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Abstract: Free-space optical systems offer many advantages for modern wireless communication compared to classical radio-
band systems. Nevertheless, unlike fibre optics, their availability is highly affected by atmospheric disturbances. This study
discusses the influences of temperature gradients around buildings that cause turbulent areas within the atmosphere, leading to
the spatial change of the refractive index and consequently resulting in the bending or widening of transmitted optical beams.
The influences of a nearby building on free-space optical links are discussed on the basis of measured data.
1 Introduction

Free-space optics (FSO) introduce a line-of-sight optical
wireless communication technology which uses narrow
optical beams for the transmission of information [1]. FSO
offer many advantages for modern communication,
including larger frequency bandwidths and substantially
higher available data rates, immunity to interference, free
license, higher safety of transmission due to narrow optical
beams and so on [1]. Nevertheless, many factors may affect
an optical beam causing the extinction or fluctuation of the
received optical signal. Some of the most important effects –
including absorption by atmospheric gases, scattering of
small particles, beam wandering and scintillation caused by
thermal turbulence within the transmission medium and the
non-homogeneities of the refractive index – are described
in [2–5].

Most FSO links are nowadays deployed in dense urban
areas, where thermal influences (owing to building heating,
air-conditioning, wind circulation etc.) can be substantial. It
would therefore be beneficial to investigate the statistical
influence of turbulences on FSO links not only in open
areas but also in the vicinity of buildings. To support
system performance analyses, a measurement campaign
has been set up at the Czech Technical University in
Prague (CTU). The goal of this paper is to demonstrate
the relationship between fluctuation of the received
optical power and temperature gradients along the
path of the optical beam caused by turbulence around
buildings.

The paper is organised along the following pattern. It opens
with a discussion of the performance of the optical link, based
on a measurement of the free-space optical link reception
statistics and turbulent atmosphere effects and providing
essential background information. After this the measurement
campaign performed on the CTU campus is introduced
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in detail. In the next part, measured results from the FSO
link, meteorological stations and a special thermal sensor
line are analysed and compared to typical turbulence
statistics. A discussion follows on the specific dependence
of the turbulence features on the distance from the building.
This paper concludes with a brief summary.

2 Scintillation due to turbulences

Scintillation and wandering of optical beams are mainly
caused by thermal turbulence within the transmission
medium and non-homogeneities of the refractive index. As
air circulates within the urban environment, assuming
temporal gradients from buildings and the ground, thermal
characteristics can change dramatically along the optical
link. For instance, temporal differences of up to 138C/
100 m were observed during a study of airflow distribution
inside street canyons in [6]. Such thermal divergences
result in a divergence of the beam and the fluctuation of
received optical power over time. The frequency of
received signal fluctuations can reach up to 200 Hz [2]. The
variance of scintillation (s2

x) can be expressed by Rytov
variance [5, 7]

s2
x = 1.23C2
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where l represents the wavelength and L is the length of the
link. Cn

2 introduces the so-called refractive index structure
parameter – a vital measure of turbulence strength.
Extensive research has been carried out, especially in cases
of vertical variations of the structure parameter. The
1039

& The Institution of Engineering and Technology 2011



www.ietdl.org
Fig. 1 Demonstration of the turbulent atmosphere influence on a free-space optical link
Hufnagel–Valley model [8] is used for altitude h dependence
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where A is the reference parameter (for ground level around
1.7 × 10214 m22/3) and n stands for the root mean square
(RMS) of wind speed. For terrestrial sites (up to 100 m of
the Earth’s atmosphere) the optical turbulence described by

Cn
2 reaches typical values ranging from 10217 m22/3

(weaker turbulence) to 10213 m22/3 (stronger turbulence).
According to [8] optical turbulence shows approximately
diurnal cycles with peaks during midday hours and minima
near sunrise and sunset.

A submarine laser communication (SLC) day model
derived empirically from averaged measured data [9]
proposes for terrestrial links

C2
n(h) = 1.7 × 10−14, 0 , h , 18.5 m

= 3.13 × 10−13/h1.05, 18.5 , h , 240 m (3)

and a SLC night model [9] suggests

C2
n(h) = 8.4 × 10−15, 0 , h , 18.5 m

= 2.87 × 10−12/h2, 18.5 , h , 110 m (4)

The classical view of turbulence derives from the
Kolmogorov theory of turbulences [4, 10]. Turbulence
energy injection results in the breakup of large-scale
structures into small-scale structures. It assumes that
the small-scale structures are statistically homogeneous,
isotropic and independent of the large-scale structure. The
source of energy is wind or thermal conduction.

Randomly distributed cells of different refractive indexes
(so-called eddies) can occupy areas from tens of centimetres
up to units of kilometres. The amplitude as well as the
frequency of received optical signal scintillations is
subsequently highly dependent on the turbulent cell size to
beam diameter ratio. In this regard, an optical beam is
deviated/bent in the case of large turbulent areas, widened
in the case of a small area or, most typically, a combination
of both mechanisms can be observed [1] (see the illustration
of the turbulent zones influence on received optical power
depicted in Fig. 1).
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Many statistical models were proposed to describe received
signal fluctuations caused by atmospheric turbulence. The
most widely used statistical models include lognormal
distribution, K-distribution or gamma–gamma distribution
[7]. Weak turbulences have been proved to have a probability
density function (PDF) of the lognormal distribution (5) [11]
while for strong turbulences, the K-distribution (6) [12] is used.

f (I ) = 1����
2p
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slI

exp
(ln I/I0 + s2
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sl
2 is the scintillation index, I and I0 denote the irradiance

(intensity of the optical wave) and its mean value in cases
without turbulence. Kj(x) stands for a modified Bessel
function of the second kind, G(x) is the gamma function and a
introduces the effective number of discrete scatterers.

Under the assumption that small-scale irradiance fluctuations
are modulated by large-scale irradiance fluctuations of the
propagating wave, gamma–gamma distribution can be
utilised in a free-space optical channel. This can be expressed
by [13]

f (I) = 2(ab)(a+b)/2

G(a)G(b)
I ((a+b)/2)−1Ka−b 2

�����
abI

√( )
, I . 0 (7)

where a and b are the effective numbers of small- and large-
scale eddies defined in [13, 14]. Several analyses of FSO bit
error rate dependences on turbulence were accomplished in
[12, 13, 15–17]. The method of turbulence mitigation was
proposed in [18]. For more details on particular statistics, see [7].

3 Measurements

In this section, the measuring system will be introduced and
then turbulence features in the near vicinity of buildings
together with FSO-link performance characteristics will be
discussed based on actual measured data.

3.1 Measuring system

To validate the influence of building heating effects on the free-
space optical link, an experimental campaign was set up in the
university campus of the Faculty of Electrical Engineering,
Czech Technical University in Prague (Czech Republic).
Two free-space optical transceivers WaveBridge 500 by
Plaintree [19] were placed on the roofs of two eight-story
buildings in the CTU campus, approximately 30 m above
ground level (see the measuring system deployment in
Fig. 2). This allowed us to build an optical link with a length
IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 9, pp. 1039–1044
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of around 120 m. The optical wireless system works at a
wavelength of 850 nm, transmitted power was set at 20 dBm
and the LED beamwidth is 18. The data rate 150 Mbps
(OC-3) has been set in the link, while a router on one side
returns back the sent data. Received optical power detected
in terms of a strength signal indicator is read using an
adjusted digital voltmeter and stored on computer – levels of
the received optical power corresponding to the voltage were
carefully calibrated. At the time this paper was submitted, a
second free-space link consisting of a four-beam free-space
optical communication systems FlightStrata G by
LightPointe (1.25 Gbps of full-duplex, VCSEL at 850 nm) is
being established at the Department of Electromagnetic
Field, CTU.

Data from two meteorological stations WS981 by Anemo
Corporation, Czech Republic, [20] located in the middle of the
link and one of the FSO transceivers, respectively (measuring
network configuration and setup for system performance
monitoring are shown in Fig. 2) were used for further analyses.
The first station collected data recording the temperature and
humidity (a temperature sensor 230 to +708C and
hygrometer), as well as atmospheric pressure (barometer with
range 800–1200 hPa), precipitations (heated tipping-bucket
rain gauge with the collecting area of 500 cm2, and the rain
amount per one tip 0.1 mm) and the speed and direction of the
wind (anemometer AN 955C). The second station gathered
temperature, atmospheric pressure and precipitation data.

The temperature gradient was measured using a system of ten
thermal sensors TQS3 E by the Papouch Corporation, Czech
Republic (temperature measured within a range of 255
to +1258C with a resolution of 0.18C), equidistantly spaced
(with a distance of 2 m between sensors) on the cable at the
first quarter of the free-space optical link (approximately 2 m
below the optical link). In this way, thermal gradients are
observed in various places around buildings, that is, above the
two buildings and from close proximity to the building to a
point halfway between both building blocks.

4 Results

Samples of the dependency of received optical power and
temperature as measured during two days in April 2010 are
shown in Fig. 3a. Table 1 then gives an example of
received signal fluctuations in terms of deviations of the
structural parameter of the refractive index and a correlation
coefficient between temperature (measured by the
meteorological station 2) and FSO received power level for
different time periods in November 2009. In particular, this
clearly demonstrates the difference between the short and

Fig. 2 Deployment of the FSO link and weather sensors
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relatively long time periods of the data sets. The correlation
coefficient r was calculated using the following equation [21]

r = Cov(X , Y )����������������
Var(X )Var(Y )

√ (8)

where Cov(X,Y ) is covariance and Var(X ) and Var(Y ) stand
for variations of random variables X and Y. In our case, X and
Y introduced the received optical power and measured
temperature. Other correlations can be found in relation to
FSO links calculated between laser beams and ideal
Gaussian beams as determined during laboratory
measurements of influences of turbulences on a laser beam,
for example, in [22, 23].

The dependence of rain intensity on received power level
as measured on 15th of March 2010 is depicted in Fig. 3b.
It should be mentioned that rain does not influence optical
links as much as atmospheric turbulences or fog scattering,
contrary to the millimetre waveband, where significant rain
attenuation can be observed [24, 25].

Fig. 3 Sample of measured data

a Normalised received optical power and temperature during a two-day
period in April 2010
b Dependence of normalised received optical power on precipitation
measured on 15th of March 2010

Table 1 Example of enumerated parameters of thermal

influence on FSO link

Number of days [2] 2 10 30

DCn
2 [m22/3] 4.7 × 10217 9.3 × 10217 2.7 × 10216

r [2] 0.676 0.371 0.195
1041
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Fig. 4 demonstrates a measured influence of turbulences on
FSO – expressed in terms of the refractive index structure
parameter determined from fluctuations of received optical
power by (1). It was evaluated over several calculation
windows and compared with the refractive structure parameter
derived from thermal variations in the atmosphere as
described below. The best results were obtained within a 1 h
span. Contrary to the results published in [26], where maximal
turbulences were observed in diurnal periods from 9 am to 3
pm, in the case of the tested free-space optical link crossing
buildings, an earlier diurnal increase of the refractive index
structure parameter – from approximately 5 am – was
observed with maximum values at around 8:30 am. The
values of the scintillation indexes (normalised variance of the
received optical power) reached by recalculation to the link
length were eight times higher than those observed in [27].

Compared to log-normal measurement statistics presented
for several maritime links in [28], the normalised scintillation
index (by a mean value of 0.013) was not as strictly followed
by a fitted log-normal cumulative function in our
measurement (see the cumulative probability of normalised
scintillation index from September 2010 depicted in Fig. 5a).
For higher scintillation indices (cumulative probabilities
higher than 0.94) the gamma–gamma statistical approach
dominates. The fit error calculated according to [28] as the
difference between measured data and the particular statistical
model is shown in Fig. 5b. In the case of the log-normal
model, the overall fitting quality measure – RMS error –
reached a value of 0.0239. This is quite a huge difference
from the theoretical assumption – compared to [28], where
RMS errors were almost ten times smaller in case of maritime
optical links having lengths 6, 9.4, 17.7 and 23.6 km. The
worst fit was observed with the gamma–gamma statistical
model, where an RMS error of 0.0409 was enumerated.

Based on statistics derived from sensor line measurements,
the thermal influence of buildings was analysed. An example
of thermal distribution measured on the 15th of September
2010 from approximately 8 am is shown in Fig. 6 (sensors
are placed in the direction from the building, i.e. the 0th
placed on the building, and the 10th at a distance of 20 m).

Significant thermal variations were observed along the
measured path. At the beginning of the measurement
campaign, undesirable heating of sensors by sunshine was
distinguished. Therefore in the next step, sensors had to be
improved by an upper alumina shield with special holes
enabling even top-down air circulation.

Fig. 4 Refractive index structure parameter determined by (1)
from fluctuations of FSO received signal measured in September
2010
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To validate the influences of the turbulent zones, the
refractive index structure parameter was determined from
the thermal sensor line measured data using the empirical
equation

C2
n = 79 × 10−6 P

T 2

( )2

× (T1 − T2)2

RCpar
(9)

where T1 and T2 stand for temperatures measured by two
adjacent thermal sensors separated by a distance R, T

Fig. 6 Thermal distribution measured by the sensor line from 8:23
am on 15th of September 2010

Fig. 5 Comparison of measured and theoretically derived
statistics

a Cumulative probability of normalised scintillation index from September
2010
b Fit error between measured data and the calculated model
IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 9, pp. 1039–1044
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represents mean temperature from all sensors and P
introduces atmospheric pressure. Parameter Cpar represents
the thermal influence expressed by the so-called
temperature structure function [10]. Equation (9) has a
physical background in the relation between the spatial
fluctuations of the refractive index (given by Cn

2) and
temperature (thermal structure parameter CT

2) [4]

C2
n = ∂n

∂T

( )2

C2
T (10)

Based on Kolmogorov statistics of fluctuations, it was
determined in [29] that for vertical profiles, the value 2/3 of
Cpar is prevalent in the atmosphere when the following
condition is satisfied

l0 ≤ R , L0 (11)

It characterises the dissipation range (inertial range) from
largest eddies expressed by diameter L0 (up to outer scale
of turbulence) towards the smallest ones with a diameter of l0.
Cpar ¼ 2 was determined for smaller sensor separations
R , l0 [4]. It has to be mentioned that in the above-
mentioned cases, either the vertical profile of turbulences
were measured by balloon thermal radiosondes or
horizontal measurements were performed in an open area.

Contrary to the above-mentioned open-field measurements,
in our case, when the link passed a built up area, Cpar tended
to reach a value of 2 even in the dissipation range (more
specifically Cpar ¼ 1.96 was optimised from Kolmogorov
statistics of measured data). Therefore in the next analyses
performed Cpar was equal to 2. The refractive index
structure parameter dependence on different distances from
the building, which was determined from thermal sensors
line measured data (September 2010) by using (9), is
depicted in Fig. 7. When compared to Fig. 6, a very close
resemblance can be distinguished, especially for smaller
sensor separations. The highest daily correlation of up to
0.874 was observed in the case of thermal sensor separation
R ¼ 8 m. For sensor separations higher than 12 m,
correlations to FSO data rapidly decrease because such
distances very often exceeded the diameters of the
turbulence zones.

From the measured data, it was seen that turbulence
emerges approximately in the first 1–2 m surrounding

Fig. 7 Refractive index structure parameter dependence for
different distances from a building as determined by (9) from
thermal sensors line measurement in September 2010
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buildings (derived from a two-month measuring period). A
high influence on the fluctuation of the received optical
signals can be observed from turbulences arising up to 8 m
from the building. This is true especially during colder
days, when the thermal heating of buildings radically
changes the scintillation effects on a FSO link deployed in
urban areas compared to links crossing free, non-built-up
areas. Fig. 8 depicts the relationship between the turbulence
and the FSO received signal expressed by a mean
correlation coefficient from a two-month observation period
calculated by (9).

5 Conclusion

The performance of free-space optical links is highly
dependent on many limiting factors, particularly due to the
time-variant properties of the transmitting medium.
Temperature gradients within turbulent areas result in the
bending or widening of transmitted optical beams. Analyses
of the influence of turbulences on a free-space optical link
in the vicinity of buildings were accomplished on the basis
of a measurement campaign. The different dependences of
the refractive index structure parameter were observed in
the case of a FSO link deployed in an urban area compared
to results published for links crossing free non-built-up
areas. During the next stage of our research, data will be
collected and analysed over a longer time period (several
years) in order to obtain/derive a more precise description
of the statistical characteristics of thermal influences.
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common edge of an RWG triangle pair. The benefits of the basis func-
tion include the approximate orthogonality to the RWG basis function,
the association with the RWG basis function, the constant charge den-
sity within each polygon, the vanishing charges within a polygon pair
and no fictitious line charges across polygon boundaries. When used
with the RWG basis function together to represent the magnetic cur-
rent and electric current, respectively, the resultant system matrix is
naturally well-conditioned with a simple testing scheme. This is be-
cause each operator in the SIEs is well tested and the system matrix
is diagonally dominant. The good conditioning of the system matrix
is very desirable in fast algorithms because they use iterative methods
to solve the matrix equations and the convergence strongly relies on
the conditioning. We implement the above dual basis function with the
partnership of RWG basis function in the MoM and the process is ac-
celerated with the MLFMA for solving the SIEs with penetrable media.
Numerical examples for scattering by large composite objects are pre-
sented to demonstrate the scheme and fast convergence of solutions can
be observed.
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Validation of Rain Spatial Classification for
High Altitude Platform Systems

Stanislav Zvanovec and Pavel Pechac

Abstract—Previous work on rain spatial classification for terrestrial
PMP radio systems has been extended in this communication to strato-
spheric systems—high altitude platform systems. It was found that the rain
spatial parameter concept can also be effectively applied to HAP systems,
although specific adjustments have had to be made to the method. The
differences between terrestrial and stratospheric systems are discussed
with regard to the new derived dependences.

Index Terms—Diversity methods, millimeter wave propagation, rain.

I. INTRODUCTION

High altitude platforms (HAP), also known as stratospheric re-
peaters/systems [1], could offer the possibility of very fast additional
coverage or could be utilized as an alternative to satellite or terrestrial
systems. Broadband reliable transmissions in the millimeter waveband
are also envisaged [2], therefore the influence of rain on propagated
electromagnetic waves is of a great importance for system planning.
Among other factors, rain spatial properties and the corresponding
fade mitigation techniques, e.g., route diversity schemes, should be
considered. The route diversity given by the recommendation ITU-R
P. 618 [3] for satellite links cannot be accurately applied, since the
link geometry is different in the case of HAP systems.

Rather than analyzing only two HAP link joint statistics (e.g., elab-
orately studied in [4]), many simultaneous diversity links representing
overall system performance were tested under specific conditions, both
in time and space, within a defined area. The methodology and a rain
spatial classification method relevant to rainfall influence on terrestrial
PMP radio systems were proposed in [5]. This communication extends
this work (briefly summarized in Section II) to the specific case of
stratospheric systems. Based on extensive simulations, the method is
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validated for a HAP network and particular adjustments of the method
are proposed.

II. APPROACH USED FOR TERRESTRIAL SYSTEMS

To validate HAP systems, the approach to rain spatial classification
for terrestrial systems [5] was utilized. It is based on an enumeration of
the outage improvement probability � defined as a percentage of ter-
minal stations with a successfully established diversity link (i.e., with
received power ����� higher than the threshold�� �����	
�) throughout
the network from �	�� links having a received power level �����

below the threshold due to rain attenuation

� �
�

�
������ � �� �����	
��

�	��
� ��� (1)

�	�� � ������ � �� �����	
��� (2)

In the case of terrestrial systems, the outage improvement was de-
rived as a function of angular separation � (rad) and the ratio of the
main and diversity link lengths ��������� [5]

� � 	�	��� � ��
�� 



 � ��	��� �� �

�

�

�

����
����

�

� (3)

An empirical parameter 	�	��� is dependent on the maximum rain
rate ���� taken from the whole rainfall radar scan and on the rain
fade margin ����� set in the system as [5]

	�	��� � 	� � 	� � ����� ����� (4)

where 	� � ������ and 	� � 	���were derived for terrestrial systems
from the radar and simulated data.

The other coefficients, ��	��� and �	���, are then highly dependent
on the rate spatial distribution described by the rain spatial parameter
� in km� as [5]

�	��� � �� � ��� 
����� � ��� (5)

��	��� � 
��� 
����� � �	���� (6)

with � � ���	, and �� � ��� obtained by a curve fitting algorithm.
The rainfall spatial parameter is able to characterize the spatial proper-
ties of the rain event in terms of rain cell sizes and rain rate slopes,
relating to their impact on the point-to-multipoint terrestrial system
within a given area [5]. It is calculated by normalizing a particular rain
rate spatial distribution by its maximum rain rate and then by dividing
it into 9 contour levels; then, by averaging areas of the rain cell for
each contour threshold and subsequently, by taking the mean value of
the average rain cell areas for all contour levels [5].

III. STATISTICS AND MODELING FOR HAP SYSTEMS

An analysis of a hypothetical HAP system was performed based
on meteoradar scans for the Czech Republic for the period from
2002–2005 [6]. During simulations, the influence of the outage im-
provement probability on the rain fade margin constant within the
whole system (set from 5 to 30 dB) was tested at a frequency of
48 GHz (chosen in accordance with [1]). Contrary to terrestrial system
simulations [5], where a linear polarized electromagnetic wave was

Fig. 1. Scenario of HAP diversity.

considered, a circular polarization was set up in the case of HAP links
[2].

The main focus was to derive corresponding relations among rain
event parameters and the availability of HAP systems independently
of the particular deployment of HAP stations and spatial distribution
of users. Therefore for particular rain distribution, the user was moved
step-by-step in a 1 km raster and at each position the likelihood that
the connection to a HAP station (situated in an altitude of 20 km; land
distances from 2 to 20 km and all azimuths) would be significantly
affected by rain was investigated. In the case the rain loss exceeded the
rain fade margin, an additional diversity link with a second HAP station
(having lengths of up to 20 km) was tested for all angular separations.
See the diversity scenario considered for HAP systems in Fig. 1.

In the next step, the dependences of the parameters 	�	���� ��	���
and �	��� were derived from the obtained set of probabilities of outage
reductions within HAP systems by use of genetic algorithms.

Even though simulations of HAP systems again resulted in a linear
dependence of 	�	��� on ���� and ����� as in [5], the relations
denoting the influence of the maximum rain rate—especially the slope
of this dependence—have to be described differently with respect to
the rain fade margins. It was observed that the value of the rain fade
margin parameterizes 	�	��� dependence on the maximum rain rate. A
new derived relationship valid for HAP systems can be expressed by

	�	��� � 	� �
�

	�
� ��������� � 	����� � ������ (7)

The constants 	� � ����� and 	� � ������ were obtained by
regressive fitting of the simulated data. Examples demonstrating results
from simulations and a fitting by the new relation for rain fade margins
of 10 dB and 20 dB can be seen in Fig. 2.

The influence of the rain spatial distribution on the outage improve-
ment probability was analyzed for HAP systems with a route diversity
scheme. From the simulations performed, the resulting dependence of
�	��� on rain spatial parameter was determined in the form of

�	��� � �� � ��
�

� ��� � (8)

The parameters � and � in (8) were optimized using genetic algo-
rithms to the values of � � ���� and � � ���	�, respectively.

The dependence of the last empirical parameter, ��	���, on the pa-
rameter �	��� obtained from the simulation of HAP systems is depicted
in Fig. 3.
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Fig. 2. The dependence of the parameter � on the maximum rain rate
within the particular area and on rain fade margins of 10 dB and 20 dB.

Fig. 3. The dependence of the parameter � on parameter � for HAP
systems.

The derived dependence for HAP systems has a linear increase and
can be expressed as

������ � �� � ������ � �� (9)

where �� � ����� and �� � ����. It should be mentioned that these
statistics were generated for the region of the Czech Republic. The rain-
fall spatial parameter can be applied in general to any climatic regions
but its definition would have to be based on appropriate experimental
data using the same methodology.

IV. COMPARISON OF HAP AND TERRESTRIAL

SYSTEM PERFORMANCES

In this point, it is useful to demonstrate the similarities and differ-
ences between HAP and terrestrial systems based on the simulation re-
sults. Knowledge of two basic types of rainfall is essential for a detailed
understanding of the simulation results. The first type, stratiform rain,
is usually spread over large areas and can be characterized by the slow
decay of the low rain rate from its maximum (which is usually less than
10 mm/h). The second type, convective rain, represents smaller heavy

Fig. 4. A comparison of dependences of the parameter � on the rain spatial
parameter derived for HAP and terrestrial systems.

rain cells with high rain intensity. From a physical point of view, wide
spread stratiform rainfalls result in a lower number of millimeter link
drops, unlike convective rains which cause high numbers of system
outages. Nevertheless, since convective rains are spread over a smaller
area, they can be over-traced by HAP links. Note that, according to
[7], the mean height of the rain is equal to 3.36 km above mean sea
level (figures valid for central Europe). In the case of terrestrial sys-
tems, a higher percentage of links can cross the rainy area even in the
cases when the diversity base station is not directly affected by rain and
therefore different outage improvement probabilities can be observed.

A remarkable difference in the utilization of route diversity within
both systems can be observed when changing the main to diversity link
length ratio. A constant length of the main link and an increasing length
of the diversity link lead to a decrease in the outage improvement proba-
bility in the case of terrestrial systems, unlike HAP systems, where the
outage improvement probability increases under specific conditions.
The parameter ������, determining a value of the power of the main
and diversity link lengths ratio in (3) is a vital measure, particularly in
this case. A comparison of dependences of the parameter ������ on the
rain spatial parameter for HAP systems and for terrestrial point-to-mul-
tipoint systems is illustrated in Fig. 4.

In the case of both systems, the parameter ������ increases with the
increasing rain spatial parameter. Note that for HAP systems, the ������
parameter reaches negative values for the low rain spatial parameter.
Therefore, in the case of the rain spatial parameter below 15.8 km�,
with an increasing length of the diversity HAP link an increase of the
outage improvement probability, caused by the negative value of the
parameter ������, can be observed. This distinction can be explained
by a difference between link configurations, when majority parts of
terrestrial links are affected by the rain event and the lengthening of
diversity links does not significantly improve rain losses. HAP links
are, on the other side, only influenced below rain heights, which leads
to better system performance in the case of a low rain spatial parameter.

The mentioned features of both systems are demonstrated in Figs. 5
and 6. Two rain distributions with the maximum rain rate of 30 mm/h
were chosen as an example to show differences between terrestrial and
HAP systems. First a rain distribution with the rain spatial parameter
less than the mentioned threshold of 15.8 km� (� � 	 km�)—see the
outage improvement probabilities in Fig. 5—and the second rain distri-
bution with � � 
� km�—demonstrated in Fig. 6. Rain fade margins
of 10 dB were considered during the simulations.
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Fig. 5. A dependence of the outage improvement probability for rain distribu-
tion with � � � km � � � ��mm/h for (a) a terrestrial system, (b) a HAP
system, both with � � �� dB.

The rain spatial parameter has also a different influence through the
parameter ������ on the angular separation dependence of the outage
improvement probabilities in the case of HAP systems than was ob-
served in the case of terrestrial systems [5]. From a physical point of
view this can be explained by the section of link crossing a rainy area.
For angular separations between links of up to 57 degrees, rain distribu-
tions along HAP link sections of the main and diversity links are highly
correlated (note, the angular limit was empirically derived for correla-
tion coefficients exceeding 0.7), having close maximum rain rates. This
means, that utilization of route diversity is not as efficient for the same
link angular separations as in the case of terrestrial systems, where such
a high correlation between rain distributions along paths was not deter-
mined. Therefore essentially higher changes in the outage improvement
probability can be observed for these systems.

An overall decrease in the dependence of the outage improvement
probability on the maximum rain rate was observed in HAP systems
for users employing the route diversity when compared to terrestrial
systems [5]. For instance for users with similar lengths of main and
diversity links and a particular rain fade margins set, the utilization of
route diversity in a HAP network reaches approximately one-third of
the values determined in the case of terrestrial systems [5]. This can be
explained by the fact that the path affected by rain is generally shorter
in the case of HAP links at high elevation angles.

Fig. 6. The dependence of the outage improvement probability for rain distri-
bution with � � �� km � � � �� mm/h for (a) a terrestrial system and
(b) a HAP system, both with � � �� dB.

From the analyses performed, it can nevertheless be concluded that
the rain spatial parameter concept can be very well adapted for use
on HAP systems. The resulting equation for the outage improvement
probability in the case of a HAP system with route diversity has to be
expressed in the new form

� � ������ � ��
���

��
�������

	

��

�

�

�

�

����

����

�

�

(10)

V. CONCLUSION

Based on the results of the analyses presented in the communication,
it can be concluded that the method of rain spatial classification for the
evaluation of rain influences on terrestrial systems can also be adapted
for HAP systems. It was derived that both approaches are quite distinc-
tively dependent on the rain spatial parameter. This can be explained
by different link geometries and system deployments.

Furthermore, different dependences of HAP system performances
on the variability of maximum rain rates within the areas served and



2750 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 59, NO. 7, JULY 2011

on the rain fade margins set in systems compared to terrestrial systems
were observed and discussed in the communication.
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signal injection condition. As the temperature coefficient of the

DR is about 2 ppm/�C, the maximum frequency drift during

0–50�C temperature range will be 1.24 MHz, corresponding to

2.48 MHz at the second harmonic. According to Figure 11, an

injection power of 6 dBm is high enough for most common

applications.

Figure 12 shows the output power characteristics near 12.4

GHz with an injection power of 10 dBm. It can be seen that the

output power is flat in the locking range, and the upper and the

lower locking range is symmetry. Table 1 shows the fundamen-

tal suppressions of the in-phase and the out-of-phase methods.

Obviously, the fundamental suppression for out-of-phase method

is higher than its in-phase counterpart. This result also validates

the analysis presented in Section 3.

Table 2 summarizes the features and performances of several

free running push–push DROs reported in recent years. It can be

seen that this design exhibits high fundamental suppression and

low phase noise. If very low phase noise signal is injected, the

phase noise of the oscillator can be further improved.

5. CONCLUSIONS

An X-band push–push DRO with injection locking capability is

implemented. The oscillator works near 12.4 GHz with 9.5 dBm

output power. The fundamental suppression is about 32.5 dBc

without using bandpass filter. The phase noise values of the free

running oscillator are �104.4 dBc/Hz, �120.2 dBc/Hz, and

�142.6 dBc/Hz at 10 kHz, 100 kHz, and 1 MHz offset frequen-

cies from the carrier frequency, respectively. This phase noise

performance is superior or comparable to recently reported

results. Two injection locking methods, i.e., the in-phase injec-

tion locking and the out-of-phase injection locking are studied.

Theoretical analysis and experimental results indicate that the

out-of-phase method has higher fundamental suppression and

wider locking range than the in-phase method. The proposed

design is also applicable to millimeter-wave injection-locked

push–push DROs.
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ABSTRACT: An all-optical single-shot sampling oscilloscope with a
picosecond resolution is developed. An innovative approach for data
pulse replication using a polarization-maintaining resonator is used.

Pulses are sampled in a highly nonlinear fiber. Acquired data are used
for pulse shape reconstruction. Proposed setup eliminates the need of a

delay line. VC 2010 Wiley Periodicals, Inc. Microwave Opt Technol Lett
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Key words: optical sampling oscilloscope; four-wave mixing; highly
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1. INTRODUCTION

All-optical sampling introduces a method of eye diagram moni-

toring that provides a valuable signal quality measurement [1].

More specifically, optical sampling enables measuring of high

bit rate signals, in the case where optoelectronical sampling

devices have already reached their limits, e.g., 320 Gbit/s, 640

Gbit/s in experimental optical networks.

A typical all-optical sampling oscilloscope consists of a reso-

nator or a delay line and a sampler [2]. The purpose of includ-

ing the resonator (delay line) into the oscilloscope is to replicate

incoming data pulses to allow sampling and detection at lower

frequencies. Using this approach, replicated pulses can be after-

wards better processed by subsequent photonic detectors and

optoelectronic circuits. The sampler is in most cases based on a

nonlinear phenomenon, such as cross-phase modulation (XPM)

or four-wave mixing (FWM).

Main difference can be found in processing of random pulses

or periodic signals. For repetitive (periodic) signals, the need of

a delay line (resonator) is redundant, because it is possible to

sample the data at low frequency in this case. After acquiring

sufficient amount of samples, the reconstruction of the incoming

signal is possible. Various methods for repetitive optical signals

(waveforms) analysis have been proposed. Sampling of return-

to-zero data stream at 640 Gbit/s was demonstrated by Westlund

TABLE 2 Features and Performances of the Push-Push
DROs

Refences [1] [2] [3] [4] This Work

Features SiGe HBT,

Hybrid

HEMT,

LTCC

FET,

Hybrid

FET,

Hybrid

SiGe HBT,

Hybrid

Frequency (GHz) 58 16 12 22 12.4

Power (dBm) �14 0.5 >10 6 9.5

Phase noise

(dBc/Hz) @at

100 kHz

�86 �103 �110 �114 �120.2

f0 suppresion (dBc) 17 30 27 >30 32.5
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and coworker [3], who also presented the software-synchronized

all-optical technique that does not require clock recovery [4].

When a nonrepetitive signal is measured, a single-shot tech-

nique should be used. This approach still brings many chal-

lenges even though the first single-shot sampling based on time

domain multiplexing was presented as early as 1998 by Deng

et al. [2]. A high-dynamic-range single-shot cross-correlator

based on pulse replicator was proposed by Dorrer et al. [5].

In this article, a development of a single-shot all-optical sam-

pling oscilloscope using a fiber pulse replicator and a sampler

based on FWM is introduced. The paper is organized using the

following pattern: at first an experimental setup is demonstrated,

where partial components and their functionality are discussed

more in detail. In the following subsection, examples of reached

results and their processing are demonstrated. The article con-

cludes with a brief summary including main features and sug-

gestions of additional improvement.

2. EXPERIMENTAL SETUP AND DATA PROCESSING

The proposed experimental setup (presented in Fig. 1) can be di-

vided into four main parts. A femto second passively-mode

locked laser in the first part serves as a signal source. The exter-

nally triggered Mach-Zender modulator allows to ‘‘pick’’ desired

pulses from the generated pulse train. A polarization controller

(PC) is used to properly set the state of polarization at the input

of the modulator. The erbium-doped fiber amplifier (EDFA) is

placed before the second part to ensure desired signal level.

The second part of the proposed experimental setup serves

for signal pair creation. Here the real situation, where the sam-

pling signal has to be derived from the incoming data signal, is

replaced by direct generation by an optical filter. The signal pair

is created by a coarse wavelength demultiplexer (CWDM) and a

demultiplexer. An adjustable air gap, i.e., a variable delay line

(VDL) is an essential component of this part, used for adjusting

an initial time delay between the sampling signal and the data

signal before their input into the resonator. Zero difference in

time of the signal-pair should be achieved at the input of the

resonator.

Analyzed spectrum of the signal-pair both without and with a

CWDM, cutting the spectrum at 1563 nm is presented in Figures

2(a) and 2(b), respectively. From the signal spectrum and autocor-

relations of the signal-pair the full-width-at-half-maximum

(FWHM) of pulses and consequently the time-bandwidth product

are obtained to ensure that pulses are Fourier-transform limited.

A polarizer and a polarization controller ensure polarization

along the principal axis of the polarization-maintaining (PM)

fiber at the input of the third part. Signal is then led into the res-

onator, which is accounted the vital part of the single-shot sam-

pling oscilloscope. The resonator is made of two PM Y-couplers

with a coupling ratio of 99/1. The high coupling ratio was cho-

sen due to the fact that maximum power should be preserved in

the loop to acquire as many data pulse replicas as possible. Y-

couplers also prove to be extremely efficient at splicing light

with a small loss.

They provide a higher round-trip loss, but on the other hand

they ensure almost the same magnitude of the sampling and the

replicated pulse from the pulse-pair sent into the resonator.

Measured attenuation of the loop is demonstrated in Figure 3.

An amplifier is added at the output to compensate high losses

induced by the two couplers.

The main advantage of the resonator is its capability to repli-

cate data signal pulses together with sampling pulses while

inserting a walk-off between the pulse-pair. The data pulse and

the sampling pulse walk-off in the resonator is governed by

D T ¼ DLRDk; (1)

Figure 1 Experimental setup for data sampling a pulse replicator and highly nonlinear fiber

Figure 2 Measured spectrum of the sampling and data signal, (a) without; (b) with a CWDM cutting the spectrum at 1563 nm
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where D introduces dispersion coefficient, LR stands for resona-

tor length of the loop and Dk is the wavelength difference

between the data and the sampling pulse. From this equation

stems the fact, that by tuning the wavelength, it is possible to

achieve the desired round-trip walk-off. The sampling pulse

must have its FWHM significantly lower than FWHM of the

data pulse to acquire enough samples for further signal recon-

struction. Thanks to different wavelengths of the pulse pair,

each pulse experiences different chromatic dispersion and the

sampling pulse travels continuously in time with each loop

through the data pulse.

Finally the sampling takes place in a highly nonlinear fiber

(HNLF) via the FWM effect and by a set of filters the sampled

signal is obtained.

The acquired samples can be mathematically determined as

AsampledðiÞ Lð Þ�� ��2¼ ic PsamplingðiÞ
g sinh gLð Þ

����
����
2

AdataðiÞ 0ð Þ�� ��2; (2)

where Asampled(i) stands for the amplitude or the ith pulse sam-

ple, Psampling(i) is the power of the ith sampling pulse, Adata(i)

introduces the amplitude of the ith data pulse, c is the nonlinear

coefficient of the fiber and the gain coefficient g can be defined

in accordance with [6] as:

g2 ¼ cPsamplingðiÞ
� �2� j

2

8: 9;2

; (3)

j ¼ 2cPsamplingðiÞ � Db; (4)

where Db is the propagation phase mismatch. From the attenua-

tion of the resonator (e.g., from Fig. 3) an attenuation factor af
can be calculated as follows:

Figure 3 Measured data pulses at the output of the PM resonator

Figure 4 Output pulses for different setting of variable delay line (VDL), (a) VDL ¼ 33 mm, (b) VDL ¼ 29 mm, (c) VDL ¼ 27 mm, (d) VDL ¼
25 mm
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af ¼
ffiffiffiffiffi
An

A1

n�1

r
; (5)

where A1 is the amplitude of the first pulse and An represents

the nth pulse at the ouput of the resonator. The reconstructed

pulse can be expressed utilizing the measured pulse amplitudes

and attenuation factor as:

ARðiÞ ¼
AfwmðiÞ � ArefðiÞ

a3f
; (6)

where AR(i), AFWM(i), and Aref(i) are the ith amplitudes of the

reconstructed (R), sampled FWM, and reference (ref) data sets.

3. RESULTS AND DATA ANALYSIS

The final experimental setup includes a resonator with the fol-

lowing parameters: LR ¼ 3.386 m, Dk ¼ 7.6 nm, DT ~ 1.2 ps,

which give the round trip value of 16.592 ns and dispersion D
¼ 46.6 ps/nm�km. Highly nonlinear fiber with zero-dispersion

wavelength of 1560 nm, L ¼ 1500 m, S ¼ 0.016 ps/nm2km, c
¼ 11 W-1km-1, and a ¼ 0.86 dB/km was used.

Output data were measured by a very fast photodiode with a

bandwidth of 12.5 GHz and by a sampling oscilloscope capable

of 20 Gsa/s attached to a PC.

Measured output data sets for different time matching, i.e.,

for different VDL length, are illustrated in Figure 4(a) represents

VDL ¼ 33 mm. In this case no FWM process can be observed

and the output curve envelope shape after the HNLF equals the

output curve of the resonator. Contrary to that, the time depend-

ence of amplitude for setting of VDL ¼ 29 mm [Fig. 4(b)]

shows slight signs of FWM. In the case of VDL ¼ 27 mm the

FWM process is clear but the amplitude of pulses has decreased

[see Fig. 4(c)]. Finally, for VDL ¼ 25 mm [Fig. 4(d)] the FWM

signal can still be distinguished, but its amplitude is close to

noise level, therefore it was not utilized for pulse reconstruction.

For the reconstruction of the data pulse, i.e., pulse shape,

two sets of data were needed, because cross-talks to the idler

region were present and it was not possible to detune the signals

farther from each other (the walk-off would be influenced). The

attenuation factor was obtained by analyzing data at the output

of the resonator itself. Data set depicted in Figure 5 represents

the FWM output [Fig. 5(a)] and reference data not experiencing

any FWM [Fig. 5(b)].

The pulse mathematical reconstruction in accordance with

(6) is demonstrated in Figure 6. It can be stated that the experi-

mental results match the theory, i.e., the sinc-pulse fitting. Small

deviations are caused by insufficiently sensitive photodetector

and by amplifier added noise. Polarization mode dispersion was

insignificant for this experiment.

4. CONCLUSION

A single-shot sampling oscilloscope was developed and investi-

gated. The resonator made of two PM couplers proved to be a

simple and sufficient device for pulse replication, though the

attenuation of the loop limits number of usable samples for fur-

ther sampling. For reduction of the round-trip attenuation the

PM coupler pigtails were spliced, which decreased the losses by

a significant amount, but on the other hand eliminated the possi-

bility of tunable walk-off by adjusting the length of the resona-

tor. The implementation of direct amplification in the loop to

compensate the losses is encouraged, but attention must be paid

to prevent the loop from lasing. Significant problems were

caused by the IN-OUT losses of the resonator, which in this

experiment reached 40 dB. This drawback had to be compen-

sated by an additional amplifier (EDFA), thus unfortunately add-

ing additional noise to the signal pair.

Figure 5 Sampled pulses (left) and reference pulses (right) data sets

Figure 6 Reconstructed pulse-shape (line) and sinc-fitting (dashed)
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The FWM process showed good results and its main advant-

age is that it introduces a simple sampling method using only a

highly nonlinear fiber, whereas other methods like nonlinear op-

tical mirror require much more complicated setup. Its drawback,

strong polarization dependence was suppressed by using PM

fibers, couplers, and polarization controllers.

It has to be emphasized, the pulse shape reconstruction

matches the theory well, when neglecting small inaccuracies

caused by detection and signal distortion due to added noise.

A variant with classic SM fiber in the resonator setup to-

gether with a nonlinear optical loop mirror sampler was tested,

using the XPM sampling method, for better method comparison.

This approach showed insufficient results for pulse shape recon-

struction and is therefore not presented in this article.
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ABSTRACT: Frequency equalization is essential for radio-over-fiber
(RoF) applications due to the degraded performance at higher frequencies.
In this article, an easily implemented scheme for tunable frequency

equalization in RoF link is proposed. A tunable and reconfigurable

microwave photonic filter is used in this method, which is realized through
variable optical tilt filter.VC 2010 Wiley Periodicals, Inc. Microwave Opt

Technol Lett 52:2456–2459, 2010; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.25505

Key words: frequency equalization; microwave photonic filter; variable
optical tilt filter; tunability; reconfigurability

1. INTRODUCTION

In the last 2 decades, radio-over-fiber (RoF) technique has been con-

sidered as a promising technology in many applications, such as

broadband wireless access, antenna remoting of cellular/personal

communication system signals, photonic beam forming, and cable

television distribution systems [1] due to its unique advantages of

light weight, low loss, high capacity, and high immunity to electro-

magnetic interferences [2]. In RoF systems, one important issue that

needs to be addressed for the link performance is the uneven fre-

quency response over wide band, which may be caused by the fiber

dispersion or the photonic components’ degraded performance at

higher frequencies [3], as in many applications the RoF link is

required to operate over a wide bandwidth with high linearity [4].

Thus great efforts have been made to equalize the frequency

response of RoF link. Expensive components, such as high-speed

photodetector (PD) are generally used to improve the frequency

response at higher frequencies. Fiber Bragg Gratings (FBG) is also

used to remove the dispersion effects and get uniform response over

wideband simultaneously [5–7]. Another method using diffraction

filter to equalize the frequency response of RoF link is recently

reported [8]. However, these mentioned methods can not realize

tunable frequency equalization as their configuration is usually

fixed. In this article, a new method is proposed to equalize the fre-

quency response of RoF link with the help of microwave photonic

filter (MWPF). It not only gets rid of expensive high-speed PD and

complicated technique to manufacture FBG, but also has tunability

and reconfigurability without complicating the system configura-

tion. Moreover, this method underplays the importance of coopera-

tion between transmitter and receiver.

2. SYSTEM DESCRIPTION

A novel component named variable optical tilt filter (VOTF),

which is made of transparent electro-optic ceramic material, is

the key component to realize the tunable frequency equalization

of RoF link. It is a sinusoidal optical filter with transmission

characteristics decided by an amplitude-tuning element and a

phase-tuning element, both of which are made of OptoCeramic
VR

materials [9] and can be controlled by separate bias voltages of

electronic circuit (Va for the amplitude element and Vp for the

phase element). Figure 1 demonstrated the experimental

responses of VOTF with different amplitude and phase realized

by adjusting the bias voltages of Va and Vp.

The configuration of the RoF link with tunable equalized fre-

quency response is illustrated in Figure 2. Two tunable laser

sources, which can be substituted by a tunable dual-wavelength

laser source, are used to provide optical carriers. RF signal from

the transmitter port is modulated upon the light waves with dif-

ferent wavelengths through the electro-optic modulator (EOM),

converting the RF signal into optical signal. The modulated opti-

cal signals are transmitted through a coil of fiber with length L
and then go through the VOTF. The output of the VOTF is

finally beaten in PD, whose output can feedback into the control

system to further adjust the bias voltages of VOTF.

The laser sources with two different wavelengths and long

distance fiber form a MWPF, the frequency response of which

is described as:
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centered at 21 GHz. Also, the simulation result, which predicted

result of 19%, with a slight shift lower in frequency for the

measured results is shown in Figure 5. At frequencies above the

impedance bandwidth, all results show significant undulation

because of the generation of surface waves outside the active

region of the antenna. This is a common trait for antennas built

on a high dielectric substrate.

The predicted radiation patterns for the hi-lo stacked patch

antenna at 21 GHz is shown in Figure 6. The measured radiation

patterns of the antennas with the ECCOSTOCK FPH layer and

Rohacell foam layer at 21 GHz are shown in Figures 7 and 8,

respectively. It is evident from Figures 7 and 8 that the E- and

H-plane copolar patterns have a similar contour to the simulated

radiation pattern result in Figure 6. Measured cross-polarized pat-

terns were higher than simulation; however, they still were

around �20 dB at broadside and typically below �15 dB in the

forward hemisphere. The minor rippling in the measured patterns

can be attributed to the measurement frequency being above the

preferred upper limit of the available antenna test facility.

The gain of the two fabricated antennas was measure and

compared with the simulated gain. Both antennas produced �5

dBi gain at 21 GHz (mid-band), and had a variation across the

bandwidth of around 2 dB. Simulated results were slightly

higher on average than the measured gain, indicating that some

loss of efficiency due to fabrication and alignment tolerances.

5. CONCLUSIONS

In this paper, the fabrication techniques to create ECCOSTOCK

FPH substrate layer to an accurate thickness were presented. It

has been shown that from the dielectric substrate point of view,

this material proved to be a very good candidate to replace a

Rohacell foam or air layer in high frequency stacked patch

antennas, as thicknesses less than 1 mm can be achieved. A 0.5-

mm-thick layer of ECCOSTOCK FPH was fabricated and tested

as part of a 21-GHz hi-lo stacked patch antenna, achieving a

bandwidth of 18.2% with �5 dBi gain. The results are compara-

ble to the same antenna structure with a 0.5-mm Rohacell foam

layer, allowing for a minor change in layer permittivity.

REFERENCES

1. X. Liang, S. Zhong, and W. Wang, Design of a high isolation dual-

polarized slot-coupled microstrip antenna, Microwave Opt Technol

Lett 47 (2005), 212–215.

2. E.C. Kohls, Multi-layer flat plate antenna with low-cost material and

high-conductivity processing, International Patent No WO 02/

080302, October 10, 2002.

3. K.L. Lau, K.M. Luk, and K.F. Lee, Wideband U-slot microstrip

patch antenna array, IEE Proc Microwave Antennas Propag 148

(2001), 41–44.

4. P.M. Haskins and J.S. Dahele, Low-cost linear arrays using polysty-

rene foam substrate, IEE Colloquium Low-cost Antenna Technol

(1998), 1/1–1/5.

5. J. Xia, S.H. Tan, and K.A. Arichandran, Dual aperture-coupled

microstrip patch antenna with two superstrate layers for use in

microsatellite systems, Microwave Opt Technol Lett 20 (1999),

282–284.

6. C.-W. Su and J.-S. Row, Slot-coupled microstrip antenna for broad-

band circular polarisation, Electron Lett 42 (2006), 318–319.

7. R.B. Waterhouse, D. Novak, A. Nirmalathas, and C. Lim, Broad-

band printed sectorized coverage antennas for millimetre-wave wire-

less applications, IEEE Trans Antennas Propag 50 (2002), 12–16.

8. R.B. Waterhouse, Stacked patches using high and low dielectric

constant material combination, IEEE Trans Antennas Propag 47

(1999), 1767–1771.

9. ECCOSTOCK FPH, Emerson and Cuming, available online at

\ub\http://www.eccosorb.com/file/172/fph.pdf\ue\ (accessed Jan

2011).

10. A.S. Elmezughi and W.S.T. Rowe, Realization of MMIC integrat-

able antennas with liquid foam dielectrics, In: Proceedings of Asia

Pacific microwave conference, Hong Kong, J6–07, 2008.

VC 2011 Wiley Periodicals, Inc.

IMPROVED AXIAL FEEDING OF
FABRY–PEROT RESONATOR FOR
HIGH-RESOLUTION SPECTROSCOPY
APPLICATIONS
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ABSTRACT: This article presents the methods of broadband axial
feeding of a Fabry–Perot resonator. The resonator was originally

designed with the radial excitation for the absorption measurement in
the frequency band ranging from 18 to 80 GHz. If the frequency stays

below �26.4 GHz, the excitation of resonator is less satisfactory, since
at the frequency in question, the value of Fresnel number of resonator
drops to one. For the broadband measurement of gaseous samples’

emission spectra, the excitations for frequencies lower than 26.4 GHz
were analyzed using the capacitive coupling and two newly proposed

couplings. VC 2011 Wiley Periodicals, Inc. Microwave Opt Technol Lett

53:2456–2462, 2011; View this article online at wileyonlinelibrary.com.

DOI 10.1002/mop.26344

Key words: Fabry–Perot resonator; axial excitation; absorption

spectrum; emission spectrum; Fourier-transform microwave
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1. INTRODUCTION

Owing to its vital quality parameters, the Fabry–Perot resonator

(hereinafter referred to as FP resonator or resonator) is fre-

quently used in both spectroscopy applications—absorption and

emission measurements [1–3]. In the high-resolution microwave

spectroscopy, a usual absorption experiment is handicapped, for

the low pressure of sample gas hinders collision relaxation proc-

esses. Furthermore, the probability of relaxation processes

Figure 8 Measured radiation patterns of hi-lo stacked patch antenna

with 0.5-mm Rohacell foam at 21 GHz. (a) E-plane copolar and

cross-polar and (b) H-plane copolar and cross-polar. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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caused by spontaneous emission falls with the third power of

the frequency [1–7]. This means that the saturation transitions

(i.e., equalization of level populations) represent the main

restriction to the high-resolution absorption spectroscopy used at

the lowest frequencies (from the spectroscopic point of view,

this refers to the frequencies of up to 80 GHz).

The current research activities are targeted at the suppression

of spectral lines broadening, which results from collisions of

molecules. Indeed, the Fourier-transform microwave (FTMW)

spectroscopy represents one of the most sensitive tools within

the high-resolution microwave spectroscopy in the lowest meas-

ured frequency bands [1, 2].

In FTMW spectroscopy, the measured sample gas is excited

by short pulses and, subsequently, the emission spectra can be

measured [1, 3]. Moreover, it is possible to inject the gas into

the resonator in the direction of resonator axis by a high pres-

sure [i.e., the supersonic gas expansion preventing collisions of

molecule [6]; Fig. 1(b)]. Indeed, owing to the supersonic gas

expansion, the spectral lines are narrowed and the sensitivity of

spectra measurement is enhanced. Provided that the resonator

shows a high quality factor, the field decay in the resonator is

extended and the intensity sensitivity accordingly attains higher

levels. However, at higher frequencies, a very short emission is

observed, whereas at lower frequencies, it lasts for significantly

longer time. Consequently, to ensure an emission measurement

that is accurate and sensitive enough, it is necessary to deter-

mine the optimum loaded quality factor of resonator.

This article substantially extends the formerly published pre-

liminary results. In the previous work [8], three types of axial

excitation (namely the capacitive as well as inductive excitations

and the proposed type of coupling) were under consideration

and subjected to comparison, on the basis of the measurement in

the frequency band from 18 to 40 GHz. Nevertheless, as the

feeding of coupling elements was equipped with SMA connec-

tors, the published results were unreliable for frequencies over

26.5 GHz, because of the frequency cut-off of SMA connectors.

This article discusses the improved characteristics of two previ-

ously presented axial excitations—the capacitive excitation on

one hand and the proposed coupling on the other.

The Fresnel number of the discussed FP resonator is equal to

one on condition that the frequency ranges from 26.37 to 27.17

GHz for different mirror distances. If the frequency stays below

this value, the quality parameters and functionality of the reso-

nator tend to fall rapidly as long as the frequency decreases.

This is due to the diffraction loss [9, 10]. If the Fresnel number

exceeds one, the diffraction loss is negligible (Fig. 4). In addi-

tion, the coupling of the resonator declines as the frequency

drops. The effect in question cannot be compensated by any of

the aforementioned resonator feeding types. As a result, the new

type of resonator excitation was designed. Its main features are

presented in this article. It was developed to ensure a suitable

value of resonator coupling and to extend the bottom frequency

limit of the FP resonator, where the Fresnel number is lower

than one.

2. FABRY–PEROT RESONATOR

The FP resonator [Fig. 1(a)] is deemed a remarkable tool. As

for monochromatic radiation, the FP resonator can be tuned to a

resonance, at which the constructive interference of the multi-

ple-reflections provides the accumulation of energy emitted by

the measured sample gas. The improvement in the sensitivity of

the FP resonator is then linked to its high quality factor.

The FP resonator, developed at the Department of Electro-

magnetic Field of the Czech Technical University in Prague,

was equipped with the radial feeding (i.e., perpendicular to the

resonator cavity) via thin dielectric coupling foil located in the

middle of the resonator [Fig. 1(a)] [9]. The FP resonator is com-

posed of two spherical mirrors for setting of particular reso-

nance. In fact, one mirror is in a fixed position, while the other

one can be positioned with a 0.05-lm step. The diameter of

spherical mirrors equals 150 mm, the curvature radius of spheri-

cal mirrors accounts for 455 mm, and the adjustable mirror dis-

tance ranges from 495 to 510 mm.

However, the dielectric foil can act as an obstacle, if the

intended pulsed molecular beam is injecting the measured sam-

ple gas into the main axis of resonator. Therefore, it was benefi-

cial to use the axial excitation of the resonator, because it

enabled the application of pulsed molecular beam.

3. AXIAL FEEDING OF RESONATOR

In axial excitation of the FP resonator, there were no obstruc-

tions to the pulsed molecular beam of the injected sample gas.

So, a substantial advancement in the measured spectra resolution

could be achieved. The best position of the gas nozzle is in the

center of the fixed mirror of the FP resonator. Thus, positions of

excitation elements have to be shifted off the resonator axis

[Fig. 1(b)]. Their most suitable localization can be derived as a

compromise among the following conditions. First, the direct

transmission between the transmitting and receiving coupling

elements should be minimized by extending their mutual dis-

tance. Second, the best coupling can be obtained as long as the

positions of coupling elements correspond to the locations,

where the dominant mode TE00q and, at the same time, the non-

dominant modes attain their maximum and minima, respectively.

It means that they are situated on the mirror axis, where the

dominant mode (commonly with some nondominant modes)

reaches a maximum and some other nondominant modes attain

their minima. Third, the impulse valve should be located

between coupling elements. The second and third conditions are

of a higher significance. Thus, the position of coupling elements

was designed to be as close as possible to the impulse valve. In

our case, the best mutual distance of excitation elements was

determined to be equal to 31.3 mm. The beam radius of the

dominant mode TE00q on the mirrors amounts to 35.1 mm

Figure 1 FP resonator arrangement: (a) radial feeding and (b) axial

feeding
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(computed using equations in Ref. 10 for the upper frequency

40 GHz). Thus, it can be stated that the coupling elements are

still located in the area, where the sweeping majority (more than

90%) of the energy is accumulated.

Instead of the radial electromagnetic coupling provided by

the dielectric coupling foil and situated outside the antennas,

both the capacitive and inductive couplings are commonly used

[Figs. 2(a) and 2(b), respectively]. For the spectroscopic pur-

poses, the arrangement with two coupling elements is used. The

first one is used for the resonator excitation by the microwave

impulse, whereas the second port is used for the purpose of

reception of signal emitted by the excited sample gas (spontane-

ous emission). Both coupling elements (transmitting and receiv-

ing units) are aligned in the axis, having their parts parallel with

mirror pointing themselves to opposite directions.

For the feeding of coupling elements, two holes were manu-

factured in the fixed resonator mirror. As it is illustrated in Fig-

ure 13, two semirigid cables were inserted hermetically into

these holes. The inner diameter of the cable accounts for 0.46

mm, whereas the outer is worth 1.65 mm. The vacuum-tightness

of semirigid cables and their passing through mirror were inves-

tigated as well. The semirigid cables are equipped with the

2.92-mm connectors. The transmission coefficient between the

aforementioned connectors (ports) was measured using the vec-

tor network analyzer Agilent E8364A in the frequency band

ranging from 17.8 to 40 GHz with the step of 250 kHz. The

simple correction on transmission coefficient S21 was provided

(neither of the full two-port methods were used). The correction

in question is based on the through caliber. The error of the

used correction methods was tested and is less than 0.1 dB. The

reference planes were chosen at the planes of connectors. The

loaded quality factor (hereinafter referred to as quality factor) is

consequently evaluated on the basis of the measured transmis-

sion coefficient. The losses of semirigid cables were not sub-

jected to correction. They are included in the measured trans-

mission coefficient.

It should be emphasized that in this article, the strength of

the coupling was not evaluated in classical terms of couplings

(i.e., critical, undercritical, and abovecritical [11, 12]). It was

necessary to categorize the couplings according to the transmis-

sion coefficient value of resonance maxima. A coupling can be

classified as a small one, provided that the resonances reach

their maxima at values lower than 0.1 of the transmission coeffi-

cient. If the aforementioned level is higher than 0.1, it is possi-

ble to classify the coupling as a middle coupling. As it is dem-

onstrated in Figure 2, the coupling strength can be set up by the

change of the spacing s of coupling elements. Because of its

large spacing and transmission remaining unchanged or starting

Figure 3 Transmission of the weak capacitive coupling, L ¼ 4 mm

Figure 2 Common coupling types: (a) capacitive coupling and (b) in-

ductive coupling

Figure 4 Quality factor of the weak capacitive coupling, L ¼ 4 mm

Figure 5 Transmission of the middle capacitive coupling, L ¼ 4 mm
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to slightly drop, the coupling could be classified as a strong one.

The spacing will be indicated later in the article individually for

each coupling.

Moreover, the transmissions and quality factors were eval-

uated all over the measured frequency range. During the trans-

mission evaluation, the particular resonance was marked if the

frequency of measured peaks met the resonance condition of the

FP resonator (in the following figures, such frequencies are

going to be highlighted by a red circle) [9]. In these resonance

frequencies, the quality factor of each particular resonance was

assessed (Figs. 3–7 and 9–12).

4. FEEDING BY CAPACITIVE COUPLING

The capacitive coupling is frequently used for the axial excita-

tion of resonators [5, 7, 11, 12]. The radiating element of

capacitive coupling is parallel to the resonator mirror (i.e., to

the ground plane). In this point, it differs from a standard

monopole antenna. However, as for requirements (mainly the

sensitive and high-resolution spectroscopy) applying to both, the

coupling and antenna, it is essential to set up the radiating ele-

ment length and the distance from the ground plane (i.e., resona-

tor mirror) for each frequency.

The capacitive coupling can be manufactured by perpendicu-

lar bending of the inner conductor of a semirigid cable [Fig.

2(a)]. In air environment, for the lowest supposed working fre-

quency of the FP resonator, the length, L, of the radiating ele-

ment of the capacitive coupling was designed as a quarter of

wavelength (i.e., similar to the design of a monopole above the

ground plane). In this case, it achieves 4.1667 mm for the fre-

quency of 18 GHz. Because of the close vicinity of the bended

inner conductor to the mirror, the lower working frequency of

capacitive coupling is shifted toward the higher frequencies. The

reflections out of the resonances tend to approach the total

reflection. In addition, the reflections involve shallow drops cor-

responding to resonances. Results for the weak coupling indi-

cated in Figures 3 and 4 were obtained for the spacing s ¼ 0.02

mm, whereas those for the middle coupling mentioned in Fig-

ures 5 and 6 were attained for the case where the spacing, s,
was equal to 0.1 mm.

The weak coupling can be characterized by a very low trans-

mission coefficient (up to 0.1; see Fig. 3) and also by a flat and

high value of the quality factor. The latter reaches a level in the

vicinity of 20,000 at the frequency of 30 GHz (Fig. 4). It is

obvious that it slightly rises as the frequency advances. The

middle coupling can be characterized by a transmission coeffi-

cient surpassing 0.1 (Fig. 5). As it is indicated in Figure 6, the

quality factor shows a similar tendency and reaches the level of

20,000 at the frequency of 30 GHz. The strong coupling can be

then characterized by a longer distance between the coupling

element and the resonator mirror. It gives rise to a slight

decrease in the quality factor, although it did not significantly

affect its tendency. The quality factor remains below the value

of 20,000. In addition, the transmission slightly decreases (for

instance if the distance, s, equal to 1 mm, it drops by �5%),

unlike the parasitic transmissions and nondominant resonances

that move upward. With respect to the differences among the

reached values of quality factors, the couplings under considera-

tion thereinafter show similar behaviors in terms of coupling

strength and spacing distance between the coupling element and

mirror.

If the length of bended part is equal to 4 mm then the

capacitive coupling provides a very broadband coupling with a

very good performance. However, the coupling proposed in Ref.

8 showed better performance in the low-frequency band with an

extended length L (7 mm). Accordingly, the capacitive coupling

was also tested with the same length L ¼ 7 mm (Fig. 7). The

best results were obtained in the case of strong coupling, where

the spacing, s, accounts for 0.6 mm.

As it is clear from the transmission indicated in Figure 7, the

capacitive coupling with longer coupling elements belongs to

the narrowband coupling. So, it means that the transmission

exceeds 0.1 within the frequency band of �22–28 GHz. Outside

this band, the transmission tends to fall steeply. The quality fac-

tor is not flat within this frequency band. It has a tendency to

rise from the value of 10,000 up to 18,000 within the frequency

range 20–30 GHz. The resonances were not recognized for the

frequencies higher than 30 GHz. Thus, this coupling is unsuit-

able either for the broadband axial excitation of the FP resonator

or for the excitation within a low-frequency band.

5. FEEDING BY PROPOSED COUPLINGS

In this section, two types of the coupling (the improved version

of the type proposed in Ref. 8 and the new one) are going to be

under scrutiny. To excite the resonator, the coupling elements

should be similar to the capacitive coupling—especially in termsFigure 7 Transmission of the strong capacitive coupling, L ¼ 7 mm

Figure 6 Quality factor of the middle capacitive coupling, L ¼ 4 mm
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of the coupling elements’ orientation. The formerly proposed

coupling element shape [8] was derived from the shapes of ultra

wideband monopoles [13] (e.g., elliptic, triangular, fat/rectangu-

lar, etc.).

Hence, the coupling element shape was designed as a line-

arly tapered element (within the interval from 0.3 to 2.3 mm),

having the following dimensions: length of elements, L,
accounts for 7 mm and the dimensions of the element are h ¼
1.7 mm and H ¼ 4 mm. The spacing issues are going to be dis-

cussed later on.

In comparison to the radiation of dipoles above the ground

plane, in the case of the radiation in the normal direction to the

mirror, the perfect broadband (ultra wideband) parameters de-

grade. This phenomenon originates from the short distance

between the radiating (or coupling) elements and the resonator

mirror. Thus, the first proposed coupling element was originally

designed and presented with a linearly tapered gap between the

bottom edge of the coupling element and the resonator mirror

[8] [Fig. 8(c)]. This element was tested with the middle cou-

pling, where the spacing, s, equals 0.1 mm (Figs. 9 and 10).

The simulation and optimization of the proposed axial excita-

tion were performed in the CST MWS simulation software. The

structure was excited by the basic Gaussian impulse for the fre-

quency range of 0–40 GHz. It was determined that the energy

was mostly radiated within the frequency band ranging roughly

from 18 to 28 GHz and reached its maximum at the frequency

in the vicinity of 25 GHz [8].

The measured transmission corresponds to the frequency

response of the radiated energy very well [8]. Nevertheless, it

was observed that the coupling was weaker than that in case of

the capacitive coupling. The transmission characteristic com-

prises several drops in resonance peak values, mainly in the

lower frequency band. It also contains many parasitic transmis-

sions reaching levels up to 0.05. It was observed that the quality

factor was lower than that in case of the capacitive coupling and

not as flat as needed.

Given these uncomplimentary results, the new capacitive

coupling was designed, based on the prior capacitive and previ-

ously proposed couplings. The new coupling also has the shape

of a linearly tapered element. Contrary to the previously pro-

posed coupling described above, the distance between the bot-

tom edge of the coupling element and the resonator mirror is

not linearly tapered, yet it has a constant value [identically to

the capacitive coupling; Fig. 8(d)].

The optimized dimensions of the new coupling are given

below: length of elements, L, accounts for 7 mm and the height

of the element, h, amounts to 2.2 mm. The dimensions were

Figure 10 Quality factor of previously proposed the coupling

Figure 11 Transmission of the new couplingFigure 9 Transmission of previously proposed the coupling

Figure 8 Proposed coupling types: (a) coupling proposed in Ref. 8

and (b) new coupling
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optimized by the step-by-step optimization method based on

parametric analyses. The main factors of the optimization con-

sisted in the magnitude of radiated energy and its flatness in the

required frequency band (20–30 GHz). The new coupling was

tested for the middle coupling obtained with the spacing, s,
equal to 0.1 mm (results indicated in Figs. 11 and 12).

The new coupling elements provide a better performance

than the previously tested types of coupling. It can be summar-

ized that the transmission contains fewer parasitic components

that even attain substantially lower levels. The coupling is stron-

ger and provides good parameters within the frequency range of

�20–29 GHz. However, there are some drops in the low-fre-

quency band. The frequency dependence of the quality factor

proves to be relatively flat. In addition, higher values of quality

factor were reached.

Photographs of the new manufactured excitation and the

pulse valve for the pulse molecular beam are depicted in Figures

13(a) and 13(b), respectively.

6. CONCLUSIONS

Four types of axial excitation of the FP resonator were investi-

gated and discussed: the capacitive coupling of two different

lengths, the enhanced version of the previously proposed cou-

pling [8], and the new type of coupling. The capacitive cou-

pling, having the length of coupling element equal to 4 mm,

provides a very good broadband performance. This type of cou-

pling shows the broadest frequency range (23–40 GHz). In addi-

tion, its quality factor proves to achieve the highest values and

the flattest character. Owing to these parameters, it is commonly

used for the resonator excitation. Nonetheless, this kind of exci-

tation suffers from drops at lower frequencies, where the Fresnel

number of resonator stays significantly below one. To enlarge

the working frequency range of the FP resonator toward the

lower frequencies, other types of axial excitation were

investigated.

The capacitive coupling with a length L ¼ 7 mm and the

coupling proposed in Ref. 8 do not offer suitable parameters.

When compared with the capacitive coupling of the length L ¼
4 mm in the higher frequency band, the employment of the new

type of coupling leads to a satisfactory performance. Moreover,

it provides very good parameters even for the frequency band,

in which the Fresnel number of the FP resonator does not sur-

pass one. The new coupling has the transmission exceeding 0.1

within the broad frequency range (20–30 GHz). Because of its

utilization, the resonator reaches a relatively flat quality factor.

As in the case of the aforementioned coupling types, the quality

factor shows a slightly progressive tendency (from 20 GHz

upward).
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ABSTRACT: We report on experimental demonstration of digital

coherent detection based on a directly modulated vertical-cavity
surface-emitting laser with bit rate up to 10 Gbps. This system allows a
cooler-less, free running, and unamplified transmission without optical

dispersion compensation up to 105 km at 5 Gbps long reach passive
optical links. VC 2011 Wiley Periodicals, Inc. Microwave Opt Technol

Lett 53:2462–2464, 2011; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.26331

Key words: VCSEL; coherent detection; optical communications

1. INTRODUCTION

Emerging high bandwidth demanding services, such as high def-

inition television (HDTV), are calling for capacity upgrade of

existing and to be deployed fiber-to-the-customer (FTTC) net-

works [1]. Another challenge for FTTC networks is the need to

support a growing number of end-users while keeping low the

overall cost of delivered unit of bandwidth. Therefore, in FTTC

architectures such as passive optical network (PON) architec-

tures, it is important to reduce the cost of the optical network

unit and concentrate complex signal processing at the central

office, where complexity and cost can be shared among all

users. Vertical-cavity surface-emitting lasers (VCSELs) are

promising candidates for light sources at the customer premise

because of their cost-effective production and capability for chip

integration with low threshold and driving current operation.

Compared with DFB-lasers, the main challenge for VCSELs so

far is the smaller optical power coupled into the optical fiber,

which restricts the coverage range for application in PON links

with a large splitting ratio and long transmission distance. A

common solution for this power budget limitation would be to

include optical amplifiers [2] that drastically would undermine

the cost advantage of VCSELs. Until now, fiber transmission

systems using VCSELs employ direct detection.

In this article, for the first time to our best knowledge, we

experimentally demonstrate the use of digital coherent detection

of a 10 Gbps amplitude shift keying system using a VCSEL as

light source. Commonly, the typical large linewidth value of

VCSELs has made them not suitable for coherent detection [3].

Figure 1 Experimental setup. Local oscillator (LO), polarization

controller (PC), and digital sampling oscilloscope (DSO). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 2 Optical back-to-back direct detected eye diagrams for (a) 10

Gbps and (b) 5 Gbps. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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Rain Spatial Classification for Availability Studies of
Point-to-Multipoint Systems
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Abstract—Signal propagation at frequencies above 10 GHz suf-
fers from significant attenuation due to precipitation. This has to
be taken into account when planning point-to-multipoint (PMP)
wireless systems operating in the millimeter wave band. Given the
nonuniform spatial distribution of the rain rate, the site diversity
concept emerges as one of the mitigation techniques. For propaga-
tion studies of PMP systems during rain events, rain spatial prop-
erties and their corresponding impact on system behavior has to be
investigated. An extensive database of rainfall radar data for var-
ious types of rain events has been established. System outage im-
provement was studied using space-time simulations of PMP sys-
tems under specific rain conditions. A new approach to rain spa-
tial classification according to its impact on system performance is
proposed, using a single rainfall spatial parameter. Examples of its
calculation are presented.

Index Terms—Diversity methods, millimeter wave propagation,
rain.

I. INTRODUCTION

THE increasing demand for much faster broadband con-
nections has led to increased pressure to employ the

higher frequencies that currently remain unused in the radio
spectrum. Point-to-multipoint (PMP) wireless systems such as
fixed wireless access (FWA) [1], local multipoint distribution
systems (LMDS), multimedia wireless systems (MWS) etc. op-
erate in millimeter wave bands throughout the world. However,
frequencies above 10 GHz suffer from significant attenuation
due to rain, which means that, for a proper understanding of
the behavior of PMP systems during rain events, rain properties
and their impact on the system have to be studied.

An important characteristic of a rain event for propagation
studies in millimeter wave bands is its nonuniform spatial and
temporal distribution. Site diversity can be used in PMP net-
works as one of the more powerful mitigation techniques as a
user can potentially be linked to two or more base stations (BSs)
at the same time. Links with an angle and/or distance separation
usually result in considerable improvements to system perfor-
mance during rain events, since the attenuation statistics for a
single path and two diversity paths are very likely different, as
can be observed from the two links in [2].

Comprehending the spatial properties of rainfall and their
consequent effects on PMP system performance is a complex

Manuscript received January 26, 2006; revised June 30, 2006. This work was
supported in part by the Czech Ministry of Education, Youth and Sports within
the framework of the MSM 6840770014 project and in part by the Czech Sci-
ence Foundation under Grant 102/04/2153.
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Technical University in Prague, Prague CZ-16627, Czech Republic (e-mail:
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problem and it would be beneficial to devise a simple way of
classifying rain rate spatial distribution. To enable us to produce
a comprehensive description of the influence of rainstorms on
PMP systems, the site diversity statistics of a system as a whole
have been investigated in this paper. Based on outage statistics,
a new classification of rain spatial characteristics has been pro-
posed and a new rainfall spatial parameter has been derived.

The paper is organized using the following pattern. The
basic features of PMP system simulations are briefly described
in Section II and the key input parameter of our model, a
radar rainfall database, is also introduced. Subsequently, an
overview of site diversity investigations, including results
obtained from the simulations, is provided. In the following
subsection, system outage improvement probability is derived
from the radar data as a function of the rain parameters, the rain
fade margin, the angle separation and the distances of the base
stations. Section III proposes a new classification method for
rain spatial characteristics, based on PMP system outages as
well as depicting rain statistics and spatial properties that are
typical for the Czech Republic. Section III also gives examples
of the utilization of a newly defined rainfall spatial parameter,
enabling us to derive the outage improvement probability in
PMP systems based on rainfall radar images. A discussion
follows on the validity of the classification method. The paper
concludes with a brief summary.

II. PMP SYSTEM SIMULATIONS

A. Simulation Tool

A propagation simulation tool to study the performance of
PMP systems under different signal propagation conditions and
in various configurations has been developed [3]. The PMP
system is formed by a network of base stations and terminal
stations (TSs). The positions of the BSs are provided by a user
or generated randomly over a selected area. TSs are randomly
generated, based on user-defined rules (evenly distributed or
with several centers denoting higher user density in city centers)
or loaded from a file. The digital terrain model can be read from
a realistic GIS input. The building database can also be read as
an input or generated randomly using a statistical model [4].

For detailed time-space modeling of PMP system perfor-
mance, rain data are required as the input parameter for the
simulation tool. The input rain rate distributions in space and
time can either be chosen from a predefined rain cell model
or from meteoradar data. The rain event is defined as a time
sequence of rain rates set out in a grid over a selected area.

Each link between the BS and the TS is then simulated sepa-
rately in each time step. Only the path loss calculation was used

0018-926X/$20.00 © 2006 IEEE
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for the simulation results presented in this paper. The rain atten-
uation was the only time variant component of the power bal-
ance. The rain attenuation of each link within the area with a
given rain rate distribution along the path is determined as

(1)

where is the path length and are coefficients given by
ITU-R P.530 [5].

When a rain event is simulated as a time series of rain rate
distribution in space, various system characteristics can be mod-
eled: coverage, interference and site diversity improvements in
complex PMP system deployment. The specific output can then
be generated as a function of time or in the form of overall sta-
tistics. In this way, system performance can be studied against
different rain events, system parameters, network topology, etc.

B. Radar Rainfall Database

Radar-based rain rate data [6] were utilized as the input for
the PMP system simulations. Data were taken from a modern
weather radar network (CZRAD) consisting of two state-of-
the-art Doppler C-band weather radars, which cover the entire
area of the Czech Republic with volume scans of up to 256 km
in range [7]. Radar images for areas with dimensions of 50 50
km were adopted. Most of the significant rain events as well as
the typical city build-up area were smaller than 50 km in ex-
tent. Stratiform rains exceeding this range could be observed,
although few of them had a maximum rain rate of more than 3
mm/h [8].

Every radar rain scan can be described using the spatial
structure of reflectivity or as recalculated rain rate levels .
There are several methods of obtaining the rain rate from the
reflectivity, all of which give different results [9], especially
in millimeter wave band. The method from [6], based on
Marshal–Palmer relationship [10]

(2)

was adopted for converting reflectivity (dBZ) to rain rate
values (mm/h).

A large rain event database, containing over 1.5 million radar
images for the Czech Republic for the period 2002–2004, was
created for the simulations. Each rain event was represented by
a sequence of radar images over a 50 km 50 km area with a
1 km grid resolution in 1-minute steps. Since several aspects of
the rain can be analyzed, the rain data was sorted according to
two criteria.

• Rain database A — significant rain events (rainstorms)
were identified in radar data from the whole region
throughout the entire period. Each event was defined as a
time sequence of radar images where the maximum rain
rate within the 50 50 km area was continuously higher
than 0.1 mm/h and reached a value of at least 50 mm/h in a
single time step. As each event has its own spatial and time
evolution, the database was used to develop and test rain
spatial classification methods on various rainstorm types.

• Rain database B—for selected locations the data were col-
lected for the whole of 2002. Annual as well as monthly
statistics of various rain parameters can be derived from
these datasets.

C. Rain Cell Models

The representation of the temporal and spatial variability of a
rain event is a complex problem. Where the rainfall radar data
are not available, rain cell models can be utilized as an alterna-
tive. Various approaches have been developed and tested. Rain
cell models, valid in a given climatic area, are usually derived
from long-term rain attenuation measurements and radar data
observations. Authors usually divide the rain cell population
into two groups: stratiform cells, characterized by a slow decay
of the rain rate from its maximum (where a rate of less than 10
mm/h is usually selected), and convective cells, generating an
area of heavy rain with rain rates higher than 10 mm/h.

A convective cell is usually surrounded by a stratiform area
where the rain rate is weaker and the simplest models only sim-
ulate a single rain cell. More frequently, convective cells alone
are modeled with cylindrical [11], Gaussian [12] or exponen-
tial [13] rain rate distribution using rotational symmetry. The
Assis-Einflot model [14] describes rain utilizing stratiform and
convective areas with two constant rain rate levels. More so-
phisticated rain cell modeling using the HYCELL model [15]
depicts rain structure descending from the surrounding, expo-
nentially stratiform area to a Gaussian convective rain center
with an elliptical horizontal rain cell shape.

Almost all of the models listed above can only be utilized for
simulations within a limited area. For simulations in a mid scale
area (up to 50 km 50 km) knowledge of the simple rain cell
statistics is inconvenient since it is likely that more than one rain
cell will occur. Only sophisticated rain cell models [15] are able
to generate several moving rain cells over a wide area.

D. Site Diversity

The object of this paper was to classify the spatial proper-
ties of rainfalls in terms of their impact on PMP system perfor-
mance. That is why site diversity, which exploits the nonuni-
form spatial distribution of rain rates, was selected as a system
aspect to investigate the influence of rain spatial properties on
PMP systems. Typically, the site diversity configuration utilizes
two BSs: the main BS (the BS nearest to a TS) and a diversity
BS. In general, the angular separation between the links to the
BSs can range from 0 to 360 degrees; the maximum distance to
a BS from a TS in a millimeter wave system can be up to about
6 km [16].

The diversity gain concept is generally used for diversity eval-
uations. It is defined as the attenuation difference between the
main and diversity links. Many research activities have been
carried out into earth-space diversity [17], [18] but there have
been noticeably fewer works dealing with site diversity in ter-
restrial millimeter wave systems. The angular and distant de-
pendant characteristics of the diversity gain were measured and
studied in [19], [2], [4], [20]. Nevertheless, only two links with
a single TS (i.e., the common point of the links) having a vari-
able angle separation and distance to this hypothetical TS were
studied.
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Fig. 1. Selection of diversity base station (dashed line - main link, solid
line—the shortest diversity link, dotted line—link with maximum angular
separation); TS—terminal station, BS—base stations.

Fig. 2. Specific system deployment in a 50 km� 50 km area (small points-
terminal stations, bold points — base stations) and rain rate spatial distribution
during a rain event (rain rate contours from 10 to 70 mm/h in 10 mm/h steps).

A different approach is presented in this paper. Rather than
only analyzing two links, the PMP system performance (many
simultaneous diversity links) was simulated as a whole under
specific conditions, both in time and space, within a defined area
[21]. In this way, the rain spatial influence could be properly
considered for the whole area. As an example, simulation of
a specific PMP network (deployed in a 50 km 50 km area)
during a selected strong convective rainfall event from Rain
database A is illustrated in Figs. 2 and 3. Network topology in
the middle of the rain event is demonstrated in Fig. 2. Three very
simple site diversity schemes were then tested: D1—no diversity
link (TS without the site diversity— in Fig. 1). D2 (dis-
tance)—a diversity link selected based on the shortest distance
( in Fig. 1). D2 (angle)—a diversity link selected based on
the maximum angular separation ( in Fig. 1).

The system outages (percentage of TSs throughout the net-
work having a received power level below the threshold due to
rain attenuation) as a function of time are shown in Fig. 3. The
system parameters were set as follows [16]: frequency 42 GHz,
transmitter power 15 dBm, base station antenna gain 24 dBi, ter-
minal station antenna gain 36 dBi, receiver threshold dBm
for 16-QAM with a bit error rate (BER) of .

Fig. 3. System outages during a rain event; D1—no site diversity used;
D2 (distance)—the nearest available BS is selected for the site diversity;
D2 (angle)—the diversity BS is selected according to the maximum angular
separation in azimuth.

E. Outage Improvements

During the next stage a single parameter — the outage im-
provement probability—was defined to examine the influence of
rainfall on the whole PMP system in given area. The outage im-
provement probability is defined as the percentage of TSs with a
successfully established diversity link out of the total number of
TSs receiving a level of power input from the nearest BS falling
below the threshold due to rainfall. To obtain the outage im-
provement statistics, simulations of system performance during
rain events were performed [21].

As was proved during site diversity simulations [3], when
analyzing the site diversity techniques under various network
topologies, the rainfall spatial influence is very sensitive to both
the density of BS deployment and the particular BS location
during a rain event. To study the rain spatial influence on the
PMP system independently of the specific network deployment,
the following method was used to obtain site diversity for spe-
cific spatial distributions. For each rainfall radar scan, the po-
sition of a hypothetical TS was changed on 1 km step grid
throughout the whole area. The position of the main BS was
changed to create a circle around the TS with a fixed radius.
The received signal strength was calculated for every azimuth of
the hypothetical main link. If the signal strength dropped below
the chosen threshold, the diversity links to hypothetical diver-
sity BSs for angular separations ranging from 1 to 359 degrees
and diversity link lengths ranging from 1 to 6 kilometers were
investigated. As a result of these simulations, a dataset repre-
senting the dependence of the outage improvement probability
on angle separation and a ratio of the main and diversity link
lengths were derived for each radar image.

During the next stage we tried to find a closed analytical ex-
pression for outage improvement probability as a function of the
angular separation and the link length ratio. Initially we tried
to use and modify the Usman–Willis–Watson empirical model
[20]. However, this was unsuccessful because the model was
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Fig. 4. Calculated outage improvement probability for a rain fade margin of 17
dB using (3).

developed for a diversity gain of two links while our outage im-
provement probability involved the whole area. That is why a
new expression was derived using both intuition and Matlab fit-
ting algorithms. The outage improvement probability % is
a function of angle separation (rad) (oriented clockwise be-
tween the main and diversity link from 0 to ) and the ratio of
the main and diversity link lengths (see Fig. 1)

(3)

Specific values for empirical parameters ,
were obtained for every radar scan as the best fit of (3) to simula-
tion results using genetic algorithms [21]. The outage improve-
ment probability statistics calculated by (3) using a fade margin
of 17 dB for a particular rain rate spatial distribution is demon-
strated in Fig. 4.

In the next stage, the specific relationships between the three
empirical parameters of (3) and the corresponding radar image
were investigated. The parameter was determined to be
particularly dependent on the maximum rain rate taken
from the whole rainfall radar scan and, moreover, on the rain
fade margin set in the system. This is obvious from
Fig. 5, where the dependence of parameter on the max-
imum rain rate and the fade margin is depicted. The relationship
can be expressed by the following:

(4)

where and were derived from the radar
and simulated data. The constants in (4) and similarly in the
following sections are due to their empirical derivation (fitting
the analyzed data) given without physical units.

Parameters are rain rate spatial distribution-de-
pendent. The influence of the rainfall spatial distribution on

Fig. 5. Dependence of parameter a on the maximum rain rate and fade
margins.

these two parameters and consequently the rain spatial classi-
fication are dealt with in the following sections.

III. RAIN SPATIAL CLASSIFICATION

A. Rainfall Spatial Parameter

The main aim of this work was to describe rain spatial dis-
tribution using a limited number of parameters. Moreover, the
classification should be related to PMP system performance uti-
lizing site diversity. Therefore, the dependence of the empirical
parameters from (3) on the spatial variation of the rain rate over
time was analyzed.

Since the first parameter in (3) is dependent on the
maximum rain rate, during the first stage every radar scan was
normalized by dividing the rain rates by the maximum rain rate
value of the scan. The cumulative distribution functions (CDFs)
of the maximum rain rate calculated over the total (rainy and
nonrainy) period from three different locations in the Czech Re-
public — location A, location B (100 km west and 100 km south
of A), and location C (50 km east and 50 km south of A) —
during 2002 are depicted in Fig. 6.

After eliminating the maximum rain rate influence, an effi-
cient way of describing the rain rate spatial distribution was
sought. Rainfall spatial models seem to be either too simple to
characterize mid scale areas or, on the contrary, too complex,
with numerous input parameters.

Initially, an approach based on the Fourier transformation ap-
plied to space variations of the rain rate [8] was investigated. The
spatial spectrum of the rain rate and particularly the dominant
power low segments (slopes) in the power spectrum are used to
describe the parameters of the rainfall in [8]. The slope deter-
mines whether the rain distribution is larger or smaller than the
energy input scale. Unfortunately, an analysis of this approach
showed that simply dividing the rain scans into two slope types
does not fully cover all changes in system outages during a rain
event. The influence of rainfalls with higher peak rain rates on
the PMP system has also been found to be dependent on the rain
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Fig. 6. Cumulative distribution function of maximum rain rate during 2002.

Fig. 7. Normalized rain rate—decomposition to contour levels from 0.1 to 0.9.

cell areas; however, this cannot be fully spanned by enumerating
the rain spectra slope.

Another tested approach was to describe the spatial rain rate
distribution via the area-averaged rain rate according to ITU-R
P.1410 [4]. It was observed that the variation of parameter
cannot be unambiguously expressed as a function of the area-av-
eraged rain rate as some of the spatial features of rainfalls influ-
encing the PMP system performance within the defined area are
suppressed by averaging them. Sometimes spatially small rain
cells with high rain rates (convective rain storms) can scarcely
be distinguished from widely spread low rain rates (stratiform
rainfalls).

Finally, a new concept was introduced. To maintain the spa-
tial description, three-dimensional contours of every normalized
rain rate scan were determined for levels ranging from 0.1 to 0.9
(Fig. 7). Subsequently, the dependencies of parameter on
several features of the normalized rain rate contours were inves-
tigated.

The result of the analyses is as follows: only a single param-
eter that fully describes rain rate spatial distribution is sufficient

Fig. 8. Dependence of parameter c on the rainfall spatial parameter.

to derive parameter . The new rainfall spatial parameter is
expressed as the average area of the rain cell, taking into con-
sideration all 9 contour levels (ranging from 0.1 to 0.9 of nor-
malized rain rate). To assess its value for a particular rain scan,
the average areas of the rain cell have first to be derived for each
contour threshold by dividing the total rain-occupied area by
the number of rain cells. Thereafter, the resulting value of the
rainfall spatial parameter can be obtained as the mean value of
the average rain cell areas for all contour levels. Simulations
proved that even so the rainfall spatial parameter does not ex-
haustively describe the distribution of rain cells in a specific re-
gion, it does, however, sufficiently characterize rain spatial dis-
tribution for site diversity improvement planning issues in the
case of PMP systems. Both the rain cell sizes as well as the rain
rate slopes are considered.

The number of contour levels was selected on the basis of a
trade-off between the simplicity of the procedure and its ability
to encompass the rain rate spatial distribution. For cells situated
on border of the specified area, the border forms part of the
contour misshaping the cell. Provided the area is large enough,
this error is negligible (this will be discussed further below).

Dependence of parameter on the rainfall spatial param-
eter is depicted in Fig. 8. As can be clearly seen, the parameter

rapidly increases with smaller rainfall spatial parameters
and then (around 20 km ) begins to converge. This behavior can
be expressed by

(5)

where (km ) is the rainfall spatial parameter describing the
rain rate spatial distribution. The constant was ob-
tained by a curve fitting algorithm using genetic optimization
algorithms. The last spatial dependent parameter in (3)
has been derived as a function of

(6)
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Fig. 9. CDFs of the rainfall spatial parameter conditioned to the rainy time.

where constant was also obtained by a curve fitting
algorithm.

Fig. 9 shows CDFs of the rainfall spatial parameter condi-
tioned to the rainy time (when the maximum rain rate within
the area is higher than 3 mm/h). Rain database B was utilized
to derive the results for three different locations in the Czech
Republic. The rainfall spatial parameter has a lognormal distri-
bution in each of the locations. It was observed that there is no
significant difference between cumulative distributions of the
rainfall spatial parameter taken from different locations inside
this particular climatic area. In the same way, the maximum rain
rate statistics in Fig. 6 have similar cumulative distributions. The
discrepancies arising in the lower percentages of time are prob-
ably caused by the fact that the dataset is statistically limited
to a single year. Moreover, the maximum rain rate in a given
area is almost independent of the rainfall spatial parameter. The
correlation coefficient between the maximum rain rate and the
rainfall spatial parameter was enumerated as 0.2, which proves
the effectiveness of determining the rain rate spatial distribution
using these two independent parameters.

B. Example

The following example will clearly illustrate the usage of the
rainfall spatial parameter to determine improvements in outages
of the PMP system.

Let us assume that we would like to compare the system per-
formance during two different typical rain events, R1 and R2
(the rain rate spatial distributions in Fig. 10). Rain fade margins
of 10 dB are considered in the virtual PMP system. Maximum
rain rates of 60 mm/h and 56 mm/h can be derived from the rain
rate distributions R1 and R2, respectively. After normalization
of the radar scans by the maximum rain rates and disassembling
into nine rain rate levels, the rainfall spatial parameters of 23.4
km and 8.2 km respectively are obtained. Based on these two
rain characteristics and on the given system parameter (the rain
fade margin), the outage improvement probabilities can be fur-
ther enumerated by utilizing (3). Provided that the angular sep-
aration of 180 degrees and the main to diversity link length ratio

Fig. 10. Analyzed rain rate distributions R1 and R2.

of 2/4 is included in our system, outage improvements of 27.9%
and 43.2% respectively can be attained using the site diversity
in the PMP systems affected by R1 and R2.

As expected, it can be clearly concluded that the PMP system
utilizing site diversity copes better with rain events that are
described by the smaller rainfall spatial parameter. This appears
more straightforward in the example since both rain distribu-
tions have similar maximum rain rates. It is different when
compared to classical rain attenuation models for point-to-point
links, which only consider a single rain rate value (usually the
only one distinguishable parameter from the rain gauge mea-
surements [22]). These models would incorrectly predict that
the PMP system accomplishes the same performance during
two spatially dissimilar rain events.

Finally, to further develop the example slightly, the influence
of stratiform rain on the system will be discussed. For this, the
radar scan R3 with the rainfall spatial parameter km
and a maximum rain rate of 32 mm/h was selected (Fig. 11).
Assuming the same system settings (a rain fade margin of 10
dB), the outage improvement probability is 26.0% (180 degrees
and a 2/4 main to diversity link length ratio). This outage im-
provement probability is not as low as might be expected when
compared to R1. The reason is that the link ranges (up to 6 km)
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Fig. 11. Analyzed rain rate distributions R3.

are too short when compared to rain cell extent and therefore
the site diversity employment cannot be as efficient. Above a
certain value of the rainfall spatial parameter, the outage im-
provement probability starts to converge. This phenomenon can
also be clearly distinguished in Fig. 8. The utilization of the site
diversity in PMP millimeter wave systems is most efficient for
rains having a rainfall spatial parameter of up to 50 km . From
the CDF of the rainfall spatial parameter in Fig. 9 it can be de-
rived that there is a probability of about 92% that these rainfalls
will occur during rainy time.

C. Discussion

It should be emphasized that the results presented introduced
a methodology to classify spatial properties of rain events rather
than to state fixed figures based on long-term statistics. Let us
discuss several points regarding the applicability of the pro-
posed classification method to different contexts and applica-
tions.

The method implies that a certain area be under study. As
it was mentioned above, 50 50 km dimensions were selected
on the basis of the proportions of typical rainstorms and urban
areas. The dependence of the results on the chosen area dimen-
sions has been analyzed. It was observed that the curve of annual
CDF of the rainfall spatial parameter does not change when the
area is enlarged beyond a certain limit. The area should be larger
than 30 30 km in order to negate the influence of area dimen-
sions.

The processing of meteoradar data presented in Section II-B
might not necessarily represent the best solution for other re-
gions or radars. In addition, the data should be spatially interpo-
lated to finer resolution from quite coarse radar resolution before
deriving the rainfall spatial parameter. If the radar data are not
available, sophisticated statistical rain cell models such as the
HYCELL model [15] can be utilized, with the help of rain gauge
measurements, to generate spatial distributions of rain rates for
a particular area.

The annual CDFs for the rainfall spatial parameter in Fig. 9
were obtained for a single region using one-year’s data. Statis-
tics for other climatic regions over a longer period of time should

be investigated when the radar data become available. The rain-
fall spatial parameter can then be used as an effective way to
study the differences and scaling of spatial distribution of rain-
falls between different regions.

IV. CONCLUSION

A rain spatial classification method relevant to rainfall influ-
ence on PMP radio systems was proposed. Site diversity was
utilized to quantify the system performance during rainfalls. A
single parameter — the rainfall spatial parameter — is able to
characterize the spatial properties of the rain event, in terms of
rain cell sizes and rain rate slopes, relating to their impact on the
PMP system within a given area. Annual statistics were gener-
ated for a typical region in the Czech Republic. If the CDF of
the rainfall spatial parameter is added to classical rain rate sta-
tistics the individual rain regions can be newly classified. The
rainfall spatial parameter offers an effective way to characterize
the spatial features of rainfalls for various applications in the
field of radiowave propagation.
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1. Introduction

Spectral resolution and intensity sensitivity are crucial quality
parameters for any spectrometer. The need for high sensitivity in-
creases especially as the transition frequencies go down in the case
of high resolution microwave spectroscopy where the line intensi-
ties vanish along with the decreasing difference of the level popu-
lations between the lower and upper states of transitions.

The standard experimental conditions of high resolution spec-
troscopy, such as very low sample pressure, are a hindrance to a
standard absorption experiment, because the low pressure reduces
the collision relaxation processes and the relaxation by spontane-
ous emission falls by the third power of frequency [1]. It means
that the saturation of the transitions (i.e. the equalizing of level
populations) represents the main restrictions for the low frequency
(�m < 80 GHz) high resolution absorption spectroscopy.

The Fabry–Perot interferometer provides an interesting tool en-
abling an enhancement of the sensitivity of the absorption as well
as emission measurements in microwave spectroscopy. For mono-
chromatic radiation, the Fabry–Perot interferometer can be tuned
to a resonance at which the constructive interference of the multi-
ple-reflected electromagnetic waves enables to accumulate the
radiative energy. From the spectroscopic point of view, the resona-
tor behaves as a cell with a long effective absorption path or a pow-
erful emission source. The enhancement of the sensitivity of the
Fabry–Perot resonator corresponds to its high quality factor. The
ll rights reserved.

).
main purpose of this paper is to present both the absorption and
emission measurements based on the Fabry–Perot resonator (see
Fig. 1).

The paper describes the simple applications of the Fabry–Perot
interferometer in both absorption and emission microwave high
resolution spectroscopy. First, the use of the Fabry–Perot resonator
for absorption measurements is discussed. The applications of the
Fabry–Perot resonator for microwave Fourier transform spectros-
copy measurement of molecular emissions after an excitation by
an electromagnetic field pulse are also presented. All these inter-
ferometric measurements are compared with the analogous spec-
tra measured with the Prague mm-wave high resolution
spectrometer [2].

2. The Fabry–Perot interferometer setup

The Fabry–Perot interferometer (resonator) used for our mea-
surements comprises a tube-shaped cavity with a length of
0.55 m made from stainless steel with an inner diameter of
0.16 m, especially-designed input and output windows located in
the center of the sides of the resonator tube, a pivot coupling
dielectric foil placed inside the cavity and two spherical mirrors
for setting particular resonances (see Fig. 2). The spherical mirrors
have a 0.455 m radius and are made of bronze coated with a
5 � 10�6 m thick golden layer. One of the mirrors is fixed, while
the other is movable with a reversible motor, which is suitably
geared down in order to provide a fine, automated adjustment of
the cavity length with a 0.05-lm step. The mirror spacing is tun-
able from 0.495 to 0.510 m. The resonator setup and electrical field

mailto:xzvanove@fel.cvut.cz
http://www.sciencedirect.com/science/journal/00222852
http://www.elsevier.com/locate/jms


Fig. 1. Fabry–Perot resonator.
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intensity distribution inside the resonator cavity are depicted in
Fig. 2. A similar setup of the Fabry–Perot resonator with the per-
pendicular coupling of electromagnetic waves was already intro-
duced by French and Arnold [3] for frequencies around 150 GHz
where this setup was used only for absorption measurements. In
our paper, we describe potentialities of the Fabry–Perot spectrom-
eter not only for the absorption experiments but above all for the
emission measurements in a significantly lower frequency region.

The electromagnetic radiation is pumped into/out of the reso-
nator cavity using a 0.1-mm thick dielectric polyethylene coupling
foil from/to the perpendicularly placed feeders and detectors (horn
antennas). This pumping is different from the approaches imple-
mented in the common Fabry–Perot resonators, which are usually
used for spectroscopic measurements, e.g. [4], where L-shape
antennas are mounted in particular positions inside the mirrors.
Since the resonator is evacuated, the electromagnetic radiation is
coupled into and out of the resonator cavity via special elliptical
dielectric lenses placed in the windows. The lenses focus the re-
quired radiative energy on/from the coupling foil and form diverg-
ing waveforms in the near field region onto the flat uniform far
field. Optimization of the parameters of the lenses was inevitable
in order to optimize the waveform inside of the resonator and, in
this way, to avoid the saturation of the absorbed energy of the gas-
Fig. 2. The Fabry–Perot resonator setup
eous sample (resulting from the focusing of the radiative energy). It
was necessary to avoid additional undesirable resonances inside of
the resonator caused by inner surfaces of lenses (see Ref. [3]),
which evokes a dummy increase of the quality factor. The optimal
field distribution on the coupling foil and the position of the feed-
ing antenna in front of the lens were also carefully sought [5].

3. The absorption arrangement of the Fabry–Perot
interferometer

Absorption measurements in the Fabry–Perot interferometer
(resonator) are based on the measurement and subsequent evalu-
ation of the quality factors of both the empty as well as the gas-
filled resonator. Because we need to reach both as high quality fac-
tor of the empty resonator as possible and a suitable coupling to
enable this comparison, the other losses inside the resonator cavity
have to be minimized. Particularly, the undesirable losses can be
caused by the diffraction and reflection of electromagnetic waves
at the mirrors and by coupling losses at the coupling foil. The qual-
ity factor of the Fabry–Perot resonator is about 105 throughout the
frequency region of our measurements.

The Fabry–Perot interferometer was pumped by the Agilent
8257D microwave synthesizer, whose frequency was doubled
using the Wisewave FMP-KF215-01 doubler. The radiation passed
through the resonator was detected and analyzed by the Agilent
Spectral Analyzer E4440A, whose frequency range was extended
up to 50–75 GHz using the external Agilent 11970V harmonic mix-
er. All of the measurements were automatized by a computer that
controlled both the microwave synthesizer as well as the spectrum
analyzer via the USB to GPIB interface. The spacing and movement
of mirrors were also controlled by means of the USB to RS232
interface. This way, the distance between the mirrors was set pre-
cisely for each measured frequency based on the minimal received
power of the resonance response curve analyzed by the spectrum
analyzer.

The absorption Fabry–Perot setup was tested with acetonitrile
spectra. The resolved, partly resolved and unresolved hyperfine
structures of the rotational transitions J0  J00:3 2, K = 0, 1, 2 pro-
vide a broad scale of spectral lines from very intense to weak. Ace-
tonitrile is a symmetric top molecule with a large dipole moment
(l = 3.92 D) and its rotational spectra were studied in details in
the Prague laboratory [2]. Fig. 3 involves the comparisons of the
acetonitrile spectra measured using the Fabry–Perot resonator as
described above and the standard high resolution mw absorption
setup with the 5.6 m long optical path with the acetonitrile pres-
for gas absorption measurements.
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Fig. 3. The measured absorption spectrum of acetonitrile.
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sure being roughly 15 lbar [2]. The cavity response width depends
on the sample absorption and pressure. In the case of the highly
evacuated resonator without a sample absorption, the 0.57 MHz
width of the resonance response was measured. On the other hand,
the cavity response widths from 0.60 MHz up to 1.23 MHz were
observed from weak up to intense absorptions, respectively. It
should be mentioned, the method based on the coupling strength
[6] was applied to derive the resonator response widths. This ap-
proach is different from conventional methods where this param-
eter is determined according to the 3 dB criterion [3] only.

It is obvious from Fig. 3 that both the measurements provide
comparable results within the frequency interval of 50–110 GHz.
We believe that the absorption system with the 0.55 m long
Fabry–Perot resonator can be used as an alternative to the high res-
olution spectrometer with the sample cell using a 5.6-m long opti-
cal path [2]. It should be emphasized that the measurement of
absorption using the Fabry–Perot resonator has its particular
advantages as well as disadvantages.

The main advantage of our Fabry–Perot resonator is its rela-
tively higher sensitivity to weak absorptions due to an apparent
lengthening of the optical path length by means of multiple reflec-
tions. The effective optical path length corresponding to the mea-
sured quality factors (according [3]) varies approximately from
40 up to 83 m from the intense absorption up to the evacuated res-
onator, respectively (see Fig. 3). This holds true especially in cases
of standing waves, where the losses caused by destructive interfer-
ence processes are negligible.

On the other hand, it should be pointed out that this method is
time-consuming because each individual point on the frequency
scale requires a separate adjustment of the mirrors. It should be
also noted that the parameters of the individual parts of the reso-
nator limit the usable frequency range. The main reason for the low
frequency cut-off is the diffraction (spilling-over) of electromag-
netic waves, which depends, above all, on the size of the mirrors
used, their distance and curvature [7], for instance in our case,
the low frequency cut-off is about 20 GHz. The coupling losses,
which depend on the thickness and quality of the dielectric cou-
pling foil, cause a decrease in the quality factor (i.e. measurement
sensitivity) in the direction to higher frequencies.

4. The emission’s time domain measurements

As it was mentioned above, very low pressure high resolution
absorption spectroscopy collapses at low frequencies because of
the transition saturation, which is a consequence of a retardation
of the relaxation processes (spontaneous emission, collisions)
causing the equalization of the populations of both levels of the
saturated transition. On the other hand, the easy achievement of
saturation is an advantage in the time domain emission experi-
ment. In the literature [8–11], there can be found several such
experiments, starting with the first time domain emission spec-
trometer performed by Dicke and Romer [8] in 1950.

Nowadays, probably the best time domain emission microwave
Fourier transform (MWFT) spectrometers carry the Grabow signa-
ture, e.g. [9], where a spectrometer is constructed for a frequency
range 4–18 GHz by using the Fabry–Perot resonator with a perpen-
dicularly-placed pulsed molecular beam. In order to reach an effi-
cient distribution of the standing waves inside this resonator, the
pulses of monochromatic electromagnetic radiation are pumped
into the cavity through the L-shaped wire hook ‘‘antenna”
mounted off-axis at one of the mirrors [9]. After the pulse termina-
tion, the excited gaseous sample emits microwave radiation that is
detected by the same antenna and using a circulator [9] or SPDT
PIN diode switch [12,13] led to the down-conversion and process-
ing units. The system has been improved several times [12,13], e.g.
by a coaxially-oriented pulsed molecular beam [4] to increase the
emission time, by the coaxially-aligned parallel Stark electrodes in-
side the resonator cavity [10] for dipole moment measurements or
by using the cryogenically-cooled (to T = 77 K) resonator [11] to
decrease the instrument noise, etc.

Our Fabry–Perot interferometer was analogously used for emis-
sion Fourier transform measurements of excited gaseous samples.
Obviously, in comparison with the emission experiments men-
tioned above [12,13], our resonator setup differentiates in several
points as listed below. Two horn antennas were used in the system
similarly to our absorption measurements. The first antenna
pumps radiative energy into the resonator cavity while the other
detects the radiative energy emitted from the resonator cavity
from the perpendicular direction (see Fig. 4). The measurement
setup is significantly simplified in particular in the receiver part.
Instead of building a receiver system consisting of several switches
(whose time-control has to be very precisely tuned [12,13]) and
other components, the source and receiver parts were separated
and commercially available instruments (such as the MW synthe-
sizer and the spectrum analyzer with synchronized internal clocks)
were used. Rectangular pulses (on-off modulation) for the particu-
lar frequency with a definite pulse width were set at the synthe-
sizer with a given repetition rate of 100 Hz. The signal from the
synthesizer was doubled by the frequency multiplier. The ‘‘zero
span” configuration of the spectrum analyzer (the local oscillator
of the analyzer does not sweep) was set to measure a time depen-
dence of the received signal. Thus the spectral analyzer was used
only as a wideband receiver around the required central frequency.
The down-converted signal at the intermediate frequency of
25 MHz was available at the spectrum analyzer output unlike the
absorption measurement, and it was consequently amplified and
digitized (1024 samples, 100 MSps). For every frequency point,
the signal was recorded 1024 times to minimize the undesired
noise.

In order to test our emission setup, the acetonitrile spectrum
was measured. A typical example of this measurement in the fre-
quency interval between 55.187 and 55.195 GHz with the sample
pressure being approximately 6 lbar is presented in this paper,
see Figs. 5 and 6. First, it was necessary to determine suitable pulse
duration in order to reach the optimal conditions for the excitation
of the acetonitrile sample. The time dependences of the received
power on the excitation pulse length are depicted in Fig. 5. It
was found from detailed analyses of the falling edges of the pulses
(see Fig. 5) that the 210 ns durative pulses provide the most appro-
priate conditions for our emission measurements. Additionally, an
analysis of the pulse shape also enabled the optimization of the
mirror distance, corresponding to a standing wave at the given fre-
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Fig. 6. The emission spectrum of acetonitrile derived from summation of the
2150 kHz wide spectrum intervals as compared with the absorption spectra [2].
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quency. For instance, the optimal mirror distance corresponds to
the largest decrease of the plateau between two marginal peaks
in the time dependence of the long duration pulse (e.g. see the time
dependence of the 5 ls pulse in Fig. 5).

It was necessary to transform the time domain emission data
into the frequency domain. From a detailed analysis of the shapes
of the recorded power, it was found that the time interval from 1.2
to 7.9 ls after excitation origin (see Fig. 5) provided the optimal
information for the evaluation of the frequency domain spectra.
Several approaches to obtain the most appropriate Fourier trans-
formed spectra from the time domain data were tested. For exam-
ple, the emission can be evaluated either only from the pumping
frequency or from an interval around the pumping frequency due
to the resonance curve width.

Thus, the spectra were evaluated from the maximum value ob-
tained within the 50 kHz wide frequency intervals around the
pumping frequency, as well as from the summation of the entire
intervals of the overlapped spectra. The best results were derived
from the summation of the spectrum intervals of a width of
2150 kHz (see Fig. 6). The aforementioned results were compared
to the spectra measured by the standard high resolution micro-
wave absorption setup with the 5.6 m long optical path [2] at 3
and 7 lbar. It is evident that our emission-measured spectrum in
the frequency domain provides a comparable quality with that
measured by absorption at a comparable sample pressure (see
Fig. 6).

5. Conclusions

The above-mentioned examples clearly show that the Fabry–
Perot interferometer is an interesting tool with high potential for
high resolution microwave spectroscopy. In the absorption setup,
the interferometer can be used as a compact cell with a sufficiently
long optical path length enabling high-sensitivity measurements.
The highest sensitivity is achieved in the resonance arrangements
where the interferometer is tuned for each frequency to the con-
structive interference of the multiple-reflected electromagnetic
waves between the mirrors. Such an approach seems to be compli-
cated, but the mirror tuning can easily be computerized. The inter-
ferometer absorption system can be considered as an interesting
possibility for sensitive, compact analytical instruments for a
detection of selected gases with significant absorption in the spec-
tral interval of approximately 50–90 GHz. For lower frequencies,
the emission arrangement is obviously more efficient. As was men-
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tioned above, the near energy levels have very similar populations,
which become equal during the absorption experiment under the
conditions of high resolution microwave spectroscopy (i.e. very
low sample pressure, slow spontaneous emission). We are speak-
ing about the saturation of the absorption transitions which mean
another attenuation of the absorption intensities.

The main advantage of emission microwave Fourier time do-
main spectroscopy is that it utilizes the transition saturation which
supports the emission measurements, in contrast to the absorption
measurements which collapse due to this saturation.

In this paper, a simplified, very flexible emission experimental
arrangement is offered. This simple setup, however, does not as
yet make sophisticated measurements in molecular beams or Stark
experiments in comparison with the Grabow’s complex measure-
ment system possible [10–13]. From the system point of view,
the system presented has a huge noise figure and consequently a
lower sensitivity due to the very high conversion losses of the har-
monic mixer used and due to the absence of a low noise input
amplifier. These deficiencies of our setup could be partially ne-
glected in the lower frequency band and partially solved in next
step by adding a low noise input amplifier.

Although our simple emission setup does not reach all of the
quality parameters of the best time domain spectrometers de-
scribed in the literature [10–13], our simple setup offers the high
compactness and flexibility which can be exploited for the devel-
opment of simple low frequency microwave instruments for ana-
lytical chemistry.
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UHF RF Identification of People
in Indoor and Open Areas
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Abstract—The performance of an ultra-high-frequency RF
identification (ID) system operating at 869 MHz, intended for
the ID of persons in both indoor and open areas, has been val-
idated using the propagation models, as well as the series of
practical measurements. A two-ray propagation model and the
3-D ray-tracing model were used for calculations of all important
system parameters in open and indoor areas, respectively. For the
application mentioned above, a novel (electrically small and, at
the same time, low-profile) wearable TAG antenna was designed.
It was used in order to carry out the necessary tests as well. The
antenna in question is based on an artificial-like surface. The
latter provides an important screening effect and avoids detuning.
Another virtue of the surface used is represented by the fact that
it ensures the minimum loss of the antenna efficiency (resulting
from the presence of a nearby human body). The simulations and
measurements show that the optimized system can guarantee a
reliable ID at distances up to 9 m in open areas and up to 16 m in
corridors.

Index Terms—Artificial surface, electrically small antenna, iden-
tification (ID) of people, loop antenna, RF identification (RFID)
system, TAG antenna.

I. INTRODUCTION

T O DATE, given the growing stress put on security as-
pects, the identification (ID) systems intended for mon-

itoring of people in both indoor and outdoor areas have become
increasingly important. The efficient and reliable tracking of
the motion of many people in either large buildings or outdoor
areas belongs to the relatively difficult tasks. Standard mon-
itoring-ID systems, working in either low-frequency (LF) or
high-frequency (HF) bands (125 kHz, 13.56 MHz), which are
based on inductive coupling, suffer from a low read distance
(i.e., typically up to 1 m [1]). Therefore, during the ID process,
the person has to, more or less, touch the reader or even insert
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the ID card into the reader. This requires the installation of rel-
atively narrow gates, where anyone that intends to pass through
the gate, is obliged to stop and activate the reader. This kind of
ID process is, in general, inconvenient and time consuming. Fur-
thermore, in cases of heavy traffic or multiple accesses, it gives
rise to unacceptable time delays.

As a result, RF identification (RFID) systems operating at ei-
ther ultra-high-frequency (UHF) or microwave frequencies (i.e.,
at 860–930 MHz or 2.4 GHz) that use electromagnetic wave
propagation as a coupling mechanism seem to be more suitable
than inductive coupling systems. It is possible to monitor and
identify persons at moderate distances, usually over several me-
ters. In addition, the persons that are being monitored are not
required to perform any action during the ID process. The mon-
itoring and ID processes do not have any negative repercussions
on the fluency of the traffic; in fact, people can even move rather
quickly. Such ID systems can be used in manufacturing plants,
offices, warehouses, prisons, etc. A specific application of the
UHF RFID system, consisting of the ID of sportsmen in mass
races, is described in [2].

The performance of any UHF or microwave RFID system
is dominantly influenced by the parameters of antennas used
and also by the propagation of electromagnetic waves in the in-
tended ID area. This paper is focused on the ID of people in open
areas and inside buildings (especially in corridors). The objec-
tive is to reach as high a read distance as possible. To handle the
RF ID task exactly, the evaluation of the electromagnetic field
coverage in the treated area is required.

Usually there is not much space for raising the gain of the
reader antennas. High-gain antennas are relatively large and can
show too narrow radiation patterns. Due to this, the parame-
ters of TAG antennas are of prime importance. Since their di-
mensions must be small, while their radiation patterns are re-
quired to be wide, it is necessary to optimize their efficiency in
order to ensure a long read distance. This is especially impor-
tant in case of wearable antennas because their parameters can
be strongly influenced by the close vicinity of a human body.
The new dual-loop antenna designed for the ID of people, pre-
sented here, employs a special screening substrate that preserves
the acceptable antenna efficiency while guaranteeing a high im-
munity against the influence of the human body.

The propagation of electromagnetic waves substantially dif-
fers in open areas and inside the buildings. In open spaces, it
is usually accurate to take into account only the first reflec-
tion from the ground. Owing to this, a relatively simple analyt-
ical propagation model can be used. On the contrary, in case of
indoor applications, the multiple reflections from many walls,

0018-9480/$25.00 © 2009 IEEE
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TABLE I
Standard UHF RFID System Parameters (From Trolley Scan1)

floors, ceilings, windows, doors, and bigger pieces of furniture
must be taken into account. In order to provide a satisfactory
agreement between the simulation and the practical measure-
ments carried out in corridors, the ray-tracing methods were
used in this paper.

II. RFID SYSTEM DESCRIPTION

A. RFID System Parameters

The standard commercial RFID system (see Table I) and
Trolley Scan1 were used for the evaluation of the read distance,
as well as the reliability of a person’s ID in buildings and open
areas.

For the given purposes, it might seem beneficial to use RFID
systems operating in the microwave band of 2.45 GHz. This can
lead to a considerably easier design of small and efficient an-
tennas. However, the flip side is that the use of the aforemen-
tioned frequency results in the propagation loss that is higher
by at least 9 dB in both radio paths. The employment of UHF
systems for a long-distance ID of people stills represents a very
good choice then.

B. Novel TAG Antenna

The degradation of the TAG antenna performance in the close
vicinity of a human body belongs to the problems that are to
be solved when considering the UHF or microwave RFID of
people. The body can be treated as a high-loss dielectric ob-
ject with a relative permittivity – and a loss tangent

– [3]. In case of the standard dipole-type TAG an-
tennas, the presence of such dielectric objects causes significant
detuning of the antenna and also the absorption of the radiated
or received energy [4]–[7]. This results in a low radiation ef-
ficiency and, consequently, in a short read distance. Thus, the
antenna structures that are immune to the influence of a human
body turn out to be advantageous for the intended purposes.

In order to obtain the required immunity, it is, in general, nec-
essary to insert a metallic plate (or a similar screening layer) be-
tween the radiating element and the human body. The metallic
plate can act as an additional screening plane or can become
an inherent part of the antenna structure. The former solution
is usually represented by dipole- or loop-type antennas, while

1[Online]. Available: http://trolleyscan.com/, Jun. 5, 2006.

the patch antenna and planar inverted F antenna (PIFA) [8],
[9] usually represent the latter case. A simple addition of the
metallic plane to an antenna structure can lead to a substantial
drop in both the antenna impedance and antenna efficiency. In
the open literature, several papers, which solve the above-men-
tioned problem by adding a distance spacer (e.g., [10]–[13]) or
by the application of artificial magnetic surfaces (e.g., [14]) have
been published.

The application of folded or multiarm-folded dipoles (de-
scribed in [15]) can be considered as an alternative solution.
This approach raises the impedance of the antenna working
above the close metallic plane. These structures can provide
an extremely low profile (even below the relative wavelength
height ) and, at the same time, maintain the
radiation efficiency on a reasonable level (over 50%). Never-
theless, the relatively large footprint dimensions (comparable
to the half-wavelength) can be unsatisfactory for many RFID
applications.

The employment of the patch-type antennas, where a metallic
ground plane is an inherent part of the antenna structure, rep-
resents other possible approach. Nonetheless, it is necessary
to take into account that the radiation efficiency of these an-
tennas decreases significantly in case that the height of the sub-
strate is lower than approximately [16] (it equals approx-
imately 6–7 mm in the UHF band). For wearable TAG antennas,
this height can be unacceptable. The same difficulties can re-
sult from the antenna length, which corresponds to a half- or
quarter-wavelength (approximately 160–170 or 80–85 mm in
the UHF band).

Artificial magnetic surfaces [10] used for constructive sum-
mation of the contributions of source and mirror currents to
the radiation seem to be suitable for screening carried out near
the human body. Nevertheless, due to the necessity to manu-
facture the shunt inductive components with a height of sev-
eral millimeters in the UHF band [17], their implementation, to
date, does not allow to construct antennas with very low profiles

.
In order to identify people, a novel flat electrically small dual-

loop antenna was designed and manufactured (see Fig. 1). It is
loaded by a planar array of four sub-wavelength patches that are
placed closely over a grounded dielectric slab. A more detailed
description can be found in [18]. The patch array is similar to
the structure of high-impedance surfaces and suppresses the ra-
diation of mirror currents. This provides a very high immunity
against the influence of a nearby human body while preserving
the acceptable antenna efficiency (see Table II).

The measured radiation pattern of the loop antenna, fed by
the coaxial cable, shows an approximate 15 tilt that is caused
by the nonperfect symmetrization (see Fig. 2). It is not expected
that this tilt could be present in case of the TAG antenna-chip
connection.

The new antenna is planar; its total size (including the patch
array) is equal to 70 105 1.82 mm (relative size is

at 869 MHz). The RFID TAGs that have the aforemen-
tioned dimensions can be used as standard ID badges.

Table III includes the comparison of dimensions as well as
of read ranges of the RFID TAG based on the proposed TAG
antenna and other commercially available TAGs, applicable for

Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on May 15, 2009 at 06:31 from IEEE Xplore.  Restrictions apply.



POLÍVKA et al.: UHF RFID PEOPLE IN INDOOR AND OPEN AREAS 1343

Fig. 1. Photograph of designed prototype of loop antenna closely spaced over
patch array surface at distance � � ���� mm, � �� � ������, which is
situated over grounded dielectric slab, with height � � ���� mm, � �� �
�����	.

TABLE II
EFFICIENCY AND GAIN OF LOOP ANTENNA FROM Fig. 1,

EVALUATED BY WHEELER CAP METHOD [11]

Fig. 2. Radiation pattern of new TAG antenna measured in free space.

the ID of people. Indeed, a majority of them are designed for
the operation on metal objects. It is obvious that the new TAG
provides the longest read range and the lowest TAG height as
well. However, the presented data provide only directory infor-
mation because in the majority of cases, the transmitted powers
and the sensitivities of TAG chips and the readers used are un-
known. It can be supposed that the transmitted power is 1 W,
which corresponds to U.S. regulation ISO 18000-6. It should be
emphasized that the recalculation of the read range of the new

TABLE III
COMPARISON OF DIMENSIONS AND READ RANGES OF SEVERAL

COMMERCIALLY AVAILABLE UHF (860 � 930 MHz) RFID TAGS,
ABLE TO BE OPERATED ON HUMAN BODY (OR METALLIC OBJECTS)

TAG from W (used during tests) to W results
in the decrease of the read range from 9 m (measured in the open
area) to 4.8 m. On the other hand, the new TAG used during tests
is equipped with a relatively less sensitive chip. When using
modern chips with the 14-dBm sensitivity, the read range can
rise up to 10.9 m.

III. SYSTEM POWER BUDGETS

As already mentioned, the performance and reliability of the
ID depends on the reader-TAG and TAG-reader power budgets.
The TAG chip input power must exceed the chip sensi-
tivity (i.e., in this case, 6.9 dBm)

(1)

This condition provides the chip with the energy needed for
the modulation of the reflected wave. Accordingly, in order to
ensure the correct data processing, the input power

Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on May 15, 2009 at 06:31 from IEEE Xplore.  Restrictions apply.
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of the reader receiver must be higher than the reader sensitivity
(i.e., in this case, 64 dBm)

(2)

The power in dBm can be expressed as

(3)

where is the RF power transmitted by the reader in dBm,
denotes the link loss, and represents the attenuation of

the feeder cable in decibels. The peak power of the modulated
signal reflected back from the TAG and received by the reader
receiver can be expressed in dBm as follows:

(4)

where is the conversion loss of the chip ( 20 dB for the
used chip). The maximum read distance can be defined as
the longest distance , where conditions (1) and (2) are simul-
taneously fulfilled. In order to evaluate the conditions of the ID
in different environments, it is necessary to calculate the corre-
sponding link loss .

A. Open Areas

The propagation of the electromagnetic wave from the reader
to the TAG in an open space can be described by the modified
two-ray model (see Fig. 3) and [2]. The model involves two
paths of electromagnetic waves between the reader and TAG.
The first one is formed by a direct ray, whereas the second one
is formed by a ray reflected from the ground. The resulting radio
link loss can be evaluated by means of the following formula:

(5)

where , are the lengths of the direct and reflected rays,
and stand for 3-D approximated angular de-

pendencies of the reader antenna gain in the vertical and hor-
izontal planes. and represent angular depen-
dencies of the TAG antenna gain in the vertical and horizontal
planes, while is a complex reflection coefficient of the
ground ( , S/m were considered).

B. Indoor Areas

The phenomena, which influence the reader-TAG link loss
inside the buildings, are substantially more complicated than in
the case of the open spaces. Since the electromagnetic waves
interact with many surrounding obstacles, multiple reflections
and diffractions must be taken into account. Many models and
methods, which are applicable for the calculation of the path
loss inside the buildings, can be found in the literature (see [19]
and [20]).

Fig. 3. Configuration of modified two-ray model—side view (upper) top view
(bottom) with the following parameters: � height of reader antenna, � height
of TAG antenna on person’s chest, � direct ray trace, � reflected ray trace, �
ground plane distance between reader and TAG antennas, � width of ID area,
� reader, and TAG antenna axis offset.

In the empirical models, approximate mathematical formulas
are used for the calculation of the received power. The latter is
proportional to the distance from the transmitter by the term

, where stands for the path-loss exponent that is af-
fected by the geometry, as well as by the electrical properties of
the given environment.

In open areas, the value of the path-loss exponent is close
to , whereas in corridors, the lower values are reported
( in [19]). Thus, in comparison to the case of open areas,
substantially longer read distances can be expected in corridors.

On the other hand, the deterministic or semideterministic
models [21] utilizing the ray-tracing or ray-launching methods
[20] are based on the geometry of the particular task (see
Fig. 4) and can provide more precise results. In order to
embrace as many propagation phenomena in corridors (with
the given dimensions and material parameters) as possible,
the 3-D ray-tracing method, implemented in the WinProp
program,2 was used. The aforementioned approach involves
up to six reflections and two diffractions from brick walls
( , S/m), a concrete floor, and ceiling ( ,

S/m). The diffractions are calculated by the uniform
theory of diffraction (UTD). The results of the performed
ray-tracing simulations are presented in Section IV.

Since the ray-tracing method is unable to simulate the re-
turn path (TAG-reader) by itself, the calculations of these links
are based on the reciprocity and were made using the following
formula:

(6)

2[Online]. Available: http://www.awe-communications.com, Nov. 15, 2008.
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Fig. 4. Example of several rays launched in corridor.

Fig. 5. Photograph of test configurations. (a) Person with chest-fixed TAG in
open area. (b) Person with chest-fixed TAG in 4-m-wide corridor.

IV. PRACTICAL MEASUREMENTS

In order to verify the performed simulations, the
values were measured in several test configurations that cor-
respond to typical scenarios in people ID tasks. Moreover,
the values of the maximum read distances were also
measured. The RF generator, the test antenna with the same
gain as the new TAG antenna, and the spectrum analyzer were
used for measurements. The new TAG antennas with
the connected chip and reader were used for the measure-
ments. During both of the measurements, these antennas were
fixed on a person’s chest in the height of 1.25 m (see Fig. 5).

The measurements were performed in narrow and wide cor-
ridors (width of 2 and 4 m, respectively) and in an open area in
front of the building. The 4-m-wide corridor has the following
parameters: height of 3.35 m, length of 29 m, ended by a wall.
The parameters of the 2-m-wide corridor are listed below: height
of 3 m, length of 45 m, ended by a glass window. In all the
configurations, the standard 8-dBi reader antenna was fixed at a
height of 2.5 m with a tilt of . The TAG was attached on

Fig. 6. Simulated and measured received power: (a)� and (b)�
versus ground plane distance � from reader antenna in open area.

Fig. 7. Simulated and measured received power � versus ground plane
distance from reader antenna in 4-m-wide corridor. (a) Antennas axis offset � �
� m. (b) Antennas axis offset � � ��� m.

a person’s chest at the height of 1.25 m. The transmitted power
equaled dBm. All values were measured at the axis
of the ID area and also for several off-axis offset values.

Since it is very difficult to measure the values (i.e.,
the peak power of the modulated reflected wave at the output of
the receiving reader antenna in the presence of a strong nearby

power), these values were only simulated. As the link loss
values are identical in (3) and (4) and can be verified from

the measurement of , this attitude seems to be accept-
able. Since all plots include the corresponding and

sensitivities, the positive ID can be expected in
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Fig. 8. Simulated and measured received power � versus ground plane
distance from reader antenna in 2-m-wide corridor. (a) Antennas axis offset � �
� m. (b) Antennas axis offset � � ��� m.

Fig. 9. Simulated received power � versus ground plane distance
from reader antenna in 4-m-wide corridor.

all regions, where the and values simultane-
ously exceed the given sensitivities. The measured values
are presented in Table III.

Fig. 6 expresses the simulated (two-ray model) and measured
values as a function of the distance from the reader in

an open area. The plots show a very good agreement between the
simulated and measured values, especially in the most important
2–8-m range. The maximum ID distance is approximately 9 m
on axis; both the and indicate the difficulties
with the reliability of the off-axis ID. For practical implemen-
tations, the employment of more suitable reader antennas de-
scribed in [22] can be recommended.

Fig. 7–10 show the simulated (ray tracing) and measured
values of and in 4- and 2-m-wide corridors.
The agreement is acceptable because the majority of differences
can be explained only by the estimated parameters of walls, their
heterogenities and reflections from the metal door and window
frames, which were not included in the model. Nevertheless, it
was observed that these influences had no essential impact on
the ID distance of the RFID system. The measured values
are presented in Table IV.

Fig. 10. Simulated received power � versus ground plane distance
from reader antenna in 2-m-wide corridor.

TABLE IV
READ RANGES OF TEST CONFIGURATIONS

small margin of 0.8 dB over chip sensitivity does not allow the reliable
RFID system performance

V. CONCLUSION

The implementation of every particular UHF RFID system
has to be focused on the most sensitive components of the
system. In case of the monitoring of people at moderate dis-
tances, this principle particularly concerns TAG antennas. The
applicable TAG antenna should show small dimensions, exhibit
a high immunity against the influence of a nearby human body
and also provide a high antenna efficiency. For these purposes,
a new dual-loop TAG antenna, loaded by a planar array of four
sub-wavelength patches, was designed and manufactured.

The calculations of the read distance in open areas were per-
formed using an analytical two-ray model. Similar calculations
for indoor corridors were carried out using a 3-D ray-tracing
method. All simulations were verified by a series of practical
measurements. The presented plots show very good agreement
between the calculated and measured results. The presented
UHF RFID system exhibits 9-m read distance in open areas
and up to 16 m in the narrower corridor.

A definite number of readers, placed in suitable positions, are
able to ensure a reliable monitoring and ID of people moving
in a building or the surrounding areas. Such a system can be
applicable for various access systems.
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1. INTRODUCTION

Several features in the atmosphere greatly limit system
performance in the millimeter-wave band. This is true
mainly for HAP systems working at a frequency of 48 GHz.
Rain drops and atmospheric gas influence the propagation of
electromagnetic waves in many ways, causing an undesirable
decrease in the system’s service availability.

The work presented here is partly based on our pre-
vious research, which was focused on terrestrial point-
to-multipoint systems [1], where a terrestrial point-to-
multipoint system outage improvement probability was
derived as a function of rainfall and system parameters. A
new method was proposed to classify the spatial properties
of a rain event. The aim is to validate the applicability
of the approach to HAP scenarios, where route diversity
is applied. Rather than generating diversity gain statistics,
system performance during a rain event is simulated in both
time and space.

In order to support system performance analyses with
appropriate input parameters, a gas attenuation measure-
ment and a rainfall radar database are utilized.

The paper is organized along the following pattern. In
the first part of the paper, the gas attenuation aspects are
discussed. Measurement and simulation results together with
an enhancement of the Fabry-Perot resonator measurement
technique are then introduced. The next section deals with

the utilization of rainfall radar data during simulations of
HAP systems. The following part reveals simulation results
for a single link, two-branch diversity links, and a HAP
system network, when the gas attenuation and the rainfall
radar database are introduced. The paper concludes with a
brief summary.

2. GAS ATTENUATION MEASUREMENTS

The atmosphere limits the performance of millimeter-
wave systems. Many papers introducing gaseous attenuation
measurements can be found in the literature (e.g., [2–4]).
Most of the measurements performed to date are based on
the radiometric approach, which uses a radiometer pointed
at a satellite. Together with the attenuation, additional
atmospheric properties such as temperature, pressure, and
gas composition and humidity are collected. The attenuation
introduced by atmospheric gases can either be described
using an accurate physical model, such as Liebe’s model [5]
for frequencies ranging from 1 GHz up to 1 THz, or it can be
approximated by probabilistic models such as the ITU-R P.
676 [6] or Salonen’s models [7]. The ITU-R P.676 includes
two models for the calculation of gaseous attenuation:

(i) a complete line-by-line method, which sums the
contributions from 44 oxygen lines and 30 water-
vapor lines below 1000 GHz,
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Figure 1: Fabry-Perot resonator for gas attenuation measurements: (a) equipment, (b) schematic.

(ii) simplified algorithms based on a curve-fitting to the
line-by-line calculation.

Nevertheless, in the HAP scenario, several different situa-
tions can be observed from the gas attenuation point of
view. Atmospheric properties are different for inter HAP
connections when compared to the classical HAP to ground
user links. A support measurement system is advisable for a
proper investigation of atmospheric attenuation.

The main aim of this section is to introduce a measure-
ment system with the Fabry-Perot resonator (see Figure 1)
and to discuss the results of both simulations and laboratory
measurements of gas attenuation. The equipment itself was
designed at the Czech Technical University in Prague . Several
aspects of the experiments described below supplement the
millimeter-wave high resolution spectroscopy measurement
campaign [8], which has been accomplished in cooperation
with the Institute of Chemical Technology in Prague.

2.1. Enhancements of the measurement technique

The principal virtue of laboratory measurements of atmo-
spheric gases lies in the possibility of adjusting the gas
medium in terms of the homogeneity of a particular gas
composition, and in terms of the proper distribution,
temperature, and pressure, a situation which can never be
truly achieved in the case of open range measurements.
Spectroscopy cavities, Fabry-Perot resonators [9], or very
long tubes introducing extremely precise tools compared to
the statistically-based measurements in open areas, where the
variability of the atmosphere cannot be adequately defined.

A Fabry-Perot resonator (Figure 1(a)) working from
18 GHz up to hundreds of GHz was developed for the gas
attenuation measurements. The main layout of the resonator
is depicted in Figure 1(b). It comprises a tube-shaped cavity,
two spherical mirrors positioned to set particular resonances,
and a dielectric foil placed inside a cavity. One mirror is
placed in a fixed position, while a second mirror can be
adjusted in 1 μm steps. The foil accomplishes the transition
of electromagnetic waves via dielectric lenses into and from
the perpendicularly placed feeders.

The sensitivity of the Fabry-Perot resonant cavity is
the result of its very high-quality factor. In this case, the
absorption measurement is based on the measurement and
consequential evaluation of the quality factor of the empty
and gas-filled resonator.

The Fabry-Perot resonator was simulated via the FEKO
electromagnetic simulator [10] using a method of moments
in frequency domain with approximations of the multilevel
fast multipole method (MLFMM) on metallic mirrors and
the uniform theory of diffraction (UTD) on dielectric
foil. The simulated resonator deployment can be seen
in Figure 2(a). In order to simplify the simulations, only
mirrors (shown squared in the direction of the x-axis) and
a coupling foil were considered. The electromagnetic field is
fed toward the z-axis (in a downwards direction).

The data of the near field obtained from the simulation
were thereafter analysed in Matlab. The main objective was
to obtain a frequency dependence of the transferred power.
Based on these simulations, the parameters of the resonator
were derived in order to reach the highest possible quality
factor values. Performance of the Fabry-Perot resonator in
terms of the radiation pattern (i.e., scattering of energy from
the center of the coupling foil in specific directions), as sim-
ulated in FEKO, is depicted in Figures 2(b) and 2(c). In the
case of an arbitrary nonresonant frequency (see Figure 2(b)),
almost all energy is transmitted through the resonator. On
the contrary, during the resonance (Figure 2(c)), in this
particular graph at the frequency of 30 GHz, part of energy is
absorbed into the resonator, and part is reflected back to the
transmitter.

Losses observed in the Fabry-Perot resonator comprise
the measured attenuation of an inserted medium, an addi-
tional undesirable diffraction, reflection losses at the mirrors,
and coupling loss due to the dielectric foil. To properly design
the measurement equipment, these additional frequency
dependent losses have to be eliminated as much as possible.
The first of the losses, the reflection loss, was decreased
during system tuning by the 5·10−5 m thick golden layer
on the mirrors, which fully met the required depth of
penetration for the gold of 0.59·10−6 m at the lowest working
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Figure 2: Performance of the Fabry-Perot resonator: (a) configu-
ration, (b) results in terms of the radiation pattern as simulated
in FEKO for the nonresonant frequency, (c) as simulated for the
resonant frequency.

frequency of the resonator (18 GHz). The diffraction loss,
introducing a spilling over of electromagnetic wave at the
mirrors, was accompanied by a proper relation between the
distance and curvature of the mirrors. A stainless steel tube-
shaped cavity with a length of 0.555 m and diameter of
0.189 m, and two positioned spherical mirrors with 0.455 m
radius of curvature were utilized. The confocal deployment
of mirrors was chosen in order to meet a stability criterion for
the Fabry-Perot resonator. The last negative loss, introduced
by the coupling loss, was found to be dependent on the
thickness and material parameters of the dielectric coupling
foil. A 0.1 mm thick dielectric polythene coupling foil (see in
Figure 2(a)) was inserted inside the resonator cavity in order
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Figure 3: Comparison of measured and simulated received signal
levels at a resonant frequency of 48 GHz.

to accomplish the transition of electromagnetic waves into
and from the perpendicularly placed feeders.

It should be emphasized that the developed Fabry-Perot
resonator is suitable for a frequency range from 18 GHz
(lower frequencies are limited by diffraction losses at the
mirrors) to 400 GHz, where coupling losses at the dielectric
foil predominate.

Energy is led into and out of the resonator via dielectric
lenses (placed in the two opposite side windows of the
resonator; one of these windows can be seen in Figure 1),
whose parameters had to be derived using CST microwave
studio [11] simulations. It has to be emphasized that this
software was used because a horn antenna and dielectric
lens can be simulated more effectively in CST in the time
domain (only a single simulation needed for the broadband
response) than in FEKO in the frequency domain (above
discussed simulations). The main demands were to ensure
the best Gaussian distribution of the electromagnetic field
coupling into the resonator, to keep a uniform waveform
inside the resonator, and to avoid saturation of the measured
gas due to the improper focusing of the energy. The optimal
field distribution on the coupling foil and the position of the
feeding antenna in front of the lens were also optimized (in
accordance with [12]). Teflon (PTFE) with εr = 2.02 and
tgδ = 0.003 was utilized for the lenses. The optimal lens
shape, having a spherical inner surface and an elliptical outer
surface, was derived.

2.2. Gas attenuation measurement results

Measurements of the gas attenuation were accomplished
with the Fabry-Perot resonator. The comparison of the
measured and simulated received signal levels of Fabry-
Perot resonator filled with standard laboratory air at the
resonant frequency of 48 GHz is shown in Figure 3. Although
both the measured and the simulated resonance have similar
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shape and the same resonant frequency, an undesired slight
difference in the peaks at the resonant frequency can be
observed in the graph. It is caused by the fact that it was
impossible to get exact properties of the air medium for the
simulation tool in this test measurement.

A comparison of measured gas attenuation and the
attenuation derived by ITU-R P.676 [6] for the standard
atmosphere at a temperature of 293.15 K, a pressure of
1013 MPa, and a water vapor density of 7.5 g/m3 is depicted
in Figure 4. In this case, the gas attenuation was measured
in the frequency range from 47.9 GHz to the 48.2 GHz
assigned for HAP downlink connections (ITU-R F.1550
[13]). Differences between the measured and calculated
values can be caused by additional gas molecules in the
measured gas medium, which are not considered in ITU (it
comprises oxygen and water-vapor lines only). For example,
the resonance of an asymmetric molecule of H2S can be
observed near the frequency 48 GHz [14].

3. RAINFALL RADAR DATA

Rain events can affect the propagation of electromagnetic
waves in the millimeter wave band much more significantly
than gas attenuation. For a proper assessment of the rain’s
influence, it is crucial not to limit oneself only to statistics
valid for a single earth station to HAP link. Time and spatial
dependences should also be taken into account. Rainfall
radar data for a given region [15] were used as input for
the simulations. Data were taken from a modern weather
radar network (CZRAD) consisting of two state-of-the-art
Doppler C-band weather radars, which cover the entire area
of the Czech Republic with volume scans of up to 256 km in
range [16]. The principle of Doppler radars is based on the
transmission of electromagnetic energy into the atmosphere
(hundreds of pulses per second) and the reception of
backscattered energy. Doppler radars provide measurements
not only of the radar reflectivity but also of the frequency
change of the backscattered signal, which can be used to
determine the radial velocity of atmospheric precipitation.
For specific purpose, radar images with dimensions of 50 ×
50 km, a 1 km grid, and 1-minute time steps were generated.
Areas of up to 150 × 150 km can be analyzed from these
rainfall radar scans.

A rain event database containing over 1.5 million radar
images for the Czech Republic for the period from 2002–
2004 was created for the simulations [1]. One of the rain
scans from the middle of the rain event in 2003 is depicted in
Figure 5. Three significant intensive rain cells with rain rates
higher than 60 mm/hour were observed.

4. HAP PERFORMANCE SIMULATION

In order to fully analyze propagation issues for HAP systems
at the frequency of 48 GHz, a propagation simulation tool
was developed. The core of the tool was incorporated from
our previous work [1] dealing with terrestrial point-to-
multipoint networks. Several modifications had to be made
in order to adapt the computation models to HAP scenarios.
The possibility of specifying the positions and distributions
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of both ground users and HAP stations, respectively, can be
emphasized as the main feature from a scenario deployment
point of view. This tool includes the essential parameters
for investigation of wave propagation in the millimeter-wave
band:

(i) rain characteristics—either statistically described pa-
rameters based on [17] or the above-mentioned rain-
fall radar data,

(ii) gas attenuation—this measurement was discussed in
the previous section.

Based on input parameters, several HAP propagation fea-
tures, ranging from simple link statistics up to complex
HAP network performance, can be analyzed. Results from
propagation analyses will be discussed in the following
sections.
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4.1. Single link and two diversity links deployment

Single HAP to a ground user link suffers from temporal rain
attenuation. To combat this phenomenon, suitable rain fade
margins are set during an assessment of the link budget or
fade mitigation techniques, like power control and adaptive
coding, are implemented [18]. Nevertheless, this solution is
not always possible, particularly, for services requiring high
availability. The cumulative distribution function of rain
attenuation as analyzed for a 10 km (ground distance) link
from the user to the HAP, which was set in the attitude of
20 km, is depicted in Figure 6. The curve is valid for the
annual rain evolution over Prague, Czech Republic, in 2002.

An outage of a connection to the main HAP can be
mitigated if users affected by the rain could reconnect to
another station using route diversity (the principal scenario
of route diversity can be seen in Figure 7). This is especially
true for distant users, whose links to the main HAP could
lead through a rainy area, even though these particular
users are not themselves experiencing the rain event. The
improvement in performance in dB between the single
link attenuation and the joint two links attenuation at a
given probability level is often referred as the diversity gain.
The improved availability of particular user when route
diversity is utilized can be evaluated or measured by the
joint attenuation statistics. Many researches in a similar
field have already been carried out dealing with earth-space
diversity [19] and with diversity for terrestrial point-to-
multipoint systems (e.g., [20, 21]). In [22], a method to
establish the joint site attenuation statistics for a HAP station
connected with two earth stations was developed based on
combinations of satellite earth and terrestrial approaches. An
analysis of the proper deployment of two diversity terminals
received from a single HAP station was presented. The
optimal diversity user separation has been found to be 10
to 20 km, providing 99.9% availability. A similar approach
(although more in-depth), which considered correlations of
rain attenuation distributions, was derived in [23].

The comparison of complementary cumulative distribu-
tion functions of rain attenuation for the above-discussed
single HAP to user link at 48 GHz and, newly, for two-
branch diversity links, where a user is able to connect to two
HAPs, can be seen in Figure 6 In the latter case, one of the
two diversity links was identical (dmain = ddiversity) to the
standalone link and the second was angularly separated by
ϕ = 120◦; both links had land distance of 10 km.

The diversity gain is expressed in Table 1. It can be clearly
seen that a diversity gain of 1.5 dB for 99.9% availability
can be achieved using route diversity. The diversity gain has
a tendency to increase with the required availabilities (e.g.,
7.1 dB for 99.99%).

The graph we referred to above only gives an illustrative
example of the application of route diversity. The diversity
gain is dependent on link length ratios, angular separations,
and availabilities.

4.2. Utilization of route diversity in HAP systems

A more sophisticated approach involves an analysis of the
whole system within a given area. The performance of the
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Figure 7: Basic scenario of the route diversity.

HAP system can be assessed in terms of outage probability
in relation to the total number of operated links. The case
discussed above, with two joined links, is now spread over
a particular area based on the assumption that each user
has the possibility of choosing another HAP station in the
event of a link outage due to rain attenuation. In this way,
HAP system performance can be studied simultaneously. In
[24], different system outages during two storms with similar
characteristics common for single links, but with different
spatial features were analyzed.

To analyze system performance, an outage improvement
probability P(%)—a parameter taken from terrestrial point-
to-multipoint system analyses [1]—was utilized. The outage
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Table 1: Diversity gain of two diversity links with an angular
separation of 120 degrees and a ground link distance of 10 km.

Availability (%) Diversity gain (dB)

99.000 0.4

99.900 1.5

99.950 2.0

99.970 2.5

99.990 7.1

99.995 20.5

99.997 27.9

99.999 34.4

improvement probability is defined as the percentage of users
with a successfully established diversity link out of the total
number of users receiving a signal level from the nearest HAP
below the threshold due to the rainfall. It can be expressed as
[1]follows:

P=aconst·
(

1−
(

ϑ− π
π − bconst

√
1− (dmain/ddiv

)
)2
)
·
(
dmain

ddiv

)cconst

,

(1)

where ϑ (rad) and dmain/ddiv (–) stand for the angle
separation and the ratio of the main and diverse link lengths,
respectively. aconst, bconst, and cconst are empirical parameters,
that were derived [1] to be dependent on maximum rain
rate, the rain fade margin, and the rain spatial parameter
(useful for rain spatial classification according to rain impact
on system performance).

The results of the analyses of HAP system performance
were compared to the outage improvement probability statis-
tics valid for a terrestrial system with the same parameters
[25]: transmitter power 30 dBm, HAP antenna gain 29 dBi,
ground terminal station antenna gain 39 dBi, and rain
margin 24 dB. The particular example of the comparison of
outage improvement probabilities as a function of the link
length ratio (dmain/ddiversity) and the angular separation (ϕ) is
for the particular rain scan as shown in Figure 8. For the sake
of clarity, specific values from Figure 8 are given in Table 2.

It can be concluded that when route diversity is utilized
a better performance improvement can be observed during a
rain event in the HAP network than in the case of a terrestrial
point-to-multipoint system. In our example, over 2.6% of
mean outage improvement probability can be obtained (up
to a peak of 5.5%; for angular separation ϕ near 180 degrees
and a main to diverse link length ratio dmain/ddiversity = 1/2).

5. CONCLUSION

In this paper, propagation issues related to HAP systems
working at 48 GHz were presented and their specific features
were analyzed. A Fabry-Perot resonator-based measurement
system was introduced, and simulation and measurement
results were discussed. This method can be used to study
additional gas attenuation for specific HAP to ground links
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Figure 8: Comparison of outage improvement probabilities for
HAP and a terrestrial network for the rain scan from Figure 5.

Table 2: Specific differences between outage improvement proba-
bilities Δ(%)from Figure 8.

Link length ratio (–) Angular separation (deg) Δ(%)

1/1 90 3.0

2/3 90 1.8

2/3 180 4.9

1/2 45 2.3

1/2 90 2.6

1/2 180 5.0

and inter HAP connections in higher layers of the earth’s
atmosphere.

The rain attenuation was also analyzed taking into
account single link availability as well as the system per-
formance for more complex HAP scenarios. Simulations
of HAP system performance using route diversity during
a rain event indicated that a higher outage improvement
probability can be reached in a HAP system, when compared
to a terrestrial point-to-multipoint system.
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