave as
it propagates through the channel, which is defined as [31]

PL[dB] = 10log10
PT

PR
, (1)

where PT and PR are the transmitted and received power, re-
spectively. In free space, the received power is a function of
distance and wavelength/frequency, also known as Friis’ law

PR(d, λ) = PTGTGR

(
λ

4πd3D

)2

, (2)

where GT and GR are the antenna gains at the TX and RX,
respectively, λ is the wavelength, d3D is the spatial distance be-
tween the TX and RX. However, in real environments, there are
many dielectric and conducting obstacles and path loss is more
severe than in free space, thus a lot of effort has been devoted to
field measurements and path loss modeling. Several empirical
path loss models have been widely used for frequencies be-
low 6 GHz [12], [27]. Similarly, for mmWave, numerous field
measurements have been carried out in the 28, 38, 60, 73, and
80 GHz bands. Two main types of path loss models for mmWave
channels, along with their corresponding shadow fading values,
have been proposed and used by researchers and standards bod-
ies [32], [33], i.e., the alpha-beta-gamma (ABG) model, and
the close-in (CI) free space reference distance model, which are
detailed in Section IV-B.

B. Small-Scale Fading

Small-scale fading is involved in the channel impulse re-
sponse (CIR). For a narrowband flat fading channel, the CIR
can be described as

h(t, τ) = V + g(t, τ), (3)

where V is a complex and deterministic component, which ex-
ists in the line-of-sight (LOS) case with a strong and dominant
path between the TX and RX. If we assume the multiple received
radio waves are wide-sense stationary uncorrelated scattering
(WSSUS), g(t, τ) is typically a complex zero-mean Gaussian
random variable with its envelope obeying the Rayleigh distri-
bution. However, if there is a fixed LOS component, the ampli-
tude obeys the Ricean distribution. As the channel bandwidth
increases, the RX can resolve multiple paths according to their
delays and the CIR will change to

h(t, τ) = V δ(τ − τ0) +
N∑

i=1

gi(t)δ(τ − τi), (4)

where gi(t) is a complex Gaussian variable with the excess
delay τi , δ(·) is the Dirac function and N is the number of
resolvable delay bins. This tapped delay line (TDL) model can
describe the channel variation in delay dispersion. However, as
the channel bandwidth increases from 5 MHz to 20 MHz, even
to 100 MHz, the delay resolution is also enhanced significantly
and more multipaths can be expected.

The Geometry-based Stochastic Channel Model (GSCM) is
another modeling method (used in the COST modeling frame-

Fig. 1. Illustration of 3D MIMO channel in the (a) GSCM/COST and
(b) NYUSIM model.

work) [34], in which the geometric position of scatterers is deter-
mined by a probability density function and ray tracing is used
to determine the actual double-directional impulse response.
Furthermore, large-scale parameters and small-scale parame-
ters are proposed to describe the GSCM. Fig. 1(a) illustrates the
GSCM/COST model. The rays depart from the TX, propagate
through the channel, and finally arrive at the RX. In the spherical
coordinates, the angle-of-departure (AoD) and angle-of-arrival
(AoA) at both TX and RX sides are used to characterize the
rays. Furthermore, a cluster generally consists of rays, which
come from the same scatterer (e.g., a group of buildings), with
similar characteristics, e.g., delays, AoDs and AoAs.

Note that in the NYUSIM channel model, clusters are com-
posed of multipath components (MPCs) traveling close in time
(i.e., time clusters), and MPCs with common propagation di-
rections are regarded as being contained in a spatial lobe, as
demonstrated in Fig. 1(b). Unlike the common GSCM/COST
model, where a joint distribution in space and time is imposed
on each individual MPC, the NYUSIM approach allows the time
clusters and spatial lobes to be separately distributed, such that
total energy in time equals total energy over space, but where
the arrivals and time delays are statistically distributed, and not
forced to have a joint distribution in the model.
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III. MMWAVE AND MICROWAVE MODEL DIFFERENCES

Due to the increase in frequency, radio waves with high fre-
quency have different propagation characteristics compared to
microwave. For example, mmWaves can not efficiently penetrate
and diffract around obstacles, e.g., cars, buildings and people.
This results in less diffracting MPCs and high path loss. In the
following subsections, we focus on several channel properties
in mmWave bands and discuss new requirements for channel
models.

A. Attenuation and Blockage

During propagation, mmWaves may be partially or totally
absorbed by an absorbing medium, which results in additional
loss. Thus, rain attenuation and atmospheric attenuation [35]
should be considered in mmWave systems, although this is
not a concerned problem in microwave systems. Additionally,
mmWave systems are much more sensitive to blockage by ob-
stacles. In [36], it was found that outdoor tinted glass had a pen-
etration loss of 40.1 dB at 28 GHz, and three interior walls of an
office building had a penetration loss of 45.1 dB, with a distance
of 11.39 m between the TX and RX. If stationary or moving ob-
jects stand between the TX and RX, channel characteristics will
be dramatically changed when the signal is blocked, especially
for mmWave channels. The shadowing caused by these objects
is important for the link budget and the time variance of the chan-
nel. Furthermore, such dynamic blocking is perhaps important
to capture in evaluations of technologies, e.g., beam-finding and
beam-tracking capabilities.

B. Channel Sparsity

It is usually claimed that mmWave channels are sparse in the
angle and delay domains [37]. For example, in [38], only up
to five spatial lobes are found in dense-urban non-line-of-sight
(NLOS) environments, and the delay/angle spreading within
each cluster is relatively small. However, more experimental
verifications of this are needed. Nonetheless, a lower bound on
the channel sparsity can still be established based on existing
measurements, and in many environments the percentage of
delay/angle bins with significant energy is rather low while it is
higher at centimeter-wave frequencies.

C. Large Bandwidth and Large Antenna Arrays

To meet the demand of future mobile data growth [39], band-
widths on the order of 1 GHz are needed. In mmWave bands,
there are large bandwidths available, and smaller wavelengths
make large antenna arrays feasible [40]. Thus, the channel model
should consider high resolution in both delay and angular do-
mains. In order to model this effect, the offset spatial angles and
relative time delays of rays within a cluster should be modeled as
a variable rather than constant. Various types of antenna arrays,
such as the uniform linear array (ULA) and uniform rectangle
array (URA), are being considered.

D. Spatial Consistency

Spatial consistency is identified as an important feature for
5G channel models. The spatial consistency of a channel means
that the channel evolves smoothly without discontinuities when

the TX and/or RX moves or turns. It also means that channel
characteristics in closely located users are highly correlated.
Spatial consistency covers various aspects, e.g., large-scale pa-
rameters and small-scale parameters of delays, AoAs and AoDs,
outdoor/indoor state, and LOS/NLOS state. In [11], a spatial
consistency procedure is used for both cluster-specific and ray-
specific random variables to be spatially consistent.

E. Stationarity Regions

A stationarity region denotes a spatial or temporal region
within which the correlation coefficient of the targeted chan-
nel properties is above a certain threshold (between 0 and 1),
i.e., allowance of similarity level (ASL) (there is no uniform
standard on the value of the ASL) [41], [42]. The study of chan-
nel stationarity plays an important role in channel modeling
and estimation, since stationarity has to be assumed in order
to obtain accurate estimates and reproduce channel parameters.
Measurements at 2 GHz to 30 GHz have indicated that the spa-
tial stationarity regions of mmWave bands (less than 0.09 m or
so) are much smaller than those at UHF/microwave frequencies
(around 0.6 m) for an ASL of 0.6 [41], [42]. Furthermore, recent
field measurements have shown very sharp spatial decorrelation
over small distance movements of just a few tens of wavelengths
at mmWave frequencies, yet it is noteworthy that the orientation
of directional antennas with respect to the surrounding envi-
ronment can impact the stationarity and correlation distances
[42]. Therefore, stationarity regions need to be carefully char-
acterized in 5G channel modeling that incorporates mmWave
bands.

F. Random Cluster Numbers

In the existing channel model for microwave bands, the num-
ber of clusters is a constant [27]. For the mmWave bands, this
assumption may not be reasonable. According to recent liter-
ature, cluster/time-cluster numbers are small and random, and
are well-modeled by a Poisson distribution [37], [38]. In [43],
the mean cluster number is 12 while it is less than 4 in [37]
(Note that the definition of cluster is different in these two refer-
ences). By making the cluster numbers random, some channel
properties, e.g., capacity, will change correspondingly. This is
further discussed in later sections of this paper.

IV. 3GPP AND NYUSIM CHANNEL MODELS

This section introduces and compares two channel models
that will be employed in the simulations in this paper: the chan-
nel model in the 3GPP TR 38.901 Release 14 [11], and the
statistical spatial channel model (SSCM) NYUSIM proposed
by New York University (NYU) [16], [38]. Parameters of these
two channel models are given in [11] and [38], [44].

A. LOS Probability Model

LOS probability denotes the probability that a given user ter-
minal (UT) or UE is in a LOS condition with respect to the
BS. LOS probability models in 3GPP [11] and NYUSIM [16]
channel models for urban microcell (UMi) and urban macrocell
(UMa) scenarios are contained in [45, Tables I and II], respec-
tively.
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Fig. 2. Comparison of LOS probability models in the 3GPP channel
model [11] and NYUSIM [16] in UMi and UMa scenarios for a UE height
of 1.5 m.

Fig. 2 illustrates the LOS probability models in the 3GPP and
NYUSIM channel models in UMi and UMa scenarios for a UE
height of 1.5 m. As shown by Fig. 2, the 3GPP LOS probabil-
ity model has clearly a non-zero tail at large distances (several
hundred meters), which is not likely to be true in urban envi-
ronments where numerous tall buildings exist, while NYUSIM
shows essentially zero probability at large distances in urban ar-
eas which is different from the 3GPP model. On the other hand,
for T-R separation distances smaller than about 120 m (for UMi)
or 160 m (for UMa), NYUSIM predicts a larger LOS probability
compared to 3GPP. Through 1000 random channel simulation
runs for the UMi street canyon scenario over distances from 10
m to about 300 m (where cell size was based on the condition
that 95% of the area within a cell has an SNR ≥ 5 dB, detailed
in Section V-B), the simulated LOS probability is 9.1% and
17.2% using 3GPP and NYUSIM models, respectively. The dif-
ference in the LOS probability impacts spectral efficiency, since
LOS facilitates stronger mmWave propagation (i.e., larger SNR)
compared to the NLOS condition due to more severe diffraction
loss at mmWave frequencies than at sub-6 GHz.

B. Large-Scale Path Loss Model

For a communication link with TX power PT , the received
power PR [dBm] = PT [dBm] + GT [dB] + GR [dB] - PL
[dB] [31], where GT and GR are the TX and RX antenna gain,
respectively, and PL denotes the large-scale path loss. Large-
scale path loss models in 3GPP and NYUSIM are listed and
compared in [45, Tables IV and V] for the UMi and UMa sce-
narios, respectively, where the CI models in 5GCM represent
the path loss models in NYUSIM. In general, there are two types
of large-scale path loss models as mentioned in Section II-A:
a physics-based CI model and a mathematically based ABG
model. The expressions for ABG and CI models are given by
(1) and (2) in [33], respectively, and thorough discussions on
advantages, drawbacks, prediction accuracy, and parameter sta-
bility of these path loss models are also provided in [33].

In the 3GPP model, the CI path loss model is utilized for
d3D smaller than the breakpoint distance dBP . After the break-
point distance, a new term involving the BS and UE heights is
added to the CI model, where the BS height is set to 10 m, and
the UE height ranges from 1.5 m to 22.5 m. In the UMi street
canyon NLOS scenario, the ABG path loss model is adopted
with a term accounting for the UE height added to it, while the
CI model is listed as an optional path loss model. In NYUSIM,
the single-slope CI model is employed since breakpoints were

Fig. 3. Path loss models in the 3GPP channel model and NYUSIM in UMi
LOS and NLOS scenarios for a BS height of 10 m and a UE height of 1.5 m.
“Opt” denotes the optional NLOS CI path loss model in the 3GPP channel
model.

never observed in outdoor measurements in Manhattan or
Austin.

When comparing the 3GPP ABG path loss model with the CI
model, the ABG model is based on a regression fit to path loss
versus distance for various bands and this is used to derive the
three modeling parameters, but this can lead to accuracy issues
as demonstrated in [33]. The 1-m CI model used in NYUSIM
and the optional 3GPP model has fewer parameters, and offers
intuitive appeal, better model parameter stability, and higher
accuracy over a wide range of microwave and mmWave bands,
scenarios, and distances [33]. Fig. 3 illustrates the path loss
models in the 3GPP channel model and NYUSIM in UMi LOS
and NLOS scenarios for a BS height of 10 m and a UE height
of 1.5 m. Fig. 3 shows that for the UMi LOS scenario, the
3GPP ABG model predicts larger path loss as compared to
the NYUSIM CI model, and there exists an extremely large
breakpoint distance of 1.68 km which well exceeds typical UMi
cell sizes hence reverting the double-slope model to a single-
slope model. For the NLOS environment, the 3GPP ABG model
predicts less mean path loss for T-R separation distances smaller
than 296 m when compared with the NYUSIM CI model. On
the other hand, the 3GPP optional NLOS CI model matches the
NYUSIM NLOS CI model very well.

C. Outdoor-to-Indoor (O2I) Penetration Loss Model

1) O2I Penetration Loss Model in the 3GPP Channel Model:
In the 3GPP channel model, the overall path loss (especially for
indoor users) mainly consists of three parts: outdoor path loss,
O2I penetration loss, and indoor path loss, which is modeled
as [11]

PL [dB] = PLb + PLtw + PLin + N(0, σ2
P ) (5)

where PLb is the basic outdoor path loss, PLtw is the building
penetration loss through the external wall, PLin is the indoor
loss which depends on the depth into the building, and σP is
the standard deviation for the penetration loss. The building
penetration loss PLtw has the following form

PLtw [dB] = PLnpi − 10log10

N∑
i=1

(
pi × 10−

L materiali
10

)
(6)

where PLnpi is an additional loss added to the external wall
loss to account for non-perpendicular incidence, which is 5 dB
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in the 3GPP channel model. Lmateriali = amateriali + bmateriali · fc

is the penetration loss of material i, fc is the frequency in GHz,
pi is the proportion of the i-th material, where

∑
pi = 1, and N

is the number of materials. Penetration loss of several materials
and the O2I penetration loss models are given in [45, Tables IX
and X], respectively.

Two variants of the O2I penetration model are provided: a
low-loss and a high-loss model. The composition of low and
high loss is a simulation parameter to be determined by channel
model users, and is dependent on the use of metal-coated glass
in buildings and the deployment scenarios [11]. Both low-loss
and high-loss models in the 3GPP channel model are applicable
to UMa and UMi street canyon scenarios, whereas only the
low-loss model is applicable to RMa [11].

2) O2I Penetration Loss Model in NYUSIM: In NYUSIM,
a very succinct parabolic model with a good fit for predicting
building penetration loss (BPL) of either high loss or low loss
buildings was provided in [14] as

BPL [dB] = 10log10(A + B · f 2
c ) (7)

where fc is in GHz, A = 5, and B = 0.03 for low loss buildings,
and A = 10 and B = 5 for high loss buildings.

D. Cluster Definition

This subsection introduces the cluster definition and cluster-
ing algorithm in the 3GPP and NYUSIM channel models.

1) Cluster Definition in the 3GPP Channel Model: In the
3GPP channel model [11], clusters are characterized by a joint
delay-angle probability density function, such that a group of
traveling MPCs must depart and arrive from a unique AoD-
AoA combination centered around a mean propagation delay
[11], [38].

2) Cluster Definition in NYUSIM: NYUSIM uses time clus-
ter and spatial lobe concepts to describe multipath behavior for
omnidirectional and directional CIRs [16], [38]. Time clusters
are composed of MPCs traveling close in time, and arriving
from potentially different directions in a short propagation time
window. Spatial lobes denote primary directions of departure (or
arrival) where energy arrives over several hundred nanoseconds
or more [38]. A time cluster contains MPCs traveling close in
time, but may arrive from different spatial lobe angular direc-
tions, such that the temporal and spatial statistics are decoupled
and can be recovered separately. Similarly, a spatial lobe may
contain many MPCs arriving (or departing) in a space (angular
cluster) but with different time delays. Both clustering strate-
gies described above are based on measurements, which are then
processed differently to form different cluster models.

E. Large-Scale Parameters

1) Large-Scale Parameters in the 3GPP Channel Model: In
the 3GPP channel model [11], large-scale parameters (LSPs)
mainly include delay spread (DS), angular spreads (ASA, ASD,
ZSA, ZSD), Ricean K-factor (K) and shadow fading (SF) taking
into account cross correlation [11]. These LSPs act as funda-
mental channel modeling parameters and play a key role in
generating other relevant channel modeling parameters such as
small-scale parameters (SSPs). The LSPs and their statistics in
the 3GPP channel model are provided in [11, Table 7.5–6].

2) Large-Scale Parameters in NYUSIM: [44, Table I] shows
the LSPs and their statistics at various mmWave frequencies in
NYUSIM. In addition to the statistics of LSPs in the log scale as
given in the 3GPP model, NYUSIM also provides the statistics
in their regular units, such as nanoseconds for delay spread, and
degrees for angular spreads, which is more intuitive [44].

F. Small-Scale Parameters

1) Small-Scale Parameters in the 3GPP Channel Model:
These are cluster excess delays, cluster powers, and cluster ar-
rival angles and departure angles for both azimuth and elevation.
Key channel modeling parameters for generating SSPs are listed
in [11, Table 7.5–6].

2) Small-Scale Parameters in NYUSIM: Since the cluster
definitions in the 3GPP channel model [11] and NYUSIM [38]
are discrepant, SSPs in NYUSIM are also a little different from
those in the 3GPP channel model. In NYUSIM, SSPs include
time cluster excess delays, time cluster powers, and mean AoD
and AoA azimuth and elevation angles for each spatial lobe. Key
channel modeling parameters for generating SSPs in NYUSIM
are given by [44, Table III].

It is worth noting that the number of clusters and the num-
ber of rays per cluster in the 3GPP channel model have fixed
values, whereas the number of time clusters, the number of sub-
paths per time cluster, and the number of spatial lobes (both
departure and arrival) in NYUSIM do not hold particular values
but follow certain distributions and can vary in each channel
realization. Furthermore, the numbers of clusters in the 3GPP
model are much higher as compared to the measured numbers
of time clusters (around 3 to 4 on average) and spatial lobes
(about 2 on average) in NYUSIM. Those differences lead to a
significant difference in channel sparsity predicted by the two
channel models, and have a huge impact on spectral efficiency
evaluation, as will be demonstrated later by simulation results.

G. Cross-Correlations

Cross-correlation coefficients between various channel mod-
eling parameters in 3GPP and NYUSIM are displayed in [11,
Table 7.5–6] and [44, Table II], respectively.

H. Channel Eigenvalues

Channel eigenvalues are a measure of the number of eigen
channels for spatial multiplexing in a MIMO system. We gen-
erate the downlink NR × NT MIMO channel matrix H using
both 3GPP [11] and NYUSIM [16], [38], [44] channel models,
for a system operating at 28 GHz with 100 MHz RF bandwidth,
and 256 BS antennas and 16 MS antennas, composing a URA
in the x-z plane on each side. Simulation settings are detailed in
Table I. The eigenvalues of HHH are calculated and compared,
and normalized eigenvalue magnitudes are obtained as follows

ηi =
η′

i∑NR
i=1 η′

i

(8)

where ηi denotes the i-th largest normalized eigenvalue of HHH ,
and η′

i is the i-th largest eigenvalue of HHH .
Fig. 4 depicts the CDFs of the largest four channel eigenvalues

of HHH (with the superscript H denoting conjugate transpose)
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TABLE I
SIMULATION SETTINGS FOR COMPARING CHANNEL EIGENVALUES AND

SPECTRAL EFFICIENCIES BETWEEN THE 3GPP CHANNEL

MODEL [11] AND NYUSIM [16]

Fig. 4. CDFs of the largest four channel eigenvalues at 28 GHz in 3GPP and
NYUSIM channel models for each individual user in a single-cell three-user
MIMO system in the UMi scenario. The transmit and receive antenna arrays
are uniform rectangular array composed by 256 and 8 cross-polarized elements,
respectively.

for both 3GPP [11] and NYUSIM [16], [38] for each individ-
ual user in a single-cell three-user MIMO system in the UMi
scenario. It is observed from Fig. 4 that the highest two eigen-
values in NYUSIM are larger than those in 3GPP, while the
third and fourth eigenvalues are smaller most of the time. This
indicates that NYUSIM yields only a few but strong dominant
eigenmodes, whereas the 3GPP model generates more eigen-
modes with weaker powers. The number of dominant eigen
channels (i.e., the channel rank) in NYUSIM is statistical and
can vary over the range of 1 to 5, where 5 is the maximum num-
ber of spatial lobes [38], with an average and typical value of 2.

Fig. 5 illustrates the average normalized eigenvalue magni-
tude of HHH as a function of the eigenvalue index for both
3GPP [11] and NYUSIM [16], [38] models, where the normal-
ized eigenvalue magnitude is obtained by dividing the eigen-
value by the sum of all the eigenvalues in linear scale of a channel
matrix. As shown by Fig. 5, the first two dominant eigen chan-
nels of 3GPP and NYUSIM channel models are roughly equal
in normalized magnitude. Furthermore, all the eigenvalues of
the 3GPP channel are within 25 dB of the largest eigenvalue.

Fig. 5. Comparison of normalized channel eigenvalues at 28 GHz in 3GPP
and NYUSIM channel models for each individual user in a single-cell three-
user MIMO system in the UMi street canyon scenario. The transmit and receive
antenna arrays are uniform rectangular array composed by 256 and 8 cross-
polarized elements, respectively.

On the contrary, for NYUSIM, only four normalized eigenval-
ues are greater than −25 dB, and the non-dominant eigenvalue
magnitudes decrease rapidly. This indicates the sparse feature of
the mmWave channel such that the number of available spatial
multiplexing streams is relatively limited. This is likely caused
by the small number of clusters and narrow angular spreads
modeled in mmWave channels by NYUSIM.

While the above results are for UMi and UMa scenarios,
recent mmWave indoor channel measurements and modeling
work in [46] shows four (LOS) and six (NLOS) time clusters,
which are much smaller than in the 3GPP model [11] and are
closer to the numbers of time clusters in NYUSIM for UMi and
UMa scenarios, and very comparable to indoor data presented
in [47]. This implies that the 3GPP model differs somewhat from
real-world measured channels for the indoor scenario in [46],
[47]. Spectral efficiency calculation for mmWave indoor chan-
nels, and development of indoor channel models for NYUSIM
is currently ongoing.

V. EXAMPLES AND APPLICATIONS

A. Mobile System Coverage and Performance Studies

Let us assume a single-cell MU-MIMO system operating at
28 GHz with an RF bandwidth of 100 MHz in the UMi street
canyon scenario. Even though 5G wireless systems will have
large bandwidths (up to 1 GHz), this bandwidth is likely to
be aggregated over component carriers each 100 MHz wide.
Bandwidths larger than 100 MHz would result in a large SNR
decrease at the cell edge. One can assume MIMO-OFDM mod-
ulation where the 100 MHz RF bandwidth is divided into K
OFDM narrowband sub-carriers stacked in a wide band, the
frequency-domain channel response at each sub-carrier can be
obtained via the method shown on [31, p. 83]. However, as
this work focuses on HBF performance evaluation, a single
sub-carrier frequency of 28 GHz with a frequency-flat fading
(i.e., narrowband approximation) channel is assumed for ease of
analysis, while wideband implementation with MIMO-OFDM
modulation is an interesting topic for future work. The BS is
equipped with NT cross-polarized antenna elements compris-
ing a URA (where NT/2 elements are +45◦ slanted, and the
other NT/2 are −45◦ slanted). There are three UEs in the cell,
and each UE has eight cross-polarized omnidirectional antenna
elements constituting a URA (where four elements are +45◦
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slanted, and the other four are −45◦ slanted). The spacing be-
tween adjacent co-polarized elements is λ/2 with λ denoting the
carrier wavelength (e.g., 10.7 mm at 28 GHz). Cross-polarized
antenna elements are considered herein since they can effec-
tively reduce the physical size while making use of different
polarization components. Each BS antenna element has a radi-
ation pattern as specified in [11, Table 7.3–1] with a maximum
gain of 8 dBi, which provides a 3 dB beamwidth resolution of
about 8.6◦ in the broadside direction of the URA. Each RX an-
tenna element possesses an omnidirectional pattern. The total
transmit power in a cell is 46 dBm which is equally shared by the
three users in the cell. In the simulations, it is assumed that 95%
of the area in the cell has an SNR larger than or equal to 5 dB,
and the downlink cell radius is calculated based on this assump-
tion, while also assuming an omnidirectional antenna pattern
(i.e., zero gain) at the receiver through application of (9) [31]

PL(fc , dmax)[dB] = PT +
(
10log10NT + GT

)
− N0 − SNRcell-edge (9)

where PT represents the transmit power for each user in dBm,
GT is the gain of each BS TX antenna element in dBi, N0

denotes the noise power in dBm, and SNRcell-edge is the cell-
edge SNR in dB, which is 5 dB in our simulations. Note that
10log10NT represents the boresight array gain [48], and the
array gain for directions other than the boresight is smaller
than this value, dependent on the array factor of the particular
antenna pattern. In general, the antenna array gain on boresight is
approximately proportional to the number of antenna elements,
but also depends on the radiation angle, and the specific gains
and patterns of the antenna elements [49]. At the cell edge, the
boresight array gain is the key factor for coverage, as sidelobes
off of the main beam will be far below the boresight power
levels [49]. The most vital term in Eq. (9) is PL(fc , dmax),
which denotes the large-scale path loss in dB at the cell edge
dmax , and should correspond to an SNR no smaller than the
cell-edge SNR 95% of the time statistically. This is realized
through the shadow fading term in PL(fc , dmax). For instance,
when using the CI path loss model, PL(fc , dmax) is expressed
as

PL(fc , dmax)[dB] = 32.4 + 10nlog10 (dmax) + 20log10(fc)

+ z ∗ σSF (10)

where σSF represents the shadow fading standard deviation in
dB [31], [50].

The coverage distance calculated using Eqs. (9) and (10) are
illustrated in Fig. 6, which are the lower bound of the coverage
distances since an omnidirectional antenna pattern (i.e., zero
gain) is assumed at the RX. Fig. 6 shows that NYUSIM predicts
1.0%–14.1% greater cell radius compared to 3GPP. For exam-
ple, when there are 256 BS antenna elements, the maximum
coverage distance is 281.4 m and 308.3 m predicted by 3GPP
and NYUSIM, respectively, where the latter is 9.6% greater
than the former. Note that the downlink and uplink may have
different link budgets, and in some cases the cell radius may
be uplink limited. However, the precise coverage on either the
downlink or uplink may vary widely over time. For example,
the BS has higher transmitted power than a UE, but it is divided
over all users, and the particular locations and power allocations

Fig. 6. Maximum coverage distance of the BS as a function of the BS antenna
elements in a single-cell three-user MIMO system operating at 28 GHz with an
RF bandwidth of 100 MHz in the UMi street canyon scenario, using both 3GPP
and NYUSIM channel models.

for beams to different users are dependent on desired sum ca-
pacity demands and user applications, and these may impact the
particular link state. There is typically more interference margin
in the downlink (greater margin exists from the serving cell as
compared to outer cell BSs) than in the uplink, where intra-cell
interference is more dominant than in the downlink. While the
coverage abilities will in general be asymmetric between the
downlink and uplink due to different transmit powers, alloca-
tions, and interference sources, the cell radius in system design
is usually determined from the downlink (not the uplink) and re-
mains unchanged for a BS.3 As a consequence, for the same T-R
separation distance, the uplink received SNR, and hence uplink
data rate, will generally be lower than that in the downlink.

B. Antenna Arrays and Architectures

The use of mmWave bands opens up the possibility of us-
ing large-scale antenna arrays where hundreds of (if not more)
antennas are used. The antenna elements can be arranged in
a linear array or a full-dimensional (i.e., with both elevation
and azimuth angle resolution capabilities) array. These multi-
element antenna arrays will provide spatial multiplexing gain
but it is not necessary that an array type in one morphology is
best for another. For example, some areas may require elevation
beamforming (narrow beams in the elevation) and may need
more antennas along the zenith axis as compared to other areas
where beamforming in the azimuth may require more antennas
in the azimuth. Antenna architectures are also influenced by the
horizontal and vertical angle spreads in a multipath channel.

The HBF algorithm proposed in [51] for the fully-connected
architecture is employed in this paper to investigate the spectral
efficiency in a single-cell SU-MIMO mmWave system, using
the simulation settings in Table I with 256 and 16 BS and UE
antenna elements, respectively. The CDFs of the spectral effi-
ciency of the single-cell SU-MIMO system are depicted in Fig. 7
for different numbers of RF chains and data streams using both
3GPP [11] and NYUSIM [16] channel models. The number of
RF chains in the legend denotes both the transmit and receive

3The coverage radius may be uplink limited in some cases, but the example
shown here serves to illustrate the differences in cell radii due to channel models.
Furthermore, in the case of 5G, there is a 3GPP feature to decouple bands for
downlink and uplink, and to enable uplink in the lower microwave band. This
will alleviate link budget asymmetries in downlink and uplink.
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Fig. 7. CDFs of the spectral efficiency of the single-cell SU-MIMO system
using the HBF algorithm proposed in [51] for different numbers of RF chains
using both 3GPP [11] and NYUSIM [16] channel models. The number of RF
chains in the legend denotes both the transmit and receive RF chains. The
number of data streams between the BS and UE is one, four, and 16 in (a), (b),
and (c), respectively. (a) One Data Stream. (b) Four Data Streams. (c) 16 Data
Streams.

RF chains. Fig. 7(a) depicts the case of one data stream, which
shows that regardless of the number of RF chains, the spectral
efficiency yielded by NYUSIM is larger than that generated
by the 3GPP model when only one data stream is transmit-
ted, due to the larger dominant channel eigenvalue produced by
NYUSIM. Furthermore, the spectral efficiency using the HBF
algorithm is closer to the digital beamforming performance uti-
lizing NYUSIM than using the 3GPP model. More importantly,
for the 3GPP model, there is a noticeable increase in the spec-
tral efficiency as the number of RF chains increases from 1
to 4, while the spectral efficiency increase is very trivial for
NYUSIM. Fig. 7(b) illustrates the case of four data streams.
Several observations can be drawn from Fig. 7(b). First, the dig-
ital beamforming spectral efficiency using NYUSIM is larger
as compared to the 3GPP channel model in most cases, since
the sum of the highest four channel eigenvalues in NYUSIM is
greater than that in the 3GPP channel model. Second, for CDF
points lower than 90%, the spectral efficiency gap between the
digital beamforming and HBF is more significant for NYUSIM
than for the 3GPP model, which indicates that the product of the
analog and digital hybrid beamforming matrices can not be made
sufficiently close to the optimal digital beamforming matrix as

required in [51]. This is probably because in some channel real-
izations the number of MPCs produced by NYUSIM is smaller
than four, such that there are not large enough antenna array
response vector basis from which the analog steering directions
can be selected [51]. Moreover, for the 3GPP channel model,
the spectral efficiency increases when the number of RF chains
increases from 4 to 8, likely due to the fact that the number of
clusters in the UMi scenario in the 3GPP channel model is 12
for LOS and 19 for NLOS, thus increasing the RF chains from
4 to 8 can make better use of the channel spatial dimensions.
As a comparison, the spectral efficiency yielded by NYUSIM
remains almost unchanged for 4 and 8 RF chains, since the num-
ber of spatial lobes does not exceed 5 with an average number
of 2 so that increasing the number of RF chains from 4 to 8
is unlikely to provide extra multiplexing gain. Therefore, the
3GPP model suggests that spectral efficiency can be enhanced
by increasing the number of RF chains, while NYUSIM indi-
cates that there is no need to increase the RF chains beyond
five or so as the spectral efficiency will not be improved. The
spectral efficiency CDFs corresponding to 16 data streams and
16 RF chains are displayed in Fig. 7(c), which reveals that the
3GPP model yields higher spectral efficiency for both HBF and
digital beamforming. This is because of the increased number
of data streams hence increased multipath richness that makes
the 3GPP channel closer to a Rayleigh channel, thus resulting
in larger spectral efficiency.

Overall, it can be drawn from Fig. 7 that NYUSIM predicts
a higher spectral efficiency only when the number of total data
streams to a UE is smaller than the channel rank (2–3 on av-
erage). Furthermore, the SU-MIMO HBF algorithm in [51] in-
trinsically assigns dominant paths, instead of weaker paths, to
the UE. For any BS-UE pair, there are always dominant paths
for that specific UE, thus it is always feasible to send signals on
the dominant paths.

The spectral efficiency illustrated in Fig. 7 is obtained un-
der the assumption of full channel state information (CSI) at
both the UE and BS. In practical 5G mobile systems, how-
ever, acquiring CSI may never be perfect, and requires heavy
feedback overhead, especially with large antenna arrays since
the channel coefficient for each antenna element has to be es-
timated. Therefore, it is worth examining the achievable rate
using a practical limited feedback HBF scheme, assuming full
CSI at the UE and no CSI at the BS, and assuming the UE
reports back quantized CSI to the BS via limited feedback. The
limited feedback HBF scheme in [51, Sec. V] was adopted to
calculate spectral efficiency for the SU-MIMO system in Fig. 7.
Specifically, the UE RX quantizes the RF precoder by selecting
the antenna array response vectors corresponding to the AoDs
and then feeds back the index of the selected angles to the BS
TX [51]. The baseband precoder is also quantized at the UE
RX via random vector quantization where the chordal distance
is used as a distance measure [51], after which the index of the
selected baseband precoder is fed back to the BS TX.

The resultant spectral efficiency with the more practical, lim-
ited CSI feedback method of [51] is plotted in Fig. 8 as a
function of both the number of quantization bits per angle in
the RF precoding stage and the number of quantization bits in
the baseband precoding stage, respectively, for both 3GPP and
NYUSIM channel models. The number of RF chains is four at
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Fig. 8. Average spectral efficiency (averaged over 1000 channel realizations)
vs. (a) quantization bits per angle for RF precoding and (b) quantization bits
for baseband precoding for the SU-MIMO system using 3GPP and NYUSIM
channel models. The number of antenna elements at the BS and UE are 256
and 16, respectively. The number of RF chains is four at both BS and UE, the
number of streams is one, and equal quantization bits are assumed for azimuth
and elevation angles. The baseband precoder codebook of (a) uses 8 bits. The
RF precoder codebook of (b) uses 5 bits.

both BS and UE, the number of streams is one, and an equal
and varying number of quantization bits are assumed for az-
imuth and elevation angles. The spectral efficiency is averaged
over 1000 channel realizations. Fig. 8(a) indicates that for the
3GPP model, no more than 5 bits (i.e., quantizing the entire 0◦–
360◦ angle range with an angle interval of 11.25◦) are needed to
quantize each steering angle in the RF precoding stage at the BS
to achieve similar performance to the full CSI case. While for
NYUSIM, more than 6 bits (i.e., quantizing the entire 0◦-360◦
angle range with an angle interval of 5.625◦) are required to con-
verge to the full CSI case, probably due to the higher sparsity
level, which means fewer spatial lobes, predicted by NYUSIM
as compared to the 3GPP model [11], [38]. Fig. 8(b) shows that
8 bits for the baseband precoding codebook are often enough
to achieve comparable performance as compared to the full CSI
case using the 3GPP model, and more than 14 bits are needed
for NYUSIM. Similar observations are drawn for more than one
stream per user (not shown here for brevity).

Table II compares the number of RF chains needed for both
3GPP and NYUSIM channel models to achieve the same or sim-
ilar spectral efficiency using the HBF algorithm proposed in [51]
under the assumption of 28 GHz carrier frequency and 100 MHz

Fig. 9. An example of the HBF architecture diagram with various hardware
units at the BS (the MS side can be derived similarly), with NBS antenna
elements composing a URA, N RF

BS RF chains, and NS data streams.

RF bandwidth. Note that for HBF, adding one RF chains entails
the addition of one extra DAC/ADC at the BS/MS, one ex-
tra power amplifier (PA) and low-noise amplifier (LNA) at the
BS/MS, as well as NBS /NMS extra phase shifters at the BS/MS,
as shown in Fig. 9, which significantly increases the hardware
complexity, cost, and power consumption, especially for large
NBS and NMS that are likely to be the case in mmWave systems.
It is evident from Table II that when the number of data streams
is no larger than three, the 3GPP model necessitates more RF
chains to achieve comparable spectral efficiency to NYUSIM.
For instance, when only one data stream is transmitted, the av-
erage spectral efficiency yielded by the 3GPP model even with
the maximum possible RF chains (256 TX RF chains and 16 RX
RF chains) is still smaller than the NYUSIM spectral efficiency
with the minimum possible RF chains (one TX RF chain and
one RX RF chain), due to the much stronger dominant eigen
channel in NYUSIM as shown in Fig. 4. When two data streams
are transmitted, the 3GPP model needs three times as many RF
chains and phase shifters to yield similar spectral efficiency to
that of NYUSIM. When four or more data streams are trans-
mitted, NYUSIM can generate similar spectral efficiency with
comparable or fewer total RF chains as compared to the 3GPP
model, but more data streams are required since the third and
latter eigen channels in NYUSIM are much weaker than those
in the 3GPP model.

C. Spectral Efficiency Studies

Whilst the single-cell (with single or multiple users) scenario
provides a benchmark for comparison, the multi-cell multi-user
case is closer to what is deployed in practice. In this subsection,
we investigate the channel spectral efficiency of a multi-cell
MU-MIMO system using HBF. It is assumed that in the system
there are three adjacent cells with one BS and three UEs per
cell. Fig. 10 depicts an example of the three-cell layout. The
radius of each cell is 300 m, which is obtained by assuming
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TABLE II
RF HARDWARE NEEDED FOR THE 3GPP CHANNEL MODEL [11] AND NYUSIM [16] TO ACHIEVE THE SAME OR SIMILAR SPECTRUM EFFICIENCY

IN THE SINGLE-CELL SU-MIMO CASE USING THE HBF ALGORITHM PROPOSED IN [51] FOR THE UMI SCENARIO

Fig. 10. An example of the three-cell layout where there is one BS and three
UEs per cell generated using MATLAB. The radius of each cell is 300 m. The
UEs in each cell are distributed uniformly and randomly with T-R separation
distances ranging from 10 m to 300 m [11].

that 95% of the area in a cell has an SNR larger than or equal
to 5 dB, and the upper bound of the T-R separation distance is
calculated based on this assumption and rounded to 300 m (see
Fig. 6 for 256 BS antenna elements) for both models for fair
comparison. The UEs in each cell are distributed uniformly and
randomly with T-R separation distances ranging from 10 m to
300 m [11].

Two multi-cell MU-MIMO HBF architectures at each BS
are considered in this paper, as illustrated in Fig. 11. For both
the structure with fully-connected baseband precoders (FCBP)
and the structure with partially-connected baseband precoders
(PCBP) in Fig. 11, there is a baseband precoder dedicated to each
user, each RF chain is connected to all the antenna elements, and
the number of RF chains (hence the number of phase shifters)
in PCBP can be equal to, larger than, or smaller than those in
FCBP. The main difference between FCBP and PCBP is how
the baseband precoders for each user are connected to the RF
chains. In FCBP, the baseband precoder for a user is connected
to all the RF chains, while in PCBP, the baseband precoder for a
user is connected to only a subset of RF chains. Let us first focus
on the multi-cell MU-MIMO HBF architecture FCBP shown in
Fig. 11(a), for which a multi-cell MU-MIMO HBF approach
is developed in this paper to calculate the spectral efficiency.
Let us consider the three-cell MU-MIMO system illustrated in

Fig. 11. Two types of multi-cell HBF architectures, FCBP and PCBP, at the
BS in each cell. NS denotes the number of data streams per user in each cell,
K is the number of users in each cell, N RF

T represents the total number of
RF chains at each BS, M RF

T is the number of RF chains connected to the
baseband precoder for one user in (b), and NT denotes the number of BS
antenna elements in each cell. (a) Fully-connected baseband precoders (FCBP).
(b) Partially-connected baseband precoders (PCBP).

Fig. 10. Each BS and each user have the same antenna array
settings as in the single-cell case. Each BS has NRF

T RF chains
and communicates with each user via NS data streams, and
each user has NRF

R RF chains, with NS ≤ min(NRF
T , NRF

R ).
Analog and digital hybrid beamforming is assumed to be used
at both the BS and the user. For BS i (the BS in the ith cell)
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and the kth user in the lth cell, the NR × NT downlink channel
is denoted as Hk,l,i , the NT × NRF

T RF precoding matrix is
FRF i

, the NRF
T × KNS baseband precoding matrix is FBB i

=
[FBB1, i

, ..., FBBK , i
] where K denotes the number of users per

cell, the NR × NRF
R RF combining matrix and the NRF

R × NS
baseband combining matrix is WRFk , l

and WBBk , l
, respectively.

The CSI between a BS and its home-cell user is assumed to be
available at both the BS and the user. Coordinated beamforming
in CoMP is considered where the CSI, but not the data of users,
is shared among all the BSs to enable joint beamforming design,
whereas the data of each user is transmitted by its own serving
BS. The received signal at the kth user in the lth cell can be
formulated as
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√
Pt

ηk,lPLk,l,l
WH

BBk , l
WH

RFk , l
Hk,l,lFRF l

FBBk , l
sk,l

︸ ︷︷ ︸
Desired Signal

+
∑
(m,i)
�=(k,l)

√
Pt

ηm,iPLk,l,i
WH

BBk , l
WH

RFk , l
Hk,l,iFRF i

FBBm , i
sm,i

︸ ︷︷ ︸
Interference

+ WH
BBk , l

WH
RFk , l

nk,l︸ ︷︷ ︸
Noise

(11)

where Pt represents the transmit power for each user in Watts
or milli-Watts (mW), PLk,l,i denotes the large-scale distance-
dependent path loss in Watts or mW, including shadow fad-
ing, from BS i to user k in cell l, ηk,l = ||FRF l

FBBk , l
||2F is a

scaling factor to satisfy the per-user transmit power constraint
||√PtFRF l

FBBk , l
/
√

ηk,l ||2F = Pt , where F denotes the Frobe-
nius norm. sk,l represents the desired transmitted signal for user
k in cell l with E[sk,lsH

k,l ] = INS , and nk,l ∼ CN (0, N0INR ) is
circularly symmetric complex Gaussian noise with variance N0.

We intend to maximize the signal-to-interference-plus-noise
ratio (SINR) at each user to achieve high spectral efficiency. Di-
rectly maximizing the SINR involves a challenging optimization
problem with coupled variables, thus the SLNR is utilized as
an alternative optimization criterion. Furthermore, the SLNR-
based HBF has been proved to yield the highest spectral ef-
ficiency and has comparable computational complexity when
compared to some other HBF approaches presented and de-

tailed in [28]. The term leakage refers to the amount of inter-
ference caused by the signal intended for the desired user but
received by the remaining users, in contrast to interference that
is transmitted from undesired BSs and received by the desired
user [30]. Take one user in Cell 1 in Fig. 10 as the desired user,
for example, the signal transmitted by BS 1 to the desired user
is considered as the desired signal, while the signal intended for
the desired user but transmitted through links between BS 1 and
all the other users is regarded as leakage.

In the SLNR-based HBF, the effective channel ma-
trix Ȟm,i,l ∈ CN R F

R ×N R F
T is defined as 1√

PLm , i , l

WH
RFm , i

Hm,i,lFRF l
, and the (KL − 1)NRF

R × NRF
T leakage matrix is

given by

H̃k,l =
[
ȞT

1,1,l , ..., Ȟ
T
k−1,l,l , Ȟ

T
k+1,l,l , ..., Ȟ

T
K,L,l

]T

(12)

The RF precoding and combining matrices FRF l
and WRFk , l

are
designed such that ||WH

RFk , l
Hk,l,lFRF l

||2F is maximized. The
RF beamforming approach in Eqs. (12)–(14) proposed in [52]
is applied to obtain FRF l

and WRFk , l
, where the codebooks

for FRF l
and WRFk , l

consist of the BS and MS antenna array
response vectors, respectively [51].

The baseband precoding matrix FBBk , l
is designed to

maximize the SLNR as follows. The expected received
signal power prior to the baseband combining process is
E

[
P t

ηk , l
sH
k,lF

H
BBk , l

H̆H
k,l,lH̆k,l,lFBBk , l

sk,l

]
, the expected leakage

power is E
[∑

(m,i) �=(k,l)
P t

ηk , l
sH
k,lF

H
BBk , l

H̆H
m,i,lH̆m,i,lFBBk , l

sk,l

]
, and the expected noise power is E

[
nH

k,lWRFk , l
WH

RFk , l

nk,l

]
. The SLNR is formulated as in (13) shown at the top

of this page [30], where N0 denotes the noise power, and
H̃k,l is given by (12). The optimal FBBk , l

that maximizes the
SLNR in (13) can be derived similarly to the precoding ma-
trix in [30] and is composed of the leading NS columns of
Tk,l which contains the generalized eigenvectors of the pair{
H̆H

k,l,lH̆k,l,l , H̃H
k,lH̃k,l + γIM R F

T

}
, where γ satisfies:

Tr(γFH
BBk , l

FBBk , l
) =

ηk,l

Pt
N0Tr(WRFk , l

WH
RFk , l

) (14)

WBBk , l
is designed as a matched filter at the receiver [30]

WBBk , l
=

H̆k,l,lFBBk , l

||H̆k,l,lFBBk , l
||F

(15)
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The spectral efficiency of the kth user in the lth cell is calculated
as in (16), shown at the bottom of this page, where Pt denotes
the transmit power per user, and the interference term D is given
by

D =
∑
(m,i)
�=(k,l)

Pt

ηm,iPLk,l,i
Hk,l,iFRF i

FBBm , i
FH

BBm , i
FH

RF i
HH

k,l,i

(17)
Using the multi-cell MU-MIMO HBF procedure and the

three-cell layout illustrated in Fig. 10, and the simulation set-
tings shown in Table I with 256 and 8 antenna elements per
BS and UE, respectively, spectral efficiency is studied for both
the 3GPP and NYUSIM channel models via MATLAB simula-
tions. It is assumed that there are two RF chains at each UE, and
each BS communicates with each UE via two data streams. The
number of BS RF chains was varied in the simulations. For each
channel model, 200 random channel realizations were carried
out where 27 channel matrices were generated in each channel
realization (hence resulting in 5400 channel matrices in total),
which comprise the channel matrices between each BS and each
UE in the three cells. In each channel realization, UE locations
are randomly and uniformly generated with T-R separation dis-
tances ranging from 10 m to 300 m in each cell [11]. It is also
assumed that 95% of the area in each cell has an SNR larger
than or equal to 5 dB, and the upper bound of the T-R separation
distance is calculated based on this assumption and rounded to
300 m (see Fig. 6 for 256 BS antenna elements) for both models
for fair comparison.

The CDFs of the spectral efficiency per user in the three-cell
MU-MIMO system using both 3GPP [11] and NYUSIM [16]
channel models are plotted in Fig. 12(a), where there are eight
RF chains per BS, and two RF chains per UE. Fig. 12(a) shows
that the spectral efficiency of individual users produced by
NYUSIM varies between 0.002 bps/Hz and 19.6 bps/Hz, and
the median values for all the nine users range from 5.4 bps/Hz
to 6.2 bps/Hz which are close to each other. While for the 3GPP
channel model, the spectral efficiency of individual users ranges
from 0.004 bps/Hz to 13.7 bps/Hz, and the median values for all
the nine users fall between 2.5 bps/Hz and 3.4 bps/Hz, which
are about a half smaller on average as compared to NYUSIM.
Fig. 12(b) illustrates the CDFs of the sum spectral efficiency
of the nine UEs in the three cells. Fig. 12(b) reveals that for
NYUSIM, the sum spectral efficiency ranges from 20.8 bps/Hz
to 98.9 bps/Hz with a median value of 57.3 bps/Hz. On the other
hand, for the 3GPP channel model, the sum spectral efficiency
varies between 11.2 bps/Hz and 61.3 bps/Hz with a median
value of 32.7 bps/Hz which is 42.9% smaller than the median
value yielded by NYUSIM.

As a comparison, Fig. 13 illustrates the per-user and sum
spectral efficiencies for the case of 20 RF chains per BS and
two RF chains per UE. It is evident from Fig. 13 that the spec-
tral efficiencies generated by the 3GPP channel model increase

Fig. 12. CDFs of the (a) per-user spectral efficiency (Eight RF chains) and (b)
sum spectral efficiency (Eight RF chains) of the three-cell MU-MIMO system
using the SLNR-based HBF approach proposed in this paper for 3GPP [11] and
NYUSIM [16] channel models. There is one BS and three UEs per cell, and the
radius of each cell is 300 m.

TABLE III
SUM SPECTRAL EFFICIENCY IN BPS/HZ IN MULTI-CELL MULTI-USER MIMO

SYSTEMS FOR BOTH TYPES OF BASE STATION HBF ARCHITECTURE SHOWN IN

FIG. 11 USING 3GPP [11] AND NYUSIM [16], [38] CHANNEL MODELS

significantly when the number of RF chains per BS grows from
eight to 20. For instance, the median value of the per-user spec-
tral efficiency for the case of 20 RF chains per BS varies from
3.4 to 5.1 bps/Hz as shown by Fig. 13(a), and the median value
of the sum spectral efficiency becomes 44.3 bps/Hz as shown
by Fig. 13(b), which is 11.6 bps/Hz larger than that in Fig. 12(b)
for the eight RF chains per BS case.

Using a similar algorithm as shown in Eqs. (11) - (17) for
the HBF architecture depicted in Fig. 11(b), we compute the
sum spectral efficiency and compare it with that for the HBF
architecture in Fig. 11(a) for K = 3, NS = 2, and NRF

T = 6,
and show the 10%, 50%, and 90% CDF points in Table III. It
is observed from Table III that for both 3GPP and NYUSIM

Rk,l = log2

∣∣∣∣∣INS +
Pt

ηk,lPLk,l,l

(
WH

BBk , l
WH

RFk , l
(N0INR + D)WRFk , l

WBBk , l

)−1WH
BBk , l

H̆k,l,lFBBk , l
FH

BBk , l
H̆H

k,l,lWBBk , l

∣∣∣∣∣
(16)
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Fig. 13. CDFs of the (a) per-user spectral efficiency (20 RF chains) and
(b) sum spectral efficiency (20 RF chains) of the three-cell MU-MIMO system
using the SLNR-based HBF approach proposed in this paper for 3GPP [11] and
NYUSIM [16] channel models. There is one BS and three UEs per cell, and the
radius of each cell is 300 m.

models, the HBF architecture in Fig. 11(b) produces higher
spectral efficiency, most likely due to the fact that each RF
chain is shared over fewer streams such that the interference
between streams is lower.

Two major observations are obtained from the simulation
results in Figs. 12 and 13, and Table III:

1) For the three-cell MU-MIMO using the SLNR-based HBF
approach proposed in this paper with two streams per user,
NYUSIM predicts larger per-user and sum spectral effi-
ciencies than the 3GPP channel model, probably because
of the stronger two dominant eigen channels per user, and
the smaller AoA spread per user such that channels among
different users are less correlated leading to less interfer-
ence when compared to the 3GPP model, as detailed later
in Section VI-B.

2) When using the 3GPP channel model, the predicted spec-
tral efficiency increases substantially when the number of
RF chains per BS increases from eight to 20, due to the
large number of clusters (12 and 19 for UMi LOS and
NLOS, respectively) in the 3GPP channel model.

VI. MATHEMATICAL FUNDAMENTALS: LINKING CHANNEL

MODELS TO PERFORMANCE

A. SU-MIMO Capacity

When ignoring antenna patterns, assuming a single polariza-
tion and setting the time index to zero, the channel equation for
a SU-MIMO system can be expressed as

H =
L∑

i=1

aiaR(φR ,i , θR ,i)aH
T (φT ,i , θT ,i), (18)

where L denotes the total number of subpaths/rays in all clusters,
ai is the complex amplitude of the i-th path, φR ,i , θR ,i repre-
sent azimuth and elevation angles for the i-th AoA, φT ,i , θT ,i

represent azimuth and elevation angles for the i-th AoD and
aR , aT are AoA and AoD steering vectors with unit magnitude
elements. Stacking and normalizing the steering vectors into
matrices gives AR with i-th column, aR(φR ,i , θR ,i)/

√
NR and

AT with i-th column, aT(φT ,i , θT ,i)/
√

NT . With this notation,
the channel matrix can be written as

H =
√

NRNTARDaAH
T , (19)

where Da = diag(a1, a2, . . . , aL ). Using the representation in
(19), a simple, well-known lower bound for the channel capacity,
which becomes tight at high SNR or for peak capacity values,
can be written as

C = log2|INR + ρHHH | (20)

= log2|INR + ρNRNTARDaAH
T ATDH

a AH
R |

≥ log2|ρNRNTDaAH
T ATDH

a AH
R AR |

= Llog2(ρNRNT) +
L∑

i=1

log2|ai |2 + log2|RR | + log2|RT |

= T1 + T2 + T3 + T4, (21)

where ρ is the SNR at the RX, Rx = AH
x Ax is defined

by (Rx)r,s = ax(φx,r , θx,r )H ax(φx,s , θx,s)/Nx where x ∈
{R,T} and (21) is valid for the sparse case where L ≤
min{NR , NT}. Although (21) is a very simple bound, it has the
benefit of clearly demonstrating in closed form the importance
of various channel parameters. Some key conclusions following
directly from (21) are given below:

� For sparse channels, L ≤ min{NR , NT}, the leading term
in the capacity, T1, grows linearly with L, the number of
paths, rather than the array dimension. Hence, performance
is limited by L in the sparse domain and models which
generate more paths will lead to much higher predicted
capacity.

� The second term, T2, is usually negative and is non-linear
in L as the mean of |ai |2 is inversely proportional to L.
The key impact is that smaller path powers cause a larger
capacity penalty. This is a similar effect to T1 as a vanishing
path power is equivalent to losing the path. Hence, channel
models which spread path powers more evenly will lead to
a higher predicted capacity.

� The third and fourth terms, T3 and T4, are functions of the
steering vectors. They play an equivalent role to spatial cor-
relation matrices in reducing the predicted capacity. This is
because the matrices RR and RT have a leading diagonal
containing ones, they are Hermitian and the off diagonals
are cross-products of normalized steering vectors. If the
steering vectors are all orthogonal at both ends of the link,
then |RR | = |RT | = 1 and T3 = T4 = 0. At the other ex-
treme, if two AoAs or two AoDs converge to each other
then |RR | and |RT | converge to zero as the matrices are
not full rank with any equal angles. The log2| · | terms in
T3 and T4 therefore produce a substantial capacity penalty.
Clearly, channel models which produce similar ray direc-
tions will reduce capacity, e.g. models with a narrow intra
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Fig. 14. Ergodic capacity for a SU-MIMO system vs the number of paths for
NR ∈ {8, 16}, NT = 100 and ρ = 10 dB.

or inter cluster AS or, for a fixed AS, models with a sharper
angular distribution, such as the Laplacian.

These conclusions are for the sparse regime, L ≤
min{NR , NT}, where we can see a linear capacity growth in
L due to term T1, offset by the effects of small path powers (T2)
and limited angular spread (T3 and T4). For small values of L,
there are fewer opportunities for the capacity reduction effects
and growth is nearly linear. Across the whole region, the linear
term, T1, remains and reasonable capacity growth with L is ex-
pected. In contrast, the non-sparse regime L > min{NR , NT}
leads to very different conclusions. The channel in (18) becomes
Gaussian by the central limit theorem as L grows, with a co-
variance structure governed by the steering vectors. As L grows,
the covariance structure will also stabilize towards the ensemble
average predicted by the angular distributions and capacity will
converge.

Essentially we have two very different regimes: the sparse
regime where capacity has a sub-linear growth and the large-
L regime where capacity saturates. This is shown by plotting
ergodic capacity (E(C) where C is given in (20)) against the
number of paths in Fig. 14 for two system sizes, (NR , NT) =
(8, 100) and (NR , NT) = (16, 100). In both cases we consider
a ULA at both ends of the link with uniform (U [0, 2π]) AoAs
and AoDs. The path powers are generated as ai ∼ CN(0, 1/L)
and ρ = 10dB. The two different regimes are clearly shown in
Fig. 14 where each ergodic capacity value is computed from
Monte Carlo simulation using 104 samples of (20). In terms
of channel models, the number of paths is critical and models
which give a non-negligible probability of the sparse regime will
predict a much lower capacity than models which are dominated
by the non-sparse region.

B. MU-MIMO Signal Processing

In the MU-MIMO case the separation of users by various sig-
nal processing schemes is critical and it is useful to consider the
impact of channel models on particular processing techniques.
In this section, we briefly discuss matched filtering (MF) at both
transmit and receive ends. As in Section VI-A, the motivation

for considering this scheme is simplicity and the ability to gain
insight into the effects of channel models.

Consider a downlink channel with K multi-antenna users.
The TX uses precoders, F1,F2, . . . ,FK , to send the signal vec-
tors, s1, s2, . . . , sK , down the channels, H1,H2, . . . ,HK to the
K users. Note that Fk = FRFFBBk

is the full precoder compris-
ing both analog and digital components. If user 1 employs the
receive combiner W1 = WRF1WBB1 , then the received signal
at user 1 after combining is

r1 = WH
1

(
H1

K∑
k=1

Fksk + n1

)
, (22)

where n1 is additive white Gaussian noise with variance σ2.
Replacing H1 in (22) by the channel model in (18), the signal
carrying component of (22) has power

Psig =
∣∣∣
∣∣∣WH

1

(
L∑

l=1

alaR(φR ,l , θR ,l)aH
T (φT ,l , θT ,l)

)
F1

∣∣∣
∣∣∣2

,

(23)
and the other-user interference power is

Pint =
K∑

k=2

∣∣∣
∣∣∣WH

1

(
L∑

l=1

alaR(φR ,l , θR ,l)aH
T (φT ,l , θT ,l)

)
Fk

∣∣∣
∣∣∣2

.

(24)
The relationship between Psig and the channel parameters is
very different to that in Section VI-A. Consider MF performed
with limited RF chains, so that W1 and F1 rely heavily on ana-
log processing to match the channel. If L is small or if the path
powers have a large spread then the channel is dominated by
a few steering vectors which, from the inspection of (23), can
be extremely well matched by the simple approach of choosing
the columns of the analog components of W1 and F1 to be the
dominant steering vectors. Hence, a sparse channel and highly
variable path powers can be an enabler for these processing
methods, the opposite conclusion to SU capacity. Also, a wide
AS for a given user may not be advantageous, since if only a
small number of streams are used for transmission then only a
limited number of paths are needed, which need to be separated
from each other but not by large angular distances. This is seen
clearly in the results of Section V-C, where the RF processing
matrices at both ends simply select the best steering vectors and
only two streams are used. With such an architecture, channels
which put the majority of power in a few directions will give
better signal power, so that fewer paths or more variable path
powers are advantageous leading to the higher predicted perfor-
mance of the NYUSIM model. This is also shown in the SU-
MIMO case in Figs. 4 and 7. In Fig. 4 we see that the NYUSIM
model places far more power in the first two eigen channels than
the 3GPP model. As a result, in Fig. 7, spectral efficiency for
small numbers of RF chains and a single stream is higher for
the NYUSIM model. In contrast, as the number of RF chains
and streams grows, more diversity and spatial multiplexing can
be used and the 3GPP model predicts better performance.

In terms of interference, the MF approach relies on large
numbers of antennas and user diversity to manage the value
of Pint. As can be seen in (24), ideally the precoders Fi are
orthogonal to the transmit steering vectors of user 1. This is
easier if the angular range of steering vectors for user 1 is small,



SUN et al.: PROPAGATION MODELS AND PERFORMANCE EVALUATION FOR 5G MILLIMETER-WAVE BANDS 8437

TABLE IV
SUMMARY OF THE EVALUATION PERFORMANCE ON SPECTRAL

EFFICIENCY/CAPACITY OF THE 3GPP CHANNEL

MODEL [11] AND NYUSIM [16]

reinforcing the above comment that a wide AS for a given user
may not be advantageous. Also, it is easier if the users have
a wide angular separation so that Fi may be well separated
from the transmit steering vectors of user 1. Again, these trends
are highly relevant to the scheme in Section V-C, where the RF
processors directly use steering vectors of the users. Hence, wide
separation of steering vectors between users is useful, which is
helped by a restricted number of powerful angular directions
for each user. Therefore, sparser channels are advantageous and
again, we see the higher predicted performance of the NYUSIM
model in Section V-C.

Overall we see that only the benefits of a large inter-user an-
gular separation are found for both SU capacity and for MU MF.
For the other channel parameters considered, intra-user spread,
path powers and sparsity, the trends are opposite. A numeri-
cal example of this is the SLNR based HBF scheme given in
Section V-C. In conclusion, not only are the variation of channel
parameters critical to performance, their impact varies according
to the performance metric of interest. Hence, performance trends
can be difficult to extrapolate from one model to another and
accurate model choices are doubly important. Based on all the
observations on channel spectral efficiency/capacity presented
above, we summarize the evaluation performance of the 3GPP
and NYUSIM channel models for various spatial multiplexing
and beamforming scenarios, which is given in Table IV.

VII. CONCLUSION

This paper provided a comprehensive overview of the chan-
nel models for the design of 5G radio systems, including the
general framework of channel models and key differences be-
tween mmWave and microwave channel models. We compared
two representative channel models, the 3GPP model and the
NYUSIM model, and demonstrated the profound impact of the
models on 5G channel performance evaluation via simulations,

including multi-cell multi-user CoMP transmission simulations
using promising hybrid beamforming methods. Analyses and
simulation results show that channel model selection has a huge
influence on deployment decisions and on various channel per-
formance metrics, such as spectrum efficiency, coverage, and
hardware/signal processing requirements.

The 3GPP and NYUSIM channel models utilize different
LOS probability models, path loss models, cluster definitions,
and large-scale and small-scale parameters, etc. Particularly, the
number of clusters in the 3GPP model is over two to four times
as large as the maximum number of spatial lobes in NYUSIM,
leading to different channel sparsity levels in the two models.
The difference in LOS probability and path loss models gives
rise to discrepant cell radius prediction results that can dif-
fer by 50 m or so for around 500 transmit antenna elements.
Compared to NYUSIM, the larger cluster number (i.e., more
rich multipath) in the 3GPP model results in more eigen chan-
nels and more similar powers among those eigen channels, thus
is advantageous for spatial multiplexing. On the other hand, the
NYUSIM channel exhibits sparsity and has fewer but stronger
dominant eigenmodes, hence generating higher spectral effi-
ciency when combined with appropriate HBF procedures. For
example, for the one-stream case in a SU-MIMO system us-
ing the HBF algorithm in [51], the average spectral efficiency
yielded by the 3GPP model even with the maximum possible
RF chains is still smaller than the NYUSIM spectral efficiency
with the minimum possible RF chains. Different channel models
can lead to substantially varied predictions on diverse channel
performance metrics and hardware requirements, thus it is vi-
tal to select an accurate channel model for 5G wireless system
performance evaluation.
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