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Propagation model

Space-frequency multi-reflection propagation
model

Transmission and reflection of polarized
signals through many walls

Indoor multi-path of UWB signals

Propagation of OFDM signals through a
single wall (802.11a)



Communication channel

TRANSMITTER RECEIVER

In(®) = X )
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Modulated signal
A, (0)=1,(t)- jQ,(r)

E, (1) =ReiA, (1) "™ |
out out

E,.()=RelA (1) " |

Aout(t): Iout(t)_ onut(t):
= [AL(9)-H(F +£)-e 7 d



Space-frequency approach

* Propagating fields in the frequency domain

* Frequency dependent effects

(absorption, dispersion, multi-path, multi-
echos)

 Ultra wide band phenomena
« Polarization

 Consideration of statistical features



Iin(t) 'j Qin(t)

Ain(t)=lin(t) - jQin(t)
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Electromagnetic fields In the
frequency domain

~ —jk(f )}r

B(r.f)=H(ir)--F,(0.9)+ 9 F,(0.9)}

y r
F(0.4)

~ 1

H(r,f):U_OH(jf)'[_é'F¢(‘9>¢)+¢?'Fe(‘9»¢)]' : r

Poynting vector:
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S(r. £) = RefE(r. /) (1. f )} =5 H ()




Propagation factor

k() =2z, (F) = - jal )+ ()

Attenuation factor:

o f)=-Imk(f)}= 2’”[\/ {ng —}

Wavenumber:

B(F)=Relk()} =2 \/ e B0 +1)




Complex dielectric constant

Permittivity:
s(f)=5.(f)& =1+ 2. (D] 6 =71+ 2./ (D]=jx." (- &
(/) L e () )
. ol & (f)
&"(f)=
27f - &,
LLoss tangent:
81 ' f Ze' ! (f) G
rlo()] = 2V - .

e(f) 1+2'(f) 24 -¢-&(f)



Medium Dielectric constant ~ Conductivity Frequency
&' o [S/m]

Brick 4.26 0.0197 2.45GHz
Brick 4.44 0.001 4GHz
Brick (made of chalk, with holes) 4.12 0.045 5GHz
Brick (without holes) 3.3 0.00278 5GHz
Brick wall 3.56 0.0946 5GHz
Limestone 7.06 0.0179 2.45GHz
Limestone 7.51 0.028 4GHz
Glass 4 1.8:107 IMHz
Glass 2.7-107 100MHz
Glass 7 0.00526 1GHz
Glass 5.98 0.299 5GHz
Glass 4 0.005 10GHz
Concrete 7 0.0451 1GHz
Concrete 4.5 0.00675 2.45GHz
Concrete 5.1 0.146 2.45GHz
Lightweight concrete 2 0.0268 1GHz
Concrete (one year) 5.5 0.0501 5GHz
Concrete (40 years) 4.6 0.0668 5GHz
Fiberglass 1.2 0.00535 1GHz
Sandy soil 2.55 0.00215 2.45GHz
Teflon 2.1 8.59-10°  2.45GHz
Wood 1.2 6.54-10*  2.45GHz
Wood 5 0.286 2.45GHz
Wood 2.05 0.0823 5GHz
Wood 1.65 0.0654 5GHz




Material characteristics

Medium | Dielectric | Conductivity __ to [ 5( I )] _ g"( f ) Attenuation

constant o[ S/m] 271 - &, 5'(f ) [ dB/cm |
' f=5GHz

Brick 3.56 0.0946 0.3401 0.09553 0.8188

wall

Concrete 5.5 0.0501 0.1801 0.03275 0.3492

(1 year)

Concrete 4.6 0.0668 0.2402 0.05221 0.5091

(40

years)




Generalized Snell’s law

12(0) = — sin(6, ) 1

Re+ \/(5‘—j5‘ )—sin*(0,) ;

~~
E

sin(6), ) = Je' sin(&)

Willebrord van Roijen Snell (1580-1626) - Dutch astronomer and mathematician.



Snell's law: n=Re (81/2)
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Waves across interfaces
1= J L\/l j{g() Jﬁizﬁ’.;’fio

TE Wave TM Wave

Z..=nlcos(0)  Z,, =n-cos(f)



Fresnel’s formulas

27,
Ui =
Z,+7, _Z2—Z1__
L1 = ==
27, Z,+Z,
Th s =
Z,+Z,

2 _
P +T ., T, =1

Augustin-dean Fresnel (1788—1827) - French physicist.



Complex reflection coefficient

_ %03(9)_ %8(90) n COS(@O)— 7, COS

IOO—TE _ (
i 1 0 )a
%os(é’)Jr /COS(@O) 7 cos(6, )+ 17, cos

n cos(&’)— 17, 003(6’0]
Po-m = 77003(6’)+ 7N cos(&’oj




Wall transmission
Fabry-Perot effect

= hr S ] -

(1_ pg)e—jkz(f)d (1 Po)e (a+ j8) cos(0)d
l_poe ' 1 ,02 —2(a+],6’)cos( )d

) (l_pg )ze—Zacos(é’)d
I:l_pge—2acos(6’)d:|2 +4p§e—2acos(6’)d Sinz[ﬂCOS(e)d]
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10cm concrete
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Multi-room
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Multi-wall attenuation

Concrete [10cm]
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Propagation between 4 rooms

dt = dr = 2m Received Pulses [@)O=30°]
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Multi-path

S {dn

Transmitter N




Wall reflections

\

p=po<f1—[(1—poz)e"’2k Bloe ] -

L 1=0 y
| o i2k(f)a 1 _ o 2atip)eos(0)d
= Lo 1_ pge—]Zk (f)d =Po- 1— ,05 —2(a+jfB)cos(8)d

2 o [1 g 2acos(OM :2 +4e7200M sin?[ cos(6)d |
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Reflection 10cm concrete 5GHz

=5GHz, d=10cm]

Concrete [f=
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0.2nS Pulse, 10cm Brick walls

Room size | Transmitter location | Receiver location
x [m] length 6 1 4
y [m] width 4 2 3
z [m] height 3 1 1.5
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10cm Brick walls
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Transmission through a single wall

Room 1 Wall Room 2



IEEE 802.11a Simulator Including “Medium Transfer Function”

Medium
Transfer
< TEebi] | Function
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> <z
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Error Wector
Magnitude

{EFENREE
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T —]
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Simulation Parameters

Incident wave angle =0 °

Channel SNR = 23 dB

Symbol Period = 0.08e-6 [sec]

Number of OFDM symbol per tx block = 20



Brick Wall - Packet Error Rate

IEEE.802.11a - (PER ) / (Brick Wall width)
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PER

Concrete (40 year) - Packet Error Rate

IEEE.802.11a - (PER) / (Concrete(40 years) width)
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Summary Table

Modulation | Medium PER=1% PER=10% | PER=50% | PER=90%
64QAM- Concrete <042 < 1.86 <39 4.3
54MBPS Brick Wall <0.35 <1.2 <2.37 <3
64QAM- Concrete <35 <4.78 < 6.58 <7.45
48MBPS Brick Wall <2.05 <3.26 <4.08 <4.95
16QAM- Concrete < 10.16 <11.72 < 13.37 <1492
36MBPS Brick Wall <6.37 <7.58 <8.75 <9.82
16QAM- Concrete < 18.0 <19.94 <21.53 <23.18
24MBPS Brick Wall 11.52 12.62 13.93 14.81
QPSK- Concrete 23.51 25.35 27.44 294
18MBPS Brick Wall 15.14 16.34 17.52 18.55
QPSK- Concrete 31.25 33.02 34.85 36.39
12MBPS Brick Wall 19.81 21 22.3 23.45
BPSK- Concrete 31 33.01 35.27 37.18
9MBPS Brick Wall 19.7 20.05 22.34 23.52
BPSK- Concrete 38.15 40.24 41.98 43.52
6MBPS Brick Wall 24 .31 25.36 26.57 27.43




Year 4-6 Program

Adding materials to the library.

Inclusion of multi-reflection from adjacent
rooms.

Extension of our model to the MIMO (multiple
antenna polarizations) UWB.

Propagation model for 802.11n including MIMOQO.

Simulation of signal reflections from furniture
and moving personnel.

Analytical validations of experimental results.
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FOURIER TRANSFORM
‘PHASOR'

E(r, f)= jE(r,t)-e‘jznﬁdt

E(r,t) = E(r,t)+ jE(r,t)

A ] ‘CE(rt) .
E(r,t):E*E(r,t)z j - (Er—t'))dt

.  [2E(r,f) f>0
E(r’f)_i 0 f<0




INVERSE FOURIER TRANSFORM

| ~ l ~

E(r, )= Elr, f)+E (r=F)



MATERIALS 5 GHz
Relative Permittivity
Real Imaginary Conductivity Tangent loss

g’ g" (o) Tan(d)
Brick (made of chalk, with holes) 412 0.16 4.45E-02 3.88E-02
Brick (without holes) 3.3 0.01 2.78E-03 3.03E-03
Brick wall 3.56 0.34 9.46E-02 9.55E-02
Concrete (one year) 5.5 0.18 5.01E-02 3.27E-02
Concrete (40 years) 4.6 0.24 6.68E-02 5.22E-02
Wood (a) 2.05 0.296 8.23E-02 1.44E-01
Wood (b) 1.65 0.235 6.54E-02 1.42E-01
Plasterboard 2.02 0.05328 1.48E-02 2.64E-02
Chipboard 2.88 0.4879 1.36E-01 1.70E-01
Glass 5.98 1.0764 2.99E-01 1.80E-01




MATERIALS 60 GHz
Relative Permittivity
Real Imaginary Conductivity Tan loss
e' e" o Tan(s)

Brick (made of chalk, with holes) 3.95 0.073 2.44E-01 1.85E-02
Brick (without holes) 3.26 0 0.00E+00 0.00E+00
Concrete (one year) 6.4954 0.4284 1.43E+00 6.60E-02
Concrete (50 mm) 11.47 0.29593 9.88E-01 2.58E-02
Aerated Concrete 2.26 0.1017 3.39E-01 4.50E-02
Aerated Concrete (50mm) 3.66 0.12481 417E-01 3.41E-02
wood 1.5 0.09 3.00E-01 6.00E-02
wood 1.64 1.115 3.72E+00 6.80E-01
Plain wood (19mm, 1 layer) 2.0687 0.41388 1.38E+00 2.01E-01
Plain wood (19mm, 2 layer) 1.9515 0.3683 1.23E+00 1.89E-01
Plasterboard (5mm, 1 layer) 2.4845 0.06211 2.07E-01 2.50E-02
Plasterboard (5mm, 2 layer) 1.8427 0 0.00E+00 0.00E+00
Plasterboard (5mm air gap, 1 layer) 2.541 0.61179 2.04E+00 2.41E-01
Plasterboard (5mm air gap, 2 layer) 2.1333 0.00299 9.98E-03 1.40E-03
Plasterboard 2.6 0.0364 1.21E-01 1.40E-02
Plasterboard 3.08 0.05544 1.85E-01 1.80E-02
Plasterboard (9mm) 2.37 0.12012 4.01E-01 5.07E-02
Plasterboard (12mm) 2.7 0.05346 1.78E-01 1.98E-02
Chipboard 2.78 0.1362 4.55E-01 4.90E-02
Chipboard 3.15 0.1795 5.99E-01 5.70E-02
Chipboard (22mm, wood) 2.85 0.15875 5.30E-01 5.57E-02
Thermolite block (100mm, 1 layer) 2.9396 0.2725 9.10E-01 9.27E-02
Thermolite block (100mm, 2 layer) 4.9913 0.32094 1.07E+00 6.43E-02
Ceiling board (8.8mm, rock wool) 1.5876 0.0126 4.21E-02 7.94E-03
Floor board (24.8mm, synthetic resin) 3.9135 0.32868 1.10E+00 8.40E-02
Stone 6.72 0.0336 1.12E-01 5.00E-03
Stone 8.55 0.5643 1.88E+00 6.60E-02
Marble 11.56 0.08092 2.70E-01 7.00E-03
Tiles 4.01 0.09223 3.08E-01 2.30E-02
Tiles 8.58 0.7807 2.61E+00 9.10E-02
Clear glass (4mm, 1 layer) 2.9591 0.00041 1.37E-03 1.38E-04
Clear glass (4mm, 2 layer) 6.3919 0.00032 1.07E-03 5.00E-05
Meshed glass (5mm, 1 layer) 8.0213 0.00024 8.01E-04 3.00E-05
Meshed glass (5mm, 2 layer) 3.4808 0.57364 1.91E+00 1.65E-01
Glass 4.7 0.1551 5.18E-01 3.30E-02
Glass 6.13 0.50266 1.68E+00 8.20E-02
Acrylic glass 2.52 0.03024 1.01E-01 1.20E-02
Plexiglas 2.76 0.018 6.01E-02 6.52E-03




Transmission concrete — 5GHz
Incident angle = 0
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0.2nS pulse, 5GHz, Concrete 10cm

Gaussian pulse [0.2ns] propagation [Concrete slab, 5SGHz, 10cm, 0°]
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Transmission concrete — 5GHz
Incident angle = 30
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802.11a Simulation structure
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