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In this paper, a compact setup for measuring the radiation pattern ebéwraey positioned antenna above the
sea surface is presented. The antenna of interest was a verticadavalfdipole. Due to impracticalities concerning
the measurements using seaborne platforms, the setup was basetiastallow pool filled with actual sea water.
The transmitting antenna-under-test (AUT) and the receiving antdandsswere placed on the solid ground, at
the opposite sides of the pool, thus ensuring the stable platforms as wedl sk path over sea. The need for
precise positioning of the receiving antenna along the circular path veédeglvand the straight measurement line
was used instead, yielding further simplification of the method. Both anéemaee realized as printed half-wave
dipoles. The measurements were carried out in ISM frequency bdhd&GHz. The chosen frequency enabled
the realization of a compact setup for elevation radiation pattern measorefior AUT heights up to 2 above
the sea surface. The measurement results were compared to tregittad@nd simulation results for a half-wave
dipole over sea, showing a good agreement. Detailed evaluation of treures@nt uncertainty was undertaken,
indicating the critical points in the realized setup.

Key words: Antenna above sea surface, Lossy dielectric ground plane, Radiatit@nrpmeasurement setup, Ver-
tical half-wave dipole

Dijagram zraCenja vertikalnog dipola iznad mora i mjerni postav za njegovo mjeenje. U ovom radu pred-
stavljen je kompaktni postav za mjerenje dijagram&enga proizvoljno postavljene antene iznad povrSine mora.
Predmet analize je vertikalni poluvalni dipol. S obzirom na nep€akist mjerenja na plogej platformi, postav
se temelji na plitkom bazenu napunjenom stvarnom morskom vodom. iStatigpitivanu odasSiljgku antenu i
prijamnu antenu postavljeni su garstom tlu na nasuprotnim stranama bazena, tako da se antene natiae na
bilnim platformama, a putanja vala se nalazi u potpunosti iznad mora. tbBda&ajka predloZzene metode jest
pravocrtno pomicanje prijamne antene tijekom mjerenja dijagrant®aja Time je izbjegnuta potreba preciznog
pozicioniranja po kruznoj putaniji, $to je dovelo do dodatnog pojedngstajanmetode. Obje antene iziene su
kao poluvalni dipoli u planarnoj tehnologiji. Mjerenja su provedena nd f&kvenciji od 2.48 GHz. Odabrana
frekvencija omogauje izradu kompaktnog postava za mjerenje vertikalnog dijagraniamjeaza visine odasSike
antene do 2 iznad morske povrSine. Mjerni rezultati pokazuju dobro slaganje ktidgkém rezultatima i rezulta-
tima simulacije za poluvalni dipol iznad mora. Provedena je i prikazatejda procjena mjerne nesigurnosti, kao
pokazatelj krittnih toCaka u realiziranom postavu.

Klju €ne rijeCi: antenaiznad mora, dielektrik s gubicima, uzemljena ravnina, mjernippatajerenje dijagrama
zraenja, vertikalni poluvalni dipol

1 INTRODUCTION of a vertical dipole are common subject in the literature,
there is evident lack of measurements performed in the

The dipole antenna above a ground plane is a well-

known theoretical problem [1-4] that presents the impor_real environment, especially at sea. Analyses of such ra-

tant background for many practical issues, especially ilg:;i;'ir:g Slg;(;tztrgg gresir:ﬁg{i:szﬁgvigggsn:moevr\;g?fluﬂgg'
maritime and mobile applications [5-7]. P y P

. o . for solving the shipboard electromagnetic problems [8-9].
Depending on the application, the antenna height abovg,yever, actual measurements are of utmost importance,

the ground plane usually varies up to several Wavelengtha,iving us the valuable insights into the physical phenom-

causing the well-known lobing effect shown in [1] and g3 ang making possible the verification of the simulation
[3-4]. Although the theoretical radiation characteristic
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and/or theoretical results [10-14].

To the best of our knowledge, in available literature,
there are only a few references dealing with measuremer
of radiation pattern of an antenna above the sea surfact a o
The measurement setups described in literature were ir z &;e.d‘
tended for specific problems and relied on considerable re
sources: in [11] the horizontal (azimuthal) radiation pat-
tern was measured along the 4.6 NM long path from theppoE_| 3
ship to the shore, in [12] the vertical (elevation) pattern T
was measured using 70-foot high wooden arch above th O ‘ar‘\ec'\
antenna over sea, in [13] airborne measurements were dor 9 9
using a dirigible.

The aim of this study was to produce a compact, reli-
able and affordable measurement setup capable for me:i
suring the radiation pattern of an antenna above the sea
surface. The setup was engineered, realized and used for Fig. 1. Vertical dipole above the lossy dielectric.
several sets of measurements, using a vertical half-wave
dipole as the antenna under test (AUT). The overview of ) . )
some preliminary results and measurement procedures hifste wavelength in free space ahds the height of the
been presented in [14]. This paper gives the detailed déNténna above the ground plane.
scription of the proposed method and the realized setup, The expression (1) is based on the pattern multiplication
along with the results for a set of consistent measurementsile, where sid is the radiation pattern of the infinitesimal
comparable to analytical results. vertical dipole, and the rest of the expression represhats t
array factor of a two-element array formed by the dipole

In section 2, the analytical solution for radiation pattern . ;
of the vertical half-wave dipole above the sea surface tof§lnd its image below the ground plane. Ifa half-wave dipole

gether with the analytical and simulation results, is given's used instead, its radiation pattern is used instead df sin
The detailed explanation of the measurement method and
setup is presented in the section 3. The measurement ref, =
sults for the radiation pattern of a vertical half-wave dégo

over sea are presented in section 4, compared to the ana-These expressions are valid in the far field, where the
lytical results and shown together with the boundaries ofpproximation of parallel direct and reflected waves can be
measurement uncertainty. The measurement uncertaintyiged (Fig. 1). For such approximation, Fresnel reflection
calculated in section 5, where the detailed Uncertainty buq:oefﬁcientRU for Ob”que incidence of a para”e”y p0|ar-
getis presented. The final remarks are given in the conclyzed EM wave upon a planar interface between the air and

A

lossy dielectric

Ccos (g COSﬁ) ) |ej,80hcos19 +Rv€—jl30hcos19|. (2)

sin ¥

sion at the end. a lossy medium is defined by [1] and [15]:

2 RADIATION PATTERN OF A VERTICAL R, — MCosVi —neosy 3)
DIPOLE ABOVE A LOSSY DIELECTRIC o €08 U + 1) OS¢
GROUND PLANE whered; is the angle of incidence (for the approximation

A vertical half-wave dipole antenna is placed in the air,0f Parallel direct and reflected waves, = , as seen in
alongz-axis, at a certain heigft above a lossy dielectric Fig- 1),% is the angle of refractionj, and are the wave
ground plane having characteristics of sea water (Fig. 1jmPedances of the air and the non-magnetic lossy dielec-
The analysis of the radiation pattern of a vertical dipolelliC; respectively:
antenna with the sinusoidal current distribution above a -
ground plane can start from the well-known expression o = \/%7 n = / J@Ho 7 (4)
for the radiation pattern of an infinitesimal vertical elect €0 o+ jwe

dipole above a ground plane [1]:
P g P g wherepg ande, are permeability and permittivity of free

F! =sind - |€jﬁoh cosd | p o—iboh cos19| , (1)  spaceg is the conductivity and is the permittivity of the

lossy dielectric, where = cpe,, (e, is the relative per-

whered is the elevation angle in spherical coordinate sysmittivity of the lossy dielectric), and is the angular fre-
tem, 8o = 2w /) is the phase constant for free spage, quency.
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According to [15], the angle can be obtained as: Uity o 8 " vz . Vertical plane

2490 MHz o —~——

4
Y= arctg_, ®) |

45 . N 45

where
t = Bosind; = wy/lp€g sin ¥, (6)

q=Re{y} - Im{s}+Im{y}- Re{s}, (7)
while sis the complex number obtained by:

2
s:\/1_<7-sim9i> : ®)
v Fig. 3. Elevation pattern for h = 2 (NEC simulation using
and~y, and~ are the propagation constants in the air and il17]).
the lossy medium, respectively:

i — Voo + jor) ©) Due to the limitations explained in section 3.4, and the
70 = JWVHEo, T = VW0 T Jwe). procedure explained in section 3.5, the setup is most suit-

The electric parameters of sea water at 2.48 GHz foféble f_?jr meatshurlntg tthj IOV\{.e ' ?art of thi elevtatlon patterph.
20°C are taken from [16] as = 6.5 S/m and, — 70 onsidering the stated motivation, we chose to measure the

attern starting from the horizon and up td®4hove the
orizon, where the maritime (terrestrial) communication
actually occurs. Hence, the angles higher thah asove
the horizon were not measured.

The radiation pattern calculated using (2) — (9) is given ilji
Fig. 2, for several antenna heights of interest, as the func-
tion of incident angle};. Polar plot of the elevation radi-
ation pattern of a vertical half-wave dipole/at= 2\ was
calculated using Numerical Electromagnetics Code (NEC

[17] and presented in Fig. 3 %.2 Principles of the Measurement Setup

When considering the need for measuring the antenna
radiation pattern over sea, seaborne platforms are the first
idea. However, using seaborne platforms would present

/ several serious problems to solve. The elevation pattern
12¢ ~ [ R\ [ of the AUT (antenna under test) should be measured by
Ll /) B e — 2 continuously varying the height of the measuring antenna.
.| \ 7\ This is not easily achievable onboard a ship. Furthermore,
)i | | the floating platforms do not stand still. Therefore, the
M / \ | inability to fine-control the TX and RX antenna positions
04l £~ N/ ‘\ ' and polarizations would reflect in the measurement geom-
\ etry problems. To decrease the angle error arising from

\/ the antenna position fluctuation, the TX and RX antennas
e Gps 4n%  dpe 508 #G®  46e  Eie Dos would have to be largely separated to a far distance. This
would render the pattern measurement almost impossible
for higher angles above the horizon, because the proper
measuring antenna heights would be even more difficult to
achieve. Last but not least, the flatness (or the roughness)

Fy —  hfA=05

14} oy — =1

Fig. 2. Elevation patterns calculated using (2).

3 MEASUREMENT SETUP AND METHOD of th_e sea surface should bg qontrolled in (_)rder to prop-
. erly interpret the results. This is hardly achievable at sea
3.1 Aimand Scope because there is always some kind of swell present. Even

The goal of the study was to measure the vertical (elwith no wind, there are surface fluctuations due to distant
evation) radiation pattern of the vertical half-wave dipol Swells or, more often and unavoidable, due to ships passing
TX antenna above the sea surface. Since the initial motPY (Fig. 4).
vation for the study was to analyze maritime communica- To avoid almost all these problems, we realized the
tions that use vertically polarized antennas and waves, theropagation path over the sea surface using a pool filled
measurement was done specifically for the vertically powith sea water (Fig. 4). The precision of the TX and RX
larized component, i.e. using vertical half-wave dipole RXantenna positions and polarizations was secured by plac-
antenna. ing their stands on the solid ground on the opposite sides
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the open sea. This could be useful for a directional AUT, to
avoid reflections from eventual obstacles on land, but is not
as important for an omnidirectional AUT. The electromag-
netic requirement was to avoid any scattering objects in the
vicinity of the setup. Also, the conductive material should
be completely avoided in the setup construction. The setup
should be easily dismountable and moveable to a chosen
location.

Fig. 4. Measurement setup. No wind blowing: pool surfac
perfectly flat, sea surface not.

3.3 Pool Depth

The pool should be deep enough to avoid the possibility
that the transmitted wave gets reflected by the pool bottom,
and appears again above the pool surface. To ensure deep
sea conditions, the attenuation of the electromagnetiewav
passing twice through the 10 cm thick layer of sea water
gvas calculated. The calculation was performed assuming
the worst-case scenario that includes normal incidence and
total reflection from the pool bottom. Regarding the plane-
wave propagation through a given medium, the attenuation

of the pool. The AUT was set up as the TX antenna, whilecoefficienta is given by [15]:

the RX antenna was used for measurement. The flatness

of the surface was perfect in the calm conditions without 1 o2

wind. o =wy/lieE, | 5 ‘/H(E) —1], (10)

The pool depth had to be determined to match the con-

ditions at the deep sea, i.e. to be able to disregard any efvhere quantities are defined as in (4). Attenuation in dB

fect of the wave transmitted beneath the sea surface. lgan be calculated by:

the real conditions, the transmitted wave gets attenuated

fast by the lossy medium. The reflection from the sea bed ATT = 201log (e* %), (11)

is therefore irrelevant and the transmitted wave will not , "

arise above the surface again. This eliminates any inteiYN€reéd; is the pool depth. For the specified pool depth of

ference of the transmitted wave with the incident and red-1 M and the electric parameters of the sea wgter [16] at

flected wave above the surface. The pool depth should ke 48 GHz b= 6'5_ S/m ande, = 70), the attenua'qon was

properly determined to ensure enough attenuation. calculated to be in the range 5200 dB, which is more

) ) ) than sufficient to simulate the deep sea and to neglect any
The last issue was to determine the size of the setupfect of the transmitted wave.

with respect to mandatory far-field conditions, considgrin

the size of the antenna system (formed by the AUT and it§ 4 Realization of the Measurement Setup

image below the ground plane). The far-field requirement ) . . .

determined the pool length, while the maximum measured 1€ overall setup dimensions were determined consid-

elevation in the pattern was determined by the achievablg"nY the minimum necessary distance betv\_/een the TX and

height of the measuring antenna. The former (pool length he RX antenna that would ensure the far-field con'dltlons.

was not as limiting factor as was the latter (measuring th&©r known wavelengtth and the greatest overall dimen-

antenna height). The optimum frequency had to be chosefion Of the antenna systely the far-field boundaryzrr

to satisfy all requirements. The pool width was not con-Can be calculated:

sidered critical and its dimension was chosen to ensure a 2D2

wide-enough propagation path over sea, however keeping Rpp = ——. (12)

the setup as compact as possible.

Another practical requirement for the setup was to place. | "€ @ntenna system (i.e. antenna array) is formed by
it near the sea, as to be able to fill the pool with the Iargéhe original antenna and its image beneath the sea surface

volume of sea water using a water pump. To be able té9round plane). Hence, the overall dimensionf the an-

properly control the geometry and to minimize the pooll€NNa system equals:
volume, the pool had to be placed on a firm flat surface. A
4

A
The transmission was directed away from the land towards D=2-h+t2-,=2-h+g, (13)
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whereh is the AUT height above the sea surface, whileplastic, as well as all other parts of the pool and antenna
2:\4 represents the lengths of the dipole arms that extensupports.

beyondd. Due to thickness of the pool walls (wooden boards) and
The practical limit in achieving the controllable RX an- {he construction details, the achieved length of the propa-

tenna height was, in our case, around 4 m. Considering thghion path, i.e. the distance between the system origin and
the goal was to measure the pattern up to the elevation ¢fe RX antenna. was 3.95 m.

45° above the horizon, we decided to build a setup based

on the 4 mx 1 m pool (Fig. 5). The signal was generated by the RF signal genera-

tor Rohde&Schwarz SM300 working in CW mode at
RX 2.48 GHz, and amplified by 10 W RF amplifier Ophir
=] 5140. The TX power was monitored with Rohde&Schwarz
NRP-Z21 power sensor and kept constant. It is worth not-
— ing that the power was quite stable throughout the mea-
DIPOLE ANTENAS surements and adjustments were not even needed. The
RX power was measured by the spectrum analyzer Anritsu
A MS2663C.
\ TX (AUT)

3.5 Measurement Procedure

The intuitive approach to radiation pattern measure-
ment would be to measure the field along the circular path
around the AUT (shown in Fig. 7), ensuring constant ra-

>

DIRECTIONAL| RG58U |re213 [ sienaL | [sPecTRuM | . A
COUPLER }— AMPLIFIER [™""GENERATOR| | ANALYZER dius between the TX and RX antenna. However, this would
RGS8U >L POWER pose significant difficulties in terms of precise positi@nin
oadictal| of the RX antenna. The RX antenna, mounted on the tri-
pod, would have to pass along this curved path, measur-
Fig. 5. Schematic layout of measurement setup.  ing the received power at the discrete elevation angles (ac-

! _cording to chosen angular resolution). This would imply

The pool length dgﬂnes the length of the ShorteSt_d"he simultaneous adjustment of two dimensions (horizon-
rect wave path, thus !t shpuld be longer than the farfiel al and vertical distance from the coordinate system origin
boundaryRpp. Considering the wavelength and (12) ~ dy anddy, respectively, see Fig. 7). This procedure was
(13), th_ese pool dimensions are appropriate for MeaSUrgasted first, and it proved to be problematic and time con-
ments in 2.4 GHz ISM frequency band, for AUT he'ghtssuming. Instead, we chose to measure along the vertical
up to 1.8\. \We chose to measure at the frequency of 2.4§,0 15\ rement line, as shown in Fig. 7. In this way, only
GHz, and for the. AUT heights of 05 14, 1.25, a_nd one dimensiongy, had to be adjusted, whilég was kept
1.5\. As the far-field boundary calculated by (12) is not constant at 3.95 m, which was far easier to achieve.
a sharp measure, we chose to measure also for the AUT . o
height of 2\. ' The height of the receiving anten@y had to be ad—

At the defined frequency, the printed half-wave dip0|ejusted to the pre-calculated discrete values, according to

(Fig. 6) was easily realized as in [18], and used as the tran{® chosen angular resolution and:
mitting and the receiving antenna. dy = dy - tgd = 3.95m - teo, (14)

whered is the elevation angle above the horizon. However,
this meant that the measured RX power had to be corrected
because it was not measured at a constant racliost at

the distance increased byr. Since the RX power is pro-
portional to1 /2, the RX power used for radiation pattern
measurement had to be corrected, i.e. increased by the fac-
tor of (r + Ar)? /r?:

2
r—|—Ar) ’ (15)

Fig. 6. Printed half-wave dipole used for TX and RX. Br=Priar- (

The RX antenna was placed on a wooden tripod withwhere P, is the received power at the constant radius of
adjustable height. The AUT holder was made of wood an®.95 m (used for radiation pattern calculatio®), + Ar
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h=05%A
(f'_- 5 | ~s— Measurement|
{ —— Theory
> 5 0 .
5 |
» . s |
/‘ 2 g’ -5 g |

] g 10

3 =
g E| % 2 | |

%“\ E?J 15
{7 9 ‘ﬁ
A
P o =

R -20

z 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45
X (AUT) Degrees above the horizon
w8 Fig. 8. Radiati forh =0 ded
I f POOLWITH SEAWATER Ig. . adiation pattern for h = 5, expanaea uncer-
tainty (k = 2): +4.683 dB.
d,=r=395m

h=1)\

Fig. 7. Geometry of the measurement setup.

@ 0
=
is the measured received power, aid can be pre- =
calculated for angles of interest from the geometry showr g’ S
in Fig. 7: ]
= -10 ; )
r (1 — Ccos 5) S -+— Measurement
cosd = = Ar=——. 16 i |
r+ Ar cos (16) A5 — Theory ' |
In order to obtain the elevation radiation pattern in ac- -
ceptable resolution, the angle range of 4fs divided in 0 3 6 9 1215 18 21 24 27 30 33 36 39 42 45
15 steps of 3, yielding 16 measurements for every single Degrees above the horizon

measurement procedure. The RX antenna heighivas

measured using 5 m long telescopic rod equipped with gy 9 Radiation pattern for h = 1, expanded uncertainty
level for control of the rod verticality. (k = 2): £3.776 dB.

4 MEASUREMENT RESULTS h=1.25)

The measurement results for the AUT heights ofQ.5 4 i 1T

1), 1.25\, 1.5\ and 2\ are given in Fig. 8 to Fig. 12. The
results are presented together with the boundaries of th £
measurement uncertainty (expanded uncertainty, coverag s

factork = 2), which was evaluated in detail in section 5, § o
for each AUT height. . I
The theoretical results were obtained for an ideal half- g L
wave dipole over sea, using analytical relations (2) — (9), -5 | ~*=Measureriert
and are also shown in figures. As explained in section 3.1 1 | —Theory
all results refer to the vertical component of the electric -20
field, thus the analytical results were obtained by multiply 0 3 6 9 1215 18 21 24 27 30 33 36 39 42 45
ing (2) with sin 9. Degrees above the horizon

All results were measured and presented as relative val-
ues. We were not interested in the absolute values of thelg- 10. Radiation pattern for h = 1.28 expanded uncer-
incident field or RX power. tainty (k = 2): £5.721 dB.

To be able to compare the measured and the theoretical
radiation pattern, they should be overlapped as logically
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h=15% most logical overlapping of two graphs in each figure.
5 e The first point § = 0) was excluded from this opera-

e tion (thusN = 15 in (17)), since the error was too big. This
R 1 happened because the theoretical resultfer 0 should
be zero, or, in dB—oco. However, we could not make the
measurement at exactly = 0, due to finite dimensions
of the RX antenna (the RX antenna is not infinitesimally
small). The measured result®at O thus does not refer ex-
actly toy = 0, but to the lowest point (lowest angle above
the horizon) that could be achieved with the RX antenna,
when the tip of the lower dipole arm was almost touch-
T rErrTrrrrrTrerTeETy ing the sea water. For this reason, the theoretical value of
Degrees above the horizon —oo dB is not shown on the graphs.

Graphs show that the theoretical results are in most
Fig. 11. Radiation pattern for h = 1.5 expanded uncer- points contained within the boundaries of measurement ex-

Normalized gain [dB]

—— Measurement

15 — Theory

-20

tainty (k = 2): +2.850 dB. panded uncertainty with coverage facior= 2. More-
over, many points overlap withitt2 dB in all graphs. The
h=2% accordance is especially good for AUT heights afdnd
5 T T 1.5\

It is worth noting that the stated uncertainty refers to
the realized setup and not to the proposed method in gen-
eral. The uncertainty evaluation, given in section 5, shows
which particular measurements should be more precise in
order to achieve lower uncertainty.

5 EVALUATION OF MEASUREMENT UNCER-
TAINTY

Normalized gain [dB]
=

-a— Measureme m|

—— Theory

We proposed a novel method, realized the prototype
setup, and made the preliminary measurements. In order
to analyze the critical points in the realized setup, we have
also established the measurement uncertainty budget. This
should prove useful for subsequent setup realizations and
measurements.

The evaluation was done using principles given in [19]
as possible. Since there was no absolute reference for ti@@d [20] for Type B evaluation of standard uncertainty.
graphs, first the theoretical radiation pattern was normal-
ized to the maximum value, i.e. the maximum value of2-1 Functional relationships
the theoretical radiation pattern became the 0 dB reference |ndividual contributions to the combined uncertainty
Then the measured results in dB were compared to the pregan be properly assessed using the mathematical function
viously calculated normalized theoretical values for eachhat expresses the dependence of the result on the mea-
angle, and the mean signed absolute error was calculatgdred quantities. Radiation pattern measurement is based

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45
Degrees above the horizon

Fig. 12. Radiation pattern for h = 2, expanded uncer-
tainty (k = 2): £5.840 dB.

as N on measurement of the received power that can be ex-
1 Z (mmwswed B xtheory) (17) pressed using the expression based on Friis equation, mod-
N < - idB :dB ’ ified according to our setup. The received power is given
i—

by equation (all quantities in dB):
wherez; is the result in dB at'" point, andN is the num-
ber of points. This mean error value in dB was applied as  Pgxgg = Prx + Grx + Grx + 10log (ﬁ)Q -
the offset value to each measurement result. This resulted 10%og d? 4+ Le + ME + 101 5
with a new set of values that corresponded to the measure- ogd”+ Lo+ + 10log (COS aTX) +
ment results and still kept their relative ratios. However, +101log (cos2 aRX) + kar + 10log |F|2
the mean signed absolute error between the theoretical and (18)
the measurement results was thus eliminated, ensuring tiehere:
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- Pgrx is the power measured by the spectrum analyzemnain lobe is symmetrical upwards and downwards. How-
) _ ever, if the pattern is not symmetrical (e.g. due to slightly
- Prx is the power input to the TX antenna; unbalanced feed), or if the TX antenna tilts longitudinally

) : . . ) the gain changes bAGTx. The change is opposite in
Girx is the gain of the TX antenndirx = f (V); sign for the direct and the reflected wave, as seen in Fig.

- Grx is the gain of the RX antennéirx = f (9); 13. This effect will be the greatest fdr= 45° (the largest
_ _ o change of gain for a tilt angle). This must be included in
- d is the distance from the system origin to RX an-(19), for later estimation of the uncertainty:

tenna; )
AGrx AGTx ;
- : ; FI>=|1+ +(1- ‘R, -e71PAd
- L¢ is the overall loss in connecting cables and con- || ‘ Grx Grx v
nectors; (20)
- ME is the mismatch error in the system; , v
A &
- cos? arrx is the polarization loss due to the transversall — 9 6@@"‘"}
A\

(normal) tilt of the TX antennagrx is the tilt angle,
atx = 0if no tilt;

Gy %
- cos? agx is the polarization loss due to the transversal | _’1\\_1?,0“‘
(normal) tilt of the RX antennayrx is the tilt angle, X ¢~ — A©
arx = 0 if no tilt DIPOLEJ[{-; » MAX R
- ka, is the correction factor given by (15), calculated _AG 9 9
for each measurement point (not a measured quan- J
tity);

Fig. 13. Effect of longitudinal (parallel) tilt of the TX an-

- Fis the array factor of the TX antenna system. .
tenna, for the case of uptilt.

However, the radiation pattern is given in relative terms, .. . .
. . . . Similar effect of gain change occurs also on the RX
as the ratio (or difference in dB) between consecutive

’ . side, if the RX antenna is tilted longitudinally or has a non-
Prx power measurements for various elevation angles symmetrical pattern (due to e.g. slightly unbalanced feed)
Therefore, the uncertainty will be influenced only by quan- y P -g. stigntly

. Both the direct and the reflected wave arrive to the RX an-

tities that can vary from one measurement to another, "eténna from the same angle (they are approximately parallel

across the whole .SEt of measurements. Only those contrilr-] the far field), thus the gain change is either positive or
butions are taken into account.

negative for both waves at the same time (Fig. 14).
5.2 Geometrical relationships ‘Z
The array factoF can be considered as a superposition |
of the direct and the reflected wave, i.e. the array factor of P
the two-element antenna array consisting of the AUT and MAX < | L RX
its image below the ground plane: (/| DIPOLE

F=1+R, e/ (19) 1

where R, is the reflection coefficient defined by (3), and Na“
Ad is the difference in the distances traveled by the direct & 6«3“6
and reflected wave (which results in the phase difference ‘e\\ed‘
between the two waves). Thus, if the direct wave reaches

the RX antenna with phase Othe phase of the reflected

wave shall be =24, Equation (19) assumes that TX gain Fig. 14. Effect of longitudinal (parallel) tilt of the RX an-
is the same for both direct and reflected wave (WhBlg  tenna, for the case of downtilt.

is ultimately multiplied byGrx, i.e. added in dB in (18)).

This is true if the AUT (vertical dipole) radiation pattern = True geometrical relationships can be observed in Fig.
has its maximum pointed towards the horizon, and théd5. The direct wave travels the distantg while the re-
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flected wave travels a different distancé; + do = d..
Amplitude-wise, the difference betwedg andd, can be
disregarded and, for both waves, the distad¢&om the

system origin, point O, to the TX antenna) can be used. |t§hipY —f
square, used in (18), is a function of two measured quanti

tiesdy anddy, given by:

d* = d? +dy. (21)
RX
diroct W8 "II:
: dd d@éﬁp ‘
1 d, _
§ 9 9% 9pg
o : dy

Fig. 15. Geometry basis for phase difference calculation
without the approximation of parallel waves.

However, the differenceAd = d, — dq results in

5.3 Sensitivity coefficients

If a measurand is determined fronN other measured
guantitiesX, Xo, ..., X through a functional relation-
(X1, Xs,..., Xy), the combined standard un-
'(:ertaintyuc(y) is calculated by [20]:

e ()],

1

Ue (y) (29)

N

K2

wherex,; andy are the estimates of the quantiti&s and
Y, respectively, and; is the sensitivity coefficient:

_9f

C; =
81‘1‘ ’

(30)

giving the measure of measurand sensitivity to the varia-
tion of the quantityX;. When numerically calculating the
value of the obtained partial derivative function, all argu
ments (quantities) are entered as the values measured (or
calculated) in the point of interest. If there are multiple
choices, the worst-case scenario with respect to the mea-

surement uncertainty is used.

The sensitivity coefficients for quantities added in dB,
as in (18), are obviously equal to 1. This is also true for

the phase difference between the two waves described wantitie_s that are just added together into a final value,
=2 These quantities can be expressed by the meg4ch as in distance measurements.

sured quantitiel, dg anddy:

dy = dy + do, (22)
du
90° — %) = , 23
cos( ) it ds (23)
h+d
£8(90° — ;) = ;H v (24)
du
d, = : 25
cos(arctgh‘*%) (29)
da =/} + (dy = h)?, (26)

— dH

cos(arctg

Ad

Ridyvy V di + (dy — b (27)

du

As R, andGrx are functions of¢;, they must be ex-
pressed as functions of the measured quantitiels; and
dy, using (from (24)):

h+d
du

\%

¥ = 90° — arctg

(28)

For RX antenna in the far field, = 9, as seen in Fig.1.
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The sensitivity coefficient had to be calculated for
the sensitivity of d; to quantitiesdyg and dvy, us-
ing (21) and (30), for the worst-case scenario where
dy = dv =3.95m.

As the gaingGrx andGgrx are functions o) (approx-
imately equal tad;, see Fig. 1 and Fig. 15), due to (28),
they are also functions of the measured quantitiegy
anddy. Functional dependencérx rx) = f (h, du, dv)
is given by the expression for the gain of half-wave dipole
and (28):

cos (g coS 19)
Grxme) = sin )
cos {g oS (90o — arctg%)}

sin (90O — arctg%)
(31)

Therefore, sensitivity coefficients ¢frx and Ggx to
all three quantities were found as partial derivatives aj (3
with respect toh, dg and dy, using worst-case values:
h =0.5), dH = dv =3.95m.

The sensitivity of polarization loss to the normal
(transversal) tilt was obtained by finding the derivative of
cos? arx andcos? arx from (18) with respect tavrx and
agrx, respectively, forvrx andagx equal to 8, which is
the center of the estimated interval of deviatiof, [DC°].
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Table 1:Expanded uncertainties for various AUT heights.
h=05A h=1A h =125\ h=15A h=2A

Combined standard uncertainty +/- U, 2341 dB | 1,888 dB | 2,860 dB | 1,425 dB | 2,920 dB
Expanded uncertainty +/- 2U, 4683 dB| 3,776 dB| 5,721 dB| 2,850 dB| 5,840 dB

The sensitivity ofGrx to the longitudinal tilt of the re- we estimated the AUT height measurement deviation of
spective antenna was obtained by finding its derivative witht5 mm with rectangular distribution. A simulation shows
respect ta). Functional dependencgrx = f(19) is given  that the overall expanded uncertainty could be narrowed
by the expression for the gain of half-wave dipole (31).to +£1.5 dB to+2 dB if only the AUT height could be
The estimated interval of deviation of the longitudinal til measured withint1 mm, which is achievable with more
with respect to the elevation anglewas [, 10°] around  precise setup. Other improvements could lower the uncer-
the elevation angle of = 45° (worst case, as explained tainty down to aboui-1 dB (coverage factor = 2).
in section 5.2). The obtained uncertainty (i.e. the same in-
teryal of deviation) was usgd also for the'calcu'latlon of TX6 CONCLUSION
gain changeAGrx uncertainty, as explained in (20) and
in Fig. 13. A compact and innovative setup for measuring the ele-

Finally, the sensitivity of F'|? to the measured quan- vation radiation pattern of an antenna above the sea surface
tities h, dy, dv, and to the gain differencAGrx from  has been proposed, realized and tested using half-wave
(20), was calculated. First, equation (20) was expressedipole as the antenna under test (AUT).
using (3) — (9), (27), (28) and (29), obtaining the func-

i ionshid 712 —
tional relationshif £* = f (h, du, dv, AGtx), and then i~ The presented setup greatest dimension was 4 m,

the respective partlal derivatives were calculgted theaCappropriate for the chosen frequency of 2.48 GHz and AUT
argument, according to (30). Due to complexity of the re'heights up to 2 above the sea surface
sulting equation, numerical values of the derivatives were '

computed by a mathematical software package. The worst- The proposed setup exhibits several innovative features,
case scenario value; = dy = 3.95m were used, to- Such as stable TX and RX antenna platforms (while the
gether withAGx for the estimated interval of the lon- Propagation path is still over sea surface) and straight
gitudinal tilt deviation of [0, 10°] around the elevation Movement of the receiving antenna during measurements
angle ofy = 45°. However, the computations showed that(contrary to the usual concept of measurements along the
the sensitivity coefficients ofF’|2 heavily depend on the arc). Due to the latter feature, the measurements were lim-
AUT heighth. Thus, the sensitivity coefficients ¢f|2 ited to the elevation angle range starting from the horizon
were computed separately for each AUT height0.5)\,  UP to a certain practical angle, 4% this case. However,

1), 1.25\, 1.5\ and 2\). Accordingly, the resulting com- this range is fully adequate for most applications relating
bined uncertainty was also calculated separately for eadi§restrial communications towards the horizon. The com-

The choice of frequency is connected with setup size

AUT heighth. parison of the measured patterns to the analytically calcu-
lated ones shows good agreement, with certain deviations
5.4 Uncertainty budget that mainly fall within the boundaries of the calculated

The overall expanded uncertainty is shown in TableMéasurement uncertainty, which ranged fra®85dB to
1, separately for each AUT height (0.5\, 1\, 1.25\, +5.84 dB (depending on the AUT height above the sea sur-

1.5\ and 2\). The expanded uncertainty varies with AUT face). The detailed analysis of uncertainty budget showed

height, ranging from-2.85 dB to++5.84 dB (coverage fac- that further improvements are possible in terms of setup

tor k = 2). The detailed uncertainty budget is presented irP"€ciSion. that could lower the uncertainty down to the
Table 2. range fromt-1 dB to+2 dB.

The deviation intervals for all quantities were gener- As the proposed method and setup proved their useful-
ally taken as worst cases. It is also important to noté€ss with a well-known vertical half-wave dipole, the same
that these apply to the realized measurement setup protfethod and setup (with possible improvements) could and
type. Subsequent setups could surely be realized with moill be used for testing other types of antennas.
precision, especially concerning the most critical quanti
ties. The largest contribution to the combined uncertaintyEFERENCES
comes from the array factor, and the single largest con-
tribution comes from the uncertainty of the AUT height [1] C. A. Balanis,Antenna theory, analysis and desjgn
measurement above the sea surface. For our prototype, New Jersey, USA: John Wiley & Sons, Inc., 2005.
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Table 2:Uncertainty budget.

Contributions to uncertainty Value | Units| Distribution| Divisor Standa.rd Sens!tlylty Uncertainty
uncertainty | coefficient
TX power measurement (constant power) 0,05 | dB | rectangular | 1,732 0,029 1 0,029 dB
Power measurement, P Linearity of spectrum analyzer log scale 1 dB | rectangular | 1,732 0,577 1 0,577 dB
Combined standard uncertainty u-(P)| 0,578 dB
Cable loss stability, L Flexing (estimated)l : 02 dB | rectangular | 1,732 0,115 1 0,115 dB
Temperature stability (estimated) 0,15 | dB | rectangular | 1,732 0,087 1 0,087 dB
Combined standard uncertainty u(L ;)| 0,144 dB
TX antenna (AUT) height over Scale resolution 0,0005] m | rectangular | 1,732 0,000 1 0,000 m
sea, h TX antenna positioning (ver. variation) 0,005 ] m | rectangular | 1,732 0,003 1 0,003 m
Combined standard uncertainty uc(h)| 0,003 m
Horizontal distance between TX Scale resolutlion 0,0005] m | rectangular | 1,732 0,000 1 0,000 m
and RX antenna, d, Scale deflechon“ : _ 0,01 | m | rectangular | 1732 0,006 1 0,006 m
RX antenna positioning (hor. variation) 0,1 m | rectangular | 1,732 0,058 1 0,058 m
Combined standard uncertainty u (dy)] 0,058 m
RX antenna height, dy Scale resolution' _ _ 0,0005] m | rectangular | 1,732 0,000 1 0,000 m
RX antenna positioning (ver. variation) 0,0025] m | rectangular | 1,732 0,001 1 0,001 m
Combined standard uncertainty u(dy)] 0,001 m
Distance from TX phase center to]d, previously calculated u.(dy) 0,058 7,900 0,458 m?
RX antenna, squared, d* dy previously calculated u¢(dv) 0,001 7,900 0012 m?
. ) 2| 0459 m?
Combined standard uncertainty u(d*) 0130 dB
- . TX antenna normal tilt -> polarization loss 5 ° | rectangular | 1,732 0,050 0,174 0,009
r:::::azzn Ae:fects on gain and RX antenna parallel tilt -> gain change 5 2 rectangular | 1,732 0,050 0,780 0,039
i RX antenna normal tilt -> polarization loss 5 2 rectangular | 1,732 0,050 0,174 0,009
Combined standard uncertainty| 0,041
U (AG,AL) 0,183 dB
Change in TX gain as a function |h previously calculated u (h) 0,003 0,121 0,000
of J determined by measured |dy previously calculated u(dy) 0,058 0,123 0,007
distances, AG dy previously calculated u(dy) 0,001 0,121 0,000
Combined standard uncertainty| 0,007
u(AG)| 0,031 dB
Change in RX gain as a function |h previously calculated uq(h) 0,003 0,121 0,000
of J determined by measured |d previously calculated u (d) 0,058 0,123 0,007
distances, AG dy previously calculated u (dy) 0,001 0,121 0,000
Combined standard uncertainty| 0,007
U(AG)| 0,031 dB
h previously calculated u ((h) 0,003 137,317 0,398
Antenna array factor, squared dy previously calculated u.(dy) 0,058 0,757 0,044
(h =05A), IFI dy previously calculated u(dv) 0,001 0,758 0,001
AG 1y = RX gain change due to parallel ilt 0,039 1,428 0,056
Combined standard uncertainty| 0,405
ugIFP) 2,253 dB
h previously calculated u ,(h) 0,003 112,800 0,327
Antenna array factor, squared dy previously calculated u ,(dy) 0,058 0,853 0,049
(h =1A), IFP dy previously calculated uo(dv) 0,001 0,851 0,001
AG1y = RX gain change due to parallel ilt 0,039 1,434 0,056
Combined standard uncertainty| 0336
uIFP) 1,777 _dB
h previously calculated u (h) 0,003 156,977 | 0,455
Antenna array factor, squared ay previously calculated u (dy) 0,058 2,029 0,118
(h=125)), IFI? dy previously calculated u(dy) 0,001 2,032 0,003
AG1y = RX gain change due to parallel ilt 0,039 1,437 0,056
Combined standard uncertainty| 0474
u(IFA 2,788 dB
h previously calculated u((h) 0,003 77,073 0,224
Antenna array factor, squared dy previously calculated u ,(dy) 0,058 1,845 0,107
(h =15A), IFP dy previously calculated u (dy) 0,001 1,847 0,003
AG1y = RX gain change due to parallel ilt 0,039 1,440 0,057
Combined standard uncertainty 0,254
u(IFA] 1,274 dB
h previously calculated u ,(h) 0,003 154,427 0,448
Antenna array factor, squared ay previously calculated u¢(dy) 0,058 2,859 0,166
(h =2\),IFP dy previously calculated u (dy) 0,001 2,865 0,004
AG 1y = RX gain change due to parallel tilt 0,039 1,446 0,057
Combined standard uncertainty| 0 481
u(IFP| 2,850 dB
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