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Abstract— The 60 GHz frequency band appears to be very
protaising for wireless muliinedla services in the pext years, The
60 GHz propagation channel has to be accurately characterized
for an appropriate design of high data rate systems (> 100 Mb/s).
In this paper, our interest is to determine the Influence of the
human activity on the propagation characterstics at 60 GHz,
This Influence is hardly ever taking [nto account in the published
studies on the 60 GHz channe! characterization. However, the
human activity is a determining factor at milimeter-waves.
Channel sounding campaigns have been conducted. The mea-
surement results highlight the strong disruptions caused by a
person shadowing the direct path between two antennas, These
distuptions make the channel unavallable for durations greater
thao 100 ms. Long-term messurements are analyzed in order to
evaluate the "unavallability rate” of 60 GHz radio links, From
these resulls, some solutions are suggested In order tn reduce the
shadewing problems.

I. INTRODUCTION

The recent advances in wireless high dats rate systams
have conducted to explore higher frequency bands, such as
ihe EHF band (Exiremely High Freguency, 30-300 GHz). At
these frequencies, propagation loss is strong, which is pood
for frequency reuse, and avaifabie bandwidths are large, which
make it possible 1a ensere very high data rates (> 100 Mbys).
The applications under interest are often referred to as Fourth
Generation or even Fifth Generation [1] of wireless commu-
nications. The channel characterization is an essential step in
the design of these future systems, and panticularly channel
characterization based on measurements. Several published
studies of the 60 GHz propagation focus on different aspects
of the indoor channel: the influence of antennas directivity
£2], (3], the influence of antennas polarization [4), the angles
of arrival analysis [5], [6]. Nevertheless, the influence of the
humanb activity on the propagation conditions is less analyzed.
Yet, it is a critical aspect of the millimeter-waves propagation,
The published studies rarely present measurement results
([7]: narrow band measurements at 30 GHz) but generally
simulation results [8]-[10].

This paper presents 60 GHz wideband propagation measure-
ments in e presence of a "natural” human activity. This work
is based on several hours recordings of the channel impulse
response, within an indoor environment. Section Il presents the
measurcment setup (procedure, equipment, site description).
In section II1, the data processing is introduced and in section
IV, the results are presented and analysed. Then, the section
. ¥ concludes this work.

1I. MEASUREMENT SETUP
A. Measurement Eguipments

1) Channe! Sounder; A 60 GHz channe] sounder based on
the sliding correlaticn fechnigue [1)] was used. This sounder
evaluates the chamnel impulse response (IR) with a 2.3 ns
temporal resolution and a 40 dB relative dynamic. The delay
observation window can be adjusted up to | gs. This window
was sel to £0 ps for these measurements. As the sliding factor
is also adjustable, the measurement duration of one impulse
response can be adapted to the temporal variations of the
channel. This duration was set te 1.6 ms,

2) Antennas: Foor antennas were used: two homs and two
patches. The homs have a 22,4 dB gain and a 12° half power
beamwidth (HPBW) in azimuth, and about 10° in elevation.
The patchcs have a pain of zbout 3 dB and a 60° HPBW both
in elevation and azimuth. The vertical polarization was used.
Three couples of antennas are defined for transmission (TX)
and reception (RX):

» a hom at TX and RX {HH configuration):

+ a patch at TX and a horn at RX (PH configuraticn);

v a patch at TX and RX (PP configuration).

8. Measuremeny Environments

Measurements were carried out within two indoor envi-
ronments: & residential house (Fig. 1} and a large room in
the IETR laboratory {Fig. 2). The house was furnished and
inhabited. The buildings materials are mainly breeze blacks,
plasterboards and bricks, The laboratoty room is a warkiag
place with desk and compuoters, in the upper-left, corner is
the coffee-area where researchers usually take a break. So,
a varied human activity can be observed in this comer of
the room during precise moments of the day. The furniture
is composed by a wooden table, chairs with metallic legs, a
wodden cupbeard, a refregirator and a microwave oven. The
walis are made of breeze-blocks with plaster. Windows are set
in the right-hand wall.

C. Measurement Procedure

Short-term  measurements have been performed in the
House, and long-term measurements in the Laboratory. An-
lennas positions are shown in Fig. | and Fig. 2. As far as the
iaboratory is concemned, we will focus on the TX1 position.
Table T presenis the characteristics of each position.



Fig. 1. Measuremenl site: House
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Fig. . Measurement site: Leborntory

For the measurements in she labaratory, RX and TX an-
tennas were pointed at each other thanks to a laser pointer.
For the measurements in the House, the antenna in TX| was
tilied toward the ground (15°). The antenna in RXS has a nul
elevation angle, and was poinled in azimuth to a wall from
where ap indirect path arrives from the door (as shown in
Fig. 1).

For short-term measurements, impulse responses werse
stored during 25 seconds while a person moves within the
environment, starting in the TX room and stopping in the RX
room. When moving from one room to the other, at a spead
of 1 m/s, the person closes the door (Fig. 1). This scenario
is repeated for two heights of the TX antenna (patch, 2.20 m
and 1.20 m) and for the two kinds of RX antenna (patch and
horn).

Lotig-tetrrn measurements were performed over 15 days. Al-

TABLE [
CHARACTERISTICS OF TX aND RX POSITIONS

Environmenl | Position Height Visibility ! Distance
Labs RXi 155 m ©LOS 0% m
TX1 22Tm
House RXS 1.20 m NLOS 10.6 m
TXI L2Wm/ 1L.20m

mest each day, a 40 minutes-long measurement was recorded
at three moments, corresponding o coffee breaks: around
1200, 13:00 and 16:00. Each day, TX position and antennas
configurations were changed. During the measurements, a
video camera shot the scene. Three camera positions were
chosen, labeled C1, C2, and C3 in Fig. 2. The analysis of the
video tapes makes it possible to know how many persons were
in the neighborhood of the antennas, A varied human activity
can be observed: between 0 and 15 persons, sitting and moving
around the table, coming in and going out. Table I shows the
measurement durations for the TX] configuration. -

TABLE II
MEASUREMENT DURATIONS (TX 1, LABORATCRY)

0 pers.

I-5 pers. | &-10 pers. | 11-15 pers.
HHI | 552 min | 141.0 min 62,2 min 3.8 min
PH1 | 33.0min { 920 min 56.4 min’ 149 min
PPl | 227 min { 1126 min | 219 min 3.6 min

{II. DATA PROCESSING
A. Propagation characteristics

The channel sounder evaluates the complex TR: kirt),
where 7 is the delay and t the time. From the TR, several
propagation characteristics can be ¢computed. To decrease the
meastrement notse level, the propagation characteristics are
time-smoothed by means of a sliding window containing 9
temporal samples (12.8 ms). The median value within the
sliding window is used to obtain the smoothed charagteristics.

1) Arntenuarion; The attenvation A{t) is the ratio of the
transtnitted power before the TX antenna on the received
power after the RX antenna {the antcnnas are considercd as
parts of the channel). The transmitted and received powers are
computed on the whole signal bandwidth.

2) Temporal fading: The temporal fading, F(t), is the
temporal variation of the attenuation around a reference level,
Areg.

F(thas) = Altham — Acesiam

The refarence level is measured before each long-term acqui-

sition, when nobody is present. One can note that the median
value of A(l) is very close to the reference level,

B. Shadowing events

1) Definition: From Lhe measurements, it can be observed
{(Fig. 3} that the attenuation strongly increases when the direct
path is shadowed by a person. Series of sharp attenuation peaks



can be observed on the temporal evolution of (he attenvation.
Thiese attenuation peaks are not uniformly distributed in time.
This process is non-stationary because of peopls's movements.
. We introduce the notion of “shadowing event” (SE) to
characten?e these altenuation peaks in amplitude and duration.
A SE is detected when F{¢) becomes greater than a threshold.
We used four threshold values: 5, 10, 15 and 20 4B, The
begining of a SE, Tosg (respectively the end of a SE, Tesg),
is the instant of a threshold coossing with a positive (respec-
tively negative) slope, To avoid taking into account smail
‘oscillations around the detection threshold, the calculation
niles for Thsx and Tegp are completed by a criteria on a
minimal crossing duration and amplitude. Thanks to these
cenventions, the detected SEs plobally fit with an intuitive
detection of significant crossings. The SEs characteristics are
the following (Fig. 3%:
+ duration: Dgp = Tegg — Thsg
« mean amplitude:

3 Tea
ASB e f Ftt}flt
Dsg Imy.,
where:
I
Tba = Thsg + 300 Tep = Tesn — 232

" Agg is an average value computed over z time window
centered on the middle of the SE. The width of this
window i5 set to —gﬂ to eliminate the contribution of
the lateral sides of the attenuation peak,

+ SE pseudo-period: fog
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Fig. 3. SE and SSE characteristics {lefi: SE chamcteristics, right SSE
characierislics)

2) Series of shadowing evenis: The duration between suc-
cessive SEs can be very shont. These close SEs are generslly
cauvsed by the movement of only one person between the
antennas, as we noticed thanks to the video recordings. More-
over, the attenuation often stays greater than A,..; between lwo
close SEs. To study this phenomenon, we define the notion
of “series of shadowing events” (SSE). Two successive SEs,
numbered n and 11 + 1, belong to the same SSE if one of the
following criteda is verified:

Thspin+1) — TBSEI:TJ,) <1

mar
or-

. I 1 |
3EET353[1311[']']‘15£["+1”[ {t}] > ref + Amurmn

After some adjustmments, #,,., i8 set to 1.5 seconds, and
Aunargin 1© 1 dB. Thanks to these definitions, 2 SSE closely
correspends to the physical interaction between a person and
2 wave path, as it can be seen on the video recordings. The
5SE characieristics are the followings (Fig. 3):

+ the number of SE per S8E: Ngg

» the begining and the end of the SEE:

Thsse = Thge(l)

v the SSE duration: Dggp = Tegse — Thasy
a the SSE amplitude: Aggp = max l—ﬁ;l‘;-{:‘!_l,b }
¢ the S8E pseudo-period:

Tegse — Tesg(Nsg)

- Thysgeln),
V. RESULTS AND DISCUSSION

Issp(n) = Thsse(n + 1) n>1

A. Short-term measurements

Figure 4 shows A(LYy for the short-term scemarios. When
the TX atitenna is as high as the RX one (1.20 m}, one can
observe & SSE each time the person crossed the main path
(shown in Fig. 1}. On the pther hand, when the TX antenna
is close to the ceiling (2.20 m) the waves propagaie above
the person and there are no more SSEs. Around the 17-184%
secand, the person closed the door. From this moment, the
aftenuation increases by about 15 dB.
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Fig. 4. House. TXI/RXS. Temporal evolution of the atleouation while a
pecson walks and closes o door.

The SSE analysis is carried out for the part of the acquisition
before the door was closed. The SSE characteristics are
presented in Table 1L, One can notice that the phenomenon is
stronger in duration and amplitude when the hom is used.

It can be noted that when the patch is used, the received
power is low. When a SE happens, the received power level
corresponds to the noise level. The SEs amplitude evaluation
is then litnited by the measurement dynamic. When the hom
is wsed, the teceived signal levei is higher and this limitation
does not occur; therefore the measured amplitude is preater.



TABLE [
HOUSE, TXI/REX5 SSEs CHARACTERISTICS

Adtenng SSE 1 SSE 2 S5E 1

$SE Duraticn Hom | 1.722s | 0772 | 18885
Palch 1,380 s 04630 s 1532 s
SSE Amplitsde | Hom | 132dB | 16448 | 165 dB
Puch | 10748 | 10548 | 7948

B. Long-rerm measurements

In this section, the same results are presented with respect
to the human activity, which i1s quantified by the number of
persons present in the neighborhood or between the antennas.
As it is impossible te collect enough data for each number
of persons from a natural activity, the analysis focuses an the
following activity brackets: 0, | (o 5, 6 to 10 and 11 10 15
persons. Table II shows the available duration of each activity
bracket for all antennas configurations. For ah activity of 11-
13 persons, the observation durations are quite short (less than
I3 minutes) to have statistically pertinent results,

}) S5E duravions: Fig. 5 shows that there is no obvious
dependence of the S5Es duration upen the antennas configura-
tion. The SSE duration increases roughly linearly (on ihe loga-
rithm scale) with the hurnan activity. This exponential behavior
cen be explained by the combining of individual actions,
increasing the number of SEs per SSE and therefore the SSE
durations. The following "key figures” can be remembered for
the median duration: 100 ms for 1 to 5 persons, 150 ms for
6 to 10 persons and 300 ms for 11 1o 15 persons. The 90t#
percentile of the SSE durations completes these figures and
shows the spread of the duration values. More than a decade
separates the median values from the 90%* percentiles,
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Fig. 5. Variations of the S5E durations for each anlennas configuration

2) SSE amplitudas: The results show that the SSE ampli-
tudes do not depend on the human activity, The mean SSEs
amplitudes differ only from a maximum of 2 dB between
an activity of 1-5 persons and an activity of more than 1
persons. Table IV shows the distribution of the SSE amplitudes
for each antennas configuration, These values are extracted

from the whole set of measurements (all activities are mixed
up). The antennas configurations HH1 and PHI reveal that the
S5Es whose amplitude exceeds 20 dB are the most numerous
{35.6% for HHI1 and 78.2% for PHI). The mean amplitude
of the S5Es detected with a 20 dB threshold is 23 dB. This
is typical of a complete abstruction of the waves by a human
body. The other amplitudes correspond to partial obstructions.
The FP1 confipuration has a different behavicr than the two
others. There are about 25% of the SSEs in each of the four
amplitede categories, This can be explained by the antennas
beamwidth: when the direct path is shadowed, indirect paths
can reduce the 5E amplitude.

TABLE IV
DISTRIBUTICN OF THE S5E AMPLITUDES FOR EACH ANTENKAS
CONFIGLRATION
510d@ | 10-154dB | 152098 | »204B
HH1 15.0% 10.5% 18.9% 556%
PH1 34% 39% 14.5% TE2%
PP 21.5% 21% J.6% 24.8%

3) SSE pseudo-periods: The SSEs depend on the human
activity. fggg spreads from about 2 seconds up to 3 minutes.
Fig. 6 shows the median values for the HHI1 configuration.
Issp logically decreases when the human activity grows. The
comparison between the different dectection thresholds reveals
that when the number of persens within the environment is low
(1-5), there is a diversity in the SSE amplitudes. This diversity
decreases when the number of persens grows. The number of
stirong SSE amplitudes is higher when people are numerous.
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Fig. 6. Median values of [5s g for HHI configuration and all thresholds

4) Channel unavailability rate: One can reasonably think
that the channel becomes unavailable during a series of shad-
owing events. The same observation is reported in [12] for
40 GHZ radio links, From a communication system viewpoint,
the shadowing events have three problematic characteristics:
The fading rising lime is very short, the fading duration is
leng, and the fading amplitude is strung. This means that
every communication will be interrupted during a SE. The
systems usually developped to overcome the channel temparal



variations will not be efficient in the case of the temporal
variations of the 60 GHz channel. We define the channe
“unavailability rate” (UR) as the sum of the SSE durations
divided by the (total measnrement duration.

It is imporiant to notice that the UR is highly dependant
of the hazard of the human activity. A person can walk, stop
on the direct path and stay there during a long time. 3.5% of
all SSEs last more than L0 seconds and 1.0% more than 30
seconds. These very long SSEs can be seen as "outliers” and
have a strong impact on the UR value, As these outliess are not
uniformiy distibuted between the antennas configurations and
the human activity brackets, and as the observation fimes are
not the same for all configurations, the comparisons might be
distorted, A corrected UR is then computed so as each SSE
with a duration that represents more than 0.5% of the total
measurement duration, is not laken into account in the UR
‘calculation. Fig. 7 shows the UR variation versus the human
activity.

Threshaid | 16 dE Theanheid ; 20 45
e AWE : : '
St g PHI | [ O ] TR
——— Pp . :
A :
-
£
z‘s .................
g 2
Saaf.
1
LY
i i H ; ; i
o -6 OE=1D 11-1E 9105 10 1115

Husman sty (mamiet ol parsons} Humat ozt bty {rumbs ol peracnsg

. Fig. 7. Umnovailabiliey rale for 10 dB and 20 JB thresholds {TX1)

. The UR increases with the humnan activity. The UR values
are low for an activity of 1l to 15 persons because the
observation durations are toc short. One can underscore the
effect of the antennas. Patch antenpas can benefit from an
angular diversity. Wave paths, sometimes created by moving
persons, can be received from different directions of arrival,
which reduces the shadowing phenometion.

V. CONCLUSION

This work presents measurement campaigns of the 60 GHz
propagation for time-varying channels. The temporal vazi-
aticns of the channe! are caused by people's movements
while antennas are fixed. The human bodies are significant
obstacles for the millimeter-waves propagation, Some new
definitions are introduced to quantify the impact of human
activity en propagation characteristics. The results underline
the duration and the amplitude of the shadowing effect caused
by the human body. This leads to consider that the channei is
unavailable during a shadowing event,

High data rate networks need to take into aceount this
obstruction. Some solutions have been sugpested by different

authors. All these solutions take advantage of a sort of
diversity. An access point diversity is often proposed (%1, [16].
A disadvantage of such solutions is the amount of ¢abling and
orthers network deployiment considerarions. Previous measure-
meni campaigns revealed a diversity of the waves directions
of arrival [13]. This diversity can be used to overcome the
shadowing events. Actually, when a direction of armival is
obstructed by a human body, cthers are likely to be free.
Multi-sector antennas associated with switching or combining
systems must be developed to achieve this angular diversity.
Moreover, il a device within the wireless network can be used
for relaying the communications between two others, a sort of
site diversity is added and obstruction problems are reduced
again. The network deployment is simplified but, on the other
hand. the modem complexity increases.
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