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Abstract

Friis’ transmission formula in complex form to
treat the UWB signals to take into account the wave-
form distortion due to the frequency characteristics of
the antennas (1], [2]. It is noted that Friis’ transmis-
sion formula is applicable only in the far field region.
In personal area network (PAN) environments, how-
ever, the distance may not satisfy the far field con-
dition. In this paper, we discusses the experimental
evaluation of the transmission properties in Fresnel
region.

Keywords: UWB-IR, UWB antennas, UWB
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1. Introduction

The ultra wideband impulse radio (UWB-IR)
transmission systems have attracted a great deal of
attention because of its potentiality for application to
short-range, high-speed mobile communications, low-
power transmission, and so on. In order to minimize
the interference with existent systems, the UWB is
expected to be used mainly in wireless personal area
networks (WPANSs) and home networks.

The channel in line of sight (LOS), Friis’ transmis-
sion 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, the experimental results of the trans-
mission properties in Fresnel region.

2. Friis’ Formula for UWB System

The Friis’ transmission formula is first expressed in
terms of power [2]. Then it is extended in terms of the
transmission signal waveform to consider the transfer
function Hgyis [2]. Defining the transmitted and re-
ceived voltage signals as V; and V;, respectively, and
assuming the polarization of transmitter and receiver
antennas match perfectly.

‘We obtain

Vi (f)

HF‘rus(f: d) - ‘/t(fa d) - Hf(f? d)Hl(f)Ht(f)! (1)
where Hy is the transfer function of free space, H,
and H, are the transfer functions of the transmitting
(Tx) and the receiving (Rx) antennas, which are im-
plicit functions of directions, and d is the transmitter-
receiver (TR) separation distance.

The transfer function of free space can be written
as

A
Hi = — —jk
1= g OP(=ikd), (2)
is the free space transfer function where
2w
k=— 3
g 3)

is the propagation constant. The received waveform
v,(t, d) can be found by using

v (2, d) = v (t) ® hmiis(t, d), (4)

where 1 (#) 1s the transmitted signal waveform, ® is
the convolution operator, hpyis(l,d) is the impulse
response of the extension of Friis’ formula defined as:

hpvis(t, d) = F~H{ Hriis(£, d)}, (5)
where F~°°{-} is the inverse Fourier transform.

3. UWB Transfer Function Measurement
3.1 Measurement Scheme

The complex transfer functions can be measured
by using the vector network analyzer (VNA). How-
ever, this transfer function is a product of transfer
functions of Tx and Rx antennas as well as the free
space channel. The transfer function of the Tx an-
tenna, which is usually a standard antenna, shall be
known in advance as the calibration data. The overall
measurement scheme is summmarized as follows:

Step 1) Calibration of the standard antenna. The
standard antenna is calibrated by using the three-
antenna method. In this method, three linearly-
polarized antennas are required, but they do not have
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Fig. 1. Three antenna model.

to be identical to one another. Three sets of mea-
surements are performed using all combinations of
the three antennas pointing toward the same direc-
tions as shown in Fig. 1. The result is a set of three
simultaneous equations of the form

So1(f) Hy (f)Hi(f, d)H2(f), (6)
Si3(f) = Ha(f)He(f,d)H.(f), (M)
S32(f) = Ha(f)Hi(f,d)H3(f), (8)

where H;(f) is the complex frequency transfer func-
tion of antenna ¢, Sj;; is the measurement result by
using Tx antenna ¢ and Rx antenna j, d is the dis-
tance between antennas, and H(f,d) is the complex
transfer function of free space. Then, we can esti-
mate the complex frequency transfer function of the
antennas by using these equations

S21(f)S32(f)

m = Si3(f)He(f,d)’ ©)
_ S21(f)S13(f)

2O = \sepmea 10

Hs(f) S32(f)S13(f) (11)

Sor () He(f,d)

Step 2) The transfer function of the antenua under
teat (AUT) is measured. By using the standard an-
tenna and the AUT as Tx and Rx antennas respec-
tively, the transfer function between Tx and Rx an-
tenna ports is expressed as

S21(f) = Havr (0, ¢, f)He(f, d)Hsua (f): (12)

Biconical Antenna

TFig. 2. Geometry and dimensions of the biconical
antenna.
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Fig. 3. The UWB transmitted signal waveform.
and the transfer function of AUT is obtained by
S f
Haur (0,9, f) = a(f)

" He(f,d)Hswa(f)
3.2 Measurement Setup

(13)

The VNA was operated in the response measure-
ment mode, where Port-1 was the transmitter port
(Tx) and Port-2 was the receiver port (Rx), respec-
tively. Biconical antennas with the maximum diame-
ter of 65.3 mm and the length of 37 mm are used both
as the standard antennas and as AUT [2]. The mea-
surement was done in the anechoic chamber. Both Tx
and Rx antennas were fixed at the height of 1.75 m
and separated at a distance of 3 m.

3.3 UWB Antennas

The geometry and dimensions of the antenna and
its characteristics are in Ref. [2]. From Fig. 2 the
largest dimension of each Tx and Rx antennas are
the inclined height D; = D, = 75 mm. The largest
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dimension of the antenna considering the field regions
are D = D; + D, = 150 mm. For the whole UWB
frequency spectrum, the inner boundary distance ol
the Fresnel region is 0.21 m while the outer bound-
ary distance is 0.47 m. The inner boundary distance
of the far field region for the whole UWDB frequency
spectrum is 1.59 m. Then, 0.3 m TR separation dis-
tances are chosen for the Fresnel region, while 2.0 m
TR separation distances are chosen for the far field
region. The practical maximum measured distance,
3 m, is chosen as reference distance to estimate the
accuracy of the antenna transfer function. The Tx
and Rx antennas are assumed to be identical.

3.4 UWB Transmitted Signal Waveform

The effect of the waveform distortion is more ob-
vious when the bandwidth is wider. We considered
the impulse radio signal that fully covers the FCC
band [4], i.e., 3.1 ~ 10.6 GHz is used to test the dis-
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tortion of the received UWB waveform. This wave-
form is expressed by

Uc(t) = ;:[fxllaxSiHC(2fxxxaxt) - fmiuSinC(zfmint)]: (14)

where funin = 3.1 GHz is the minimum frequency,
Jmax = 10.6 GHz is the maxmimum frequency, fi, =
Fnax — fmin and sinc(x) = sin(rx)/(rx). This signal
waveform in time domain shown in Fig. 3.

4. Experiment Results

The (ransfer function of Tx and Rx antennas are
estimated by using the channel transfer function at
4 1, assuming that these antennas are with identi-
cal transfer function. Figures 4,5 and 6,7 show the
magnitude and the phase of the transfer functions
measured at 0.3 and 2.0 m distances. In Figs. 4 and
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Fig. 8. The received signal waveforms at 0.3 m dis-
tances.

TABLE I Path loss of the received UWB waveform.

Path loss
0.3m 20m
(dB) _ (dB)
Measured 38.58 56.16
Prediction 39.63 53.20

5, the measured values are compared with the pre-
dicted and complex form Friis’ transmission formula.
Both results are almost identical in the far ficld re-
gion, but the differences of magnitude are observed
in the Fresnel region. We can clearly see that in the
Fresnel region, the measured magnitude results are
greater than the predicted magnitude results. This is
due to the radial field in the Fresnel region. In the
far field region, the radial field can be negligible.

Figures 8 and 9 compares the transmission of the
received UWB waveform presented in Fig. 3, by using
the measured transfer functions and thosc predicted
by using the complex form Friis’ transmission formula
and the antenna transfer function. We can sec a little
difference between the measured and the predicted
waveforms in the Fresnel region. In the far field region
on the other hand, the received waveforms are almost
the same. Table 1 summarizes the results of Figs. 8
and 9 with respect to the path loss. As expected
from Figs. 8 and 9 the difference of the path gain is
more obvious in the Fresnel region. Table 2 shows the
correlation between two waveforms corresponding to
the measured and the predicted transfer functions. It
has higher distortion in the Fresnel region. While in
the far field region, the distortion is very small.

5. Conclusion

In this paper we discusses the complex form Friis’
transmission formula in Fresnel region has been ex-
perimentally studied to consider the UWB free space
channel model. The error of the path loss is observed
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Fig. 9. The received signal waveforms at 2.0 m dis-
tances.

TABLE 11 the percent of the correlation coefficient
of the received UWB waveform.

correlation coefficient

0.3 m 20m
(%) (%)
Prediction  99.45 99.94

in the Fresnel region caused by the radial field. More
comprehensive studies are necessary to consider the
type of antennas and to find how to compensate the
error. This approch is more useful for design and
evaluation of UWB wireless systems.
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Abstract—1In this paper, the simple waveforms are considered
for satisfying the European Conference of Postal and Telecom-
munications (CEPT) radiation limits. The rectangular passband,
modulated rectangular and modulated Gaussian waveforms are
considered. They are optimized for maximum bandwidth, am-
plitude and average power in the frequency rage from 3.1 to
10.6 GHz. The binary pulse-amplitude modulation (PAM) with
balance binary data independent identically distributed random
sequence is considered to easily derive the power spectral density
(PSD) of the waveforms. The power spectral density (PSD)
and parameters of each optimized waveform are showed. The
optimized results are discussed in the conclusion.

I. INTRODUCTION

Recently, ultra wideband (UWB) radio technology has
become an important topic for microwave communication
because its potential is low cost and low power consumption
properties [1]. UWB is different from other radio frequency
(RF) technologies. Instead of using a narrow carrier frequency,
UWB transmits pulses of power spectral density (PSD) in
the range of the ultra wide frequency spectrum. The Federal
Communications Commission (FCC) [2] in US defined the
UWB signal as those which have a fractional bandwidth
greater than 0.20 or occupies bandwidth greater than 500 MHz.
The fractional and occupies bandwidth are defined as

. . 2(fu — J1)
Fractional bandwidth = ————=, 1
fa+fu M
Occupies bandwidth = fyg — fi, 2)

where f1, and fy are the lower and upper frequencies at the
-10 dB point. respectively.

There are there radiation limits of the UWB signal for the
indoor and outdoor applications such as FCC spectral masks
and European Conference of Postal and Telecommunications
(CEPT) spectral masks [3] proposed by European Telecommu-
nications Standards Institute (ETSI). The power density of the
UWB signal is considered to be noise for other communication
systems because its power spectrum is below the part 15 noise
limit. The UWB receiver collects the power of the received

signal to rebuild the pulse. Therefore, UWB radio technology
can coexist with other RF technologies without interference.

Numerous UWB waveforms have been proposed [4]. The
waveform designs are reviewed, but no considered about the
UWRB definition and spectral limits. There are many techniques
for designing the UWB waveform such as by using the
Hermite function [5]-[6] and prolate spheroidal wave function
[7]. The numerical technique is also used to design the
UWB waveform [8]-[9]. Although the waveform has very
high effective spectral in the designed frequency range, but
the algorithms of these techniques are complicated. After that,
the simple waveforms for UWB communications are proposed
[10]. But they did not consider for the CEPT radiation limits.

In this paper, the simple waveforms are considered for
satisfying the CEPT radiation limits. The CEPT indoor and
outdoor masks for the UWB communications are shown
in Fig. 1. The rectangular passband, modulated rectangular
and modulated Gaussian waveforms are considered. They are
optimized for maximum bandwidth, amplitude and average
power in the frequency rage from 3.1 to 10.6 GHz. The
binary pulse-amplitude modulation (PAM) with balance binary
data independent identically distributed random sequence is
considered to easily derive the power spectral density (PSD)
of the waveforms. The power spectral density (PSD) and
parameters of each optimized waveform are showed. The
optimized results are discussed in the conclusion.

II. WAVEFORM MODEL

The rectangular passband, modulated rectangular and mod-
ulated Gaussian waveforms are considered. These waveforms
are assumed to be voltage signals. For obtaining the continuous
component of power spectral density (PSD), the binary PAM
with balance binary data independent identically distributed
random sequence is considered. Then, the power spectral
density (PSD) of the transmitted waveform can be simplified
to [9]

S(f) = —TIZIF(f)F, 3)
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Fig. 1. CEPT indoor and outdoor masks for UWB communications.
where T is the time interval of one waveform and F(f) is

the spectral density function of the waveform. The spectral
density function can be calculated by using Fourier transform,

F= [ T fe i,

where f(t) is the waveform in time domain.

“

A. Rectangular Passband Waveform

The rectangular passband waveform in time domain and its
spectral density function are given by

A

f@& = T [fusine(2 fut) — fusinc(2fLt)], )
= fl-fl s

P(f) — 27 ? 6

) { 0 Ul fl > & ©

where A is the maximum amplitude, f, is the occupies
bandwidth, f. is the center frequency, fi. = f. — fb/2 and
fu = fo+ fu/2 are the minimum and maximum frequencies,
respectively.

This waveform has the A/(2f,) constant magnitude of
spectral density in the —fy to —fL and fr to fy frequency
ranges. The area of its spectral density is [°° F(f)df = A,
then this waveform has maximum amplitude is A at ¢t = 0.
This is the ideal case of the UWB waveform then it used
to considered the upper limit of the maximum bandwidth,
amplitude and power for the UWB waveform.

B. Modulated Rectangular Waveform

The modulated rectangular waveform in time domain and
its spectral density function are given by

o { Asin(gﬂ'fct) IiI Eg , 0]
B flﬁ sincfty(f — fc)]
F(f) = 32 { —sinc[ty (f + fc)] } ’ ®

where A is the maximum amplitude, f. is the carrier frequency
and ty, is the pulse width of the waveform.

This waveform is modulated between the A constant ampli-
tude and ¢, width rectangular pulse and f. carrier frequency.
The sine function is used for reducing the direct current (DC)
component of the modulated waveform to zero.

C. Modulated Gaussian Waveform

The modulated Gaussian waveform in time domain and its
spectral density function are given by

ft) = Ae~®/D*sin@2rf.t), ©)
Ad\/T e— A (f—fo)?
U= 5 [ _emmrds |0 (19

where A is the maximum amplitude of the envelope waveform,
fe 1s the carrier frequency and d is the 1/e characteristic decay
time.

This waveform is modulated between the A maximum
amplitude, d 1/e characteristic decay time of Gaussian pulse
and f carrier frequency. The sine function is used for reducing
the direct current (DC) component of the modulated waveform
to zero same the modulated rectangular waveform.

I1I. OPTIMIZATION

The waveforms models is optimized for UWB communi-
cation. The UWB definition by FCC is considered [2]. The
condition of fi, and fy are set to 3.1 GHz < fi, < fg <
10.6 GHz. Each waveform must has fractional bandwidth
greater than 0.20 or occupies bandwidth greater than 500 MHz.
After that, each waveform is satisfied the CEPT radiation
limits. The three assumptions for good UWB signal waveform
are consider. First is high bandwidth for reducing the effect of
multipath fading [10]. Next is high amplitude for increasing
the efficiency of peak detection receiver. Final is high average
power for increasing the signal to noise ratio (SNR). Then,
each waveform is optimized for maximum bandwidth, ampli-
tude and average power in the frequency range from 3.1 to
10.6 GHz. For the optimizations, the solution of frequency is
0.01 GHz, the time is 0.01 ns and the amplitude is 0.01 V.

A. Optimization of Rectangular Passband Waveform

For the indoor and outdoor limits, the parameters obtain
from the maximum bandwidth, amplitude and average power
optimizations are the same. The results are f;, = 7.50 GHz,
fo = 6.85 GHz, fr = 3.10 GHz, fg = 10.60 GHz and
A = 4.08/T, V. The optimized waveform has 1.09 fractional
bandwidth and 7.5 GHz occupies bandwidth. The average
power of this waveform is -59.54 dBm. Its PSD compared
with CEPT indoor and outdoor masks are shown in Fig. 2.
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B. Optimization of Modulated Rectangular Waveform

For the indoor mask, the parameter obtain from the max-
imum bandwidth optimization are fy, = 0.21 ns, f. = 6.63
GHz and A = 0.016+/T; V. The optimized waveform has 1.08
fractional bandwidth and 7.36 GHz occupies bandwidth. The
average power of waveform is -106.67 dBm. For the maximum
amplitude and average power optimizations, the parameters are
the same. The obtained results are ¢, = 0.23 ns, f. = 6.23
GHz and A = 0.48/T, V. The optimized waveform has
0.99 fractional bandwidth and 6.46 GHz occupies bandwidth.
The average power of waveform is -76.50 dBm. The PSD
compared with CEPT indoor mask are shown in Fig. 3.

For the outdoor mask, the parameter obtain from the max-
imum bandwidth optimization are ¢, = 0.21 ns, f. = 6.63
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Fig. 4. PSD of optimized modulated rectangular waveform compared with
CEPT outdoor mask.

GHz and A = 0.0051/T; V. The optimized waveform has 1.08
fractional bandwidth and 7.36 GHz occupies bandwidth. The
average power of waveform is -116.67 dBm. For the maximum
amplitude and average power optimizations, the parameters are
the same. The obtained results are ¢, = 0.23 ns, f. = 6.23
GHz and A = 0.15\/T, V. The optimized waveform has
0.99 fractional bandwidth and 6.46 GHz occupies bandwidth.
The average power of waveform is -86.50 dBm. The PSD
compared with CEPT outdoor mask are shown in Fig. 4.

C. Optimization of Modulated Gaussian Waveform

For the indoor mask, the parameters obtain from the max-
imum bandwidth optimization are d = 0.10 ns, f. = 6.85
GHz and A = 0.025y/7s V. The maximum amplitude is
0.022y/T; V. The optimized waveform has 0.99 fractional
bandwidth and 6.82 GHz occupies bandwidth. The average
power of waveform is -104.13 dBm. For the maximum am-
plitude optimization the obtained results are d = 0.13 ns,
fo = 7.97 GHz and A = 2.36+/T V. The maximum amplitude
is 2.23+/T; V. The optimized waveform has 0.66 fractional
bandwidth and 5.24 GHz occupies bandwidth. The average
power of waveform is -63.49 dBm. For the maximum average
power optimization, the obtained results are d = 0.13 ns,
fo =17.86 GHz and A = 2.36+/T; V. The maximum amplitude
is 2.23+/T, V. The optimized waveform has 0.67 fractional
bandwidth and 5.24 GHz occupies bandwidth. The average
power of waveform is -63.47 dBm. The PSD compared with
CEPT indoor mask are shown in Fig. 5.

For the outdoor mask, the parameters obtain from the
maximum bandwidth optimization are d = 0.10 ns, f. = 6.85
GHz and A = 0.007y/T; V. The maximum amplitude is
0.006y/T; V. The optimized waveform has 0.99 fractional
bandwidth and 6.82 GHz occupies bandwidth. The average
power of waveform is -114.13 dBm. For the maximum am-
plitude optimization the obtained results are d = 0.15 ns,
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fe = 7.37 GHz and A = 2.05+/T; V. The maximum amplitude
is 1.95\/T; V. The optimized waveform has 0.61 fractional
bandwidth and 4.54 GHz occupies bandwidth. The average
power of waveform is -64.04 dBm. For the maximum average
power optimization, the obtained results are d = 0.15 ns,
fo =17.28 GHz and A = 2.05/7; V. The maximum amplitude
is 1.95/T: V. The optimized waveform has 0.62 fractional
bandwidth and 4.54 GHz occupies bandwidth. The average
power of waveform is -64.04 dBm. The PSD compared with
CEPT outdoor mask are shown in Fig. 6.

IV. CONCLUSION

In this paper, the simple waveforms are considered for
satisfying the CEPT radiation indoor and outdoor limits. The

rectangular passband, modulated rectangular and modulated
Gaussian waveforms are considered. From the optimization
results, the rectangular passband waveform obtained the maxi-
mum bandwidth, amplitude and average power. It can consider
to be the upper band or the best case of UWB waveform.
For the comparison between the modulated rectangular and
modulated Gaussion waveform, the modulated rectangular
waveform obtained the wider bandwidth for the indoor and
outdoor limits. The modulated Gaussion obtain the higher
amplitude for the indoor and outdoor limits.
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