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Abstract— Antenna design in ultra-wideband (UWB) systems all frequencies. The same applies to the broadband antenna
is a major challenge. For, in contrast to conventional systems, patented by Ross?].
wherein waveform distortion by the antenna is negligible, there None of these designs, however is suitable for modern UWB

is potentially significant waveform distortion by UWB antennas. icati h ll-si dl t ferabl
A further challenge to UWB system design is posed by mandated communications where small-size and low-cost (preferably

limits on power spectrum density, such as the FCC emission System-on-a-chip) solutions are sought. Many papers have
mask. In this paper, we join these two issues for the case of studied the behavior of simple antennas (monopole, dipole,

impulse radio (IR)-type UWB, showing how antenna design, etc.) for transmitting UWB signals (see [4]-[6]) which further

transmit pulse design, filter design and attainable output signal- - gyrangthen the point that antenna design is a major issue for
to-noise ratio (SNR) are intertwined. In particular, through UWB communications

software simulation, several antenna frequency responses are g . . .
calculated, and a modified inversely-positioned bowtie antenna  1Nis paper describes (Section Il) and characterizes by
(rounded diamond’) is found to give the broadest frequency sSimulation (Section Ill) a set of antennas potentially suitable
response. An integrated design of antenna, transmit pulse shaping for UWB communications. Then, an optimal pulse waveform
and receive filtering is presented that gives near-maximal SNR gy nthesis for fitting the FCC mask for UWB transmissions
under the FCC mask constraint, and comparisons are made to is proposed (Section V). Finally, signal-to-noise ratios at a
alternative designs. ; .
matched filter output are compared for different antenna and
I. INTRODUCTION pulse combinations (Section V). This sequence of discussions

demonstrates the important interaction between pulse, antenna
Ultra-wideband (UWB) [1] is an attractive technology forang filter design for UWB systems.

high data-rate indoor wireless networks. Instead of trans-
mitting and receiving modulated sinusoidal waveforms as
in carrier-based systems, a UWBRommunication system We can regard the bowtie antenna (Fig. 1) as a planar
transmits pulses which occupy several GHz of spectrum (frovgrsion of the biconical antenna [3], as well as a planar version
near DC). Therefore, UWB antennas need to be optimized fefrthe Ross antenna [?]. This two-dimensional structure is easy
a wide range of frequencies, and pulse waveform distortion by place on a printed circuit board (PCB), and integrate on a
the antennas is no longer negligible, as is reasonably assuralig. If we flip over the two halves of the bowtie antenna,

for carrier-based systems [2]. we get a diamond (dipole) antenna [7], shown left in Fig. 2.

The half-wave dipole is a commonly used antenna in carrigi-further improvement can be achieved by smoothing the flat
based systems. However, when a half-wave dipole pair is udwmitom of the diamond antenna to obtain the rounded diamond,
for transmitting and receiving UWB signals, it is very avoi¢hown (right) in Fig. 2. The frequency responses of these
the severe ringing and dispersion problems. These are typiglnar structures are characterized by simulation next.
problems using narrow-band antenna to transmit and receive
ultra-wide band pulses.

Historically, much effort has gone into designing broadband
antennas such as the log-periodical, biconical, and sleeve
antennas, [3], etc. There are basically two ways to make the
antenna response broader: combining and smoothing. The log-
periodical antenna [3] is actually a combination of dipole
antennas with different lengths, and the biconical antenna
forms a smooth geometry transition from the transmission line
to the antenna, thereby achieving near constant impedance at

II. ANTENNAS CONSIDERED

1A UWB transmitter is defined as any intentional radiator whose fractional
bandwidth exceeds 20% or whose absolute bandwidth is larger than 500 MFi#- 1. Planar antennas: half-wave dipole (left) and three bowties with
For Simp|e presentation purposes, in this paper, we refer to UWB Speciﬁcd}.werent expansion angles. The relative sizes are such that all antennas have
as a single band impulse-like implementation of UWB. a peak response at the same frequency



IV. FCC MASK AND 'FCC PULSE

The rounded diamond is a very broadband antenna com-
pared with the other candidates considered above. It is still
far from ideal, i.e., an ideal UWB antenna would have a flat
amplitude and a linear phase response over all frequencies.
However, the low-frequency falloff of actual antennas is more
consistent with meeting the spectral constraints of the FCC
mask (Fig. 5). The mask encourages UWB operation in the
high frequency range, where the antenna is more efficient.

The ideal UWB transmission consists of sending a pulse
Fig. 2. Diamond antenna (left) and rounded diamond stream which has exactly the same power spectrum density
as the FCC mask, because this would yield the maximum
allowable power. In Fig. 5, the FCC mask is slightly modified,
i.e., the increase in allowed power spectral density below 0.95

The software packages used for simulation are the Agile@Hz is omitted in order to avoid low-frequency content.
Advanced Design System (ADS), and the Remcom XFDTD. This modified power spectrum density can be realized using
ADS is based on the Method of Moments (MoM) [8] [9],a pulse fcc(t)) that is a linear combination afinc functions.
while XFDTD is based on the Finite Difference Time Domaii hus,

(FDTD) method [10]. These two software packages belong to

IIl. SIMULATED ANTENNA FREQUENCY RESPONSES

two different classes of electromagnetic analysis software, but fee(t) = Z aiw, 1=1,2,3,4 3)
their results are matched very well in our simulations. This i=1 mfit
establishes confidence in the validity of the results. where thea,’s are chosen so thafoc(f)|2, where Foo(f)

For comparison purposes, we assume that all antennas;arg\e Fourier transform ofcc(t), has the same shape as the
sized to have a peak response at 6 GHz. The simulatiqiggified FCC mask in Fig. 5 (The pulse rate/T’, affects
assume 50-ohm source and load impedances. The frequeigyamplitude scaling oz (f)|2, but we need not take this
response obtained is the voltage transfer functi$n param- jnto account for present purposes). We GAdl (1) the FCC
eter of the transmitting and receiving antenna pair) betweg(lise and regard it as the ideal pulse shape to transmit over
the transmit antenna input and the receive antenna output.the air.

Figure 3 shows frequency responses for the half-wave dipolesince thesinc function is difficult to generate in practice,
and bowtie antennas in Fig. 1. For the bowtie antennas, W@ have to approximatg-¢ () using more friendly functions.
considered expansion angles $°, 60°, and 90°. We see Fig. 6 (left) shows the similarity between the Gaussian second
that the bandwidth increases from the half-wave dipole to tiyrivative and foc(t) in the time domain. The Gaussian

spectrum” shown corresponds to a differentiated Gaussian

2 2
pulse (or “Gaussian first derivative”), which is often used,, .y _ }exp 1 <?f) B ﬁexp 1 (t) @)
in UWB systems. Its time-domain representation and Fourier "’ T 2\r1 73 2\ 1

ransform are: . . .
transform are and its Fourier transform is:

t 1/t\? 2
Pl = 7 exp <_2 5) ) M X(f,7) = (20) 722 exp <—(2’T;f ) ) )
2
P(f) = (27)" 2 f exp (W;f)) @) 0 e —

- - Bowtie 30
- Bowtie 60
—— Bowtie 90

The “signal spectrum” (Fig. 3) is based on having the peak
response at 6 GHz, whereis 0.0265 ns. sl
Simulation results for the diamond antenna and rounded
diamond (Fig. 2) are shown in Fig. 4. There is a significant
increase in bandwidth from the half-wave dipole to the dia- 0l
mond antenna. An additional bandwidth increase is achieved
from the diamond antenna to the rounded diamond since the ;
bottom rounding gives a smoother geometry transition than sl
the original diamond. This leads to a smoother characteristic ° ? Feuency o] ®
impedance and, therefore, a broader frequency response. The . , . ,
. . Fig. 3. Frequency responses of dipole and bowtie antennas; 'signal spectrum
simulated result for the non-rounded diamond matches Wﬁj%resenting a differentiated Gaussian pulse whose Fourier transform peaks
with published data [7]. at 6 GHz

Amplitude [dB]
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Fig. 4. Frequency response of diamond and rounded diamond antennas;
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Assuming a linear modulation scheme and i.i.d symbols, _;. A |— Optimal synthesis
the transmitted UWB spectrum will be fully specified by the ;5 o os 8% 5 0
pulse spectrum [11]. If we plot the power spectrum density of Time [ns] Frequency [GHz]
z(t,7) and the FCC mask together, we see that even though _ Ontimal svnthesis of FCC ol
z(t,7) and foo(t) have great similarity in the time domain. Fig. 7. Optimal synthesis of FCC pulse
The spectrum of:(¢, 7) violates the FCC mask significantly,
(see Fig. 6 (right)). Moreover, the violation is most severe itrp1e sum

the GPS band.
We now seek an improved approximation to the FCC 2(t, 71, 7) = bia(t, 71) + bax(t, ) @)

pulse. Sincefcc(t) is a linear summation ofinc functions,

and given the similarity betweeticc(t) and the Gaussian whereb,, by, 71,72 are to be chosen, andt, ) is given by

second-derivative pulse, one natural extension is to use4d. The Fourier transform of this pulse is

linear combination of Gaussian second-derivatives. Therefore,

a better approximation tgcc(t) can be written as: X(fym,m2) =01 X(f, 1) + b2 X (f, 72) (8)
n The "optimally?” synthesized pulse is the one whose cor-
w(t, 71,72, Tn) = Zbix(t77i) (6) responding pulse stream power spectral density matches the
=1 modified FCC mask at the points A, B, D while not exceeding
whereb;’s are weight factors. the horizontal line passing through point C, in Fig. 5. Our

Any implementation of this linear combination methodolution for this parameter set leads to the temporal and

prefers a smaller number of component pulses, since thkigectral comparisons shown in Fig. 7.

will relax the signal processing requirements imposed on theHow to realizeX (f, 1, 72)? Fig 8 shows the relevant block

system. Therefore, we only use two such component pulstagram for the transmitting end of the UWB link. In response

and define an "optimally” synthesized pulse using a weighted each data value, a Gaussian first-derivative pulse, (1), with

sum of two Gaussian second derivative pulses-(2), namely, amplitude proportional to that data value, is generated. Then, a
transmit filter shapes that pulse so that the the antenna output
has the desired forn¥ (f, 1, 72). Thus, we require a transmit

= ‘ — : filter response of the form:
—sor ] X(flevTZ)
- B Gr(f) = Srmb 2 ©)
<= = P(f)Hr(f)
é’w where:
& o 1 Gr(f) — required shaping filter response
ol TR K e mask | ] X(f,m1,72) — desweql on-_the-alr_pul_se spectrum
755 L g . ] P(f) — Gaussian first-derivative pulse spectrum
0. : - - . - ) Hr(f) — transfer function of the transmitting antenna

Frequency [GHz]

) ) ) ) ~ 2Another way of defining optimality is to maximize the transmitted pulse
Fig. 5. FCC power spectral density constraints for indoor UWB communénergy subject to the mask constraint. But the optimization with a constraint
cation device (FCC mask) and modified FCC mask at every point is known to be a difficult problem to solve.



« an improved antenna (rounded diamond) for UWB
H () o a practical pulse shape giving us near-maximum trans-
mitted energy while satisfying the FCC mask.

Data G;f::tor P‘ﬂs‘;?lhapi“g Now we would like to find out how much we gain in terms
—> ™ Gl(teg of SNR at the receiver output by using a wideband antenna
L2(f) Tf and transmitting the optimally synthesized pulse. The SNR

X . h . .
/) metric we use is (signal sampté)mean-square noise) at the

detector output, assuming an isolated pulse (no inter-symbol
interference (I1S1)). The additional issues created by ISI, due
to both filtering and multipath, are topics for further research.

Since X (f, 71, ) is the weighted sum of two functions, 1Ne following cases are compared:

Fig. 8. Diagram for optimal synthesis

X1 (f,m)and X5(f, 72), we have, Case 1 At the transmitter, a perfect FCC pulse is radiated;
b X0 (f,71) + ba Xa(fo ) at the receiver, an 'ideal’ antenna is used, i.e., there
Gr(f) = —=—RDd 2220/, T2 (10) is no distortion incurred by the receiving antenna.
P(f)Hr (f) (Ideal Casé
_ uWXi(fm) | b Xo(f,T2) (11)  Case 2At the transmitter, a perfect FCC pulse is radiated;
P(f)Hr(f)  P(f)Hr(f) at the receiver, a rounded diamond antenna is used.
= Gi(f) +Ga(f) (12) Case 3 At the transmitter, an optimally synthesized FCC

pulse is radiated; at the receiver, a rounded diamond
antenna is used.

Case 4 At the transmitter, an optimally synthesized FCC
pulse is radiated; at the receiver, a half-wave dipole

Therefore,Gr(f) can be realized by two filter functions
G1(f) and Gy (f) in parallel, as shown in Fig. 9.

G,(f) is used.
C_IEH Case 5 At the transmitter, a Gaussian first derivative pulse
— is generated and is radiated by a half-wave dipole;
G,(f) at the transmitter, a half-wave dipole is used.
In each case, we assume that transmitting and receiving
Fig. 9. Diagram for realizing the tranmit shaping filter antennas have the same frequency response.

At the receiver side, all five cases use a matched filter so
The normalized shapes of the individual amplitude rehat, for an isolated pulse, maximum SNR is obtained. The

sponses|G1(f)|, |Gz(f)], are shown in Fig. 10. We use Figsanalytical form of the SNR for each case is as follows:
9 and 10 merely to illustrate a possible method, and to show

2
that the required filter functions are well-behaved. In practice, SNR, = W (13)

there are many ways to approximate the desired pulse shapes, ‘ No )
and some of them are no doubt simpler. We also note that there SNR, — S Fec(H)IP1Hi(f)|df (14)

are various other basic approaches for satisfying the relevant 2 Ny

emission mask in UWB systems, e.g., [12], [13]. X()I*1Hq(
y g., [12], [13] svm, — JIXC |N|1)f (15)

V. SNRRESULTS AND COMPARISONS TIX(f) &{ df
In the previous sections, we have identified: SNRy = No l (16)
P(f IR
s ‘ ‘ ‘ ‘ SNR; = / No Hdf a7
osf ‘ ‘ | — IG1()I |
--- |G2(f)| || where

X(f) - optimally synthesized transmit pulse spectrum

Hy(f) — diamond antenna pair voltage transfer function

H,(f) — half-wave dipole antenna pair voltage transfer
function

Ny — power spectral density of the white noise

Without loss in generality, we set the ideal caSage ) as
our reference for comparison, since it gives the largest SNR
‘ ‘ ‘ under the FCC mask constraint. The numerical results are
Frequency [GHz] given in Table I.
Case 3 (an optimally synthesized FCC pulse is radiated
Fig. 10. Transmit filter amplitude responses at the transmitter; a rounded diamond antenna is used at

Amplitude [V]




TABLE |
SNRLOSSES RELATIVE TO THE IDEAL CASE(Case )

(1]

Case 2 Case 3 Case 4 Case 5

(2]

-1.5 dB -3.5dB -6.3 dB -7.9 dB

(3]
(4]

the receiver) is 4.4 dB better than Case 5 (a Gaussian first
derivative pulse is generated and is radiated by a half-wayg,
dipole at the transmitter; a half-wave dipole is also used at
the transmitter). The full benefit, however, is even greatelh
since Case 5 severely violates the FCC mask while Case é
meets it. The 3.5 dB penalty relative to Case 1 (ideal case)
reflects the impact of practical antennas (1.5 dB) and FCE!
pulse approximation (2 dB).

The SNR benefit of the rounded diamond antenna pair over
the non-rounded pair is found to be about 0.5 dB. Additional’]
benefits are: (1) At the transmit side, the antenna with widgg)
bandwidth requires less emphasis of the high-frequency re-
sponse in the transmit filter, simplifying its realization; an
(2) at the receive side, the antenna with wider bandwidfip
potentially produces less ISI, simplifying the receiver design.
Quantifying these benefits is a topic for further research. [13]
VI. CONCLUSION

Our aim here has been to integrate the issues of UWB
antenna and transmit pulse designs, taking into account both
the stringent limits on power spectrum density and the inherent
frequency selectivity of broadband antennas. Accordingly, we
have (1) calculated the frequency responses of several antenna
candidates; (2) derived an 'ideal’ transmit pulse shape ( FCC
pulse); (3) devised a method for approximating this pulse
shape (optimally synthesized FCC pulse); (4) computed the
corresponding requirements on transmit filter response; and
(5) compared relative values of attainable receiver output SNR
for various antenna/pulse shape combinations. This sequence
underscores the importance of considering the antenna and
filter designs together in UWB systems. The final SNR com-
parisons, moreover, demonstrate potentially significant differ-
ences among various design choices.

In the studies performed, we have resorted to commercial
software packages to estimate antenna frequency responses.
For greater confidence in the overall results, the calculated
antenna responses should be reinforced by measured data.
Ultra-wideband measurements are in progress for several of
the antennas cited here, with encouraging initial comparisons
between measured and predicted responses.
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