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ABSTRACT

In this thesis, uitra wideband (UWB) performance for short range communication is
studied. The rectangular passband and root raised cosine passband waveforms satisfying Federal
Communications Commission (FCC) and common band frequency spectral masks are used as
transmitted waveforms. The extension of Friis’ transmission formula in complex form is applied
to use for UWB transmission. The biconical and log-periodic antennas are used. The received
signal and isotropic correlation receivers are considered. The vector network analyzer (VNA) is
used to measure the transfer function in the anechoic chamber room. The transmission gain and
bit error rate (BER) are evaluated and shown. This evaluation scheme can be used to consider

the UWB performance of other antennas and receivers.
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Abstract—This paper presents the evaluation of the transmis-
sion pain of an ultra wideband antenna on a labtop computer
based on the extended Friis’ transmission formula. The matched
filter is considered at the receiver side to maximize the SNR
for evaluation. This technique gives very accurate results and is
very useful for the design and evaluation of UWB impulse radio
transmission systems, especially for the evaluation of waveform
distortion effects.

Index Terms—Ultra wideband (UWB), impulse radio, UWB
measurements, UWB antennas, Friis’ transmission formula.

I. INTRODUCTION

The ultra wideband (UWB) technology will likely be most
promising in wireless personal area network (WPAN) applica-
tions due to its short-range characteristics, high data throughput
capability, ultra low-power requirements, and more. In order
to minimize the interference with existent systems, the UWB
1s expected to be mainly used in indoor environments such
as personal computer (PC) peripherals, Comsumer electronics
(CE), and mobile communications.

Even if the channel is in line of sight (LOS), Friis’ trans-
mission formula cannot be directly applied to the UWB radio
as the bandwidth of the pulse is extremely wide. Furthermore,
simple comparison between waveforms of the transmitter and
the receiver is not significant because of the distortion of the
waveform caused by the frequency response of the antenna.

In this paper, we investigate the UWB-IR transmission loss
due to the laptop computer. This scheme is 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 transmission waveform and the matched
filter reception are keys for the extension of the Friis’ formula
to UWB. To know the actual antenna transfer function, we
need the three-antenna method for calibration of the reference
antenna. An experiment is carried out using a biconical antenna
and the Skycross antenna for UWB operation in an anechoic
chamber.

II. UWB-IR TRANSMISSION ANALYSIS

In this study, we-focus on the link budget evaluation of UWB
impulse radio (IR) system in free space.

In narrowband systems, the link budget of the free space
propagation loss is usually estimated by using Friis’ transmis-
sion formula [1]. However, it is not directly applicable to the
UWB-IR 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.
The Friis’ transmission formula shal] be extended to take into
account the transmission signal waveform and its distortion as
well [2].

Input signal vi(t) at the transmitier port is expressed as the
convolution of an impulse input and the pulse shaping filter
hi(t) as

(L) = Eido(t) = hi(t), )

where

[ wa= [T imtar=1 @

o

Friis’ formula is extended taking into account the transmission
waveform as

Heis(f) = HH; - Hy, (3)
Iic-Friis(f) = HinHr . Hlv (4)

and for the isotropic case
He riisaso(f) = HH; (5)

where Hy is complex frequency transfer function in free
space, H; and H, are the complex frequency transfer func-
tions of transmitter and receiver antennas, respectively. At the
receiver, the matched filter Hyve(f) is introduced to maximize
the signal-to-noise ratio (SNR) of the receiver output, as shown
in Fig. 1.

1 i ()

Hur(f) = — , ©
\// |Hepms( NIF Af
and for the isotropic case
}]MF,lso(f) = C‘-Friis,lso(f) (7)

oC

\// ' |]‘] -Friis,lso(f)l2 d-/
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Fig. 1. Block diagram of transmission model for UWB-IR system.

which satisfies the following constant noise output power
condition

x<
| ienras =1, ®
-
In this case, Ej = 1 the output waveform, and the spectrum of
the receiver output are he.pis(l) and He pyis(f), respectively.
The waveform of the output from the matched filter vyg(t) is

eme(l) = hepis(t) * hmr(t)
- hc-Friis (t) * h-e-Friis(_t) i (9)
2C
\/ / h2.. (1)dt
y A
and for the isotropic case
UMEtso(l) = DecFriisaso(£) * Mupiso(L)
_ heFriistso(t) * he-Friis,Iso(—t), (10)

/ hf—Friis.lso(t)dt

T

For the spectrum of the output from the matched filter Viye (f)

Yur(f) = Hepms(f)Hue(f)
2
— [He-Friis(f)l : (] l)
¢ [ teratnitas
taking its maximum as
mtavaF(l.) = /x Vur(/)df

\/ / Heras(£)Pdf- (12)

Equation (12) 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 transmit signal.
Instead, the total transmission gain including the effect of the
waveform can be obtained as Eq. (12). For normalization, the
reference isotropic antenna with Hy,,(f) = 1 is considered. The
UWB transmission gain can be defined as

(13)

Guwe = max vme(t)/ max UMF 150 ()

UWB anl
)7 T

Nelwork Anatyzer

Port1

Port 2

Fig. 2. The instrument sctup.

111. UWB EXPERIMENT SYSTEM DESCRIPTION

In this section, some issues on the preparation for the
experiments are described.

A. Instrument setup

The VNA was operated in the response measurement mode,
where Port-1 was the transmitter port (Tx), and Port-2 was the
recejver port (Rx), respectively. The measurement was done in
an anechoic chamber. Both Tx and Rx antennas were fixed at
a height of 1.75 m and separated by a distance of 1 m. The
setup is sketched in Fig. 2.

The Tx antenna is a biconical antenna with maximum
diameter of 65.3 mm and length of 37 mm used as the standard
antenna [3] and the Rx antenna is a commercial, small-size, low
profile antenna developed by Skycross Lnc.,(USA) [4] used as
the AUT. Sy;, measures the transfer function between Tx and
Rx antennas. The Tx antenna is fixed at pointing angle 0° and
the Rx antenna is rotated from pointing angle 0° to 360° with
each step at 5°.

B. UWB-IR signal model

We considered the impulse radio signal that fully covers the
FCC band [5], i.e., 3.1 ~ 10.6 GHz. The center frequency and
the bandwidth were therefore set to be f; = 6.85 GHz and f, =
7.5 GHz, respectively. The transmit waveform assumed in the
simulation was a single ASK pulse with the carrier frequency
Jo. To satisfy the bandwidth requirement of f,,, the pulse length

was set to be f— Then the signal was band-limited by a Nyquist
b
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Fig. 4. The transmited spectrum of UWB signal.

roll-off filter with roll-off factor a = 0 (rectangular window)
Jo Jo
fo— ox fo+ e
the transmit pulse waveform and spectrum of UWB-IR signal.
The transmission process of the pulse waveform is simulated
based on the measured transfer function of the antennas.

and passband . Figures 3 and Fig. 4 show

C. Parameters of experiments

The important parameters for the experiments are listed in
Table L It is noted that calibration is done at the connectors
of the cables to be connected to the antennas. Therefore, all
impairments of the antenna characteristics are included in the
measured results.

IV. RESULTS AND DISCUSSION

This section describes the graphical compilation of the results
of the experiments.

Figure 5 shows the magnitude of the measured transfer
function and its phase is also shown in Fig. 6. We can
particularly see the frequency characteristic of the measured
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TABLE |
EXPERIMENTAL SETUP PARAMETERS.

Paramcter Value
Frequency range 3 GHz 1o 11 GHz
Number of frequency points 1601
Dynamic power range 80 dB

Tx antenna height 1.75 m

Rx antenna height 1.75 m
Distance between Tx and Rx Im

Rx rotate range 0° 10 360°
Rx rotate step 5°

transfer function with laptop computer at each pointing angle.
As the AUT is the broadband Skycross antenna, the ideal linear
phase is almost realized, except for the null directions. which
change with frequency.

The UWB signal shown in Fig. 3 is used as the transmission
waveform. The received waveforms at the output of the matched
filters is evaluated. The relative gain is defined as Eq. (13). In

- practice, it is quite complicated and is not feasible to implement

the adaptive matched filter 1o adjust for the antennas. Therefore,
the matched filter designed for an isotropic antenna is also
considered and is compared with the ideal matched filter.

Figures 7 and Fig: 8 show the UWB transmisston gain versus
antenna pointing angle that uses the optimum matched filter
compared with the matched filter for an isotropic antenna. In
Fig. 7 the UWB transmission gain without the laptop computer
is shown 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. For
Fig. 8 the peaks are found at 155° and 270° pointing angles
which corresponds to the broadside of the antenna. The nulls
are observed at 85° and 235° pointing angles. However, the
difference of the signal waveform in Fig. 8 is effects from the
laptop computer.

V. CONCLUSION

This paper presented the evaluation of transmission char-
acteristics of UWB antenna with a laptop computer using an
extension of Friis’ transmission formula in order to take into
account the transmit waveform and the matched filter into the
system. The experimental examples using the biconical antenna
as the transmitter and the Skycross antenna as the receiver
are presented. This approch is more useful for design and
evaluation of UWB wireless systems.
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Abstract—VUltra wideband transmission waveform is investi-
gated by using extended Friis” transmission formula baseded on
experiment data. This paper, we consideration the performance
system design on ultra wideband impulse radio (UWB-IR) system
for personal area networks. The received signal and isotropic
template receivers are considered based on Friis’ transmission
formula. In this experimental study, the biconical antennas are
aesd as the transmitter (Tx) and the receiver (Rx) antennas. The
rectangular passband, which is satisfied the full band of UWB
signal definition and Federal Communications Commission (FCC)
ndoor and outdoor limit spectral masks, is used as the transmitted
UWRB signal. The channels are measured in an anechoic chamber
by using a vector network analyzer (VNA). The relative gains of
received signal and isotropic template receivers are shown and
:ompared in results.

Index Terms—ultra wideband impulse radio (UWB-IR), Friis’
transmission formula, antenna, distortion, relative gain.

1. INTRODUCTION

Ultra wideband (UWB) is wireless technology has become
i important topic for microwave communication because of
ts low cost and low power consumption potentials [1],[2]. The
JWB is different from other radio frequency (RF) technologies.
JWB transmits very short pulse and power spectral density
PSD) in the range of ultra wide frequency spectrum instead of
1sing narrow band radio frequency in traditional RF tecnolo-
zies. The UWB is a unique and new usage of recently legalized
Tequency spectrum. The FCC specified that UWB signal has
Tequency spectrum ranging from 3.1 GHz to 10.6 GHz [13],
ind have a fractional bandwidth equal or greater than 0.20,
w occupied bandwidth equal or greater than 500 MHz. The
Tactional bandwidth defined as

Bf=2(fH - /1) a0
m+

where f1, and fy are the lowest and highest frequencies at
he -10 dB point, respectively.

The PSD of UWB signal does not exceed the FCC part 15
imits or -41.3 dBm/MHz, so that the PSD of UWB signal
s considered as the noise for other radio communication
iystems. Therefore, the UWB radio technology can coexist
vith other RF communications without interference. Moreover,
he UWB radio technology is an ideal candidate that can

> 0.20,
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be utilized for commercial, short-range, low power, low cost
indoor communication systems such as wireless personal area
networks (WPANSs) [3]. '

The Friis™ transmission formula is widely used to calculate
the free space path loss for narrowband communications [4].
After that, the complex form of Friis’ transmission formula
is developed for UWB communications [5]-{7]. The matched
filter receiver is used as the UWB receiver [8]-[10]. Although,
the rectangular waveform distorted by UWB free space channel
is used to derive the theoretical SNR gains [11], there are no
considerations about the measured channel and UWB antennas.

In this paper, we investigated the performance system design
and relative gains for UWB-IR system. The received signal and
isotropic template receivers satisfied constant noise power con-
dition between input and output are considered. The biconical
antennas are used as the transmitter (Tx) and receiver (Rx)
antennas. The rectangular passband, which is satisfied the full
band of UWB signal definition and FCC indoor and outdoor
limit spectral masks, is used as the transmitted UWB signal
[12]. The channels are measured in an anechoic chamber by
using a vector network analyzer (VNA). The frequency range
of measurement is form 3 GHz to 11 GHz. The path losses
are evaluated and investigated for considering the UWB-IR
relative gains. The relative gains of received signal and isotropic
template waveform are shown and compared. The discussed in
the resultes and conclusion. This scheme provides some useful
physical insights and optimized design procedure with clear and
accessible description of the UWB-IR link budget comprised
of practical antennas.

This paper is organized as follows. Section 2, the experi-
mental evaluation scheme of UWB-IR systems. Section 3, to
analysis the UWB-IR transmission waveform model. Next, the
results and discussion are illustrated in Section 4. Finally, the
conclusion discussed in Section 5.

II. EXPERIMENTAL EVALUATION SCHEME OF UWB-IR

A. UWRB Signal Waveform Model

The effect of the waveform distortion is more obvious
when the bandwidth is wider. We considered the transmit-
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Fig. 1. Normalized spectral density of root raised cosine pass band waveform
satisfying FCC spectral mask.

ted waveforms that fully cover the Federal Communications
Commission (FCC) frequency band. i.e., 3.1 — 10.6 GHz [13]
and common frequency band available among the FCC of
USA, European Conference of Postal and Telecommunica-
tions Administrations/Electronic Communications Committee
(CEPT/ECC) of Europe and Ministry of Internal Affairs. In
this paper, the root raised cosine passband waveforms is used
as the transmitted waveform.

The root raised cosine passband waveform is the waveform
with root raised cosine spectrum and its spectral density is
defined as

1 A= £ T E582
hro(f) = A SR | g A (2)
0 otherwise
where
1 aT 1=03
A = 5[ 1+ cosGRIAS LT =252

I' = 1/ fy is the reciprocal of the symbol-rate and fy, is the
spectral bandwidth, f. is the center frequency, 3 = 0.3 is the
roll-off factor. For satisfying the FCC spectral masks, f. is set
o 6.85 GHz. The spectral bandwidth f}, is set to 6.37 GHz.
For satisfying the common frequency band spectral mask, f.
and f}, are set to 7.877 and 0.975 GHz, respectively.

The normalized spectral densities of these waveforms satis-
fying FCC spectral masks shown in Fig. 1.

B. Measurement System

The UWB channel transfer function is measured in frequency
domain by using VNA in an anechoic chamber. The VNA is
operated in the response measurement mode, where Port-1 and
Port-2 are the Tx and Rx ports, respectively. Both Tx and Rx
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Fig. 3. Geometry and dimcnsions of the biconical antenna.

antennas are fixed at the height of 1.75 m and separated by 4
m. This measurement setup is shown in Fig. 2.

The biconical antennas are used as the Tx and Rx antennas.
These antennas are chosen because they are easy to fabricate
and have low distortion property. The geometry and dimensions
of the antenna is shown in Fig. 3. The upper cone is connected
to the center conductor of a coaxial line while the lower cone
is connected to the shield conductor. The maximum diameter
is 65.3 mm and the length is 37 mm. Only Rx antenna is

TABLE 1
MEASUREMENT PARAMETERS.

Parameter Value
Frequency range 3 GHz to 11 GHz
Number of frequency points 1601
Dynamic power range 80 dB

Tx and Rx antennas heights 1.75 m.
Distance between Tx and Rx antennas 4.00 m.

Rx rotation range 0° — 360°

Rx rotation step 5°
Antenna type Biconical




56

Tx antenna Rx antenna

Input

waveform J—L*

Template

AWGN
waveform

Fig. 4. Block diagram of UWB transmission waveform model.

rotated from 0° to 360 © with 5° rotation step. The horizontal
polarization is measured.

The measurement parameters are listed in Table 1. It is
note that the calibration of VNA is done at the connectors
of the cables to be connected 10 the antennas. Therefore, all
impairments of the antenna characteristics are included in the
measurement results.

I1I. UWB-IR TRANSMISSION WAVEFORM MODEL
A. Free Space Transfer Function Waveform Analysis

The UWB-IR system, free space link budget is formulated in
the term of frequency transfer function that takes into account
the transmitted waveform, its distortion waveform, the channel
and the correlation receiver. The free space transfer function
Hi(f.d) can be written as

e—j27rjd/c' (3)

Hi(f.d) = 4r fd

where d is the distance and c is the velocity of light.

Free space channel transfer function H.(f) including the an-
tennas is obtained by using the extension of Friis’ transmission
formula as

He(f) = He(f,d) H(f, ) - Hy(f, €%), “)

where Ho(f, Q) (a = rort) is a complex transfer function
vector of the antenna relative to the isotropic antenna towards
the £2, = (6,, ,) direction, i.e.

Ha(fv na) = Ha(f7oav Soa) (5)
gaHaB(f: b, V"a) + @aHmp(f: o, ‘pa)x

which has the relation as

1 2w pw )
w ] s ePendsd =,

where 7, is the antenna efficiency, so that the value is normal-
ized by that for isotropic antenna. Unit vectors 8,, (%, express
the polarization and are defined with respect to the local polar

coordinates of the antennas. The following relations can be
easily derived as

6. = 6, (7
P = = ®

B. Correlation Receiver Analysis

The template receiver is used at the receiver side as shown
in Fig. 4. The received signal and isotropic template receivers
satisfied constant noise power condition between input and
output are considered. The optimum template receiver consid-
ered received signal from measured channel and it is an ideal
case with maximum relative gain, while the isotropic template
considered received signal from free space channel using Friis’
transmission formula [5)-[7] with isotropic Tx and Rx antennas.

For constant noise power condition between input and output,
the frequency transfer functions of received signal and isotropic
template receivers, Hop, and Hig,, are normalized as

/ Hop(f)2df = / ol DPAS = 266, (9)

Therefore, the output noise power is a constant as Nj f},, where

Ny /2 is the PSD of additive white Gaussian noise (AWGN).
Under this condition, the frequency transfer functions of

optimum and isotropic template can be respectively written as

V2oV ()

Hope(f) = \ (10)
\/f_oo [Ve(N)I2df
Hy(f) = —L2DVilf) an

VIS Viiso 1S

where * is the complex conjugate operator, V; and V;_;,, are
the spectral densities of received signals from measured channel
and free space channel with isotropic Tx and Rx antennas,
respectively. They can be evaluated from

Vilf) = H(N)Ve(f), (12)
Vi—iso(Sf) Hi(NVe(f), (13)
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where V, is the spectral density of transmitted signal calculated

from
Vi(f) = / |

H(f) is the frequency transfer function of measured channel
measured from Sec. 3.1 and H¢(f) is the frequency transfer
function of free space channel. where d is the distance and ¢
is the velocity of light.

vy (t)e I gy, (14)

C. Relative Gain Analysis

The relative gain in this paper is defined as the peak
amplitude of the correlator output with the considered antennas
normalized by that with the isotropic antennas. Due to the
normalization of template waveforms, this gain value represents
the gain of signal-to-noise ratio. Therefore, the relative gain of
the received signal template case Gy, can be written as

max | % v (O)hop(t — 7)d!]
max [ 7 vrso(t)hiso(t — 7)dt]’

Similarly, the relative gain of the isotropic template case Gy
can be written as

Gopt = (15)

max | [% v (t)hiso(t — 7)dt]
Giso = = ) (16)
max | [7 vpiso()hiso (£~ 7)d1]

The difference between the relative gain of the received
signal and the isotropic template cases indicates the distortion
quantity of the waveform. Different from the original Friis’
transmission.formula, the optimum relative gain of UWB signal
can not be simply expressed by the product of antenna indices.

IV. RESULTS AND DISCUSSION

In this section, the evaluation results of relative gain are
shown. First, the path losses based on average power losses
of received signal and output signals of received signal and
isotropic template receivers are considered.

Figure 5 shows the path losses of received signal and output
signals of optimum and isotropic template waveform along
pointing angle from 0° to 360°. The path losses at 0°, 180° and
360° pointing angles are low because they correspond to the
broadside direction of biconical antenna and they are high at
90° and 270° pointing angles. The path losses of output signals
of both template receivers are lower than that of received signal.
This improvement is considered in the term of UWB-IR relative
gain.

The relative gains of received signal and isotropic template
receivers along pointing angle from 0° to 360° are shown
in Fig. 6. The relative gain of received signal and isotropic
template receivers are small difference. Therefore, the UWB-IR
relative gain of received signal template receiver is better that
that of isotropic template about 0.43 dB. Considering this, the
bit error rate performance of the received signal and isotropic
template shown in Fig.7. It can be seen that the different is
low. As described above, by this scheme, it becomes possible
to detect several types of UWB signals.
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V. CONCLUSION

In this paper, we investigated the performance system design
model for UWB transmission waveform by using extended
Friis” transmission formula. The received signal and isotropic
template receivers are evaluated. The biconical antennas are
used as the Tx and Rx antennas. From the results, the relative
gains of the received signal and isotropic template receivers
are every small difference it’s low, that is only 0.43 dB. That
because the channel is measured in the anechoic chamber,
which can assume to be free space channel, and the biconical
antennas have low distortion characteristics. Furthermore, these
distortion quantities can be used as reference for performance
evaluation of UWB-IR antennas. In the future works, we will
evaluate the UWB propagation channel in an indoor environ-
ment and other UWB antennas are consider.
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Abstract—The ultra wirband impulse radio (UWB-IR) is ex-
pected to applied to wireless personal area network (WPAN) and
the ranging in the home network and the office. The shadowing
effect of LOS path due to human body has the big effect in
the indoor environment. Ultra wideband (UWB) transmission
waveform is investigated by using extended Friis® transmission
formula baseded on measurement data. This paper, we conder-
ation the performance system design on UWB-IR system for
WiMedia UWB area networks. The received signal and isotropic
template receivers arc considered based on Friis transmission
formula. In this experimental study, the biconical antennas are
uesd as the transmitter (Tx) and the receiver (Rx) antennas. The
rectangular passband, which is satisfied the full band of UWB
signal definition and Federal Communications Commission (FCC)
indoor and outdoor limit spectral masks, is used as the transmitted
UWB signal. The channels are measured in an indoor environment
by using a vector network analyzer (VNA). The relative gains of
received signal and isetropic template receivers are shown and
compared in results.

Index Terms—UWB, impulse radio, Friis’ transmission formula,
waveform distortion, indoor measurement

I. INTRODUCTION

Ultra wideband (UWB) is wireless technology has become
an important topic for microwave communication because of
its low cost and Jow power consumption potentials [1,[2]. The
UWRB is different from other radio frequency (RF) technologies.
UWB transmits very short pulse and power spectral density
(PSD) in the range of ultra wide frequency spectrum instead of
using narrow band radio frequency in traditional RF tecnolo-
gies. The UWB is a unique and new usage of recently legalized
frequency spectrum. The FCC specified that UWB signal has
frequency spectrum ranging from 3.1 GHz to 10.6 GHz [3],
and have a fractional bandwidth equal or greater than 0.20,
or occupied bandwidth equal or greater than 500 MHz. The
fractional bandwidth defined as

— 2UH——fL) > 0.20,

f m+

where f1, and fy are the lowest and highest frequencies at
the -10 dB point, respectively.

The PSD of UWB signal does not exceed the FCC part 15

limits or -41.3 dBm/MHz, so that the PSD of UWB signal

is considered as the noise for other radio communication

0]

systems. Therefore, the UWB radio technology can coexist
with other RF communications without interference. Moreover,
the UWB radio technology is an ideal candidate that can
be utilized for commercial, short-range, low power, low cost
indoor communication systems such as wireless personal area
networks (WPANSs) [4].

The Friis’ transmission formula is widely used to calculate
the free space path loss for narrowband communications [5].
After that, the complex form of Friis’ transmission formula
is developed for UWB communications [6]-[8]. The matched
filter receiver is used as the UWB receiver [9]-[11]. Although,
the rectangular waveform distorted by UWB free space channel
is used to derive the theoretical SNR gains [12], there are no
considerations about the measured channel and UWB antennas.

In this paper, we evaluated the performance system design
and transmission gain for UWB-IR system. The received signal
and isotropic template receivers satisfied constant noise power
condition between input and output are considered. The bicon-
ical antennas are used as the transmitter (Tx) and receiver (Rx)
antennas. The rectangular passband, which is satisfied the full
band of UWB signal definition and FCC indoor and outdoor
limit spectral masks, is used as the transmitted UWB signal
[13]. The channels are measured in an anechoic chamber by
using a vector network analyzer (VNA). The frequency range
of measurement is form 3 GHz to 11 GHz. The path losses
are evaluated and investigated for considering the UWB-IR
relative gains. The relative gains of received signal and isotropic
template receivers are shown and compared. The discussed in
the resultes and conclusion. This scheme provides some useful
physical insights and optimized design procedure with clear and
accessible description of the UWB-IR link budget comprised of

. practical antennas. Furthermore, these distortion quantities can

be used as reference for performance evaluation of UWB-IR
antennas.

11. UWB TRANSMISSION WAVEFORM MODEL
A. Free Space Transmission Analysis

The UWB-IR system, free space link budget is formulated in
the term of frequency transfer function that takes into account
the transmitted waveform, its distortion due to the antennas,
the channel and the correlation receiver. The free space transfer
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Fig. 1. Block diagram of ransmission waveform model for UWB system.

function Hy(J,d) can be written as

Hi(f.d)= —— 2
) = g @
Free space channel transfer function H.(f) including the an-
tennas is obtained by using the extension of Friis’ transmission
formula as

He(f) = () - He(f, €2). 3)

where H, (f,,) (e = rort) is a complex transfer function
vector of the antenna relative to the isotropic antenna towards
the Q, = (04, yq) direction, i.e.

H, (/. %) Hao(f.0a.a)
= 9 Hn9(f ()n ‘r/rl)+(pa

which has the relation as

27 g
/ [ Ha(f, B0 00)| sin 6d6dp = may — (5)
] 4]

where 7, is the antenna efficiency, so that the value is normal-
ized by that for isotropic antenna. Unit vectors 8,, P, express
the polarization and are defined with respect to the local polar
coordinates of the antennas. The following relations can be
easily derived as

6—_]21:[d/c_

Hf(f: d)

(4)
([, 0a-2a),

0 = én
@r _Sbl'
B. UWB Correlation Receiver Analysis

(6)
G

The template receiver is used at the receiver side as shown
in Fig. 4. The received signal and isotropic template receivers
satisfied constant noise power condition between input and
output are considered. The optimum template receiver consid-
ered received signal from measured channel and it is an ideal
case with maximum relative gain, while the isotropic template
considered received signal from free space channel using Friis’
transmission formula [6]-[8] with isotropic Tx and Rx antennas.

For constant noise power condition between input and output,
the frequency transfer functions of received signal and isotropic
template receivers, Hqp, and Iis,, are normalized as

/_ Hopu( )] = / Bl NP = 2. ®)

Therefore, the output noise power is a constant as Ny fy,, where

No/2 is the PSD of additive white Gaussian noise (AWGN).
Under this condition, the frequency transfer functions of

optimum and isotropic template can be respectively written as

ﬁf‘v- ()

Hoelt] = — SN S 9)
I RS
\/~ ,v b
Hisol[) = bV izol/) (10)

JZo Wemiso(D)I2d S

where * is the complex conjugate operator, V; and V;_;,, are
the spectral densities of received signals from measured channel
and free space channel with isotropic Tx and Rx antennas,
respectively. They can be evaluated from

Vilf) = H(HWLT), an
Viiiso(f) = Hi(NVS): (12)

where V; is the spectral density of transmitted signal calculated
from

oL

1/;(f)=/ v (t)e™ 72 e, (13)
—oc

H. is the frequency transfer function of measured channel

measured from Sec. 3.1 and H; is the frequency transfer

function of free space channel given by

Hi(f)=

e—j2rrfd/c'
4m dlfl

where d is the distance and ¢ is the velocity of light.

(14)

C. UWB Transmission Gain Analysis

The relative gain in this paper is defined as the peak
amplitude of the correlator output with the considered antennas
normalized by that with the isotropic antennas. Due to the
normalization of template waveforms, this gain value represents
the gain of signal-to-noise ratio. Therefore, the transmission
gain of the received signal template case G, can be written

as -
max | [T v(t)hwm(t — 7)di|
Gum = — . (15)
max | [77 Vriso(£)Pue(t — 7)di]
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Similarly, the transmission gain of the isotropic template case
G\ can be written as

max | fj,x 'L’r(t)h-\\'c(’- - T)d”
max | 7 vriso({)hwe(t — T)dt|’

The difference between the transmission gain of the received
signal and the isotropic template cases indicates the distortion
quantity of the waveform. Different from the original Friis’
transmission formula, the optimum transmission gain of UWB
signal can not be simply expressed by the product of antenna
indices.

(16)

we =

111, EXPERIMENTAL EVALUATION SCHEME OF UWB-IR

A. UWB Transmission Signal Model

The effect of the waveform distortion is more obvious
when the bandwidth is wider. We considered the transmitted
waveforms that fully cover the Federal Communications Com-
mission (FCC) frequency band, i.e., 3.1 —10.6 GHz [3]. In this
paper, the root raised cosine passband waveforms is used as the
transmitted waveform.

The root raised cosine passband waveform is the waveform
with root raised cosine spectrum and its spectral density is
defined as

1 = feh < 558
Virlf) = A U8 |- p g 8L (1)
0 otherwise
where

A = A oI £ - 2 ]
T = 1/, is the reciprocal of the symbol-rate and i, is the
spectral bandwidth, f. is the center frequency, 8 = 0.3 is the
roll-off factor. For satisfying the FCC spectral masks, f. is set
to 6.85 GHz. The spectral bandwidth f;, is set to 6.37 GHz.
For satisfying the common frequency band spectral mask,
and f, are set to 7.877 and 0.975 GHz, respectively.

The normalized spectral densities of these waveforms satis-
fying FCC spectral masks shown in Fig. 1.

B. Measurement System

The UWB channel transfer functjon is measured in frequency
domain by using VNA in an anechoic chamber. The VNA is
operated in the response measurement mode, where Port-1 and
Port-2 are the Tx and Rx ports, respectively. Both Tx and Rx
antennas are fixed at the height of 1.75 m and separated by 4
m. This measurement setup is shown in Fig. 3.

The biconical antennas are used as the Tx and Rx antennas.
These antennas are chosen because they are easy to fabricate
and have low distortion property. The geometry and dimensions
of the antenna is shown in Fig. 4. The upper cone is connected
to the center conductor of a coaxial line while the lower cone
is connected to the shield conductor. The maximum diameter
is 65.3 mm and the length is 37 mm. Only Rx antenna is
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Fig. 2. Normalized spectral density of root raised cosine pass band waveform
satisfying FCC spectral mask.
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Fig. 3. The measurement setup.

rotated from 0° to 360 © with 5° rotation step. The horizontal
polarization is measured.

The measurement parameters are listed in Table 1. It is
note that the calibration of VNA is done at the connectors
of the cables to be connected to the antennas. Therefore, all
impairments of the antenna characteristics are included in the
measurement results.

TABLE 1
MEASUREMENT PARAMETERS.

Parameter Value
Frequency range 3 GHz to 11 GHz
Number of frequency points 1601
Dynamic power range 80 dB

Tx and Rx antennas heights L.75 m.
Distance between Tx and Rx antennas 4.00 m.

Rx rotation range 0° — 360°
Rx rotation step 5°
Polarization horizontal
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Fig. 4. Geometry and dimensions of the biconical antenna.

IV. RESULTS AND DISCUSSION

In this section, the evaluation results of relative gain are
shown. First, the path losses based on average power losses
of received signal and output signals of received signal and
1sotropic template receivers are considered.

Figure 5 shows the path losses of received signal and output
signals of optimum and isotropic template receivers along
pointing angle from 0° to 360°. The path losses at 0°, 180°
and 360° pointing angles are low because they correspond to
the broadside direction of biconical antenna and they are high
at 90° and 270° pointing angles. The path losses of output
signals of both template receivers are lower than that of received
signal. This improvement is considered in the term of UWB
transmission gain.

The UWB transmission gain of received signal and isotropic
template receivers along pointing angle from 0° to 360° are
shown in Fig. 6. The relative gain of received signal and
isotropic template receivers are small difference. Therefore, the
UWB transmission gain of received signal template receiver is
better that that of isotropic template about 0.43 dB. Considering
this, the bit error rate performance of the received signal and
isotropic template shown in Fig. 7. It can be seen that the
different is low. As described above, by this scheme, it becomes
possible to detect several types of UWB signals.

From these results, the UWB transmission gain, using both
the received signal and the isotropic template waveforms, gives
us the quantitative measurement of the link budget. Since we
have chosen the broadband antennas, the trend of the narrow-
band gain is reflected in the UWB transmission gain. Another
issue is the distortion of the waveform. The difference between
the optimum and the isotropic templates is the measurement of
the waveform distortion. It is obvious that the type of waveform
in same frequency band has little distortion difference.

V. CONCLUSION

In this paper, we evalated the performance system design
model for UWB transmission waveform by using extended

Friis transmission formula. The received signal and isotropic
template receivers are evaluated. The biconical antennas are
used as the Tx and Rx antennas. From the results, the relative
gains of the received signal and isotropic template receivers
are every small difference it’s low, that is only 0.43 dB. That
because the channel is measured in the anechoic chamber,
which can assume to be free space channel, and the biconical
antennas have low distortion characteristics. Furthermore, these
distortion quantities can be used as reference for performance
evaluation of UWB-IR antennas. In the future works, we will
evaluate the UWB propagation channel in an indoor environ-
ment and other UWB antennas are consider.
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Fig. 5. Path loss of received signales and output signals of optimum and
isotropic template receivers along pointing angle from 0° to 360°.
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Fig. 6. UWB-IR transmission gain of received signal and isotropic template
receivers along pointing angle from 0° to 360°.
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Fig. 7. Bit error rate of the received signal and isotropic template.
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