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Abstract— Ultra wideband impulse radio (UWB-IR) tech-
nology is an ideal candidate for wireless networks that
can be utilized for short-range, high-speed, low power, and
low cost indoor applications. The link budget of the free
space propagation loss is usually estimated by using Friis’
transmission formula. However, it is not directly applicable
to ultra wideband impulse 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 character-
istics of the antenna, and the comparison between Tx and Rx
waveforms is not straightforward. This paper discusses the
free space link budget evaluation of UWB-IR systems based
on the extended Friis’ transmission formula. The matched
filter is considered at the receiver side to maximize the SNR
for evaluation. An experimental evaluation of the antenna
transfer function needs the three-antenna method for the
calibration of reference antenna. The technique gives very
accurate results and is very useful for design and evaluation
of UWB impulse radio transmission systems, especially for
the evaluation of waveform distortion effects.
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I. I NTRODUCTION

Wireless personal area networks (WPANs) are required
to have high data rate, low power consumption, and low
cost. The ultra wideband (UWB) radio technology is an
ideal candidate focusing on wireless PAN [1], [2].

In UWB communication systems, the antennas are
significantly pulse-shaping filters. Any distortion of the
signal in the frequency domain causes the distortion
of the transmitting pulse shape. Consequently this will
increase the complexity of the detection mechanism at
the receiver [3]. Moreover, low cost, geometrically small
and still efficient structures are required for typical wire-
less applications. Therefore the antenna design for UWB
signal radiation is one of the main challenges [4], [5].

Even if the channel is in line of sight (LOS), Friis’
transmission formula cannot be directly applied to the
UWB radio as the bandwidth of the pulse is extremely
wide. Furthermore, simple comparison between wave-
forms of transmitter and receiver is not significant because

of the distortion of the waveform caused by the frequency
response of the antenna.

In this paper, we discuss the free space link budget
evaluation of UWB-IR systems. 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 antenna
transfer function by measurement, we need the three-
antenna method for calibration of the reference antenna.
An experiment is carried out using the biconical antenna
for UWB operation in the anechoic chamber.

II. EXTENSION OFFRIIS’ T RANSMISSIONFORMULA

FOR UWB TRANSMISSIONSYSTEM

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

In narrowband systems, the link budget of the free
space propagation loss is usually estimated by using Friis’
transmission formula [6]. However, it is not directly appli-
cable 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. Ref. [7] treats the special
cases of the constant gain and the constant aperture, but no
general discussion had been made although it suggested
the use of the time-domain antenna effective length.

The Friis’ transmission formula [6] has been widely
used, and can be applied to the calculation of these LOS
channels.

GFriis(f) =
Pr(f)
Pt(f)

= Gf(f)Gr(f)Gt(f), (1)

whereGr andGt are Rx and Tx antenna gain,

Gf(f) =
(

λ

4πd

)2

(2)

is the free space propagation gain (less than unity in
practice),λ =

c

f
is the wavelength,c is the velocity of the
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Fig. 1. Block diagram of transmission system for the extension of Friis’ transmission formula to treat UWB signal.

light, f is the operating frequency, andd is the separation
between transmitter and receiver antennas.

It is noted, however, that Eq. (1) 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 [8], [9].

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

vi(t) = Eiδ(t) ∗ hi(t), (3)

where
∫ ∞

−∞
h2

i (t)dt =
∫ ∞

−∞
|Hi(f)|2 df = 1. (4)

Friis’ formula is extended taking into account the trans-
mission waveform as

He-Friis(f) =
Vr(f)
Ei

= HfHiHr ·Ht, (5)

where

Ha = Ha(θa, ϕa, f)
= θ̂aHaθ(θa, ϕa, f) + ϕ̂aHaϕ(θa, ϕa, f),(6)

a = r or t,

is a complex transfer function vector of the antenna
relative to the isotropic antenna,

Hf =
λ

4πd
exp(−jkd), (7)

is the free space transfer function where

k =
2π

λ
, (8)

is the propagation constant. Unit vectorsθ̂a, ϕ̂a express
the polarization and are defined with respect to the local
polar coordinates of each of the antennas. The following
relations can be easily derived.

θ̂r = θ̂t, (9)
ϕ̂r = −ϕ̂t. (10)

At the receiver, the matched filterHMF(f) is introduced to
maximize the signal-to-noise ratio (SNR) of the receiver
output, as shown in Figure 1.

HMF(f) =
H∗

e-Friis(f)√∫ ∞

−∞
|He-Friis(f)|2 df

, (11)

which satisfies the following constant noise output power
condition ∫ ∞

−∞
|HMF(f)|2 df = 1. (12)

In this case, the output waveform whenEi = 1, and
the spectrum of the receiver output arehe-Friis(t) and
He-Friis(f), respectively. The waveform of the output from
the matched filtervMF(t) and the spectrum of the output
from the matched filterVMF(f) are

vMF(t) = he-Friis(t) ∗ hMF(t)

=
he-Friis(t) ∗ he-Friis(−t)√∫ ∞

−∞
h2

e-Friis(t)dt

, (13)

VMF(f) = He-Friis(f)HMF(f)

=
|He-Friis(f)|2√∫ ∞

−∞
|He-Friis(f)|2 df

, (14)

taking its maximum as

max
t

vMF(t) =
∫ ∞

−∞
VMF(f)df

=

√∫ ∞

−∞
|He-Friis(f)|2 df. (15)

Equation (15) is the UWB extension of Friis’ transmission
formula. It includes three elements, namely the frequency
characteristics of the antennas, the frequency character-
istics of free space propagation, and the spectrum of
the transmit signal. It is clear from Eq. (15) 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’ formula (1). Instead, the total transmission gain



including the effect of the waveform can be obtained as
Eq. (15). For the normalization, the reference isotropic
antenna withHIso(f) = 1 is considered. The UWB
transmission gain can be defined as

GUWB = max
t

vMF(t)/ max
t

vMF,Iso(t). (16)

III. M EASUREMENT OFANTENNA TRANSFER

FUNCTION

A. Measurement Scheme

By using the vector network analyzer (VNA), complex
transfer functions can be measured. However, this transfer
function is a product of transfer functions of Tx and Rx
antennas as well as the free space channel. Among them,
the free space transfer function is calculated from the
distance between the antennas by using Eq. (7). To know
the transfer function of the antenna under test (AUT) at
the Rx side, the transfer function of the Tx antenna, which
is usually a standard antenna, shall be known in advance
as the calibration data. The overall measurement scheme
is summarized as follows:

Step 1)Calibration of the standard antenna
The standard antenna is calibrated by using
the three-antenna method. The three-antenna
method has originally been proposed for the
measurements of the complex antenna fac-
tor [10]. In this method, three linearly-polarized
antennas are required, but they do not have to
be identical to one another. Three sets of mea-
surements are performed using all combinations
of the three antennas pointing toward the same
directions as shown in Fig. 2. The result is a set
of three simultaneous equations of the form

S21(f) = H1(f)Hf(f, d)H2(f), (17)
S13(f) = H3(f)Hf(f, d)H1(f), (18)
S32(f) = H2(f)Hf(f, d)H3(f), (19)

whereHi(f) is the complex frequency transfer
function of antennai, Sij is the measurement
result by using Tx antennai and Rx antennaj, d
is the distance between antennas, andHf(f, d) is
the complex transfer function of free space given
in Eq. (7). Then, we can estimate the complex
frequency transfer function of the antennas by
using these equations

H1(f) =

√
S21(f)S32(f)
S13(f)Hf(f, d)

, (20)

H2(f) =

√
S21(f)S13(f)
S32(f)Hf(f, d)

, (21)

H3(f) =

√
S32(f)S13(f)
S21(f)Hf(f, d)

. (22)
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Step 2)The transfer function of AUT is measured.
By using the standard antenna and the AUT as
Tx and Rx antennas respectively, the transfer
function between Tx and Rx antenna ports is
expressed as

S21(f) = HAUT(θ, ϕ, f)Hf(f, d)HStd(f), (23)

and the transfer function of AUT is obtained by

HAUT(θ, ϕ, f) =
S21(f)

Hf(f, d)HStd(f)
. (24)

B. Experimental Setup and Measurement Model

The VNA was operated in the response measurement
mode, where Port-1 was the transmitter port (Tx) and
Port-2 was the receiver port (Rx), respectively. Biconical
antennas with the maximum diameter of65.3 mm and the
length of37 mm are used both as the standard antennas
and as AUT [11]. The measurement was done in the
anechoic chamber. Both Tx and Rx antennas were fixed
at the height of1.75 m and separated at a distance of1 m.
The setup is sketched in Fig. 3.

Figure 4 shows the orientations of theS21, transfer
function measurement for Tx and Rx antennas. The Tx
antenna is fixed at pointing angle0◦ and the Rx antenna
is rotated from pointing angle0◦ to 360◦ with each step
at 5◦.
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Fig. 4. Top view antenna setting.

TABLE I

EXPERIMENTAL SETUP PARAMETERS.

Parameter Value
Frequency range 3 GHz to 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 1 m
Rx rotate range 0◦ to 360◦
Rx rotate step 5◦

C. 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.

D. 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 [12], i.e.,
3.1 ∼ 10.6 GHz. The center frequency and the bandwidth
were therefore set to bef0 = 6.85 GHz and fb =
7.5 GHz, respectively. The transmit waveform assumed
in the simulation was a single ASK pulse with the carrier
frequencyf0. To satisfy the bandwidth requirement of

fb, the pulse length was set to be
2
fb

. Then the signal

was band-limited by a Nyquist roll-off filter with roll-
off factor α = 0 (rectangular window) and passband(

f0 − fb

2
, f0 +

fb

2

)
. Figure 5 shows the transmit pulse

waveform. The transmission process of the pulse wave-
form is simulated based on the measured transfer function
of the antenna.

IV. EXAMPLE RESULT AND DISCUSSION

Figure 6 shows the magnitude of the measured antenna
transfer function and its phase is also shown in Fig. 7.
We can particularly see the frequency characteristic of the
antenna transfer function at each pointing angle. As the
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Fig. 5. The transmission waveform of UWB signal.

Fig. 6. Antenna transfer function: magnitude.

AUT is the broadband biconical antenna, the ideal linear
phase is almost realized, except for the null directions
which change by the frequency.

The UWB signal shown in Fig. 5 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. (16). 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 is compared with the ideal matched filter. Specifically,
Eq. (14) is replaced by

HMF, Iso(f) =
H∗

e-Friis, Iso(f)√∫ ∞

−∞
|He-Friis, Iso(f)|2 df

, (25)

where
He-Friis, Iso(f) = Hf(f)Hi(f) (26)



Fig. 7. Antenna transfer function: phase.
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Fig. 8. UWB transmission gain.

Figure 8 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 at0◦, 180◦, and 360◦
pointing angles which corresponds to the broadside of the
antenna. The nulls are observed at90◦ and270◦ pointing
angles.

Table II summarizes the UWB transmission gain by us-
ing Eq. (16), in comparison with the IEEE802.15.3a path
loss model which uses the Friis’ formula with geometric
average frequency [13]. Since the biconical antnena has
linear phase property, the ideal IEEE802.15.3a and the
isotropic matched filter are not significanty different.

V. CONCLUSION

This paper presented the UWB transmission gain,
which is an extension of Friis’ transmission formula in
order to take into account the transmit waveform and the
matched filter into the system for the free space link bud-

TABLE II

COMPARISON OF THEUWB TRANSMISSION GAIN FOR BICONICAL

ANTENNAS POINTING THE MAIN BEAMS TO EACH OTHER.

Method Gain [dBi]
Optimum MF −2.93
Isotropic MF −3.97
IEEE 802.15.3a [13] −2.26

get evaluation of UWB-IR. The experimental examples
using the biconical antennas are presented. Our method
proposed for UWB transmission and the measurement
results were found to be close to the IEEE802.15.3a path
loss model.
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