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902 1 30 03 -4.4702 dBi -8.1791 dBi
A3 160 DN -7.5493 dBi -12.9077 dBi
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9A5 71 120 B3 -7.5899 dBi -14.0324 dBi
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397 #1180 Basn -3.1658 dBi -8.2946 dBi
08 # 210 pam -4.2060 dBi -8.1034 dBi
9 71 240 B3FN -5.8853 dBi -8.9158 dBi
310 7 270 BaFN -8.9240 dBi -15.2932 dBi
911 i 300 09N -6.3922 dBi -9.8076 dBi
912 i 330 pam -4.7345 dBi -8.3011 dBi
3913 7 360 DamN -1.8984 dBi -5.2674 dBi

59

M99 5.1 wamafSouifivumsasinsvnevesms dernudyaauuuuaun 9B npa

= #3 o = | = =
Taowaninmsiaszmivestivausluasnsdide nsauuulelsInstauazlunsda
U = & = q’: -~ = a 1 Y
moesdata  Fnsaiuvyle Ty Insdmivuaaifinsdinamoas imsversyesaeenia i
Yy ¥ v
miny 1 dwlunsdisesddiaiusiuewadasinisveen lavnnsIananuaunas
a y«’: a ¥ A ' ' - s YR
Tagnahn Tdiusvszifannmsaziouvesndunndiuang  fmvoimaansodyldsed
v » ¥ "
oATINITVOONFINT iHenInmInaassiadygianiuldimsiamelusmsiannsaia
ar a1 o :;.
midzeunniagglniaiaieg  meludeslduazamsasinaldnnaumsi 325 Tag
" ] ¥
aundvlunsdileToinstn As -10.6462 dBi uazaunaslunsdineolfiatiuie -5.5393 dBi

4 & S L o " z
m‘naﬁmﬂsﬁummﬁummmmnu -5.1069 dBi

a ¢y r P
522 Nﬁﬂﬁ'J!ﬂﬂSﬁﬂﬂ‘qﬂﬂ]ﬁ?ﬁﬂ'lfﬂuﬂ1ﬂ'lﬂl‘!.l‘l.l‘l'l2
a by P o 3 ' @ ¥ ]
ﬂ'li')ﬂﬂ'lU‘IHHBJLLU‘IJﬂ 2 ﬁﬂymzﬂuﬂﬂuﬂ$?ﬂﬂil'lﬂﬂ'l'i?ﬂiu‘ﬁﬂﬁlmﬁ"ﬂ 1 Iﬂﬂi]z
° v & a z o " d 1 1 ")
ﬂ'WiUﬂﬁlﬁﬁTUB’lﬂ']ﬁ;{']HﬁU“ﬁ\‘lﬂﬂﬂﬂﬂHﬂ?ﬁuﬂuﬁ H‘N‘iﬂﬂﬁ"lﬂ'ﬂ"lﬂ1ﬂﬂy1uﬁ&L‘ﬂHiSUZﬂNI.YI'IﬂU

A o g 4 o = :
1 luasuag 2 1was °11\11’l’lﬂ']5'Jﬂ?SI"JU 'ﬂ']UBWﬂ1ﬁLL‘U‘UﬂT}UQLLﬁS‘Vﬂﬂ13Wﬂﬁl@ﬁ'lﬂiﬂﬂ’lﬁilllﬂl’luﬂu



60

v ] ¥ ¥
Tavvzuaaswamsnldounilasihaduluyuaian s 0 99mde 360 0aM H23aL 30 BN

=) = s @ Y o v =Y o as dy
waznloumeuny 2 sz ﬂaﬂmmm"mmuiugﬂmmmwnmmaimaq Al

5.2.2.1 vnauaziaveslansumsmelouvesmeaiman laoinmsianialy
4
IATHUUN 2
1 = s :{v.;J 1 u‘:
luarvvesnisinsiznvmanazaveadansunisois leuvesawo1nd HUNa

a L4 = =2 = o o
VNMIAATIZHL AR TN ZUNS.8DI3UN 5.11 awddu

Magnitude(dB)

Frequency(GHz)

0

Pointing Angle (degree)
31 5.8 vunavesilandunisai Teuvesawvernei 1dannans Yaneluemsiuui 2

TAolisoerIa5 eI IUAINUATUSY 1 1uAs

Phase(degree)

Pointing Angle (degree)

§ 7 g — [ 1
3N 5.9 lavesilansumsae Tenvesmeeman Ideinwans Janolueimsuuui 2

Taoliszoz 1932 MR UAINUAIUSY 1 RS



61

20 IIII

s

40
60]..
0.

100 <.

Maqnitude(dB)

1204

Frequency(GHz)
0 Pointing Angle (degree)

4 7w 1 P o 4
31 5.10 vinavesilandumanie Teuvesmoeimead ldvinwans Sanelueimsuuud 2

TaoliszozriasenaduasatudIusy 2 was

Phase(degree)

Frequency(GHz)
z 0 Pointing Angle (degree)

4 Y ' = o ~
3N 5.11 avesilsnsumsae Teuvesmuoman ldanmans Janolueimsuuui 2

TaoTiszuer1a3en NI IUAINUAIUSY 2 1UAT



x 10

N
N W
L [/

Power delay profile (W)
(]

30 5.2 msilsgamdsnulundazyuniaranisianeluemsuuui 2 Tag

H32orviasen AN UA ISy 1 1was

x10

gl:l.B--.~
2

=

go.s\_
z
30.4\
o

3o

3
o.

Time (ns)

31 513 msilszdemdanulundayuninranmisianiolueimsuuui 21ae

320 HIITEHINA AN UA U5 2 1WAs

62



63

5.2.2.2 madszdamasnuvesdyanamamsiameluermsuuui 2

o o

— pay Y o 9 =
nngUii 5.02 uazgdin 5.3 TunsuaaswavesnmnihdadiansilszSamideau

¥ H
vosdgyg aiusznaadluguuuvens i 3 unuie naildlumsduma szdusidea

L

'
= o @

o o ) a o vy e
QJ'ENETQJEU1mﬂillvlmmmglmﬂﬂ1m§’Jﬂ'IﬂU‘WinSm"l ﬂ]ﬂzﬂﬂglﬂu‘1ﬂ311uﬂ'jm‘ﬂnﬂ']ﬁﬁuu‘llﬂa

o o

o

¥
Muoualuyuanen dudygiadunanddiulFnaumiudedszne s nluduiily

o o

seor 1 wasuaz Uszuim 8 wiluduinlussosriaseniadiusvuazaudadivuia 2 was
@ o a ™ A o o £ o

Tﬂﬂi‘is:ﬂu‘uaaﬂmufymwmanummgwmmsmgumammﬁﬁmiummgu 90 (1AL 270 DA

v v ¥ ¥ ¥

Wuvgilszavveadyaudindiyudug Meilifissnndnyuzmalassadnvessooniaias

U

" d’a’: o o o v 3 i a A
Nﬁﬂiﬁ"ﬂ‘ui]'lﬂﬂ‘utluﬁuu‘ilxl?‘iu'lﬂ'ﬂ‘i&’ Uﬂlﬂﬁﬁmuﬂg'lﬂﬂuuﬂﬁguuﬂuﬁﬁﬂﬁiﬂUlﬂ‘lﬂ']z‘E]U'NUfl'ﬂ

(3

Y1 90 uaz 270 B9 sTAVYBITYANMITMNFADINNRamsoIMAMad LS uryu T Ty
o ~ ) @ o 9/ ar Vv A o o [ o Y ar
e licunsesudyaa duaz sz duna 18 udelszus ivstueen Tz s duves
¥ 3
dygnaniugnaaneuaslidimuszozvivesmeeimalasausadunaldvingisaes
I [y ¥ d ' A o A A - v -
fSsumsuiunaasldiiiuiiszszmanazyuihimsnyunselimsnldoundas lUdond

WansznuAnszAvvBIdy uuazsm A mna lumsiRumantwesdyanadinguiu

v g

E. o ] I 1 T I 1

=45

]

o 4

]

o

835

te

w 4

[—

32_5 1 ] ] 1 1 L 1

=70 50 100 150 200 250 300 350
Point Angle(degree)

g T T T T T T T

© 20

o

t.% 15

>

x

a10

w0

= 1 1 1 1 1 1 1

X g 50 100 150 200 250 300 350
Point Angle(degree)

3N 5.4 wamsulSvuifvuaundoveananlszis uazamsurdss sz hessosmig

¥ I o g [
ATUDINUATIUTUY 1 1UAS



64

28 1 1 T T T T T
as "
o
o5 =
<4
X4 o
c
3 3 L ] 1 1 1 ] ]
=0 50 100 150 200 250 300 350
Point Angle(degree)
§-3° T T T T T T T
Bas| -
2
Q. -
) 20
z
g 15 -
w10 -
= 1 1 1 1 1 1 1
X o 50 100 150 200 250 300 350

Point Angle(degree)

31U 515 wanmsuSeumsuaimasveananlizia wazmimsurlseIeseniaszezng

¥ " ow Y ar
ATHAINUAIUIY 2 LUAT

5.2.2.3 aN¥AUZNMINIZUNNAVLITYY UM InMelue M suun 2
¥ ¥
< a ar s - '
MSAATIZHINOMIHAVDINITNIZIWNIINAT Vosdyaiuzinsanly 2 dm
o A 1 - = J [ a v d &2 = & w
nang Ae  Aunagnalizduasimudlszie  Taszuaasliinunnundsvesaind,
=2 ar ar P U a & o - a
ndswesdya uuaznavesdyuinzwesn lifnndunds  duziludivenimisiia
dygnannnnrasiamaaudiay - uaissnnnsialdnhneludesi lifinisgadunis
¥ & 2 o g1 a ¥ 3 o ¥ a
azeuvenay v lvdaundonanlsziimunsodszna ldnnnmuihdadnanislseis
o @ ar q’: - o : w 9 dyﬂ U 1 = '
Mdsvesdygauldlune 2 nsal dniuluiveiitwenaaunmzamsudtlseialuyuaeg
[ - a i i $ a
Awaaalugli s.14uaz 515 vinglwmuldwamsnlSouisuausfovesianlsyia uay
mmsuddszdeszninlundazyunamsn/aounilasTasimwizednistanyy 90 oam uwazlu
oA J & v 4 e,: Jd 4 a a n‘r’

YU 270 DI AURMYUFINNANYUIUY 1UNTTDINNINANANIZNUVBINITAAAIA W INIA
) ' i A - a - Y 4 = =
VUAIMUBUANINTAABUA 1azang U 5.14 uaz3ii 5.15 vaaslimudanamsnlsouimey
ANRAoYDINA5E 39 HazAINITUHLIE 39T NI 2oL INUAINUA IS 1 WASLAL2 AT
4 o ' o ' ar 4 3 o
FufaMinszawnnmvosresdyguundeoasnuoen ldawyulumswyu  daiud

L A:i k) at 9 [ 3 9 n:i " o A ar
nueaNuNdygendndimeoimaausuiumn lunavanaaiueenlyl  dedu

A =2 ¥ ' s ¥ ¥ &
mmminnmsmgus’a:u"lﬂmﬁzwauﬂumuuuumm:ﬂmwumaanﬂ1u°luwmumm



65

— Optimum
- == |sotropic

Relative Gain(dBi)

-30 1 1 L 1 1 1 1
0 50 100 150 200 250 300 350
Pointing Angle (degree)

317 5.16 vamsfSououmoas IMsverrINsaFUF Y MU DLOUNI1ITINAHAMS

Jamoluoimsuuun 2 lunsainiiszor1asen e uaInuAIUSY 1 1WAs

—_— Bmlmum
ok --~ |sotroplc

'
-
=

Relative Gain(dBi)

0 50 100 150 200 250 300 350
Pointing Angle (degree)

31U 5.17 wamsnSouiouaidasimsvesvesmsdrudyaiauuuuaunegeneans

Jameluemsuuuin 2 lunsdiniiszoen199 e NN UAIUSY 2 1A S



5.2.2.4 BANIMIVNLVRIN IR UTY IMVBIBUN NIBInam s Tanaluerms

o
nyin 2

66

= o o il s = - =1 I=l
NNMI AT ITHHaM s Iaradygn Tugii 5.16 uaz 314 5.17 wamsulSouiiou

Y o o a =1 " o 1
ﬂ?f)ﬂﬁ'lﬂ']‘j‘tlﬂk}‘ljﬂ\‘lﬂ'l'iﬂ'QN1uﬂ€giUu1leUULLQ1Jﬂ%NUQ uaﬂﬂﬁ’muﬁdmam1mwmu°luuﬂ

azyuNMINIG IR LazSoUMBUAUIEHINTLOLH T INAN A LS LLAZ A0 INIAATUAY

4 a a s = o
fiszvz 1 wasuaz 2 was laokah lAnnmsinsziaunsog 19enmsei 5.2 uazaisei

5.3

M3 5.2 WaMsfSouioumeasINSYIvYeINsAFRIUdYRIMLDULOUN 1 BanInHa

=

msdamolusmsuuun 2 lunsaindiszozviiamdu 1 was

AN AOATINTVEY AOATINTVYY

(Optimum) (Isotropic)

91 # 0 parn -5.0624 dBi -8.1145 dBi
92 i 30 D3FN -6.0905 dBi -8.8101 dBi
A3 7 60 D3rn -6.3754 dBi -8.7696 dBi
904 # 90 D71 -20.4959 dBi -27.8915 dBi
A5 #120 v -6.5348 dBi -8.6574 dBi
96 # 150 o -6.5387 dBi -9.1511 dBi
9A7 71 180 D4FN -5.0038 dBi 8.1322 dBi
998 1 210 B3f -6.4531 dBi 8.6428 dBi
999 7 240 paen -10.7995 dBi -13.8601 dBi
9010 i 270 pam -20.2520 dBi -25.6134 dBi
a1l # 300 Darn -8.7138 dBi -12.1590 dBi
9A12 71330 036N -5.8622 dBi -8.2147 dBi
3@13 T 360 DI -5.0624 dBi -8.1145 dBi
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A1 i 0 pam -10.7137 dBi -14.2947 dBi
992 # 30 83 -11.0741 dBi -15.1587 dBi
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Indoor Propagation Channel Measurement of Ultra
Wideband Antenna with Robotic

Satean Boonvisat, Sathaporn Promwong. Pichaya Supanakoon,
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Abstract— 1In this paper, the characterization of ultra
wideband (UWB) antenna with robotic is evaluated. The
measurement system consists of transmitter (Tx) and receiver
(Rx) biconical antennas measured by using a vector network
analyzer (VNA). To obtaining the data, measurements were
performed at 3 GHz to 11 GHz covered by a VNA, which
provided information on the amplitude and phase of the
transmission coefficient. Friis’ transmission formula is not
directly applicable and the waveform distortion may degrade
the transmission performance as well. The matched filter is
considered at the receiver side to maximize the SNR for
evaluation. The power delay profile and the UWB
transmission gain, based on the extension of Friis'
transmission formula take into account the transmitted
waveform and the matched filter into the system for the free
space of UWRB. The experimental examples using the
biconical antenna as the receiver install with robotic are
presented in this paper.

Keywords—Ultra wideband (UWB), Friis’ transmission formula,
Ultra Wideband Antenna with Robotic

L. INTRODUCTION

The mobile robotics research has yielded significant
improvements in sensing and control algorithms, enabling
high levels and robustness never before realized. These
advances were driven in part by the maturation of the
underlying technologies, improvements in sensor and
actuator technology, and wireless network communication.

In ultra wideband (UWB) technology, a revolutionary
approach to radio communications, allows systems to
operate across a range of frequency bands 3.1 to 10.6
GHz defined by Federal Communications Commission
(FCC) with negligible interference to existing systems in
that band. Ultra wideband technology is an ideal candidate
for wireless networks that can be utilized for short-range,
high-speed, low power, and low cost indoor applications.

This paper, we investigated the effects of the robotic on
UWB antenna propagation in an indoor environment. This
technique based on the Friis’ transmission formula,
adapted for UWB, in the sense that we would like to derive
the equivalent antenna gain for UWB systems. The
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transmission waveform and the matched filter reception
are keys for the extension of the Friis’ transmission
formula to UWB signal. To know the antenna transfer
function by measurement, an the experiments are carried
out by using the biconical antennas at both the transmitter
(Tx) and the receiver (Rx) for UWB operation in the
indoor environment.

i

P
moe §
e

Rat1 Rat2

R

Fig 1 The instrument setup.
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II.  PREPARATION FOR THE EXPERIMENTS

Fig.2 Top view antenna setting.

In this section, some issues of the preparation for the
experiments are discussed.

A Measurement Setup

The UWB radio channel transfer function was
measured by using the vector network analyzer (VNA)
model HP- B8510C which operated in the response
measurement mode, where Port-1 was the Tx port and



Port-2 was the Rx port, respectively. Biconical antennas
with the maximum diameter of 65.34 mm and the length of
37 mm are used as both the Tx and Rx antennas.

The antennas have typically an omini directional pattern,
with a linearly phase response. Both Tx and Rx antennas
were fixed at the height of 1.6 m and separated at a
distance of 1 m. The instrument sctup is sketched in Fig.1.

Figure 2 shows the orientations of the S.,, which is the
transfer function measurement for Tx and Rx antennas.
The Tx antenna is fixed at 0' pointing angle and the Rx
antenna is rotated from 0" to 360 pointing angle with each
step at 5.

TABLE 1
PARAMETERS OF EXPERIMENT

Parameter Value
Frequency range 3GHzto 11 GHz
Number of frequency points 801
Tx antenna height 16m
Rx antenna height I.6m
Distance between Tx and Rx I'm
Rx rotate range 0°to 360°
Rx rotate step 5°
Antenna type Biconical

B. Parameters of Experiment and Calibration
Techniques

The important parameters for the experiments are
listed in Table I.

It is noted that the calibration is done at the connectors
of the cables to be connected to the antennas. Therefore,
all the impairments of the antenna characteristics are
included in the measured results.

C.  UWB waveform Transmission

The effect of the waveform distortion is more obvious
when the bandwidth is wider. We considered the impulse
radio signal that fully covers the FCC band [2], i.e., 3.1 to
10.6 GHz. The transmitted waveform assumed in the
simulation was a pass band rectangular pulse with the
minimum frequency is f,, = 3.1 GHz to the maximum
frequency is f... = 10.6 GHz, respectively. Then, the
spectral bandwidth is f, = 7.5 GHz. This UWB transmitted
waveform is shown in Fig. 3 and its equation is

v, (l): }l—ffm‘ sin ¢(2 vl )= S SIN c(?.fmmt)l (n

where f,, and f,. is the minimum and maximum
frequencies, respectively, f = (fra = foun ) is the spectral
bandwidth, f. = (fru + fn /2 is the center frequency and
sinc(x) sin(zx)/(zx). The transmission process of
the pulse waveform is simulated based on the measured
transfer function of the antenna.
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[1g 3 The transmission waveform of UWB signal.

1. UWB SIGNAL PROCESSING

In this study, we focus on the characteristics of UWB
antenna with robotic in free space. In narrowband systems,
the link budget of the free space propagation loss is usually
estimated by using Friis’ transmission formula [3].
However, it is not directly applicable to the UWB
transmission system, as the formula is expressed as a
function of the frequency. Moreover, the waveform may
be distorted due to the frequency characteristics of the
antenna treats the special cases of the constant gain and the
constant aperture [4], but it is not general discussion had
been made although it suggested the use of the time-
domain antenna effective length.

The Friis” transmission formula has been widely used,
and can be applied to the calculate of these LOS channels.
The Friis’ transmission formula can be written as

PF)
: __r -
G Y=g~ Ve NG, @
where G, and G, are Rx and Tx antenna gain,
2
(A (3)
cfm—[ : m,),

is the free space propagation gain (less than unity in
practice), 4 = c/f is the wavelength, c is the velocity of
the light, £ is the operating frequency and d is the
separation between Tx and Rx antennas. It is noted,
however, that Eq. (2) is satisfied only at some certain
frequency, and is not directly applicable to UWB systems.
The Friis’ transmission formula shall be extended to take
into account the transmission signal waveform and its
distortion as well [5], [6].

Transfer functions of Friis’transmission formula are

HI-'rm(/) = Hf' Hr-“r: (4)

Extension of Friis'transmission formula for UWB

systems are

HL'J'nuU) = H;H,H,.H,, (5)
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Fig 4 Block diagram of transmission svstem for the extension of Friis’
transmission formula to treat UWB signal

At the receiver. the matched filter Hyp(f) s
introduced to maximize the signal-to-noise ratio (SNR) of
the receiver output, as shown in Fig. 4.

2fH* 4 ()

R

which satisfies the following constant noise output power
condition

H.m (f1=

(6)

[ |Hw [ dr =2, 7

The receiver waveform, and the spectrum of received
waveform are h...(1) and F...(f), respectively. The
waveform at the output of the optimum matched filter vy,
(1) is

Vg (1) = R, (1) * By (1)
- ‘lzjbhf-anU)'hr—Fnu(_!)

J _E w0

The spectrum at the output of the matched filter V,, ()

(8)

is
Ve ()= H..-mu(f)”,w )
— \}zijz—f—ms(f):
th IH *r-am (f)rf‘ff

taking its maximum as

NaxVyi (n= _I: Vaw )
SB[ H . (10)

Equation (10) is the UWB extension of Friis’
transmission formula. It includes three elements, namely
the frequency characteristics of the antennas, the frequency
characteristics of free space propagation and the spectrum
of the transmitted signal. It is clear from Eq. (10) that the
transmission gain of the UWB signal can not be defined as
the product of gains of antennas and a free space channel
as  Friis" transmission formula. Instead the total
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transmission gain including the effect of the waveform can

be obtained as Eq. (10). For the normalization, the

reference isotropic antenna with £, (/) = | is considered.
The UWB transmission gain can be defined as

" B m,n.\'v,‘,f(t)
Yown = m&\v‘,,_,“_(r)' {] I)

where v, (1) is the optimum matched filter and v, _(¢) is
the output matched filter for an isotropic antenna.

A Power Delay Profile

The mean relative power of the taps are specified by
the power delay profile (PDP) of the channel, defined as
the variation of mean power in the channel with delay,

thus
Elh(r)?

]:—-—_

2
where E is expectation and A (r ) is the channel impulse
response.

(12)

(r

IV. RESULTS

The UWB signal shown in Fig.3 is used as the
transmission waveform. The received waveforms at the
output of the matched filter are evaluated.

The relative gain is defined as Eq.(11). In practice, it
is quite complicated and is not feasible to implement the
adaptive matched filter to adjust for the antennas.
Therefore, the matched filter designed for an isotropic
antenna is also considered and compared with the ideal
matched filter.

Frequency (GHz)
Pointing Angle [degree)

Fig.5 Antenna transfer function: magnitude.
Figure 5 shows the magnitude of the measured antenna
transfer function and its phase is also shown in Fig. 6. We

can particularly see the frequency characteristic of the
antenna transfer function at each pointing angle. As the



antenna under test (AUT) is the broadband biconical
antenna, the ideal linear phase is almost realized. except

08

Phase (dB)

Frequency [GHz)
Pomting Angle (degree

Fig.6 Antenna transfer function: phase

for the null directions which change by the frequency.
Figure 7 shows the UWB transmission gain versus
antenna pointing angle that uses the optimum matched
filter compared with the matched filter for an isotropic
antenna. The peaks are found at 0, 180" and 360" pointing
angles which correspond to the broadside of the antenna.
The nulls are observed at 90"and 270 pointing angles.
Figure 8 shows the UWB power delay profile (PDP) of

i

T T R
Pointing Angle (degree)

i
350
Fig.7 Antenna transfer function: magnitude.

the antenna with robotic effect at the arbitrary angle 0" to
360" We can see that the received signal is attenuated by
pointing angle an antenna and body robotic in 90" and
270" The UWB power delay profile high power and low

power dependently pointing angle an antenna with robotic.

V. CONCLUSIONS

The paper present the characterization of UWB antenna
with robotic is evaluated. The power delay profile and the
UWB transmission gain, based on the extension of Friis’
transmission formula take into account the transmitted
waveform and the matched filter into the system for the
free space of UWB. The experimental examples using the
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biconical antenna as the receiver install with robotic are
presented. This approach is more useful to design and
evaluate the UWB wireless system with the mobile
robotics.

Timne (ns)
Pointing Angle (degree)

Fig 8 The power delay profile.
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