Statistical characterization of 60-GHz indoor radio channels
Citation for published version (APA):
Smulders, P. F. M. (2009). Statistical characterization of 60-GHz indoor radio channels. IEEE Transactions on
Antennas and Propagation, 57(10), 2820-2829. https://doi.org/10.1109/TAP.2009.2030524

DOI:
10.1109/TAP.2009.2030524
Document status and date:
Published: 01/01/2009
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 19. May. 2022

2820

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 57, NO. 10, OCTOBER 2009

Statistical Characterization of 60-GHz Indoor
Radio Channels
Peter F. M. Smulders, Senior Member, IEEE
Invited Paper

Abstract—An extensive review of the statistical characterization
of 60-GHz indoor radio channels is provided from a large number
of published measurement and modeling results. First, the most
prominent driver applications for 60 GHz are considered in order
to identify those environment types that need to be characterized
most urgently. Large-scale fading is addressed yielding path-loss
parameter values for a generic 60-GHz indoor channel model as
well as for the office environment in particular. In addition, the
small-scale channel behavior is reviewed including the modeling of
time-of-arrival and angle-of-arrival details and statistical parameters related to delay spread, angular spread and Doppler spread.
Finally, some research directions for future channel characterization are given.
Index Terms—Angular spread, channel characterization, delay
spread, Doppler spread, indoor radio channel, millimeter-wave
propagation, multipath channels, path loss, 60 GHz, statistical
characteristics, wideband channel measurement.

I. INTRODUCTION

I

N recent years, considerable attention has been devoted to
the design and standardization of multi-Gbps wireless systems operating in the 60-GHz band for a large variety of lowcost consumer applications [1]–[7]. When compared with the
conventional systems operating in the lower frequency bands,
e.g., 2.4 GHz, a significant additive challenge is the achievement
of sufficient linkbudget. The main reasons for this are the much
lower performance of the low-cost (silicon-based) RF-sections
as well as the much higher propagation loss as shown in [8].
On the other hand, it is easier to establish highly focused antenna beams at both ends of the link by means of yet small
antenna structures. In this manner, the lower RF performance
and higher propagation losses can be compensated by a high
antenna gain. Consequently, in the context of 60-GHz radio design, a paradigm-shift has occurred from omnidirectional radios
to beam-forming radios. Proper design of such link-budget critical radios requires reliable statistical path-loss models as well
as reliable statistical modeling of channel impulse response details such as angle-of-arrival distributions.
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Let us consider the foreseen 60-GHz driver applications in
order to identify the indoor environment types that have to be
characterized most urgently. There are three applications of
particular interest: The first one is (multiple) uncompressed
high definition video streaming as explicitly targeted by the
wirelessHD standardization consortium [5]. The second one
is ultra-fast wireless LAN which is the focus of the very
high throughput (VHT) consortium [7] and the third one is
ultra-fast downloading including “Kiosk file downloading”
as proposed by the consortium for millimeter-wave practical
applications (CoMPA) [3], [4]. The first mentioned application
and the third one comply with the two usage models that are
selected by the IEEE 802.15.3 Task Group 3c as mandatory
for physical layer simulations [9], [10]. Note, that these three
mentioned applications are all typically for indoor use. Therefore, we restrict ourselves to indoor environments. Obviously,
the uncompressed high definition video application calls for
characterization of the residential environment. In addition, the
wireless LAN application and the fast downloading application
necessitate the characterization of the office environment. The
first two applications need to operate under line-of-sight (LOS),
as well as under non-line-of-sight (NLOS) conditions at a
transmit-receive (Tx-Rx) distance of maximally 5 m, whereas
fast downloading needs only to operate in a LOS situation with
a Tx-Rx distance of 1 m at maximum.
For the channel characterization of these most prominent
usage models and corresponding indoor environments we consider the fading of received power which can be decomposed
into two parts: large-scale fading and small-scale fading and
which is given by
(1)
, deHere, the large-scale fading at Tx-Rx distance ,
scribes the average behavior of the channel, mainly caused by
the free space path loss and the blocking effect of large objects,
while the small-scale fading at distance ,
, characterizes the signal change in a local area within a range of only a
few wavelengths. The small-scale fading is obtained merely by
subtracting the large-scale fading from the instantaneous fading
in dB. In Section II, we will address the large-scale
characterization, i.e., path loss, relevant for the aforementioned
applications. In Section III, we will address the characterization
of small-scale effects, i.e., time and spatial dispersion as well
as the channel dynamics that results from this dispersion and
time variability as a result of movement and displacements in
the channel. Finally, in Section IV, a summary and the conclusions are presented.
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TABLE I
PATH-LOSS PARAMETER VALUES OBTAINED FROM MEASUREMENTS

II. CHARACTERIZATION OF LARGE-SCALE EFFECTS
Commonly, the large-scale channel fading is characterized by
the log-distance path-loss model given by

(2)
represents the path loss in decibels at separation
where
is the reference path loss at some reference
distance ,
represents the
distance , is the path-loss exponent and
shadowing component which is assumed to be a zero mean
Gaussian distributed random variable with a standard deviation
[11], [12].
represents the average path loss.
Path loss can be determined by taking
(3)
represents the average of a large number of
in which
received power values measured within an area of only a few
wavelengths at distance of the transmit antenna which trans. The averaging is done to average out the
mits with power
and
are the antenna gain values
small-scale variations.
of the Tx and Rx antenna, respectively, which are assumed to be
aligned in each others line-of-sight direction. An undesirable effect of calibrating out the influence of the antennas in this way is
that the influence of the environment, which we want to capture,
becomes masked because of the spatial filtering effect of the
antenna gain functions. This effect can be minimized by using
highly omnidirectional antennas. However, it is also interesting
to know the path-loss characteristics experienced with highly

directional channels since directional antennas are certainly required to gain sufficient link budget for the support of the envisioned high data rate services [2]. Therefore, we consider measurement and modeling results obtained with highly omnidirectional as well as with highly directive antennas. Table I lists
, and
based on
values of the path loss parameters
extensive measurement campaigns which have been performed
in a large variety of indoor environments under LOS as well
as NLOS conditions as reported in [13]–[26]. In all cases, the
is taken 1 m. In addition, the half-power
reference distance
beamwidth (HPBW) in the azimuth direction of both the Tx and
the Rx antenna are given in order to examine the relationship
between antenna beamwidth and the obtained path-loss values.
All these measurements have been performed in the 57–65 frequency band except those reported by [13] which have been
done in the 67–72 band.
for
m we obWhen considering the values of
serve a striking spread in values from 34 to 86 dB. At 60 GHz,
mm and acthe wavelength in free space amounts to
cording to the Friss free-space law we would expect values close
for LOS situations (assuming far-field
to
conditions) since at the short Tx-Rx distance of 1 m a dominant LOS component is expected when compared with the multipath reflections. Part of the explanation is that in many cases
antenna gain values are not calibrated out according to (3) re. Also, additional losses
sulting in much lower values of
like those occurring in the waveguides between antennas and
measurement equipment might not be taken into account. Unremay also occur due to extrapolation of the
alistic values of
linear fits of measurement results taken at much larger distances.
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TABLE II
AVERAGE PATH-LOSS EXPONENT n AND AVERAGE STANDARD
DEVIATION FOR DIFFERENT ENVIRONMENTS

TABLE III
PARAMETERIZATION OF GENERIC 60-GHz PATH-LOSS MODEL FOR
INDOOR ENVIRONMENTS

TABLE IV
PARAMETERIZATION OF 60-GHz PATH-LOSS MODEL FOR
OFFICE ENVIRONMENTS

Another cause of considerably deviating values is antenna misalignment which can cause a significant drop of received power
in particular at small distances. The most realistic model value
is, therefore, the one based on the Friss free-space law,
of
i.e., 68 dB for LOS. For NLOS the Friss free-space law does not
-value for NLOS remains inconclusive.
apply so that the
The values for and in Table I show that it makes much
sense to differentiate between the LOS scenarios and NLOS scenarios: for the LOS case the values for are around 1.7 whereas
NLOS values are 3.5 on average. The difference also becomes
clear when considering the spread in values as expressed by the
-values: 2.1 on average for the LOS case and 4.6 for NLOS.
If values obtained in different environments are considered together to determine one single value of , then one can expect
a high value because the differences in environment will contribute to the spread in values. This explains the high -values
for “LOS + NLOS”.
In order to obtain an impression of the influence of antenna
beamwidth on the path loss parameters we classify an antenna as
“directional” in case the HPBW of its beam is 30 at maximum.
Otherwise the antenna is considered to be “omnidirectional”.
Furthermore, we classify a “directional channel” as a channel
with a directional antenna applied at one side of the link or at
both sides of the link. If “omnidirectional” antennas are applied
at both sides, then the channel is considered to be an “omnidirectional channel”.
Application of this 30 -beamwidth criterion on the parameter values given in Table I reveals that the average of all
-values obtained under LOS conditions amounts to 1.79 for
the directional channels and 1.69 for omnidirectional channels.
For NLOS, these figures amount to 2.80 and 3.78, respectively.
So, for LOS as well as for NLOS the average values of are
and -values.
quite similar. This also accounts for
This indicates that a differentiation between omnidirectional
channels and directional channels is not needed.
A good impression of the influence of the environment can
be obtained by grouping the results in Table I for office rooms
(including conference rooms), laboratory rooms, corridors and
residential environments. Table II shows the average values for
these four groups with differentiation between LOS and NLOS.
From Table II, it occurs that, on average, there is not a striking
difference in parameter values between the groups. For all environments we observe significantly larger average values for
NLOS when compared with the values obtained under LOS
conditions with exception of the low average path-loss exponent found for corridors and NLOS. The overall similarity of

results indicates that it would be well possible to define a generic
path-loss model by averaging the reported results. Based on the
averaging of the large set of values given in Table I we propose a
generic indoor path-loss model for the 60-GHz band according
to (2) with path-loss parameters values for the LOS-case as well
as for the NLOS-case as listed in Table III. Based on the averaging of the smaller set of values obtained for office rooms including conference rooms and a computer room, we propose the
parameter values listed in Table IV. This set of parameter values
for the office room may be considered as a refinement which,
e.g., excludes the typical low NLOS values for the path-loss exponent found in corridors. Note the resemblance of parameter
values between the generic model and the office-room model.
This confirms that the generic model has a good validity for a
more specific environment such as an office room and, on the
other hand, it indicates that the office-room environment typically represents a large variety of indoor environments.
It occurs that, under LOS circumstances, values of are typi. This can be explained
cally below the free-space value
by a phenomenon that is commonly denoted as the “wave-guide
effect”: at small Tx-Rx distances, the reflected waves are partly
rejected by the spatial filtering of the directive antennas whereas
at larger distances the reflected waves contribute more to the
average received power since they are better aligned with the
antennas. This is a well-known effect that can be observed for
much lower frequencies as well. The values of observed at
60 GHz are quite similar to those found for conventional mobile radio frequencies which are 1.6–1.8 for LOS and 4–6 for
NLOS [27]. It follows from (2) that, for the maximum Tx-Rx
imdistance of 5 m, the model value of parameter
plies a link-budget advantage of 2 dB in comparison with the
.
free-space assumption of
As noted in the introduction, it is also highly necessary to
make a similar path-loss characterization of the residential indoor environment based on measurement data as reported in
[25] taking into account the influence of furniture in typical residential environments as addressed in [28].
All path-loss results in Table I have been obtained with application of linearly polarized antennas. However, path-loss parameters obtained with circular polarization are also reported
[15]. Under LOS conditions, a path-loss exponent of
was found for circular polarization whereas
was
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found for linear polarization with exactly the same LOS measurement setup. This lower value for is an interesting result
and can be explained by the fact that circular polarization tends
to cancel the odd-times reflected rays: at a small TR distance,
all reflected rays are extra attenuated by the circular polarization
because they are all single reflections whereas at larger distances
a large amount of reflections are not extra attenuated because
they are even-time reflected rays. In that way, circular polarization might magnify the formerly mentioned wave-guide effect.
A lower path-loss exponent suggests that the received power decreases less rapidly with respect to the Tx-Rx distance so that
circular polarization would permit a better radio coverage in the
indoor environment. Unfortunately, this reduction of large-scale
fading is only obtained under LOS conditions. In NLOS scenarios, the link has to relay on reflected paths due to the high
blocking effect of objects that obstruct the direct LOS path as
demonstrated in [29]–[31]. At the moment the LOS path becomes blocked a beam-steering 60-GHz radio will try to maintain the link by directing the antenna beam towards the best alternative path which will be typically a strong, single-reflected
ray. The use of circular polarization would cancel this first alternative and the radio has multiple-reflected rays as alternative
which would considerably jeopardize the radio performance. On
the other hand the likely use of array antennas that produce linearly polarized waves may yield a rather undefined direction of
polarization at the receiving end which may lead to a considerable polarization loss. These kind of polarization issues deserve
substantial consideration in channel characterization work.

which is suitable and sufficient for the air interface design of
a digital communication system [34]. A convenient way is to
describe the WSSUS channel as a tapped delay line. Tapped
delay line models for 60-GHz channels are proposed in [35]
and [36]. In what follows, we will address the characterization
of Doppler spread caused by the differences in ray frequency,
delay spread caused by the differences in ray delay , and angular spread caused by the differences in ray angle-of-arrival
, respectively.

III. CHARACTERIZATION OF SMALL-SCALE EFFECTS

The minimum coherence time due to movements of people
in a typical indoor environment for a carrier frequency
and a maximum walking speed of 1 m/s can be obtained
as follows: a ray reflecting from a person having this speed may
Hz (with
experience a Doppler shift of
the velocity of electromagnetic waves in vacuum). Hence, the
presence of many persons moving at various speeds up to 1 m/s
results in a Doppler spread of about 800 Hz and, equivalently, a
coherence time of about 1 ms. This is the absolute lower limit
which might be approached when omnidirectional antennas are
used. If directional antennas are used instead of omnidirectional,
some or many fading contributions are minimized by the spatial filtering effect of the antenna patterns resulting in a higher
coherence time. Results of Doppler spread and coherence-time
measurements obtained at 60 GHz with highly directional antennas are reported in [39] and [40], respectively. Doppler analysis, which was performed when people were moving inside a
laboratory room, revealed a maximum observable Doppler frequency of 200 Hz and a Doppler spread of 150 Hz [39]. In
[40], the situation was studied in which people walked along
the line-of-sight path while not obstructing it, with a maximum
walking speed of 1.7 m/s. The minimum observed coherence
time was 32 ms which is indeed much higher than the lower
limit of 1 ms.
Channel Dynamics: The fading experienced is termed “slow
fading” with respect to the data stream in case the symbol time
. Slow fading, and, thus, an essentially static channel,
is experienced if the symbol rate
ksps. For the
envisioned Gbps applications the channel can be estimated once

Small-Scale effects occur from interaction of complex impulse-response details as observed within a limited bandwidth.
Complex impulse responses obtained in the 60-GHz band are
typically ray like and can be expressed as a temporal-spatial discrete multipath model as follows:
(4)
where , ,
and
represent the amplitude, frequency,
denotes
delay and angle-of arrival of ray , respectively.
the Dirac delta function. Note, that represents excess delay
whereas the -dependence represents the changes with time of
the very structure of the impulse response. A realistic assumption is that, per measurement subset, all responses considered
are generated according to the same statistical process and that
the real part and imaginary part of the ray phasor at each particular excess delay cross section are identically distributed variables. An additional realistic assumption is that the ray generation process is a wide-sense stationary process with respect to
is not stationary with
the variable [32]. The process
respect to the variable and, thus, nonergodic. If furthermore
uncorrelated scattering is assumed, which means that the signals coming from different paths experience uncorrelated attenuations, phase shifts and time delays, the channel is said
to be a wide-sense stationary uncorrelated scattering (WSSUS)
channel. In that case, the theory of linear time-variant filters
applies [33]. The WSSUS channel characterization is appropriate for describing the small-scale behaviour of the channel

A. Doppler Spread
Coherence Time: The transmission channel can vary over
time due to movements of objects and persons in the environment or moving antennas at the transmitter and/or receiver
which results in a spectrum broadening. When the angles of
arrival of the multipath components are uniformly distributed
in all directions in the horizontal plane, a “U”-shaped Doppler
spectrum occurs, that is well known as the Clarke’s model [37].
In the case of 3-D scattering, which might be more realistic to
occur in an indoor environment, it is shown that the Doppler
spectrum of the received signal is uniform over the full range
of Doppler frequencies centered on the carrier [38]. In both
is approximately the inverse of
cases, the coherence time
, where
is the maximum Doppler
the Doppler spread
frequency
(5)

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on November 26, 2009 at 03:50 from IEEE Xplore. Restrictions apply.

2824

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 57, NO. 10, OCTOBER 2009

per many thousands of data symbols (and for directional channels even once per ten-thousands of data symbols). Thus, Gbps
radios operating at 60 GHz will encounter slow fading despite
of their high carrier frequency because of the slow speeds of
displacement in indoor environments and the high data rates at
which these radios operate. Hence, the 60-GHz channel can be
considered as a static channel which justifies the elimination of
the -dependence in (4).
B. Delay Spread
Single-Cluster Time-of-Arrival Model: Reflected rays may
be composed of many different components which add up
within the measurement resolution. This is because in many
cases the reflecting wall and objects have a layered and/or
irregular structure at a scale smaller than (or comparable with)
the measurement resolution. A wideband channel sounder with
a bandwidth of 2 GHz and a “normal” window has a resolution
of 1 ns which complies with 30 cm. According to the Central
Limit Theorem, the real part as well as the imaginary part
of a ray phasor that is built up of many random components
is Gaussian distributed. This, together with the reasonable
assumption of uniformly distributed ray phases, results in the
follow a Rayleigh distriassumption that the amplitudes
bution. The validity of this assumption has been confirmed
by means of the chi-squared goodness-of-fit test [32]. Therefore, we propose to model the ray amplitude distribution as a
Rayleigh distribution. The Rayleigh model is confirmed by [16]
for office and residential environments under LOS conditions
using 5-GHz bandwidth.
The Rayleigh parameter for each ray, i.e. the average power
for a ray at excess time
has been modeled as
if
if
if

(6)
.

For LOS situations,
will be typically much larger than
whereas for NLOS,
becomes much smaller and can be modeled as being zero. This model was first proposed in [32] and further developed in [41]. The constant level part comes from antenna misalignment. The model parameters , , and highly
depend on antenna directivity and misalignment. This dependence is addressed in [19]. With perfectly omnidirectional antennas or perfectly aligned antennas approaches zero which
corresponds to the classical exponentially decaying profile.
Interarrival times pdf’s obtained from a large set of measurements have been subjected to a chi-squared test. Unfortunately, this test failed to yield results of sufficient significance.
This was mainly caused by the limited number of interarrival
time classes, though the total number of values was considerable, typically several thousand values per measurement subset.
However, good correlation coefficients (MMSE) between exponential fit and empirical frequency distributions have been
found which implies that the ray arrival process approximates
a Poisson process, i.e., the pdf of ray interarrivals is approximately exponential.
Multicluster Time-of-Arrival Model: The observation that the
ray interarrival time process is not exactly a Poisson process can
be explained by ray clustering. Measurement results confirm

this clustering and some indicate that the arrival rate is larger
for clusters that arrive later in time [42]. A well-known discrete
impulse response model that takes ray-clustering into account is
the Saleh-Valenzuela (S-V) model [43] which is given by
(7)
is the number of rays in
in which is the number of clusters,
and
are the amplitude and phase of the
the th cluster,
th ray in the th cluster, is the arrival time of the first ray of
is the delay of the th ray within the th
the th cluster and
and
.
cluster relative to with
The cluster arrival rate as well as the ray arrival rate are modeled as a Poisson process so it is assumed that all clusters have
the same ray arrival rate. According to the S-V model the clusters decay exponentially and also the rays within each cluster
have an exponential decay
(8)
is the average power of the first ray of the first cluster.
where
and are the cluster decay factor and the ray decay factor,
respectively. For the 60-GHz band, values of these parameters
have been proposed in [44]. In the original S-V model the ray
amplitudes have a Rayleigh distribution. As already noted, this
is also found for high-resolution measurement with bandwidths
of 2–5 GHz. However, also a log-normal distribution is used to
model the ray amplitudes [25].
RMS Delay Spread: The most commonly used statistical
parameter to describe the time-domain dispersion of a radio
channel is the root mean square delay spread (RDS) which is
the second moment of the PDP [32]. RDS highly depends on
HPBW of the applied antennas. This dependence is shown in
Fig. 1 which depicts RDS as function of travel distance of the
first arrived ray (which equals Tx-Rx distance in the case of
LOS) for various combinations of omnidirectional antenna as
decribed in [45] (HPBW is 360 in azimuth and 9 in elevation), fan-beam antenna (HPBW is 70 in azimuth and 12 in
elevation) and pencil-beam antenna (HPBW is 8.3 in both
azimuth and elevation) [19].
Fig. 1(a) depicts RDS results obtained with omnidirectional
antennas at both ends under LOS as well as NLOS conditions
and at various antenna heights which are indicated in the legend.
The LOS area corresponds to a Tx-Rx distance of the first
arrived path smaller than 6.2 m, whereas the NLOS area corresponds to a travel distance of the first arrived reflected path in
excess of 7.9 m.
Fig. 1(b) shows results obtained with various combinations
of different antennas in LOS situations. The Tx antenna was a
fan-beam antenna positioned at 2.4-m height with the fan beam
directed towards the middle of the room. Measurements have
been performed with all three antenna types at the Rx side. The
setup with the omnidirectional antenna at the Rx side is denoted
in the legend as “Fan-Omn”. The fan beam and pencil beam
were directed towards the Tx antenna without any pointing error
(denoted by “Fan-Fan” and “Fan-Pen”, respectively) and with a
pointing error in the azimuth plane of 35 degrees (denoted by
“Fan-Fan 35 dev.” and “Fan-Pen 35 dev.”, respectively).

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on November 26, 2009 at 03:50 from IEEE Xplore. Restrictions apply.

SMULDERS: STATISTICAL CHARACTERIZATION OF 60-GHz INDOOR RADIO CHANNELS

2825

Fig. 2. RMS delay spread as function of misalignment angle and Tx-Rx
distance.

Fig. 1. RMS delay spread as function of Tx-Rx distance for different antenna
configurations: (a) with omnidirectional Tx antenna and omnidirectionl Rx antenna at various antenna heights as indicated in the legend (Tx height/Rx height
in meters) for LOS and NLOS (b) with fan beam at Tx at 2.4-m height and
omnidirectional antenna, fan-beam antenna, and pencilbeam antenna at 1.4-m
height for LOS. For Rx fan beam and Rx pencil beam also the results with 35
of pointing error are given.

It is striking to observe that RDS can be reduced so easily
to about 1 ns by using high gain antennas. With the fan-beam
antennas at both sides it is even possible to get such a low delay
spread with 35 degrees of mispointing. This means that, with
these type of antennas, reliable transmission with data rates
in the order of Gbps can be obtained with very simple basic
modulation schemes such as binary amplitude shift keying!
With omnidirectional antennas, however, RDS values reach
typically higher values depending on room size and reflectivity
of the environment; up to 15 ns for small-sized offices (8 m
and 12m ) and up to 6 ns is found for a residential environment
[16]. This relatively low value is explained by the absorptive
furniture (couches, carpets, etc.) unique to the private home

environment. RDS values found in larger office rooms (85 m
to 105 m ) are typically between 15 and 45 ns [32], [46].
For small Tx-Rx distances ( 1 m) not many RDS or coherence bandwidth results are reported although those could be
highly significant for at least one important target application
and that is high-speed download; the short distance in combination with LOS availability makes this application relatively
simple to implement (when compared with uncompressed-HD
streaming video and ultra-fast wireless LAN which have to operate at much larger Tx-Rx distances and under NLOS conditions) since one important bottle-neck problem does not exist
and that is the stringent link-budget requirement. Antennas can
be relatively simple without any, or with only a simple form
of, beam-steering or switching. Furthermore, the dominant LOS
at those short distances will reduce the RDS considerably so
that modulation schemes with low complexity can be possibly
applied. Because of the significance of this we present some
original RDS results obtained in an office environment. The antennas are both open waveguides which have a HPBW of 80 in
azimuth and 90 in elevation. RDS values have been measured
at different Tx-Rx distances and under different misalignment
angles in the azimuth plane. The results are shown in Fig. 2.
The angle of 0 degrees complies with perfect alignment.
Fig. 2 shows that RDS values consequently decrease with
decreasing Tx-Rx distance. RDS values also decrease with decreasing azimuth angle except for azimuth angle 0. This can be
explained as follows: with the decrease of the azimuth angle the
RDS becomes smaller since the antennas become better aligned
but as soon as the alignment becomes perfect the RDS increases
as a results of multiple reflections between the transmit and receive unit which both have metal fronts of about one square
decimeter. If one of the antennas is turned around its (waveguide) axis by 90 degrees, RDS increases, e.g., to 13.2 ns at a
Tx-Rx distance of 30 cm. In addition, the received signal power
decreases significantly due to the large polarization mismatch.
The application of circular polarization will presumably solve
this problem of critical antenna orientation. In addition, circular
polarization will reduce delay spread because odd-time reflected
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Fig. 3. Coherence bandwidth versus RMS delay spread values for different antenna configurations: with fan-beam at Tx at 2.4-m height and omnidirectional
antenna, fan-beam antenna, and pencil-beam antenna at 1.4-m height for LOS.
For Rx fan beam and Rx pencil beam also the results with 35 of pointing error
are given.

rays are largely attenuated. Ref. [47] reports a reduction in RDS
to about half the values found for linear polarization.
Coherence Bandwidth: The coherence bandwidth
can be defined as the frequency shift where the correlation level
falls below 0.9. So, within that range two frequency points have
a strong correlation. Fig. 3 shows scatter plots of the coherence
bandwidth versus RDS values obtained in two office rooms with
antennas configurations corresponding to those from Fig. 2(b)
[48].
The relationship between
and RDS is obtained by
least-square fitting the scatter points in Fig. 3 for all the configurations yielding
(9)
The factor value of 0.063 complies very well with the one
found for offices, library and laboratory (0.06) [16] and also with
the average value of 0.063 found for a conference room [18].
In [35], a much larger value is reported (0.285) but large part
of these measurements were performed in two long and narrow
corridors which are not representative at all for office rooms.
K-Factor: The Ricean -factor is defined as the ratio between the powers contributed by the dominant path and the scattered paths. The -factor of a Ricean channel delay profile is
strongly related to the RDS; it tends to increase with decreasing
RDS. For the special case of an exponentially decaying power
delay profile, the -factor and RDS are related by
with
and the decay exponent of
the decaying part [48]. This implies that, next to RDS, also the
-factor strongly depends on the antenna gain functions. This
is shown in Fig. 4(a) and (b), which shows the -factor values
that correspond to the RDS values depicted in Fig. 1(a) and (b),
respectively [19].
C. Angular Spread
• Some illustrative angle-of-arrival (AoA) measurements
have been performed in a typical office room to examine
the effectiveness of beam switching [49]. Fig. 5 shows the
normalized received power, i.e., the total received power

K

Fig. 4. Ricean -factor as function of Tx-Rx distance for different antenna
configurations: (a) with omnidirectional Tx antenna and omnidirectionl Rx antenna at various antenna heights as indicated in the legend (Tx height/Rx height
in meters) for LOS and NLOS (b) with fan beam at Tx at 2.4-m height and
omnidirectional antenna, fan-beam antenna, and pencil-beam antenna at 1.4-m
height for LOS. For Rx fan beam and Rx pencil beam also the results with 35
of pointing error are given.

normalized on the transmitted power, versus Tx-Rx distance. The Tx antenna was the aforementioned fan-beam
antenna pointing towards the middle of the room whereas
the Rx antenna was the aforementioned omnidirectional
antenna (both LOS and NLOS situations considered)
or fan-beam antenna (only LOS situations considered).
For the Rx fan-beam antenna different pointing errors
were considered as indicated in the legend of Fig. 5.
As expected, the best performance is obtained under
LOS conditions with the Rx fan beam antenna precisely
pointed towards the Tx antenna. Now let us assume that a
five-sector antenna switches towards the one but best sector
as soon as the LOS becomes blocked. From Fig. 5 it can
be observed that the received power then drops typically
5 to 10 dB and as such the received power level becomes
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similar to the level obtained with an omnidirectional
antenna despite the much lower antenna gain. Obviously,
the omnidirectional antenna has a much better capability
to collect reflected power from its environment than the
fan-beam antenna. In addition, antenna misalignment is
not an issue. This indicates that simple beam switching
is not so effective and that only fine beam steering will
significantly outperform simple static omnidirectional antennas. This implies that sophisticated measurement and
modeling of AoA on top of ToA is required to allow optimization of beam steering requirements and algorithms.
It also indicates that, when applying directional antennas,
misalignment is an issue and antenna beam shapes have to
be optimized in this respect as illustrated in [50] and [51].
According to [52], a beam steering gain of over 8 dB can
be achieved with 90% probability.
• Angle of Arrival modified S-V model: In addition to spread
and clustering in the time domain also spread and clustering in the angular domain has been observed [13], [14],
[49], [53]–[55]. The S-V model was extended by [53] to
include the AoA statistics as follows:

(10)
where and m represent the angle of arrival in the azimuth plane of the each cluster and the angle of arrival of
the th ray related in the th cluster, respectively. The distribution of the angle is assumed to be a Laplacian distribution [56], [57]
(11)
where
is the angular-spread of rays in the th cluster.
Results of angular spread measurements are reported in
[25] and [57]. For a residential environment and under LOS
conditions, values are 49.2 , 119 , 46.2 , and 107 for a
Tx HPBW of 360 , 60 , 30 , and 15 , respectively, and
Rx HPBW of 15 . For an office environment and under
LOS conditions values are 102 and 66.4 for a HPBW of
30 at both ends and 60 at both ends, respectively. For the
office environment with NLOS, 60.2 and 22.2 is found
for Tx-HPBW of 360 and 30 , respectively, in combination with an Rx-HPBW of 15 . These figures indicate that
there is no clear relationship between angular spread and
antenna beamwidth.
Next to angular spread, a characterization of cluster locations would be useful as they could be exploited by various
beamforming or spatial diversity combining algorithms to
enhance the system’s performance [58]. Temporal-angular
channel sounding measurements have been analyzed to determine whether ray arrivals at the receiver tend to form
clusters in the 2-D time-angle space [59]. The obtained energy distribution among the clusters suggests that a singlecluster statistical model is probably sufficient to describe
the channel behavior in LOS scenarios. Further results are
required to verify this conjecture.
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Fig. 5. Normalized received power as function of Tx-Rx distance. Tx antenna
has a fan beam directed to the middle of the room. Rx antenna is omnidirectional
with LOS (Fan-Omn LOS), omnidirectional with NLOS (Fan-Omn NLOS),
Fan beam with 0 pointing error (Fan-Fan aligned), Fan beam with 72 mispointing (Fan-Fan 72 ), Fan beam with 144 mispointing (Fan-Fan 144 ), Fan
beam with 216 mispointing (Fan-Fan 216 ), Fan beam with 288 mispointing
(Fan-Fan 288 ).

• TSV model: A further elaboration of the S-V has been
proposed in [57] and [60] denoted as the TSV model. In
this model, a direct path component is added based on
a two-path model and taking into account the directivity
functions of the transmitting and receiving antenna. These
references also provide a complete S-V model parameterization for office and residential environments.
• Modeling of circular polarization: The previously described models in this section are all based on linear
polarization. As already indicated in Section II, it makes
sense to incorporate the effects of circular polarization
for LOS scenarios. This can be done by weighting each
component in an impulse response with the probability
that it will experience a significant cross polarization [61].
This may lead to a significant reduction in the amplitude
of the indirect path signals [62] and as such in reduction
of delay spread as reported in [47] and [63].
• Further sophistication: To date, angular spread and clustering is only measured and modeled in the azimuth plane.
However, beamforming via ceilings etc. obviously requires
modeling of angular spread and clustering in elevation as
well. Furthermore, most research is limited to angle of arrival whereas the combination of angle of arrival and angle
of departure is also interesting. Because of the complexity
of these kind of measurements it might be practical to simulate this with calibrated ray-tracing software.
IV. SUMMARY AND CONCLUSIONS
This paper addresses the statistical characterization of indoor
radio channels operating in the 60-GHz frequency band. It includes an overview of reported channel measurement and characterization activities. Large-scale fading as well as small-scale
effects are taken into consideration.
Based on a large number of published measurement results
a generic 60-GHz indoor radio channel model is proposed for
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the large-scale fading. In addition, a large-scale fading model is
proposed for the office environment in particular. It occurs that,
with LOS, the path-loss exponent amounts to about 1.7 which
is quite similar to what is found for conventional microwave
frequencies.
As regards the characterization of small-scale effects we
considered Doppler spread, delay spread and angular spread.
From Doppler spread considerations it occurs that 60-GHz
radios that support Gbps transmission encounter “slow fading”.
Delay spread considerations reveal that rms delay spread can be
made very small, i.e., in the order of 1 ns, by using narrow-beam
antennas. In addition, a considerable amount of mispointing
can be tolerated when using fan beams. As regards angular
spread the characterization of cluster locations is performed in
order to enable optimization of beamforming algorithms and
diversity combining algorithms. Based on these measurements
a single cluster model is suggested for LOS situations.
It occurs that there is still a lack of available measurement
data in particular with respect to the residential environment
whereas the office environment might not be well representative for the home interior because of the presence of soft absorptive material of couches etc. Extensive measurement campaigns are required in this type of environment to chart out
the large-scale as well as small-scale channel properties with
in mind the uncompressed high-definition application requiring
highly-directive channels. In particular, more angle-of-arrival
data are needed, including clustering statistics. This also accounts for the office environment. Another important issue to be
addressed urgently is polarization mismatch. The likely use of
array antennas that produce linearly-polarized waves may yield
a rather undefined direction of polarization at the receiving end
whereas circular polarization may attenuate the one and only
reliable reflection too much. This issue has to be investigated
in detail, e.g., to motivate the choice between linear and circular polarization. As regards the fast download at short distance
application, the use of circular polarization seems an obvious
choice. Hence, the channel properties for this combination is
also a prime topic for future research.
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