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Abstract- Thegrowing demand for a very high speed and bandwidth over wireless communication makes the millimeter 
wave (mm-wave) “60 GHz” a great choice to be studied and used in order to achieve this desire.While the propagating signal 
of this frequency can be easily blocked by any obstacle or body that face it. This paper aims to solve this problem by using 
theSquare Loop(SL) Frequency Selective Surfaces(FSS) in such a way to provide a stronger reflected signal to those 
shadowed positions as a result from the variety of the signal paths and enhancing the received signal power.As a result, 
minimizing the effect of human bodies which can attenuate 60 GHz signal. 
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I. INTRODUCTION 
 
The development of wireless communications is 
stimulated by the consumer desire for access to 
information and entertainment. While 
contemporaneity unlicensed systems support 
moderate levels of wireless data traffic, as seen in 
Bluetooth and Wireless Local Area Networks 
(WLANs). Current technology is unable to supply 
data rates comparable to wired standards like Gigabit 
Ethernet (GbE) and High Definition Multimedia 
Interface (HDMI) [1].  As result of that data rates or 
bandwidths are never enough, while the wireless 
multimedia distribution market is ever growing[2]. 
So, an obvious solution to this problem is to resort to 
the 60 GHz band, where bandwidth is abundantly 
available [3]. 
 
Since the wavelength at 60 GHz is 5 mm which is too 
small, obstacles such humans and furniture can block 
links easily. For example, blockage by a human can 
affect the link budget communication by 20-30 dB. 
So, movements of humans might cause a 
discontinuous blockage of millimeter wave links 
[4].So, this paper suggests a novel technique that will 
control the propagation of indoor wireless 
environment at 60 GHz band by blocking the 60 GHz 
signal from propagating inside the area of interest 
using SL FSS to provide a stronger reflected signal as 
well as providing multipath propagation due to the 
variety of signal paths. 
 
II. SIMULATION RESULTS USING 
COMPUTER SIMULATION TECHNOLOGY 
(CST) MICROWAVE STUDIO (MWS) 
 
Previous researches showed that SL FSS has the best 
performance and stability to work within the 
angularsensitivity, cross polarization Transverse  
 

 
Electric (TE) or Transverse Magnetic (TM) modes, 
and small band separation [5].Frequency Selective 
Surfaces (FSSs) are planar periodic structures which 
exhibit reflection and/or transmission properties as a 
function of frequency. The surface consists of thin 
conducting elements, usually printed on dielectric 
substrates for support. In general, the FSS structures 
can be divided into patch-type or aperture-type 
metallic elements, being periodic in either a one or 
two dimensional array. Based on the element 
geometry, FSSs have four operation modes: low- 
pass, high-pass, band-pass, and band-stop filter[6]. 
FSS is now used in many fields in military 
applications, antennas, medical applications, and 
wireless communications security [7-13]. 
 
As shown in Fig.1, SL FSS is tested by using 
CSTMWS for a range of different incidence angles 
from 0º to 80º.The transmission coefficient (S21) is 
presented for TE and TM modes, as shown in Fig.2 
and Fig.3 respectively. The reflection coefficient (S11) 
is also presented for TE and TM modes, as shown in 
Fig.4and Fig.5 respectively. All of the following 
figures for the transmission and reflection coefficients 
are expressed in a range of frequencies from 50 GHz 
to 70 GHz and a range of incident angles from 0º to 
80º. The copper’s thickness is 0.07mm and the 
relative permittivity value 휀 is 3. 
 
In order to design a suitable FSS, the attenuation 
value at the resonant frequency, 60 GHz, must exceed 
-25 dB to kill the signal [10,11]. As shown in Fig.2 
and Fig. 3, the transmission coefficients for both TE 
and TM modes are more than this range. So, the 
signal will be dead when it tries to penetrate/go out of 
the area of interest. As well as, the reflection 
coefficients shown in Fig.4 and Fig.5 are even much 
smaller than -.05 dB at 60 GHz; this will let SL FSS 
acts as a perfect reflector inside the area of interest as 
stated before. 
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Fig. 1. The SL FSS dimensions, where P=1.4mm, g=0.2mm, 

d=1.2mm,and s=0.1mm. 
 

 
Fig.2. The transmission response (S21) for TE-mode of SL FSS. 

 

 
Fig.3.The transmission response (S21) for TM-mode of SL FSS. 

 

 
Fig.4.The reflection response (S11) for TE-mode of SL FSS. 

 

 
Fig.5. Thereflection response (S11) for TM-mode of SL FSS. 

 
Fig.6 shows how the designed SL FSS works as 
band-stop filter for the 60 GHz. It blocks the waves 
of 60 GHz from port 1 to port 2.  So, signal will be 
attenuated at port 2.  

 
Fig.6.Signal propagation animation, from port 1 to port 2, at 60 

GHz. 
 
Fig.7 shows how the designed SL FSS works for any 
frequencies rather than the frequency of interest. As 
an example, SL FSS will pass 2.4 GHz wave 
normally from port 1 to port 2. 
 

 
Fig. 7. Signal propagation animation, from port 1 to port 2, at 

2.4 GHz. 
 
III. HUMAN MODELING AT 60 GHZ 
 
The mm-wave range requires careful characterization 
of the antenna/human body interaction in order to 
evaluate, and possibly minimize, the variations of 
antenna characteristics and exposure levels induced to 
the body. To this end, knowledge of the dielectric 
properties of the human tissues is crucial for the 
numerical modeling and development of 
experimental phantoms. Any variations of the 
dielectric properties could directly impact the 
theoretical and experimental results [14]. 
 
Table I lists some typical values of the complex 
permittivity, at 60 GHz, for human skin, fat, muscle, 
and pure water at 20◦ C [15] 
 

TABLE I. COMPLEX PERMITTIVITY AT 60 
GHZ 

 
 
Where: 

휀 = 휀 − 	푗     (1) 
휀 : Complex permittivity. 
휀 : Relative permittivity. 
휔: Angular velocity	measured	in	radians per second. 
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휀 :Free space permittivity which equals 8.85×10^-

12 F/m. 
 
Well, there are two models to simulate the human 
body shadowing in an indoor environment. The first 
model is known as "Phantom Human" and the other 
is called "Salty-Lite". In general, the human body is 
represented as a parallelepiped circumscribed with 
Salty-Cylinder model.The lengths of sides of the 
basic rectangle will be equal to 0.305m, the height is 
equal to 1.7m, and the thickness is equal to 0.305m 
[6, 16]. In this work, the human body represented as a 
parallelepiped circumscribed, skin, fat, and muscles, 
and a cylinder containing pure water at 20oC, as 
shown in Fig. 8. 
 

 
Fig. 8.The human model used in this study. 

 
IV. SIMULATION RESULTS USING WIRELESS 
INSITE SOFTWARE 
 
‘Wireless InSite’ is the software tool used to give the 
closest scenario for signals propagating from 
Transmitter (Tx) to Receiver(Rx) inside the area of 
study [17]. The S11 and S21 parameters values for 
designed SL FSS have been exported to ‘Wireless 
InSite’. Most interestingly, ‘Wireless InSite’ gives 
results for the propagation without and with the 
designed SL FSS. 
 
Asmall area of interest with only one room which has 
been investigated with and without SL FSS to check 
its effect on reflecting the frequency of interest of this 
study and improving the received signal power in 
presence of humans. 
 
The comparison between scenarios with and without 
SL FSS must show how the SL FSS will affect the 
signal propagation and whether it enhances the 
received signal power or not. 
 
V. OPEN AREA SCENARIO 
 
One room with dimensions 15×10 m is considered. 
SL FSS is attached on the wall scenario in order to 
band-stop 60 GHz. SL FSS is placed away from the 
wall by λ/10 in order to eliminate the coupling effect 
[18]. 
The area of interest has an omnidirectional antenna as 
a route of Rx's with a sensitivity of -64 dBm for 60 

GHz [19]. The height of Rx’s is 1 m and the spaces 
between the grid antennas of Rx's are 0.5m. Tx has 
directional antenna with input power 10 dBm and 
gain of 14 dBi. The height of Tx is 2.5m above the 
floor which is mounted on the ceiling. The electric 
parameters of the materials presented in the room 
scenario are presented in Table II[17]. 
 

TABLE II. Electrical parameters used for 
building interfaces 

 
 
A. First Case without SL FSS Wallpaper 
Fig. 9 shows the 2D view of the open area scenario 
with many persons standing randomly around. As 
well, this scenario consists of Tx and five route Rx's, 
each one has six points’, the whole distance between 
them is 0.5m, 0.1m between each pair, that were 
arranged behind the person. 

 

 
Fig.9.2D view for the open area scenario. 

 
As shown in Fig.10,the black parallelepiped 
represents a human which stands in the room, with no 
SL FSS attached on the wall, normal case. By 
tracking the strength of thepropagating paths from Tx 
to Rx's, as an exampleRx-route 3, the received 
60GHz signal power is very low because of the effect 
of human which will attenuate the propagating signal, 
as shown in Fig.11. 
 

 
Fig.10.3D view for the open area scenario with no SL FSS. 
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Fig.11. Powerof maximum 3 propagating paths from Tx to Rx-

route 3 without SL FSS. 
 
B. Second Case with SL FSS Wallpaper 
In this case, SL FSS is attached on the wall, as shown 
in Fig.12.The SL FSS here will work as a perfect 
reflector for the 60 GHz signal, and denies the signal 
getting out of the room, which will minimize the 
effect of human in attenuating 60 GHz signal. By 
tracking the propagating paths from Tx to Rx-route 3, 
the received 60 GHz signal power will be much 
higher than first case where no SL FSS is around, as 
shown in Fig.13 compared to Fig. 11. 
 

 
Fig.12.3D view for the open area scenario with SL FSS. 

 

 
Fig. 13.Power of maximum 3 propagating paths from Tx to Rx-

rout 3 with SL FSS. 
 
To prove the enhancement in the received signal 
power by adding SL FSS, comparisons between 
presence and absence of the SL FSS at every Rx point 
has been illustrated in Fig.14 to Fig.18. As shown in 
Fig.14, the received power for Rx-route 1, without SL 
FSS, is varied between -77.9 dBm to -57.1 dBm, 
while with SL FSS case is varied between -74.7 dBm 
to -50.4 dBm. Where all points have been enhanced. 

 
Fig.14.Received signal for Rx-route 1. 

 
As shown in Fig.15, the received power with the no 
presence of SL FSS is varied between -67.4 dBm to -
63.3 dBm, while in the presence of SL FSS is varied 
between -59.8 dBm to -52.1 dBm. 
 

 
Fig.15.Received power for Rx-route 2. 

 
As shown in Fig.16, the received power without SL 
FSS case is varied between -63.5 dBm to -63 dBm, 
while in case of SL FSS around is varied between -
63.8 dBm to -57.3 dBm.  
 

 
Fig.16.Received power for Rx-route 3. 

 
Even for far Rx routes like Rx-rout 4 and Rx-route 5, 
as shown in Fig.17 and Fig.18 respectively, the power 
of the received signal in the presence of SL FSS has 
been enhanced. Where the received power without SL 
FSS for Rx-rout 4, as shown in Fig.17, is varied 
between -70.7 dBm to -67.9 dBm, while with SL FSS 
is varied between -63 dBm to -59.9 dBm. For Rx-
route 5 without SL FSS, the received power is varied 
between -78.5 dBm to -77.6 dBm, while with SL FSS 
case is varied between -67 dBm to -60.1 dBm, as 
shown in Fig.18. 
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Fig.17.Received power for Rx-route 4. 

 

 
Fig.18.Received signal power at Rx-route 5. 

 
VI. DELAY SPREAD 
 
Mean time of arrival and delay spread are the 
statistical measures of the time dispersion of the 
channel [20]. Both of them are explained 
mathematically in details in the following equations 
[17, 21]: 
The time of arrival is: 

푡 = (2) 
Where: 
푡 :Time of arrival. 
퐿 : Total geometrical path length. 
C :The speed of light in free space. 

And the mean time of arrival is: 

t̅ = 	
∑

  (3)  
And the Root Mean Square (RMS) delay spread is:  

σ =
∑

−	 t̅ (4) 

Where:                                                                           
푃 :	The		averaged received power. 
푁  : The number of paths. 
푃  : The time averaged power in watts of the i  path. 
 
In this paper, the open area scenario is studied in the 
presence and absence of SL FSS, in order to show the 
effect of adding SL FSS to the mean time of arrival 
and delay spread values. In order to accomplish this, 
two Rx routes have been taken which are Rx- route 1 
and Rx-route 3. 
As shown in Fig.19, the average of the mean time of 
arrival in FSS case for Rx-route 1 was 37.5 ns. The 
minimum value was 13.2 ns and the maximum value 
was 61.8 ns.While without FSS, the average was 
25.85 ns. The minimum value was 10.7 ns and the 
maximum value was 41 ns. As a result, these values 

are within the acceptable range for 60 GHz[20]. Also, 
the mean time of arrival with SL FSS ishigher than no 
SL FSS due to the richness in multipath in SL FSS 
case. 
 

 
Fig. 19.Mean time of arrival for Rx-route 1. 

 
As shown in Fig.20, the average of mean time of 
arrival in FSS case for Rx-route 3 was 53.15 ns, while 
with no SL FSS case was 51.1 ns.  
 

 
Fig.20. Mean time of arrival for Rx-route 3. 

 
As shown in Fig. 21, the average of delay spread for 
Rx- route1 in SL FSS case was 20.9 ns, while with no 
SL FSS was 13.2 ns. 
 

 
Fig.21.Delay Spread for Rx-route 1. 

 
As shown in Fig.22, the average of delay spread in 
SL FSS case for Rx-route 3 was 15.5 ns, while with 
no SL FSS was 10.8 ns. 
 

 
Fig.22.Delay spread for Rx-route 3. 
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CONCLUSION 
 
Enhancing the received signal power for 60 GHz 
indoor wireless propagation environment in order to 
minimize the effect of human in blocking 60 GHz 
signal was investigated and demonstrated in this 
paper. 
The frequency response of SL FSS wall developed in 
this paper showed a good capability to deal with TE-
mode and TM-mode waves.  
 
SL FSS was used as a band-stop filter to block 60 
GHz propagation from outside/inside the area of 
interest and as a perfect reflector from inside. One 
room was investigated to simulate the SL FSS action 
and how it affects the signal propagation. The 
received signal power has been enhanced. Because 
of, it is provided multipath propagation due to the 
variety of signal paths where diminished the 
influence of human shadowing. With the direct path 
obstructed by a human body, the signal power 
enhancement ranged from 3 dBm to 15dBm, 
depending on the position of the human body and the 
angle of arrival of the path.  
 
Comparing simulations for a normal and a modified 
wall, as the stronger reflected paths from the 
modified wall have time delays morethan to those of 
the dominant paths from the normal wall. For the 
same reason, in the presence of the modified wall, an 
increased portion of the total received power arrives 
at times similar to the mean delay time. Therefore, 
the RMS delay spread is increased slightly, which is 
still within an acceptable range.  
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