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Abstract— Ultra wideband impulse radio (UWB-IR) tech-  of the distortion of the waveform caused by the frequency
nology is an ideal candidate for wireless networks that response of the antenna.
can be utilized for short-range, high-speed, low power, and  |n this paper, we discuss the free space link budget
low cost indoor applications. The link budget of the free eygluation of UWB-IR systems. This scheme is based on
space propagation loss is usually estimated by using Friis’ e Friis’ transmission formula, adapted for UWB, in the
transmission formula. However, it is not directly applicable sense that we would like to derive the equivalent antenna
to ultra wideband impulse radio transmission systems, in gain for UWB systems. The transmission waveform and

particular the single band impulse radio, as the formula ; . .
is expressed as a function of the frequency. Moreover, the the matched filter reception are keys for the extension

waveform may be distorted due to the frequency character- Of the Friis’ formula to UWB. To know the antenna
istics of the antenna, and the comparison between Tx and Rx transfer function by measurement, we need the three-
waveforms is not straightforward. This paper discusses the antenna method for calibration of the reference antenna.
free space link budget evaluation of UWB-IR systems based An experiment is carried out using the biconical antenna
on the extended Friis’ transmission formula. The matched for UWB operation in the anechoic chamber.

filter is considered at the receiver side to maximize the SNR

for evaluation_. An experimental evaluation of the antenna 1. EXTENSION OFFRIIS’ TRANSMISSION FORMULA
transfer_ function needs the three-antenna r_nethoq for the FORUWB TRANSMISSION SYSTEM

calibration of reference antenna. The technique gives very

accurate results and is very useful for design and evaluation In this study, we focus on the link budget evaluation of
of UWB impulse radio transmission systems, especially for UwB-IR system in free space.

the evaluation of waveform distortion effects. In narrowband systems, the link budget of the free
Keywords: UWB-IR, link budget, Friis’ transmission for- SPace propagation loss is usually estimated by using Friis’
mula. three-antenna method 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

Wireless personal area networks (WPANs) are requir@g‘aractensncs of the antenna. Ref. [7] treats the special
to have high data rate, low power consumption, and 10GRAS€S of the constant gain and the constant aperture, but no
cost. The ultra wideband (UWB) radio technology is afeneral discussion had been made although it suggested
ideal candidate focusing on wireless PAN [1], [2]. the use of the time-domain antenna effective length.

In UWB communication systems, the antennas are The Friis’ transmission formula [6] ha_\s been widely
significantly pulse-shaping filters. Any distortion of theé/Seéd, and can be applied to the calculation of these LOS
signal in the frequency domain causes the distortidifl@nnels.
of the transmitting pulse shape. Consequently this will
increase the complexity of the detection mechanism at Gris(f) = () _ Gi(f)G:(f)Gi(f), (1)
the receiver [3]. Moreover, low cost, geometrically small B(f)
and still efficient structures are required for typical wire- .
less applications. Therefore the a?ltenna des)i/gn for Uv\y@ereG, and Gy are Rx and Tx antenna gain,
signal radiation is one of the main challenges [4], [5]. A\ 2

Even if the channel is in line of sight (LOS), Friis’ Gi(f) = (> 2
transmission formula cannot be directly applied to the Ard
UWB radio as the bandwidth of the pulse is extremelt he free space propagation gain (less than unity in

wide. Furthermore, simple comparison between Wave_act'ce))\— is the wavelength: is the velocity of the
forms of transmitter and receiver is not significant becaubEactice)A = f' wav gt 1 v Ity

I. INTRODUCTION
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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, aads the separation At the receiver, the matched filtéfye(f) is introduced to

between transmitter and receiver antennas. maximize the signal-to-noise ratio (SNR) of the receiver
It is noted, however, that Eq. (1) is satisfied only aputput, as shown in Figure 1.

some certain frequency, and is not directly applicable H e f)

to UWB systems. The Friis’ transmission formula shall Hye(f) = e-Friis , (11)

be extended to take into account the transmission signal o 9

waveform and its distortion as well [8], [9]. \//Oo |He-rriis(f)|” d.f

Input signalu;(t) at the transmitter port is expressed as
the convolution of an impulse input and the pulse shapinghich satisfies the following constant noise output power

filter hi(t) as condition -
H, 2df = 1. 12
ult) = Eio(t) = hi(d), 3) LJ we(SI"df 12)
where In this case, the output waveform whdpy = 1, and
~ o the spectrum of the receiver output ahgris(t) and
/ R2(t)dt = / \Hi(f)df = 1. (4) Herris(f), respectively. The waveform of the output from
oo o the matched filtewur(t) and the spectrum of the output

. . o from the matched filtek/ are
Friis’ formula is extended taking into account the trans- we ()

mission waveform as ume(t) = he-rris(t) * Ame(t)
he-rriis(t) * he-rris(—t)
V- o e-Friis e-Friis
Heris(f) = éf ) _ HiHH, - Hy, (5) = — ) (13)
i 2
/ he—Friis(t)dt
where —00
H, = {Ia(ea’ Pas [) Wir(f) = Heriis(f)Hwvr(f)
= 0.Huw(0a, o, [)+ PoHap(la: ¢as f)(6) B | Herriis( )| 14
a = rort, = — . (14
: : Heriis(f)|
is a complex transfer function vector of the antenna \//oo erris( /)| df
relative to the isotropic antenna, o )
taking its maximum as
A o
Hi=— —jkd 7
1= g OPLIR), ) maxowe(t) = / Ve (F)df
is the free space transfer function where 70000
. 27777 ® = \//oo |Herris(f)I*df.  (15)

. ] ) R Equation (15) is the UWB extension of Friis’ transmission

is the propagation constant. Unit vectdts ¢, express formula. It includes three elements, namely the frequency
the polarization and are defined with respect to the locgharacteristics of the antennas, the frequency character-
polar coordinates of each of the antennas. The followingtics of free space propagation, and the spectrum of

relations can be easily derived. the transmit signal. It is clear from Eq. (15) that the
A . transmission gain of the UWB signal can not be defined as
0 = 6y, (9)  the product of gains of antennas and a free space channel

@y = — Py (10) as Friis’ formula (1). Instead, the total transmission gain



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

Guwe = max ume(t)/ max UME.Iso(t)- (16)

I[1l. 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

Rx-ant.
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Fig. 3. The instrument setup.

of the three antennas pointing toward the same Step 2)The transfer function of AUT is measured.

directions as shown in Fig. 2. The result is a set
of three simultaneous equations of the form

Sa(f) = Hi(f)Hi(f, d)H2(f), (17)

Sis(f) = Hs(f)Hi(f, d)H:(f), (18)

Ss2(f) = Ha(f)Hi(f,d)Hs(f), (19)
where H;(f) is the complex frequency transfer

function of antenna, S;; is the measurement
result by using Tx antenniaand Rx antenng, d

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

SZl(f) = HAUT(aa ©, f)Hf(fa d)HStd(f)a (23)
and the transfer function of AUT is obtained by

7 Sa1(f)
@0 0) = i a9

is the distance between antennas, ah(lf,d) is B, Experimental Setup and Measurement Model

the complex transfer function of free space given
in Eq. (7). Then, we can estimate the complex
frequency transfer function of the antennas b
using these equations

The VNA was operated in the response measurement
ode, where Port- was the transmitter port (Tx) and
ort2 was the receiver port (Rx), respectively. Biconical
antennas with the maximum diameter6df3 mm and the

So1(f)S52(f) length of 37 mm are used both as the standard antennas
Hi(f) = 222520 - (20) and as AUT [11]. The measurement was done in the
Si3(f)Hi(f. d) anechoic chamber. Both Tx and Rx antennas were fixed

at the height ofl.75 m and separated at a distancel oh.

Hy(f) M’ (21) The setup is sketched in Fig. 3.
Ssa(f)Hs(f,d) Figure 4 shows the orientations of th,, transfer
function measurement for Tx and Rx antennas. The Tx
Hs(f) = Ss2(f)S13(f) ) antenna is fixed at pointing angl® and the Rx antenna
So1 (/) Hi(f,d) is rotated from pointing anglé° to 360° with each step

at 5°.
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TABLE | b
EXPERIMENTAL SETUP PARAMETERS
06 07 08 09 1 11 12 13 14 15
Time (ns)
Parameter Value
Frequency range 3 GHz to11 GHz Fig. 5. The transmission waveform of UWB signal.
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 1m
Rx rotate range 0° to 360° 104
Rx rotate step 59 04

C. Parameters of Experiment and Calibration Techniques "

The important parameters for the experiments are listec = 2
in Table . e

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

gnitude (dB)
s 3

el B

-60d

o Frequency (GHz) Angle (d

D. UWB waveform Transmission hbis e
The effect of the waveform distortion is more obvious Fig. 6. Antenna transfer function: magnitude.

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 bg, = 6.85 GHz and f, = AUT is the broadband biconical antenna, the ideal linear

7.5 GHz, respectively. The transmit waveform assumgehase is almost realized, except for the null directions

in the simulation was a single ASK pulse with the carriefhich change by the frequency.

frequency f,. To satisfy the bandwidth requirement of The UWB signal shown in Fig. 5 is used as the
transmission waveform. The received waveforms at the

Jo, the pulse length was set to bf‘ Then the signal oytput of the matched filters is evaluated. The relative gain
was band-limited by a Nyquist roli-off filter with roll- is defined as Eq. (6). In practice, it is quite complicated
off factor « = 0 (rectangular window) and passbandnd is not feasible to implement the adaptive matched
fo fo . . filter to adjust for the antennas. Therefore, the matched
fo—=5 fot+ 7 ). Figure 5 shows the transmit pulssijter designed for an isotropic antenna is also considered
waveform. The transmission process of the pulse wavadd is compared with the ideal matched filter. Specifically,
form is simulated based on the measured transfer functibi. (14) is replaced by

of the antenna. .

He-Friis, Iso(f)

H == )
IV. EXAMPLE RESULT AND DISCUSSION . 5ol f) \//oo

(25)

2
Figure 6 shows the magnitude of the measured antenna - | He-ris, 1so f)|” A
transfer function and its phase is also shown in Fig. 7.
We can particularly see the frequency characteristic of there
antenna transfer function at each pointing angle. As the He-rriis, 1sd f) = Hi(f)Hi(f) (26)



TABLE Il
COMPARISON OF THEUWB TRANSMISSION GAIN FOR BICONICAL

500~ ' : ANTENNAS POINTING THE MAIN BEAMS TO EACH OTHER

T Method Gain [dBi]
Optimum MF —2.93

T - Isotropic MF —3.97

b IEEE 802.15.3a [13] —2.26

2.

K=

[-%

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 IEBE.15.3a path
Frequency (GHz) Pointing angle (degree) loss model.

Fig. 7. Antenna transfer function: phase. ACKNOWLEDGEMENT
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