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ABSTRACT If a wireless channel is said wide-sense stationary (WSS), the mean and autocorrelation of its
small-scale fading are position invariant. This occurs when the channel is rich in propagation paths – their
complex summation averages out any position-specific characteristics. Extensive measurement campaigns
have validated the microwave channel to be WSS – it is inherently rich in diffracted paths, the 1G to 4G
systems that operate there employ omnidirectional antennas which detect paths from all directions, and
the systems feature narrow bandwidths which sum paths over long sample periods. Popular millimeter-
wave (mmWave) channel models assume the channel is WSS without measurement-based validation even
though the channel is inherently sparse due to weak diffraction, and the 5G systems that operate there
employ pencilbeam antennas and feature ultrawide bandwidths. In fact, a recent measurement campaign
showed the 60 GHz channel is non-WSS at narrow beamwidths and wide bandwidths, however the
campaign considered only one measured channel and only a discrete set of beamwidths and bandwidths.
For comprehensive analysis, in this paper we measured 88 channels over three indoor and two outdoor
environments with our 60 GHz channel sounder and varied the beamwidth and bandwidth continuously
to find the crossover points when the channel transitions from WSS to non-WSS.

INDEX TERMS 60 GHz, mmWave, fast fading, small-scale fading.

I. INTRODUCTION

SMALL-SCALE fading refers to fluctuation in the
magnitude of the channel response that results from the

complex summation of propagation paths. Specifically, as the
transmitter (TX), receiver (RX), or any ambient scatterers
move, the path lengths change, effecting oscillation in their
phase and in turn positive and negative wave interference.
Since the fading occurs over the displacement of just wave-
lengths, it is often referred to as fast fading. When many
paths are detected, the complex summation averages out the
displacement-specific characteristics, yielding a channel that
is wide-sense stationary (WSS), for which the mean and
autocorrelation of its small-scale fading are displacement1

1. Some papers express small-scale fading as a function of time rather
than displacement [1], [2], [3]. In reality, small-scale fading arises from
displacement of the TX, RX, or any ambient scatterers, which happens to
manifest itself over time as well. But without displacement, there would be
no small-scale fading and so measuring it over time in this case would be
incorrect. As such, in this paper we measure it by varying displacement,
as other papers do [4], [5], [6], [7], [8].

invariant. The assumption of wide-sense stationarity in pop-
ular channel models for 1G to 4G systems, which operate in
the microwave bands, has been validated through extensive
measurement [9], [10], [11], [12]. Unfortunately, the assump-
tion was ported to 5G models [13], [14], [15], [16], [17], [18],
[19] even for new millimeter-wave (mmWave) bands without
such validation; in fact, a recent measurement campaign at
60 GHz by Iqbal has demonstrated otherwise [4], [5].
There are three main reasons why the microwave chan-

nel is WSS and the mmWave channel may not be. Firstly,
the mmWave channel is inherently sparse due to weak
diffraction [20], [21], so fewer paths will be detected in
the complex summation [4], [20], [22]. Secondly, to com-
pensate for the greater pathloss at mmWave, systems will
employ directional antennas with beamwidths on the order
of degrees – so-called pencilbeams – thanks to their high
gains. The pencilbeams act as spatial filters, significantly
attenuating paths that fall outside the beamwidth, reducing
yet further the detected paths. Finally, 5G bandwidths will
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FIGURE 1. Photograph of the transmitter and receiver (labeled in orange) of our 60 GHz 3D double-directional switched-array channel sounder collecting measurements in a
Laboratory environment. Some of the persistent scatterers detected in the environment are labeled in white.

be on the order of hundreds or even thousands – rather than
tens – of MHz, so the RX sample period will increase dras-
tically. Consequently, the number of paths arriving within a
single delay sample will be significantly less [23].
The paper by Iqbal is of notable impact because, to our

knowledge, there is no other measurement-based validation
of mmWave wide-sense stationarity to date. Although the
paper demonstrates a counterexample, it lacks comprehensive
analysis: only three beamwidths (15◦, 30◦, and 360◦) specific
to the different channel sounders used for measurement were
considered, yet mmWave antennas can have beamwidths as
narrow as 3◦ [24]; analogously, only nine discrete band-
widths (from 10 MHz to 4 GHz) were considered. Finally,
only one channel – from a single scatterer (a wall) in a
single environment (a laboratory) – was considered.
To fill this void, in this paper we conduct a comprehensive

analysis of mmWave wide-sense stationarity, implementing
two significant improvements:

1. Rather than consider the channel measured from a
single scatterer in a single environment, we con-
sider the channel from 88 scatterers over three indoor
and two outdoor environments measured with our
high-precision 60 GHz 3D double-directional channel
sounder;

2. Rather than analyzing only three discrete beamwidths
and nine discrete bandwidths, we vary the beamwidth
and bandwidth continuously – using the same chan-
nel sounder for more trustworthy results – and rather
than rendering a binary decision of WSS or non-
WSS for each combination, we compute the crossover
beamwidth and crossover bandwidth when the channel
transitions from WSS to non-WSS.

The rest of the paper is developed as follows: Section II
describes our channel sounder and measurement campaign.

In Section III, the measurements are processed into
beamwidth- and bandwidth-dependent channel impulse
responses, which are analyzed in Section IV to determine
the crossover beamwidth and crossover bandwidth when the
channel transitions from WSS to non-WSS; comprehensive
results of the crossover points are also compiled in this
section. The final section is reserved for conclusions.

II. CHANNEL MEASUREMENTS
Channel measurements were collected using our 60 GHz
3D double-directional switched-array channel sounder [25],
pictured in Fig. 1. The RX features a spherical array of
16 scalar feed horn antennas with 22.5◦ beamwidth, together
synthesizing a 360◦ field-of-view (FoV) in azimuth and 45◦
in elevation. The TX is almost identical except that it fea-
tures a hemispherical array of only eight horns, limiting the
azimuth FoV to 180◦.

At the TX, an arbitrary waveform generator produces a
repeating M-ary pseudorandom (PN) codeword with 0.5 ns
chip duration, corresponding to 2 GHz bandwidth. The code-
word is upconverted to precisely 60.5 GHz and then radiated
by a horn. At the RX, the response received by a horn is
downconverted back and then sampled at 40 Gsamples/s.
Finally, the sampled response is matched filtered with the
codeword to generate a complex-valued channel impulse
response (CIR) as a function of delay. The codeword is elec-
tronically switched through each pair of TX and RX horns in
sequence, resulting in 8 x 16 = 128 CIRs, which is referred
to as an acquisition. An optical cable between the TX and
RX is used for synchronous triggering and phase coherence.
When factoring in TX power, antenna gains, codeword pro-
cessing gain, system noise, and remaining components of
the link budget, the maximum measurable path loss of the
system is 162 dB.
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TABLE 1. Environment traits.

The 128 CIRs per acquisition are coherently combined
through the SAGE super-resolution algorithm [26], [27]
to extract channel paths and their properties. The out-
put from SAGE for the acquisition at some displacement
d is N channel paths indexed through n, together with
path properties in a six-dimensional space: complex ampli-
tude αn(d), delay τn(d), and 3D double-directional angle
θn(d) = [θTX,A

n (d), θTX,E
n (d), θRX,A

n (d), θRX,E
n (d)], where

TX, RX, A, and E denote angle-of-departure (AoD) from
the TX, angle-of-arrival (AoA) to the RX, azimuth, and
elevation, respectively.
Measurements were collected in three indoor environments

– Laboratory, Lobby, and Lecture Room – and two out-
door environments – Pathway and Courtyard. The principal
construction materials and the horizontal dimensions of the
environments are shown in Table 1. In each environment,
four scenarios with two large-scale TX locations and two
large-scale RX locations were investigated, for a total of
20 scenarios altogether. The range of the large-scale distance
between the TX and RX per environment are also shown
in Table 1. Line-of-sight (LoS) conditions were maintained
throughout. The TX was mounted on a fixed tripod at 1.6 m
height. To measure small-scale fading by varying displace-
ment, as is done in [4], [5], [6], [7], [8], the RX was mounted
on a 90 cm rail (linear positioner) whose translation was par-
allel to the ground, also at 1.6 m height. The measurement
per scenario consisted of 1801 channel acquisitions as the
RX was translated, with small-scale displacement of 0.05 cm
between each acquisition (ten samples per wavelength chan-
nel is WSS) indexed as d = 0 cm. . . 90 cm. It required about
30 minutes to capture all 1801 acquisitions, so static chan-
nel conditions were maintained for the whole duration (no
pedestrian, vehicular motion, etc.). Fig. 2(a) shows the paths
extracted from one acquisition in the Laboratory.

III. BEAMWIDTH- AND BANDWIDTH-DEPENDENT CIR
In Iqbal’s work [5], the CIR was acquired by mechanically
steering the TX and RX antennas towards a scatterer that
was identified a priori. Out approach is similar, but instead
of a single CIR, 128 CIRs were acquired and coherently

combined to extract distinct channel paths. Synthetic anten-
nas with variable beamwidth and a transmitted codeword
with variable bandwidth were then applied to the extracted
paths to reconstruct a beamwidth- and bandwidth- dependent
CIR. The advantage of our approach is four-fold:

1) The synthetic antennas are steered towards persistent
scatterers identified a posteriori from the acquisitions,
rather than identifying presumptive scatterers a priori.

2) The synthetic antennas are constantly steered to realign
with the angle of the scatterer as the RX moved along
the rail, in contrast to alignment only at the first dis-
placement on the rail (misalignment along the rail
distorts the CIR due to antenna gain off boresight).

3) Rather than analyzing the wide-sense stationarity of
just three discrete beamwidths (15◦, 30◦, 360◦), we
vary the beamwidth continuously from 360◦ down to
1◦ to determine the crossover beamwidth when the
channel transitions from WSS to non-WSS;

4) Rather than analyzing the WSS of just nine discrete
bandwidths (from 10 MHz to 4 GHz), we vary the
bandwidth continuously from 10 MHz up to 2 GHz to
determine the crossover bandwidth when the channel
transitions from WSS to non-WSS.

In this section, we explain how to reconstruct the
beamwidth- and bandwidth-dependent CIRs from the
extracted paths.

A. PERSISTENT PATHS
Diffuse scattering at mmWave originates from ambient
objects on the order of wavelengths in size – from objects
that are inherently small, or from large objects with rough
surfaces, with tiny intricacies, etc. The resultant diffuse paths
tend to be weak – but numerous – collectively comprising up
to 47% of the total received power [28], [29], [30]. Because
they vary in path gain, delay, and angle over just fractions of
a wavelength, the total number of paths N extracted in turn
varies along the rail, despite a length of only 90 cm. Table 1
contains the mean and standard deviation of N along the rail
per environment. The mean number is greater indoors due to
more clutter (more scatterers); the Laboratory, in particular,
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FIGURE 2. Channel paths extracted from a Laboratory scenario. (a) All paths are
shown, at the first displacement (d = 0 cm) on the rail, displayed in azimuth AoD vs.
azimuth AoA vs. delay. (b-d) Only persistent paths are shown, for all displacements (d
= 0 cm. . . 90 cm), labeled against the originating scatterers identified, displayed in
(b) azimuth AoD vs. displacement, (c) azimuth AoA vs. displacement, and (d) delay vs.
displacement.

is laden with metallic instruments. The mean number is
also greater indoors due to less free-space loss by virtue of
smaller dimensions (shorter path lengths), enabling detection

of more diffuse paths, in turn giving rise to greater standard
deviation. Outdoors, variation in the number of paths was
caused mostly by obstruction and scattering from foliage but
diffuse scattering from buildings was also observed.
In contrast to diffuse paths, specular paths from flat sur-

faces tend to be strong and persistent in path gain, delay, and
angle along the rail, as is the LoS path. Given their desirable
traits, these persistent paths – as we refer to them – are used
here for beam steering. The technique to robustly identify
and classify persistent paths is described in [31]. Fig. 2(b-d)
display five persistent paths, identified from all the paths
extracted from the Laboratory scenario in Fig. 2(a); the asso-
ciated scatterers are labeled in Fig. 1. The persistent paths
are displayed versus displacement to underscore how their
azimuth AoD, azimuth AoA, and delay vary gradually along
the rail. The paths vary up to a couple of degrees in AoD and
AoA (and up to a couple nanoseconds in delay), highlight-
ing the importance of constant realignment. The Toolbox,
Whiteboard, Shelf, and Far Wall exhibit more variability as
the reflected paths traverse their surfaces compared to the
LoS path that simply propagate through air. The greater vari-
ability is due to their non-flat surfaces affecting angle and
delay, and their composite materials affecting path gain. For
example, the Toolbox’s recessed face with highly reflective
door handles can be observed in Fig. 1. Note also that some
paths are not visible across the whole rail given their small
dimensions, most notably the Toolbox. Table 1 also con-
tains the average number of persistent paths per environment,
which ranged between 3.8 and 5.5.

B. BANDWIDTH DEPENDENCE
Once all the persistent paths are identified, the next step is
to reconstruct the bandwidth-dependent CIR. To that end,
the spatial CIR of the channel per scenario is written as

h(d, τ, θ;B) =
N∑

n=1

αn(d) · p
(
B

2
τ − τn(d)

)
· δ(θ − θn(d)) (1)

where p(τ ) denotes the transmitted pulse – the PN codeword
after matched filtering – from a unity-gain omnidirectional
antenna, δ denotes the Dirac delta function, and the param-
eter B denotes the bandwidth in GHz units defined with
respect to the actual 2 GHz bandwidth used for the mea-
surements. The spatial CIR is equivalent to what a RX (also
with a unity-gain omnidirectional antenna) would detect at
d, i.e., N copies of the transmitted pulse, each corresponding
to a different path n scaled by complex amplitude αn(d) and
arriving with delay τn(d) and at angle θn(d).
To visualize the dependence on bandwidth, Fig. 3(a)

shows the 2 GHz transmitted pulse p(τ ) resampled to pro-
vide pulses corresponding to 10 MHz, 50 MHz, 100 MHz,
and 500MHz bandwidths as well. The CIR of the illustrative
channel steered towards the Whiteboard is shown in Fig. 3(b)
for the five bandwidths. As the bandwidth widens, the width
of the pulse – or equivalently the width of the delay bin –
narrows. Hence fewer paths are detected per delay bin. This
was also observed in measurements in [23], [32].
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FIGURE 3. Beamwidth- and bandwidth-dependence of an illustrative channel steered towards the Whiteboard scatterer in a Laboratory scenario. (a) Bandwidth-dependent
transmitted pulse and (b) corresponding bandwidth-dependent CIR: more paths are resolvable as bandwidth widens. (c) Beamwidth-dependent antenna pattern and
(d) corresponding beamwidth-dependent CIR: less paths are detected as beamwidth narrows.

C. BEAMWIDTH DEPENDENCE
Finally, the bandwidth-dependent CIR in (1) was extended to
make it beamwidth dependent as well, by applying synthetic
horns with variable beamwidth at both ends. The synthetic
horns were steered towards θn(d), the double-directional
angle of persistent path n. As mentioned earlier, since the
angle is a function of d, alignment is maintained with the
persistent path as the RX moves along the rail. The syn-
thetic horn has a 3D Gaussian pattern (as our scalar feed
horns) with unity gain and half-power beamwidth defined in
degrees by parameter ω [33]:

gn(θ;ω) = e
−

(
θ−θn(d)

0.6 ω

)2

(2)

The Gaussian beam pattern is applied to (1) to reconstruct
the beamwidth- and bandwidth-dependent CIR of the channel
steered towards persistent path n as

hn(d, τ ;ω,B) =
∫ [2π,π,2π,π ]

[0,0,0,0]
gn(θ;ω) · h(d, τ, θ;B)dθ .(3)

The double-directional gain gn(θ;ω) effectively attenuates
paths in proportion to their angular separation from θn(d),
where ω controls the roll-off. The paths are then integrated

over all angles. Fig. 3(c) shows the Gaussian pattern of the
synthetic horn for 360◦, 180◦, 90◦, 30◦, and 10◦ beamwidths
and Fig. 3(d) shows the corresponding CIR steered towards
the whiteboard. Narrowing the beam admits fewer and fewer
paths into the channel.

IV. ANALYSIS OF WIDE-SENSE STATIONARITY
In this section, the beamwidth and bandwidth of the CIRs are
varied to determine the crossover points when the channel
transitions from WSS to non-WSS. Then the statistics of the
crossover beamwidths and bandwidths are compiled over all
the measured channels for comprehensive analysis.

A. CROSSOVER BEAMWIDTH AND CROSSOVER
BANDWIDTH
The wide-sense stationarity of the channel is determined by
analyzing how its response varies along the rail. The channel
response per displacement is computed from (3) by summing
the power over all the peaks in the CIR, expressed as

rn(d;ω,B) =
∑

τ=τ peak

|hn(d, τ ;ω,B)|2. (4)

We only sum over the peaks in the CIR rather than over the
whole CIR since the channel is sparse and so the summation
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FIGURE 4. Variation in the channel response along the rail for illustrative indoor and outdoor channels, steered towards the Whiteboard in the Laboratory (a,b) and towards the
Northeast building in the Courtyard (c,d). (a,c) At 360◦ beamwidth, the mean path gain is displacement invariant (WSS) whereas at 1◦ beamwidth it is not (non-WSS). (b,d) At
10 MHz bandwidth, the mean path gain is displacement invariant (WSS) whereas at 2 GHz bandwidth it is not (non-WSS).

would otherwise be dominated by noise samples, not channel
samples. The peaks are identified by the findpeaks algorithm
in MATLAB� [34], which defines a peak as a data sample
that is larger than its two neighboring samples.
When the antenna beamwidth is wide – analogously,

when the channel bandwidth is narrow – each peak is the
complex summation over many paths, averaging out any
displacement-specific characteristics and resulting in a WSS
channel. Consider again the CIR of the channel steered
towards the Whiteboard in Fig. 3(d). Fig. 4(a) shows the
corresponding response as it varies along the rail. For 360◦
beamwidth, the local variation in the response is about the
same across the whole rail; the channel is in fact WSS.
At the other extrema, when the beamwidth is reduced to
1◦, few paths sum per peak, lending to deep fades towards
the end of the rail compared to the beginning; the chan-
nel is in fact non-WSS. The analogous comparison for the
Whiteboard channel is shown in Fig. 4(b): the local varia-
tion in the response is about the same across the whole rail
at 10 MHz, whereas at 2 GHz the mean path gain steadily
increases. Curves for an illustrative outdoor channel steered

towards the Northeast building in the Courtyard are also
shown, in Fig. 4(c) and Fig. 4(d).

If the channel is WSS,2 its mean μn(d) and autocorrela-
tion Rn(d,�d) are displacement invariant, i.e., μn(d) = μn

and Rn(d,�d) = Rn(�d). In practice, the mean can be
approximated by the sample mean

μn(d) = E[rn(d)] (5a)

≈ 1

2ε

∫ d+ε

d−ε

rn
(̃
d
)
d̃d (5b)

where the expectation is taken over a moving window of
size 2ε. Likewise, the autocorrelation can be approximated

2. The function rn(d) defined in (4) and based on absolute values of the
peaks of the channel response is not the channel impulse response itself.
Therefore, even when its mean and autocorrelation, as defined in (5) and (6)
respectively, are displacement invariant, the channel is still not guaranteed
to be perfectly WSS following the definitions of wide-sense stationarity
in the literature. On the other hand, if the channel is fully WSS, then the
mean and autocorrelation of rn(d) will be always displacement invariant.
Thus, our test is a sound indication of the WSS property while not being
perfectly rigorous.
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FIGURE 5. ADF test statistic as a function of beamwidth, from 360◦ to 1◦ in 1◦ steps, showing the crossover beamwidth when channel transitions from WSS to non-WSS (when
the best fit curve to the data rises above the critical value): (a) 34◦ for the illustrative indoor channel and (c) 93◦ for the illustrative outdoor channel. ADF test statistic as a
function of bandwidth, from 10 MHz to 2 GHz in 10 MHz steps, showing the crossover bandwidth when channel transitions from WSS to non-WSS: (b) 380 MHz for the indoor
channel and (d) 541 MHz for the outdoor channel.

by the sample autocorrelation

Rn(d,�d) = E[rn(d) · rn(d + �d)] (6a)

≈ 1

2ε

∫ d+ε

d−ε

rn
(̃
d
)·rn

(̃
d + �d

)
d̃d. (6b)

And in practice it could be determined whether the chan-
nel is WSS by observing if the sample mean and the sample
autocorrelation vary over displacement less than some thresh-
olds. But the determination would be heavily influenced by
the threshold values selected as well as the window size, the
number of displacement samples in the channel response, etc.
Rather, we resort to the well-recognized Augmented

Dickey-Fuller test [35] to determine whether the channel is
WSS. The test models the channel response as the following
stochastic process

rn(�d) = α + βd + γ rn(d) + υ1rn(�d1)

+ · · · + υprn
(
�dp

) + w(d), (7)

where the differential response rn(�d) = rn(d)−rn(d−1) at
d and the p lagged differential responses at d− 1, . . . , d− p

are given from (4), and w(d) is white noise. If the process
contains a zero root (γ = 0), then the associated term rn(d)
– the only term that varies with displacement d whereas
all the other terms vary with relative displacement �d
– does not affect the process; it follows that the pro-
cess is displacement invariant and so the channel can be
deemed WSS; it is otherwise deemed non-WSS (γ < 0).
In practice, the process is considered to contain a zero
root if the ADF test statistic is higher than a critical value.
The ADF statistic is computed from the channel response
through a lengthy algorithm (whose description is beyond
the scope of this paper) and depends on the number of
displacement samples in the response and the confidence
level, among other factors. Here we use a confidence level
of 99%.
Fig. 5(a) shows the ADF test statistic of the channel

steered towards the Whiteboard as a function of beamwidth,
from 360◦ down to 1◦ in 1◦ steps (the bandwidth is set to the
channel sounder’s 2 GHz value). The best fit curve over the
data is also shown. The red line indicates the critical value.
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FIGURE 6. Cumulative distribution functions CDFs of (a) crossover beamwidth and (b) crossover bandwidth compiled across Indoor LoS, Outdoor LoS, Indoor NLoS, and
Outdoor NLoS scenarios. The measurement CDFs are shown as solid lines while the best fit Normal CDFs are showed as dashed lines with associated mean (η) and standard
deviation (σ ) parameters.

At 360◦, the channel is WSS but, as the beamwidth is nar-
rowed, it gradually transitions to non-WSS at 34◦ crossover
beamwidth, where the best fit curve rises above the critical
value. Analogously, Fig. 5(b) shows the test statistic as a
function of bandwidth, from 10 MHz to 2 GHz in 10 MHz
steps (the beamwidth is set to the 360◦ azimuth FoV of the
channel sounder). At 10 MHz, the channel is WSS but, as the
bandwidth is widened, it gradually transitions to non-WSS
at 380 MHz crossover bandwidth. Curves for the illustrative
outdoor channel steered towards the Northeast building in
the Courtyard are also shown, in Fig. 5(c) and Fig. 5(d).

It is important to note, as pointed out in Section III-C, that
here we consider the case for when the TX and RX beams
are realigned with the persistent path as the RX is displaced
along the rail. This corresponds to the most favorable case
for wide-sense stationarity. Misalignment causes the channel
response to vary even more with displacement along the rail,
the case we consider in [36].

B. STATISTICAL ANALYSIS
For each of the 88 channels, the beamwidth and band-
width were varied jointly down from 360◦ and up to 2 GHz
respectively to determine the crossover points. Copulas were
used to assess the joint dependence of the beamwidth and
bandwidth crossover points. Copulas are used to provide a
dependence structure between random variables along with
the corresponding multivariate distribution [37]. However,
the resulting copulas in our case showed weak dependence
throughout the entirety of the data set. Ultimately it was
determined that the beamwidth and bandwidth crossover
points can be modeled independently.
Accordingly, cumulative distribution functions (CDFs) of

the crossover beamwidth are shown in Fig. 6(a). For general
representation of indoor and outdoor environments, CDFs
were compiled over all persistent paths in Laboratory, Lobby,
and Lecture Room and over all persistent paths in the

Pathway and Courtyard, respectively. Because the measure-
ments were conducted in LoS conditions, the green and red
plots with solid lines are labeled as Indoor LoS and Outdoor
LoS respectively. Next, the best fit distributions to the mea-
surements were found to be Normal CDFs, superimposed in
the same colors as the measurement CDFs but with dotted
lines, with the average (η) and standard deviation (σ ) of
the fit parameters in the legend. Finally, to emulate non-LoS
(NLoS) conditions, the LoS path – easily identifiable as the
first and strongest path – was removed from each of the
CIRs in (1) and the CDFs were recompiled and refit, again
with the best fit found to be Normal CDFs, and are also
shown in Fig. 6(a), in green and black for the indoor and
outdoor environments respectively. The same analysis was
conducted for varying bandwidth and the analogous results
are shown in Fig. 6(b).

Kolmogorov-Smirnov (KS) test was used to determine the
best fit distribution in Fig. 6(a) and 6(b) [38]. The KS stat
– a value between 0 and 1 indicating the fit error between
two distributions, along with the corresponding p-value were
obtained for each CDF. All KS stat value were below 0.0192,
indicating a good fit. The corresponding p-values in all cases
were above the 5% significance level, indicating acceptance
of the null hypothesis that both samples are from the same
distribution.
The mean crossover beamwidth in LoS for the indoor

and outdoor environment are 80.4◦ and 91.6◦ respectively.
The outdoor value is notably higher because it is a sparser
environment; so the channel transitions to non-WSS earlier
when decreasing beamwidth from 360◦. The mean crossover
bandwidth in LoS for the indoor and outdoor environments
is 586 MHz and 528 MHz respectively. The outdoor value is
notably lower for the same reason; so the channel transitions
later to non-WSS when increasing bandwidth to 2 GHz.
In NLoS conditions there is only one less path than in

LoS conditions, but since it is the strongest path, it does
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affect the comprehensive results. As expected, when decreas-
ing beamwidth from 360◦, the channel transitions earlier to
non-WSS with respect to LoS, but only about 2◦ earlier for
both indoor and outdoor environments. Analogously, when
increasing the bandwidth to 2 GHz, the channel does transi-
tion later to non-WSS, but only about 8 MHz later for both
the indoor and outdoor environments.

V. CONCLUSION
When a wireless propagation channel is said wide-sense
stationary (WSS), the mean and autocorrelation of its
small-scale fading are position invariant. Because this prop-
erty is supported by measurement-based validation in the
microwave bands, it was assumed to hold true in the
millimeter-wave bands as well. . . without validation. To fill
that void, in this paper we conduct a comprehensive evalua-
tion of the wide-sense stationarity of 88 channels measured
with our 60 GHz channel sounder in three indoor and two
outdoor environments. We found that at narrow beamwidths
– below 80.4◦ for indoor and 91.6◦ for outdoor – the channel
transitions from WSS to non-WSS; analogously, we found
that at wide bandwidths – above 586 MHz for indoor and
528 MHz for outdoor – the channel transitions from WSS
to non-WSS.
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