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Abstract

With the help of radio propagation prediction of Rec. ITU-R P.1546 combined with
geographic information, we present a comprehensive formulation of interference
analysis based on the minimum coupling loss, which is applicable to the frequency
coordination for wireless systems, and also suggest the S-1 plane and local coordinate
system for obtaining antenna gains resulting from azimuth and elevation angles
between the victim receiver and the interferer. To check the presented methodology, the
map with the land-sea mixed zone was taken for the given geographical area of
80x60[km?], and computational results were achieved for radar and fixed wireless

system in terms of field strength, path profile, BER performance, and protection ratio
with maximum allowable interference level. In addition interference powers of the
victim receiver have been evaluated as a function of frequency dependent rejection,
azimuth and elevation angles of the interferer. The developed methodology of
interference analysis in the VHF and UHF bands can be actually applied to assess
compatibility of wireless systems regardless of frequency bands as well as applications.

Keywords: Antenna pattern, frequency dependent rejection, interference analysis,
minimum coupling loss, Rec. ITU-R P.1546

1. Introduction

It is well known that the radio spectrum is a vital, but limited natural resource which
provides the means to convey audio, video or other information content over distances.
Generally VHF/UHF and microwave bands are much preferred due to better propagation
characteristics and are getting more spectrum utilities compared with other ones, and these
trends are gradually accelerated in commercial and military applications as time goes. So the
interference analysis in those bands has been greatly issued to assure the frequency sharing
and harmonization between wireless systems [1, 2], and the procedure for the frequency
coordination should be conducted with interference analysis for the same or adjacent
frequency bands. In order to fulfill such a thing with guidelines, the concept of a protection
ratio has been used as a generic interference management methodology and criteria. It is
defined by a minimum ratio of the relative levels of wanted and unwanted signals at the input
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port of the victim receiver [3, 4]. In principle there are two methodologies to analyze the
interference criteria. One is to use Monte Carlo Analysis-SEAMCAT (Spectrum Engineering
Advanced Monte Carlo Analysis Tool), which is a statistical methodology for the simulation
of random process by randomly taking values from a probability density function [5-7]. The
other is the Minimum Coupling Loss (MCL) method, which has been widely used for
estimation of interference mechanism even though it is rigid and difficult to implement in
many cases not be described in static terms [8]. Therefore recent studies have been presented
with reference to radio relay system, fixed satellite and wireless access systems, non-
communication devices into GPS service, and coexistence requirement of LTE networks in
view of the frequency coordination as well as interference analysis [9-13].

The transmitted signal inevitably undergoes a path loss involved in radio propagation
environments from the transmitter to the receiver. To forecast such propagation loss, Rec.
ITU-R P Series provide a lot of propagation models based on the statistical analysis of
experimental data or analytical formulations according to frequency ranges relevant to
various services [1]. In particular Rec. ITU-R P.1546 provides a method for point-to-area
radio propagation predictions for terrestrial services in the VHF and UHF bands, and
describes the method for obtaining the field strength as a function of distance combined with
geographic information including land, sea, and land-sea paths [14]. Also Guidance on the
prediction of point-to-point or point-to-multipoint path loss is provided in Rec. ITU-R P.530
for terrestrial line-of-sight systems [15].

In this paper, we present a comprehensive formulation of interference analysis based on the
minimum coupling loss combined with Rec. ITU-R P.1546 and geographic information,
which is applicable to the frequency coordination for wireless systems in the VHF/UHF
bands, and also suggest the S-I plane and local coordinate system to seek antenna gains
resulting from azimuth and elevation angles between the victim receiver and the interferer. To
check the proposed methodology, computer simulations are performed for interference
analysis between radar and fixed wireless system (FWS) under the assumed parameters and
real geographic information. In addition interference effects of the victim receiver are
discussed here in terms of interference power, protection ratio (PR), BER performance, and
frequency dependent rejection with frequency offset.

2. Formulation of Signal and Interference

2.1 Received Signal and Protection Ratio

Figure 1 shows a frequency allocation of existing and new services assigned for FWS and
radars, for instance, where f; is the center frequency of the system and Af is the frequency

offset. Considering a new frequency band of radar2 with the same band of FWS, as illustrated
in Figure 1, in advance interference analysis over co- and adjacent bands should be
mandatorily conducted whether compatibility between radar2 and FWS as well as radarl may
exist or not.
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Figure 1. Frequency Bands for Current and New Services

The Rec. ITU-R P.1546 explains a method for point-to-area radio propagation predictions
for terrestrial services in the frequency range of 30 MHz to 3000 MHz [14]. It can be used for
calculating field strength values over land paths, sea paths and/or mixed land-sea paths
between 1.0 ~ 1000 km for effective transmitting antenna heights, h, less than 3000 m. The

propagation curves in this Recommendation means the electric field strength for 1.0 kW ERP
(Effective Radiated Power) at nominal frequencies of 100, 600, and 2000 MHz, respectively.
For any other frequencies, interpolation or extrapolation of the values obtained for these
nominal frequency values should be used to get field strength values by virtue of the methods
given in this Recommendation.

For the electric fields combined with the basic transmission loss from Rec. ITU-R P.1546,
the received interference power at Rx, P. is given by [16,17]

P =E,,+P +G, +G, -, —L, —20log,, f —139.3—- FDR 1)

where E, ., denotes the field strength E(dB(wv /m)) for 1.0 KW ERP, P, is the peak
power of interfering system (dBm), G, is the antenna gain of the interfering system in the
direction of the victim receiver (dBi), G, is the antenna gain of the victim receiver in the
direction of the interfering system (dBi), L, and L, are the insertion losses of interfering
system and victim receiver (dB), respectively. And f means the frequency (MHz), and
FDR is the frequency dependent rejection (dB) [8], which is given by

FDR(Af ) =10log,, TS(f)df/TS(f)R(f +Af)df}
0 0 (2)

where S(f) is the transmitter power spectral density, R(f) is the receiver selectivity with
the receiver tuned to the transmitter frequency, and Af is the tunned transmitter frequency

minus the tuned receiver frequency. If the interfering system is operated at co-channel to the
victim receiver, the FDR is given by

FDR = max(0,10log,,(B, / B,)) 3)

Copyright © 2013 SERSC 33



International Journal of Multimedia and Ubiquitous Engineering
Vol.8, No.6 (2013)

where B, is the emission bandwidth of the interfering system and B, is the input

bandwidth of the victim receiver.
The degradation of received signal caused by the Gaussian-like multiple interferers,
combined with the assumed white Gaussian noise channel, is expressed by [18,19]

(CIN), =[(N/C)y+(1/C)]* 4

(1/C)=[(1,/C) +(1,/C)+,....+(1,/C)] (5)
where (N/C) is the thermal noise-to-carrier ratio, (1/C) is the equivalent interference-to-
carrier ratio, (C/N), is the total degraded (C/N) due to multiple interferences, and
(1,/C)(i=12,..,n) isthe i-th interference-to- carrier ratio.

For the frequency coordination over the given link, relating the calculated (C/1),, with
PR including FDR, it can be written by [16, 17]

(C/I)Iink ZPR:(C/N)min—rqrd"—(N/I)_FDR (6)

where  (C/N),_qa denotes the minimum required carrier-to-noise ratio without

interference, and (N/1) is the noise-to-interference ratio which usually gets 10,6,3dB,
depending upon the required services. For instance, taking the maximum allowable
interference level of N/I =6dB, it brings the degraded C/N of 1.0 dB.

In consequence Figure 2 depicts the concept of PR where kis Boltzman’s constant
(1.38x1072J3/K), T is Kelvin temperature (K),and B is the receiver bandwidth (Hz).

c 10 log (kTB) + (C/N)min-rqrd
PR (C/N )min-rqrd
N —— 10log (kTB)
(NT)
I Maximum allowable
interference level

Figure. 2 Concept of Protection Ratio

2.2 S-1 Plane and Local Coordinate System

Figure 3 shows the geometry of radar and FWS with Tx (Transmitter) and Rx (Receiver)
where Rx may be interfered with radar. One may define two vectors, S from Rx to Tx and

I from Rx to radar, and then Signal-Interference (S-1) plane can be construct like Figure 3
with a unit normal vector of a [16, 17]. Information of geographic data for each system
entails latitude, longitude, and altitude, and so it can be converted to rectangular coordination
system. The discrimination angle y can be readily found by the dot product of two vectors

like Eqg. (7). If FWS and radar use the rotationally symmetric patterns, the receiver antenna
gain can be obtained from the antenna pattern corresponding angle y .
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Considering the receiver of FWS interfered with potentially multiple interferers such as
I,,1,,..., 1, each interferer has its own position vector with respect to Rx. Each S-1 plane is
produced from two vectors S and T,, and consequently the discrimination angle y, and its
antenna gain G(y,) can be readily found.

On the other hand, consider an arbitrary antenna pattern of the victim receiver, interfered
with radar as shown in Figure 4. Then the received interference level depends on the antenna
gain, G(Ap,A6) of Rx [20], where Ap and A¢ are the angle differences between Tx-RX

and Rx-Radar in the azimuth and elevation directions, respectively. Therefore to find these
angles, the local coordinate system centred at Rx is proposed like Figure 4. Assume a point
P, located at 1000 m higher than Rx, but with the same longitude and latitude, and also let

this point be (x,,y,,z,) in the global coordinate system with the origin of the earth center.
The vector between P, and Rx can be expressed by

Po_RXZ(XOIyO!Zo)_(XRx!nyszx):(aab’c) (8)

where a,b,c are constant and x

system.
In order to define Eq. (8) as the z axis in the local coordinate system, one should find the
normal vectors v,, v, which are perpendicular to Eq. (8), respectively. If both are retrieved,

then one may set x and y axes corresponding to v, and v,, respectively. Hence what we
want is to find transformation T, which is an Affine transformation function, relating v,, v,,
v, inthe global coordinate systemto X, y, z inthe local coordinate system. Based on the
theory of basis change [21], the matrix of transformation [T-] is solved by

rr Yoo Zn Ar€ coordinates of Rx in the global coordinate

c ab a
rl 2r2 r‘3 (9)
2
_ a‘+c b
[T]=oivivi)=| 0 - 2
r2 r3
~a  _bc ¢
rl I’2 r3

Therefore the transformation T with the origin at Rx in the local coordinate system is to use
[r] from the inverse of [r-]. For the 3-dimensional coordinate r in the global coordinate

system, it can be expressed by

TN =[Tkr-RrR,) (10)
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Radar

Figure 4. Azimuth and Elevation Angles of Rx to Tx and Radar

3. Simulation Results and Discussion

3.1 Field Strength and FDR

To show some computational results from the above formulations, real geography
information with latitude, longitude, and altitude was adopted for the given the area of
80x 60[km?] as seen in Figure 5, where P1~ P7 denote the positions along with the path of
a warship (radarl). Figure 6 depicts path profiles with the 1% Fresnel zone between Rx and
radars. Moreover Figure 7 illustrates the distribution of field strength E(dB(xV /m)) around
radarl located at P4 and radar2, which was calculated for the mixed path (land-sea) by Rec.
ITU-R P.1546 for 1.0 kW ERP. About 34.08 and 68.35 dB(xV /m) at Rx were obtained from
the corresponding transmitters, radarl and radar2, respectively.

The assumed FWS characteristics are shown in Table 1, for the simplicity, where FWS
means a point-to-point microwave system used for transmitting data or other information, and
its operating frequency centers at 2.7 GHz with bandwidth of 40 MHz. Then the calculated
PR yields 32.3 dB for the given maximum allowable interference level of N/I =6.0 dB. In
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order to evaluate interference effect between FWS and radar, Figure 8 illustrates BER versus
C/N curves as a function of N/I =%10,6,3 dB for FWS interfered with radar. For the BER

curve of C/1 =0, it yields performance in case of no interference.

B 25 Ed 50 Dtkm)

Figure 6. Path Profiles for Rx-Radarl at P4 (left) and Rx-Radar2 (right)
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Figure 7. Electric Field Distribution around Radarl and Radar2
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Table 1. FWS Parameters and PR

Parameters Values Remarks
TX power 27 dBm Center freq. =2.7 GHz
Ant. gain 40 dBi Gi=G,
(C/N)mrgq 26.3dB @ BER 10 64-QAM w/o coding
N -97.98 dBm BW=40 MHz
C -71.68 dBm
| -103.98 dBm I/N=-6.0 dB
PR(=CI/I) +32.3dB FDR=0dB
BER
1.0E-01
|
1.0E-02 $EA= L
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On the other hand, to check the variation of PR over FDR, it was assumed that radar
interferes with Rx of FWS. For instance, the power spectral density s(f) of radarl with the
solid line and receiver selectivity R(f) of FWS with the dotted line were taken as shown in
Figure 9 [22]. For computing FDR in Eq. (2), the integration was actually done from -45
MHz to +45 MHz for the center frequency of FWS because the cumulative power beyond
that bandwidth is negligible. Table 2 summarized the minimum required PR of FWS
combined with FDR with respect to frequency offset. It is clear that the required PR decreases
with increasing frequency offset. On the other hand, the calculated results of FDR and PR for
radar2 were used from Figure 9 and Figure 10 in the reference [16] for the specified spectrum

masks [23].

38

Figure 8. BER Performance for N/I
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Figure 9. Radarl Spectrum Mask (solid line) and Receiver Selectivity

(dotted line)

Table 2. Required PR of Rx for Radarl/2

Radar1l Radar2
— Af (MH2) FDR (dB) PR (dB) FDR(dB) PR(dB)
0 0 32.3 0 32.2
10 0.23 32.07 0 323
20 1.96 30.34 1.93 30.37
30 4.86 27.44 7.81 24.49
40 17.07 15.23 42.1 -9.8

3.2 Interference Analysis

First let’s consider interference effect of Rx with a rotationally symmetric antenna pattern,
while radar is interfering with Rx of FWS. Table 3 illustrates the assumed characteristics of
radars. For convenience, the centre frequency of radar and its peak power are 2.7 GHz and 40
dBm, respectively, with system losses L, =L, =0 dB, and radar is also supposed to be
operated at the co-channel of FWS. Then FDR can be readily obtained by 0 dB due to the
same bandwidth. In addition to calculate antenna gains, rotationally symmetrical antenna
patterns were adopted for both systems [23, 24]. But D/1=18 was taken for FWS where D
is the maximum antenna size and £ is the wavelength of frequency.

Table 3. Assumed Radar Parameters

Parameters Values

Centre frequency 2.7 GHz

Peak power 40 dBm (10Watts)

Main beam gain 40 dBi (G=G))

Pulse width 0.1 usec

Rx IF bandwidth Radar1/2: About 40/28 MHz @ 3 dB
Pulse repetition rate 2000 pps

Distance from
Radar altitude

Rx

Radar1/2: 50 km/36.6 km at P4
Radar1/2: 487 m/88.6 m lower than Rx

Copyright © 2013 SERSC
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Also with a view to calculating interference power under system parameters, Figure 10
illustrates the system geometry of FWS and radarl with discrimination angle y, resulting

from interference and signal vectors. The angle y, can be easily obtained by the dot product

of two vectors S and I,, based on the S-I plane shown in Figure 3. So interference powers

for radarl positions are shown in Figure 11, where the main beam of radarl is assumed to be
in the direction of Rx. Since interference power at each position is greater than the maximum
allowable interference level (-103.98 dBm), radarl is seriously harmful to Rx.

Figure 12 shows interference powers of Rx as a function of frequency offset and azimuth

angle, where the azimuth angle 0° is set in the direction of radarl main beam on the S-1 plane
in Figure 3. From Figure 11 interference power at P4 yielded the maximum value of about -
96.4 dBm. The curve of frequency offset 0 MHz corresponds to the co-channel operation, and
its curve crossing the maximum allowable interference level is about 4°. Therefore it was
shown that all interference powers are less than the maximum allowable interference level, -
103.98 dBm only if the azimuth angle gets greater than 4°.

In the similar way, one may expect that interference power of Rx regarding frequency
offset and elevation angle is the same result as Figure 12 due to the rotationally symmetric
antenna pattern. In consequence to assure compatibility for Rx, radar should have at least the
off-axis angle greater than 4° from the main beam direction, regardless of frequency offset,

azimuth and elevation angles.
S(N/ L"“NN

Path of warship (radarl)

FWS Rx
Pn

Vector I,

Vector S

FWS Tx

P1

N N 4

Figure 10. System Geometry of FWS and Radarl
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Figure 11. Interference Powers of Rx for Radarl Positions
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Figure 12. Interference Powers of Rx for Frequency Offset and Azimuth Angle

Next in order to calculate antenna gain and interference power for an arbitrary antenna
pattern based on the local coordinate system, S-1 planes with multiple interferers located in
Figure 5 were depicted in Figure 13. For instance, the antenna patterns of Rx were adopted as
the same ones of the mobile base-station as shown in Figure 14, and Table 4 described the
antenna types used for systems. Based on the local coordinate system, Table 5 presented Rx
antenna gains resulting from elevation and azimuth angles. From these results, Figure 15
illustrated interference powers of Rx as a function of radarl position. Compared with Figure
11, all interference powers are much greater than the maximum allowable interference level
of -103.98 dBm due to the different antenna patterns.

Finally Figure 16 presented interference powers of Rx for azimuth angles of radarl located
at P4. The azimuth angle 0° is set in the direction of radar main beam on the S-I plane in
Figure 13. The curve intersects the dotted line of maximum allowable interference level at
about 42°. Therefore it was shown that all interference powers are less than the maximum
allowable interference level of -103.98 dBm only if the azimuth angle is greater than 42°, and
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then Rx will not be affected by radarl. In addition to examine the interference effect of Rx
from radar2 operating at the co-band of FWS, Figure 17 illustrated interference powers of Rx
for the variation of azimuth angle. Unlike Figure 16, all interference powers are much greater
than the maximum allowable interference level regardless of azimuth angle. Therefore it is
concluded that radar?2 is severely harmful to Rx of FWS.

G(8:1.01) T
rd

e

Radar1l
(War ship)

X

Figure 13. S-I Planes with Multiple Interferers

280

270
260

2s50%" X /110

20 350 170

Figure 14. Antenna Patterns of Victim Receiver for Elevation (left) and Azimuth
(right)

Table 4. Antenna Characteristics of Systems

Systems Antenna patterns Remarks
FWS Rx Figure 14 G, (6, 9) = 40dBi directed to Tx

TX Rec. ITU-R F.699 [24] Rotationally symmetric type, D/A1 =18
Radar1/2 Rec. ITU-R M.1652 [25] Rotationally symmetric type
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Table 5. Antenna Gains of Rx Corresponding to Elevation and Azimuth Angles

Radarl positions

Parameters P1 P2 P3 P4 P5 P6 pP7 Radar2
AD 0.84 0.86 0.89 0.95 1.03 1.11 1.15 0.43
A 37.28 41.39 47.46 55.84 67.52 83.21 99.99 42.99

G(A0) dB 0 0 0 0 0 0 0 0
G(Aop) dB -1.2 -1.5 -1.9 -2.5 -3.9 -5.6 -1.7 -1.6
G(A6, Ap) -1.2 -1.5 -1.9 -2.5 -3.9 -5.6 -1.7 -1.6
40+ G(A6, Ag) 38.8 38.5 38.1 375 36.1 34.4 32.3 38.4
I{dBm)
-50

62 o

- —+

I{dBm) —(Pd)  eeeeees Maximum allowable interference level: 1=-103.98 dBm
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-80
-90
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Figure 16. Interference Powers of Rx for Azimuth Angle of Radarl at P4
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Figure 17. Interference Powers of Rx for Azimuth Angle of Radar2

4. Conclusions

In this paper by using radio propagation prediction of Rec. ITU-R P.1546 combined with
geographic information, a comprehensive formulation of interference analysis was presented
based on the minimum coupling loss applicable to frequency coordination for wireless
systems, and also the S-1 plane and local coordinate system were suggested for obtaining
antenna gains, depending on azimuth and elevation angles between the victim receiver and
the interferer for an arbitrary antenna pattern. To illustrate the presented methodology, the
land-sea mixed area was chosen for the given map with 80x60[km?] as real geographic

information. A variety of numerical results were obtained for radar and fixed wireless system
in view of field strength, path profile, BER performance, and protection ratio with maximum
allowable interference level. Moreover by introducing S-l1 plane and local coordination
system, interference powers of the victim receiver were readily calculated and discussed as a
function of frequency dependent rejection, azimuth and elevation angles of the interferer. The
developed methodology of interference analysis in the VHF and UHF bands can be actually
applied to assess compatibility of wireless systems operating co- and adjacent bands.
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