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Abstract— This paper presents some of the work carried out within
ULTRAWAVES in the area of antenna design and analysis. Several
radiator s have been designed, either without or with gain, and either to
be used in channel measurements or for the system demonstration. In
addition analyss of the antenna operation in pulsed mode is
considered.
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. INTRODUCTION

Ultra wide band (UWB) antennas present severa challenges in
the context of multimedia communications, such as their time
domain performance in pulse based schemes, the conflicting
requirements on size and bandwidth, and the necessity of |ow-cost
technologies. In the present work we address the design of
omnidirectional and directional simple radiators, intended for
operation in the 3-6 GHz bandwidth (BW) of the Ultrawaves
demonstrator. These antennas are characterized according to usual
criteria (return loss, radiation patterns), but also according to
criteria pertaining to operation in the time domain (impulse
response, phase linearity with frequency).

II.  ANTENNA DESIGN AND ANALYSIS

The goa of the design work, in terms of targeted applications,
was mainly twofold : antennas for the measurement of the UWB
channel and antennas for the terminals (mainly for in-room
communications).

A. Omnidirectional radiator design

For practical reasons, many scenarios require omni-directional
antennas : nomadic or movable devices with no a priori defined
orientation. Another argument in favour of omni-directionality lies
in the well known fundamental trade-off between size, Q factor
and efficiency, i.e., size, bandwidth and gain : the larger the
bandwidth, the lower the gain for a given size, e.g.

In other respects, extra requirements are set by the channel
measurement, particularly if coherent processing is planned
(Direction of arrival or departure extraction e.g.) : a full coverage
in azimuth, an elevation beamwidth as wide as possible and as
frequency-invariant as possible in direction and width. Omni-
directionality, and its subsequent cylindrical symmetry, relaxes
constraints over the last two points, notably if another plane or
quasi-plane symmetry is set, leading to balanced or pseudo-
balanced designs.

The design of the antennas presented in this section (a shaped-
monocone, a shaped bicone and a quasi omni-directional radiator)
follows these guidelines, the last one including the cost constraint.

As is well known, the infinite cone radiates a pure spherica
TEM mode and is frequency independent due to its scaling
invariance [1], [2]. Its truncated counterpart may present a wide
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but finite input bandwidth, the lower bound being mainly governed
by its size, while its upper bound is essentialy driven by the
feeding zone. The first presented antenna results from the
optimization of this critical zone (including the ground plane) [3]
as well as of the upper part by a proper "shaping". The main
objective is an enhanced bandwidth, or more generaly and
improved trade-off between the BW and the constraints of size and
connectorization.

VSWR vs frequency

VSWR

05 I I I I I I I |
2

frequency (GHz)

Fig. 1. simulated (dashed) and measured (plain) VSWR.
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Fig. 2. measured gain in elevation : 3GHz (bold), 4.5GHz (dashed),
6GHz (line), 7.5GHz (dashed dotted), 9GHz (circles)



A variant of the previous one, consisting of shaping the entire
ground plane drives to a quasi-symmetric geometry, closer to a
(shaped) bicone antenna with an integrated and natural balun. At
the expense of a moderate reduction of the gain, this design avoids
the main drawbacks of the preceding one (particularly for the
channel measurement application), i.e. the frequency dependence
of both the beam direction and the beamwidth, and a significant tilt
of the beam with respect to horizontal. In addition, the overal size
and weight (by extrusion of the bulk metal, where the current
density is negligible) have been significantly reduced.

The measured input bandwidth is 2.4 -18 GHz (Fig. 4), the
maximum gain (q = 84 deg, see Fig. 6) averaged over the useful
bandwidth 3 —10 GHz (see section |11 for the definition) is about 2

2 dBi (standard deviation) and the average - 3 dB beamwidth is
about 100 deg. The transmitting impulse response (as defined
below) is short (~ 150 ps), and is both weakly distorted and weakly
dependent on elevation in the main lobe.

37mm

Fig. 3. Sketch of the bicone antenna (WIPL-D® software) and
prototype photograph
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Fig. 4. simulated and measured input matching

Targeting more specifically mass production and consequently
low cost, severa options are considered : a technology based on
foam metallization applicable to the preceding antennas ; one
based on metal sheet cutting and folding, applicable to the
following antenna ; and one based on metal sheet stamping,
applicable to both.

The following "quasi-omni" antenna (Fig. 7) is a small height
planar square monopole over a folded ground plane. An increase
of the bandwidth is obtained thanks to the use of a double feeding
which enforces the vertical component of the current density,
enabling the excitation of higher order modes. Clipped lateral
"winglets' are added to enhance the omnidirectionality,
compensating the pattern along the monopole plane.
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Fig. 5. measured gain in elevation : 3GHz (bold), 4.5GHz (dashed),
6GHz (line), 7.5GHz (dashed dotted), 9GHz (circles)
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Fig. 6. measured mean effective gain (averaged over 3-10 GHz)
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Fig. 7. meshed structure with winglets and input bandwidth
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Fig. 8. radiation patterns (3, 6 and 8.5 GHz) without winglets




Fig. 9. radiation patterns (3, 6 and 8.5 GHz) with winglets

B. Directional radiator design

For severa scenarios, for example those where the antenna is
located in the corner of a room, against a wall or at the end of a
corridor, (modarate) directivity may be interesting. The advantages
are manifold : a potential integrability of the radiator in the
environment (wall, equipment side mounting...), an extraradio link
gain (at the receiver side), the reduction of the multipath effects
[4], and various processing gains or capacity enhancements
through diversity schemes for multi-antenna systems.

A small directive antenna is presented as a possible candidate :
an "F-probe patch" antenna [5-7], optimized to be compliant with
the FCC mask.

The F-probe antenna is an air thick triangular patch excited by
an F-shaped probe. The ground plane size of the presented
prototype is 67 x 67 mm?, while the overall size of the radiating
part is about 50 x 25 x 15 mm?.

Fig. 10. prototype of the optimized F-probe antenna

The measured input bandwidth (Fig. 11) is 2.9 +6.15 GHz (69
%), the maximum simulated gain (on boresight) averaged over the
whole bandwidth isabout 6.8 2.2 dBi. The main lobe direction is
very stable in the H-plane and amost stable in the E-plane (a
maximum beam squint of 15 deg is observed). The antenna
distortion is small since, £ e.g. as a quantitative evaluation + the
standard deviation (over the beamwidth) of the differential group
delay (over the bandwidth) is about 250 ps.

A prototyping targeting low cost fabrication, based on a metallized
foam technology is under progress.

Fig. 11. Measured (dashed) and simulated (plain) return loss

Fig. 12. Simulated and measured E-plane radiation patterns at : 3GHz
(dashed), 4.2 GHz (dotted), 5.4 GHz (plain) and 6.15GHz (dashed-dotted).

Fig. 13. Simulated and measured H-plane radiation patterns at : 3GHz
(dashed), 4.2 GHz (dotted), 5.4 GHz (plain) and 6.15GHz (dashed-dotted).

I1l.  NUMERICAL MODELLING

The adopted formalism is based on the definition of a (vector)
transfer function in the transmitting mode (Tx), presented in detail
in[8], but recalled here for convenience.

This vector transfer function H is defined as:

u G 1= AGD

a(f)

where a; is the partia wave incident to the antenna, and

A(A f) isthe vector amplitude of the field in a given state, related

to the electric far field asfollows :

- jh _
E(r, f):eT\/%A(Af)

Of course, the vector impulse response, (or simply the impulse
response) of the Tx antennais the inverse Fourier transform of H.

Note that the usual effective (or realized) gain is nothing else
than :

x ~ K o2
Gi(k)=G(A f) =F [G,(AD](f) =|H (AT)|
The average effective gain used in section |1, defined in the TD
and described in[8], isrecalled here for convenience :

o'(A = M[axR A(RD) _R A(A0)
R 5(0) R4 (0)

As measurements are usually performed in the Frequency
Domain (FD), as well as the most part of the electromagnetic
simulations, it is more appropriate to compute thisgain inthe FD :
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This “global” gain is nothing else than the average effective
gain, weighted by the input signa spectrum. Depending on the
latter, i.e. the chosen waveform of the incoming signa, this
guantity should be thought as an intrinsic or an extrinsic one. The




first case requires that the input signal should be a “quasi-Dirac”,
i.e. aband limited impulse, the spectrum support B of which must
be significantly greater than the antenna input bandwidth. In this
case:

6B =— ¢y Gy(A o
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namely, the intrinsic average effective gain.

The definition of usual parameters such as the maximum gain,
the main beam direction and the beamwidth are straightforward.

Unlike the narrow band case, UWB antennas operate as
“multidimensional” linear filters (for each direction of space (q,j ),
as underlined by the abovementioned definition). Beyond the
fundamental question + which remains partially opened + of the
representation of UWB antennas, particularly in the Time Domain
(TD), some practical aspects can be adressed with simple tools.
The question of the measurement of such a transfer function is
even more stringent than a full 3D gain measurement over a wide
frequency band, because phase is also of interest and due to the
handling, storage and post-processing of such a huge amount of
data. Thus a subsidiary question arises: how to characterize the
antennas efficiently ? One of the aspects of the effectiveness of a
model is its “compactness’. It is the question addressed here,
considering only deterministic models.

The first proposed model is a representation of the antenna
response (in the Time Domain) with an IIR “filter bank”,
computed from the impulse responses with a classica and simple
identification method, namely the Steiglitz-McBride algorithm.
The second one is based on a representation by projection of the
antenna impulse response (or transfer function) onto the spherical
harmonics basis. The last one is a merging of both, each (TD)
modal function being represented by an IR filter.

For clarity, only the simple case of linear polarization and omni-
directionality is presented here, considering that the extension to
the general caseis straightforward.

A. IIRFilter Model

For the simplified case of linear polarization and omni-
directionality (or for a specific azimuth direction, e.g.j =0+ Fig.
14), the transfer function isrepresented by :

Nb

A @7 "
H@ =4

A ana(@z "
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the coefficients a, and by, being identified from the sampled
impulse response H (Atk) .

The obtained compression factors range from about 4 to 10 or
more (i.e. 75 to 90 % of compression rate), depending on the
reguested precision and on the impul se response time duration (the
longer the spreading the more efficient is the compression).

In order to reach even more important compression factors, a
“data compression” aong the angular dimensions should
eventually be applied.

B. Projection onto the Spherical Modes Model

It iswell known that the field can be developed, at any distance
r from the antenna, on the spherical harmonics basis (see e.g.
Schelkunoff [1] or Harrington [9]). The writing of this projection
is particularly simple for the case of the far field and is given here
for the specific case of linear (vertical) polarization :
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Fig. 14. comparison of the computed IIR filter response (bold) with the

measured impulse response in the main lobe of alog-periodic antenna

(gray circles) ; measurement BW : DC + 20 GHz (time step of 25 ps) ;
Number of sampling points: 200 ; Filter order : 25 (Nb = Na=25).
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where the functions PI" ae the associated Legendre

polynomials.
For the particular case of omni-directionality, this expression
reducesto :

¥ e jkr g " ~
E¥(r.q.f)=- jh=——Q anPa(cosq) "
n=1
Introducing Eq. (1) and (2) of section 6.1.1., it is straightforward
to write the antenna transfer function (Tx mode) as :

¥ ~
o
H (g, 1) = Q ha(f)PA(cosq)
n=1
where the functions h,(f) are nothing else than the g-spherica
modes of the antenna. This writes, taking into account the
orthogonality properties of the associated Legendre functions (see
e.g. Abramowitz [10] or Gradshteyn [11]) :
2n+l ¥ A1 .
h(f)=——————[H (g, f Py (cosg)sin
(D=5 QM @ ) f1PA(cosg)singdg

Of course, the Fourier transform being a linear operator, the
equations concerning the impul se response are formally the same.

Knowing the impulse response H (g,t.), or the frequency
response H (g, fy), it is very simple to compute the radiation
modes.

C. Merging of both Models and Results

The preceding computed modes (in the TD) may, in turn, be
represented by IR filters asin sub-section A, i.e. :

¥ ~
H (9.2 = Q h(2)RH(cosg) 4
n=1
with :
Bn
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One of the practical interests of this modal expansion, notably
considering the data compression objective, lies in the small
number of modes required to achieve a good precision. This is
particularly true for 2small® antennas, but also true for 2good®
UWB antennas, i.e. antennas for which the gain and the radiation
pattern is weakly frequency dependent. This is due to the
theoretical fact that the number N, of radiating higher order
modesis limited by the 2size® of the antenna.:

Nirex ~ KRin

Ryin being the radius of the smallest sphere enclosing the
antenna.

At the time of writing, it has been observed for severa cases,
that using for the wave number k in the above equation an average
value = instead of the maximal value + (over the BW of interest)
givesrise to satisfactory results.

Main lobe impulse response (q= 64 deg)
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IR filter order : 5
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Fig. 15. example of areconstructed impulse response (main lobe
direction ; g = 64 deg) in comparison with the measured one ;
8 spherical modes used and 5™ order filters.

Main lobe

Fig. 16. standard deviation of error vs elevation ; 8 spherical modes
used and 5" order filters.

The presented results (Fig. 15 & 16) concern the same mocone-
like antenna as in the preceding section.

Eventualy, the best results (e.g., significantly improved data
compression rate for a given error) are obtained when both
acompression methods® are applied to the antenna response, taking
the measurements as input data, transposed in the time domain
(impulse response). Results for 8 spherical modes and 5™ order
filters are presented (Fig. 15 & 16). Considering that a reasonable

size of the input matrix H (gn,tx) is 36 x 100, the obtained
compression factor is about 45 or 97.8 %.

IV. CONCLUSIONS

This paper has given an overview of some activities related to
antenna design and modelling conducted within ULTRAWAVES.
The main goa is the achievement of reasonably performing
antennas, with simple fabrication technologies. Both
omnidirectional and directional radiators have been designed
according to this goal, intended to operate in the 3-6 GHz band.
When considering pulsed based physical layer schemes, it is
necessary to evaluate the performance in the time domain, and also
to develop models suited to time domain representations and
simulations. This has been done by simultaneously modelling the
temporal and angular dependences of the antenna, with a very high
data compression factor. A further step will be to analyse the
performance of the full radio communication link, taking into
account both antenna behaviour and channel characteristics jointly
[12].
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