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Abstract — With the increase in the capacity of mobile 
communication devices, it is but natural to expect that these 
devices would work ubiquitously anywhere anytime to offer 
high data rate support. Recently 60 GHz frequency band has 
been identified as an obvious choice for the high data rate 
indoor communications. However, as the 60GHz radio 
system relies on line-of-sight (LOS) transmission for 
achieving Gbps data rate, the communication can be easily 
interrupted by obstructions breaking the LOS link, which 
happens often due to the movement of people in a typical 
indoor environment. In this paper, we define and present an 
analytical model for assessing link stability of 60 GHz radio 
for indoor wireless networks. We have developed a ray-
based model to calculate the shadowing loss caused by the 
presence of people around the communication link while 
taking into account the indoor channel characteristics of 60 
GHz radio and the antenna configuration. We have further 
considered different types of mobility of people with the ray-
based model of 60 GHz link to obtain a holistic link stability 
model in realistic scenarios. We have given examples to 
show the relevance of our model and its applicability using 
both simulation and numerical evaluations1. 
 

Index Terms — 60 GHz radio, link stability, line-of-sight, 
human body shadowing 

I. INTRODUCTION 
The evolution of multimedia services coupled with the 

increase in capability of communication devices evokes a 
proliferation of high data rate indoor multimedia 
applications and services, such as HDTV, 3D-Games, virtual 
conferencing, etc. These applications require high 
bandwidth, for example, HDTV requires up to 3 Gbps for 
the raw signal and 80 Mbps for MPEG-4 compressed signal 
[1] [2]. This is far beyond the capability of the current off-
the-shelf WLAN/WPAN systems. Research and studies on 
60 GHz radio system [3] [4] [5] have created an opportunity 
to support gigabit speed on wireless communication links 
within a short distance, less than 10 m in general. Therefore, 
a 60 GHz radio network is a promising candidate to enable 
these demanding indoor multimedia applications to go on-
the-air in the very near future.  

By nature the 60 GHz radio wave experiences severe 
oxygen absorption; therefore directional antenna has been 
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recommended to provide line-of-sight (LOS) links to 
increase energy efficiency. However, a large amount of 
energy is lost when 60 GHz radio wave is obstructed. Thus 
LOS is very sensitive to the environment, especially, when 
people are moving around. More than 20 dB attenuation has 
been observed during the field measurements [6] when a 
person moves across LOS links. Commonly in 
WLAN/WPAN scenarios, the movement of people thereby 
obstructing the communication links is unavoidable. In 
many cases, people are the important elements of the 
network as they use and carry the network devices. This is a 
very important aspect to be considered while designing high 
speed 60 GHz wireless networks supporting stringent QoS 
guarantees required for these multimedia applications. 

In this paper, we introduce a link stability model – for a 
given link quality requirement, e.g., the packet delivery ratio, 
to reflect on the capability of the link to continuously sustain 
the requirement for a certain duration. This model has been 
specifically built by taking into account the indoor channel 
characteristics of 60 GHz radio, the antenna configuration and 
the mobility pattern of people. A ray-based model has been 
developed to characterize the 60 GHz radio propagation from 
the transmitter antenna to the receiver antenna. It enables the 
analysis of instantaneous shadowing due to the presence of 
people around the transceiver pair, and further to calculate the 
power loss due to shadowing. The indoor mobility of people 
has been investigated for understanding the frequency with 
which people walk into the LOS link and consequently the 
duration of shadowing that leads to link failures. We employ 
both the simulation and analytical approaches. Simulation 
uses the random way point (RWP) mobility model and the 
analytical approach uses certain simplifications to derive the 
distribution of the duration of link failure. This study of the 
link stability is expected to help in designing and evaluating 
various protocols and algorithms; for example, it can be used 
as a parameter representing or quantifying the behavior of 
these LOS links to help vertical handover decision making, or 
it can be further formulated as the routing metric for path 
selection. 

The rest of the paper is organized as follows. In Section II 
we define link stability with a brief overview of the related 
works. Section III introduces the ray-based model for 60 
GHz link, which is able to take into account the shadowing 
loss due to people blocking 60 GHz radio wave propagation 
paths. The calculation of shadowing loss because of people 
walking across is discussed in detail in Section IV. Section 
V presents the link stability analysis based on the specific 
indoor mobility models of people, and Section VI concludes 
this article. 
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II. EARLIER STUDIES AND LINK STABILITY DEFINITION 

A. Earlier Studies 
Early studies on the evaluation of link stability, in general, 

were mainly based on two types of information. Signal 
strength information as proposed in [7] is used for the signal 
stability based adaptive routing (SSA) where, if a node 
receives a strong signal from a neighbor then the link between 
them is considered to be stable, otherwise the link is 
considered as unstable. An enhanced version was proposed in 
[8] wherein, instead of directly looking into the received 
signal strength, the difference between the current and the 
previous signal strength measurements of the link is 
considered. If the difference is positive the link is considered 
as a stable link. The other approach is based on the number of 
consecutive pilot signals [9]. That is, letting all nodes send 
pilot signals periodically and if the number of consecutive 
pilot signals received from a neighboring node exceeds a 
certain threshold, then the link is considered as stable. 

In the context of MANETs, the studies on link stability 
mostly focus on calculating the link survival time under network 
topology changes considering specific mobility models for 
networked devices. Authors in [10] [11] developed the metrics 
for characterizing link stability based on the analysis of 
durations of link uptime in several mobility scenarios. The link 
stability metrics are further adopted in routing algorithms as an 
important parameter while selecting the preferred routes [12] 
[13] [14]. However, as mentioned earlier, the networks using 60 
GHz radio communication links may break even when devices 
are stationary but when there is an obstacle in the path of LOS 
links. The influence of the human activity on 60 GHz indoor 
radio channel has been studied extensively based on the field 
measurements. In [6], it is found that when a person moves 
between the fixed 60 GHz radio terminals, variations in the 
received signal envelope are caused. The rate of fluctuation 
increases significantly with mo-tion; and the fading statistics 
depends on the speed, the number of persons, the body size and 
the propagation environment. In [15], the measurement results 
confirm that human bodies are significant obstacles for 60 GHz 
radio wave propagation. The duration of the consequent 
shadowing increases with the number of persons within the 
environment, but the amplitude of the shadowing only depends 
on the configuration of antennas. Mathematical models of the 
human body shadowing in the indoor radio systems have been 
investigated in [16] [17] [18], where the body is typically 
modeled as a cylinder with the average height of people and the 
diameter as the average shoulder width of people. We try to use 
some of the ideas from these earlier works to define and model 
the link stability of 60 GHz links. This result will be helpful in 
characterizing these millimeter wave links to see whether they 
can support high data rate media. We first introduce the term 
link stability. 

B. Link Stability of the 60 GHz Radio Communication Link 
All the above studies on the 60 GHz radio links have 

focused on the received signal variation due to the movement 

of people across the communication link. However, from the 
point of view of the network, we are more interested in the 
statistical properties of the link. More specifically, the 
duration and interval of the shadowing events that cause the 
significant received signal power degradation so that the link 
is not able to sustain the communication with a certain 
required quality. Such link statistics are of great importance 
for estimating network performance. For example, estimation 
of packet error rate with the burst packet loss due to the 
absence of the LOS transmission. The burst loss ratio at any 
burst length can be obtained with the knowledge of the 
frequency of occurrence of significant shadowing which has 
the duration of the burst length considered. Therefore, we are 
concentrating on developing a link stability model, which 
statistically reflects whether the link is able to continuously 
sustain the link quality requirements, for example, throughput, 
delay bounds, packet delivery ratio etc., for certain period of 
time. 

Here we define link stability as the probability of 
occurrence of a link failure in a given duration. Link failure, 
here, means that the link quality is below the predefined link 
quality threshold for guaranteeing an end-to-end QoS. Since 
in most scenarios using 60 GHz radio communications we 
employ only stationary devices, here we consider link failure 
mainly as a result of the major radio propagation paths being 
blocked by people, which leads to a significant overall 
shadowing, and consequently the received signal power is not 
enough for correctly detecting the information. Based on this 
approach, we discern a link having better stability only if the 
link has a higher probability that the link failure duration is 
shorter than the time period for transmitting a packet of 
certain length. 

III. RAY-BASED MODEL OF 60 GHZ RADIO 
The link quality is fundamentally determined by the 

underlying radio system in use. Therefore, we first discuss a 
ray-based model for characterizing the 60 GHz radio 
propagation towards the receiver. Comparatively, the 
generally used models such as lognormal path loss model, k-
ray model [19] and impulse response model [20] focus on the 
path loss phenomena on the average, whereas our ray-based 
model is able to analyze the instantaneous shadowing effect 
that blocks certain propagation paths of the 60 GHz radio 
wave due to the presence of people around the transceivers. 

A. Angular Power Density Model of 60 GHz Channel 
For the 60 GHz radio applications in indoor environments, 

it is highly likely that the transmitter and the receiver of a 
single hop link are located in the same room to avoid high 
penetration loss caused by construction materials. In this case, 
the received power consists of contribution from two parts –
the incoming radio wave from the LOS path and the multipath 
waves (except LOS directions) that are mainly composed of 
the waves scatted and reflected by walls, furniture, floor, 
ceiling, etc. The Rician K-factor is commonly used to 
characterize the influence of the multipath waves to the LOS 
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wave. It is defined as the ratio of the power from the LOS 
wave to the power of all the multipath waves, i.e., 
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wave and nα  is the amplitude of the n-th scattered wave. 
Based on the previous studies on 60 GHz indoor channels, 

the received signal power can further be modeled by two 
primary profiles: (1) the power decay profile (PDP), which 
characterizes power density of the incoming waves on a time 
scale, and (2) the angular spreading profile (ASP), which 
characterizes the angular distribution of the incoming waves at 
any time. 

According to the measurement in [21], at 60 GHz the PDP 
shape of a Rician channel can be mathematically expressed as 
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where 0α  is the amplitude of the LOS wave, Π  is the 

amplitude of a constant part with duration cτ , 2
0 Kα γΠ =  

with γ  being the decay factor. This constant part is observed 
in some cases where the directional antennas of the transmitter 
and the receiver are marginally misaligned. When 0cτ = , 

( )PP τ  becomes the commonly applied exponentially 
decaying channel model.  

The ASP of the incoming wave at any time τ  can be 
expressed in several ways. A simplified model has been 
discussed in [22], where the incoming scattered waves were 
considered to be uniformly distributed in the surrounding 
space (a sphere surface) of the receiving antenna during the 
receiving period, which is denoted by maxτ – the maximal 
delay of the multipath waves. For waves coming after maxτ , 
the power of those multipath waves is too weak to be detected 
from the noisy background due to the energy loss during 
reflection and scattering on the path. However, as argued in 
[23] it is more sensible to consider the angular spread varying 
with time, more specifically, the angular spreading increases 
with delay. We assume that at any time maxτ τ≤ the angles of 
the incoming waves are uniformly distributed in the incident 
area of { }min max min max, , ,τ τ τ τφ φ φ θ θ θ⎡ ⎤ ⎡ ⎤Ω = ∈ ∈⎣ ⎦ ⎣ ⎦ , which is a 

sphere cap surface centered at the receiver site, as illustrated 
in Fig. 1. This surface area increases proportionally with delay 
till maxτ  and reaches the maximal spreading area of size maxS . 
As discussed in [23], the root mean square (RMS) angular 
spreading for 802.15.3a UWB channel is 32º in both elevation 
and azimuth planes. Using the spherical coordinate system in 
Fig. 1, where the LOS direction is along x-axis, the ASP is 

expressed as, 
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At any point ( ): ,P φ θ  on the incident area (see Fig. 1), the 
time of the first arrival of scattered waves is, 

( )max max,S Sτ φ θΤ = , where ( ),S φ θ  is the size of the sphere 

cap surface with the point ( ): ,P φ θ  on the edge, and it can be 

calculated as ( ) ( ) ( )( ), 2 1 sin cosS φ θ π θ φ= − . 

We define angular power density (APD) as the spatial 
distribution of the power of the incoming radio waves at the 
receiver during maxτ . It is calculated as, 
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( ),Scat
DP φ θ is the APD for the scattered waves incident on the 

receiving antenna, Consider the transmitter and the receiver 
antennas are perfectly aligned, it  is given by, 
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Fig. 1. Multipath waves angular spreading in 60 GHz radio channel in the 
spherical coordinate system originated from the receiver site. 

B. Impact of Directional Antennas 
Antenna direction can be expressed in the form of antenna 

power pattern ( )AΨ Ω which describes the shape of the lobe(s) 
in the spherical coordinate system having the position of the 
receiving antenna as the origin. The subscript ( ),ψ υΨ =  

represents the direction of the antenna main lobe, and ( ),φ θΩ =  
represents the direction of the incoming waves in the spherical 
coordinate system. ( )0 0 0,φ θΩ =  denotes the direction of the 
incoming LOS wave. In this paper, we consider a single antenna 
with cosine-shaped power pattern, which is a good 
approximation of the power pattern for many types of elementary 
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antennas, such as horn, patch and dipole antennas [22]. When the 
antenna main lobe direction aligns with the LOS direction, x-axis 
in Fig. 1, i.e., ( )( )0, 2πΨ = , the 3-dimensional power pattern is 

expressed in the spherical coordinate system as, 

( ) ( ) ( ) ( ) ( )( )2
, 2 2 1 sin cos ,

q
A A qφ θ θ φΨ Ω = = +          (5)  

with ranges [ ]2, 2φ π π∈ −  and [ ]0,θ π∈ . The parameter 
0q ≥  is used to adjust the power pattern shape and is related 

to the half-power beam width (HPBW), which on the 
principal azimuth and elevation planes are the same in this 
pattern and expressed as ( )( )1 22arccos 2 q

Aσ −= . For example, 

when we take 2q = , the cosine-shaped power pattern has 
HPBW of 65º. 

Antenna directivity affects both radiated energy at the 
transmitter and the received power at the receiver. From the 
transmitter perspective, the antenna directionality is the 
consequence of scaling an isotropic energy source at each 
direction according to the antenna power pattern. The antenna 
gain is essentially determined by its power pattern with the 
relation G Dε= . Here ε  is the antenna efficiency and 

max4 radD A Pπ=  is the antenna directivity. With our defined 
antenna power pattern, for a lossless antenna, i.e., 1ε = , we 
have the antenna gain as,  
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Further, at the receiver due to antenna directivity the energy of 
the incoming waves is scaled differently according to the 
direction. In the spherical coordinate system with receiver 
position as the origin we update APD with (3) and (5) as, 
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Accordingly, received signal power can be obtained by integrating 
power density on the spherical area centered at the receiver as, 

( ) ( ), sin
Rx

Rx DP P d dφ θ θ θ φ
Ω

′= ∫ .                     (8) 

IV. POWER LOSS DUE TO HUMAN BODY SHADOWING 
The APD model shows the power of the incoming waves 

considering certain power distribution in a spatial area centered 
at the receiver. Therefore, with the movement of people around 
the radio link, at certain position, the human body can shadow 
certain angular area cutting the incoming waves. This essentially 
affects the signal reception and reduces the received power. We 
consider people moving horizontally on the ground that is 
parallel to X-Y plane. The body of a person is modeled as a 
cylinder with height PH and radius PW . We separate the 3-
dimensional coordinate system into the X-Y and the X-Z planes 

as shown in Fig. 2. Accordingly, the position of person is 
represented as ( ), ,RxP RxP RxX Y H− , with RxH being the 
receiver’s height. Consider the LOS direction along the x-axis 
and the transmitter’s position as ( ),0,0trD  with 0tr RxPD X> >  
as illustrated in Fig. 2, the shadowed azimuth area and elevation 
area are bounded, respectively by: 
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At time t , the power loss due to this shadowing is related to 
the angular area of the shadowing at that moment, and can be 
expressed as, 
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(a)                                                      (b) 

Fig.  2. The shadowing angular area of the human body: (a) on azimuth 
(X-Y) plane, and (b) on elevation (X-Z) plane. 
 

Consider the simple case when the transmitter and the 
receiver have the same height and are located at (10,0,0) and 
(0,0,0) respectively. Based on (9)-(11) we are able to calculate 
the power loss when a person stands at various places between 
the transmitter and the receiver cutting the LOS as well as 
reflected waves. In Fig. 3 we have plotted the power loss in the 
cases that the transmitter and the receiver both have omni-
directional and both have directional antennas. The parameters 
are set as given in Table 1. The values of K , maxτ  and γ  refer 
to the measurements given in [21]. Shown in Fig. 3, when the 
person is closer to the LOS and closer to the receiver as well, 
the power loss increases for both omni-directional and 
directional antenna configurations. A large amount of power 
loss is observed when the person is close to the receiver. For 
example, when the distance is less than 1 m, power loss in the 
omni-directional case is more than 10 dB and in the directional 
case more than 20 dB. When the person is not intersecting the 
LOS, i.e., 0.3RxPY > or 0.3RxPY < − , the power loss is marginal, 
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(a) 

 
(b) 

Fig. 3. Shadowing loss of a person in different positions: (a) omni-
directional antennas, (b) directional antennas taking q=2. 
  
close to 0 dB for both cases. Comparatively, the human 
shadowing has much severe impact while using the directional 
antenna. Shadowing of LOS wave leads to at least 10 dB 
power loss depending on the distance from the receiver. While 
for omni-directional case, only 2-3 dB loss occurs when 
person is away from the receiver. 

V.  LINK STABILITY CALCULATION 

C. Link Budget Analysis 
Link budget accounts all of the power gains and losses from 

the transmitter through the medium to the receiver. The 
calculation is used for checking if the required minimum 
signal-to-noise ratio (SNR) is met for the receiver to achieve 
demodulation and decoding for different constellations. SNR 
can be calculated from the received signal power as, 

( ) 0 ,Rx It P N LΓ = − −                           (12) 

where 0 174 10lgN B F= − + +  is the thermal noise level in 

dB at the standard temperature 17 C  with the bandwidth B  
in Hz and the noise figure F in dB. IL  is the implementation 
loss of the transceiver. From link budget calculation, the 
received signal power is, 

( ) ( )
sRx t Tx Rx LP P G G PL d P t= + + − − ,            (13) 

where tP  is the transmission power, TxG , RxG  are the antenna 

gain of the transmitter and the receiver respectively. ( )PL d  is 

the path loss for indoor environment, and it follows the log- 
normal model, 

TABLE 1. PARAMETERS SETTING 
Variable Unit Value Description 

1.1 Rician factor (omni)  K  
1.7 

- 
Rician factor (directional)  

0.2 Decay factor (omni)  γ  
0.48 dB/ns Decay factor (directional)  
67.8 Max. multipath delay (omni) 

maxτ  
15.7 ns Max. multipath delay (directional) 

q  2 - Directional antenna power pattern index 

tP  10 dBm Transmission power 

TxG , RxG  10 dBi Directional antenna gain  
-70 Path loss reference at 1 m (omni) ( )0PL d  
-67 dB Path loss reference at 1 m (directional) 

n  2.1 - Path loss exponent  
XΩ  0.8 dB Gaussian noise 

IL  2.5 dB Implementation loss 
B  1.28 GHz Bandwidth 
F  7 dB Noise figure 

PH  1.8 m Average people height 

PW  0.3 m Average people width 

TxH , TxH  0.9 m Antenna height 

trD  2,5,10 m Distance between Antennas 
A  100 m2 Room size 

minv  0.5 m/s Min. walking speed 

maxv  2 or 5 m/s Max. walking speed 

11.7 Min. required SNR (QPSK) thΓ  15 
dB 

Min. required SNR (8PSK) 
2.9 Max. shadowing loss (10 m, QPSK) 
- Max. shadowing loss (10 m, 8PSK) 

9.2 Max. shadowing loss (5 m, QPSK) 
5.9 Max. shadowing loss (5 m, 8PSK) 

17.5 Max. shadowing loss (2 m, QPSK) 
s

th
LP  

14.2 

dB 

Max. shadowing loss (2 m, 8PSK) 
 

( ) ( )0
0

10 log dPL d PL d n X
d Ω

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
,            (14) 

where ( )0PL d  is the reference path loss measured when the 

transmitter and the receiver are of 0 1d = m apart; n is the loss 
exponent depending on the environment; XΩ  is the zero mean 
Gaussian noise with the standard deviation Ω . For the 
minimum required SNR, the shadowing loss due to the 
presence of people close to the transmission link should be 
below a maximum value, i.e., 

( ) ( )0s

th th
L t Tx Rx IP P G G PL d N L= + + − − Γ + + .        (15) 

The parameters for calculating the maximum shadowing loss 
are listed in Table 1, where the values of ( )0PL d , n  and XΩ  
are taken from the measurement results given in [21] and [24] 
for omni-directional transceivers and directional transceivers, 
respectively. The value of thΓ  is taken from [25] for an 
OFDM system with ideal front-end, achieving BER of 510−  in 
Rayleigh channels. We calculate and list the values of 

s

th
LP  in 

Table 1. From the link budget calculation we find that the 
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omni-directional case cannot fulfill the SNR requirement for 
QPSK and 8PSK to achieve data rate above Giga bits per 
second. Therefore only the directional case is listed. Even for 
the directional antenna configuration when the distance 
between the transmitter and the receiver is 10 m, it is hard to 
achieve the required SNR for using 8PSK. 

D. Link Stability Model 
To reflect on the ability of the link to sustain certain link quality 

to support QoS requirement, we have developed a link stability 
model by investigating the statistics of link failure duration, which 
is under a given modulation scheme and determined by the 
received SNR. As the SNR is affected by the position of people 
around the link, the statistics of link failure is influenced by the 
movement pattern of people. 

As we can see in Table 1, for the given modulation and distance 
to have enough SNR preventing link failure, people should stay 
outside the area that results in the corresponding maximum 
shadowing loss. Based on the power loss calculation for the 
directional antenna configuration as shown in Fig. 3(b), we have 
plotted in Fig. 4 the contours of the areas, which when people stay 
outside there is enough SNR to support the receiver processing 
given the considered modulations, i.e., QBSK or 8PSK. In this 
sense, for certain modulation the link failure duration is the period 
of time the people stay inside the contour enclosed area that 
corresponds to the maximum shadowing loss tolerable for the 
modulation scheme used. 

Theoretically, given the contour shape and the mobility model of 
people, the distribution of the duration that a person stays in the 
contour enclosed area can be found. However, with irregular 
contour shapes and complex mobility models a closed form 
equation is always hard to derive. Thus we first discuss the link 
failure statistics using the random way point (RWP) mobility 
model, for which the parameters are adjusted from the field 
measurements to create the realistic scenarios. We choose to use 
RWP since RWP is designed to capture the significant mobility 
feature of the mobile nodes and is commonly used to study various 
aspects of wireless mobile networks. To direct the analytical result 
we further consider the case with certain simplifications where the 
distribution of the failure duration is mathematically derivable. 

1) Simulation Based on RWP: Here we further investigate, using 
RWP with the adjusted parameters, the influence of the movement 
of people on link stability in realistic scenarios. In [26] the spatial 
distribution of the mobile nodes with RWP is given as, 

( ) ( ) ( ) ( ), ,, , 1 ,XY P XY P P XY Mf x y p f x y p f x y= + − ,      (16) 

where Pp  denotes the probability that a given node pauses at a 
randomly chosen time, and is given by the percentage of the total 
duration that a node pauses during a long-running process. 
Referring to [26], in the square area of ( )a a×  m2 and with the 

average speed [ ]E v  while moving, Pp  can be expressed as 

[ ]
[ ] [ ]

P
P

P M

E T
p

E T E T
= =

+

[ ] [ ]
[ ] 0.5214

E v
Pa

E v
a

E T

+
, with [ ]PE T  being the 

mean pause duration and [ ]ME T  the mean moving 

duration. ( ), ,XY Pf x y  represents the spatial distribution of all nodes 
that are currently pausing at a destination point, which by definition 
of RWP has a uniform spatial distribution 

as ( ), ,XY Pf x y
( )1 ,    x,y ,

0,         else,
⎧ ∈⎪= ⎨
⎪⎩

A A
 in the area of size A . 

( ), ,XY Mf x y  represents the spatial distribution of all moving 

nodes. In a square area of size a a= ×A , and 2 2a x a− ≤ ≤ , 
2 2a y a− ≤ ≤ , it can be approximated as 

( ) ( )( )6 2 2 2 2
, , 36 4 4XY Mf x y a x a y a≈ − − . 

 For certain modulation, the probability of the link failure due to 
shadowing loss led by the presence of people around the 
communication link is 

( )
( ),

, ,
c

c XYx y
f x y dxdyπ

∈
= ∫∫ A

                   (17) 

where cA  is the size of the area where the presence of people 
leads to SNR degrading below the minimum required value for 
using the given modulation (see Table 1).  

As RWP results in non-uniform spatial distribution, the location 
of the transmitter and the receiver affects the chance of a given link 
being interrupted due to the movement of people. Let us consider 
the communication link to be in the middle of the room. To find a 
proper value of Pp , it is important to determine the values of 

[ ]E v  and [ ]PE T . For this propose we have carried out field 
measurements in a student computer room by deploying a pair of 
Infra red (IR) transceivers of 5 m apart. In the natural scenarios we 
observed that the ratio of the period that people block the IR LOS 
link is about 3%. Further we have built a Matlab RWP simulator. 
We create a scenario in which a room of 10 10× m2 is considered 
and, the transmitter and receiver are placed 5 m apart in the way 
that the LOS link is in the middle of the room and parallel to one 
edge of the room. Considering the average walking speed of 2-3 
mph [27], we assumed the speed of movement of people, in our 
simulation, to be uniformly distributed in the range 
[ ]min max0.5, 2v v= = (ms). We also assumed the pause duration to 

be uniformly distributed in the range [ ]max0, PT . We tested 

maxPT with different values in the simulation, and based on that we 

take maxPT = 540 s (i.e., [ ]PE T  = 270 s) resulting in 0.98Pp ≈ , 
which gives the LOS blockage ratio close to the measurement 
result of 3%. Using the parameter set in Table 1, when the distance 
between the transmitter and the receiver takes values of 10 m, 5 m 
and 2 m, the probability of experiencing a link failure using QPSK 
is 6.89%, 2.70% and 0.18% respectively. For 8PSK, when the 
distance between the transceiver pair is as far as 10 m, the path loss 
is too severe to achieve the received SNR which is enough for the 
modulation. For the distances 5 m and 2 m, the probability of 
experiencing a link failure using 8PSK is 2.91% and 0.62% 
respectively. 

Fig. 5 plots the simulation results of CDF of link failure 
duration and link failure interval using the adjusted RWP. In 
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Fig. 5(a) the link failure probability increases with trD . This is 
due to the fact that bigger the distance, the smaller is the 
maximum tolerable shadowing loss. Further, it results in a bigger 
area where people may enter and break the link. At a given 
distance, 8PSK requires higher SNR than QPSK, and thus is 
more vulnerable to the movement of people around. Besides we 
observed a low chance of occurrence of long link failure, e.g., 
over 5 s, which is due to people pausing in the positions that 
cause link failure. Fig. 5(b) shows the CDF of the link failure 
interval. We have tried fitting various distributions for each case. 
We found that the CDF of link failure interval obtained through 
simulation agrees well with the corresponding exponential 
distribution fit, especially, when the distance between the 
transmitter and the receiver is smaller, as shown in Fig. 5(b). 

2) Analysis Based on Simplification: Due to the complexity of 
the RWP mobility model, analytical result is hard to achieve. 
Thus we design the simplified case where the distribution of the 
failure duration is mathematically derivable. This is favorable for 
many studies that can use the link stability as the input for further 
analysis. Specifically, we consider a simplified case with the 
following assumptions: 
(1) Referring to Fig. 4, we approximate the contour lines into 

rectangular shape, of which the size is w l= ×cA . Here w  
is the length of the edge perpendicular to the LOS direction, 
and l is the length of the edge parallel to the LOS direction. 

(2) From the simulations with RWP mobility model, the link 
failure intervals can be modeled with exponential 
distribution. We assume the occurrence of disturbances 
due to people moving in the contour area as a Poisson 
process. The probability of a person causing a significant 
shadowing is ρ , which is the ratio of the size of the 
contour enclosed area to the size of the room where the 
transmitter and the receiver are placed, i.e., ρ = cA A . 
For N people with independent mobility, the probability 
of crossing LOS is Nρ . 

(3) The entering direction, α  is perpendicular to the edge 
from which the person enters the contour area and causes 
a significant shadowing, i.e., 2α π= . 

(4) After entering the contour enclosed area, we assume that 

the person keeps moving perpendicular to the LOS 
direction before leaving the area. Thus the moving 
distance of the person inside the contour area is w . 

(5) After entering the contour enclosed area, we assume that 
the person has a constant speed while passing through the 
area. The speed is uniformly distributed within [ ]min max,v v . 

Based on the above assumptions, the link failure duration is 

d
wt
ν

= , where the probability density function (PDF) of the 

speed is ( ) ( )max min1Vf v v v= − . PDF and CDF of the link 
failure duration are derived, respectively as: 

( ) ( )2
max min

,

0,
d dT d

w
t v vf t

⎧
⎪ −= ⎨
⎪
⎩

       max min

,

Otherwise.

d
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v v
≤ ≤
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v v
w t

v

< <

≤ ≤

<

 (19) 

Fig. 6 shows the comparison of link stability while using 
different modulations and for the transmitter and the receiver 
being placed with various distances in between. Using the 
values of the parameters given in Table 1, we have first 
calculated ρ according to the second assumption. For QPSK, 
ρ is 6.81%, 2.64% and 0.18% when the distance of the link is 
10 m, 5 m and 2 m respectively; and for 8PSK, it is 2.84% and 
0.61% for distance of 5 m and 2 m. This result agrees well 
with the values from RWP simulation. Thus we can claim that 
using the ratio of contour area to the room area is a good 
approximation for the probability of having a link failure. 
Further Fig. 6 shows that the link failure probability is 
consistent with the observation from the RWP simulation. 
That is, the link stability is better if the distance between the 
transmitter and the receiver is shorter. The link is more stable 
for QPSK than for 8PSK. Moreover, it shows for any 
modulation at a given distance, with higher speed, i.e., when
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people pass through the contour faster, the link stability is 
better, which can be easily expected. 

However, by comparing Fig. 6 with Fig. 5(a) we observe 
certain inconsistency between the corresponding curves due to 
the simplification of the movement pattern for the analysis. 
Especially since we assume that a person crosses the LOS 
perpendicularly, the minimum link failure duration for each 
case is, rather than 0, but a value determined by the 
approximated edge length w  and the maximal walking speed 

maxv . Thus we relaxed the assumptions in the model as that the 
person enters and leaves the contour enclosed area 
(approximated as a rectangle) and cutting the LOS path from 
two arbitrary points on two different edges on the contour. 
The entering direction and speed are uniformly distributed 
within ( )0,π and [ ]min max,v v respectively. After entering, we 
assume that the person keeps moving in the same direction at 
the same speed until leaving the area. This is reasonable since 
the contour enclosed areas are in general of smaller size and 
the duration the person moving across LOS is short. Thus the 
possibility of changing the movement pattern in a small area 
and in a short duration is also small. We use lx  and wx  to 
represent the entry point when the person enters the contour 
area from the edges parallel and perpendicular to the LOS 
direction, and lx  and wx  are uniformly distributed within 

[ ]0, l  and [ ]0, w  respectively. We can formulate the link 
failure duration into (21) and (22), which are corresponding to 
the person entering from lx  and wx  respectively. 

We have used Matlab to generate the random variables 
α , v , lx and wx , and calculated the corresponding link failure 
durations. The distribution of the link duration has thus been 
derived using the observed link failure samples from the 
simulations. We argue here that the closed form equation for 
link failure duration distribution is analytically derivable, 
however it is cumbersome as the link failure duration is a 
function of three random variables, α , v  and lx  (or wx ). We 
compare in Fig. 7 the results of the analytical model (by 
simulation) and RWP model for different distances when 
using QPSK. Fig.7 (a) shows that the curves under the 
analytical model have similar shapes with the ones from 

RWP, especially 
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for the transceiver distance of 10 m and 5 m. The inconsistency is 
more prominent at the two ends of the curves. At the high end, the 
difference is mainly due to the RWP including pauses when people 
stand in positions that lead to link failures. The lower end 
difference can be explained as the side effect of the pauses, as the 
existence of the long link failure duration reduces the percentage of 
the short ones. As shown in Fig. 7(b), we plot the CDF of link 
duration of RWP model but subtracting the pause duration when 
the person stands in the positions causing a link failure. From Fig. 
7(b), we see the lower ends of the curves from both analytical 
model and RWP model agree well. Thus this analytical model is 
able to describe distribution of link failures with the moderate 
duration (0.5 to 2 s in our presented case) under RWP, or with the 
short duration (below 0.5 s) under RWP excluding the case that the 
person pauses in the positions causing link failures.  

VI. CONCLUSION 
Our ray-based model is a feasible approach to model the 

human body shadowing effects on the received signal strength 
and in turn it allows us to estimate the link stability, which is 
very dependent on the availability of LOS. Thus link stability 
is affected by the movement of people in the room. Due to the 
complicated movement pattern of people, we have studied the 
60 GHz link stability in the context of RWP mobility model 
after adjusting the critical parameters using the simulation. 
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This can be considered as a practical approach for modeling 
the influence of the presence of people on indoor 60 GHz 
radio links. We have also investigated an approach which is 
able to describe the distribution of link failure duration with 
an analytical expression – in our case with certain 
simplifications. The closed form expression has been 
presented for the simplified analytical model. 

The proposed link stability model is flexible enough and 
extensible to reflect the capability for the link to sustain 
different QoS requirements under different channel conditions, 
antenna configurations and movement patterns of people. The 
link stability model quantified by the probability of link failure 
below a certain threshold is a promising input in designing and 
analyzing many other protocols and algorithms. The complete 
end-to-end analytical use of link stability is yet to come. To 
have a complete picture of the effect of movements of persons 
in an indoor environment with 60 GHz links, we need to 
evaluate, for example, routing algorithms for applications such 
as multimedia streaming. Though we do not claim to spell the 
last words with the study presented here, we believe that the 
results obtained here are far satisfactory and assuring. 
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