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Abstract: - The growing demand for broadband wireless communication links and the lack of wide frequency
bands within the conventional spectrum causes us to seek bandwidth in the higher microwave and millimeter-
wave spectrum at Extremely High Frequencies (EHF) above 30GHz. One of the principal challenges in
realizing modern wireless communication links in the EHF band is phenomenon occurring during
electromagnetic wave propagation through the atmosphere. Space-frequency theory of the propagation of an
ultra-wide band radiation in dielectric media is presented. Characterization of the atmospheric medium is via
its refractivity leading to a transfer function, which describes the response of the medium in the frequency
domain. This description enables the consideration of broadband signals taking into account inhomogeneous
absorptive and dispersive effects of the medium. Analytical expressions are derived when a pulse-modulated
signal is propagating in a general dielectric material. We demonstrate the approach by studying propagation of
ultra-wide band signals, while transmitted in the vicinity of the 60GHz absorption peak of the atmospheric
medium at millimeter wavelengths.

Key-Words: - Ultra-wide Band, Extremely high frequencies, Broadband wireless communications,
Atmosphere

where the atmospheric medium is described by the
transfer function H ( ]f)
When millimeter-wave radiation passes through

1 Introduction
The growing demand for broadband wireless
communication links and the deficiency of wide

frequency bands within the conventional spectrum,
require utilization of higher microwave and
millimeter-wave spectrum at the Extremely High
Frequencies (EHF) above 30GHz. In addition to the
fact that the EHF band (30-300GHz) covers a wide
range, which is relatively free of spectrum users, it
offers many advantages for wireless communication
and RADAR systems. Among the practical
advantages of using the EHF region for satellite
communications systems is the ability to employ
smaller transmitting and receiving antennas. This
allows the use of a smaller satellite and a lighter
launch vehicle

Some of the principal challenges in realizing
modern wireless communication links at the EHF
band are the effects emerging when the
electromagnetic radiation propagates through the
atmosphere. Figure 1 is a schematic illustration of a
wireless communication line-of-sight (LOS) link,
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the atmosphere, it suffers from selective molecular
absorption [1-6]. Several empirical and analytical
models were suggested for estimating the millimeter
and infrared wave transmission of the atmospheric
medium.
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Figure 1: Wireless communication link.
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The transmission characteristics of the atmosphere
at the EHF band, as shown in Figure 2 was calculated
with the millimeter propagation model (MPM),
developed by Liebe [7-10]. Curves are drawn for
several values of relative-humidity (RH), assuming
clear sky and no rain. Inspection of Figure 2 reveals
absorption peaks at 22GHz and 183GHz, where
resonance absorption of water (H,O) occurs, as well
as absorption peaks at 60GHz and 119GHz, due to
absorption resonances of oxygen (O,). Between these
frequencies, minimum attenuation is obtained at
35GHz (Ka-band), 94GHz (W-band), 130GHz and
220GHz, which are known as atmospheric
transmission 'windows' [4].

The inhomogeneous transmission in a band of
frequencies causes absorptive and dispersive effects in
the amplitude and in phase of wide-band signals
transmitted in the EHF band. The frequency response
of the atmosphere plays a significant role as the data
rate of a wireless digital radio channel is increased.
The resulting amplitude and phase distortion leads to
inter-symbol interference, and thus to an increase in
the bit error rate (BER). These effects should be taken
into account in the design of broadband
communication systems, including careful
consideration of appropriate modulation, equalization
and multiplexing techniques.

In this paper, we develop a general space-
frequency  approach  for studying  wireless
communication channels operating in the EHF band.
The theory is used to compare between analytical and
numerical models. The constraints of the derived
analytical expressions are discussed, pointing out
conditions of validity. The MPM model [7-8] is used
in the numerical model for calculation of atmospheric
characteristics in the frequency domain. The resulting
propagation factor is calculated numerically, enabling
one to deal with ultra-wide band arbitrary signals.

The theory was used to study the effects of the
atmospheric medium on a radio link, shown in Figure
1. The data signal, represented by a complex envelope

A4, (t): Iin(t)— jQin(t), modulates a carrier wave at
frequency f, . The resultant signal is transmitted and

propagates to the receiver site through the atmosphere
along a line-of-sight path. The demodulated in-phase

1,, (t) and quadrature O, (t) signals, retrieved at the

receive outputs, are examined.
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Figure 2: Millimeter wave attenuation coefficient
2010g(e)oc( f ) in [dB/Km] for various values of
relative humidity (RH).

The application of the model is demonstrated on a
wireless data link operating in the 60GHz band. The
unused frequency space and the high attenuation due
to oxygen absorption (-15dB/Km) [11-14] make this
frequency range naturally fitting for local broadband
digital networks with small reuse distances [14]. The
effects predicted by the analytical derivation are
inspected in the numerical simulations, including the
evolution of pulse distortion along the path of
propagation in the atmospheric medium. The
numerical model enables consideration of further
ultra-short pulses, enduring very few carrier periods;
such situations cannot be treated with the aid of
analytical approximated derivations.

2 Millimeter Wave Propagation in the
Atmosphere
The time dependent field E(t) represents an

electromagnetic wave propagating in a medium. The
Fourier transform of the field is:

E(f)= [ B ar

In the far field, transmission of a wave, radiated from
a localized (point) isotropic source and propagating in
a (homogeneous) medium is characterized in the
frequency domain by the transfer function:

)= Euuif)
H{jf )=
here, k( f ):2nf \/E is a frequency dependent

propagation factor, where € and p are the permittvity
and the permeability of the medium, respectively. The

transfer function H ( ]f) describes the frequency

(1

2

o g k)
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response of the medium. In a dielectric medium the
permeability is equal to that of the vacuum p=p, and
the permittivity is given by &(f)=¢,(f)e,. If the
medium introduces losses and dispersion, the relative
dielectric constant sr( f ) is a complex, frequency

dependent function. The resulting index of refraction
can be presented by:

n(f)=e.(f) =1+ N(f)x10¢ O
where  N(f)=N,+N'(f)—-jN"(f) is the
complex refractivity given in PPM [9]. The

propagation factor can be written in terms of the index
of refraction:

4
=2l )= 2L Ne(ppaoe @
a(f)
AB(f)

22 (14 Ny x10)+ 22N (f)x 107

C C
B(f)

3 Transmission of Ultra-Wide Band
Modulated Signal

Assume that a carrier wave at f, is modulated by a
wide-band signal 4, (t) :

E, ()= Re{Ain (t)ejznﬁt} )

as shown in Figure 1. Here Am(t)= I, (t)—le.n (t) is
a complex envelope, representing the base-band
Iin (t) = Re{Ain (t)}
o, (t) = —Im{Al.n (t)} are the in-phase and the
quadrature information waveforms respectively. The
complex amplitude after propagation in the medium
with the transfer function H ( ]f) is calculated by
[15]:

4,,)= A, (NH(f + £ )™ df

where A, (f) (). The

above formalism, which is illustrated in a flowchart in
Figure 3, is utilized in the followings for analytical
derivation and numerical calculations of the
demodulated signal at the receiver cite.

signal, where and

(6)

is the Fourier transform of A

mn
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Figure 3: The procedure for calculation of de-
modulated quadrature signals received in a wireless
communication channel.

Now we assume that the transmitted waveform is a
carrier modulated by a Gaussian envelope:

_ (7)
2
Ain(t):e 2
characterized by a standard deviation o;,. Fourier

transformation of the pulse results in a Gaussian line-
shape in the frequency domain:

ono,, ¥

A, (f)=+2ro e *
shown in Figure 4. The corresponding standard
deviation frequency bandwidth is ¢, =1/ (ZTEGI-,Z).

The full-width half-maximum (FWHM) is the —3dB
bandwidth and is equal to

B =2,/In(2)s, = 0.2655,".
Analytical result of Aom(t) after propagation

®)

along a horizontal path in the atmospheric medium
can be found if the complex propagation factor k( f )
is approximated in the vicinity of the carrier
frequency f, , by a second order Taylor expansion:

Issue 12, Volume 9, December 2010



WSEAS TRANSACTIONS on COMMUNICATIONS

«—B —»!
25, — P

Figure 4: The normalized Gaussian lineshape.

\ 1, ©)]
k)= ko + k()= 1)+ (= 1)
where
dk d’k
_ k'= — ="
=D ], e,
resulting in a complex envelope:
' 2 (10)
f‘laut(t)zﬁe(t];:J / 20 e ke
c
where:
k" (11)

d

02 = cyinz + .] 2
(2n)

The expression (10) obtained for 4, (t) is valid if:

Hd 12
Re{02}=6m2+a—2>0 (12)
(27)
This condition is always satisfied if o”>0.

However, at frequencies for which the attenuation
curve is convex a" <0 (in the vicinity of the
absorption lines) the analytical results are valid only

for o, >-a'"d / (21}’ > 0. Another interpretation
of this result is that for a given initial pulse width o,
the distance should not exceed d <—(27G,, ) / a”.

The magnitude (absolute value) of the complex
envelope has a Gaussian shape:

(13)

GA B 26014[
A4, (t)=T5e
o

o
—od+—
) T Ged 2 (2no, ) +a'd

with a temporal delay:
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1 ayBﬂd (14)
ty=—|B~-———-—"—-d
2n (2ns, ) +a'd
and a standard deviation G, given by:
" " 2 (15)
Gamz :Gin2+ o'd N [B d/(ZTE) ]2

2rn) o, +o"d/(2n)

In the framework of the above approximation (9), a

Aout (tl = \/Iaut2 (t)+ au12 (t) iS
preserved while propagating in the medium (although
its width changes).

For a short distance (or a wide pulse), the time
delay (14) can be approximated by #, = ([3'/ Zn)d i

This becomes the exact solution at attenuation peaks,
whena'= 0.

Examination the expression (15) for o, reveals
that when " >0 the pulse always widens along the
path of propagation. However, for a” <0 (e.g. in the
vicinity of absorption frequencies), the pulse may
become narrower while propagating in the
atmospheric medium. Pulse compression occurs when

Ginz/d > —(oc”2 +B" )/l(Zn)zoc"J.

propagation distances, the time delay approaches
t, > (a"B'-0'p")d/(2na") and the  standard

S g ey o)

Gaussian magnitude

For long

. . 2
deviation ©

out

4 Pulse Propagation in a Resonant
Medium

Some of dielectric media, such as gaseous ones, are

characterized by resonant refractivity of the
Lorentzian lineshape [16-17]:
N (16)
N (f ) = 2 DC.
I=(r11F +i(f/ 1)

where f; is the resonant frequency. The quality factor
0 is a measure for how many periods the oscillations
take the energy to dissipate. In that case one can

write:
o(/) -

10 (f/f- ol fF

AB(f)= —Q[% - %]a(f)

(17
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Figure 5: a) Delay time|[t, —(d/c)]/(d/c), and b)
pulse width 6, /o, as a function of carrier

frequency f. for ypc=0.001 and O=10 and
severalG, f, .

Analytical derivations of the various pulse
characteristics involve derivatives of up to the second
order of the frequency dependent functions. The
corresponding delay time ¢#; given and standard
deviation G, of the pulse width are shown in Figure 5
for several initial pulse widths G,

Examining Fig. 5.a for the time delay reveals that
in the vicinity of resonant frequency fO, when the

carrier frequency f; is within the FWHM Af = f,/Q

of the resonance (i.e. f, —Af/2< f.< f, +Af/2),

a signal Gaussian envelope arrives faster than should
be expected by speed of light propagation; hence it
appears super-luminal as previously expected. A
minimum (super-luminal) delay is observed when the
carrier frequency is equal to that of the

resonance f, = f,, the absorption peaks
(a'=0). delays

where

Maximum are found
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at f, = f0|_1 i\/g/(2Q)J, where a'B” is most
negative. Fig. 6.b shows that pulse compression is
realized when

71-1/V30)|< £ < £, 11+1/(2430)

a''<0

where

while maximum expansion occurs at

.= fill£45/20]

If the carrier frequency is equal to that of the
resonance, 1.e. f. = f,, an expression for the the

time delay is found to be:

R ) d a,) d (18)
td—gﬂ'd—(l_Q 'IDC)'C_(I_ZQﬂO]'

c

The standard deviation of the pulse after
propagation in the dielectric medium is:
, 2ayd a9
O_m”z =|: mz _Z[QJ a',d} 1+ +
o [2710',,, A] —8a,d
0
and the expected attenuation is:
g (20

Attenuation =

e 2 Va2 o]
o S[bzfaj i [(m yFr d}
Graphs of calculation example of the group delay
(18) and standard deviation (19) as a function of

initial pulse duration G, are shown in Figure 6. A
minimum delay is observed in Fig. 6.a when the

carrier frequency is set to be f. =f,. A
minimum pulse width is obtained in Fig. 6.b
when o’ :2Q(4Q+1)a0d /(27‘17”0)2 resulting in

Joutmin ’ = and /(7#;) )2 .
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Figure 6: Graphs of (a) group delay and (b)
standard deviation as a function of initial pulse
duration for ypc=0.001 and Q=10.

5 Numerical Results- Propagation at
60GHz

To demonstrate the described approach we analyze
the transmission of ultra short pulses in the 60GHz
band. The high atmospheric attenuation and
dispersive effects, caused by the absorption of the
oxygen molecules at this frequency region [11-14],
are expressed as evident distortions on the pulse
delay, duration and shape.

The procedure, following the flow chart of Figure
3, was employed in a numerical program aimed at the
simulation of pulse transmission in the atmosphere. In
our study, the modulating base-band signal A4, (t)

was taken to be Gaussian. The initial standard
deviation o, of pulse duration was varied, examining
its effect on the resultant pulse envelope 4,,, (t) along
the path of propagation.

Examination of the approximated analytical
expression obtained for #; in the preceding section,
discloses that the first order derivative o' of the
attenuation coefficient plays a role in determining the
pulse delay. Its major effect on increasing of the
group delay is observed in Figure 7.a. in the vicinity
of the frequencies 56.5GHz and 63GHz, where the
most negative values of the product a'f” are
obtained. Minimum delay is obtained at 60.5GHz
where a'=0 as expected.

The frequency dependent standard deviation is
shown in Figure 7.5 for several initial pulse widths
Gip. In this example, a pulse with initial duration of
ci,=0.2nsec is shown to be shortened (o, /0, <1)
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at frequencies wherea” <0, satisfies conditions for
compression.
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Figure 7: Graphs of (a) group delay and (b) standard

deviation vs. frequency after a pulse propagation
distance of d=1Km
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6 Conclusion

Atmospheric transmission of millimeter waves,
modulated by ultra-short Gaussian pulses, is studied
analytically and numerically in the frequency domain
revealing spectral effects on pulse propagation delay,
width and distortions. Using second order expansion
of the propagation factors leads to the derivation of
approximated analytical expressions for the delay and
width as a function of distance and carrier frequency.
Conditions under which pulse compression or
expansion occurs were identified.

By studying propagation of a pulse in the
atmosphere, characterized by the millimeter-wave
propagation model (MPM), it was shown that even in
a medium of atmospheric air some of the effects that
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we predict are pronounced especially for carrier
frequencies in the vicinity of the 60GHz, where high
absorption of oxygen molecules occurs.
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