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A Body-Shadowing Model for Indoor
Radio Communication Environments
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Abstract—Deterministic propagation prediction methods pro-
posed for indoor radio are useful for estimating the average L

propagation loss in real environments, which usually have compli- N

cated geometries. On the other hand, these methods generally fail g, Sttion "~~~
to accommodate human body shadowing, which is a significant Ray
propagation effect in indoor picocells. Several empirical mod-

els to describe body shadowing have been reported. However,

to our knowledge, no appropriate model that can be used in

combination with deterministic propagation prediction methods

has been provided in the literature. In this paper, a new prac-

tical model is introduced, which provides a way to estimate

body-shadowing effects deterministically with the existing ray- |
determination methods. The detailed procedure to combine our fig. 1. Human body shadowing in indoor radio environment.
body-shadowing model with the ray-determination methods is

described. Several examples are shown applying the procedure

to a simple office layout. and determined the values & (the ratio of the power in

Index Terms—indoor radio communication. a steady signal to that in multipath components), which fit the
measurement data taken in several buildings. Role¢ds [7]
proposed a two-state Rician model [7] to describe the bursty
time varying characteristics caused by moving persons. They

UMEROUS propagation prediction methods have retetermined two different values df’ for a measured result
cently been proposed for indoor radio communicationdescribed in [6].

The imaging method (e.g., [1], [2]) “ray tracing” (with ori- These empirical models, however, can introduce neither
gins in the computer graphics field) [3], [4] and the raythe dependency on actual relation in position among a base
splitting method [5] are typical examples. These methodsation, a terminal, walkways, walls, and other obstructions in
have been designed mainly for system-planning purposeshuilding, nor the influence of how frequent the “traffic” on
e.g., for the selection of base-station locations in practiocghch walkway is. Further, it is difficult to determine a certain
indoor environments. The main benefit of these deterministialue of K (or two certain values of() for a certain indoor
prediction methods is that they successfully introduce @mvironment without a field measurement of the received
explicit dependence on the actual site geometry. This stargignal strength under realistic conditions.
in contrast to some empirical models that are based on arThe only attempt in the literature to combine ray-
abstract description of the sites (e.g., “factory with/withouletermination methods to predict human body-shadowing
line-of-sight,” “office with hard/soft partition,” etc.). effects is reported [8] in which continuous snapshot calcula-

Human body shadowing (Fig. 1) is a significant propagatiaions are used for moving obstacles. This approach obviously
effect in indoor picocells. In contrast to current outdoor cellulaequires lots of computational power and, thus, the size of the
systems, the transmission power and the elevation of bageblem where this method can be used is limited.
stations is much lower in picocells. Thus, the propagation lossin this report, we introduce a new and more practical method
by body shadowing greatly affects the received signal strengthestimate body-shadowing effects. This method is used with
even when considering a multipath environment where sevetia existing ray-determination methods. We demonstrate that
rays contribute to the received power. In particular, this will bghe proposed model can estimate the worst case in propagation
the case if the millimeter band (e.g., 60 GHz) is used instefsés due to the body shadowing, which is closely related to the
of the UHF or L-bands, which are now widely used. outage rate of a communication link.

Some empirical models for body shadowing are availablen Section II, the details of our body-shadowing model and
in the literature. Bultitude [6] assumed that the receivefle way to combine this model with the ray-determination
signal amplitude has a Rician probability density functiomethods such as the ray tracing and the imaging methods are

Human Body Shadowing

“~~._ Terminal

I. INTRODUCTION
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Fig. 2. Predicted rays, walkways, and shadowing points in an office.

is compared with the prediction based on the body-shadowing
model.

. HuMAN BODY-SHADOWING MODEL

In this section, the steps to predict the probability denSin. 3. Assumed field pattern of the directional antenna for the base station
of the propagation loss due to the human body shadowing &peectivity: 6.8 dBi).

shown. In this report, a two-dimensional ray determination
will be used, but the same procedure can be applied to thr
dimensional methods as well.

?gf)resents the possible walking paths in a certain space,
persons walking on all of these walking paths should be
included when determining this probability. Some straight
walking paths may comprise several walkways with different
In this step, we use one of the existing ray-determinati@hadowing probabilities, as can be seen at the bottom of Fig. 2.
methods mentioned in Section I. The method determines rg¥s this figure, the shadowing probabilities are indicated on
that depart from a base station and arrive at some givére walkways only in the left half of the map, but we set the
terminal position (Fig. 2). This kind of procedure usually degrobabilities symmetrically also in the right half.)
termines a line-of-sight ray and rays that arrive at the receivingSecond, we determine the intersections between rays calcu-
point via specular reflections, penetrations, diffractions amated in the first step and the walkways, gtedowing points
combinations of these phenomena. (Note that the contributiddsre we assume thatshadowing eventi.e., the event that a
from rays penetrating walls can be neglected in Fig. 2.) If gerson shadows a ray) occurs at the shadowing points with the
ray is reflected by an object, a certain additional loss is addsidadowing probability of the walkway where the shadowing
to the propagation loss. Penetration and diffraction phenomegrgint is located.
also cause extra propagation losses. Thus, the propagation lo&ince the shadowing events affecting rays passing the same
of each ray can be calculated. If a directional antenna is usgdlkway at almost the same point will be strongly correlated,
for the base station and/or the terminal, the product of thee assume the following correlation model. We will assume
directivities of the antennas and the propagation loss of eatlat rays with shadowing points that are less than distance
ray can be obtained. In the following discussion, the produgt, (threshold distanceapart have identical shadowing events.
of the directivity of the antennas and the propagation loss ©hus, the shadowing events at these shadowing points occur
ray ¢ is simply denoted a$; (1 < ¢ < N) where the number simultaneously. On the other hand, for shadowing points
of the influential rays is/V. In our calculation, an antennaseparated by more than the threshold distance, we assume that
with a radiation pattern (as shown in Fig. 3) is used at thehadowing events are independent.
base station. The antenna of the terminal is assumed to bén our model, we assume that the propagation loss of a

Step 0: Determine Influential Rays

omnidirectional. ray subject to one or multiple shadowing events on the ray
increases by a constart,, [dB], denoted theadditional

Step 1: Obtain Discrete Probability Density shadowing loss

of Local Average Propagation Loss Denote the event of shadowing at one or more shadowing

First, the paths along which people usually wallalkway3 points on rayi as S; (1 <4 < N) and Ej; denotes the

are set on the plan of the given site (Fig. 2). The movemeRYeNt wherelth point out of m shadowing points on ray

of people in a room is generally restricted by desks, tablds(! < ! < m) is shadowed. In general

walls, partitions, and so on. Of course, there are many possible

walkways (e.g., between the desks and chairs), but for the Si = B + Eip + - + Eim. 1)
sake of simplicity, we will represent all these paths only

by one walkway at the center of the free areas. Next, wdote that the sign+ denotes the sum or union of events. (It
define theshadowing probabilityof each walkway (again, seecan be written asl.) When thel; th point and thésth point on
Fig. 2) by the probability that a person will be present aty i are close,E;;, = E;,. ThenE;, + E;, = E;,. Thus,
(cover) an arbitrary point on the walkway. As a walkwaynly one of the two points is used in our calculation. If thih
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point on ray: and thelsth pointon rayy (1 < j < N,j # %)
are close £, = Eji,. Thus,S; is not independent of ;. J—
. . PS5, S;) —

In a case where there afé rays reaching the receiver, there 2 P(S,-S5)
are 2¥ combinations of shadowing/nonshadowing events fog /i\ [h Loatl P(S81-52)
this set of rays. We will now obtain probabilities of theseg ¥ N
product events. Obviously, one of the product events is the 1 | | 1 ,
event where none of the rays are shadow&dS,---Sy. L(S(-$y) L(S-S5) L(S;8y) LS, S, ) ropagation Loss
Another of these product event is the event where all @fy 4 probability density of local average, local deviation by mutual phase
the rays are shadowed simultaneouShSs -- - Sy. We will  relation among multipath, and total probability density of propagation loss.
now show how to calculate the probability &fSs--- Sy
and that of $1S>---Sy_1Sy as examples. Other product
event probabilities can be calculated in a similar manner. Weywe now obtain the discrete probability density function
assume that the shadowing event of fayl < j < M) iS of the local average propagation loss in a spatial range of
independent of the shadowing events of any other rays, i.€., &¥{eral wavelengths centered around the observation point
E(1<E<NLEk#4§). M is the number of the mdependentgiven by {L(S,8a,---,8x), -, L(S1,S2,---,Sx)} and
events out of thé_\f_:_shadowmg events and, thus< M < N. {P(5],55,-+,8N),+,P(51,5,+-,Sx)} as shown in
Then the probabilities of the two product events are calculatﬁb_ 4.
by the following equation:

P(S1,5,---,8N)
= f(51)P(52) e P(SM)f(SM-i—l, Shig2, -, SN)

P(S;-S5)

ensity

Step 2: Add Local Deviation by Multipath Phase Relation
The probability density of the local average propagation

independent not independent loss estimated at Step 1 can be quite useful in providing an
(2) overview of the human body-shadowing effects.
P(S1,Ss,--,Sn_1,5N) However, if we slightly change the position of a terminal

receiving the signal from the base station, because of multipath

=D(5)P(52) - P(Sm) effects, the receiving signal strength may change even in a

independent L static environment. This is due to the changing interrelations
- P(Snr41,50m42, 3 Sv—1,SN) (3) between the phase angles of different incoming rays [12], [13].
h ~ The variation in signal strength can be interpreted as the local

not independent

o . deviation of the propagation loss within a small region (of the
P(S;) and P(S;) (1 < j < M) are simply calculated by sjze of several wavelengths) centered around each observation

o m point.
P(S5;) = H (1—-P(Eq)) 4) We will now attempt to obtain the probability densities of
=1 these local variations of the signal strength for individual prod-
P(S;)=1-P(S;) (5) uct shadowing events (see Fig. 4) and weigh these densities

by the discrete probabilities of the product events and add
them up. In this way, it is possible to obtain a more realistic

: , probability density in a spatial range of several wavelengths
detailed calculation of*(Syr+1,Sn+2,---,5n) as Well S contered around the observation point. The precise probability
P(Sy1,Sv42,- -+, Sn-1,5x) is shown in the AppendiX.  gensity may then be used to estimate the spatial outage
_ Finally, in this step, we calculate the local average pmpag&'obability in the given geometry. The outage probability is
tion loss for each of the product events. The local average 195%: of the most important parameters in the design for an
in a spatial range of several wavelengths around the Obser?fﬂj’oor radio communication system.

tion point is calculated as the power sum (on a linear scale, Nl can generally assume a uniformly distributed random
in decibels) of the losses of individual shadowed/nonshadow&ﬁase relation among multipath components in the several

incoming rays at the observation point [11]. For instance, {f\elength range for the local averaging. Under this assump-
no rays are shadowed, the local average propagation 10ss {&, '\ve now introduce the concept significantrays. In our

where E}j; is the event where théh point out ofm shad-
owing points on rayj (1 < I < m) is shadowed. The

o o N Lo calculation, we define that théh ray is significantif it is
L(S1,52,--+,Sn) = —10 log Z 105/ [dB] (6) within 15 dB of the strongest ray in the product event, i.e.,
i=1 L; < Lyin+15[dB], whereL,,;, is the propagation loss of the

when L, [dB] (1 < i < N) is the propagation loss of ray strongest ray in the product event. (Note that the propagation
(without shadowing) obtained in Step 0 and, at the event whiss without shadowingf the strongest among the influential
all of the rays are shadowed simultaneously, the local averdg¥s, Which is here denoted hb¥,, is not always equal to
propagation loss is Liin.)
N When only one ray is significant, we may assume that its
L(S1,S2,-++,Sy) = —10 log Z 10— (Fi+Tan)/10 [dB]. amplitude variation is negligible.
For the case of two significant rays, we calculate the

(7) amplitude variation based on the assumption that the random

=1
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phasesy, 3 of two sinusoidsA cos(w.t + «), B cos(w.t + ) Plan View of Measurement Site
are independent and each of them is uniformly distributed from
0 to 2r. (The carrier frequency is denoted by and assume

A > B.) If we denote the amplitude of the vector sum of

the two sinusoids a&, the probability density function of a Jerminal
is [14]
2R
_ ) m/(2AB)? — (A2 + B? — R2)? Base
p(R) = (A-B<R< A+ B) (8) Station el e
0 (R<A-B o R>A+B) Line along which a person
When more than two rays are significant, we use an approx- @)
imation yielding a Rice-distributed amplitude of the received
signal [15]. The dominant componenf in the Rice distribu- 0 dB = Received Power without Shadowing
tion is assumed to be the strongest ray in the product event and oy
the mean power in the random componentsis calculated kA 0
as the power sum of the rest of the rays in the event. Though g
this approximation may overestimate the spread in amplitude, S -2
the computation time is reduced. 9 _4
2
[ll. M ODEL PARAMETER SELECTION §—6
The model parametertk,;, (additional shadowing logsand T _gl- : : :
-1 -05 0 05 1

dyy, (threshold distancein Step 1 in Section Il are inferred
to depend on many factors, for example: carrier frequency,
polarization, individual differences among shadowing persons, (b)
direction of the shadowing person relative to the ray (front&lg. 5. A typical experimental result of human body shadowing in 900-MHz
or sideways), heights of antennas (base station, termin%ﬁ?ﬁét(%mgjf‘éfgegﬁézﬁwaé.b) The ratio of the received power compared
shadowing position on a ray (i.e., it is near or far from a base
station or a terminal) and the number of shadowing persons
on aray. : . . In the method described in this papdr;, and d,, are

As for the influence of carrier frequency, we can find .

o . . ﬁssumed to be independent of the rest of the factors except

guantitative suggestions from one of our experimental results frequency
as well as from several published articles [9], [10]. '

Fig. 5 shows a typical result from our measurements at 900
MHz. Fig. 5(a) shows a schematic view of the measurement V- PROPAGATION LOSS PREDICTION RESULTS
site. Two vertically polarized antennas with very sharp beamsWe apply the above model with the simple office layout
were placed facing each other at a distance of three meteaiseady shown in Fig. 2. The imaging method is used to
The antennas and the line-of-sight paths are reasonably cleadetiermine the rays, with an additional prediction of the dif-
furniture and other objects to avoid any reflected or scatterfrelcted rays [1]. A direct incoming ray and rays having two
rays. In the experiment, a person moved sideways along threfewer reflections/diffractions are determined. No penetra-
dashed line in the figure. The height of the antennas was 1tifhs through the walls are assumed for the moment. The
cm and the person was 173 cm tall. propagation loss is calculated for two carrier frequencies: 900

Fig. 5(b) shows the ratio of the received powers with arfdHz and 60 GHz. ForL,, and d.;,, the values obtained in
without human body shadowing. The horizontal axis indicat&ection Il are used. The diffraction coefficient is calculated
the offset position of the obstacle (i.e., the person) fromith the knife-edge model [16] and the reflection loss by a
the line-of-sight path. Though there is some variation of theall is assumed to be a constant 6 dB for approximation
additional loss (or gain) due to the offset position of the persopirpose.
6 dB and 90 cm < the distance between two level crossing Fig. 6 shows the cumulative probability of propagation loss
points at 0 dB in the vertical axis in Fig. 5) seems to be @ a line-of-sight observation point obtained by the body-
good approximation fotg, and d;;, of the proposed model shadowing model. At 900 MHz, the probability distribution
in 900-MHz band. is indeed concentrated around 52 dB in loss, but another small

As for L-band, the delay profile variations with intentionapeak in probability exists around 57 dB. Considering that the
shadowing reported in [9] suggest that the valuelfgr should outage rate of a communication link usually depends on the
lie between 6 and 11 dB. worst case, it is important to estimate even this smaller peak.

Measurement results from an experiment similar to that similar observation can be made at 60 GHz as well, while
described above in the 60-GHz band [10] show that and the difference in propagation loss between the two peaks is
d:y, can be set to be 18 dB and 32 cm, respectively. larger than that at 900 MHz.

Position of Obstacle from LOS [m]
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Fig. 8. Contour map (every 5 dB) of propagation loss for 99% reliability at
(a) 900 MHz and (b) 60 GHz.

V. COMPARISON OF PREDICTED
RESULTS WITH A MEASUREMENT

A measurement was performed in 900-MHz band in a
typical office corridor shown in Fig. 9(a) and the result was
compared with prediction by the body-shadowing model. The
walkways and their shadowing probabilities shown in the
figure were determined by observation with a video camera
during the measurement. Note that a shadowing probability of

60 80 100 13% is seen at one walkway because several people spent
x [m] time in front of the fax machine located near there. The

(b) directivities of the antennas used for the base station and the

Fig. 7. Contour map (every 5 dB) of median (50% value) of propagatio'@m"InaI Were 12.5 a_‘nd 9.0 dBi, r.espect|vely. Both antgnnas
loss at (a) 900 MHz and (b) 60 GHz. were vertically polarized and their half-power beam widths

in horizontal plane were 65 The data of their horizontal
radiation patterns provided by the manufacturer were used in
Figs. 7 and 8 show the difference between the median (5@ke calculation with the body-shadowing model. The antennas
value) of propagation loss and the 99% value of reliabilitiaced each other and their heights were 150 cm. To evaluate the
for the given geometry. We can estimate both typical ardcal deviation, four datasets from different positions, shown
worst-case propagation loss in the form of contour maps by Fig. 9(b) for the terminal antenna, were collected. Each
using the proposed model. The contour maps (in particulaigtaset was collected over a period of 15 min with a sampling
those in Fig. 8) are extremely useful to find out where covnterval of 0.2 s; thus, each included 4500 samples of received
erage problems occur at the given site and where additios@nal strength. The cumulative probability obtained from the
countermeasures against human body shadowing should1B&00 samples in the four datasets is shown in Fig. 9(c) along
implemented. with the predicted results by the body-shadowing model. In the
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i T i the predicted results suggest that the precise prediction of
i | propagation loss of each incoming ray should be required to
Base Station obtain a proper prediction by the body-shadowing model.
+
e e ] VI. CONCLUSION
A new statistical model for human body shadowing was pro-
12+, - : :
1% posed. The model enables us to estimate the body-shadowing
effects in a specific layout of offices and factories. The
—10r| % 1 model was combined with widely used propagation prediction
E methods based on ray tracing to yield a propagation prediction
@ iss3 . . . . .
T gl [l 1 method for indoor microwave communication. The method is
9] — suitable for indoor network planning tools for indoor radio
ol | LAN. The investigation of the dependencies bf;, and d;,
o on carrier frequency and other factors described in Section 1lI
> | is important in order to apply this body-shadowing model to
4r | ] various indoor radio communication systems. Further compar-
- 1% ison with typical indoor environment measurements will be an
o Terminal | important aspect of our future work to evaluate the prediction
% error of this model.
0 L 1 1 L 1
0 5 4 APPENDIX
Scale [m] CALCULATION OF THE LATTER PART OF (2)
(a) Here we explain the case in which the shadowing events

of three influential rays denoted &%, S;, and S, are not

independent, which can be easily extended to the general case.
T 10 # The probability to obtain i2(S;, S;, Sk) = P(S:5;5%). We
O, can generally assume
o O # #4
§ S; =Ei+ Es+ Es + Es (A1)
-10 #1 S; =Ey + Ey+ Ey + Ee (A.2)
-10 0 10 Sy =F) +Es+ Ey+ L7 (A.3)
Scale [cm]
(b) where S; is the shadowing event faith ray and{£;}(i =
1,2,--.,7) are mutually independent shadowing events.
CO000CO : Measurement Even when there are additional events, we can simply extend
e Eti;z gggi the same procedure. For example, if there are two mutually
@ - - — - :Model (Lref = 10 dB) independent shadowing events for théh ray (&7 and Es)
100 and neither of them participates in the shadowing events of
% other rays,E~ in the above equation can be replaced with
3 10 E = E; + Es.
2 A way to obtainP(S5;5;S%) is to express the product event
SO S5;5;5; in the form of a sum of exclusive events, which also
5 have to be products of independent events. This is indeed
g 01 possible, but the following result is rather complicated:
3 60 40 20
Propagation Loss [dB] SiS;Sy =By + E1EsEsEy + Ey EsEsE,y
© + E\E>E3Ey + E\EXEsE,
of measurement site. (b) Postions for terminal anienna. (&) Comparison of + By By By s Fs + By By B3 By g
cumulative probability. + B\ EyEs BEyBEr + By By BEs ELESEGE-

(A.4)

figure, the predicted results with different reflection losses land difficult to extend to the case in which four or more rays
a wall L,.; are shown. are influential.

The measurement result and the prediction with; = 8 Thus, we choose another way. We consider
dB show good agreement. The differences dueLtg: of 27 = 128 product events, namelyt; E;EsE,EsEgE-,
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mutually exclusive and the sum of all of them is the certaicalculation by bit flags can be used.
event I. The probability of each of them can be easily Most of the computation time for the calculation is devoted

calculated like

P(ELEsEsEoEs EgEy)
= P(E\)P(Ez)P(E3)P(Ey)P(Es)P(Es)P(Er)
= (1= P(EL))P(E2)P(E3)P(Es)P(E5)P(Es)P(E7)
(A5)

to the multiplications of the probabilities of the 128 events. In
general, when the number of the raysNsand the shadowing
events ofA/ rays out of V are independent of the shadowing
events of any other rays, the number of the product events that
should be calculated such as the ab#&ie&s Fs E, Ex EgE is

oN—M _q

(A.10)

andP(S;5;5,) can be obtained as the sum of the probabilitie§hus the count of multiplications is

of the events which are contained in the product ex®ft.Sy.
That is

P(S;S;5y) = P(E\EyEsEyEs Eg Er)

4+ +P(E1E2E3E4E5E6E7)

+ P(E\E,EsELEsEgEr)

+ -+ P(E\E2 B3 EoE5 Eg Er)
+ P(Ey EyE3ELE5FEGEy)
4.+ P(E_IE_2E3E4E_5E_6E—7)
+ P(E\EyEsE EsEgE?)
4+t P(E_lEQE_3E4E_5E_6E_7)
+ P(E\EyE3E EsEGEy)
+---+ P(E\EyE3E B Eg E7)
1 P(B, By By ELEs o)

+ -+ P(E Es B3 E,E5Eg E)
+ P(E\ B3 E3EL E5EGEr)

+ P(E| ByEsEyEsEgEr)

+ P(E\ EsE3Ey EsEgE7)

+ P(E_lE_QEgE_4E_5E6E_7)

+ P(E\EyE3 EyEsEgE)

+ P(E1E>F3 EyEsEgEr)

+ P(E\EyE3 By EsEgEy)

+ P(E\EyE3 Ey E; EgEr)

+ P(E{ F3 E3 E4FsEgE7). (A.6)

((@N=M _ 1y — 1) x 22" ML (A.11)
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