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Summary

To satisfy the demand for satellite capacity system planners

intend to use higher frequencies and dual polarization systems.

To support these activities the Olympus project was initiated to

investigate the influence of the troposphere on a satellite link.

To this end the Olympus satellite will be launched which will

transmit on the frequencies 12.5, 20 and 30 GHz. Several ground

stations in Europe wil! record the amplitude and phase variations

of the received signal containing information about the tropos

pheric properties.

and

cross po-

*

*

This report deals with:

* the models and parameters describing tropospheric effects:

polarizat10n dependent attenuation and phase shift,

larization, sc1ntillat10n

the receiver at Eindhoven University of Technology which is to

receive and accurately record the signals from the satellite

(also included is a new formula with which the optimum band

width of the phase locked loop can be calculated)

the measurement errors in the assessment of amplitude

phase

It was found that:

* tne measurement of rain induced scintillat10n is probably un

feasible because of aperture averag1ng by the large receiving

antenna

* the measurement of phase scintillation is probably unfeasible

* the ra1n induced crosspolarization signal could be as weak as

the crosspolarization signal introduced by the satellite and

ground station antennas. Th1s calls for cancellation of :hese

unwanted crosspolarization signals
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Abbreviations/List of symbols

X- and Y-polarization refer to:

* the polarization state at the transmitter side

* the corresponding polarizations at the receiver side af ter

accounting for the polarization tilt angle
A
= equals by definition

a corresponds to

- is approximately equal to

< > time average

Symbols between [

Symbols between (

Abbreviations

1 mean: dimensions

) mean: units

1)0) B1 )

BZ
DSB

CNR

EIRP

EUT

Im

LNA

LO

PLL

Re

SSB

TWT

VCO

XPDx)y

XPlx)y

XPL

name for the three propagation beacons

(12.5) 20 and 30 GHz)

double sideband

carrier to noise ratio

effective isotropically radiated power

Eindhoven University of Technology

imaginary part of a complex quantity

low noise amplifier

local oscillator

phase locked loop

real part of a complex quantity

single side band

travelling wave tube

voltage controlled oscillator

crosspolarization discrimination (for X/Y

polarization)

crosspolarization isolation (for X/Y-polarization)

cross polar level
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List of symbols

a

A

Am

Ap
Ax,Ay

Bif

Bl

=

coefficient in the model for rain attenuation

statistics

equivolumetric rain drop radius [m]

coefficient in the model for rain attenuation

statistics for waves linearly polarized along

the major or minor axis of the rain drops

(i = 1 or 2)

attenuation in excess of the attenuation induced

by gasses (dB)

(Al + A2 )/2

attenuation for waves linearly polarized along

the major or minor axis of the rain drops

(i = 1 or 2) (dB)

medium loss induced by gaseous components (dB)

attenuation exceeded for p % of an average year (dB)

attenuation for X-(Y-)polarization (dB)

DSB bandwidth of the 10 MHz filter [Hz]

SSB loopbandwidth of the PLL in the reference

channel [Hz]

noise equivalent bandwidth of the postdetection

circuit [Hz]

SSB loopbandwidth of the PLL in the test

channel [Hz]

D

0*

°xx' Dyy '

°xy' °yx

eT

Etx ' Ety '

Et 1 ' Et2

Ex =

Ey =

coefficients characterizing the phase noise

spectra of the oscillators

antenna diameter [m]

effective antenna diameter = ~'D

complex elements of the transmission matrix

tracking error (dB)

components of the electrical field at the

transmitter side [Vlm]

Exx + Exy : X-component of the reveived electrical

field [Vlm]

Eyx + Eyy : Y-component of the received electrical

field [Vlm]
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k

Sv.sc

S?o

.Spm

S 'Fr
S~s

S? sc

S f2

=

=
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frequency [rlz]

complex single drop forward scattering

coefficient

natural frequency of the reference PLL [Hz]

Fresnel frequency [Hz]

aperture averaging factor

rain height [m]

height of EUT ground station above

mean sea level [m]

coefficient in the model for rain attenuation

statistics

Boltzmann's constant = 1.38.10- 23 [J/Kj

coefficient in the model for rain attenuation

statistics for waves linearly polarized along

the major or minor axis of the ra in drops

(i = 1 or 2)

LS r p : effective length of the transmission path

through rain [m]

distance Eindhoven-Olympus [m]

L S cos i
length of transmission path through rain [m]

in phase/quadradure noise component [V]

thermal noise density [W/rlz]

parameters in the model for differential

attenuation

reduction factor

rain intensity (mm/h)

earth radius [m]

distance satellite to earth centre [m]

rain intensity exceeded for 0.01 % of an ave rage

year (mm/h)

amplitude scintillation spectral density [dB 2 /Hz]

oscillator phase noise spectrum [rad 2 /Hz]

phase noise spectrum associated with rpm [rad 2 /rlz]

phase noise spectrum associated with fr [rad 2 /Hz]

phase noise spectrum associated with fs [rad 2 /Hz]

phase scintillation spectral density [rad 2 /Hz]

phase noise spectrum associated with ?2 [rad 2 /rlz]
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z

system noise temperature [K]

cross path wind velocity [mis]

scintillation amplitude [V]

mean scintillation amplitude [V]

angular frequency [rad Hz]

effective turbulent path of a uniform atmosphere [m]

tÎ x ' lX y

azimuth (degrees)

medium induced attenuation for waves linearly

polarized along the major or minor axis of the

rain drops; i = 1 or 2 [dB/km]

specific attenuation for X-(Y-)polarization [dB/km]

medium induced phase shift for waves linearly

polarized along the major or minor axis of the

rain drops; i = 1 or 2 [rad/km]

(degrees)

differential phase shift induced by rain (degrees)

complex propagation exponent; i = 1 or 2

= 2"1f/ ':\ free space propagation constant [m- 1 ]

specific attenuation for oxygen [dB/km]

specific attenuation induced by rain [dB/km]

( ~r , 1 + ~r 2)/2,
specific attenuation induced by rain for waves

latitude between Olympus and Eindhoven

linearly polarized along the major or minor axis

of the rain drops; i = 1 or 2 [dB/km]

specific attenuation induced by rain for X-/Y

polarization [dB/km]

specific attenuation for water vapor [dB/km]

complex propagation exponent for X-/Y-polarization

relative error in the estimation of Ra•a1
differential attenuation for the 20 GHz link (dE)

in the assessment of Ap
the mean amplitude [V]

relative error

deviation from

= «1 - 0( 2

= PI - ~2
= Xl - (2

difference in

rr,x'Yr,y

Qr,av

lr,i

Yw
Xx' ~y
IJ.
!JA
ÄA p
l:.v sc
~«

.D.~

À~
1l~
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difference in longitude between Olympus and

Eindhoven (degrees)

elevation (degrees)

damping ratio of the reference PLL

antenna efficiency factor

mean canting angle of the raindrops (degrees)

3 dB antenna beamwidth (rad)

wavelength [ml

the

quantity

in

(rad)

the phase error,
+ (j,2

fJ
the time varying

coefficient in the formula for ~ra
coefficient in t he formula for Dof/a
global angle (degrees)

standard deviation of

'./
..:-1

reference PLL = \J pm
standard deviation of

lOlogE)
v,sc

standard deviation of the time varying (from storm

to storm) mean canting angle (degrees)

mean of the time varying quantity lOlog~,sc

standard deviation of the thermal noise relative to

the meao amplitude - 20 1010g~ +~] (dB)

standard deviation of the phase error in the

reference PLL due to thermal noise (rad)

~

~
~t

~
&3dB

À

~
y

'1
G
~

6"G

Ó + fj (dB)n v,sc
standard deviation of the effective rain drop

canting angle (degrees)

standard deviation of X (dB 2 )
2standard deviation of Vsc [V l

long term standard deviation of XPD for

fixed attenuation (dB)

standard deviation of the phase error in the

reference PLL originating from oscillator phase

noise (rad)

standard deviation of phase scintillation (rad)

polarization tilt angle (degrees)

6v sc,
/"~

'O)v sc,
6"XPD

6'(J). T' sc
1:
1:'i medium transmission coefficient =

for waves linearly polarized along the major or

minor axis of the rain drops; i = 1 or 2
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10

polarization rotation angle (degrees)

latitude Eindhoven (degrees)

phase error of the PLL (rad)

absolute phase of the copolarized signal

(X/Y-polarization) (degrees)

absolute phase of the crosspolarized signal

(X/Y-polarization) (degrees)

phase noise originating from thermal noise (rad)

medium induced phase shift as observed in the

reference channel (rad)

phase shift introduced by the satellite's local

oscillator (rad)

phase shift introduced by the ground station's

12.5 GHz local oscillator (rad)

20 IOlog [I + ~vsc J(dB)

öC,m

20 10l0g[~Vsc ] (dB)

sC,m
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Chapter 1. Introduction

To meet the ever increasing demand for satellite capacity there

is a tendency to use:

* higher frequencies (> 10 GHz; the lower frequencies are beco

ming more and more occupied)

* two orthogonal polarizations to double the capacity for one

frequency

However, for frequencies above 10 GHz:

* ra in can cause large attenuation necessitating extra satel-

lite power if the link is to be guaranteed for high percenta

tages of time

rain and ice causes a signal transmitted in one channel

to interfere in the channel intended for the orthogonally

pola~ized signal. This effect is due to depolarization and it

limits the application of dual polarization systems intended

for economie use of the scarce resources

* scintillations (small, rapid amplitude and phase variations

induced by atmospheric turbulence or rain) can become impor

tant especially for small receiver stations with low power

margins and operating at a low elevation angle. For these

stations scintillation can restriet the availability

All these effects (attenuatlon, depolarization and scintillation)

dep end on many parameters. For system planners, it is useful to

know this dependence. Although several models exlst to predict

the forementioned quantities, there is still little knowledge

about the validity of the models because of lack of data. There

fore ESA started the Olympus project. Part of the Olympus satel

lite pay load consists of a 12.5/20/30 GHz prop~gation package.

The lntention is for propagation experimenters all over Europe to

build facilities to enable the collection of propagation data.

Part of the activities of the Telecommunications group (EC)

(being part of the faculty of Electrical Engineering of the EUT:

Eindhoven University of Technology) is dedicated to propagation

experiments (ECS; in the past: ATS,SIRIO, OTS). This group is
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now making preparations to participate in this project.

Part of the work is done by students (practical training, gra

duating work). This report is a thesis as part of the require

ments to graduate as a Master of Science in Electrical Enginee

ring. The thesis describes the system considerations for a

receiving station at Eindhoven built for the reception of Olympus

signais. In order to build a system:

* some knowledge has to be available about the va lues to be

expected for attenuation, depolarization and scintillation

* a choice has to be made between several detection principles

leading to different hardware realizations

* the accuracy of the measurement set up has to be determined
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Chapter 2. Definition of the problem

Before plunging into the details of Olympus satellite specifica

tionsand the properties of the EUT ground station, it is infor

mative to use fig. 2.1 to define the problem. The signal

generator is the Olympus satellite in a geostationary orbit (to

be launched medio 1988). The transmitted wave propagates through

space and atmosphere. This atmosphere, and especially the lower

part of it, the troposphere, provides the major contribution to
~

deterioration of the signal for frequencies above 10 GHz, see

e.g. [IJ. The last stage in this model, the ground station,

receives the propagating waves.

Transmitter

Satellite

(12.5/20/30 GHz

propagation

package)

medium

(troposphere)

Receiver

Ground station

(amplitude

and phase

measurement)

Fig. 2.1: The Olympus propagation project.

The purpose of this ground station is to determine the amplitude

and phase variations of the incoming signals (12.5, 20 and 30 GHz

co- and crosspolarization signais) during a period long enough to

obtain reliable statistical data.

The quality of the phase and amplitude measurements

the quality of both transmitter and receiver.

depends on
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Specifications of the transmitter: (see [ 2] )

Tl Satellite lifetime: 7 years

T2 Frequency (wavelength): BO: 12501.866 MHz (0.0240 m)

Hl : 19770.393 MHz (0.0152 m)

B2 : 29655.589 MHz (0.0101 m)

T3 Frequency stability (in kHz) :

Period BO B1 B2

lover any 24 hours + 1.2 + 2 + 3- -
lover any year + 36 + 60 + 90- - -
lover 7 years + 120 + 200 + 300- -

T4 polarization:

Signal Polarization

Y

x

Y

linear

Orientation/Accuracy

90 ! 2 degrees with respect

to earth equatorial plane

90 degrees with respect

to B1 , Y-polarization

o ! 2 degrees with respect

to B l , Y-polarization

B1-beacon: switched between the two polarization states with

a full switching cycle frequency of 933 Hz.

T5 Phase variation between the two polarizations (20 GHz): less

than 2 degrees over any 24 hours

T6 Phase noise spectra of the beacons: see § 4.4.1.

T7 The maximum crosspolar level (in dB relative to the copolar

level of the transmitting antenna) is -30 dB in the

coverage area and -35 dB for boresight
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T8 Coverage:

15

* global be am for the 12.5 GHz: 3 dB loss for the Nether-

lands; 4 dB loss at the edge of the earth (as seen from

the satellite) resulting in an EIRP of 10 dBW

* spot beam for the 20 and 30 GHz beacons: EIRP = 24 dBW in

the coverage area

T9 EIRP stability

EIRP variation (dB) I
Time interval Ba, BI' B2 I

I
over any second + 0.05 I
over any 24 hrs + 0.5 I
over any year + 1.0 I
over 7 years + 2. 0 I

I

TI0 spurious modulation: at 12 kHz due to chopping of

the TWT power supply

TIl station keeping instability: 0.07 0 [ 2 , P .32 ]

T12 Olympus position: Latitude: 0.0 0 N

Longitude: 19.0 0 W

Specifications of the receiver

Rl Distance Olympus-Eindhoven:

R2 Position Eindhoven:

R3 Height of EUT ground station

above mean sea level:

R4 Azimuth:

RS Elevation:

Rb Polarization tilt angle:

Polarization direction:

(from local horizontal;

western direction = 0 0 )

38908 km (see app. A, (A.4»

Latitude: 51.5 0 N (rounded off)

Longitude: 5.5 0 E

17 m

210.2 0 (clockwise from north)

(see app. A, (A.S»

26.7 0 (see app. A, (A.6»

18.4 0

18.4 0 clockwise for X-polariza

tion; 71.6 0 counterclockwise

for Y-polarization

(see app. A, (A.7»
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Rl Antenna diameter:

R8 Antenna tracking:

R9 Feed:

RIO Detection:

RIl Ouration of the experiment:

16

5.5 m

automatic tracking using 12.5

GHz signals

suitable for the reception of

12.5, 20 and 30 GHz co- and

crosspolarized signals

synchronous detection of ampli

tude and phase based on PLL's;

with provision of frequency

memory for fast reacquisition

Main loop: 10 MHz heterodyne PLL

Sub loop: 125 kHz heterodyne PLL

two years

Before designing a system which is to measure the troposphere

induced effects (attenuation, depolacization and scint:illation),

it is necessary to know something about the order of magnitude of

the signals to be expected. This is done in Chapter 3. As the

troposphere induced effects are statisticalof nature a percen

tage of time (as a guideline) is needed for which reliable data

collection is to be guaranteed. Bear in mind that the strictest

requirements apply to digital transmission on a fixed satellite

service (see e.g. (3, Rec. 522-1]) for which, roughly speaking,

systems have to function 99.99 % of the time independent of

weather conditions, so the troposphere models must be able to

predict extreme conditions appearing for time percentages of 0.01

% or less.

The receiver (RF-section and PLL-section) is des cri bed in Chapter

4 along wlth the clear sky link budgets.

Finally, Chapter 5 describes the accuracy of the phase and ampli

tude measurements.
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Chapter 3: Quantities of the troposphere for frequencies

above 10 GHz

§ 3.1. Introduction

role in communications through the atmosphere

As stated earlier, precipitation in the form of

transmitted

plays

for

ice

the

rain or

doesNot only[ 1 ] •10 GHzabove

an important

frequencies

signal experience attenuation due to precipitation, but also can

this precipitation introduce a crosspolarization component. This

effect appears when the rain drops or ice crystals are not

perfectly spherical or with multiple scattering when the satel

lite link is operating at a small elevation angle [1, p.1234].

Fig. 3.1 clarifies the origin of the crosspolarization component.

A wave polarized in y-direction is transmitted in positive z

direction. Drawn is a falling rain drop which as a result of wind

gradients has a canting angle e with respect to the local hori

zontal (the wind direction is assumed to be perpendicular to the

propagation direction). The cross section of the rain drop in a

plane perpendicular to the propagation direction is sketched as

being elliptically shaped with symmetry-axis 1 along the major

axis of the ellips and symmetry-axis 2 along the minor axis of

the ellips. Rain drops of this shape cause crosspolarization

because the component of the electric field vector parallel to

symmetry-axis 1 does not experience the same attenuation and

phase shift as the component parallel to symmetry-axis 2.

In fig. 3.1 the transmitted linearly polarized wave is decomposed

into two components parallel to the two symmetry-axes. Because

component Et1 is attenuated more strongly than E t2 , the resulting

vector af ter travelling through the rain shower is not directed

along the y-axis. A component along the x-axis is introduced: the

crosspolarization component.
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Such a crosspolarization component can have annoying consequences

if communication is established through this channel with two

orthogonally polarized waves. This is illustrated in fig. 3 • 2 •

The components Exy and Eyx shown in this figure are introduced by

the propagation medium. They act as interference for the compo

nents Exx and Eyy respectively.

\2
•

y

E
\ ty

Transmitted Received

Fig. 3.1: influence of elliptically shaped rain drops on a

propagating wave

y

-·r o
-.

.)-- -transmitter
/

,/

anisotropic
medium

receiver

.i:xx

Fig. 3.2: matrix model troposphere
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Definition of the components:

Etx ' Ety : (complex) electrical field vectors received during

clear sky conditions

Exx : transmitted in X -direction and received in X-direction

Eyy : transmitted in Y-direction and received in Y-direction

Exy : transmitted in Y -direction and received in X-direction

Eyx : transmitted in 'X.-direction and receil1ed in Y-direction

Ex' Ey : receil1ed (complex) electrical field vector in X- (Y-)

direction

As fig. 3.1 might already have suggested, the transfer between

transmitter and receiver can be described with asocalled trans

mission matrix in which a transformation is described from the

XY-coordinates to the 1,2 symmetry axes system and back to XY

coordinates again (see e.g. [5, p.16.31]):

= = ( 3. 1 )

Remark: the free space loss and the medium loss (caused by

gaseous components) are not included in the [D]-matrix.

fact that the electrical field vector will be tilted

Also the

(the X,Y

directions valid for the satellite system, based on the existence

of an equatorial plane, do not hold for the ground station and

vice versa) is not reflected in (3.1); this will be done in

! 3.2.3.

The transmission matrix [0] in (3.1) is described by:

[D] = [

COS e
sin e -sin eJ r"C"l a ] rcos e Sine]

cos e La "C2 [SinG cose

= ( 3 .2)

Is the medium transmission coefficient for waves linearly

polarized along the major or minor axes of the drops (i = 1 or 2)

given by:
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( 3 .3)[1, p.1238]

=

number of drops per cubic meter in radius

range a e to a e + da e
complex single drop forward scat tering coefficient

medium induced attenuation [dB/km]

medium induced phase shift [rad/km]

effective length of the transmission path through

the precipitation medium [km] (see e.g. [6])

=

= equivolumetric rain drop radius [m]

=

=

=

=

= complex propagation exponent =

= io + 271 !fi(ae,O) n(a e ) da e

40
2~/À = free space propagation constant~o

fi(ae,O)

0(. i

~i
leff

The propagation exponent 4i depends on:

* the properties of the medium

* frequency

In tne preceding lines it was assumed that on the transmission

path all rain drops have:

* the same shape and size

* the same canting angle ewith respect to the X-axis

* two symmetry axes which are perpendicular to the propagation

direction

In a rea 1 situation of transmission on a satellite to ground

station path none of these conditions is fulfilled. Nevertheless,

also for tnis situation a transmission matrix [D] is assumed:

[ D ] =

e - j ({lex

e - j (of cP.i, - ~C'A.) (3.4)

This matrix shows all subjects to be dealt with in ~ 3.2 (the

.assumption is made that E tx = E ty for che 20 GHz experiment i.e.

same amplitude and phase for the two orthogonally polarized waves

at the transmitter side; according to specification T5 (chapter

2) this condition, at least concerning the phase, is reasonably

weil satisfied; with respect to amplitude no information is avai-
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labie) :

* the attenuation -20. 10 1ogloxx l or -20. 10 10g!Oyyl caused by the

precipitation medium for X and Y polarization respectively (in

~ 3.2.1 )

* the differential attenuation .!20~101og loxxl/loyyl for two

orthogonally polarized copolar signals on the 20 GHz link (in

§ 3.2.2)

*

*

*

the differential phase shift fcy - fcx for two orthogonally

polarized copolar signals on the 20 GHz link (in § 3.2.2)

the crosspolarization signals 20 A1010g I0yx I or 20 _10 1og lOxy[

in dB relative to the clear sky copolar signal (in § 3.2.3)

the phase difference fcrx - 'cx or ~cry - rcy between co- and

crosspolar signals during rain or dry snow/ice conditions (in

~ 3.2.4)

The preceding paragraph might have given the impression that the

elements of the O-matrix are not too strongly time varying (one

could imagine a time scale determined by the speed with which the

rain intensity increases or decreases). However, if one observes

the spectra of amplitude and phase, these spectra sometimes show

frequencies higher than those expected on the basis of changes in

rain intensity. This phenomenon is called scintillation.

* Under clear sky conditions the phenomenon sterns from refrac

tive index variations in the troposphere (this is discussed in

3 3.3.1)

* During rain, scintillation can be thought of as arising from

moving rain drops introducing a Doppier shift depending on

wind velocity and rain drop fall velocity (this is discussed

in § 3.3.2)
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$ 3.2. Matrixrepresentation of the troposphere for two orthogonal

linearly polarized signals

In the coming section no extensive literature survey is given on

existing models giving the relation between for example:

* rain intensity and attenuation

* rain intensity and crosspolar levels

* attenuation and crosspolar levels

The purpose of this report is not to design a communication

receiver suitable for the reception of two orthogonally polarized

signals but the design of a receiver able to measure the quanti

ties mentioned in this chapter as accurate as possible. It there

fore suffices to give only a rough impression of the values to be

expected (including effects appearing for time percentages of

0.01 % or less, see chapter 2). Of course, the prediction should

not be to rough: bear in mind that these predictions could be

used to compare with measured data at the end of the Olympus pro

ject.

~3.~1.~ta~stics of rain attenuation

For the calculation of rain attenuation statistics, [6, Rep. 564

2] starts from determining the attenuation which is exceeded for

0.01 % of an ave rage year. By extrapolation, the attenuation is

calculated which is exceeded for other percentages of time.

Input parameters:

* the rain rate RO• 01 in mm/h measured at the receiving station

which is exceeded for 0.01 % of an average year (integration

time for the rain intensity measurement: 1 minute). For the

receiving station at EUT this is around 22 mm/h [7]. In [6,

Rep. 563-2] a value is given of 22 mm/h for the E-climate in

Eindhoven

* the height of the earth station above mean sea level

* the elevation
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* the latitude of the receiving station

* polarization tilt angle relative to horizontal

* the mean canting angle of the rain drops

The following formula ean be derived for the attenuation Ap (in

dB) which is exceeded for p % of an ave rage year (see appendix

B) :

with:

0.Z19'A O• 01 -p-0.33 0.001 % < p < 0.01 %
-0 41 o•0 1 % < < O. 1 %o•151 . Aa • 0 1 . P • P

O. 13 -0.5 O. 1 % < < 1 % ( 3 .5)• Aa. 01- P P

AO• 01 = 3.9 dB (1Z,5 GHz; Y-polarization)

11. 0 dB (20 GHz; X-polarization)

9 .5 dB (ZO GHz; Y-polarization)

19.3 dB (30 GHz; Y-polarization) ( 3 • 6 )

The results are shown in fig. 3.3.

The agreement of this formula with measured data is claimed to be

564-Z] provided that RO• 01 is sufficiently

Measurements have to take place during

Rep.within ZO % [6,

accurately measured.

several years:

* to enable accurate determination of the (average) rain atten-

*
uation statistics

to enable accurate estimation of the value RO• 01

Referring to this last remark, it ean be stated that if there is

a relative error ~ in the measurement of RO• 01 as follows:

N

RO• 01 = RO• 01 (1 +L1) (6« 1)

then the relative error in the measurement of Ap (A p in dB) is:

[(1 +b.)a - 1 ]~100 % = a·D.-100 % (3.7)

(see e.g. [18, p. 15]) with a given by (B.5)
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Fig. 3.3: raln attenuation statistics
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For A= 0.1 (10 % error in the measurement of RO• 01 ):

b.A p 12 % for 12. 5 GHz, Y-polarization

11 % for 20 GHz, X-polarization

12 % for 20 GHz, Y-polarization

10 % for 30 GHz, Y-polarization ( 3 .8)

S 0, if there is an error of x % in the measured rain rate, the

error in the estimated attenuation Ap is of the same order.

There is still one source of error in this model which has not

been mentioned yet. This will be discussed now. As already men-

tioned in appendix B, the original model on which the abovemen-

tioned CCIR-recommendation is based, needs another parameter to

be specified: the " ran domness of the rain drop orientation" or

more accurate: the standard deviation ~e of the rain drop canting

angle distribution. The larger ~O' the more the path attenuation

tends to the value (independent of elevation and polarization

the average of the attenuationstilt

waves

angle)

linearly polarized along the major or minor axis of

for

the

rain drops. The calculations in App. B, (B.12) show:

AO• 01 4.2 dB

10.3 dB

20.1 dB

(12.50 GHz)

(19.77 GHz)

(29.66 GHz) (B.12)

With (B.12) and (3.6) being two extreme cases (maximum and mini

mum " ran domness" respectively for the rain drop canting angle),

the maximum prediction error for not taking into account the

parameter ~ in the attenuation model can be stated to be:

7 %

8 %

4 %

(12.50 GHz)

(19.77 GHz)

(29.66 GHz) ( 3 • 9 )

for the attenuation (in dB).
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Summarizing the errors:
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* The model itself is only capable of predicting

(for a given percentage of time) within 20 %

attenuations

* lf the error in the assessment of RO• 01 is x %.

the predicted attenuations is of the same order

the error in

* Because of the uncertainty of 6e (the standard deviation of

the rain drop canting angle). the (maximum) error in the pre-

diction of attenuation is between 4 and 8 % (depending on fre

quency)

As a reference fig. 3.4 is given. showing the cumulative dis tri-

bution of rain attenuation statistics at EUT for the TM (11.575

beacon on the OTS-satellite. Measurement period:GHz)

1982 - august 1983. This figure shows larger

december

attenuations

exeeeded for specific exceedance probabilities than those given

in fig. 3.3; this is probably due to the short period of data

collection.

0
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~
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\-x
~,
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.J- lO '\~
I:

.....
x:: -,- lO

·6
10

..

~
f '~i
0 2 4 5 B 10 12 14 t6 la

COPOLAR ATTENUATION OF T" rOBI-

Fig. 3.4: cumulative rain attenuation statistics for EUT

with the aTS TM-beacon (from [4. p.98])
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~3.~2.~if~re~ia!-at~nu~io~an~ph~eshift for two

~rt~gonal ~la~za~on~

As fig. 3.3 already demonstrated the attenuation depends on pola-

rization. The difference between the attenuations for the two

polarizations (differential attenuation) and the difference in

phase shifts (differential phase shift) can be measured for the

19.77 GHz beacon.

With tne aid of the definitions close to formula (3.3) the diffe

rential attenuation A (~ Ax - Ay ) can be written as:

(3.10)

with Ax (A y ) the attenuation applying to X- (Y-)polarization and

rx and (y both depending on Ol and d2'

It is recommended to display 6A versus the average attenuation

Aav (Al + A2 )/2 because this quantity is independent of rand ~

which makes comparison of results from different Olympus

experimenters easier. The maximum differential attenuation ÄA for

the 20 GHz link as a function of the rain induced attenuation Aav
(dB) is calculated in -appendix C for different rain drop size

distributions:

/JA = 1. 05 . A1 • OO7 - o•9 5 .' A~' 9 9 2 dB (Laws & Parsons)AV

o•060 . Al,,' 2 7 dB (Marshall & Palmer)

o•1 02 . Al,' 23 dB (Joss: thunderstorm)

o.037. Alv' 33 dB (Joss: drizzle) (3.11)

Input parameters:

* frequency (19.77 GHz)

* effective path length of the rain ( 5 • 1 km)

* mean canting angle e of the raindrops (for maximum 6A it is

assumed that ~ equals the polarization tilt angle)
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* varianee in the distribution of the raindrop

(0 0 : assumed for maximum 6A)

canting angles

* elevation

* rain drop size distribution

The result is given in fig. 3.5. It shows an approximately

straight line: the maximum differential attenuation is between 9

and 19 % of the average attenuation (dB) for 20 GHz.

For comparison, fig. 3.6 is added showing the differential

attenuation as a function of rain rate and frequency. Fig. 3.6

gives approximately the same results as fig. 3.5 for leff = 5.1

km (bear in mind that for Eindhoven an exceedance probability of

0.01 % holds for a rain intensity of 22 mm/h). Fig. 3.6 shows

maximum differential attenuation for frequencies between 30 and

60 GHz (Laws and Parsons rain drop size distribution, oblate

speroidal rain drop shape, see [20]).
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Fig. 3.5: maximum differential attenuation for 20 GHz
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Fig. 3.6: differential attenuation as a function of

rain rate and frequeney (from [20J)

With the aid of the definitions close to formula (3.3) the diffe

rential phase shift ~ra (~ rex - ~ey) ean be written as:

!lClJ
a
~ m

/. Tex

= 180

ïr
(3.12)

with ~ex (~ey) the absolute phase shift of the eopolar signal (X

(Y-)polarization). The maximum differential phase shift ~'a (in

degrees) as a funetion of average attenuation A av (dB) is ealeu

lated in appendix C for three types of distributions for the

raindrop size (for the input parameters: see under (3.11):

=

=

=

1.01-Aav
O.96'AÀ~·97

o•7 7 • A ~.l .1

(Mars hall & Palmer)

(Joss, thunderstorm)

(Joss, drizzle) (3.13)
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Fig. 3.7: maximum differential phase shift for 20 GHz
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Fig. 3.7 shows an almost linear relation: the increase in diffe-

rential phase shift ranges from 0.9 0 to for every dB

increase in rain attenuation.

For comparison, fig. 3.8 is added showing the differential phase

shift as a function of rain rate and frequency. Fig. 3.8 gives

approximately

Fig. 3.8 shows

around 20 GHz.

the same

a maximum

results as fig. 3.7 for leff = 5.1 km.

differential phase shift for frequencies
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<:;

'"......
Ö
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-15

Fig. 3.8: differential phase shift as a function of

rain rate and frequency (from [20])
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~3.~3.~ro~po~r level as a function of attenuation

For sy~tem engineers designing dual polarization systems it is

important to know the crosspolarization isolation XPI because XPI

is a measure for the signal to interference ratio. XPI is defined

by:

= (3.14a)

for transmission with X-polarization and

= = (3.14b)

for transmission with Y-polarization with the D and E elements as

defined by (3.1).

In both cases it is assumed that Etx = Ety (for the 20 GHz expe

riment) i.e. the same amplitude and phase for two orthogonally

polarized waves at the transmitter side; specification TS,

chapter 2 shows this condition to be reasonably weil satisfied

at least concerning the phase;

concerning the amplitude.

no information is available

In the simple case of all the rain drops being equi-aligned the

following formula can be written with (3.2):

= 20. 10 1og T1COs 2e + T2sin2e

(71 - r 2 )sinêcos6

20. 10 1og rlsin2e + ~2cos2e

(Tl - T 2 )sinOcos&

(3.1Sa)

(3.1Sb)

XPl x and XPl y can be determined by measuring (almost) simulta

neously (specification T4, chapter 2: 933 Hz full switching cycle

frequency is "simultaneous enough") the signals Exx and Exy for

XPI x and Eyy together with Eyx for XPl y ' However, XPl x and XPl y
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ean only be measured for 20 GHz signais. For 12.5 and 30 GHz an

approximation has to be used because only one polarization is

transmitted. For these signals only the crosspolarization discri

mination (XPD) can be determined, defined by:

=

=

=

(3.16a)

(3.160)

For the case of equi-aligned rain drops, it follows that:

XPD,
Y

=

= 20. 10 1og

1

- 28 - . 21'\t. 1 cos + L.2 s ~ n cr

(L:" 1 - T 2) sinecos e

I
Tlsin2e + T2 cos 2e
·C[l - -rZ)sinêcoSe

(3.17a)

( 3 • 17 b )

Comparison of (3.15) and (3.17) shows that for the case of equi

aligned rain drops the ratio of interest for engineers (XPI) can

be replaced by the cheaper measurement of XPD. It is assumed that

when the raindrops are not all equi-aligned,

measure for XPI.

XPD is also a good

(3.17) Gives a rudimentary view of the parameters of interest in

the determination of XPD: e) r 1 and L 2 • In the general case oE

rain drops not being equi-aligned there are more factors oE

interest:

* Part oE the rain drop population introduces virtually no

erosspolarization because these rain drops are spherical (this

holds especially for the smaller rain drops which are not

Elattened; for this part e oE course has no meaning)

* The shape of the rain drops assumed can be e.g.:

spherical (fig. 3.9a)

oblate spheroidal (fig. 3.9b)

Pruppacher & Pitter shape: see e.g. [11] (fig. 3.9c)

The top view of all these ra in drops (not shown) would show a

perf~etly spherical cross section. A different rain drop shape

means a different fi(ae,O) (from (3.3»
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(a)

35

./
•
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e

(c)

Fig. 3.9: cross section of a rain drop

a: spherical

b: oblate spheroidal

c: Pruppacher & Pitter

Calculations in [12) show a 2 dB difference in XPD (for 11

*

GHz) for the different drop shapes.

* The parameter e has to be replaced by je-rl with e the mean

canting angle of the rain drops and -r the polarization tilt

angle (in some models ë is the mean of the absolute value of

the canting angle: the effective canting angle; this quantity

however will not be used in this thesis)

A gaussian distribution is usually assumed for the rain drop

canting angle with mean canting angle ë and standard devia

tion 6é. In some models it is assumed that even G is time

varying (from storm to storm) with standard deviation ~m
* The rain drop size distribution (n(a e ) in (3.3)) can be for
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example:

Laws and Parsons

36

Marshall & Palmer

Joss (thunderstorm/drizzle)

* Refractive index variations caused by water temperature diffe

rences can result in a 2 dB difference in XPD (for 11 GHz) for

a temperature difference of 20 K [12]. In [14] this effect is

claimed to be particularly important in the range 9 to 15 GHz.

* On low elevation links multiple scat tering bet~een rain drops

can appear [1, p. 1234]

* Along the path not only rain but also ice can be present

having properties different from rain (this will be discussed

af ter the rain induced depolarization models)

* There doesn't have to be a uniform distribution of tha fore-

mentioned quantities along the path [6, Rep. 563-1/Rep. 564-1]

Existing models base the relationship between XPD and attenuation

A on the small argument approximation:

't'"1
e - j ( XI - ~2)la:F c. . ~ll-- :: :: e - J - EF'F ::(,,2

:: 1 - j oaY'leff :: 1 - j (ArJ.. + jLlp) leff

( ~.rA and Á~ are shown in the preceding section for

case)

(3.18)

the 20 GHz

Another assumption links the differential propagation constants

JiQ( and Ll~ for a satellite to earth path to those for a

trial path [13, p.988]:

terres-

::

::

(0(1 - «2) r~>O . cos
2

2;

(~1 - ~2) r~ =0 • cos
2

.[ (3.19)

Combining (3.17), (3.1~) and (3.19) gives:

r1
XP Dx:: 20 • 10 10 g r; cos 2(6 - T) + sin 2(ë - 7: )

O.5(-r"1 - 1)· sin2(ë" -"!")

1:'2
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- -20 10 10g !o.s.Sin2(O - r) JL1~2 + ~2 leff cos 2 [ 1

1010g10.s JJA
2

\

= -20 sin2(S - 1:'") + Llp; cos 2 t: (3.20)

As a last refinement the argument of the log in actual XPD models
2

must be multiplied by a factor m = e- 2 ?e to account for the

random rain drop orientation.

Appendix D shows the relationship between mean XPD (dB)

(dB) for four modeis.

and A

1 The CCIR-model:

XPD = 6.3 + 30· 10 10g f - V(f ) 10 10g A

with VU) = 20 for 8 GHz < f < 15 GHz

23 for 15 GHz < f < 35 GHz ( 3 • 21)

2 The Dissanayake, Haworth, Watson model:

XPD = 16.9 + 21.2 10 10g f - 20 10 10g A

(for a rain drop temperature of 20 0 )

The recommended frequency dependence,

(3.22)

substitute for a more

awkward expression, is discussed in app. D.

3 The Chu-model:

XPD = 17.9 + 20 10 10g f ~ 0.048 A - 20 10 1cg A (3.23)

For the Olympus project, the +sign (-sign) holds for Y-(X-)

polarization

4 The Simple lsolation Model:

XPD = 20.5 + 17.3 10 10g f - 19 10 10g A

Input parameters:

* frequency (in GHz)

* elevation

* polarization tilt angle relative to horizontal

(3.24)

* for the SI-model: the fraction Fa of the raindrops

oblate spheroidal shape; the remaining fraction 1

having

- Fo

an

is
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spherical (F o = 0.65)

* mean canting angle (assumed to be zero)

* the standard deviation ~ of the Gaussian-distributed raindrop

canting angle

* the standard deviation Om of the time varying (from storm to

storm) mean canting angle ë

The models 2 and 3 define attenuation A as the ave rage attenua-

tion Aav = (Al + A2 )/2 (with Ai the attenuation

linearly polarized along the major or minor axis of

drops). When comparing the measured data with the

from (3.22) and (3.23) this can present a problem for

and 29.66 GHz case because for these signals only one

for waves

the rain

predictions

the 12.5

polariza-

tion is available so the average attenuation can not be deter

mined accurately but has to be estimated.

Model 1 doesn't have this problem; in this model A is the actual

attenuation depending on elevation and polarization tilt angle.

The above-mentioned models all predict the XPD: the ratio of

copolar to crosspolar signal levelS. To get an idea of the cross

polar level (XPL) another formula has to be used (see (3.1»:

XPL = 20 1010g[Eyxl = 20 10loglExxl 20 1 0 10g [I Ex x IJ
IEyxl

= 20 IOlog!Etxl 20 1010g [I Etxl] - 20 1010g [I Exx1J
IExxl IEyxl

~
20 10loglEtxl ( A + XPD ) (3.25a)

Therefore XPL in dB below clear sky level is defined as:

XPL = - ( A + XPD ) (3.25b)

Combining (3.25b) with (3.21) to (3.24) gives figures 3.10 to

3.12 for 12.5~ 19.77 and 29.66 GHz, respectively (all for Y

polarization). For the horizontal axis the ave rage attenuation is

used introducing an unknown but small (a few percent: see (3.9»

error for the CCIR-model. The attenuation range for the three

frequencies is not the same as is obvious from fig. 3.3.
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Fig. 3.10: Crosspolar levals for 12.5 GHz
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Fig. 3.11: Crosspolar levels for 19.77 GHz
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A procedure to prove the validity of one of the four XPD models

could be:

every subrange hasdivide the attenuation range in subranges;

a span dA

2 collect all the XPL values associated with a certain subrange

3 determine the mean XPL for that subrange (or the median value

1

which is essentially the same, see e.g. [23])

4 find the theoretical curve that is closest to the measured

mean XPL versus A curve

Because the estimations of the XPL by the four models agree with

eachother within 3 to 4 dB, the assessment of the mean value has

to be accurate enough. This is ensured when enough data is avai-

lable. However it should be kept in mind that the differences

between the four models can be reduced by assuming other values

(than those recommended by the authors of the models) for om and

~~after all, these va lues are all semi-empirical, obtained by

curve fitting. This makes it difficult to decide on the validity

of one of the models.

are other methods acting

the attenuation and frequency dependence.

There

validity of

XPL models:

one of the models.

as a double check for proving the

They are based on the core of the

As can be seen in the figures 3.10 to 3.12 there is a maximum XPL

for attenuations between 8 and 10 dB independent of frequency.

A physical explanation for the existence of a maximum XPL is as

follows. For clear sky conditions virtually no crosspolarization

is introduced by the atmosphere. With increasing rain intensity,

the rain induced XPL will increase but it will also be more

attenuated. This goes on to the point where the increase in atte-

nuation is stronger (with increasing rain intensity) than the

increase in crosspolar signal. The attenuation f~r which maximum

XPL is achieved can be calculated as follows.

for XPL have the following structure:

All the formulas
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XPL - ( A + XPD ) = - ( A + B - C 10 log A + D.A ) (3.26)

* B, C and D do not depend on attenuation

* D = + 0.048 for the Chu model; D = 0 for the other models

Then XPL reaches its maximum for:

Or: A

= -(l+D-

C

Cl) = 0

in la A

(3.27)

This can be checked

(1 + D) in la

For the different models maximum XPL is reached for an attenua

tion equal to:

* 8.69 dB (CCIR-model; 12. 5 GHz)

* 9.99 dB (CCIR-model; 19.77 and 29.66 GHz)

* 8.69 dB (DHW-model)

* 8.29 dB (Chu-model; Y-polarization)

* 9. 12 dB (Chu-model; X-polarization)

* 8.25 dB (SI-model) (3.28)

(3.28) offers the opportunity to distinguish between the models.

The attenuation where maximum XPL is reached:

* depends on polarization according to Chu.

with the 19.77 GHz beacon

* depends on frequency according to CC IR

* is lower for the SI-model than for e.g. the CCIR model

However it should be kept in mind that the XPL curve is very flat

in its maximum.

As an extra check on the validity one can take advantage of tne

fact that the frequency dependence (Cf 10 10g f with Cf depending

on the model) of the four models is of a different kind. For this

purpose the same procedure as mentioned earlier in this paragraph

can be used up to step 3. Step 4 should be replaced by:
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4 for every subrange. determine the difference in XPL between

the curves for two frequencies and determine an ave rage value

for Cf

The decrease in XPL wh en going up in frequeney from 12.5 to 19.77

GHz is:

* 7.9 dB (CCIR-model)

* 4.2 dl> (DHW-model)

* 4.0 dB (Chu-model)

* 3.4 dB (SI-model) (3.29a)

The decrease in XPL when going up in frequency from 1 2 • 5 to 29.66

GHz is:

* 11. 9 dB (CCIR-model)

* 8.0 dB (DHW-model)

* 7.5 dB (Chu-model)

* 6.5 dl> (SI-model) (3.29b)

The CCIR model can easily be distinguished from the other models

on the basis of frequeney sealing. For the other models this is

more difficult: differences between the models of 0.2 dB (between

the DHW and the Chu model going up in frequeney from 12.5 to

19.77 GHz) can only be discerned if the mean XPL ean be deter

min~d sufficiently accurate (this will be di3eussed in Chapter 5:

it depends on the number of data available). This method will

probably work only when eomparing 12.5 GHz data with 29.66 GHz

data.

All the abovementioned models hold for rain eaused depolariza

tion. When trying to prove th~ validity of one of the rain depo-

larization modeis. depolarization events due to iee have to be

removed (an attenuation of 2 dB as a threshold to distinguish

between rain and iee depolarization is suggested in [24]).

In the previou3 section the mean XPL was diseussed. For the

design of the receiver branch in whieh the crosspolar signal is

processed. it is important to know the "scatter" around the mean

value. With the assumption that:
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* the radio link is terrestrial

* the rain rate. is uniform over the entire path

[ 2 1 ] investigates the short term variations of the XPD for a

fixed rain intensity (or attenuation). The XPD (dB) is stated to

be normally distributed in [21] with a standard deviation about

the mean of 4.3 dB independent of rain rate, frequeney, polariza-

tion and path length. In the same paper the measured short term

5tandard deviation is 5.2 dB.

In [22] attention is given to the long term XPD variations. There

it is stated that for fixed attenuation the XPD (dB) is normally

distributed with standard deviation ~XPD depending on attenuation

(dB). The following formula for ~XPD was experimentally deter

mined in [22] for 19.5 GHz data (this formula is based on fig.

3.13):

6
XPD

=

7 - 0.33 A dB

2.4 dB

for A < 14 dB

for A > 14 dB (3.30)

-- theoretical

o 40

Fig. 3.13: determination of ~XPD (from [22J)

(note: the large spread in XPD values for small attenuation is

due to iee depolarization. This eauses the measured XPD versus A
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curve to depart from the theoretical curve especially for the

smaller attenuation region. More on ice depolarization will be

discussed later)

The preceding part tried to give an indication of the maximum XPL

to be expected for rain induced crosspolarization. There is a

more radical approach to find this maximum. This can be attained

with the following procedure:

1 In (3.21) to (3.24) substitute the attenuation for which

maximum XPL is achieved (see (3.28»

2 Assume all the rain drops to be equi-aligned: ~m 6ó = 0 0

3 Assume polarization tilt angle - mean canting angle = 45 0

With the aid of appendix D, the maximum XPL can be determined

(DHW-model: rain drop temperature = 0 0 C; Chu-model: äA = 0 dB;

SI-model: F o = 1). Off all the models the SI-model gives the

highest maximum for all three frequencies (values rounded off to

the nearest integer greater than the exact value):

XPL = -21 dB

-24 dB

- 2 7 dB

(for 12.5 GHz)

(for 19.77 GHz)

(for 29.66 GHz) ( 3 • 31)

Up to now only rain induced depolarization has been regarded. Ice

induced depolarization is not so well understood. The crosspola

rization introduced by ice depends on:

* the size of the crystals

* the shape of the crystals (usually the choice for a certain

shape is taken more because of ease of calculation (oblate and

prolate spheroidal ice crystals: [14J) than because of agree··

ment with actual crystal shapes)

* orientation distribution of the crystals

* path length through ice (the smaller the elevation, the more

important ice-induced crosspolarization becomes)

* the ice crystal density
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Charaeteristie for iee is that it induces erosspolarization

together with very little attenuation. In [24] a threshold of 1.5

to 2 dB is used to distinguish roughly between rain and ice

induced crosspolarization. Experimental results for ice XPD ean

be found in [24] for 20 GHz (ATS-6); see fig. 3.14.

sa I
I

I
I

40~

l
XPD

30 ~(dB)

20

la

o L- --l.- ---l. .i....-_-----.J

o

attenuation (dB)

Fig. 3.14: measured ice XPD for 20 GHz (from [24])

Af ter drawing lines of A + XPD = constant, the maximum XPL can be

found to be -16 dB for 20 GHz (compare with fig.

XPL is -15 dB for 19.5 GHz).

3 • 13 : maximum

link (SIRIO) measured ice XPD can be found in

For a dual-circularly polarized, low elevation (10.7 0 ), 11.6 GHz

[26]. Fig. 3.15

shows the cumulative distribution. This figura shows that even an

XPL (= -XPD: A = 0 dB) of -8 dB oecurred. The same art iele shows

however that for larger elevations the maximum XPL is smaller

(-20 dB for 19 GHz; t = 33 0 ); this is in agreement with the fact
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that higher elevation means a shorter path through ieee

1.0
«
en
en
Ü
en
al«

Olv
a
Q.
x
~

~

~ OOI
~
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~

u
a:
~
Q.

0001
0 10 20 30

XPO (dBI

Fig. 3.15: XPD statistics for iee-only events (from [26j)

*

A theoretieal approach to the effect of iee-indueed

zation ean be found in e.g. [25] for the case of:

equi-aligned iee partieles (needies: prolate

plates: oblate spheroidal)

* 11.6 GHz (SIRIO) and 30 GHz

erosspolari-

spheroidal or

* elevation 10.7 0 (more extreme than the Eindhoven-Olympus link)

* single and multiple scattering

* eireular polarization

The result is shown in fig. 3.16. The IC-parameter (lee Content)

stands for: IC = \ <V> L (f is the ice particle number density

(number per eubic meter of volume); L is the thickness of the iee

eloud (in meters); <V> is the ave rage iee partiele volume).Notiee

that the ice content is proportional to the thickness of the iee

cloud.

Fig. 3.16 shows a remarkable result: the XPD decre~ses (or XPL

increases) when the frequeney increases from 11.6 GHz to 30 GHz

in contrast to what is elaimed in [6, Rep. 564-2j where XPD is

stated to increase with higher frequeney; however [6] does not

speeify the frequeney range. This frequeney range is of impor-
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tance as fig. 3.8 might have suggested (although this figure only

holds for rain): ice is a weakly differential phase shifting

medium and the differential phase shift (which determines the XPD

according

fig. 3.8.

to (3.20» is shown to be dependent on frequency in

50 r----..----r--........--,----,---, 5Or------r---r---,.-------,------,

MULTIPLE
--SCATTERJNG
___ SINGLE

SCATTERING

30 GHz

--------

--- -------

-"-._--------

OL-_---'-_---"'-....L..::__--'--_----l__----'

o Z 4 6 8 10

10

30

40

o
a.
)(

10864z
OL-_-..l..__---L__.l..-_----'----=:::_--'

o

40

30 11.& GH'
CD...
0 NEEOLES
a. ë •o·
)( zo - llULTIPt.E

$CATTERING

-- SINGLE
SCATTERING

10

ICE CONTENT ,IC,)( 10·' m4 /m'

Fig. 3.16: theoretical worst case XPD for ice (from [25])

Simple scaling of this thickness from elevation f,= 10.7 0 to f=
26.7 0 (Eindhoven) suggests the rC-parameter for Eindhoven to be

sin 10.7 0 = 0.41 times the rC-parameter for ~ = 10.7 0
•

sin 26.7 0

With

means

a measured rc < 3 10- 3 m4 /m 3 in [25J for ~ = 10.7 0 this

for Eindhoven: rc < 1.2 10-3 m4 /m 3 • Then for the case of

single scat tering (ordinarily assumed for not too small eleva-

tions) the maximum XPL is -20 dB for 11.6 GHz and -12 dB for 30

GHz (assumed XPL = -XPD i.e. A is assumed to be near zero inde-

pendent of rC).

Combining the information of the preceding part it can be stated

that the branch in the receiver processing crosspolar signals

should be ab ie to handle signals with strength relative to the
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elear sky eopolar component:

50

-20 dB

-15 dB

-12 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz (3.32)

In ~ 3.2.3 the modulus (in dB) of the elements Dxy or Dyx (see

(3.4)) of the transmission matrix D were diseussed. This seetion

deals with fex - ferx and/or fey - pery: the phase differenee

between eo- and erosspolarized signals. This phase differenee

depends on:

*
*

frequency

the preeipitation medium (rain or iee)

* for rain: the rain drop size distribution

In [ 251 the phase differenee for iee is ealeulated for linear

polarization and under the assumption that iee is a weakly dif

ferential phase shifting medium:

= (3.33)

Thus, for ~'leff « 1, the iee indueed erosspolarization signal

is nearly in phase quadrature with the eopolarized signal. The +

or - sign depends on the sign of the iee erystal eanting angle.

The rain indueed phase differenee is ealeulated

quasi vertieal polarization (for an explanation of

(D.7) it can be shown to be:

in [101.

this term,

For

see
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arctan[~[::;J1-~ -ïf" for a> 0

ley - fery = 2 (3.34)

HCtanN~:;r] -~ for B < 0

2

~ I_V .... 4 (
J\ ~ cos2e cos2~ e- 2u() rad)L.JY'a .. j" Aa v 1 e f f CJ

(recommended: leff = 5.1 km; see appendix B)

The differential phase shift n~ between the X- and Y-polarized

signals was already shown in ~ 3.2.2 for the 20 GHz case. In the

following it is assumed G= % = 0 0
• Table 3.1 enumerates the

parameters ~. 1. )4 and Y for three rain drop size distributions

and for three frequencies.

Table 3.1: values for s'1'~ and "I.
Rain drop size distribution: M.P: Marshall & Palmer

J.Th: Joss. thunderstorm

J.Dr: Joss. drizzle

t, '7 I~
I 1/ I
I I

I I I
I F M.P 2. 44 -0.22 0.042 I 1.0 I
I R 12. 5 J.Th 1. 73 -0.21 0.042 I 1.0 I
I E J. Dr 3. 16 -0.25 0.048 I 1.1 I
I Q I I
I U I I
I E M.P 1. 61 -0.29 0.022 I 1.0 I
I ti 19.77 J.Th 0.93 -0.33 0.020 I 0.971

I C J.Dr 2. 26 -0.24 0.020 I 1.1 I
I Y I I
I I I
I G M.P 0.91 -0.43 0.00961 0.851

. I H 29.66 J.Th * lil * I lil I
I z J.Dr 1. 43 -0.32 0.010 I 1. 041

I I I

lil model invalid for that frequency [ 10]
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Table 3.1

Therefore,

52

show! ~ to be negative for

for Pl < 0°:

all three frequencies.

lim rtcy -C;cry = lim 0 arctan[S[AlaevffJI'~I] =ïf'/2
Aav -) 0 Aav -)

(3.35)

For e ) 0 this limit is -~/2.

For very small attenuations, the rain induced crosspolar signal

is nearly in phase quadrature with the copolar signal (as was the

case with ice). However, figures 3.16 to 3.18 (showing (3.34) for

ë< 0° for the three frequencies) demonstrate that only a small

amount of attenuation is sufficient to prevent the two signals

from being in quadrature.

For e) 0° the curve would start with -'7(/2 è 270°.



tio

'cy-'cry

(degrees) -- --

Bindhoven-Olympus
Y-polarization
raindrop size distribution:

Marshall & Palmer
Joss: thunderstorm
JOBS: driz&le

. .
-

. . . . .

---

. . . . .. . . .

-- --

. . .. .. . . .

--- ----

. . .. . .. . .

60

90

t
40

20

0.l----+----~f----_4_----+---_+_---......---+_---t_--_ll__-

o 1 2 3 4 5 6 7

----. averar,e nttenuation (dB)

Fig. 3.16: phase diiference between co- and crosspolar

signais; 12.5 GHz



90

80

Eindhoven-Olympus
Y-polarization
raindrop size distribution:

Harshall & Palmer
Joss: thunderstorm
Joss: rlrizzle

- ---- -'-
. . .

---

. ".. .. .. ... . .. , .

--. ........ -- --

. . ....

---

. . . ... . .. ,.

---

• • • ol
. .... . . .. ... . .

-

. . . . .

--
... .. . .. . .

\

"-
"

20

~cy-9cry
(degrees)

t 60

0
I I , I II I I ,

0 2 4 6 8 10 12 14 16 18 20

---. ave rage attenuation ( dR)

Fig. 3.17: phase difference bet~een co- aod crosspolar

signals; 19.77 GHz



90

Y-polarization
Eindhoven-Olympus
ra in drop size distribution

Harshall & Palmer
~ Joss: dri~zle

80

Pcx-Pcry
(deRrees)

t 60

40

20

.. .. ... .. . . . . .. . .. . .. • • ... . . .. .. . . ... . . . . . . , . . ... . .. . . . . . ..

V1
V1

40530252015105o
o
+:~----'+----....-+------lt-----t------+------+-----+:------+--

---. averap;e attenué.ltion (dB)

Fig. 3.18: phase difference between co- and crosspolar

signais; 29.66 GHz



CHAPTEK 3

~ 3.3 Scintillation

Scintillation is the

56

phenomenon sometimes observed of small,

generatedrapid amplitude and phase variations larger than those

by receiver thermal noise.

For clear sky conditions this effect stems from perturbations in

the refractive index of the medium (e.g. caused by the turbulent

mixing of air masses with different temperature and humidity or

by heavy cumulus clouds passing through the radio path on hot

humid summer days [27J). The effect is more pronounced in summer

than in winter and on certain hours of the day [30J.

turbations result

These

in a signal wave front (perpendicular to

per

the

propagation direct ion) with variations in amplitude and

Such variations can also be observed during rain.

phase.

Before discussing clear sky and rain scintillations it is appro

priate to give some definitions. The voltage in the baseband part

of the receiver where scintillation is measured, is cal led

Vsc(t). This voltage can be thought of as consisting of an

average part Vsc,m and a fluctuating part àVsc(t):

= (3.36)

Vsc,m should be regarded as the ave rage value during say,

minutp.s. The variance of Vsc(t) is:

a few

There

A
=

are two ways of representing scintillation

(3.37)

measurements.

The first one is used in [28J:

= 10 1010a
o dB (3.38)

This formula has the advantage that it easily shows how many dB

the scintillation intensity is below the signal level or above

the thermal noise floar (if the carrier to noise density ratio is
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known). Another representation is as follows (as used in e.g.

[29J):

x= la 10 10g Vsc,m + /1v sc
2 = 20 IOlOg!1 + ÀV sc dB

Vsc,m Vsc,m
Or:

XNp = ln

1
1 + ~Vsc = X Np

Vsc,m 20 10 10g e

(3.39a)

(3.39b)

This formula gives an idea of the contribution of the scintilla-

tion intensity relative to the ave rage received power (as a

reference: 1 dB = 25 % more power; 0.1 dB = 2.5 % more power

etc.). In the following (3.39) will be used because that is the

representation used by the major part of the authors.

(3.38) and (3.39a) are related to eachother by the formula:

.x
10 20 - 1 = tiv sc

Vsc,m

(3.40)

The time domain analysis characterized by

the frequency domain analysis through the

~2.
~ is connected withv,sc
following formulas:

(3.41a)

(3.41b)

=

=

<Sv,sc

6'2
V,sc

20 IOlOgL +

00

jSv,scCfr)

o
where Sv,sc(f r ) is the amplitude spectrum in dB 2 /Hz concentrated

around 0 Hz and ~:,sc (dB 2 ) is the variance of the log-amplitudel

(for (3.41a), see appendix M)

The same relation holds for phase scintillation:

1

()r,sc = (3.42)

with

and
S~, sc (f r)

6r,sc the

the phase scintillation spectrum (rad 2 /Hz)

phase scintillation variance (rad 2 ).
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Amplitude scintillation is of importance for low margin receiver

systems. especially the ones operating at a low elevation angle.

reported [6. of attenuation.

Under that condition values for ~ of several

Rep. 564-1J causing the same amount

dB have been

This can decrease the availability of the system.

Phase scintillation can become important in the future. This can

be illustrated by the aid of fig. 3.19. f c Is the operating fre

quency (12.5. 20 or 30 Gliz). The dashed line represents a typical

clear sky phase scintillation spectrum S,.sc(f r ). The other curve

is typical for the phase noise spectrum Spo(f r ) of a microwave

oscillator (from satellite or ground station): the lower this

curve. the "higher" the spectral purity of the oscillator. With

the advancement in technology the tendency is for progressive im

provement of the spectral purity i.e. decreasing Sfo(f r ). Fig.

3.19 now shows that there is a point where the irreducible phase

scintillation of the turbulent medium no longer justifies the

improvement of oscillator phase noise spectra (this "point" will

be shown to be dependent on frequency and elevation).

/ /

I
1

/
/

/
I

S( f )
r

2(rad /Hz)

t,
\
\
\

\
\

\

"
s~~,
T'sC r

f c

Fig. 3.19: phase scintillation spectrum and oscillator phase

noise spectrum
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spectrum

The next sections attempt to quantify the amplitude and phase

scintillation for the case of clear sky conditions (§ 3.3.1) and

rain (§ 3.3.2)

~3.~1'~Ci~il~tionunder clear sky conditions

[29] starts with the description of the amplitude

Sv,sc(f r ) under the following conditions:

* antenna diameter D -) 0 m

* Kolmogorov turbulence refractive index spectrum

* uniform atmosphere (strength of turbulence constant along the

propagation path)

* operating frequency not near the absorption peaks caused by

oxygen and water (giving rise to a complex refractive index,

see [47])

This leads to:

=

=

for f r « f o
for f r » f o

(3.43a)

(3.43b)

And C2 depend on operating frequency, elevation and climate.

Is the frequency offset relative to the operating frequency.

Is called the Fresnel frequency given by:

= v

J 211'" z X
(3.44)

with: v the cross path wind velocity

~ the wavelength of the propagating wave

z the effective turbulent path oE a uniform atmosphere

This spectrum resembles low pass filtered white noise with a

corner frequency (defined as the frequency where the two

asymptotes (3.43a) and (3.43b) intersect; this depends on the

slope of the spectrum of refractive index when it deviates from
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the Kolmogorov spectrum) between 1.04 f o and 1.34 f o ' Therefore

the spectrum Sv,sc(f r ) can be idealized to the form (thereby

simplifying later calculations):

for f r < f max
for f r > f max

(3.45)

The problem with this formula however is, that the parameter f max
has to be estimated (v is stated to have a realistic value of

7. 25 or la mis in [ 29, p.653] ; in [ 32, p .82] it is between 0 and

14 mis; À is known; z however has to be estimated). Values of

f max can be found in the literature to be between 0.1 and

([27, p.llO], [28, p.66L [32, p.82])

1 Hz

(3.43) holds for a point antenna. For large antennas the antenna

acts as a "low pass filter": because the scale of fluctuations in

the wave front is small relative to the antenna diameter, the

observed fluctuations at the receiver output are smaller because

of the "spatial averaging" of the wave front fluctuations. This

means:

* reduction of Cl in (3.43a)

* an amplitude spectrum rolling off at a faster rate than

given by (3.43b)

this scintillation variance is g1ven

is reduced.

Therefore,

(3.41»

also the ~cintillation

On the basis of

2-
variance 0v sc (given by,
(3.43) for a point antenna

by [29], [ 3 1 ] :

~l
v,sc = (3.46a)
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Af ter accounting for the aperture averaging effect:

with G(D*) = 1.0 - 1.4 D* for 0 < D* < o•5

2 "'Az' 2 .f~ z I

0.5 - 0.4 D* for 0.5 < D* < 1.0

2& 2l~
O. 1 for 1.0 < D*

2 'IA z I

(3.46b)

*(see [6, Rep. 881J). D in this formula is the effective diameter

of the circular aperture: D* = D~; .fit is the antenna effi

ciency factor.

With the effective turbulent path length z varying approximately

as I/sin ~ , (3.46b) suggests the following formula to scale

measured standard deviations feom othe~ places (subscript ref) to

the situation at EUT (subscript e) (provided that the statistical

properties of C3 are the same: "same climate"):

= ~ J7
/

12
[sinf jll/12 [G(D *) Jl/2 tSe ref e ref

- *fref sinte G(D ref )

dB

(3.47)

The clear sky scintillation amplitude

lognormally distributed with variance

long term scale this variance is not

Vsc can be considered to be
2. 2

~v,sc (dB). rlowever on a

constant: scintillatioc is

a non-stationary process. The distribution of 6 v ,sc can be weil

approximated by a lognormal one i.e. log ~v,sc is normally

distributed ([31J, [33J). The probability p(6v sc) that a certain,
standard deviation b is exceeded is given by (see app. E):v,sc

. 0.5 [

[
10 6'" Ó JJ1 - erf log V,sc - m,sc

0G Ifi
(3.48)

with erf(.) the erroe function. ~G and Óm,sc can be derived

from the measured scintillation variances in Portsmouth (GB) [31]

and Leeheim (FRG) [33] through scaling;

table 3.2.

they are summarized in
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Table 3.2: standard deviations

62

{)
m J sc and 6G

I 12.5 GHz I 1 9 • 7 7 GHz 29.66 GHz I
I I I
I~mJ sc I 6"G I tOmJ sc I ó G Qm J sc I I)G I
I I I I I I

IPortsmouth I I I I I I
1-)Eindhovenj-l.38! 0.281-1.281 0.28 -1.211 0.28[

I I I I I I I
ILeeheim -) I I I I I I
IEindhoven 1-1.3510.2911-1.2510.291 -1.1610.2911

I I I I I I

(3.48) is shown in fig. 3.20 for the case of Portsmouth

scintillation varianees scaled to the EUT situation (sealing of

Leeneim data gives almost the same results).

With (3.48) an estimate can be made of the scintillation

amplitude spectrum (one sided). Assuming f max = 1 Hz then Cl from

(3.45) is smaller than (with a probability of 99.97 %; based on

Portsmouth data):

0.15 dB 2 /Hz

0.24 dB 2 /Hz

0.32 dB 2 /Hz

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz (3.49)

In Chapter 5 this spectrum shall be compared with the thermal

noise floor.
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For clear sky conditions the phase scintillation spectrum

S~sc(fr) is given by [34, p.891:

= as f r -) 0

as f r -) ~

(3.50a)

(3.50b)

co
with Sv,sc(f r ) given by (3.43).

through [34, p.89]:

:2.
(3.50) can be related to o-v sc,

= 7 • 1 3

2"lTf
• 0

()1 [f ~-8/3V,sc ....L
f o

(3.51)

!Zo
Kolmogorov spectrum, tr;,sc does

when the von Karman spectrum is

(3.39b),Combining

(notice that for this theoretical
2

not exist; a finite ~?,sc arises

used as was done in [28]).

6"2. in (3.51) should be expressed in Np2.V,sc
(3.49), (3.50b) and (3.51) for f r = f o = 1 Hz leads to aspectral

density of ~he (one-sided) phase scintillation spectrum smaller

than (with a probability of 99.97%;

regarded):

aperture averaging is dis-

S ' = 2.3 10- 3 rad 2 /Hz for 12.5 GHzyt, sc
10- 3 rad 2 /Hz1 Hz 3.6 for 19.77 GHz

4.8 10- 3 rad 2 /Hz for 29.66 GHz

The slope on a log-log scale is -8/3 corresponding (3.52)

to a roll-off of 27 dB per decade

For rainy conditions the antenna size is of the utmost importance

for the intensity of the scintilLation in contrast to what is the

case for clear sky conditions. In [291 this is discussed in terms

of the angular scattering characteristics valid for the two

conditions (rain/clear sky).

In a turbulent medium (clear sky) the power is scattered forward

into a cone with an opening angle which is of the same order as
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the beamwidth of an antenna with a diameter of several metecs:

the lacgec pact of the scatteced power is intercepted by the

receiving antenna. However, radiation scattered from a rain drop

particle much smaller than À is almost isotropic. An (isotropic)

point receiver will accept all of the forward scattered power; a

large antenna however with a beamwidth smaller than one degree

will greatly reduce the available volume from which scattered

radiation can be received.

For a point receiver the variance of the amplitude scintillation

introduced by the forward scattered waves is given by [29] (assu

med: Rayleigh cross section, Marshall & Palmer drop size distri

bution):

4.5 10- 18 [2W]4 Rl • 47 1 ffT e
(3.53)

with: leff = 1000

7.412 10- 3 RO• 766 + (0.2323 - 1.803 10- 4 R)cos~

m

(0) stands for point receiver. ~i is the angle of incidence of

the electromagnetic wave with respect to the minor axis of the
. ~

rain drop. For maXlmum ~v,sc and for ease of calculation «, is

assumed to be 90 0 • In that case (3.53) can be written as:

= (3.54)

which clearly shows the rain scintillation variance to increase

with frequency and rain rate (or: attenuation). A more convenient

parameter instead of the rain rate R is the attenuation A (dB).

The relation between Rand A is given in appendix B:

A = 0.0195 Rl • 19 5.1 dB

0.0682 Rl • 07 5.1 dB

0.166 Rl • Ol 5.1 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz (3.55)

(all results hold for Y-polarization)
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(3.54) and (3.55) lead to:

1. AO. 592 dB 2
Q"v , sc = 0.843 for 12.5 GHz

2. 68 AO. 685 dB 2 for 19.77 GHz

7.70 AO. 697 dB 2 for 29.66 GHz (3.56)

(3.56) Leads to formidable rain induced amplitude scintillations.

However the aperture averaging has a dramatic impact on the

varianee. For a gaussian shaped radiation pattern the aperture

averaging factor is given by (29]:

).

G3dB
8 in 2

(3.57)

with e3dB the 3 dB antenna beamwidth in radians.

According to app. G this beamwidth is equal to:

e3dB = 1.02 X

D

(this formula can be comblned with (3.57) if the gaussian shaped

radiation pattern is modelled by the Airy pattern for angles near

boresight)

With 0 = 5.5 m the expected rain scintl11ation varianee can then

be written as:

([:, sc = 3.0 10- 6 AO. 59 dB 2 for 1 2 • 5 GHz

3.8 10-6 AO. 66 dB 2 for 19.77 GHz

4.9 10- 6 AO. 7O dB 2 for 29.66 GHz (3.58)

<z. Np2If 6 v sc is expressed in then the phase scintillation,
6: 2

(rad 2 )varianee can be written as ( 35] :'I, <:. c

=
1

o v sc, (3.59)
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By dividing (3.58) by (20 10 log e)2 and assuming severe attenua

tion (see fig. 3.1: 9 dB for 12.5 GHz

24 dB for 19.77 GHz

42 dB for 29.66 GHz)

the accompanying phase varianee is:

2- (0.02 0 )2 for 12.5 GHzbp•sc =

(0.04 0 )2 for 19.77 GHz

(0.05 0 )2 for 29.66 GHz (3.60)

Apart from the above-mentioned rain scintillation caused by scat

tering there is an additional souree of scintillation which eau

the polarization

if the ra in drop

give rise to larger values than those mentioned

due to a mechanism discussed earlier in ~ 3.2.1:

dependent attenuation. There it was shown that

above. This is

canting angle varies (e.g. because of strong turbulence during

the rain shower) also the attenuation varies. The effect is

stated to be of particular importance for X-polarized signals

[29] and can lead to an apparent scintillation of several dB.
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3 3.4. 5ummary of tropospheric effects

5ummarizing Chapter 3 the following can be speeified.

51 The attenuation A exeeeded for 0.001 % of an average year is:

9 dB for 12.5 GHz; Y-polarization

24 dB for 19.77 GHz; X-polarization

21 dB for 1 9 • 7 7 GHz; Y-polarization

42 dB for 29.66 GHz; Y-polarization

The attenuation exeeeded for 0.01 % of an average year is

0.47 times the above-mentioned value

52 The maximum differential attenuation ~A (dB) for thê 19.77

GHz link is between 9 and 19 % of the average attenuation A av
(dB):

0.09 Aav < fJ,A < 0.19 Aav

S3 The maximum differential phase shift ~fa (degrees) for the

19.77 GHz link is between 0.9 0 and 1.1 0 for every dB inerease

in average attenuation A av (in dB but in the following formu

la interpreted as a unitiess quantity)

54 lee indueed crosspolarization appears for attenuations near

zero. The maximum iee indueed cross polar level XPL (in dB

relative to elear sky) is:

-20 dB

-15 dB

-12 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz



CHAPTER 3 69

SS The maximum rain induced XPL is to be expected for attenua

tions between 8 and 10 dB independent of frequency. This

maximum is (dB relative to clear sky):

-21 dB

-24 dB

-27 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz

86 For ice

signals

angle)

the phase difference between co- and crosspolarized

is 90 0 or 270 0 (depending on ice crystal canting

S7 For rain the phase difference between co- and crosspolarized

signals is between 0 0 and 90° or between 180 0 and 270 0

(depending on rain drop canting angle)

S8 For 99.97 % of time the standard deviation of the clear sky

amplitude scintillation is smaller than:

0.39 dB

0.49 dB

0.58 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz

S9 The maximum corner frequency in the amplitude spectrum of

clear sky scintillation is about 1 Hz

SlO For 99.97 % of time the spectral density of the amplitude

scintillation spectrum (clear sky) is smaller than (one sided

spectrum) :

0.15 dB 2 /Hz

0.24 dB 2 /Hz

0.32 dE 2 /Hz

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz

S11 For 99.97 % of time the spectral density of the phase scin

tillation spectrum (clear sky) for 1 Hz is smaller than (one

sided spectrum):
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2.3 10- 3 rad 2/Hz

3.6 10- 3 rad 2/Hz

4.8 10- 3 rad 2 /Hz

70

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz

The slope on a log-log scale is theoretically

27 dB per decade

512 The variance of the rain
2

induced scintillation ~v sc as, a

function of attenuation A is given by:

~" = 3.0 10- 6 AO. 59 dB 2 for 12. 5 GHzV,sc
3.8 10- 6 AO. 66 dB 2 for 19.77 GHz

4.9 10- 6 AO. 77 da 2 for 29.66 GHz

S13 For severe attenuations as given by Sl the phase scintilla

tion standard deviation for rain is (for smaller attenuations

the standard deviation is smalle~):

(0.02 0 )2

(0.04 0 )2

(0.05 0 )2

for 12.5 GHz

for 19.77 GHz

for 29.66 GH.z
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Chapter 4. The receiver

§ 4.1. Introduction

Because the quantities mentioned in the foregoing chapter are to

be measured accurately and over a large dynamic range the design

of a receiver is not a trivial task. A possible configuration of

the EUT receiver is shown in fig. 4.1. The receiver functions are

roughly described below. A detailed description of this system

will follow in later sections.

The shaded part in this figure is cal led the reference channel.

As an input it has the signal which is (of all the received

signais) expected to be strongest during intense rainfall: the

12.5 GHz copolarized signal.

The test channel can he:

* 12.5 GHz crosspolarized signal

* 20 GHz co-/cross-/X- or Y-polarized signals

* 30 GHz co- or crosspolarized signals

With only one frequency convers ion the reference signal is

brought down to 10 MHz where it is filtered before it enters the

superheterodyne phase locked loop (PLL). The purpose of this PLL

is to further reduce thermal noise in order to obtain an accurate

phase reference for the test channel. Because both reference and

test channel signals are derived from common oscillators in the

satellite as weil as the ground station the oscillator phase

noise will be nearly cancelled af ter the 125 kHz filter in the

test channel. This makes it possible to use very small bandwidths

in the test channel PLL enabling substantial noise reduction •

. The black box will be described in § 4.5.3. Finally the measure

ment of amplitude and phase is done by synchronous detection and

postdetection filtering.
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Fig. 4.1: possible configuration of the EUT-receiver



CHAPTER 4 73

The following subjects will be discussed in this chapter.

*

*

*

in ~ 4.2 a represention in time and frequency domain is given

of the various signals in the reference channel (PLL-section

excluded)

in § 4.3 the clear sky link budgets for 12.5, 20 and 30 GHz

are given in order to get a figure for the amount of noise

the PLL has to cope with

in ~ 4.4 the optimization of the reference PLL is described:

the optimum loopbandwidth is determined for which the loop

phase error due to thermal noise and oscillator phase noise

reaches its minimum

* § 4.5 des cri bes the test channel signals in time and fre-

*

*

quency domain

In ~ 4.6 the principle of synchronous detection of amplitude

and phase is discussed including the measurement errors

Finally § 4.7 gives a review of the receiving station charac

teristics

It is important to remark that in the following all analyses in

the frequency domain are done for non-negative frequencies in

contrast to what is done in some mathematical treatments (where

also negative frequencies are used). In these treatments an

approach using only non-negative frequencies is called the single

sided representation.
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~ 4.2. The reference channel

74

The reference channel is outlined in fig. 4.2. A detailed analy-

sis in time and frequency domain can be found in appendix F. The

interesting results are summarized in this section.

12.5 GHz 10 l'iIHz

from
~

to PLL
fX"
f\."

anten..n.8, I'P V1
!'IJ V

3

Fig. 4.2.: the reference channel

Vl consists of

gaussian noise:

signal plus bandpass filtered white additive

Vlet) = Al(t) cos(Wrt + rs(t) + fret»~ +

+ nil(t) cos wrt - n q 1(t) sin wrt

Remarks:

( 4 • 1 )

*
*

*

*

W r = 21'i12.5 10 9 rad Hz

rr(t) represents the phase variations introduced by the tro

posphere; the accompanying phase noise spectrum is called

S rr Cf )

Ys(t) represents the phase variatons introduced by the satel-

lite oscillator; the accompanying phase noise spectrum is

cal led SrsCf)

Al is the received copolarization amplitude.

Changes in Al are caused by:
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I satellite beacon level variations (see T9, ch.2)

Z attenuation caused by gasses and hydrometeors in the

troposphere

3 variations in the refractive index of the troposphere cau

sing scintillation

4 inexact pointing of the antenna towards the satellite (this

can be avoided by regular tracking)

5 instability of the receiver chain (e.g.

the LNA)

originating from

The effects mentioned under Zand 3 are to be measured; the

other effects are to be minimized.

The local oscillator signal Vz can be represented by:

Vz(t) = B cos(wzt + f2 (t))

Wz Wr ~ Z;rIO MHz

containing phase noise Fz with phase noise spectrum SfZ(f).

( 4 • Z)

Af ter multiplying and filtering the signal V3 can be written as:

For sufficiently large CNR:

* R3 = Al + n i 3 (4.4)

(ni3 is the in-phase noise component)

R 3 has a gaussian probability density function with mean Al

and variance N3 Bif

* 13
The

by:

phase

+

noise
fJz + Y'pm

spectrum Spm(f) of fpm(t) can be

( 4 .5)

represented

= !l for 0 < f < Bif/Z

Cl

( 4 • 6)
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With Cl = 1/2 Ar the power of the 12.5 GHz copolar signal

N3 = the thermal noise density

Bif = the OSB noise equivalent bandwidth of the 10 MHz

filter

The next section calculates the carrier to noise density ratio

needed to calculate e.g. (4.6).
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§ 4.3. Clear sky link budgets

77

The clear sky link budgets for 12.5,

calculated using the following data:

19.77 and 29.66 GHz are

1 EIRP (effective isotropic radiated power): see T8, ch.2

2 Free space loss 20 1010g[4~LJ dB

with L = distance Eindhoven-Olympus (see Appendix A)

( 4 • 7 )

3 Medium loss Am (dB) originating from oxygen and water vapor.

Am can be written as [6, Rep. 719-1]:

Am = 8 60x + 2 ~ w

si n ~

(4. 8)

specific attenuation for oxygen [dB/km]

= specific attenuation for water vapor [db/km]

(assumed: water vapor content = 7.5 gr/m 3 )

4 Antenna gain - 10 10 log ["It [rr] dB (4.9)

The antenna efficiency factor ~t is assumed to be 0.5. The

factor is determined by (among other factors):

aperture efficiency

spillover efficiency

polarization efficiency

ohmic losses

losses because of reflector surface errors

5 Tracking error (based on a 3 dB beamwidth of 0.26 0 for 12.5

GHz and a pointing accuracy of 0.025 0 ). Appendix G shows the

tracking error to be:

(4.10)
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6 System noise temperature

The 12.5 GHz reference channe1 makes use of a LNA. The 20 and

30 GHz co/crosspo1ar channe1s use no LNA. Appendix H gives the

calcu1ations.

7 Holtzmann's constant kB = 1.38 10- 23 ~ - 228.6 dBW/HzK

8 For the 19.77 GHz link:

* 3dB 10ss because of transmission in both polarizations

* 3dB loss when the 933 Hz switching of polarization is

detected incoherently (see [36, p.270J)= in case of 100%

modulation 50% of the AM signal power resides in the car

rier (the sidebands contain the rest); this is the part

that will be recovered by envelope detection

The carrier to noise density ratio C/N o is shown in table 4.1.
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Table 4.1: clear sky link budgets.

Frequency in GHz

I 12.5

I
19.77 29.66

0.6

0.6

24

62.9

61.6

213.7

irr.

-228.6

36.4

(12.1 dB)

6

0.3

0.5

24

58. 1

58.2

210.2

-228.6

35.5

(11.2 dB)

11 EIRP (dBW) I 10

I I
12 Free space loss (dB) I 206.2

I I
13 medium 10ss (dB) I 0.2

I I
14 antenna ga in (dB) ~I 54.1

I I
15 Tracking error (dB) I 0.1

I I
\6 Tsyst (dBK) I 29.7

I (noise figure F) I (6.2 dB)

I I
17 kB (dBW/HzK) I -228.6

\ I
18 extra losses (dB) I irr.

1 1 ----''-- _

I I
1 C/N o (dB Hz) I 56.5

I I

The carrier to noise density ratio can be improved by:

1 assuming the antenna noise temperature to be 30 K (for clear

sky conditions) instead of 290 K. Ca1culations: see app. H.

2 detecting the 933 Hz polarization switching coherently

.3 assuming the EIRP for 12.5 GHz to be 11 dBW instead of 10 dBW

(which is worst case: at the edge of the global beam)

4 assuming the antenna efficiency factor 1t to be 0.6 instead of

0.5
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The improvements are given in Table 4.2.

Table 4.2: possibilities for improving the carrier to noise

density ratios (dB)

Frequency in GHz

12.5 19. 7 7 29.66

1 TA = 30 K 1.4 0.7 0.5

2 coherent detection irr. 3.0 irr.

3 larger EIRP 1.0 irr. irr.

4 larger "tt 0.8 0.8 0.8

tot al improvement 3.2 4.5 1.3
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~ 4.4. Optimization of the PLL

~1

In this section the optimum loopbandwidth of the PLL in the

reference chain is calculated.

of interest:

Fig. 4.3 mentions the quantities

the phase noise spectrum Sfr induced by the troposphere

the phase noise spectrum S~s induced by the satellite

oscillator

local

stationthe phase noise spectrum Sr2 induced by the ground

local oscillator (12.5 GHz)

the phase noise spectrum Spm originating from thermal noise

the (DSB) bandwidth Bif of the 10 MHz filter

the (SSB) loopbandwidth Bl of the PLL

Fig. 4.3: definition of terms important for the optimization of

the PLL.

Purpose of the PLL is to make an accurate reconstruction of the

carrier plus local oscillator phase noise. Then, in the test

channel this phase noise is (nearly) cancelled: this makes the

signal at the input of the PLL in the test channel much

"cleaner": enabling very small loopbandwidths. To ensure an

.accurate reconstruction of the carrier:

* Bl has to be as large as possible because SC;s and S12 extend

to frequencies far from the carrier frequency

* on the other hand Bl should be made as small as possible so as

to completely banish phase noise due to thermal noise
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These two opposite requirements call for optimization. This is

discussed in .~ 4.4.2. First § 4.4.1. describes the spectra at the

input of the PLL.

Before discussing the spectra it is necessary to say something

about the 10 MHz filter. Specification T.3, chapter 2 demon

strated that the frequency of the satellite beacon varies because

of Doppler effects, thermal cycle of the satellite and aging.

Also the ground station oscillator has na stable frequency.

Therefore Bif should not be too smallj otherwise, when the fre

quency varies the filter characteristics are measured and not the

properties of the troposphere! If the filter has to cope with at

least the "short" term frequency variations (1 day) a (DSB)

bandwidth for the 12.5 GHz signals of at least 2.4 kHz would be

necessary.

On the other hand the bandwidth should not be too large: if the

spurious modulation of 12 kHz due to the chopping of the TWT

power supply (specification T.10) is within the IF-bandwidth and

if it is strong enough it could cause false lock of the PLL. The

maximum allowable IF-bandwidth is then 24 kHz.

The requirements on bandwidth can be relaxed if use is made of an

automatic frequency control (AFC). This device uses information

from the PLL (namely about how much the VCO is aperating away

from its nominal frequency) to drive the ground station local

oscillator thereby keeping the signal frequency in the middle of

the filter band. This is especially important for the 20 and 30

.GHz chains which use a 5 kHz bandwidth. EUT uses a bandwidth of 5

kHz or 40 kHz for the reference channel.
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In the following it is assumed (for ease of calculation) that the

IF - filter transfer function is given by:

= 1 for 10 MHz - Bif /2 < f < 10 MHz + Bif /2

o elsewhere (4.11)

with Bif = 5 kHz or 40 kHz (in the specification of the crystal

filter these values are derived from the 3 dB frequencies; the 40

kHz filter has less amplitude ripple).

Formula (4.11) implies that all the phase noise spectra mentioned

at the beginning of ~ 4.4 are bandlimited by this filter.

I~ general the phase noise spectrum of an oscillator can be

written as (see fig. 4.4: concentrated around 0 Hz):

for f > 0 Hz (4.12)

Frequeney
flieker

Flat
frequeney;

random-walk
phase

Phase
flieker

Log w

Flat /- ..... ',C,UIOff
phase

. Fig. 4.4: oscillator phase noise spectra

(from [39, p.l02])
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*
* the spectrum is bandlimited by the 10 MHz bandfilter

the constant part C4 originates from white noise primarily in

the amplifiers and output circuits following the oscillator

* in the lower frequency regions the frequency dependence is

according to f- n with n > 1

In theory the spectrum in (4.12) extends to frequency 0 Hz pro

ducing an infinite phase variance ~: defined by:

(4.13)

In practice observed spectra cannot extend to a frequency of 0 Hz

because of the finite observation time. This is illustrated in

contributions

fig. 4 .5. In the observation time T only

of integer multiples of 1/T can be

the spectral

observed; the

frequency associated with the dashed curve is too low and will

not be recognizable in the spectrum. With this in mind the phase

variance from (4.13) is finite.

--vet) / "i / \

I \
/ \

--. t
measurement/

time T

. Fig. 4.5: effect of finite observation time
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In appendix I measured phase noise spectra of the satellite

beacon and EUT ground station are converted to formula (4.12).

For ease of calculation it is assumed that C2 = C3 = O.

The phase noise spectra of the beacons are given by

spectra are measured):

(all three

Sps(f) = 1.3 10- 2 + 5.0 10- 10 rad 2 /Hz for 12.5 GHz

f3

3.2 10- 2 + 10- 9 rad 2 /Hz for 19.77 GHz

f3

6.3 10- 2 + 2.0 10- 9 rad 2 /Hz for 29.66 GHz (4.14)

f3

The phase noise spectra of the EUT ground station are given by

(the spectra are extrapolated from a measured phase noise

spectrum of a local oscillator at 13.595 GHz):

Sr2(f) = 0.8 + 4 10- 9 rad 2 /Hz for 12.5 GHz--
f3

2 + 8 10- 9 rad 2 /Hz for 19.77 GHz-
f3

5 + 2 10- 8 rad 2 /Hz for 29.66 GHz (4.15)-
f3

It should however be noted that (4.15) is probably a very

inaccurate representation of the local oscillator phase noise

spectrum: not only because extrapolation is used but also because

the spectrum analyzer phase noise has approximately the same

order of magnitude as the phase noise of the local oscillator.

. 0 r de r of magnitude smaller than Sps(f)

(4.14) and (4.15) and bearing in mind

in the inaccuracy of the spectrum S12
of the PLL can be written tentatively

caused by thermal noise: see (4.6»:
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Sr( f ) = 0.8 + 4 10- 9 rad 2 /Hz for 12.5 GHz--
f3

2 + 8 10- 9 rad 2 /Hz for 19 • 7 7 GHz

f3

5 + 2 10- 8 rad 2 /Hz for 29.66 GHz (4.16)-
f3

with 0 < f < Bif /2

The simplest PLL configuration is shown in fig 4.6. lts operation

is described in [39]. The input phase r consists of the quanti

ties mentioned in § 4.4. The phase detector PO could for example

be a multiplier. Purpose of the loopfilter is to drive the VCO in

order for the frequency and phase of the input signal to be equal

to that of the VCO (apart from a constant phase shift) thereby

achieving a mean phase error re = r- fvco of (nearly) 0 degrees.

9 + fpm =
'fveo

Fig. 4.6: simple PLL
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At the EUT the PLL is of the superheterodyne type. The structure

is shown in fig. 4.7.

'------------------{ "-' ~------'
vco

Fig. 4.7: superheterodyne PLL (from [39])

seefeatures,For a detailed description of the EUT PLL and its

[ 4 1]: f 1 = la MHz; f 2 = 10. lZ 5 MHz;

f 3 = f 4 = lZ5 kHz

To ease mathematical analysis, a simple baseba~d PLL with El = f Z
is assumed in this section.

The phase error is determined by:

1 the phase jitter ~pm originating from thermal noise inside the

loopbandwidth

the phase noise from the VCOjZ

because

this phase noise is

the VCO operates at a much lower frequency

neglected

than the

ground station local oscillator thereby introducing much less

3

phase jitter

t he s ignal phas e va ria ti ons Cfr + rs -rz ou t s ide t he

width

loopband-

(4.17)=
<;2

pm

If ~(j2ïrf) is the transfer function for phase variations from
f.

.input (f) to output Ufvco), the phase variance 6'pm due to

thermal noise can be written as [39, p.30]:

O(lf Spm(f) !J:i(jZ1rf)I
Z df

o



CHAPTER 4 88

=

(4.18)

~2 due to spectral components of ?
the loop bandwidth is given by [39, p.9]:

variance

-r2 outside

()OI Srp ( f) I 1 - H ( j 2Tf ) I2 d f

o

phase

=

The

If the loop filter in the PLL contains a perfect integrator then

[ 39, p. 1 1 J :

H(j 21ff )

f n + 2j ~ f n f - f 2

(4.19)

The damping ratio S is chosen to be 1/ {2:.
The natural frequency f n is related to the noise equivalent

IH(j2-rrf)1 2 di

IH(jO)1 2

bandwidth '3 1 :

ao

B l ' ol f n Hz-0.3 (4.20)

With this second order PLL transferfunction a step change in

phase or frequency causes a steady state error of 0 degrees [ 39,

p.43 and further]. A frequency ramp (because of Doppler shifts

introduced by the moving satellite or because of drift of the

local oscillators ) introduces a steady state error which could

cause the PLL to loose lock if the error is too large. Appendix J

shows this steady state error to be negligible.

As mentioned earlier the PLL loopbandwidth Bl has to be opti

mized. The reason why is shown in fig. 4.8.
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H(j21ff)I?S (f)~
pm 1\

Fig. 4.8: necessicy of opcimizing Bi
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The phase error variance ~f due to spectral components of f =

rr + ~s - f2 outside the loop bandwidth decreases with increasing

Bl • The phase error variance ~:m due to thermal noise increases

however with increasing Bl • The reconstruction of the information

= ~r + 'Ps - f 2 is
+ 6 2 is minimum.pm

therefore as accurate as possible if

In appendix K this phase error variance ó 2 (rad 2 ) is calculated.

Result:

~ 2 0.5 Cl arctan B2 + 0.5 C4 Bif +

(0.3 Bl )2

[arctan (B{i + 1) + arctan (Br; - 1)] +

1 - Bh + B 2

1 + B{2 + B2
(4.21)

In fig 4.9 the standard deviation ~ of the loop phase error is

drawn as a function of Bl for:

* a carrier to noise density ratio of 56.5 dB for the clear sky

12.5 GHz copolar signal; or a carrier to noise density ratio

*
*

of 46.5 dB as an example for the case of severe attenuation

Bif = 5 kHz (OSB)

Cl and C4 as defined by (4.12) are given by (4.16)

\ ~Fig. 4.9 shows the optimum bandwidth Bl to be:

~ ,- 186 Hz for clear sky conditions

86 Hz for 10 dB attenuation

'·In the actual superheterodyne PLL the DSS bandwidth is of

J twica the abovementioned SSB bandwidth Bl •

course
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(c1e lsrees)

t
20

10

o

clear sky
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103 Bif/2
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~ig. 4.9: standard deviation of the phase error of a PLL locking

to the 11..5 GII~ copolar signal.
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Formula (4.21) is an awkward formula to handle. Therefore in app.

K some simplifications of this formula are derived.

GO For Bl « Bif the optimum bandwdth Bl • opt is given by:

2

2.59 (4.22a)

Or as a function of tropospheric attenuation A (dB):

2. 59 cl No I ol

clear sky

=

= (4.22b)

For clear sky conditions: Bl • opt = 184 Hz

Far 10 dB attenuation: Bl • opt 85 Hz

Both results are in excellent agreement with fig. 4.9.

With (4.22a) appendix K shows

(4.23)

()2.
opt 3.89 Cl

1/3 rad 2

(C/N
o

)2/3

1-
Ó opt for optimum B1 to be:

~.42 10~]2 degrees 2

For clear sky conditions: ~oPt = 1.4 0

For 10 dB attenuation: ~opt = 3.1 0

These results again are in excellent agreement with fig 4.9.
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variance (for

improving:

(4.23) Shows that 1 dB improvement of the PLL phase error

an adaptively controlled Bl ) can be achieved by

*

*

the local oscillator phase noise spectra by 3dB (better de

sign): i.e. reducing Cl by a factor 2

the carrier to noise density ratio C/N o by 1.5 dB (larger

antenna, better LNA)

Although (4.22b) suggests an adaptively controlled Bl , fig.

4.9 doesn't seem to justify this added hardware complexity:

the penalty of choosing a fixed bandwidth of 184 Hz is not too

severe in case of attenuation on the propagation path.

Qj For Bl »Bif /2 (app. K: if Bit = 5 kHz: Bl > 12 kHz)

(4.24)

(4.25)degrees 20.74 +=

In case Bl = 180 Hz ~2 can be written as

A-
1.3 10 10

As mentioned earlier the phase noise spectrum of the oscillator

built by EUT is not measured accurately. The fore-mentioned

results are therefore all worst case results. Therefore two

special cases shall be considered:

1 the EUT local oscillator is much bet ter than the Olympus

os c i 11 a tor: S1' 2 ( t) << S fis ( f )

2 the EUT local oscillator is " t hree times worse" than the Olym

pus oscillator: Sr2(f) = 3 Srs(f)

1 For this situation: Cl = 1.3 10- 2

be written as:

C4 = 5 10- 10 (4.22b) can

-A

47 10 30 Hz (4.26)
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(4.27)+O. 17=

Choosing a fixed bandwidth of 47 Hz .(which is optimum for

clear sky conditions) (4.25) can be written as:

~

0.34 10 10 degrees 2

2 For this situation: 2 10- 9 (4.22b) can be

written as:

-A

74 10 30 Hz (4.28)

(4.29)=

Choosing a fixed bandwidth of 74 Hz (which is optimum for

clear sky conditions) (4.25) can be written as:

A

0.29 + 0.54 10 10 degrees 2

One topic is still to be discussed: the dynamic range. To this

purpose the carrier to noise ratio within the loop (CNR1 ) defined

by: [34, p.32j

(4.30)

is introduced; ~2 is given by (4.21).

In the following it is assumed that (4.28) and (4.29) hold for

the actual EUT local oscillator. Three va lues of ~are important:

1 According to (39, p.34] complete loss of loek. ("drop loek")

appears for CNR l = 0 dB ~ 1 i.e.

= 0.5 rad 2 (4.31)

With (4.29) this yields:

A = 35 dB
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2 According to [39, p.34] reacquisition is possible for CNR 1 =

6 dB ~ 4 (this depends however on the type of phase detector

used

phase)

[ 39, p.54] : sine, triangular, sawtooth, sequential

. . .... 2
~ • e ..'J = 0.125 rad 2 = (4.32)

With (4.29) this yields:

A = 29 dB

3 In [38, p.13] <5< 0.1 rad is suggested as the range of values

for which the random modulation process can be considered as a

linear modulation process. For tone modulation ~> 0.1 rad

means the existence of more than one sideband. For random

modulation this means spectral broadening: this in turn means

that the optimum bandwidth given by (4.28) is probably not

optimum any more.

With 0 2 = 0.01 rad 2 (4.29) becomes:

A 18 dB (4.33)

An attenuation of 18 dB on the propagation path is so rare

(compare fig. 3.3) that even under severe fading conditions

the reference PLL will remain in lock.
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§ 4.5 The test channel

96

In order to achieve phase coherence of the local oscillator

signals all these signals are derived from one master oscillator

both in the satellite as well as in the ground station. The

master oscillator in the satellite is a 48.457 MHz harmonie

signal. Fig. 4.10 shows a possible configuration for EUT.

limiter

f 1o=

96.836 lVlliz

PLL

PLL

9.9 GHz

x 2

x 3

12.5 GHz

19.75'" GHz

29.63 GHz

*

Fig. 4.10: possible configuration for the ground station

local oscillators

The master oscillator frequency flo is slightly less than

twice the frequency of the satellite's master oscillator. For

12.5 GHz this means that the reference PLL has a 10 MHz input

signal.

* The nonlinear hard limiter which transforms the sinusoidal 96

MHz signal in a 96 MHz square wave. produces only odd harmo

nies. The Fourier coefficients c(nf lo ) of the square wave v(t)

represented in fig. 4.11 are given by [36. p.29]:
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To
e(nf lo ) = 1 f vet) exp [- 2inn] dt To l/f lo

To 0 To

Or: le(nf lO )1 2 = 4A 2 for n = +1, ~3, ~5 ,

-n2n 2

= 0 for n = 0, ~2 , ~4 , (4.34)

(t)v

t
A T

- 0 ...
0

~T --+ t2" 0- ...
-A

Fig. 4.11: square wave

The total power in the signal is <v 2 (t» = A2 • Therefore the

n-th harmonie

20 10 10 g TT'n =

of the 96 MHz master signal

3.9 + 20 10 log n dB

is:

(4.35)

2 below total signal power

The exaet frequeney seheme for fig. 4.10 is therefore:

* for 1 2 • 5 GHz:

the PLL loeks to the 129-th harmonie;

the input power of the PLL is 46. 1 dB below the total power

from the limiter;

the frequeney at the output of the PLL is 12491.844 MHz;

* for 20/30 GHz:

the PLL loeks to the lOl-st harmonie (= 9780.436 MHz);

the output frequeney of the PLL is 9877.272 MHz;

the input power of the PLL is 44 dB below the total power

from the limiter;

behind the x2 multiplier the frequeney is 19754.544 MHz;

behind the x3 multiplier the frequeney is 29631.816 MHz;
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In praetiee the (theoretieal) limiter is replaeed by another har

monie generator: a pulsgenerator (with diodes) with adjustable

duty eyele (see [36, p.29J). This device also generates even

harmonies. For this device the power in the harmonies differs

from the values given above.

Fig. 4.12 shows the IF-part of the seetion whieh deteets the 12.5

GHz crosspolarization signal. The various signals are described

by:

CD VI has a frequeney of 12501.866 MHz

@ V2 has a frequeney of 12491.844 MHz (§ 4.5.1)

G) V3 has a frequeney of 10.022 MHz

8 V4 has a frequeney of 10.147 MHz (superheterodyne PLL with

intermediate frequeney of 125 kHz)

lf V 3 is written as: V 3 = R3 (t) cos (w3 t + J'r +rs - 7'2 + ?pm)

(see (4.3») then V4 ean be written as:

-
V 4 (t) = R4 sin(w4 t + ?r + fs - ?2 + ?pm) (4.36)

(see [37]); the phase rr + Ts - PZ is a low-pass vers ion of

the phase of V3 with:

* 1r phase jitter due to tropospherie effects

* 1:.s
phase jitter originating from the satellite beaeon

* r2 phase jitter originating from EUT loeal oscillator
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10 MHz
r___---. V

10 MHz

~ Vr::;
I'N

Fig. 4.12: section which detects 12.S GHz crosspolarized

signals

* ~pm filtered version of phase noise originating from white

additive gaussian noise. The associated spectrum can be appro

ximated by (see (4.6»:

*

for 0 < f < Bi

constant amplitude output of the VCO

CD On the analogy of (4.3) Vs can be written as:

(4.37)

filteredbandpass

ws = 2-.r10.022 10 6 rad Hz,.
~S = ~x + Ps - f2 + ~pm

consisting of the same phase jitter 1s - P2 as in (4.36).

rx includes the phase variations in the crosspolarization

signal.

RS(t) = AS(t) + niS(t)

niS is the in-phase component of the

white additive gaussian noise.

*

*
*
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A5 is determined by:

a) the polarization purity of the satellite antenna for

boresight and near boresight directions

b) crosspolarization introduced by the atmosphere (this is

what is to be measured)

c) the polarisation purity of the EUT antenna for bore

sight and near boresight directions (tracking improves

this purity)

d) cross talk of the copolar signal in the RF-section

@ Af ter mixing and filtering the phase jitter 1s - Cf2 is

(nearly) cancelled (nearly: the 10 MHz filters in the co- and

cross chain are not perfectly equal and: the reference PLL

doesn't provide an exact replica of rs - P2): (a factor 0.5 R4
is omitted)

= (4.38)

(j) As shot,Jn in [37, app .2] the signal V7 behind the VCO in the

PLL can then be written as:

(4.39)

with:

* 1017 = 21\" 125 10 3 rad Hz

* ~7 the phase jitter originating from the 125 kHz oscillator

also used in the reference channel.

* N = 25: the 125 kHz signal at the input of the PLL in the

*

test channel is downconverted to 120 kHz with the aid of a

5 kHz oscillator (which has phase coherence with the 125

kHz signal)

1r - Fx is the (reconstructed) phase difference between the

12.5 GHz co- and crosspolarization signal.

The reconstruction by

information part fr 

on the one hand the

the PLL ( in the test channel) or the

rx is as accurate as possible if:

loopbandwidth is as large as possi-

bie to be able to track all the spectral contributions

of the signal fr - ?x
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on the other

possible so as

hand the loopbandwidth is as small

'*to exclude all noise (fpm and f7)

as

This of course calls for optimizing the loopbandwidth. How-

condi-troposphericbecause Tr - fx depends on the

(scintillation present or not), the optimum bandwidth is

ever,

tions

The associated spectrum can be approxi-

vers ion of the phase noise

certainly not easily calculated,

for the reference PLL.

* <f:: is th e f i 1 ter e d

from thermal noise.

but is much smaller than Bi

originating

mated by:

for 0 < f < Bit (4.40)

with Bit the loopbandwidth of the PLL in the test

CS/N S Is the carrier to thermal noise density ratio

12.S GHz crosspolarization signal.

channel.

for the

Fig. 4.13 shows the structure of the sections that detect

20 GHz X- or Y- polarization signals

20 GHz crosspolarization signals

30 GHz co- and crosspolarization signais.

Like in the previous section the 12.S GHz copolar signal (upper

part in fig. 4.13) serves as a phase reference. There is however

one important difference with the preceding section: the multi-

plier/divider x MIN and oscillator following the reference PLL.

·The necessity of the two devices shall be explained now by consi-

dering the phase (only the "information" part) and frequency at

various points in the receiver.
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A

x.N

102

c
I--....... PLL

D

x MIN

xM
~

125
kHz

E /XI
~

J

~
PLL

"v

Fig. 4.13: detection of 20/30 GHz signals

Assumed: Tso is the phase jitter of the 48.457 MHz master oscil

lator in the satellite

ro is the phase jitter of the 96.836 MHz master oscilla

tor in the ground station.

* Point A: frequency: 12501.866 MHz

phase: 258 Y's 0
+ rr

* Point B: frequency: 12491.844 MHz

phase: 129 YJo
* PoiI'.t C: frequency: 10.022 MHz

phase: 258 <tso - 129 fo + fr

.* Point D: frequency: 10.147 MHz
- -

phase: 258 1so - 129 po + fJr
(low-pass vers ion of phase in point C)

* Point E: a) frequency: 19770.393 MHz

phase: 408 'I's 0
+ rt,20
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b) frequency: 29655.589 MHz

phase: 612 rso + 9\,30

* Point F : a) frequency: 19754.544 MHz

phase: 204 ?o

b) frequency: 29631.816 MHz

phase: 306 r0
* Point G: a) frequency: 15.849 MHz

phase: 408 tso - 204 po + ~t,20

b) frequency: 23.773 MHz

phase: 612 1'so - 306 r0+ ft, 30

* Point H: a) (M/N = 68/43)

frequency: 16.046 MHz
- -phase: 408 '!so -

204 '0 + 68 fr-
43

b) (M/N = 102/43)

frequency: 24.070 MHz
- -phase: 612 1so - 306 ~o + 102 fr

43

* Point I: a) (assumed : fif = 72 kHz)

frequency: 15.974 MHz
- -phase: 408 fso - 204 '10 + ~ fr

43

b) (assumed : fif = 172 kHz)

frequency: 23.898 MHz
- -phase: 612 rso - 306 ro + 102 pr

43

* Point J: assumed ?o = Fo and ?so = tso

a) frequency: 125 kHz

phase: -
~ rr -pt, 20
43

(4.41a)

a) frequency:

phase:

125

102

43

kHz
-fr - f t ,30 (4.41b)
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The above-mentioned design is based on the fact that both satel

lite and ground station use the same multiplication factors. If

the reference PLL needs a 10 MHz input signal and the test chan-

nel PLL needs a 125 kHz input. the choice of the master oscilla-

tor frequency flo and of f if is determined. The circuit in fig.

4.13 has the advantage of small extra added phase jitter ( fif

72 kHz or 172 kHz); it has however the disadvantage of IF

sections which are not interchangeable (IF frequency 10 MHz. 15.8

MHz and 23.8 MHz for the 12.5 GHz,

channel respectively).

19.77 GHz and 29.77 GHz

that not the absolute but only the relative phase(4.41) Shows

(e.g. ~ co

information.
- fcross for 20 or 30 GHz) contains valuable
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. 4.6. S nchronous detection of amplitude and phase

~4.~1.~mPlitu~measurement

The synchronous detection of amplitude is achieved in the section

illustrated in fig. 4.14 (see also [37]). One input of the syn

chronous detector/multiplier is the 125 kHz reference oscillator.

The other input is the output of the 125 kHz filter behind the

mixer in the reference PLL. lf

Rn V + n i : the envelope of Vin (see (4.4))

V the ave rage component of Rn containing information

about the co- or crosspolar signal variations

ni: the in-phase noise component

then Vout can be written as [37]:

'"Vout(t) = Rn cos fe
-

= (V + n i ) cos (4.42)

n i and Te are both low pass versions of n i and Fe' respectively;

re is the phase error of the PLL. ~Because <fe> = 0 0 and cos fe ~

1: <V out > < V thereby introducing a bias error. Fig 4.15 tries to

clarify this.

synchronous
detector

from PLL

125 kHz

Fig. 4.14: synchronous detection of amplitude
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1

106

•.. <cos re)

o

Fig. 4.15: loop phase er.ror introducing a bias error

* First assuming 0i = 0 appendix L shows the bias error in Vout

to be (lower bound):

A
20 10 log Y dB (4.43)

with Y = I 1 (x)

IO(x)

I n (.) the modified Besselfunction of the first kind;

order n

x C

No B lp
= noise equivalent bandwidth of the low pass filter

= carrier to noise density ratio (for clear sky

copolar signals see table 4.1)
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For x > 20 the variabie y can be written as (see appendix L):

== 1 - 0.5
~

x

(4.44)

(4.43) can now be simplified further for say, x > 40:

= 20 1010g L -10

x in 10

(4.45)

* A lower bound for the variance of Vout is shown to be (again

for n i = 0) :

j<V;ut>ÄV var -20 10 10g [v 2'J (4.46)= - - <V out >

V

[I VI -/J= -20 10 10g - - y/x dB

(explanation of the symbols: see (4.43))

For x > 20 (4.46) can be written in the simpier farm:

= (4.47)

which apart from the sign gives aresuit equal to (4.45) for x

> 40.

Remark:

(4.43) and (4.46) give the bias error acd the variance respecti

vely in case there is no steady state phase error within the

superheterodyne PLL (e.g. because of ill-tuned filters). Accurate

tuning of PLL filters is unnecessary when together with the in-

.phase component Rn cos ?e also the quadrature component Rn sin?e

is recorded. This method is usually referred to as the I-Q met

hod; it is employed by other Olympus experimenters.
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* For re = 0 0 the variance of Vout is:

61
Vout =

The relative variance is:

20 10 l0gr1 + . r;:;;'-J
y~-

(4.48)

(4.48) can also be written as:

(4.49)20

In 10+ )2 :~~J=

For r Blp «1

2 C/N o

(4.49) the variance (dB) due to filtered white noise to

increase with the square root of the postdetection bandwidth Blp ;

the bias error and variance (dB) caused by the PLL phase error

increase proportional with Blp : see (4.45).

The phase measurement is done with the aid of a digital phase-

detector (a set-reset FF : SR-FF) as shown in fig. 4. 16 (see also

[37]). One input Vin1 is the 120 kHz signal (from the reference

generator) with the proper phase. The other input Vin2 is the 120

kHz VCO signal rrom the "test - PLL". The phase difference

between the signals Vin1 and Vin2 contains:

1 an "information part" 'fr - pt
In case the test signal is the

fr - rt is the phase difference

crosspolarized signal.

12.5 GHz crosspolar

between the 12.5 GHz

signal,

co- and

In case the test signal is a 20 or 30 GHz signal a useful

phase measurement can only be done by subtracting rr -f t ,l in

one test branch from fr - ft,2 in another.
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2 a noisy part determined by the phase error of the PLL in the

test channel. This phase error depends on:

untracked spectral components of rr - pt outside Bit

phase noise originating from thermal noise

n,1 .. J.. ,............

~ S - ~ .
~ R

....
f'v

..
n,2 - I.. I--

V
1.

Fig. 4.16: the digital phase detector

Neglecting the first contribution a lower bound for the varianee

in the measured fr - ft is (see (4.6»:

Zo
~frt = (4.50)

with Blp the postdetection bandwidth of the low-pass filter.
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4.7. Summar of receiver characteristics

Summarizing chapter 4 the following can be specified.

514 The clear sky carrier to noise density ratio is:

56.5

58.2

62.9

dB Hz

dB Hz

dB Hz

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz

S15 The phase noise spectra of the beacons and the EUT local

oscillators are given by (EUT: worst case spectrum):

= +

with Cl and C4 given by table 4.3.

Table 4.3: values for Cl and C4

Frequency Beacon EUT

(GHz) Cl C4 Cl C4

12.5 1.3 10- 2 5.0 10- 10 0.8 4 10- 9

19.77 3.2 10- 2 1.0 10- 9 2 8 10- 9

29.66 6.3 10- 2 2.0 10- 9 5 2 10- 8
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516 The loop phase error variance ~2 is given by:

~2 0.5 Cl arctan B2 + 0.5 C4 Bif +

(0.3 Bl )2

[C~NO
[arctan (B{ï + 1) + arctan (B.j2 - 1)] +

l-B.(2+B 2

1 + BV2 + B2

with B = Bif

0.6 Bi

S17 The optimum bandwidth of the PLL in the reference branch

depends on atmospheric attenuation. The penalty of chosing a

fixed Bi (independent of attenuation) is not severe. For

clear sky conditions the optimum (SSB) bandwidth is some

where between 47 Hz and 184 Hz (if the 12.5 GHz copolar

signal is the reference signai). A more accurate determina

tion can be done if the phase noise spectrum of the EUT 12.5

GHz oscillator is more accurately determined.

S18 The reference PLL remains in lock for tropospheric attenua

tions on the 12.5 GHz link of (at least) 18 dB

S19 lf the 12.5 GHz copolar signal is used as a reference for

the 20 and 30 GHz signais, extra phase/frequency multipliers

and local oscillators are required.

S20 A lower bound for the bias error and the variance in the

measurement of amplitude (caused by the PLL phase error) is

given by:

tJ.Vvar = -b.,v bias - 10 dB

x in 10

with x = C > 40

No Blp
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521 The varianee in the amplitude measurement (caused by fil

tered white noise) is given by:

ÀV var = 20 10 log [1 + r;;;;-' ]
V2IcNo

dB

522 A lower bound for the varianee in the phase measurement is

given by:

=
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5. Errors in the assessment of phase and amplitude

§ 5.1. Introduction

Chapter 2 and 4 described the characteristics of the source

/satellite and the destination/receiver. In chapter 3 the tropo

spheric quantities were described.

In matrix form the transfer from source to destination can be

written as:

[:;] ( 5 • 1 )

with: Etx » Ety : the (complex) electrical field vectors transmit

ted by the satellite if the satellite antenna

were ideal (specification T5» chapter 2)

the (complex) electrical field vectors received

[Ar j :

[ D] :

[ D ] =

by the receiver

the transmission matrix of the satellite antenna

(specification T7» chapter 2)

the transmission matrix of the receiver antenna

the tropospheric transmission matrix given by

(see (3.4»:

[
IDx x I e - j p"x
IDy x I e - j (<iJcp.~ - l'c" )

IDyyl

in rcx - 7'cy » fcrx - rcx and fcry -
in § 5.3.

Deals with the errors in the measurement of IDxxl»

the errors

§ 5.2

I Dxy I and IDyx I ;
rCY are discussed



CHAPTER 5

§ 5.2. Amplitude errors

114

In general the variance in the amplitude measurement (caused by

filtered white noise) is given by (specification 521, chapter 4):

[ {B;;'J
20 10 log 1 +V~ dB ( 5 • 3 )

If the copolar signal is sampled every second, a postdetection

bandwidth Blp of 0.5 Hz is sufficient.

(5.3) depends on :

The parameter C/N o in

1 the carrier Co noise density ratio in the 12.5 GHz

channel

reference

2 the carrier to noise density ratio of the 20/30

signal in the test channel.

GHz copolar

For large attenuations on the 20 or 30 GHz link contribution 1

can be neglected because of the smaller attenuation on the 12.5

GHz link.. For small attenuations (5.3) yields a lower bound when

choosing C/N o to be the carrier to noise density ratio of the 20

or 3ü GHz copolar signal. The carrier to noise density ratio C/N o
can now be written as:

C = C

-A

I
1010

clear- sky

(5.4)

with A the tropospheric attenuation; the clear sky C/N o is given

by specification 514, chapter 4. Fig. 5.1 shows the results.



o. ~.

0.3
AVvar
(dB)

t
0.2

,

..

/'
,/' .

,/ .
O. 1

,-.-. . . . .. • •

B =0.5Hz
lp 12.5 GHz

19.71 GHz
• .. 29.66 GHz

o 10 20 30

~ attenuation (dB)

40

Fig. 5.1: lower bound for the varianee In the measurement of

copolar amplitude.
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For large carrier to noise ratios (4.49) gives a good approxima

tion Eor (S.3):

20 ;-;:;;:'

In 10 V~
dB (S. S)

This Eormula shows that every decrease in C/N o by 1 dB (i.e. C/N o
decreases by a factor 1.26) the variance (dB) increases by a

factor 1.12.

The variance in the measurement of differential attenuation (20

GHz beacon) is given by:

dB (S.6a)

With (5.5) this leads to a variance which is 12 times larger (in

dB) than is the case for normal amplitude measurements.

Comparison of (S.6a) with the calculated diEEerential attenuation

of fig. 3.S shows this measurement to be feasible.

A lower bound for the bias error and variance (dB) (caused by the

PLL phase error) is given by specification 820, chapter 4:

with x = C----
No Blp

la
x lnl0

for x > 40 (S.6b)

C Depends on:

No

1 the carrier to noise density ratio within the reference PLL

(this phase noise is passed on to the test channel because the

VCO in the reference PLL is contaminated with phase noise)

2 the carrier to noise density ratio within the PLL of the

channel

test
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Neglecting the first contribution (S.6b) yields:

AV var < 0.001 dB for 12.5 GHz, 10 dB attenuation

< 0.001 dB for 19.77 GHz, 24 dB attenuation

= 0.018 dB for 29.66 GHz, 42 dB attenuation. ( 5 • 7 )

This error can be properly neglected.

The maximum rain induced XPL in dB relative to clear sky is

according to specification SS, chapter 3:

- 21 dB

- 24 dB

- 27 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz ( 5 • 8 )

Specification 514, chapter 4 gives the clear sky carrier to noise

density ratio:

56.5 dB Hz

58.2 dB Hz

62.9 dB Hz

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz ( 5 • 9 )

Combining (5.8) and (5.9) yields the carrier to noise density

ratio which serves as input for the calculation of:

1 the variance in the amplitude measurement caused by filtered

white noise: specification 521, chapter 4

2 the variance and bias in the amplitude measurement caused by

the PLL phase error: specification 520, chapter 4

.Item 1 is illustrated in fig.

of 0.5 Hz.

5.2 for a postdetection bandwidth
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CXi

,

..

B1p=0.5Hz

12.5 GHz
19.66 GHz
29.66 GHz..

1

2

. ..
0 .. . ot •• • ,

0 -20 -30 -40 -50 -60

--Ilo XPL (dB relative to clear sky)

3

AVvar
(dB )

t

Fig. 5.2: varianee in the amplitude measurement of crosspolar

signals (caused by filtered white noise)
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Item 2 is illustrated in fig. 5.3 for Elp = 0.5 Hz (the restrie-

tion is that S20 only holds for C > 40).

No Bif
This figure shows that this amplitude error can probably be

neglected for crosspolar levels of interest.

-40 -50
XPL (dB relative to clear sky)

O. 1

4Vvar
(dB)

t0.05

o
o -]0

--+

/
/

/
/

/
/

/
/ ~

/
./

•.

..
•.

Blp=0.5Hz
- 12.5

19.77
•.• 29.66

GHz
GHz
GHz

Fig. 5.3: varianee in the amplitude measurement of crosspolar

signals (caused by the PLL phase error)

To put the figures shown above in a broader perspective fig. 5.4

is given showing the expected XPL for 19.77 GHz together with

several straight lines:

* the lower line represents the thermal noise floor

* the dashed line represents the crosspolar signal introduced by

the receiving antenna (design goal: XPD better than 40 dB for

boresight)

* the dot line represents the crosspolar signal introduced by

the satellite antenna: just as the copolar signal is atten

uated also the crosspolar signal originating from the satel

lite antenna is attenuated (specification T7, chapter 2). Spe

cificatlon T4, chapter 2 (polarization orientation/accura

cy) shows the crosspolar signal, introduced by the satellite
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antenna and rece1ved under clear sky conditions to be:

20 10 log ~in 2 0 )= -29 dB (relative to clear sky level for the

situation that the receiving antenna is ~ot ideally matched

for polarization)

From fig. 5.4 the use of adaptive cancellation of undesired

crosspolar s1gnals with hardware or software techniques

clear.

becomes

Fig. 5.4 shows the average XPL to be expected. The observed XPL

deviates from this mean because of

1 noise (as demonstrated by fig. 5.2 and 5.3)

2 the nature of crosspolarization: according to (3.30) the long

term XPL (for constant attenuation) is gaussian distributed

Assuming the standard deviation of the XPL to be ~ XPL (with con

tributions from 1 and 2) [45, p.102] shows the inaccuracy in the

determination of the mean XPL to be ~XPL/IN; N is the number of

XPL - values used to determine the mean. The procedure is as fol

lows:

* determine the total number of XPL data (every second during 2

years)

* determine the fraction of data for which the attenuation is

between two values e.g. for 20 GHz between 20 and 21 dB this

fraction is 1.85 10- 4 % with the aid of formula (3.5)

* determine ~XPL with (3.30) and specification S21 (~XPL = 2.4

dB)

This leads to a standard deviation of 0.22 dB. This value 1s of

the same order as the difference between some XPD models (repre-

sented in fig. 3.11) for attenuations larger than 20 dB. Th1s

means that proving the validity of one of the four XPD - models

from chapter 3 has to be done (at least for 20 GHz) for data for

,which the attenuation is not too large.
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The variance of the rain induced scintillation

function of attenuation A is given by specification

3 :

0 2
3.0 10- 6 AO• 59 dB 2 for 12. 5 GHzV,sc
3.8 10- 6 AO• 66 dB 2 for 19.77 GHz

4.9 10- 6 AO• 7O dB 2 for 29.66 GHz

2.
~v,sc as a

S12, chapter

(5.10)

These formulas show the rain scintillation to increase with

attenuation. As was demonstrated in fig. 5.1 the amplitude error

originating from thermal noise also increases with attenuation.

If the scintillation variance increases more rapidly (with

increasing attenuation) than the amplitude error, it is possible

that the rain scintillatioG standard deviation is larger than the

amplitude error. This will now be discussed.

First (5.10) must be rewritten into another form. If

standard deviation of the scintillation voltage Vsc
the mean of Vsc ' then (3.41a) shows:

1f
Dv,sc is the

and Vsc,m is

~"t
v,sc

Vsc,m

=

bV,SC

la 20 - 1 (5.11)

The scintillation to thermal noise variance ratio is given by:

lr 6:, sc] 2

Ó *n (5.12)

= [

~v sc ]l
10 zO - 1

2e
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with Blp the postdetection bandwidth

-A-
C = Cl· 10 10 :carrier to noise density ratio

No No. clear sky

The scintillat10n to thermal noise varianee ratio is maximum for:

= o (5.13)

For Blp = 1 Hz (for convenience!) t he maximum scintillation to

thermal no1se varianee ratio is:

0.03 for A = 2.6 dB. 12. 5 GHz

0.07 for A = 2.9 dB. 19.77 GHz

0.27 for A = 3.0 dB. 29.66 GHz (5.14)
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According to the above-mentioned model the measurement of rain

scintillation is therefore unfeasible unless the spectrum of rain

scintillation has a corner frequency smaller than 1 Hz which is

unlikely.

Remark: (S.12) can also be used to find the optimum antenna dia

meter: the larger the antenna the larger the received

signal (i.e. less noise variance) but on the other hand

the rain scintillation variance decreases because of

aperture averaging.

Choosing a postdetection bandwidth of 2 Hz (compare specification

89, chapter 3) the variance ~Vvar (caused by filtered white

noise) in the clear sky scintillation measurement is (for 12.S

GHz) :

f:JI var = 20 lOlog [ + (S.lSa)

For 20 and 30 GHz it is given by:

6v var = 20 1010g ~ + + 1

c/ No I20,30

(S.lSb)

(see note under (S.3); uncorrelated errors)

(S.lS) leads to:

Assuming:

0.013 dB

0.017 dB

0.014 dB

for 12.S GHz

for 19.77 GHz

for 29.66 GHz (S.16)

=

=

(jv,sc
10 20 - 1 for the scintillation variance;

for thermal noise variance;
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and requiring:

125

tb * J2v! sc
tr *n

> 10 for accurate measurement of the scintillation

spectrum

then the minimum required ~,sc is:

6v ,sc > 20 1010g [3.16 bo~S - 1] + 1] dB (5.17a)

Or: l5"v,sc > 0.041 dB

0.054 dB

0.044 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz (5.17b)

Comparing (5.17) with fig. 3.20 shows that the scintillation

measurement should be feasible for the larger part of time.

Until now only the effect of thermal noise is

are two other sources of error:

discussed. There

1 slow variations of the received signal due to receiver

instabilities, space craft effects (see e.g. specification T9,

chapter 2) or rain attenuation

2 the limited number of independant samples of the scintillation

signals restricting the accuracy with which e.g. the scintil

lat ion variance can be determined

1 Long term trends in the scintillation data can be removed by:

a) high-pass filtering the analogue signals before sampling

b) digital filtering af ter sampling

c) using a radiometer as calibration

d) trend removal with curve fitting of polynomials of the

third degree (see e.g. [33, p.72])

·2 In order to calculate reliable statistical parameters a

sufficient number of independent, uncorrelated samples of the

process must be obtained limiting the maximum useful sampling

rate to the Nyquist frequency, [45]. Therefore the observation

period should not be too short (say, a few minutes) in order
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to reduce statistical uncertainties. On the other hand, the

observation period should not be too long because the scintil

lat ion process is non - stationary (see §3.3.1)
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S5.3. Phase errors

The error in the phase difference between the 12.5 GHz copolar

signal in the reference channel and the 12.5 GHz crosspolar

signal in one of the test channels is given by specification 822,

chapter 4:

(5.18)6'frt
2 = Blp

C/N o

C/N o is given

chosen to be

by (5.8) and (5.9). The postdetection bandwidth is

0.5 Hz again. The contribution due to phase noise

from the 12.5 GHz reference channel is neglected.

For 20 and 30 GHz the determination of the phase difference

between co- and crosspolarized signals can not be measured

directly as was demonstrated in § 4.5.3. First the phase diffe-

rence between the 12.5 GHz copolar signal and the 20/30 GHz

copolar signal is determined. Phase error variance:

6frt 2 = Blp "

c/Noiclear sky

(5.19)

with A the tropospheric attenuation (dB).

As a second step the phase difference between the 12.5 GHz copo

lar signal and the 20/30 GHz crosspolar signal is determined. The

phase error variance is again determined by (5.18) together with

(5.8) and (5.9). Neglecting the contribution of (5.19) the stan-

dard deviation of the phase error in fco - 'cross can be

.calculated, see fig. 5.5.
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Fig. 5.6 shows the mean difference ~co - ~cross for 30 GHz

together with the standard deviation of the phase error: when the

crosspolar level is maximum (about -36 dB for an attenuation of

about 9 dB) the phase error is minimum; for larger or smaller

attenuation the phase error increases (XPL model: see fig. 3.12;

SI - model is chosen).

The shaded area indicates the standard deviation of the phase

error. This phase error is of importance for detailed studies of

for a given

noise in the

time series of Tco - ?cross. If

determining the mean ~co - ~ cross

observed phase error due to thermal

one is only interested in

attenuation the

receiver is much

smaller when averaging is applied to the total data base of two

years of data.

The phase difference between the two 20 GHz copolar signals can

be calculated by:

1 determining the phase difference between the 12.5 GHz refe-

rence signal and the 20 GHz Y - polarization copolar signal

2 determining the phase difference between the 12.5 GHz refe-

rence signal and the 20 GHz X - polarization copolar signal

3 subtracting the fore-mentioned two quantities yielding the

differential phase shift rcy - rcx
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%.
As stated earlier under (5.3) the varianee bfrt is determined by

c/NoI12.5 in the referenee ehannel and c/No120 in the 20 GHz

eopolar ehannel:

~r 2rt + (5.20)

-A-
with in general: C C

lelea:
10 10- -

No No sky

(A attenuation in dB)

The relation assumed to exist between attenuation on the

(5.21)

12.5

GHz link and attenuation on the 20 GHz link is given by (3.5)

where the attenuation (dB) of the 12.5 GHz Y - polarization

signal is 2.6 times smaller than the average attenuation on the

20 GHz link.

Keeping in mind further that the varianee of the phase error in

standard deviation of the phase error is shown in
~ey - rex
errors) the

is twiee the value mentioned in (5.20) (uneorrelated

fig. 5.7 for Blp = 0.5 Hz. Cömparing this figure with fig. 3.7

(maximum differential phase shift for 20 GHz) the measurement of

the differential phase shift even on a short term basis (whieh is

of interest when one tries to prove an instantaneous relation

between this phase shift and the tropospherie attenuation) seems

to be feasible.
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The phase scintillation spectrum is specified by Sll, chapter 3:

for 99.97 % of time the spectral density of the phase scintilla-

tion spectrum (clear sky) for 1 Hz is smaller than (one sided

spectrum):

2.3 10- 3 rad 2 /tiz for 12.5 GHz

3.6 10-3 rad 2 /Hz for 19.77 GHz

4.6 10- 3 rad 2 /Hz for 29.66 GHz (5.22)

The phase jitter associated with this scintillation was called fr

in (4.1). With the equipment described in chapter 4 only 1r - ft

(the phase difference between the phase Fr !n the reference chan

nel and the phase 1t in the test channel) can be measured; direct

measurement of ?r is not possible in this way (unless theoretical

considerations reveal arelation between fr and ?r - ft)'

In theory, a measurement set up which offers the possibility of

directly measuring the "absolute" phase rr exists. It can be

achieved by using three chains (for 12.5, 19.77, and 29.66 GHz

copolar signals) with separately locking PLL~s. By choosing a

very small loopbandwi~th the phase error within the loop is a

direct measure for the scintillation phase jitter (the contrib-

ution to the phase scintillation spectrum of frequencies below

the loopbandwidth is of course not recognizable any more). In

practice however even this method doesn~t work because the phase

scintillation spectrum "drowns" even in the spectrum originating

from the satellite~s oscillator alone. S15, chapter 4 states this

spectrum for 1 Hz to be:

1.3 10-2

5.2 10- 2

6.3 10- 2

?
rad-/Hz

rad 2 /Hz

rad 2 /Hz (5.23)

which is almost one order of magnitude larger than the scintilla

tion spectrum in (5.22).



CdAPTER 5 134

§ 5.4. Summary of error specifications

S23 The standard deviation of the error in the assessment of

copolar amplitude is (postdetection bandwidth = 0.5 Hz):

0.021 dB for 12.5 GHz, 10 dB attenuation

0.084 dB for 19.77 GHz, 24 dB attenuation

0.38 dB for 29.66 GHz, 42 dB attenuation

every decrease in attenuation by 1 dB causes the standard

deviation (dB) to decrease with a factor 1. 12

524 The standard deviation of the error in the assessment of

differential attenuation (20 GHz beacon) is vr:r times larger

(in dB) than the values specified in S23.

S25 The standard de~iation of the error in the assessment of

crosspolar amplitude is at least

0.5 dz):

(postdetection bandwidth

0.18 dB

0.21 dB

0.19 dM

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz

for maximum XPL

526 The ratio of rain induced (amplitude) scintillation variance

to thermal noise variance is maximum for an attenuation

between 2.6 dB and 3.0 dB (depending on frequency). The

measurement of rain induced amplitude scintillation seems

however unfeasible.

S27 The standard deviation in the measurement of clear sky

amplitude scintillation is (postdetection bandwidth 2 Hz):

0.013 dB

0.017 dB

0.014 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz
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528 The standard deviation in the assessment of the phase diffe

rence between co- an crosspolar signals is at least: (post

detection bandwidth 0.5 Hz):

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz

for maximum XPL

529 The standard deviation in the assessment oE the phase diffe

rence between the two 20 GHz copolar signals (X- and Y

polarization) is (postdetection bandwidth 0.5 Hz):

0.92 degrees for 22 dB attenuation

Every decrease in attenuation by 1 dB roughly

phase error to decrease with a factor 1.11

causes the

530 The measurement of phase scintillation seems unfeasible
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Chapter 6. Conclusions / recommendations for further

investigations

In the preceding chapters the specifications 51 to 530 described

the tropospheric effects (chapter 3), the receiver characteris

tics (cnapter 4) and the errors in the assessment of amplitude

and phase (chapter 5). A concise enumeration of the most impor

tant specifications is as follows:

1 a more accurate determination of the optimum bandwidth of the

phase locked loop in the reference channel can be made if the

oscillator of the EUT spectrum analyzer (which is to determine

the phase noise spectrum of the local oscillator) introduces

less phase jitter.

2 the crosspolarization signal induced by the troposphere can

probably be measured only when undesired crosspolar signals

(from the satellite and receiving antenna) are cancelled.

These cancellation techniques requlre further investigatlon.

3 because the clear sky scintlilation variance is not extremely

large the short term beacon power variations could mask the

scintillation variations. It is to be lnvestigated whether a

radiometer can be used to compensate for these beacon power

variations.

4 the measurement of rain induced amplitude scintillatlons seems

unfeasible because of the aperture averaging effect caused by

the large receiving antenna.

5 the measurement of phase scintl1lation seems unfeasible.
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azimuch « and polarization tilt

Appendix A: Calculation of elevation, azimuth

and polarization tilt angle

The calculation of elevation f)
angle -r is given in [8].

* difference in longitude ~p =

longitude Eindhoven - longitude satellite = -24.5 0

(degrees east: negative)

(A. 1 )

* difference in latitude ~'f' =

latitude Eindhoven - latitude satellite 51.5 0 (A.2)

* global angle YG = arccos(cos6?cosÁ~) = 55.5 0

* distance Olympus - Eindhoven L =

JR; + R~ - 2 RG RE cos'Y G' = 38908 km (hO« RE)

with RG = the distance from the satellite to the centre

of the earth = 42164 km

RE = radius of the earth = 6378 km

(A.3)

(A.4)

* rSGO + arccos [tan~~J if ~~~ 0 0

tan ~G

d.. = 180 0 - arccos ~tanil'tJ if f: yt< 0 0 (A.5)

tan"'JG
= 210.2 0 (clockwise from north)

* [

RG cos"VG - RE]
el e vat ion E. = arc ta n RG sin "I G = 26. 7 0 (A.6)

* the polarization rotation angle irr is the difference between

the angle the polarization direction makes with the equato

rial plane (at the transmitter side) and the angle the polari-

zat ion direction makes with the local horizontal

receiver side). The modulus is given by:

(at the
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, [t a n ( arc sin ( cos ft tr' s i n<l() )J .
arctan coS(arCSin(~ siniG)) = (A.7)

To determine the sign (+ or - with respect to the local horizon

tal) fig. A.l is useful. 180 0 azimuth means an antenne pointing

southward. The crosses in the geostationary orbit denote the two

orthogonal polarization directions (one of which coincides with

the equatorial plane at the satellite) as they can be observed in

Eindhoven. A wave sent with originally horizontal polarization

from the Olympus satellite is received (according to fig. A.2)

with a polarization angle of -18.4 0 with respect to the local

horizontal in Eindhoven. A wave sent with originally vertical

polarization is received with a polarization angle of 71.6 0 with

respect to the local horizontal. For the Eindhoven-Olympus link

the polarization tilt angle equals the polarization rotation

angle from (A.7) because the X-polarization at the transmitter is

~ot tilted with respect to the equatorial plane.

In the preceding part it is assumed that the two orthogonal

polarization directions as transmitted by the satellite on 20

Gclz, áre also in Eindhoven received as two orthogonal polariza

tion directions, though tilted, despite the fact that Eindhoven

"looks at the satellite antenna aperture obliquely". This

assumption holds true in the far field of the antenna for angles

not too far from boresight. This is certainly the case for the 20

and 30 GHz beacons because of the spot beam.

Starting from tne polarization scheme of Chapter 2 the polari

zation direct ion is given by (positivê x-axis corresponding to

western dicection; polarization tilt angle = - 18.4 0 ):

* 71.ó o with respect to the local horizontal in Eindhoven for

the vertically (Y-)polarized waves transmitted by tne satel

lite at 12.5, 20 and 30 GHz

* -18.4 0 with respect to the local horizontal in Eindhoven for

the horizontally (X-)polarized wave transmitted by the satel

lite at 20 GHz
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Fig. A.l: geostationary orbit as seen from Eindhoven

(from [8, p. 19])
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Fig. A.2: polarization tilt angle
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Appendix B: Kaïn attenuation statïstics (CCIR)

In [6 t Rep. 564-2] the following method is recommended to deter-

mine the rain induced attenuation

1 Determine the rain height h R exceeded for 0.01 % of the time

f- 27

h R = 5 • 1 - 2. 15 1010g ( 1 + 10 25 ) km (B. 1 )

cp = latitude Eindhoven; h R = 2. 90 km

2 Determine the length LS of the transmission path through rain

LS = ~R~o = 6.42 km

sin t

3 Determine the horizontal projection LG of LS

LG = LS cos! = 5.73 km

(B.2)

(B.3)

4 Determine the reduction factor r p • This factor is introduced

to compensate for the fact that the rain intensity in a rain

shower is not uniform

90

r p = 90 + 4L G = 0.797 (B.4)

5 Determine the rain intensity in mm/h which (averaged over

several years) is exceeded for only 0.01 % of a year. For the

receiving station at EUT this is around 22 mm/h (see [7];

integration time for the rain rate measurements: one minute).

In [6 t Rep. 563-2] a value of 22 mm/h is given for the E-

climate in Eindhoven

6 Determine the specific rain induced attenuation Jr. The

following expression for or is used in [6 t Rep. 721-1]:
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~r = k (R O • 01 )a

wit h k = [k 1 + k 2 + (k 1 - k 2) eos 2t; eos 2r] /2

a = [k 1 a 1 + k 2 a 2 + (k 1a 1 - k 2 a 2 ) eos 2~ eos 21:' ] / 2 k

valid for:

* Laws and Parsons rain drop size distributions

* oblate spheroidal rain drop shape

* 20 0 C rain drop temperature

* mean eanting angle = 0 0 (vertieal rotation axis)

* all rain drops equi-aligned

( B • 5)

kl' al hold for waves linearly polarized along the major axis

of the rain drops; k 2 and a2 hold for waves linearly pola

rized along the minor axis of the rain drops. The va lues ean

be determined with the aid of [6. Rep. 721-1] by interpola

ting kl' K2 and frequeney logarithmieally; al and a2 are

interpolated linearly.

Interpolation for k 1 and al for 12.5 GHz:

log(15/12.5)

log(15/12)

= log(0.0367/k 1__) __

log(0.0367/0.0188)

k 1 = 0.021 (B. 6)

log(l5/12.5) =

log( 15/12)

1.154 - a1_

1.154 - 1.217

: a 1 = 1. 2 1 (B.7)

The results are summarized in Table B.l.

Table lL 1: values for k and a

If (GHz)1 k 1 k 2 al a2

I I
I 12.50 I 0.0212 0.0191 1.205 1.187

I Y-pol I

k a

0.0195 1.19

0.0719 1.10

0.0682 1.07

0.166 1.01

I 19.77 I 0.0730 0.0671 1.101 1.068

I X-po 1 1 ----'- _

J 19.77 I 0.0730 0.0671 1.101 1.068

I Y-pol I
I 29.66 I 0.182 0.163 1.02 1.00

I Y-pol 1 ----'- _
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Therefore:

f r
=: 0.77 dB/km (12.50 GHz; Y-polarizacion)

~r
=: 2. 15 dB/km (19.77 GHz; X-polarizacion)

~r
=: 1. 86 dB/km (19.77 GHz; Y-polarizaCion)

lr
= 3.77 dB/km (29.66 GHz; Y-polarizaCion) (B.8)

7 Decermine che accenuacion AO• 01 which is exceeded for 0.01 %

of an average year wich che formula:

dB (B .9)

Wich (B.8):

AO• 01 = 3.9 dB (12.50 GHz; Y-polarizacion)

11. 0 dB (19.77 GHz; X-polarizacion)

9.5 dB (19.77 GHz; Y-polarizacion)

19.3 dB (29.66 GHz; Y-polarizacion)

8 The accenuacion Ap exceeded for ocher percencages p of cime

can be decermined wich the following excrapolacion formula

(for percencages larger chan 0.1 % of che cime, see [6, Rep.

565-2J) :

wich

= Aa. 0 1 [_p_]a
0.01

a = -0.33 for 0.001 %

a = -0.41 for 0.01 %

< p < 0.01 %

< p < 0.1 %

Therefore:

Ap = 0.219 AO• 01
p-0.33

Ap = 0.151 AO• 01
p-0.41

Ap = 0, 13 AO• 01
p-0.5

for 0.1 % < p < 1 %

0.001 % < p < 0.01 %

0.01 % < p < O. 1 %

0, 1 % < p < 1 % (B.l0)

Table B2 summarizes che resulcs;

3.3 •

resulcs are also shown in fig.
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Table B2: expected exceedance probability for a given

attenuation (dB)

Frequency (GHz)

fraction of (X-pol) (Y-pol)

time (% ) 12.50 19.77 19. 77 29.66

0.001 8.3 23.5 ZO.3 41.3

0.003 5.8 16.4 14 • 1 28.7

0.01 3.9 11. 0 9.5 19.3

0.03 2.5 7 • 0 6.0 12. 3

O. 1 1.5 4.3 3.7 7.5

0.3 0.9 2.6 2.3 4.6

1.0 o•5 1.4 1.Z Z.5

With respect to the last condition for (B.5) (equi-aligned rain

drops) a remark is appropriate. In the original paper on which

this model is based. ( [ 9 • p.677]). k 1 - KZ is replaced by m( k 1 -

k 2 ) and k 1 a l kZa Z is replaced by m(k 1a l kZaZ) with
_2~2..- - m = e e

(6'"&2 is the variance of the rain drop canting angle) accounting

for the random rain drop canting angle. The effect of m can be

stated as: the larger the "randomness of the rain drop orienta

tion". the more the path attenuation tends to the value (indepen

dent of elevation and polariz.tion) (Al + A 2 )/2: the average of

the attenuation for waves linearly polarized along the major or

minor axis of the rain drops. The choice of the standard devia

tion E)G and th.=. mean canting angle è can be a problem. [9J

suggests to use e and 6ê valid for terrestrial paths and then to

scale for elevation by multiplying thase quantities by cosi.

[6J uses as a value for ~e in its XPD model (which is based on

the abovementioned calculation of attenuation) 6c9 = 0°. Using

this value for the calculacion of attenuation results in the

values given in (R.9).
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Alternatively, one could choose ~ ->ro and compare the results

with (B.9) (this is done in Ch. 3). With 0.. ->00:
S

k 2 < k = (kl + k 2 )/2 < k 1

a2 < a = k 1 a 1 + k 2 a 2 < al

k 1 + k 2
Combining table B.1 , (B.9) and (B.11) yields:

(B.11)

AO• 01 = 4.2 dB

10.3 dB

20.1 dB

(12.50 GHz)

(19.77 GHz)

(29.66 GHz) (B.12)
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Appendix C: Calculation of differential attenuation and phase

shift for two orthogonal polarizations ZOGH%

The calculation of differential attenuation depends on the rain

drop size distribution. In this appendix the following rain drop

size distributions shall be used:

* Marshall & Palmer

* Joss: thunderstorm

* Joss: drizzle

* Laws and Parsocs

For the first three models the differential attenuation'&A (dB)

is described in [19]:

= ( C • 1 )

with 6"'11 (rad) the standard deviation of the rain drop canting

angle. Aav in th is formula is (probably) the average attenuation

(Al + AZ)/2 (dB) along the path (Ai being the attenuation for

waves linearly polarized along the major or minor axis of the

elliptically shaped rain drop) because the parameters describing

Aav in [191 do not depend on elevation ( or the polarization tilt

angle""'j;. For 19.77 GHz pand q are displayed in table C.1.

Table C.l: values for pand q

IRain drop size

distribution p q

Marshall & 0.116 1. 27

Palmer

Joss: 0.186 1. 23

Thunderstorm

Joss: 0.0792 1. 33

drizzle
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(Marshall & Palmer)

(Joss: thunderstorm)0.148 leff

0.926 'leff=

For maximum AA it is assumed: a = T and ~ = 0 0 leading to:

1. 27

~::;J
1. 23

[1::;]
0.0632 (Joss: drizzle) (C.2)

The results are shown in fig. 3.5 for leff = LS r p = 5.1 km as

recommended by (B.2) and (B.4).

For the Laws & Parsons rain drop size distribution, the following

is recommended. As a starting point, the CCIR attenuation model

of app. B is used. There the specific ~ttenuation ~r (dB/km) was

defined as (for a mean canting angle a = 0 0 of the ra in drops;-for a mean canting angle ê F 0 0
, 1:" must be replaced by (J - 1:):

rr = k (R O • Ol ) a.

wit h k = ( k 1 + k 2 + (k 1 - k 2) cos 2é cos 2T] / 2

a = (k 1a 1 + k 2a 2 + (k 1a 1 - k 2a 2 ) cos 2Ecos 21:] / 2k (B • 5)

For maximum differential attenuation it is assumed that"ij = r .
With the aid of table B.l for 19.77 GHz it can be found that:

4r ,y

=

=

0.0727 R 1.093

0.0674 R 1.076 (C.3)

The relation between rain intensity Rand attenuation A depends

on what attenuation is chosen as a reference. It is recommended

. to choose the value Aav = (Al + A2 )/2 = leff (tr,l + tr,2)/2 ~

lr,av • leff which is independent of Tand 2: as shown by (B.12).

Table B.l then gives:

y 0.0701 R 1.085'r,av = (C.4)
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Assuming that (B.7): AO• 01 == Or L5 r p a1so h01ds for other

percentages of time the re1ation between rain intensity Rand

attenuation Aav is:

1

R == (C • 5 )

Then the differentia1 attenuation ~A equa1s (Ax (Ay )

attenuation app1ying to X-(Y-)p01arization signa1s):

is the

AA == A -L1 X

== 1 eff
== 1 eff

Ay == (rr ,x - Yr , y) 1 e f f ==

CO.0727 R 1.093 - 0.0674 R 1.076) ==

( 1 • 0 6 [Aa v ] 1. 00 7 - O. 9 4 [~ -J 0 • 9 9 2 )

1 eff 1 eff

( C• 6 )

(C.6) is shown in fig. 3.5 with 1eft == 5.1 km.

Note: if assumption (C.S) is incorrect, (C.6) on1y

attenuations exceeded for 0.01 % of the time i.e. for

tions around 9 to 10 dB (for 19.77 GHz)

h01ds for

attenua-

The ca1cu1ation of the differentia1 phase shift Öra as a function

of the ave rage rain attenuation is based on [10, p.999]:

'Y 1-" -t
Jt 2 e - 2"....rAav 1 eft COS(Il-t? cos f. 17 (rad) (C. 7 )

with ~ (rad) the standard deviation of the rain drop canting

angle. To arrive at the maximum difEeréntia1 phase shift, it is

assumed (as was the case for maximum differentia1 attenuation)

that é - r ~ == 0 0 • The parametersjA and Y (apart from frequen

cy) depend on the rain drop size distribution. Tab1e C.2 resumes

'tlle resu1ts.
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Table C.2: parameters~ and V for 19.77 GHz

IRain drop size

distribution .f\

Marshall & 0.022 1.0

Palmer

Joss: 0.020 0.97

Thunderstorm

Joss: 0.020 1.1

drizzle

(C.7) combined with Table C.2 gives ~~ (in degrees)

lira = 1. Ol Aav (Marshall & Palmer)

o.91 leff tAavr 97 (Joss: thunderstorm)

leff
0.91 leff ~rl

(Joss: drizzle)

leff

This result is drawn in fig. 3.7 for leff = 5.1 km.

(C.8)
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Appendix D: Crosspolarization as a function of attenuation

Semi-empirical models predicting the mean XPD (dB) versus atte

nuation A (dB) are usually based on the simple form:

XPD u - V 10 log A ( D • 1 )

with V depending on frequency (in general)

U depending on:

* frequency

* elevation ~

* mean canting angle e of the ra in drops

* standard deviation ~e of the canting angle distribution

Four models are described:

* CCIR-model [6 t Rep. 722-1 and Rep. 564-2]

* Dissanayake t Haworth t Watson (DHW) model [14]

* Chu-model [15]

* Simple Isolation model [16]

In fig. D.1 (from [17]) the mean canting angle a is displayed

versus the ave rage ra in intensity R (mm/h) for a terrestrial

link. The assumption G= 0 0 used throughout this appendix could

be based on this figure. One should also bear in mind that ê is

reduced when sealing ~ (valid for terrestrial paths) for eleva

tion (see e.g. [9])

CCIR-model

~

XPD = 0.0053 6~ - 10 10log (0.5 [1 - cos(4r) e-0.0024<~]) +

30 10 10g f - 40 10log(cos~) - V(f) 10 10g A

with V(f) = 20 for 8 < f < 15 GHz

23 for 15 < f < 35 GHz (D.2)
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Fig. 0.1: measured mean canting angle e (from [17])

Remarks:

*

*

*

The larger %' the larger the XPO improvement. Recommended

value: 6& = 0 0
•

o•5 [1 - cos ( 4r) e - 0 • 0024~] == O. 5 [1 - cos ( 4"'t, ) ]

(for ~m small enough) = sin 22r :

This agrees with the theoretical formula (3.20) for 10 0 < ~<
80 0 [6, Rep. 722-1). Recommended value: ~m = 5 0

The model is valid for 8 < f < 35 GHz

* The elevation dependance is according to (3.20). The model is

valid for 10 0 < ~ < 60 0

* The variable A is not the ave rage path attenuation

(Al + A2 )/2 (see [ 9 ) ) as opposed to the OHW and the Chu

The consequences will be discussed in chapter 3 •

Now (0.2) can be written as:

Aav
model.

XPO 6.3 + 30

with V(f) = 20

23

10 log

fo r

for

f - V 10 log A

8 < f < 15 GHz

15 < f < 35 GHz

(0.3)
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XPD 0.0053 ~i - 10 10log(sin22~) + B - 40 1010g(cost) +

- 20 10 log A

with B = 84.18 - 90.95 x fY + (52.56 x fY - 21.48) log f

(for a rain drop temperature of 20 oe; x = 0.625,

Y = 0.145)

B = 84.8 - 88.8 x fY + (50.32 x fY - 21. 9) log f

(for a rain drop temperature of 0 oe; x = 0.759,

Y = 0.08) (0.4)

Remarks:

'ie

'ie

'ie

Despite the fact that in their manuscript they use

authors from [14] mean to say 10 log

Recommended: 6é = 25° ([141 uses curve fitting)

The T- and ~-dep~ndence agree with (3.20)

the

'ie The frequency dependence (concentrated in B) is rather

awkward. The author of this thesis recommends to replace the

expression for B by:

B "" 7 • 2 + 21.2 10 log f

(for a ra in drop temperature of 20 0 ;

12 < f < 30 GHz)

B = 5.4 + 22.0 1010g f

(for a rain drop temperature of 0 0 ;

12 < f < 30 GHz)

(D.5a)

maximum error 0.3 dB for

(D.5b)

maximum error 0.2 dB for

Table (0.1) compares. for a given rain drop temperature, the

fitting (0.5).

stated in [16].

exact formula (0.4) with the expression obtained by curve

(This recommendaticn diifers from what is

Their curve fitting seem3 to yield a larger

error). The maximum difference between the ~wo expressions for

B: (D.Sa) and (D.Sb) is 1 dB (for 12 GHz) showing only a

slight dependence on rain drop temperature.

'ie For the attenuation A in (0.4) [14] has chosen the average

attenuation Aav "" (Al + A2 )/2
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Table D.1: comparison of B in (D.4) and (0.5)

I B20 I BO I
I I I

f I I curve I I curve I
(GHz)1 exact !fittingl exact Ifittingl

I
12 I 30.3 30. 1 29.2 29. 1

13 I 30.9 30.8 29.9 29.9

14 I 31.4 31.5 30.5 30.6

15 I 32.0 32. 1 31. 1 31.3

16 I 32.5 32.7 31.7 31.9

17 I 33.0 33.3 32.3 32.5

18 I 33.5 33.8 32.8 33.0

19 I 34.0 34.3 33.3 33.5

20 I 34.5 34.8 33.8 34.0

21 I 34.9 35.2 34.3 34.5

22 I 35.4 35.7 34.8 34.9

23 I 35.9 36.1 35.2 35.4

24 I 36.3 36.5 35.6 35.8

25 I 36.7 36.8 36. 1 36.2

26 I 37.2 37.2 36.5 36.5

27 I 37.6 37.5 36.9 36.9

28 I 38.0 37.9 37.3 37.2

29 I 38.4 38.2 37 • 7 37.6

30 I 38.8 38.5 38.0 37.9

I

(0.4) can now be written as:

XPD = 16.9 + 21.2 10 10g f - 20 10 10g A

(rain drop temperature: 20 0 )

XPO = 15.1 + 22.0 10 10g f - 20 10 10g A

(rain drop temperature: 00 ) (D.6)
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XPD =
1

11.5 - 10 10 10g [O.5 (1 - eos(4r) e- 86M)] +

+ 20 10 10g f - 40 1010g(eos() - 20 10 10g A + dA/2 ( D• 7 )

Remarks:

* The rain drop eanting angle varianee ai is embodied in the

term 11.5: this term is a semi-empirieal fit to existing

measured data

beeause of iee depolari-

*
*

Reeommended: ~m = 30 (Qm in (0.7) is in rad)

The model is valid for: [15]

10 < f < 30 GHz

5 < A < 20 dB (lower limit:

zation; upper limit: beeause the small

argument approximation is not valid any

more for large attenuations)

* The sign of the term ÀA/2 depends on polarization. The + sign

is valid for quasi-vertieal polarization:

tion vector is within 45 0 of the vertieal

when the polariza

plane (eontaining

both propagation direction and loeal gravity direction). This

polarization dependent term ~ÁA/2 agrees with (3.20) showing

different XPO values for different polárizacions. ÓA is given

by: aA = 0.15 A cos2~eos2T. This equation ean be explained as

follows. For a terestrial path the differential attenuation AA

is 15 % of the attenuation (according to [IS); eompare e.g.

with fig. 3.5). Af ter sealing for elevation and polarization

*
tilt angle the above-mentioned formula arises.

This model uses A = Aav = (Al + A2 )/2 as a variable (see [11})

(0.7) ean thus be written as:

XPO = 17.9 + 20 1010g f - 20 10 10g A + 0.048 A

(+ sign (- sign) for Y-(X-)polarization)

(0.8)
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XPD = 9.5 + 0.0053 ~l + 1

- 10 10 log [0.5 (1 - cos(4~) e-0.0024C~)] +

+ 17.3 10 log f - 42 10log(cos~) +

- 19 10 log A - 20 10 log F
o

Rewarks:

* Recowmended: ~= 12 0 , 6 = 3 0
w

* Validity: 1 1 < f < 30 GHz

3 < A < 35 dB

(0.9)

* The frequency, elevation and attenuation dependence were all

*
accomplished by curve-fitting

It isn't clear what definition of attenuation is used: the

*

average value Aav = (Al + A2 )/2 or the attenuation belonging

to a specific polarization

The variabie F o stands for the fraction of the rain drops

being oblate spheroidal; the fraction 1 - Fo is spherical and

doesn't introduce crosspolarization. Recowmended value: Fo =
0.65

Therefore (D.9) can be written as:

XPO = 20.5 + 17.3 10 log f - 19 10 log A (0.10)
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Appendix E: Statistics for clear sky amplitude scintillations

The standard deviation 6 v sc (dB) of the log-amplitude,
(3.39a» can be approximated by a lognormal distribution

to the probability density function:

t (see

leading

p(6 v ,sc) = 1
%'"

v,sc in 10

1 exp - fl 010 g 6"v,sc

L ( E • 1 )

wit h t5"m, set heme a n val u e 0 f t he var i a bie 6"1 0 g ~ 1 0 log fi'"v , s c

= __i ncrv J sc

in 10

CG the standard deviation of the variabie ~log

If Óv,sc (dB) is lognormally distributed, thenolog is normally

distributed with probability density function:

1 exp - [6"lOg - ~m! s cj2
2 (f1

G

( E .2)

Therefore the cumulative distribution can be written as:

1

= 0.5 [ 1 - erf[6 - Ç" J]L m,sc
€""G" VI (E.3)

formulas

actual

should be kept in mind that in the above-mentioned

is purely induced by the tropospheric medium. The()
v,sc

observed variation includes thermal noise according to:

(see [18, p.298]); erf(.) is the error function)

It
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6't = 6'v,sc + Sn

with 6 t the total observed standard deviation (dB)

~n the standard deviation due to thermal noise (dB)

(see specification 521, chapter 4):

JBlp "
6n = 20 10 10g (1 + 2 C/N o )

Blp is the postdetection bandwidth

C/N o is the carrier to noise density ratio

(E. 4)

In fig. E.la the probability density function as measured by [31]

is shown. The thermal noise component was not omitted. Af ter

removal of this component (€n = 0.029 dB; C/N o = 10 4 • 65 ) and a

trial and error process the following was found:

-1.42

(E.Sa)
2.

t he q u a nt i t yin ~ v , s c wit hst a ndar d de v i a t ion t}S ;

2 0G )
10 10g e

0.28

=

this means

6
m,sc

6"'G

([31] considers

In [331 these values are (;
ID, sc

6"G

6""n

= -1.5

= 0.291

= 0.034 dB (E.Sb)

The corresponding probability density function is shown in fig.

E. 1 b •

The result of combining (E.3) and (E.S) is tabulated in table

E • 1 • x Is the argument of the error function belonging to the

chosen exceedance probability in the first column:

x = 10 10g ~V,sc - trm, sc (E. 6)

The error function is tabulated in [18, p.310,311,3161.



App. E

101.~t--- --~_--_

-.
"- 0.. 10

I

164

~

... 100

lfl
Z
lIJ
C

~

... la-I
~

~
a::
~
c
a: 10.2
ll.

S

2

10·'

r

~

I \ !
\'

f- --
1\ I

"\
- -

1
.

~- -~ '" I
·~i----~·- ~ -- ~ ~. ~_._-.._-

~

~~
_.~--

;
~ _._.•._-

~

I "'-

""
0.0 O. 1 0.2 0.3 0.1&

(a)

Portsmouth

STANDAAD DEVIATJON I DB

(b)

Leeheim

Fig. E.l: probability density function of the scintillation

standard deviation (from [31] and [33])



App. E 165

Table E. 1 : eumulative distribution of the seintillation

standard deviation 6'v se (dB),

lexeeedanee I °v,se bv, se
Iprobabilityl x Ports- Lee-

I (fraetion I mouth heim

of time) J

0.0003 I 2.43 0.35 0.32

0.001 I 2. 18 0.28 0.25

0.003 I 1. 94 0.22 0.20

0.01 I 1. 65 0.17 O. 15

0.03 I 1. 33 0.13 O. 11

0.1 I o•91 0.087 0.075

0.3 I 0.37 0.053 0.045

I

Table E.2 : parameters for sealing; Po: Portsmouth

Le: Leeheim

Ehv: Eindhoven

Po Le I Ehv I
I j

jfrequeney f (GHz) 11.786 11.575 I 12.5 I 19.77 I 29.66 I
I I I I

Iwavelength }. (m) 0.0255 0.0259 I 0.0241 0.015 2 1 0.01011

I I I I
\latitude 50.8 0 N 49.9 0 Nj 51.5 0 N I
Ilongitude 1. 1 0 W 8.3 0 E I 5.5 0 E I

I I
Ielevation ~ (0) 30.9* 32.8* I 26.7 I

I I
Idiameter D (m) 2.4 3.0 I 5.5 I

. I J I
japerture averaging I I
Ifaetor G(D*) 0.91 0.89 I 0.80 0.75 0.70 I

I I I
* 10 0position aTS: E
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The last two columns of Table E.l are now to be scaled (in

frequency, elevation and aperture averaging factor) to the situa

tion at Eindhoven. For all three places it is assumed:

'*
'*

antenna efficiency factor ~t = 0.55

height of the scattering layer = z sin t = 4 km [29, p.653]

(E7.a)

(E.7b)

Portsmouth to Eindhoven:

for 12. 5 GHz: 1. 10

for 19. 77 GHz: 1. 39

for 29.66 GHz: 1. 62

Leeheim to Eindhoven:

for 12.5 GHz: 1. 18

for 1 ~ • 7 7 GHz: 1. 49

for 29.66 GHz: 1. 82

'*

With table E.2 and formula (3.47) the rollowing factor ~e/ ~ref

should be used fot scaling from:

'*

With (E.7) and table E.l the standard deviation statistics for

Eindhoven can be calculated. The result is shown in fig. 3.20.

This cumulative distribution can also be written in a closed form

by choosing the right ~m sc in (E.3). Because:,

~
v,sc

e

= Ó e • 6"v, scI
<)re f ref

the mean of 10 locr ~ equals:'" V,sc

6"m,e = E;)
m,ref + (E.8)

Scaling alters the mean; the standard deviation remains un

changed. The mean is tabulated in table E.3.
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S 10 ~Table E.3: m,sc: mean of log ~v,sc

frequency (GHz)

12.5 19.77 29.66

Portsmouth

-)Eindhoven -1.38 -1.28 -1.21

Leeheim -)

Eindhoven -1.35 -1.25 -1.16
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Appendix F. The reference channel

The reference channel (PLL - section excluded) is shown in fig.

F.l. In this section a detailed analysis of the signals VI' V2
and V3 in time and frequency domain is given. VI consists of an

information part Vil and a noise part nl. nl is a bandpass

version of white additive gaussian noise. Therefore VI has the

familiar form [36, p.391]:

12.5 10
GHz l'illiz

from ri./ V1
V

/"1/ 3
'\./ rv

c'ntenna /'JV ~

Fig. F.l: the reference channel

Vlet) = Vil(t) + nl(t)

Al(t) cos [wrt + Tret) + ~s(t)l

+ Rl(t) cos [wrt + rl(t)]

= Al(t) cos [wrt + pret) + ~s(t)l

+ nil(t) cos wrt - nql(t) sin wrt ( F • 1 )

With respect to t he additive noise the folloTNing ean be stated

[ 36, p.26ó]:

* = Rl cos r1 r~
... 1 + lril nil ni2

nql = Rl si n r l or r1 =. arctan nil (F. 2)

.*

*

nql

Rl has a Rayleigh distribution; fl is uniformly distributed on

the interval [-ïT,1T"l

<ntl> = <n~l> = <n~> = NI Brf (F.3)

NI = thermal noise density rW/Hz]
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the equivalent noise bandwidth of the

the

With respect to the information part of the signal the following

can be stated:

'Ic

'Ic

'Ic

part of the amplitude variations in Al are caused by tropos

pheric attenuation or scintillation: this information has to

be extracted.

Fr represents the phase variations introduced by the tropos

phere a quantity which should be measured if possible.

Assuming <1r> = 0 0
, the phase noise spectrum Srr(f) is contin

uous and concentrated around 0 Hz.

Ts represents the phase variations introduced by the satellite

oscillator. This is the phase which has to be cancelled in the

test channel.

Assuming <ps> = 0 0 the phase noise spectrum Sps(f) is

uous and concentrated around 0 Hz

contin-

Because 1r and ps are statistically independent and

mean 0 0 the resulting spectrum of frs = fr + rs is the

a n d Sfs [3 6, p. 1 1 S ] :

both have

sum of Spr

+ (F.4)

In [ 37, chapter 6] a relation is deduced between the power

spectrum SVil(f) (accompanying Vil) and the phase noise spectrum

S ~rs (accompanying f{Jrs). If frs has a gaussian distribution and

Al is a constant, then:

(F.Sa)

or for = « 1 rad 2 (which always holds for

unintended phase modulation):
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A~ l b(f - f r) + Sfr s (f - f r) ]

Z

(F.Sb)

i.e. the power spectrum contains a carrier at f = f r = wr/Z'Trand

around it the phase noise spectrum Srrs shifted to frequency f =

fr·

The other input of the mixer in fig. F.l is the local oscillator

signal VZ :

= B cos (wzt + TZ(t» (F.6)

Remarks:

* B is a constant for a weil designed oscillator

oscillator. With the assumption
*
*

W z = wr:t: Z1l. 10 MHz

rZ is the phase noise from the

that 1z> = 0 0 the phase noise

concentrated around 0 Hz.

spectrum SfZ is continuous and

With (F.Sb) the following relation bet ween the power spectrum

SvZ and the phase noise spectrum SpZ holds:

= B 2 [S Cf - f Z) + S~ Cf - f Z)]

2

(F.7)

At the output of the multiplier the product of V l and Vz can oe

found in addition to (additive) noise introduced oy the multi

plier itself. Af ter filtering, the following can be stated for

V3 :

2V = Al cos(w3 t +
frs - fZ)_3

B + nil cos(w3 t - 1>Z) - n ql sin(w 3 t - '/2)

+2no2cos w 3 t - 2n q 2 sin w3 t
---l...;

B B

A
Al cos(w3 t + r'frs - l' 2)=

+ n i 3 cos w3 t - n q 3 sin w3 t

(F.Ba)

(F.8b)
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à.
= Al cos(w3 t + frs - r2)

+ Rr3 cos(w3 t + rr3)

171

(F.8c)

with w3 = 21f 10 7 rad Hz

n i 3 = Rr 3 cos fr 3 = n i 1 cos 1'2 - n q 1 s i nr 2 + 2n i 2

B

n q l COS?2 - n i l sinT2 + 2n q 2

B
'2. 1 t

or: Rr3 n i 3 + n q 3

fr3 = arctan n i 3

n q 3

With the aid of the phasor diagram (fig. F.2) (L8c) can be

rewritten.

lm

-r-~_Rr3

~Rr 3s J.n <, r 3- frs +1'2 )
,)

~--Rr3cos<~r3-frs~'2)

w3t-axis

Fig. F.2: phasor representation of (L8c)

With this diagram (deleting 2/B which is unimportant when calcu

lating CNR):
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* Concerning the envelope R3 the following can be observed:

or (F.10)

In the absence of modulation (~rs = fz = constant):

R3 = Al + R r3 cos Fr3 = Al + n i 3 has a Rice distribution

[36, p.39Z]. For sufficiently large CNR this changes into a

gaussian distribution with mean Al and variance N3 Bif (with

Bif the nSB bandwidth of the la MHz filter and N3 the thermal

noise density).

* With respect

said.

to the phase fr3 in (F.9) the following can be

For sufficiently large CNR this can be written as:

sin(~r3 - 'frs + ?Z)

(F.ll)

Theli i nfo r mat ion 11 par t rr s - ~ Z i s t h e par t t h a t h ast 0 b e

reconstructed by the PLL in the reference channel.

1pm Is the " no isy" part which has to be eliminated; it con

tains a contribution from thermal noise but also a part of the

information signal. In the case of 1z = Yrs = 0 0 ?pm can be

written as:

=

(F.1Z)

In [36, p.277 J a justification is given for the following in

case 1z and rrs are stationary and ergodic. With (F.1Z) the

phase noise spectrum Spm(f) can be written as:
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(F.13)

With [36, p.277] Spm(f) can be written as (single sided rep re

sention!):

S (f)pm = for (F.14)

with Cl = 1/2 Af the power of the 12.5 GHz copolar signal

where it was assumed that the transferfunction Hif of the 10

MHz bandpassfilter is given by:

= 1

o
for f r - Bif /2 < f < f r + Bif /2

elsewhere

Up to now the analysis of the signal serving as an input to the

PLL - section has been mainly in the time domain. A frequency

domain analysis could clarify the difficult matter a little more.

The power spectra at the input ports of the multiplier are:

and:

= Af [S (f - f r) + Sr r s (f - f r )]

2

+

S v 2 ( f ) = B 2 [~ (f - f 2) + SS" 2 U - f 2) ]

2

IV

The spectrum of the output signal V3 can be written as (* is the

convolution operator):

= Svl(f) * 2Sy~(f) + mixer noise

B2

= Ai [bU - f r ) * Su - f 2 ) + ~(f - f r ) * sr2U - f 2 )

2

+ b(f - f 2) * Srr s (f - f r) + Sf r s (f - f 2) * S~ 2 (f - f 2) ]
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b(f - f 2) * N 1 IHrf ( f ) I 2 + N 1 I H r f ( f ) I 2 * Sr 2 (f - f 2 )

mixer noise

Af ter filtering by the 10 MHz filter (assuming IHrf(f - f 2 )! to

be equal to one in the pass region of the IF-filter; f 3 =

If r - fzl):

Remarks:

=

+

A,2 [à (f :3) + sr r s (f - f 3) + Sf 2 (f - f 3) J

2

(N l + N2 ) IH if (f)1 2 + cross products (L1S)

* at the input of the PLL a pure carrier (among other things)

ca n bef 0 u n d rep re sen t e d b Y Af / 2· b(f 3)

* despite the fact that the incoming ("atmospheric") signal is

multiplied ~y the local oscillator signal the corresponding

ph ase no is esp e c tra SCf'r s a n d Sr 2 are mer e 1 y ad d e d; t h i sis in

agreement with (F.ll)

* the phase noise consists of contributions from thermal noise

and part of the lnformation signal.
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Appendix G: Tracking error

In this appendix the tracking error is determined for a circular

antenna with uniform amplitude and phase in the antenna aperture.

In terms of tracking this is considered to be a worst case situa

tion: shaping (the altering of amplitude and/or phase in the

aperture) intended for lowering the side lobes in the radiation

pattern inevitably broadens the main lobe thereby reducing the

tracking error. The normalized electric field vector (in the far

field) for a circular antenna with uniform amplitude and phase

is [46] (the Aity pattern):

E(&) = 2 J 1 (u)

E (0) u (G.l)

with J 1 (.) the Besselfunction of the first kind and first order

u = ."1"" D sin0 ; Gis t he a n g 1ere 1 a t i vet 0 b 0 r e s i g h t

).

With [18] J 1 (u) can be written as:

(l()

J 1 (u) = L (-1) k
[~r+1

k=O k!(k+l)!

= 1 u [I - 1 u 2 + 1 u 4 + ..:J
2 8 192

Combining (G.l ) and (G.2) yields:

(G.2 )

E (é> =

E(O)

1 - 1 u 2 + 1 u 4

8 192

(G. 3)

(calculations show that the fourth order term has co be included

in order for the 3dB beamwidth to be determined accurately)

The 3dB beamwidth can be determined by setting E(9)

E(O)

= 1

12
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= "T sin tI / 2 e3 dB):

1.03 À
D (G.4 )

This is in good agreement with [46] where 63dB is stated to be:

(G.S)

(if in (G.3) the fourth order term had been omittedG3dB would

have been equal to 0.97 ~/D). (G.S) leads to:

e3dB = 0.260

0.16 0

0.11 0

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz (G. 6)

With (G.3) the tracking error eT can be calculated (tor e <
1/2 e3dB this second order approach is sufficiently accurate).

Assuming a pointing accuracy of 0.025° (minimum step for the

tracking system: 0.05°) eT is equal to:

= (G.7)

Therefore:

eT = - 0.1 dB

- 0.3 dB

- 0.6 dB

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz (G.B)
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Appendix H: System noise calculations

In this chapter the system noise calculations are made for two

different situations:

* the 12.5 GHz reference channel with low noise amplifier (LNA)

* the test channels without LNA

From [361 the following definitions are adopted:

1 If T o = 290 K and Te the effective noise temperature of a

device (referred to the input) the noise figure F is defined

by:

F = "(H.la)

or in dB: F dB 10 10 10g (1 + T /T )
e 0

(H.lb)

2 If: Tat is the physical temperature of an attenuator

Ti is the input noise temperature

ga = 1/ la < 1 is the "gain" of the attenuator

the output noise temperature is Tu given by:

(H.2 )

3 For a lossy two port at temperature Tat = T o :

F = (H. 3)

A definition of noise temperature ratio (NTR) is given in [38,

p.295]. This factor is introduced to account for the fact that

the diodes in the mixer have a noise temperature T d = T o NTR > T o
. due to shot noise.
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Fig. H.l: calculation of noise figure for mixer plus amplifier

For the configuration as shown in fig. H.l the noise figure F ma
of mixer together with amplifier is given by:

with: 1

1 (NTR + F if - '1)

= conversion loss of the mixer.

(H.4 )

F if = the noise figure of the IF-amplifier

Therefore the effective input noise temperature of the mixer plus

amplifier is:

[ 1 ( NT R + F i f - 1) - 1] T 0 Oio 5)

It is further assumed that the filters mentioned below are ideal:

they are lossless and introduce no noise. It should be kept in

mind that the noise figure of a device is defined as to only

include the noise power in the "signal" band. The noise power

near the image frequency is not incorporated in F: F is a SSB

quantity.

,The system noise calculations for the reference channel are based

on fig. H.2.
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F=4dB
G=25dB

10
l\U{z

1=5d13
NTR=1.2

image rejection
filter includecl.

to
PLL

Fig. H.2: reference channel

System noise calculations for the reference channel

Ta = the antenna noise temperature

1 Af ter the waveguide (noise in one sideband):

= 10- 0 • 1 [T + 00°. 1 - 1) 290] Ka

2 Af ter LNA (noise in one sideband):

= 316 [0.794 Ta + 59.6 + (10°·4 - 1) 290] K

3 Accounting for the contribution of the image rejection filter

(20 dB suppression of the image frequency: contribution of the

i ma ges i de ban dis 1 %)

=

4 At the input of the mixer:

= 254 Ta + 1.90 10 4 + 1.40 10 5 +

+ [10°. 5 0.2 + 10°·3 - 1) - 1] 290 K

= 254 Ta + 1.90 10 4 + 1.40 10 5 + 1.72 10 3 K
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Sa For a worst case situation: Ta = 290 K:

=

=

7.36 10 4 + 1.90 10 4 + 1.40 lOS + 1.72 10 3 K =

2.34 105 K

Sb Assuming Ta = 30 K ior clear sky conditions:

=

=

7.61 10 3 + 1.90 10 4 + 1.40 105 + 1.72 10 3 K =

1.68 105 K

6 Signal gain: 10- 0 • 1 10 2 • 5 251

7a System noise temperature for Ta = 290 K

T = 2.34 105syst
251

= 930 K (H.6a)

7b System noise temperature for Ta 30 K:

Tsyst = 1.68 105

251

670 K (H. 6 b)

The system noise calculations for the 20 GHz channel are based on

fig. H.3.

from
antenna wave-

guidë
1088:
1 dB

20 GHz

/')(.; "'tV

~ ~
1=6dB
NTR=1.2
no image

rejeotion filter

to mixer/PLL

. Fig. H.3: 20 GHz channel
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1 Af ter the waveguide (noise in two sidebands):

Tl = 2 10- 0 • 1 [Ta + (10°·1 - 1) 290] K

2 At the input of the mixer (noise contribution of mixer and IF

amplifier of only one side band):

= 1.59 Ta + 119 + [10 0 • 6 (1.2 + 10°·3 - 1) - 1] 290 K

1.59 Ta + 119 + 2.24 10 3 K

3a Worst case situation: Ta = 290 K:

461 + 119 + 2.24 10 3 K =

3b For clear sky conditions: Ta = 30 K:

= 47.7 + 119 + 2.24 10 3 K = 2.4110 3 K

4 Signal gain = 10- 0 • 1 = 0.794.

Sa System noise temperature for Ta 290 K:

2.82 10 3

0.794

= 3550K

Sb System noise temperature for T a = 30 K:

= 2.41 10 3

0.794

3040 K



AP P. H 182

The system noise calculations for the 30 GHz channel are based on

fig. H.4:

fr om
ante!'1..na wave

guic1e
1088:

1 dB

30 GHz
')(.I

~
1=7dB
NTR=1.2
no image

rejeotion filter

to mixer/PLL

F·.J:'=3dBloL

Fig. H.4: 30 GHz channel

1 Af ter the waveguide (noise in two sidebands):

=- 210- 0 • 1 (Ta + (l00.1 - 1) 290] K

2 At the input of the mixer:

=

=

1.59 Ta + 119 + [10 G• 7 (1.2 + 10 0 • 3 - 1) - 1] 290 K

1.59 Ta + 119 + 2.90 10 3 K

3a Worst case situation: Ta = 290 K:

T 3 = 4ól + 119 + 2.90 10 3 K = 3480 K

= 30 K:

3070 K

3b For clear sky c0nditions: Ta

T 3 = 47.7 + 119 + 2.90 10 3 K =

4 Signal gain: 10- 0 • 1 = 0.794

Sa Systelll noise temperature for Ta = 290 K:

Tsyst = 3480 K = 4380 K

0.794

Sb System noise temperature for

Tsyst = 3070 K = 3870 K

0.794

'l'
"'a = JO K:
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Appendix I: phase noise spectra

Phase noise spectra are aften expressed in dBc/Hz (dBc: dB rela

tive to carrier power). The relation of this unit with the unit

used in theoretical treatises rad 2 /Hz shall be explained now. Ta

ease mathemathical calculations the spectral representation will

be tlJO sided Le. negative frequencies included (in contrast to

what is done in the rest of this thesis).

With [37, p.78 and 79] the relation between the power spectrum

noise

of the signal Y(t) = A cos(21ifrt + r(t)) and

spectrum Sp(f) of the quantity f(t) is given by:

the phase

S Y( f ) = A2 [~( f - f r) + S (f + f r) +

4

Sp( f - f r) + Sr( f + f r ) ( 1. 1 )

Sr(f) is concentrated around f = 0 Hz and is in rad 2 /Hz; Sy(f)

consists of two "spikes" (at f = f r and at f = -fr) and of a

shifted version of the phase noise spectrum (shifted to frequen

cies around f = f r and f = -fr); SV(f) is in W/Hz or in dBc/Hz

([42] gives a more thorough treatment of this subject).

Fig. lol illustrates how the power spectrum Sy(f) should be

isbe derived from it. The procedurecanmeasured and how Sr(f)

as follows:

1 Measure the total power A2 /2 of the carrier with a power meter

2 For upper sideband (USB) measurements (the dark blocks in
2-

fig lol) determine the power 6 V ,Af present in a band ~f at a

distance fa from the carrier frequency:

(')2.
v,llf

f +f +".1:/2- rou!.

+

-(f r +f o )+b.f/2

j S1'(f + f r ) d fJ
f r +f o -áf/2 -(f r +f o )-df/2

[ Sf( f 0 )/1 f + sr(-f 0 ) t1 f ] (1. 2)
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0--' f

S,,(f)

t

o

Fig. 1.1: relativn between Sp(f) and Sv(f)

(1.2) shows that by earrying out the USB measurement only half

of the phase noise in the band ~f around f = f o is determined.

The other half ean be determined with the LSB measurement (the

shaded bloek in fig 1.lb)

3 Therefore wh en only doing the USB measurement the phase noise

power per Hz bandwidth 0u 2 is given by:

fS 2
u (1.3 )
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4 The relative po we r is then given by:

6' 2 '" 1 [Yf o )
+ Sjl<-f o )] (1.4 )

11
A2 /2 2

s- !

5 in rad 2 /Hz'(S"" 2 is in fractional parts and, u

-;:rJZ
can be expressed in dBc/Hz by using the operator 10 10 log (.).

For example if:

- ZO dB

0.02

c ('

Therefore if Sv(f) is in dBc/Hz the formula to trans late this

spe c t rum tot he ph ase no i s esp e ct rum Sr ( f) (r ad Z/ Hz) is g i ven

by:

= 2 rad 2 /Hz (1. 5)

i.e. add 3 dB to the USB power spectrum SV(f) and convert from

dB to fractional parts. f In (1.5) stands for frequency devia

tion:

*
*

from carrier for SV(f)

from 0 Hz for Sr(f)

Fig. 1.2 to 1.4 show the measured spectra of the satellite's

local oscillators. Fig. 1.5 shows the spectrum of a 13.595 GHz

local oscillator built at EUT in 1983. The phase noise spectra

for 12.5, 19.77 and 29.66 GHz are obtained by extrapolation. The

procedure is described in [38, p.75 and following pages]. For

example the 19.77 GHz spectrum can be obtained from the 13.595

.GHz spectrum by multiplication of the 13.595 GHz spectrum by a

factor (19.77/13.595)2 = 2.1

The phase noise spectra can now be written in the following form.

For the satellite:
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Sfs (f) '"' 1. 3 10 - 2 + 5.0 10- lOr ad 2 / Hz

f3

3.2 10- 2 + 10- 9 rad 2 /Hz

f3

6.3 10- 2 + 2.0 10- 9 rad 2 /Hz

f3

for 12.5 GHz

foc 19.77 GHz

foc 29.66 GHz (1. 6)

For the gcound station the spectra can be wricten as (the solid

line in fig 1.5 is used to derive the phase noise spectra):

Sr 2 Cf ) = 0.8 + 4 10- 9 rad 2 /Hz for 12.5 GHz-f3

2 + 8 10- 9 rad 2 /Hz for 19.77 GHz
..l..-

f3

5 + 2 10- 8 rad 2 /H.z foc 29.66 GHz (1. 7)

-3r

The measurement accuracy doesn't allow for more than one signifi

cant digit: the markers (*) in fig. 1.5 stand for the noise floor

of the EUT spectrum analyser.
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Appendix J: PLL steady state error for a frequency ramp input

There are at least two reasons why the received frequency from

Olympus is not constant:

1 the satellite frequency is not constant

2 the distance Eindhoven - Olympus is variabie; this introduces

a Doppier shift

1 The 24 hour stability is given by (specification T3.

chapter 2):

= + 1.2 kHz

+ 2 kHz

+ 3 kHz

for 12.5 GHz

for 19.77 GHz

for 29.66 GHz (J.l)

For ease of calculation the frequency deviation Àf is modelled

as being periodic (e.g. caused by the daily thermal cycle of

the satellite). For the 12.5 GHz beacon this means:

~f ( t) = 1. 2 sin( 2'1Tt]
86400

." ,-~ (~.I

(J.2)

This leads to a maximum variation in frequency deviation per

second:

•
L1f max = 21(" 1.2 10 3

86400

= 8.7 10- 2 Hz/sec (J.3)

With [39. p.45J the steady state error t ss is given by (see

(4.20)):

= lim reet) =

t -)D() 22'1tf n

= rad (J.4)

Assuming a somewhat unrealist1c small value Bi = 10 Hz for the

bandwidth of the reference PLL (larger values lead to even

smaller values of ~ss) (J.3) and (J.4) yield:
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this ean be properly negleeted.

2 Alchough desirable the satellite orbit isn't always in the

equatorial plane but exhibits a small inelination with respect

to this plane. Speeifieation T.l1 suggests an inelination of

0.07°. The north - south variations in the subsatellite point

are then within 0.07°. With the aid of appendix A the minimum

and maximum distanee Eindhoven - Olympus ean be ealeulated to

be (for a subsatellite point + 0.ü70N, 19 0 W):

minimum distanee Lmin = 38902 km

maximum distanee L max = 38914 km (J.6 )

This leads to a differenee in distanee of only 12 km in 12

hours. The distanee L eould now be modelled as:

L ( t) sin
[

2îT"'t Jm
86400

leadir.g to the aerivative:

L(t) = 0.44 cos [2ïf t J mis

86400

(J.7)

The introdueed Doppler shifc ~f equals (fe

ey; e = speed of light) (see [36, p.258]):

= carrier

L/::::·
1

frequen-

c

18 eosr 21ft]

L86400

Hz (J.8 )

The maximum steady state error is then given by (eompare

(J.4»:

t ss
•

Af max = 2.3 10- 3

B 2
1

rad (J.9 )

For .B l = 10 Hz this leads to:

~ss = 0.001° ~hieh ean be eompletely negleeted.
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Appendix K: The PLL phase error variance

Th e P L L P h ase e r r 0 r 11 a r i anc e CS2 i s g i ven b y (4. 1 7) a n d (4. 1 8 ) :

=
:i.

tS'pm +

00

f Spm(f) I H(j Zilf) 1

2
df

o

()()

+ f Sr(f) I 1 - H(j 2 îf f ) \ 2 d f

o
(K. 1 )

F 0 r ~ = 1 1{2 (4. 1 9) be c 0 mes:

Iti(j2"1ff)!2 1 + 2(f/f )2n

(K. 2 a)

and 11 - ti(j21fOI2 = (f/f n )4

1 + (f/f n )4 (K.2 b)

The phase noise spectrum due to thermal noise is gillen by (4.6):

= ~ rad 2 1Hz for 0 < f < Bif/2

C/N o

(K.3 )

with C/N o the carrier to noise density ratio. The phase noise

spectrum originating from local oscillators is gillen by (4.16):

+ (K.4 )

Combining (K.l) to (K.4) yields:

Bif /2

f$2 = 1 J 1 + 2 (f I f n ) 2 d f

C/N o 0 1 + (f/f n )4

+
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B B

= f n /1 dx + 2f n J x 2dx- x 4 x 4
G/N + C/N o 0 1 +

0

.13 B

+ Cl Jl xdx + C4 f n I' x 4 dx
~ x 4 x 4
In + 0 1 + (K.5 )

loT i th B = Bif use is made of the substitution x = f/fn-2f n

With the aid of [43, p.62 and 63J ([43J contains an error! One of

the formu1as used in the fol1owing derivation is a corrected

version of the primitive function) and f n = 0.3 B l (from (4.20):

~2 +

+ 1 [arctan (13{ï + 1) + arctan (Bf2 - l)JJ

212

+ 0.6 B l [ 1

C/N o 4{2
1nJ 1 - B(2 + B 2

I 1 + Btll + B 2

+

+ 1 [arctan (B{ï + 1) + arctan (BJ2 - l)JJ

2{i

+ 0.5 Cl arctan B 2 + 0.5 C 4 Hit +

(0.3 B
1

)2

1 + BV2 + B 2 I, +

1 - BIT + B2 I

+ 0.3 :BI [a r eta n (B (2 + 1) + arc t a n (B i2 - 1) J ]

2f2

= 0.5 Cl arctan B 2 + 0.5 C4 B if +

(0.3 Bl )2
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+ 0.3 BI

46 [

1 +

C/N o

ln

195

+

+ 0.3 B 1 l-_3- - C4J [a r c ta n (B{2 + 1) + arc t a n (B l/2 - 1) J rad 2

z{2 C/N o

with B = B. 
~t

(K.6 )

This formula expresses the loop phase error variance 6 2 as a

function of:

the carrier to noise density ratio (C/N o )

the spectral purity of the oscillators (Cl and C4 )

the IF - filter bandwidth Bif
the PLL bandwidth Bl

By negiecting the proper quantities the awkward formula (K.6) can

he converted to more useful formulas for:

1 Bl « Bif /2

2 the optimum loop bandwidth

3 the phase error variance for conditions of optimum Bl
4 Bl » Bif /2

1 If Bl « Bif /2 then B » 1 or:

* arctan 2 == 1r/2B

* in 1 - BVi + B2 - 0

1 + Bh + B2

* arctan (BfT + 1 ) + arctan (B.f2. - 1 ) - 11

(K.6) can then he written as:

(K.7 )
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2 With (K.7) the optimum bandwidth can be determined:

o for -C 11r

2 (0.3)2 B
1

3
+ 0.3\1' [ 3

2V2 C/N o

=

=

(K. 8 a)

(K.8 b)

because even for the 30 GHz signal 3

C/N o

3 Inserting (K.8a) in (K.7) yields:

Ii the contribution of C4 can be neglected t then:

(K.9 )

(C/N )2/3
o

~ = 3.89 • C 1/3 rad 2
1

4 If B1 » Bif then B =

2

- o.

* lim 0.5 ~. arctan B2 = lim
'/

B1 - >tlO ( 0 • 3 B 1 ) •• B 1 - >~

* li m

B1 ->~

0.3 Bl [arctan (B~2 + 1) + arctan (BI2 - 1)]

2V2

=- 1 i m

B1 ->vo
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for 2B 2 - 1 < 0 i.e. BI ) 11.8 kHz if Bif = 5 kHz)

= lim 0.3 BI arctan BV2 = lim 0.3 BI {2 8 if
2(2 2V2

4

81 -) CO BI -) ()O 0.6 BI

* lim 0.3 8 1 In I
BI -)~ 4{2 I

= lim 0.3 BI [In

BI -) (j() 4VZ

1 - BE + B 2

1 + Blz+ B 2
=

= 1 i m 0 • 3 8 1 [8 (B - {2) - B(B + (2) ]
BI -)00 4/2

= lim -0.3 BI

BI -) 10 4{2

* Therefore lim ~2

BI -)()O

Bi f [1 + C4J=
-4- C/N

o
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Appendix L: Effect of PLL phase error on amplitude measurement

In l44, p.111-117] the probability density function of the loop

phase error re is derived (under certain restrictions):

= eX cos fe (L.l )

with X depending on the carrier to noise density ratio at the

input of the PLL and on the "modulation intensity" due to oscil

lator phase noise. To enable calculations one assumption,

illustrated in fig. L.l is made: the low pass filter behind the

synchronous detector (in the situation described in fig. L.la) is

considered

enters the

to have the same effect as filtering re before it

synchronous detector (fig. L.lb)

LPF :B1--.....;;;p

S •D • I------I~

125 kHz

Ca)

kHz

BPF: 2B1n
VCOS(2't(.125t 103+f

e
) I'p ~
~ .....~I---iI... S.D.

Vcos(2,....125· 103+;e)

125

(b)

Fig. L.l: effect of low pass filtering.
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For the 12.5 GHz reference PLL the loopbandwidth is much larger

than the postdetection bandwidth B lp : spectral contributions of

the phase error due to oscillator phase noise outside the loop

bandwidth are well outside Blp • The parameter x from (L.1) is

theretore only dependent on the carrier to noise density ratio:

,.,/

= eX cos Y'e
21f 1 o (x)

-ïl< ~e < ïl (L.2)

with x is a 10101 pass vers ion

For the test channel, in which case Blp is probably not small

eompared to the loop bandwidth Blt , the contribution to phase

error due to oscillator phase noise outside B lt ean not be

ignored: if done so, x in (L.2) is too optimistic. For ease of

calculation however, this contribution is neglected.

The ave rage of the signal behind the 10101 pass filter (LPF) can

aow be written as:

(see [18, p.376])

= (L.3 )

The variance of the signal behind the LPF can be written as:

= 1

2

o
=
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= 1

[
ll(X)] 2

lo(x)

(1.4 )

(recurrent relation: [18, p.3l6]); ln(.) is the modified Bessel

function cf the first kind and order n.

A simpier form for (1.3) and (L.4) can be found by applying

series development. The following holds according to [18, p.3l8]

(for x ) 20: error < 10- 3 )

0.1496

11(x) - 0.39894 x
•

lo(x) 0.39894 + 0.0498

x

- P 0.1496 J [1 0.0498 ] - 1 - 0.5

0.39894 0.39894 x x

With (L.5) (1.4) can be written as:

1 - I 1 (x) -Fl(X)] 2 =

xlo(x) lo(x)

1 - [; ~l e-1 + ~J = 0.25
2 x x 2 x 2x

(L.5 )

(L.6 )



APP. M 201

Appendix M: Definition of scintillation standard deviation

In chapter 3 the following definitions were assumed:

= (3.36)

with: Vsc(t) the scintillation voltage (in volts)

Vsc • m t he mean scintillation voltage (in volts)

tVsc(t) the fluctuating part in Vsc(t) (in volts)

The variance of Vsc(t) is given by:
..
/

The scintillation process in this thesis is represented by using

(3.39a)

*t
of;(,) and \S"v.sc

\

(3.39a):

1

the log amplitude 1 according~to

\
20 1010g[1 + ~Vsc J dB !

sc. m r
, I

The relation between 6";.sc (Wh{Ch is the variance
\1

(which is the variance of Vsc ) will now be derived., ,

1{I
The mean of the quantity Xis defi~ed by:

'~.

1. = < 20 10log [1 + Avsc ] > dB

Vsc • m
'V

in L+
\

= < 20 Avsc J> dB

In la Vsc,m

- 20 <AVsc> = 0 dB (M. 1)

ln la Vsc • m
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6'1 4- < (t-x,)2 > < X2 > dB 2 (with (M.I»v,sc

< ra lOlot + e.v sc
] r> dB 2

Vsc,m

< [ 20 1n L+ ~v sc Jr> dB l

ln IO Vsc, m

- < [ 20 ~vsc r > dB 2

ln la sC,m

[ 20 [0* Jr dB 2 (with (3.37» (M.2)

lnl0 V:~::

This cao be written in a form close to (3.39a):

<îv,sc 20 [€:-, sc ]
ln la Vsc,m

dB

. ó* Ji- v,sc

Vsc,m

(M.)
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