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Abstract The link budget of the free space propagation loss is usually estimated by using Friis’ transmission for-
mula. However, it is not directly applicable to the ultra-wideband (UWB) radio transmission systems, in particular
the single band impulse radio, 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, and the comparison between Tx and Rx
waveforms is not straightforward. The authors have proposed the use of the matched filter for the definition of the
wideband gain of the antenna. This paper is presented an experimental evaluation of the free space transmission
characteristics of ultra-wideband antenna by using proposed technique. The authors have utilized the biconical
antenna which is often used as the standard antenna. The effect of the directivity is considered.

Key words ultra-wideband, UWB, UWB antennas, impulse radio, Friis’ transmission formula, waveform trans-
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. ference with existent systems, the UWB is expected to be
1. Introduction Y P

mainly used in indoor environments.

The ultra-wideband (UWB) radio transmission systems
have attracted a great deal of attention because of its poten-
tiality for application to short-range high-speed mobile com-
munications, ultra low-power communications, ultra high-

resolution radar, and so on. In order to minimize the inter-

Even if the channel is in the line of sight (LOS), The Friis’
transmission formula cannot be applied to the UWB radio
as it is because the bandwidth of the pulse is extremely
wide. Furthermore, simple comparison between waveforms

of transmitter and receiver is not significant because of the
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distortion éf waveform caused by frequency response of an-
tenna.

In this paper, we discuss the experimental evaluation of the
free space transmission characteristics of ultra-wideband an-
tenna. This technique is based on the Friis’ transmission for-
mula, 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. We carried out an experiment
using the biconical antenna for UWB operation.

We show theoretical formulation first. Then we explain an

illustration with the biconical antennas after.

2. Extension of Friis’ Transmission For-
mula for UWB Systems

In this study, we focus on the link budget evaluation in the
free space. For the narrowband systems, Friis’ transmission

formula [1] have been widely used.

P;

p, = GGGy, (1)

GF‘riis =

where G: and G; are Rx and Tx antenna gain,

Gt = (Z;‘—d)2 | @

is the free space propagation gain (less than unity in prac-
tice), A =  is the wavelength, c is the velocity of the light,
and f is the frequency.

It is noted, however, that Eq. (1) is satisfied only at some
certain frequency, and is not directly applicable to UWB
systems. We have recently proposed a new extension of the
Friis’ transmission formula to take into account the trans-
mission signal waveform and its distortion as well [2]. The
results are summarized as followed. The detailed derivation
is presented in Ref. [2].

Input signal v(t) at the transmitter port is expressed as

the convolution of an impulse and the pulse shaping filter as

’Ut(t) = Eté(t) * hc(t), (3)
where
/ hE(t)dt = / H(DIPdf =1 (1)

Friis’ formula is extended to take into account the transmis-

sion waveform as

V.
e F‘rus(.f) (f) HthHr : Hta (5)
where
Ha = Ha(eth Pa, f)
= éaHaO(eay Pa, f) +¢’aHaw(0a7 Pa, f) (6)
a=rcort
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is a complex transfer function vector of the antenna relative

to the isotropic antenna,

A
He= Ind —— exp(—jkd) (7)
is the free space transfer function where
27
=z 8
k=2 ®)

is the propagation constant. Unit vectors 6., P, expressing
the polarization are defined with respect to the local polar

coordinates of each antenna. The following relations can be

- easily derived.

ér = ét, (9)
‘br = _‘bt' (10)
At the receiver, the matched filter Hyp(s) is introduced

to maximize the signal-to-noise ratio (SNR) of the receiver

output, as shown in Figure 1.

F‘rns(f) (11)

\/7 |He-F‘ms(f)| df

which satisfies the following constant noise output power con-

Hwr(f) =

dition

/ e ()2 df = 1. (12)

— 00

In case, the output waveform when Ey =1
vMF(t) = he-Friis(t) * hmr () (13)
takes its maximum at ¢t = 0 as

max omr(t) = vmr(0) = /oo Vmr (f)df

\/j/oo IHe-Friis(f)lzdf~ (14)

Equation (14) is the UWB extension of Friis’ transmission

formula. Equation (14) includes three elements, i.e., the fre-
quency characteristics of the antennas, the frequency charac-
teristics of free space propagation, and the spectrum of the

transmit signal.
3. Preparation for the Experiments

3.1 UWB Signal Model

The effect of the waveform distortion is more obvious when
the bandwidth is wider. We considered the impulse radio sig-
nal that fully covers the FCC band [3], i.e., 3.1 ~ 10.6 GHz.
The center frequency and the bandwidth were therefore set
to be fo = 6.85 GHz and f, = 7.5 GHz, respectively. The
transmit wéveform assumed in the simulation was a single
ASK pulse with the carrier frequency fo. To satisfy the band-

2
width requirement of fi, the pulse length was set to be }—
b
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Figure 1 Block diagram of transmission system for the extension of Friis’ transmission

formula to treat UWB signal.
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Figure 2 The transmission waveform of UWB signal.

Then the signal band was limited by the Nyquist roll-off fil-
ter with the roll-off factor & = 0 (rectangular window) and
the passband (fo - %, fo+ %)

The transmission of the pulse waveform is simulated based
on the measured transfer function of the antenna.

3.2 Experiments Setup

An UWB radio channel transfer function was measured as
So1 in frequency domain by using a vector network analyzer
(VNA). 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), respectively. The mea-
surement was done on the top of the building to simulate as
in the free space. Both Tx and Rx antennas were fixed at the
height of 1.3 m and separated by 1 m. The setup equipment
are shown in Figure 3.

The difference of the free space propagation distance d does
not affect the waveform distortion. For this reason, It was
set to be d = 1 m in this simulation.

In the S2; measurements, there are three different kinds
of orientation as shown in Figure 6. They are facing toward
the same directions to each other so that Gy = G; is satis-
fied. The main beam resides in zy-plane, i.e. omnidirectional
pattern in Figure 4. The antenna is also tilted as much as

30° and 60° along @ directions, as well as the main beam

ntenna,.

Figure 4 Geometry and dimensions of the biconical antenna.

direction.

In this study, we considered a broadband antenna that
was suitable for the operation with pulsed waveforms [4]~
[7}. We have chosen this biconical antenna for the ease of
the fabrication, as well as it is often used as the standard
antenna. The geometry and the dimension of antenna are
shown in Figure 4. The upper cone is connected to the RF
signal while the lower cone is connected to ground. Fig-
ure 5 shows the reflection coefficient |S11| of the antenna
feed point. From the figure, we can see that the reflection
coefficient was below —10 dB in the frequency range between
3.1 GHz and 10.6 GHz.
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Figure 5 |S11| characteristics of biconical antenna. . ) )
Figure 7 Measured transfer functions for different antenna point-

. ing conditions: amplitude.
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Table 1 Experimental setup parameters.

Figure 8 Measured transfer functions for different antenna point-

Parameter Value

Frequency range 3 GHz to 11 GHz ing conditions: phase.
Number of frequency points 1601

Dynamic power range ~ 80dB

IF bandwidth 3 MHz

Tx antenna height 1.3 m

Rx antenna height’ 1.3m

Distance between Tx and Rx 10m

Pointing angle 0 / 30 / 60 degrees

Amplitude

3.3 Parameters of Experiments
The important parameters for the experiments are listed
in Table 1.

It is noted that the calibration is done at the connectors v

of the cables to be connected to the antennas. Therefore, all

4 4.1 42 43 44 45 46 47
the impairments of the antenna characteristics are included Time [ns}
in the measured results. Figure 9 Received waveform at the antenna output.
Figures 7 and 8 show the amplitude and the phase of the
transfer function measured for three different antenna setups. ples, the matched filter receiver can eliminate the reflected

From Figure 7, the radiation pattern seems to change from wave component as well as the time domain resolution is
frequency to frequency, which may result in the waveform sufficiently high.

distortion. Although the ground reflection caused the rip-
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Figure 10 Antenna transfer function: amplitude.
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Figure 11 Antenna transfer function: phase.

Figure 9 shows the received pulse waveforms when the
transmit waveform shown in Figure 2 is input. For com-
parison, the waveform for isotropic antennas are shown as
’isotropic’. Compared with the isotropic case, the pulse
waveform is very much distorted and lengths become longer.

Although the accurate transfer function of each individ-
ual antenna shall be measured using three-antenna method,
Figures 10 and 11 show the approximate antenna transfer
function which are obtained by assuming that Tx and Rx
antennas are identical. The vertical axis is normalized by
the isotropic antenna.

Figures 12 and 13 show the output of matched filters. For
Figures 12, a matched filter is optimized for the each indi-
vidual scenario, and the results correspond to the maximum
available gain. In contrast, for Figures 13, the matched filter
is replaced by that for ideal isotropic antennas. This result
is more realistic in practice, because the directions of the Tx
and Rx antennas are not usually arbitrarily controllable, but
set at the convenient positions.

Table 2 summarizes the overall gain with respect to the

i %0
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I

Amplitude

23 24 25
Time [ns]

Figure 12 Output of matched filter: optimal.

—
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s
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Figure 13 Output of the matched filter: free space approxima-

tion.

Table 2 Relative gain of (antennas + matched filter), with re-

spect to the ideal isotropic antennas.

Filter Gain [dBi]

0° 30° 60°
Optimum —4.9728 —3.1940 1.9
Isotropic approximation —6.2468 —4.9728 1.0478

Table 3 Correlation coefficient between the impulse responses of
the received signal and the approximate matched filter

by using isotropic antennas.

Orientation 0° 30° 60°
Correlation 0.8620 0.8215 0.8733

isotropic antennas case. Since the gain at the most of the
frequencies was below unity, the dB value of the gain is neg-
ative. By using the isotropic matched filter, the gain has
been degraded.

As the amount of the gain degradation depends on the se-
tups, Table 3 lists the correlation coefficient of the impulse

responses between the received signal and the approximate
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matched filter using the isotropic antennas. Since the corre-
lation coefficient is approximately the same, the amount of

degradation is also of the same magnitude.
4. Conclusion

In this paper, we discussed the expérimental evaluation of
the free space transmissoin charateristics of ultra wideband
antenna. In the proposed scheme, Friis’ transmission for-
mula is extended in order to take into account the transmit
waveform and the matched filter to the system. Experimen-
tal demonstration using the biconical antenna for UWB was
shown, and the specific gain value could be obtained for Tx-
Rx antenna pair.

In the present paper, we introduced the matched filter for
the optimum receiver. However, if the distorted component
should be regarded as the interference, the equalizer instead
of the matched filter shall be introduced. Even in the case,
similar discussion can be done on the definition of the gain.
To know the individual antenna parameters, three-antenna
measurement shall be introduced.

This scheme is applicable for the evaluation of various
UWB antennas. Therefore, some typical UWB antennas

shall be evaluated by using the proposed technique.
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