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An exhaustive analysis of the small-scale fading amplitude in the 60GHz band is addressed for line-of-sight conditions (LOS). From
a measurement campaign carried out in a laboratory, we have estimated the distribution of the small-scale fading amplitude over
a bandwidth of 9GHz. From the measured data, we have estimated the parameters of the Rayleigh, Rice, Nakagami-m, Weibull,
and �-� distributions for the small-scale amplitudes. �e test of Kolmogorov-Smirnov (K-S) for each frequency bin is used to
evaluate the performance of such statistical distributions. Moreover, the distributions of the main estimated parameters for such
distributions are calculated and approximated for lognormal statistics in some cases.�ematching of the above distributions to the
experimental distribution has also been analyzed for the lower tail of the cumulative distribution function (CDF).�ese parameters
o
er information about the narrowband channel behavior that is useful for a better knowledge of the propagation characteristics
at 60GHz.

1. Introduction

�ere is an increasing interest in using the unlicensed 60GHz
frequency band for commercial applications because of its
capability to provide extremely high data rates beyond 5Gbps
over short distances [1–4].

�e IEEE 802.15.3c task group (TG3c) has recently
published the standard for the millimeter-wave- (mmW-)
based alternative physical layer extension for IEEE802.15.3,
that is, physical layer (PHY) and media access control layer
(MAC) speci�cations. �e IEEE 802.15.3c [5] is a standard
in the 60GHz band for wireless personal area networks
(WPAN) devices in the named wireless gigabit ethernet.
Simultaneously, the industry has created the consortium
wireless gigabit alliance, commonly called WiGig [6], which
is devoted to the development and promotion of wireless
communications in the 60GHz band. �is band o
ers the
following advantages: (i) huge and readily available spectrum
allocation with 7GHz in both USA and Japan and 9GHz
in Europe, (ii) dense deployment and high frequency reuse,

and (iii) reduced size of devices due to the small wavelength
[2]. �e output power of 60GHz devices is mainly limited
to 10mW due to regulations. Moreover, the free space losses
in the 60 GHz band are considerably higher than those in
the microwave band. �us, the mmWWPAN devices will be
designed to operatemainly in short-range line-of-sight (LOS)
environments.

Since high data rates available in the IEEE 802.15.3c stan-
dard are achieved with multiple-input and multiple-output
(MIMO) techniques [5], it is of paramount importance to
characterize adequately the propagation channel in such
band.

Several measurement campaigns have been carried out
to model adequately the propagation channel at the 60GHz
band [7–15]. In [7], a stochastic channel model has been
derived from measurements conducted in o�ce, private
house, library, and laboratory environments. �e Triple-S
and Valenzuela (TSV) statistical model has been proposed
in [8] for the mmW band from the well-known Saleh and
Valenzuela (SV) model. A modi�ed SV model has been
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derived in [9] where the deterministic two-path model is
extended to a statistical two-path model by introducing
random variables for the antenna position and merging with
the conventional SV model which is suitable to express
non-line-of-sight (NLOS) path components. In [10], power
delay pro�les (PDPs) and power angle pro�les (PAPs) have
been measured in various indoor and short-range outdoor
environments.�ese experimental functions have been com-
pared to results provided with image based on ray tracing
techniques, by separating the multipath components (MPCs)
in angle of arrival (AOA) and time of arrival (TOA). Mea-
surements in a modern o�ce block addressed to characterize
the path loss were carried out in [11]. In [12], Smulders has
reviewed the statistical description of an extensive number of
measurements campaigns and channel modeling published
previously.

As a result of some of such works, the TG3c channel
modeling subcommittee released a report where a compre-
hensive channel model is presented based on measurements
conducted in several environments [16].

�e high speed interface (HSI) mode of the IEEE
802.15.3c standard is designed for devices with low-latency
and bidirectional high-speed data and uses orthogonal fre-
quency domain multiplexing (OFDM) [5]. Since the guard
interval in the OFDM-HSI mode is higher than the root
mean square (rms) delay spread in the majority of indoor
environments [7, 10, 11], an accurate characterization of the
narrowband channel is required for the 60GHz frequency
band.

Concretely, small-scale fading analyses in the 60GHz
have been addressed in some works to characterize the
received amplitude [12–14]. In [13], the small-scale amplitude
in LOS measurements conducted in three corridors of an
o�ce block with a bandwidth of 1 GHz was modeled as a
Rice distribution. Values of mean and standard deviation of
the Rice �-factor have been reported for two antenna types:
an open-ended waveguide (OWG) and lens. �e small-scale
amplitude has been found to follow a Rayleigh distribution in
an urban environment with ranges up to 400m [14].

In spite of the numerous researches’ e
orts, an extensive
study of the small-scale fading amplitude in the 60GHz
frequency band remains still open in the technical literature.
Furthermore, the performance ofMIMO techniques depends
strongly on the multipath characteristics of the signal at the
receiver device.�erefore, an exhaustive analysis of the fading
phenomenon in the 60GHz band is vital for the deployment
of such systems.

In this paper, we will address an extensive study of the
fading distribution in the 60GHz band with LOS conditions
from a measurement campaign carried out in a laboratory.
�e small-scale amplitude of the received signal is modeled
as distributions proposed in the literature for modeling
the fading amplitude: Rayleigh, Rice, Weibull, Nakagami-m,
and �-� distributions. Recently, several distributions have
been proposed to model the small-scale fading in LOS
condition [17, 18]. Nevertheless, to the best of the authors’
knowledge, no estimators have been derived for the two-wave
with di
use power (TWDP) fading distribution proposed in
[17]. In [18], the estimators of the �-� fading distribution
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Figure 1: Map of measurements.

are calculated by using the method of moments with the
moments of orders 4th and 6th. It is well known that the
higher the order of moments used in themethod of moments
is, the poorest performance of such estimators is. �erefore,
we have not analyzed both distributions in this paper. From
experimental data, we have obtained the best-�t distribution
and the distribution of the parameters inferred for Rayleigh,
Rice, Weibull, Nakagami-m, and �-� distributions.

�is paper is organized as follows: �rstly, the measure-
ment campaign and the measuring setup are exposed in
Section 2. In Section 3, the estimators of the distributions
used to model the small-scale fading are presented. Next,
Section 4 includes the results of the best-�tting distributions.
Finally, the conclusions are discussed in Section 5.

2. Measurement Setup

Measurements have been performed in a laboratory of the
Universidad Politécnica de Cartagena, Spain. �e scenario
consists of a room of dimensions approximately 4.5 × 7 ×
3m and it is furnished with several closets, desktops, and
computers. �e walls are made of plasterboard, whereas the
�oor is made of concrete. Figure 1 shows a top view of the
room where measurements have been performed.

�e channel sounder is based on the vector network
analyzer (VNA) Rhode ZVA67, which has a dynamic range
of 110 dB at 60GHz. A resolution bandwidth of 10Hz has
been used and the band is 57–66GHz. Both ports have
V/1.85mm female connectors. �e antennas used in the
measurements have a 5 dBi gain (manufacturer: Q-par 55
to 65GHz omnidirectional antennas with V/1.85mm type
connector). A scheme of the channel sounder can be found
in Figure 2.

�e receiving antenna (Rx) is connected to the receiving
port of the VNA using a 2m coaxial cable, while the signal
of the transmitting port of the VNA is twice ampli�ed before
being connected to the transmitter antenna (Tx), with a total
length cable of 6.5m (4m+ 2m+ 0.5m).�e reference of the
two 25 dB ampli�ers is HXI HLNA-465. �e insertion losses
of the cable are around 6 dB/m at 66GHz. �e polarization
of antennas is vertical. For each combination of the Tx/Rx,
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Figure 2: Scheme of the channel sounder.

we use virtual arrays by means of a linear positioning
system moved by a C4 controller, and measurements can be
distinguished into two groups.

Tx1-2 (corresponding to Rx1-2): in this case, the trans-
mitter is placed in a bidimensional virtual array, uniform
rectangular array (URA) 2D positioner, while the receiver
uses a unique position.

Tx3-6 (corresponding to Rx3-6 each): both the transmit-
ter and the receiver use uniform linear array (ULA).

�e ULA are oriented in the �-axis corresponding to
Figure 1. �e URA are oriented in the �- and �-axes.

More details can be found in Table 1. �e space between
positions is 2mm in both ULA and URA. �e measurement
process is controlled by a Matlab-based so�ware executed
from a laptop, which is connected to the VNA by a local
area network (LAN) and to the C4 controller by a RS232
connection.

Each con�guration has a bandwidth of 9GHz and num-
ber of equal space frequency points, which are also summa-
rized in Table 1.�e transmitted power by the VNAwas set to−10 dBm (in order not to saturate the �rst ampli�er), giving
a dynamic range of more than 100 dB at 66GHz; that is, all
of the cable attenuation is compensated by the two ampli�ers
and themeasurement is calibrated using the throughmethod.
During the measurement process, nobody was in the room,
so the channel can thus be considered as stationary. All
of the measurement process has been carefully checked by
analyzing the frequency response and by measuring the LOS
component in the time domain. An analysis of the path-loss,
correlation coe�cients, and throughput in such scenario is
carried out in [19].

3. Estimators of the Small-Scale
Fading Distribution

In this section, estimators of themost employed distributions
for small-scale modeling are described besides both the
probability density functions (PDFs) and the cumulative
distribution functions (CDFs). �e Rayleigh, Rice, Weibull,

Nakagami-m, and �-� distributions can adequately charac-
terize di
erent fading conditions.

�ere are several methods to estimate parameters in
distributions. �e maximum likelihood estimation (MLE)
is superior to the other estimation methods. Nevertheless,
the derivation of MLE estimators cannot be straightforward
[20]. For instance, a scalar nonlinear equation system is
obtained in MLE method for the �-� distribution without a
single solution. �e method of moments (MM) provides in
many distributions consistent estimators and the estimating
equations are simple in many situations [20]. For the �-�
distribution and Nakagami-m distributions, we have used
the log-moments method, since it o
ers more superior
performance than MM.

Let � be the instantaneous received �eld strength ampli-
tude expressed in V/m. �us, the received �eld strength in
dBV/m is given by 	 = 
 ln �, where


 = 20
ln 10 . (1)

From themeasurements records, we assume a sample size
of�.�us, ��, 	�, � = 1, . . . , � correspond to each observation
in linear and logarithmic units, respectively. �e sample th
raw moments of � and 	 are de�ned as

�̂��� = 1�
�∑
�=1
��� , (2)

�̂��� = 1�
�∑
�=1
	�� , (3)

respectively. We can calculate the sample th central
moments of � and 	 as

�̂�� = 1�
�∑
�=1
(�� − �̂��1)�, (4)

�̂�� = 1�
�∑
�=1
(	� − �̂��1)�. (5)
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3.1. Rayleigh Distribution. If both the inphase and quadrature
components of the complex baseband received signal follow
a Gaussian distribution with 0 mean and standard deviation�, then the amplitude of the received signal �, is a Rayleigh
random variable (RV). �is situation frequently occurs in
the NLOS case, where the real and imaginary parts of the
MPC ful�ll these conditions since they are composed of
the sum of a large number of waves. �us, the sum of
enough independent RVs provided the fact that no one of
the RV dominates very closely to a normal distribution [21].
Nevertheless, the Rayleigh distribution has been extensively
used to model the small-scale received amplitude in several
environments due to its simplicity.

Assuming that � follows a Rayleigh distribution, the PDF
of � is given by

� (�) = ��2 exp(− �22�2) , � ≥ 0, (6)

where � = √�[�2]/2, denoting �[⋅] expectation.
Likewise, the PDF of 	 can be written as

� (	) = 1
�2 exp(2	
 − �2�/�2�2 ) , −∞ < 	 < ∞, (7)

where 
 is given by (1).
�e CDF in linear and logarithm units are given by

� (�) = 1 − exp(− �22�2) , � ≥ 0, (8)

� (	) = 1 − exp(−�2�/�2�2 ) , −∞ < 	 < ∞, (9)

respectively.
Using the MLE method, � can be estimated from the

samples ��, � = 1, . . . , � as

�̂ = √12 �̂��2 . (10)

3.2. Rice Distribution. In LOS situations, very o�en the
received signal is composed of randomMPCs, whose ampli-
tude is described by the Rayleigh distribution plus a coherent
LOS component which has essentially constant power. �e

power of this component, denoted by ]2, is frequently higher
than the total multipath power, symbolized as 2�2.

Hence, the PDF of a Rice distribution can be expressed as

� (�) = ��2 exp(−�
2 + ]
2

2�2 ) �0 ( ]��2 ) , � ≥ 0, (11)

where �	(⋅) is the modi�ed Bessel function of the �rst kind
with order ![22, 8.406].

�e Rice factor, �, extensively used in radio propagation
is de�ned as

� = ]
2

2�2 , (12)

which represents the ratio between power of the coherent
LOS component and the power in the other scattered MPCs.

�e PDF of 	 is expressed as

� (	) = 1
�2 exp(2	
 − �2�/� + ]
2

2�2 ) �0 (]��/��2 ) ,
−∞ < 	 < ∞,

(13)

where 
 is given by (1).
�e CDF of � and 	 can be written as

� (�) = 1 − "( ]� , ��) , � ≥ 0, (14)

� (	) = 1 − "( ]� , exp (2	/
)� ) , −∞ < 	 < ∞, (15)

respectively, where"(!, %) = ∫∞� � exp(−(�2+!2)/2)�0(!�)'�
is the Marcum " function [23].

In [24], an e�cient algorithm to estimate the * and �
parameters of the Rice distribution with the MM has been
derived using the sample mean and the sample standard
deviation. �is recursive algorithm de�nes the function

- (3) = √7 (3) (1 + �2) − 2, (16)

where

7 (3) = 2 + 32 − ;8 exp(−322 )[(2 + 32) �0 (324 )
+32�1 (324 )]

2,
� = �̂��1�̂�2 .

(17)

From a starting point of iteration 30 > 0, we recursively
evaluate -�(30) = -(-(⋅ ⋅ ⋅ -(30)))⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

� times

until |-�(30) − 3�−1| ≤
Δ, where Δ is the required accuracy. From this point, the
parameters of the Rice distribution can be calculated as

�̂ = √ �̂�27 (3�) , (18)

]̂ = √�̂�2�1 + (7 (3�) − 2) �̂2, (19)

where 3� = -�(30) has been obtained in the �th iteration. Note
that the minimum theoretical value of � is √;/(4 − ;) that
corresponds to a Rayleigh distribution; that is, * = 0. Hence,
if � < √;/(4 − ;), then * is �xed to 0, and from (11) the
estimated distribution becomes Rayleigh.

3.3. Nakagami-m Distribution. In several environments, the
Rayleigh and Rice distributions cannot characterize satis-
factorily the behavior of the received signal amplitude. For
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instance, if two paths are of comparable power and are
stronger than all the others, the amplitude signal does not �t
neither Rice nor Rayleigh distributions.

�e Nakagami-m distribution [25] assumes that the
received signal is a sum of vectors with random magnitude
and random phases with less restriction than both the Rice
and Rayleigh distributions, thus providing more accuracy in
matching experimental data than the use of such distribu-
tions [26].

�e PDF of the Nakagami-m distribution in linear and
logarithmic units is given by

�� (�) = 2Γ (I)(IΩ)��2�−1 exp(−I�2Ω ) ,
� ≥ 0, I > 12 ,

�� (	) = 2
Γ (I)(IΩ)� exp(2I	
 − I�2�/�Ω ) ,
−∞ < 	 < ∞,

(20)

where 
 is given by (1), Ω = �[�2], Γ(⋅) is the gamma

function [22, (8.310)], and I = Ω2/var(�2) is the fading
parameter which provides information about the severity of
fading, being var(⋅) the variance operator. For I = 1, the
Nakagami-m becomes a Rayleigh distribution. Compound
small-scale fading and shadowing amplitudes can bemodeled
with Nakagami-m distributions with 1/2 < I < 1. �at
is why the standard deviation of the logarithmic amplitude
distribution exceeds the maximum theoretical value for a
small-scale distribution of 5.57 dB which corresponds to the
Rayleigh fading distribution (I = 1). Note that the smaller
fading parameter,I, the higher standard deviation of the log
distribution. If we assume that the small-scale and shadowing
distribution are independent processes, the variance of the
log composite distribution is the sum of the variance of the
log small-scale and the log shadowing distributions.

We can easily calculate the CDF of the Nakagami-m in
linear and logarithmic units as

�� (�) = L (I, (I/Ω) �2)Γ (I) , � ≥ 0, (21)

�� (	) = L (I, (I/Ω) exp (2	/
))Γ (I) , −∞ < 	 < ∞, (22)

where L(!, %) = ∫�0 M	−1 exp(−M)'M is the lower incomplete

gamma function [22, (8.350)].
In [27, 28], an approximation of the log-momentsmethod

forI was derived as

Î = 4.4
√�̂�2 +

17.4�̂1.29�2 ,
Ω̂ = �̂��2 ,

(23)

where �̂��2 and �̂�2are the second sample raw moment of �
given by (2) and the second sample central moment of 	 given
by (3), respectively.

3.4. Weibull Distribution. �e Weibull distribution has been
used to model fading amplitudes mainly in indoor envi-
ronments [29, 30] where the separation of the small-scale
and long-term fading is frequently cumbersome and this
distribution can �t well the measurements.

�e PDF of the Weibull distribution in both linear and
logarithmic units is given by

�� (�) = ��−1Ω exp(− �Ω) , � ≥ 0, � > 0, (24)

�� (	) = 1
 �	−1Ω exp( �
	 − 1Ω ��/�) , −∞ < 	 < ∞,
(25)

where 
 is given by (1) and � and Ω are the shape and scale
parameters of the Weibull distribution, respectively.

From (24) and (25), we can easily obtain the CDF of the
Weibull distribution in both linear and logarithmic units as

�� (�) = 1 − exp(− �Ω) , � ≥ 0, (26)

�� (	) = 1 − exp(−�(/�)�Ω ) , −∞ < 	 < ∞. (27)

�e Weibull distribution turns into the Rayleigh distri-
bution for � = 2. Composite small-scale and shadowing
distributions can be modeled as Weibull distributions with0 < � < 2.

Combining the methods of log-moments and moments,
we can easily estimate the parameters of theWeibull distribu-
tion as [30]

�̂ = 
;√6 1
√�̂�2 =

11.14
√�̂�2 ,

Ω̂ = �̂��1Γ (1 + 1�)
, (28)

where �̂��1 and �̂�2 are the �rst sample raw moment of � given
by (2) and the second sample central moment of 	 given by
(3), respectively.

3.5. �-� Distribution. Recently, in [31], Yacoub proposed the
use of the �-� or generalized gamma distribution to model
the fading in nonlinear environments where the surfaces
which cause di
use scattering are correlated spatially. Nev-
ertheless, this distribution had been employed previously in
[32] to characterize shadowed channels, that is, composed
long-term and small-scale fading e
ects.�emain advantage
of the �-� distribution is its mathematical simplicity and
versatility even though it includes important distributions as
gamma, Nakagami-m, one-side Gaussian, and Rayleigh as
particular cases.
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�e PDF of the �-� distribution in linear units can be
written as

�� (�) = �����−1Ω�Γ (�) exp(−� �Ω) ,
� ≥ 0, � > 0, � > 0,

(29)

where � is a parameter which controls the linearity, � =�2[�]/var(�), and Ω = �√�[�]. For � = 2, the �-�
distribution becomes a Nakagami-m distribution. If � =2 and � = 1, the �-� distribution turns into a Rayleigh
distribution. For � = 1, the �-� distribution converts into
a Weibull distribution.

From (29), the PDF of 	 is obtained as

�� (	) = 1
 ���	�−1Ω�Γ (�) exp (��
 	 − �Ω ��/�) ,
−∞ < 	 < ∞,

(30)

where 
 is given by (1).
We can calculate the CDF of � and 	 as

�� (�) = L (�, (�/Ω) �)Γ (�) , � ≥ 0, (31)

�� (	) = L (�, (�/Ω) exp ((�/
) 	))Γ (�) , −∞ < 	 < ∞. (32)

In [33], an estimation of such parameters has beenderived
based on the log-moments method as

�̂ =
{{{{{{{{{{{{{{{{{

V̂2 + 12 V̂ ≤ −2.85−0.0773V̂4 − 0.6046V̂3 − 0.7949V̂2−2.4675V̂ − 0.9208 −2.85 < V̂ ≤ −0.6−132.8995V̂3 − 232.0659V̂2−137.6303V̂ − 27.3616 −0.6 < V̂ < −0.5,
(33)

�̂ = 
√Y� (�̂)�̂�2 , (34)

Ω̂ = �√� [�̂], (35)

where

V̂ = �̂3/2�2�̂�3 ,
� [�̂] = 1�

�∑
�=1
�� ,

(36)

Y�(�) = ^Y(�)/^� = ^2 ln Γ(�)/^�2 is the polygamma
function of �rst order [34, (6.4.1)], and �̂�2 and �̂�3 are the
sample central moments of second and third order of 	,
calculated as (5).

4. Results

In this section, we present results of the fading amplitude
distributions for the six measurements shown in Table 1 with
positions depicted in Figure 1. Firstly, the main parameters
of each measurement such as the coherence bandwidth,
rms delay spread, and mean delay are calculated. Next, the
statistical Kolmogorov-Smirnov (K-S) test is used to evaluate
the goodness-of-�t of the above distributions, and �nally we
obtain the distribution of the most important estimators for
such distributions. Finally, we have analyzed the matching
of the estimated distributions in their lower tails to the
experimental distribution.

4.1. Main Wideband Parameters. �e principal wideband
parameters for each measurement have been included in
Table 2. Both mean excess delay and rms delay spread
have been calculated from the measured power delay pro�le
(PDP). To mitigate the noise e
ect on the rms derivation, we
have considered a threshold level of 10 dB above the noise
level �oor. Since the rms delay spreads calculated for all
the measurements are considerably smaller than 24.24 ns,
which is the guard interval in the OFDM-HSI mode [5],
the behavior of the PDP pro�le does not a
ect substantially
the performance of this mode; that is, the intersymbol
interference (ISI) is negligible.

�e coherence bandwidth has been calculated for a high
normalized frequency autocorrelation function value of 0.9;
that is, _�(Δ`) = 0.9. �e coherence bandwidths for
all measurements are larger than the subcarrier spacing of
5.15625MHz in the OFDM-HSI mode [5] except for the
measurement #4, which is around 5MHz. �erefore, we
can also ignore the time dispersion e
ect on the system
performance.

4.2. Best-Fit Distribution and Kolmogorov-Smirnov Test.
Using the estimators detailed in Section 3, we have evaluated
the inferred Rayleigh, Rice, Nakagami-m, Weibull, and �-�
distributions for each point of frequency in each measure-
ment. �ese distributions are compared to the experimental
distributions. To estimate the parameters of the Rice distri-
bution, the accuracy parameter Δ is �xed to 10−8.

In Figure 3, the PDFs of the above distributions in
logarithmic units given by (7), (13), (25), (27), and (30) are
plotted beside the experimental logarithmic PDF for the 2nd
bin (frequency of 57.002GHz) of the measurement #1. Note
that the relationship between the received power in dBm,	dBm, and the �eld strength in dBV/m, 	dBV/m, is given by

	dBm = 	dBV/m + 10 log( a2480;2) + bdB + 30, (37)

wherea is thewavelength andbdB is the receiver antenna gain
in dB.

�e �-�, Weibull, and Rice distributions match rather
well the experimental distribution. In fact, the best-�t is the
Weibull distribution in this case.

�e statistical K-S test has been assessed for these distri-
butions over all the bins of frequency in each measurement.
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Table 1: Main parameters in each measurement experiment in the 57–66GHz band.

Number of measurement Tx—Rx Number of points Positions Separation

1 1—1 4096 40 × 20 Tx; 1 Rx 3.79m

2 2—1 10001 5 × 5 Tx; 1 Rx 3.84m

3 3—2 8192 10 Tx; 10 Rx 3.40m

4 4—2 8192 10 Tx; 10 Rx 3.70m

5 5—2 8192 10 Tx; 10 Rx 2.20m

6 6—2 2048 156 Tx; 8 Rx 1.24m

Table 2: Wideband parameters in each measurement experiment.

Number of
measurement

Mean excess
delay (ns)

rms delay
spread (ns)

Coherence
bandwidth for_� = 0.9 (MHz)

1 5.8 6.09 11.5

2 3.39 5.39 6.5

3 3.48 4.8 6

4 4.9 5.4 5

5 4.58 5.2 11

6 3.03 3.74 15
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Figure 3: Probability density functions of the experimental,
Rayleigh, Nakagami-m, �-�, Weibull and, Rice distributions for the
2nd bin (frequency of 57.002GHz) of the measurement #1.

�e K-S con�dence interval used is 5%. Moreover, we have
calculated the best-�t distribution using the K-S test in each
measurement. �e best-�t distribution is calculated from the
minimum value of

max
−∞<��<∞

cccccc��experimental
(	�) − ��estimated

(	�)cccccc , (38)

where ��experimental
(	�) is the experimental logarithmic CDF

and ��estimated
(	�) is the inferred logarithmic Rayleigh, Rice,

Nakagami-m, Weibull, and �-� CDFs given by (9), (15), (22),
(27), and (32), both of them evaluated in 	�.

Table 3 shows the percentage of the best-�st for the above
distributions besides the K-S test accomplishment percentage
over all the frequency bins in each measurement.

Note that the sum of the best-�t percentages for each
measurement is 100%. In bold letters, we have highlighted the
maximum best-�t distribution of each measurement. Since
the measurements have been carried out in LOS condition,
and in accordance with [13, 14], the Rice distribution is the
most frequently best-�t distribution in the measurements
from #1 to #5. In measurement #6, the Nakagami-m is the
most frequently best-�t distribution even though the K-
S test success of 90.5% for this distribution is less than
the value of the percentage for the Rice distribution of
94.7%. Furthermore, the K-S test for the Rice distribution is
ful�lled in at least 84.4% of frequency bins in the worst case,
corresponding to the measurement #2. In measurements #3–
#5, the K-S test percentage for the Rice distribution is very
close to 100%.

4.3. Distribution of Estimated Parameters. Once the param-
eters of the Rayleigh, Rice, Nakagami-m, Weibull, and �-�
distributions are estimated from (10), (16)–(19), (23), (28),
and (34)–(36), we can obtain the distribution of the main
parameters of these distributions for each measurement.

Let L�2 and d�2 be the skewness and kurtosis of the
distribution of the parameter e de�ned as

L�2 = ��3�3/2�2 ,
d�2 = ��4�2�2 ,

(39)

respectively, where ��� is the th central moment of the
distribution ofe.�e skewness is ameasure of the asymmetry
of the PDF of a real-valued RV whereas the kurtosis is an
estimation of the “peakedness” of the PDF. A null skewness
corresponds to a symmetrical PDF.A le�-tailed PDFprovides
negative skewness and a positive skewness is obtained for
right-tailed PDFs. Note that the skewness and kurtosis of a
Gaussian distribution are equal to 0 and 3, respectively. We
can also de�ne the sample skewness, L̂�2 , and sample kurtosis,d̂�2 , of the distribution of e in the same way of (2)–(5).
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Table 3: Best-�t distributions percentages and Kolmogorov-Smirnov test accomplishment percentage for a con�dence interval of 5%.

Number of measurement 1 2 3 4 5 6�-�
K-S 5% 61 73.3 89.7 87.7 91 72.8

Best-�t 19.7 29 26.3 22.6 32.5 16.8

Rayleigh

K-S 5% 4.4 6 42.7 59.8 15.1 0

Best-�t 0.3 1.4 1.1 1.8 0.2 0

Nakagami

K-S 5% 71.3 66.4 98.3 97 98.7 90.5

Best-�t 23.6 17.6 15.9 12.7 19.1 46.2

Weibull

K-S 5% 85.3 73.1 99.5 99.4 99.6 46.8

Best-�t 18 17 15.9 18 13.7 2.2

Rice

K-S 5% 91.9 84.4 99.9 100 99.9 94.7

Best-�t 38.4 35 40.9 45 34.4 34.7

We have observed that the PDF of all the estimated
parameters is highly right-skewed. �at fact suggests that a
lognormal distribution could approximate the distribution
of some of these parameters. �erefore, we can evaluate
the skewness and kurtosis of the distribution parameters
expressed in dB.

Table 4 shows the sample log skewness, log kurtosis,
sample mean, and sample standard deviation of the main
estimated parameters of the Rice, Nakagami-m, Weibull, and�-� distributions.

Following these results, both the fading parameter, m,
of the Nakagami-m distribution and the shape parameter,�, of the Weibull distribution can be clearly modeled as a
lognormal distribution. �e Rice �-factor in dB could also
�t a Gaussian distribution in measurements #3, #5, and #6.
Nevertheless, both � and � parameters of the �-� distribution
cannot be modeled as a lognormal distribution in spite of
the PDF symmetry due to the small sample skewness values.
Figure 4 shows the PDF of the Rice �-factor in dB and the
Gaussian approximation for the measurements #1 and #5.
Since the skewness of both �-factor distributions are very
close to 0, the experimental PDFs are symmetrical. In spite of
the fact that the kurtosis of the �-factor distribution, which
is equal to 4 in the measurement #1, is slightly di
erent from
the theoretical value for theGaussian distribution that is 3, the
appearance of experimental and estimated PDFs is similar.

�e mean of the�-Rice parameter oscillates from 3.21 to
8.45 dB. �e values of the �-Rice parameter mean are equal
to or higher than 4 dB except for the measurement #4. Note
that the separation between Tx and Rx in the measurement
#4 is the highest of all the experiments and the scatterers are
closer to the Rx than the rest of the measurements.

�e mean of the Rice�-factor can be related to the mean
of the fading parameter, I, of the Nakagami-m distribution
following the method of moments as follows [35]:

I = (1 + �)21 + 2� . (40)
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Figure 4: Probability density functions of the Rice �-factor in dB
and the Gaussian approximation for the measurements #1 and #5.

From (40), the smaller Rice � parameter is, the lower fading
parameter,I, is forI ≥ 1.Mean fading parameters vary from
1.54 to 3.87. �e standard deviation of the fading parameter
is low with a maximum value of 2.06 for the measurement
#2. We can compare I, de�ned as the sample mean of the
estimated fading parameter with the log-moments method
(see Table 4), to IRice, calculated from the sample mean of
the estimated Rice �-factors using (40). Table 5 shows both
parameters and the mean of the estimated Rice � parameter
in both linear and logarithmic units.

From Table 5, it can be observed that I and IRice values
are similar with a maximum di
erence between them of 0.4
for the measurement #6.



International Journal of Antennas and Propagation 9

Table 4: Sample mean, standard deviation, log skewness, and log kurtosis of the main parameters of the estimated distributions.

Number of measurement 1 2 3 4 5 6

Rice�dB

Skewness −0.4 −0.53 −0.2 −0.8 −0.1 −0.7
Kurtosis 4 4.33 3.59 5.88 2.73 3.82

Mean (dB) 4 5.46 4.97 3.21 7.36 8.45

St. dev. (dB) 2.04 3.1 3.01 2.23 2.21 1.68

NakagamiI
L. skew. 0.53 0.46 0.65 0.52 0.24 −0.4
L. kurtosis 3.24 3.46 2.88 3.24 2.71 3.06

Mean 1.71 2.52 2.27 1.54 3.28 3.87

St. dev. 0.53 2.06 1.32 0.45 1.61 1.3

Weibull�
L. skew. 0.55 0.15 0.43 0.33 0.01 −0.6
L. kurtosis 2.94 2.78 2.53 3.01 2.63 3.36

Mean 2.88 3.53 3.35 2.7 4.23 4.71

St. dev. 0.55 1.2 1.08 0.51 1.13 0.9�-��
L. skew. 1.05 0.54 0.81 0.84 0.62 2.1

L. kurtosis 3.96 5.36 4.69 3.47 5.3 10.4

Mean 5.58 4.31 4.73 4.97 4.72 4.34

St. dev. 5.22 5.81 5.58 5.27 6.07 3.71�
L. skew. −0.3 0.61 0.33 −0.2 0.41 −0.8
L. kurtosis 3.84 6.45 6.13 4.48 5.95 5.34

Mean 0.86 23.22 15.7 2.41 10.3 1.78

St. dev. 1.02 1.2 ⋅ 103 875 72.4 186 1.37

Table 5: Sample mean of the Rice �-factor in logarithmic units and linear units. Sample mean of the fading parameter and mean of fading
parameter calculated from the Rice �-factor.

Number of measurement 1 2 3 4 5 6

Rice
�dB Mean (dB) 4 5.46 4.97 3.21 7.36 8.45� Mean 2.51 3.51 3.14 2.09 5.44 6.99

Nakagami
I Mean 1.71 2.52 2.27 1.54 3.28 3.87IRice Mean 2.05 2.54 2.35 1.85 3.49 4.27

Figure 5 shows the PDF of the fading parameter in dB,10 logI, and the Gaussian approximation for the measure-
ments #2 and #5. In spite of the fact that the kurtosis value
of 10 logI for the measurement #2 is not so di
erent from
3, the di
erence between the experimental and the Gaussian
PDFs is not negligible due to the signi�cant value of skew-
ness of 0.46 which provides a right-tailed or right-skewed
experimental PDF. Similar conclusion can be extracted for
the fading parameter distribution of the measurement #5.

�e mean of the shape parameter, �, of the Weibull dist-
ribution oscillates from 2.7 to 4.71. On the one hand, the dis-
tribution is very di
erent from theRayleigh distribution since
the mean of � is substantially higher than 2. On the other

hand, the long-term fading is negligible in ourmeasurements,
since the standard deviation of the distribution in logarithmic
units is considerably smaller than 5.57 dB which is the value
for the logRayleigh distribution (� = 2).�ehigher� value of
the Weibull distribution is, the smaller standard deviation of
the logarithmic Weibull distribution is. A composite small-
scale and log-term fading logarithmic distribution usually
reaches a standard deviation that exceeds 5.57 dB which
corresponds to estimated � values of theWeibull distribution
lower than 2. �e standard deviation of the � parameter
of the Weibull distribution is low varying from 0.51 to 1.2.
For the �-� distribution, we have obtained considerably high
standard deviations of the � estimated parameter. �erefore,
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Table 6: Mean and standard deviation of the di
erence between the relative received power of the estimated CDFs and the relative received
power of the experimental CDF for the same value of the CDF, � = 10−1, in the measurements #1 and #6.

Distribution �-� Rayleigh Nakagami Weibull Rice

Measurement #1
Mean (dB) 0.088 −3.12 −0.396 −0.16 0.135

Standard deviation (dB) 0.369 1.137 0.34 0.315 0.368

Measurement #6
Mean (dB) 0.031 −4.39 −0.16 −0.022 0.053

Standard deviation (dB) 0.228 0.861 0.1814 0.1516 0.1215
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Figure 5: Probability density functions of the fading parameter in
logarithmic units, 10 logI, and the Gaussian approximation for the
measurements #2 and #5.

the stability of this estimated parameter is substantially small.
Nevertheless, the variation of the mean of the � estimated
parameter for the �-� distribution is not considerable since
it oscillates from 4.31 to 5.58.

4.4. Lower Tail of the Distributions. In the analysis of per-
formance in wireless communication systems, the lower tail
of the distribution in�uences substantially the parameters,
such as the outage probability, the bit error rate (BER),
and the symbol error rate (SER), for high average signal-to-
interference ratios.�at is why the matching of the analytical
distributions considered in this paper to the experimental
distribution in the lower tails has been deeply analyzed in this
subsection.

We have de�ned a relative received power, 	experimental,
for a given value of the experimental CDF, �, which can be
written as

��experimental
(	experimental) = �. (41)

�e relative received power for the Rayleigh, Rice,
Nakagami-m, Weibull, or �-� estimated CDFs, 	estimated, for
the same value of the CDF, �, is given by

��estimated
(	estimated) = �. (42)
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Figure 6: Cumulative distribution of the 2nd bin of frequency
(57.00488GHz) in the measurement #6. �e di
erence between
the relative received power of the estimated CDF and the relative
received power of the experimental CDF for the same value of the
CDF, � = 10−1, is shown for the Rayleigh distribution.

Let Δ� be the di
erence between the relative received power
of the estimated CDF and the relative received power of the
experimental CDF for the same value of the CDF, �, de�ned
as

Δ� = 	estimated − 	experimental

ccccc�. (43)

In Figure 6, Δ�=10−1 is shown for the Rayleigh distribution
in the measurement #6 and the 2nd bin of frequency
(57.00488GHz).

Since the number of samples of each observation is not
high, we cannot calculate Δ� for low values of �, provided
that the experimental CDF is not stable for such low values
as it can be observed in Figure 6. We can only evaluate this

parameter for� = 10−1 in themeasurements #1 and #6, where
the number of samples per record is signi�cantly high.

In Table 6, the mean value Δ�=10−1 and the standard
deviation of Δ�=10−1 are calculated for the measurements #1
and #6.

Surprisingly, the best-�t distribution for the low tails is
not the same as the best-�t distribution using the K-S test
for both measurements. In the measurement #1, the best-�t
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distribution for the low tails is the �-� instead of the Rice
distribution obtained with the K-S test. In the same way, the
best-�t distribution for the low tails is the Weibull instead of
the Nakagami-m distribution calculated using the K-S test in
the measurement #6.

5. Conclusions

In this work, an extensive study of the small-scale amplitude
distribution in the 60GHz band has been carried out for
a LOS laboratory environment. Parameters of the Rayleigh,
Rice, Nakagami-m, Weibull, and �-� distributions have been
estimated and such inferred distributions are compared to the
experimental distribution using the Kolmogorov-Smirnov
test. �e Rice is the best-�t distribution followed by the �-�
and Nakagami-m distributions using the K-S test. However,
the best-�t distributions for the low tails do not agree to
the best-�t distributions obtained using the K-S test in the
measurements #1 and #6. �e K-S test for a con�dence
interval of 5% is ful�lled in over 84.4% of frequency bins for
the Rice distribution in the worst-case experiment. From the
calculation of the skewness and kurtosis of the logarithmic
distribution, we have observed that both the Weibull shape
parameter and the Nakagami-m fading parameter can be
modeled as a lognormal distribution with small standard
deviations, with maxima of 1.2 and 2.06, respectively.
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