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Abstract—Since millimeter-wave (mm-wave) communications
systems deployed in urban environments will be an important
component of next-generation cellular communications, it is im-
portant to understand the propagation channels those systems will
be working in. This paper provides an overview of the state of the
art in urban mm-wave channel modeling, and outlines directions
for future research. Propagation at mm-wave differs in several
critical aspects from those at microwave frequencies: much higher
free-space pathloss, a smaller number of multipath components,
the inefficiency of diffraction as a propagation process, the impor-
tance of body shadowing, and possibly more diffuse scattering all
impacts the channel characteristics. The paper will also review the
new challenges for channel sounding in this frequency band, in
particular for the pathloss, and finally review stochastic and semi-
deterministic modeling approaches suitable for these channels. It
is clear that while some important work has been done, a lot of
topics remain open for future work.

I. INTRODUCTION

Millimeter-wave frequency bands will play an important role
in next-generation wireless communications (5G), due to the
enormous amount of available bandwidth in this frequency
range [1]. While mm-wave outdoor systems have been proposed
and thoroughly investigated in the 1990s, it is only the availabil-
ity of CMOS for the mm-wave range that has enabled commer-
cial success: mm-wave systems have already been adopted for
wireless Local Area Networks (WLAN), in the form of IEEE
802.11ad [2], and are currently being standardized by 3GPP for
5G (fifth-generation) cellular communications [3]. Applications
include cellular and WLAN access (i.e., base station (BS) to
user equipment (UE) communications), as well as wireless
backhaul and front haul, i.e., communications between BSs to
relay to the wired internet. In this paper, we will concentrate
on cellular access in outdoor urban environments.1

For the design, performance assessment, and deployment
planning of wireless systems, understanding of the propagation
mechanisms and creation of suitable channel models is a
conditio sine qua non [5]. For outdoor mm-wave systems,
investigations of the corresponding propagation channels are
thus of the utmost interest. This is particularly relevant since
many of the dominant propagation effects are significantly
different from those at the traditional cellular frequencies (i.e.,
microwave range). This requires new measurement campaigns,
on which the new channel models can build.

Due to the complexity of mm-wave systems, also the channel
models have to correctly account for a variety of channel
parameters. Pathloss and shadowing are of obvious impor-
tance, since they determine range and interference level. Since
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1See, e.g., [4] for a review including indoor channel models.

pathloss at mm-wave frequencies is very high, beam forming
gain is needed to compensate for it; to correctly account for
the beam forming potential, the angular dispersion needs to be
characterized. Not only the angular spread, but also the tempo-
ral changes of the angular dispersion have to be described, so
that it can be judged how fast beamformers need to adapt. Due
to the wideband nature of mm-wave systems, delay dispersion
needs to be characterized, both with respect to delay spread, and
the number of multipath components (which might be sparse
in mm-wave systems). Frequency correlation within the mm-
wave band, and between this band and the microwave band is
vital for assessing the potential and performance of multi band
systems.

Propagation channels of mm-wave based urban channels
have been investigated since the early 1990s, when there was
an initial interest in mm-wave cellular systems in particular
in Europe. Many pioneering measurement campaigns were
performed during that time, establishing pathloss and delay
dispersion characteristics; for an overview see [6]. Interest was
revived in the early 2010s, in particular with the measurements
of NYU [7], [8], who also measured angular characteristics.
In the past few years, there have been dozens of papers,
both based on ray tracing and measurements, and mm-wave
channel models are being developed by a variety of industry
associations [9]–[12]. The current paper reviews the state of
the art, summarizing both our own work, and that of other
researchers.

II. ENVIRONMENTS AND PROPAGATION MECHANISMS

We define urban environments as being densely built up, with
building heights at or exceeding 10m, and clearly delineated
street canyons, possibly interspersed with open places. This
description covers both older cities (where buildings even in the
city center are often 3-5 stories) and modern metropolitan en-
vironments with skyscrapers, but consciously excludes loosely
built up suburbs and rural areas. Still, the variety of the possible
city structures can have a great impact on mm-wave propagation
(e.g., the rough stucco and numerous decorations of 100-year
old buildings will provide different reflection properties than
the smooth concrete/glass surfaces of modern skyscrapers.

The most fundamental propagation effect is free-space prop-
agation. According to Frii’s law,

GP =
PRX

PTX
= GTXGRX

(
c0

4πfd

)2

(1)

where PRX and PTX are receive and transmit power, respec-
tively. GTX and GRX are the antenna gains at transmitter and
receiver, respectively, c0 is the speed of light, d the distance
between transmitter and receiver, and f the carrier frequency.
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Since at mm-waves the path gain is lower (typically by 20
dB than for microwaves,2 this needs to be compensated by an
increased antenna gain. Since furthermore the direction of the
TX (or RX) can change, this antenna gain needs to be obtained
from adaptive antenna arrays.

Another important difference between mm-waves and mi-
crowaves is the effectiveness of the diffraction process. Mm-
waves essentially follow ray optics, in that diffraction loss is
very high even for small diffraction angles (obstacles throw
”sharp shadows”). This is important in particular in urban
environments, where ”over the rooftop” propagation (followed
by diffraction over the last rooftop into the street in which
the UE is located) is a dominant propagation mechanism in
macrocells, while diffraction around street corners is important
in microcells (in Sec. III, we will discuss in more detail
implications for pathloss modeling).

It can also be anticipated that diffuse scattering is more
important at mm-wave frequencies, since the amount of such
scattering is determined by the roughness of the surfaces
relative to the wavelength. Thus, stucco and similar surfaces
structures might be ”smooth” at microwave frequencies, but
rough for millimeter waves. Yet, indoor measurements have
shown that a high percentage of received energy can be
explained by discrete (specular) multpath components (MPCs)
[13]. Generally, the importance of diffuse radiation in outdoor
environments, and possibly as a function of distance, is an open
issue.

Finally, body shadowing is much more significant at mm-
wave frequencies than at microwaves. A human torso can
lead to 40 dB of attenuation at mm-wave frequencies [14],
compared to less than 10 dB at microwaves. Note that all
channel measurements and models cited later describe the
channel without humans in it; effect of bodies would thus have
to be added, e.g., by the method of [15] for a person holding
the device, or [16] a person shadowing off certain MPCs.

III. MEASUREMENT TECHNIQUES AND RAY TRACERS

The basis for any channel model has to be measurements
(channel sounding), possibly augmented by ray tracing. Chan-
nel sounding in outdoor environments at mm-wave frequencies
poses a number of special problems. The first main problem
lies in the high free-space pathloss. If isotropic antennas (i.e.,
without gain) are used at TX and RX, then a reasonable (say,
> 10 dB) signal-to-noise ratio (SNR) can be maintained at the
RX only for fairly short distances; importantly, these distances
will be shorter than the ones covered by actual mm-wave
communications systems, since the latter use adaptive arrays
with considerable gain.

This dilemma is often resolved in one of two ways: (i)
in one approach, a directional (horn) antenna is used at the
location corresponding to the BS, while the sounder equipment
at the UE location uses an omni-directional antenna. Such
an approach gives at least some antenna gain, while MPCs
impinging on the UE from all sides (ii) the alternative are
double-directional measurements, i.e., measurements with high-
gain antennas on both link ends, which we describe in more
detail in the following.

2assuming constant antenna gain; note, however, that for constant antenna
area at TX and RX, the path gain increases with the carrier frequency.

The main purpose of double-directional measurements is
to determine the angular dispersion, i.e., which MPCs (and
with what strength) are impinging/departing at the RX/TX.
Such directional resolution can be achieved by either rotat-
ing a directional antenna, or by measurements at an antenna
array, followed by appropriate signal processing. For outdoor
measurements, the former method is almost exclusively used.
Figure 1 shows a block diagram of such a sounder: at the TX,
a waveform is generated, unconverted to the mm-wave band,
and transmitted via a horn antenna; the process is reversed at
the RX side, and from the received waveform, the impulse
response of the channel can be extracted corresponding to the
particular pair of directions in which the TX and RX antennas
are pointing. The process is now repeated for all combinations
of TX and RX antenna directions (the angular spacing between
two antenna directions is typically the half-beamwidth of the
antenna pattern), thus providing a discrete approximation to the
double-directional impulse response [17]; if only a single path
exists in the angular domain for a given delay bin, the direction
can be estimated quite accurately through interpolation [13].
3 Note that the impulse responses measured in the different
directions should all be based on a common origin of the delay
axis, so that some form of synchronization between TX and
RX has to be implemented; this synchronization has to be
accurate within a resolvable delay bin (typically 1 ns) [19];
no synchronization at the carrier frequency level is required.
The accuracy of the measurements could be further improved
through the use of high-resolution techniques like SAGE or
Rimax, but that would require phase stability at the carrier
frequency level (equivalent to timing jitter at the ps level); work
is ongoing at our institutions to achieve this.

Fig. 1: Block diagram of a double-directional channel sounder
with rotating horn antennas.

We can see from the above description that mm-wave channel
sounding involves a number of important tradeoffs. Firstly,
angular resolution can be traded against sensitivity to synchro-
nization and phase errors. Directional measurements based on
the received power only are robust to phase errors, but have
limited resolution essentially given by the beam width of the
used horn antennas; high resolution algorithms can provide
accuracy of 1◦, but only if the phase of the local oscillators

3For indoor environments, a popular alternative is measurement with a vector
network analyzer combined with a virtual array [18]; however, due to the
difficulty of operating a VNA with widely separated TX and RX, this approach
is not generally used for outdoor measurements.
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can be held sufficiently stable over the whole measurement
duration (i.e., while all the antennas are rotated between their
different positions). Without high resolution algorithms, there
is also the tradeoff between directional resolution and overall
measurement time: since a multitude of TX/RX direction com-
binations have to be measured, a fine angular resolution can
lead to measurement times of many hours for each location.

A further tradeoff is between basic availability of directional
resolution and real-time capability of the measurement setup.
When rotating antennas are used (and also for virtual arrays),
no changes of the channel can be measured that occur on
a timescale of less than a few minutes. Therefore, important
effects like moving scatterers or humans blocking MPCs cannot
be measured. For those effects, the setup described at the
beginning of this section is more suitable, but it can only
provide the impact of these effects on the “bulk” pathloss
and delay dispersion, not the particular directionally resolved
MPCs.

All these difficulties in the measurement make ray tracing
an attractive alternative. It provides the characteristics of the
MPCs including their directions, and can do so much faster
than a measurement setup; it is also not restricted in its
sensitivity. However, it is well known that ray tracing is only
an approximation to the physical reality. The main limitation is
the accuracy of the underlying database of the environment: it
should be accurate to within a fraction of a wavelength, which
at mm-wave frequencies is hard to fulfill. Also, the dielectric
properties of the materials are often not well-known at mm-
wave frequencies. Finally, most ray tracers do not include the
effects of diffuse scattering, which, as discussed in Sec. II,
might be especially important at mm-wave frequencies. Still,
ray tracing has been widely used for channel prediction at mm-
waves (see, e.g., [20], [21], [22]). A promising refinement is
the use of “point-cloud” prediction [23], which uses a high-
precision data base obtained from laser scanning the environ-
ment for prediction.

IV. PATHLOSS MODELS

The local (instantaneous) channel gain can be modeled as the
product of three factors: (i) the distance-dependent path gain
Gp(d), (ii) a random variable representing shadowing S, which
is typically lognormally distributed, with standard deviation
σS, and (iii) a random variable representing small-scale fading
(small-scale fading is discussed in Sec. V and will not be further
considered in this section). We will use the following notation
in the sequel: the product Gp(d)S is the path gain and the factor
Gp(d) is the average path gain; their inverses are called path
loss PL and average path loss PL, respectively. According
to the standard definition, the average is obtained from an
ensemble that contains multiple streets within one cell, and
possibly multiple cells.

The distance-dependent average path loss is commonly mod-
eled on a dB scale as

PL(d)dB = 10α log(d/d0) + β (2)

where d0 is some reference distance. The parameters α and
β (pathloss coefficient and offset) are extracted from measure-
ments or ray tracing; obviously such a fitting model is only
valid for the distance range for which underlying data exist.
The shadowing is usually modeled as a lognormal process,

i.e., Gaussian distributed around the mean with a standard
deviation σ, and R(x,∆x) =< S(x)S(x + ∆x) > describing
the correlation of S between two points separated by distance
∆x.

Various extensions and modifications of this basic model
have been proposed, for example (i) the breakpoint model, in
which the average path loss is characterized by a slope n1 up to
a distance dbreak, and by a slope n2 at distances beyond that, (ii)
the ”close-in” reference model, in which the average path loss
is fixed to the value of the free-space path loss at a reference
distance dref,CI, thus making β deterministically known instead
of a fitting parameter, and (iii) probabilistic LOS/NLOS models,
in which separate fits according to Eq. (2) are obtained for MS
locations that are in LOS or NLOS, respectively, and a distance-
dependent probability for being in LOS is used for each MS
location during the simulation.

Pathloss coefficients have been obtained from a variety of
measurements4: the measurements of NYU (summarized in [8]
show a slope on the order of 1.8− 2.1 for LOS scenarios, and
roughly 2−3 in NLOS, for distances of up to approx. 150 m; σ
ranges from 5 to 8 dB. Slightly larger values for both pathloss
coefficient and σ were observed in the measurements of [24]
and [25].

It has been observed in numerous measurement campaigns
and ray tracing that the shadowing standard deviation (more
precisely, the standard deviation of the the path loss from
the average path loss) increases with distance. This effect can
be quite pronounced: Fig. 2 shows the path loss in an urban
macrocell as a function of MS-BS distance for a non-line-of-
sight scenario [24]. Deviation of the measured points around the
mean increases drastically, from ± 8 dB at 20 m to ±40 dB at
200 m. If we assume a distance-independent standard deviation
(as is done in existing pathloss models), the standard deviation
is 20 dB. Note, however, that most measurement campaigns in
the literature do not model the standard deviation as distance-
dependent. Another important aspect of these large standard
deviations, and the limited sensitivity of mm-wave channel
sounders, is that simply ignoring measurement locations can
lead to a “selection bias” in the fitted pathloss coefficients;
possible countermeasures are discussed in [26].
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Fig. 2: Path loss as a function of link distance in NLOS.
Different colors indicate different streets. From [27].

4for brevity we do not distinguish between the different extensions described
above)
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A new modeling method has recently been proposed by us
[27], which relies on a more local interpretation: an MS moving
along a trajectory within one street would only experience
pathloss of that particular street (i.e., one particular color in Fig.
2). We can clearly observe that different streets have greatly
differing pathloss coefficients, thus the reason for the large
deviation between “mean” pathloss of the cell and the locally
simulated points, as well as the distance dependence of this
deviation, is mostly due to the fact that different streets have
different slopes. A stochastic model for this effect is currently
being developed by us.

V. MULTIPATH MODELS

The multipath characteristics play an important role in the
design of mm-wave systems. A first noticeable characteristic
is the relatively small number of significant MPCs, compared
to the microwave range. The high delay resolution allows to
distinguish between many of the MPCs, though with horn-
antenna based angular measurements, a similarly refined resolu-
tion in the angular domain is not possible. Thus, at the moment,
no definite statement can be made about the true number of
significant (typically defined as within 20 dB of the strongest
component) MPCs. Still, even from the existing estimates it is
clear that due to the large bandwidth and high angular resulting
of horn antennas, outdoor mm-wave channels are “sparse”, i.e.,
a majority of delay (or angular) bins do not carry significant
MPCs [8], [24]. This has important consequences for design of
channel estimators, equalizers, and beamformers.

Delay spreads are typically small; on the order of 10 − 100
ns [6], [8], [24]. This is due to the fact that propagation
along ”detour” paths is usually inefficient, and thus long-
delayed components have very small amplitudes at mm-wave
frequencies.
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Fig. 3: Delay spread distribution at 28 GHz in urban environ-
ment. From [24].

Angular spreads differ significantly at the BS and the UE. At
the BS, measured angular spreads are on the order of 10 deg,
and probably are significantly influenced by the beam width
of the measurement antennas. At the UE, angular spreads are
on the order of 30 − 100 deg, and are significantly impacted
by detailed structures in the vicinity of the UE. For this
reason, angular spreads obtained from measurements can be
considerably larger than those obtained from ray tracing [24]:
many small objects such as street signs, parked cars, and

humans in the close vicinity of the UE are not included in the
geographical databases used for ray tracing, but do contribute.

Fig. 4: Angular spread in urban environment at BS (AoD) and
BS (AoA) from measurements. From [24].

As is common also in microwave systems, the MPCs can
be found to occur in clusters, i.e., groups of MPCs that
have similar delay, DoA, and DoD, while the corresponding
parameters of the MPCs outside the cluster are significantly
different. Various clustering algorithms have been applied in
the literature, including the K-means algorithm [24], threshold-
based clustering [28], and clustering by visual inspection. It is
noteworthy that for measurements based on resolution in the
delay domain is much finer than in the angular domain, which
might impact the clustering results.

Finally, measurements of depolarization in urban environ-
ments seem to be completely missing at this time.

All these results ultimately have to be put into the form of
models that can be used for link-level or system-level simula-
tions. Three approaches are generally discussed: (i) stochastic
tapped delay line models, (ii) geometry-based stochastic mod-
els, and (iii) semi-deterministic models.

An important example of stochastic tapped delay lines is the
3GPP Spatial Channel Model (SCM) [29] and its extensions
like Winner [30]. This model defines as “clusters” (note that
they are not clusters in the sense described above) a group of
MPCs that all have the same delay, and a Laplacian angular
power spectrum centered around a mean direction that itself
is chosen as a random deviation from the LOS direction. The
number of MPCs within each cluster is fixed to 20, and all
MPCs within a cluster have the same power. A number of
papers have developed a model based on the same general
approach, though clearly modifications are necessary to account
for the unique properties of mm-wave channels [31]. For
example, the number of MPCs is smaller than 20, with varying
powers.

A more realistic model can be obtained by a geometry-based
stochastic channel model, where scatterer (reflector) locations
are placed according to a given probability density function
that is derived from measurements. Such a model, which
follows the philosophy of COST 259/273/2100 [32], provides
for clustering by placing randomly or deterministically severe
cluster centers, and the scatter locations randomly around those
centers. Number of those clusters, as well as number of MPCs
within each cluster and their intensity can be chosen according
to distributions obtained from measurements or ray tracing.
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Another approach is semi-deterministic channel modeling,
which has recently been advocated by the METIS and Mi-
WeBa projects. It defines a rough map of the environment,
concentrating on a few dominant objects (buildings) whose
fine structure is not taken into account. From these objects
the “deterministic” MPCs are obtained. Associated with each
deterministic MPC is a cluster of smaller-power MPCs with
random delays and angles relative to the deterministic ones.
It is noteworthy that this modeling approach was previously
proposed in COST 259 for modeling of microcells [33], and in
[34] for indoor environments. Parameterization for mm-wave
channels can be found in [11] and [12].

VI. CONCLUSION

In urban outdoor environments, mm-wave channels exhibit
considerable differences to microwave channels. Pathloss co-
efficients are similar to microwaves (with just an increased
offset accounting for the increased free-space pathloss; how-
ever, due to the absence of significant diffractions, there is
a larger percentage of locations with strong shadowing (i.e.,
small path gain); furthermore, the shadowing by human bodies
further increases the probability of outage (insufficient SNR).
The number of MPCs is typically lower than at microwave
frequencies, though the nature of the building facades can
play a significant role. Popular current measurement setups,
based on rotating horn antennas, do not allow high-resolution
determination of the directions of MPCs, which limits the
accuracy of channel models. While important progress has
been made, a lot more work, both for measurements and for
modeling, will be required until a thorough understanding of
mm-wave channels in outdoor environments is available.
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