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Waveform Optimizations for Ultrawideband
Radio Systems

David M. Pozay Fellow, IEEE

Abstract—Solutions are presented for various optimizations 6) Low power densities allow high levels of multiuser
of transient waveforms and signals used in ultrawideband radio scaling.
systems. These include the transmit antenna generator waveform e B radio concept is not without potential drawbacks,
required to maximize receive antenna voltage amplitude (with h tablv the risk of interf ith i d
bounded input energy), the transmit antenna generator waveform owever—nota y_ ernsxotin e_r erence W'_ Ice_nse spec-
that provides the “sharpest” received antenna voltage waveform, trumusers. Of particular concern s the potential for interference
and the transmit antenna generator waveform that maximizes re- with GPS systems, cellular telephones, and public safety com-
ceived energy with an inequality constraint on the radiated power munications. Since power decreases with separation between an
spectral density. Using variational methods, general optimization e fering transmitter and a legitimate receiver, the maximum
results are derived for arbitrary antennas, including the effects . . . .
of generator and load impedances, and numerical examples are allowable power spectral _denSIty radiated at_"?‘ partlcglgr (_j's'
provided for lossless dipoles and resistively loaded dipoles using tance from a UWB transmitter should be specified to minimize

moment method solutions. Closed-form results are provided for the possibility of interference. The FCC is presently considering

short dipole antennas for some special cases. this issue [3].
Index Terms—Broadband, optimization, time domain, transient, The radiated power spectral density from a UWB transmitter
ultrawideband (UWB). should ideally be as flat as possible, but the frequency charac-

teristics of practical transmit and receive antennas are seldom
conducive to this goal. In fact, antenna performance is often the
primary limiting factor on the overall performance of UWB sys-
LTRAWIDEBAND (UWB) radio is characterized by atems. Since the transmit and receive antennas invariably distort
wide system bandwidth and a low radiated power speghe shape of the transmitted and received waveforms [4], [5], it
tral density. Typical 3-dB bandwidths of UWB systems are 20% worthwhile to consider the question of finding the best wave-
or greater, over frequency bands generally ranging from sevefigims to optimize overall system performance in a particular
hundred megahertz to a few gigahertz [new Federal Commugénse.
cations Commission (FCC) regulations restrict UWB operation This paper extends the variational methods developed in
primarily to the 3.1-10.6 GHz band]. UWB radio does not enf6], [7] for optimizing transient radiation to derive solutions
ploy a carrier, relying instead upon the radiation and propagatift input and output waveforms in a UWB radio system that
of bandlimited baseband transient pulses. Wide bandwidth peptimize received signal amplitude, received signal energy, or
vides potentially fine time resolution, while significant low-freteceived signal duration. As such, these solutions represent
quency components allow propagation through a wide variajpper bounds on the performance that could be expected
of materials and structures. The following features of UWB rarom practical UWB systems. The resulting fields satisfy
dios are of interest in a number of future applications involvinglaxwell’s equations, along with additional constraints on
short-range communications, data networking, ranging, and laput energy and signal bandwidth. General solutions are

. INTRODUCTION

cation [1], [2]. derived for arbitrary antennas, and numerical examples are
1) UWB radio maximizes the utility of underused spectrurprovided for specific cases of lossless and resistively loaded
segments. dipole antennas. Frequency-domain moment method solutions
2) Fine time resolution helps to mitigate indoor fading andre used for this purpose; the necessary transfer functions and
multipath effects. input impedances can be obtained from the integral equation
3) Low radiated power levels provide an inherent measua@alysis. Finally, simple closed-form results for short dipole
of covertness. antennas are presented for some special cases

4) Wide bandwidth allows ranging accuracy of 1 ft or less.
5) Low frequency content allows operation through walls,
foliage, etc.

Il. ANALYSIS

The general configuration of a UWB radio is shown in Fig. 1.

, . . __The transmit antenna is driven with a voltage souvggw)
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Fig. 1. Frequency-domain model of transmit and receive antennas for a UWB radio system.

respectively. The antennas are separated by a distaras The open-circuit voltage at the receive antenna can be found
sumed to be large enough so that each antenna is in the far-fietom the vector effective heighit(w) of the receive antenna [8]
region of the other over the operating bandwidth. The transmit

antenna radiates an electric fielf{w) incident at the position Voo(w) = h(w) - E(w). ®6)
of the receive antenna. The time-domain voltage waveform at the receive antenna
The corresponding time domain quantities are given in terggn now be written in terms of the generator voltage using (1b)
of the inverse Fourier transforms and (4)
1 :
_ Jwt 1 .
va(t) = 2 / Va(w)e™ dw (1a) up(t') = o / Hi(w)Va(w)e'™" dw (1)
BW 71-BVV
1 jwt
g (t) = o / Vi(w)e!" duw (1b)  wheret’ =t — r/c is the retarded time variable.
BW We also need to define various energy quantities. The energy
1 [ —= i is gi
a(t) = o / F(w)e’! duw. (1c) available from the generator is given as [9]
s
v
BW Wava11 | G( )| ————dw (83)
The integrations in (1a)—(1c) are over the bandlimited fre- 8 Ra(w)

guency range ofB to B Hz. oW

The current at the input to the transmit antenna is given bywhere R (w) is the real part of the generator impedance. The
energy delivered to the transmit antenna is given by

VG (w)
I = 2
W) Za(w) + Zr(w) @) Wi, = 1 Ve (w)|” Rr(w) . (8b)
and the receiver load voltage in terms@f (w), the open-circuit T |71 (w) + Za(w)]
voltage of the receive antenna, is given by The energy received by the load at the receive antennais given
Voc(w)Z1(w) by
Vi(w) = ——~——~. (3)
Pt Anle) AT
We also define two transfer functions. L& (w) be the Wiee = o ?wa~ (8¢)

voltage transfer function that relates the receive antenna load

voltage to the generator voltage at the transmit antenna Again, the integrations in (8a)—(8c) are over the bandwidth of

Vi (w) = Hyg(w)Va(w)e 77/ (4 —BtoB _Hz. Us_e of the fact that fche imaginary part of a physi-
cally realizable input impedance is an odd function of frequency
wherec is the speed of light. This definition thus excludes thRas been used to simplify (8b).
time delay between the transmit and receive antenna. Also, lefrhe following results are useful for extremizing linear and
Frc(w) be a vector transfer function that relates the radiatefliadratic functionals of the functioii(w) [10]:
electric field at the receive antenna to the transmit antenna gen-

erator voltage V/ w)dw = H*(w)
E(w) = Fra(w)Va(w)e /. ) V/V

Although not explicitly shown, it should be understood that
both of these transfer functions are functions of range as well agn these resultsid (w) is a potentially non-self-adjoint oper-
the elevation and azimuth angles at each antenna. ator, but the adjoint is conveniently given by the conjugate func-

(WVH(w)dw = [H(w) + H* ()] V(w).
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tion for the problems considered he¥eis the gradient operator, with

defined in the context of variational calculus as in [10]. , 1 )
= 2— / Rg(w) |HL(;(Q.))| dw. (15)

A. Maximization of Received Voltage Amplitude 7rBw

We first consider the maximization of the received voltag€his solution accounts for power dissipated in the internal gen-
amplitude at the receive antenna, for bandlimited signals, wighator impedance, and so will generally result in a lower max-
a constraint on the energy delivered to the transmit antenna. Rotum receive voltage amplitude #t= 0 than the solution of
lowing the variational calculus procedures used in [6], [7], and1) and (12). But presumably less energy will be lost in the
[10], we define the functional generator impedance.

J = —vr(t' =0) + A\W;, (9) B. Optimizing Received Waveform “Sharpness”

A technique proposed in [10] suggests that minimizing the
grange multiplier. (The negative sign op ensures maximiza- received energy while constraining the received voltage ampli-

tion for the functionals being used in this work.) The constraifi¢d® to @ fixed value at a specific point in time, as well as con-

thatW,, = 1 J must also be enforced by using (8b). We choo§éramin9 the input energy, will enhance the sharpness of the
the maximization time a& — 0 with no loss of generality. output voltage waveform. The output voltage amplitude should
Then the functional of (9) can be extremized with the foPe chosen less than the maximum that can be obtained from

the matched filter solution given in (11) and (12)—this then

relative to the independent functidf; (w) and where\ is a La-

lowing result: introduces additional freedom that may allow the optimization
VJ—0— __IHEG(W) n ARr(w)Ve(w) (10) Processto reduce the effective duration of the output pulse.
2 7| Zr(w) + ZG(w)|2 The necessary function thus becomes
Solving for Vg (w) gives J = Wiee + Mop(t' = 0) + Ao Wiy (16)
. 9 where we now have two Lagrange multipliers and A\s. The
Va(w) = Hig(w) |Zr(w) + Z6(w)| ) (11) constraints are applied to the receive voltage amplitude-at

2\R
) vr(t' = 0) = v < Vmax 17)
T_he Lagrange multiplier is found by using (11) in (8b) andand to the input energi,, — 1 J. We definev,... as the
settingW;,, = 1 . . ¢
value of the maximum voltage amplitude as obtained from the
s 1 |Hp () 121 (w) + Za(w)| matched filter solution of (11) and (12). Extremizing the func-
~or / AR (@) dw.  (12) tional of (16) gives

BW

1 1
VJ =0 = [Hig(w)P | o + _}

The solution given in (11) and (12) is essentially the matched e (@)l [ZL (w)  Z}(w)

filter solution [10] for the linear system that consists of the . 2X2Rr(w)

transmit and receive antennas, along with their termination im- x Ve (w) + AHig(w) + \Z (@) + Za (@) a(w).

pedances. (18)

A slightly different solution can be obtained by constraining _ )
the available energy from the generator, as opposed to the energgolving for Vg (w) gives

delivered to the transmit antenna. The required functional the (w) = —MH g (w)
becomes “ 2R, (w) |Hig(w)] 2)\2Rr(w)
J = —op(t = 0) + AWaran (13) |2 (w)]? |Zr(w) + Za (W)

. o _ The normalizations are given by using (19) in (7) and (17),
where the available energy is given by (8a). Then the optimugid in (8b), as shown in (20) and (21) at the bottom of the page.

(19)

solution is Observe that for specified values af and W;,,, (20) and
2R (w)Hi o (w) (21) represent coupled equations ferand\,. Numerical root-
Volw)=—"—""— (14)  finding techniques are generally required for solution.
2
vo = / Hr(w) o (20)
o | aR) @) | 2uRr()

|Z1 () |Zr(w) + Za(w)|?

2 H 2
Wi =1 Joule = 21 A6 () RT(“;) dw (21)

27 2 QRL((U> |HL(}(LL})| 2)\2RT((U)

BW | Zp(w) + Za(w)]

|ZL(w)]” |77 (w) + Za(w)[*
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C. Maximizing Received Energy With an Inequality Constrailt. Maximizing Received Energy With a Constraint on the
on the Radiated Field Generator Voltage Amplitude

The expected FCC regulation that the radiated power specin this case, the required functional is given by
tral density at a specified distance from a UWB transmitter be
less than a fixed value can be accommodated in optimization so- J = =Wree + Avg(t = 0). (26)

lutions through the use of an inequality constraint. Mathemati- Note that the constraint only applies to the generator voltage
cally, we can attempt to maximize received voltage amplitudg

. : i t a specific instant of time, and so does not provide an overall
or received energy, subject to the constraint that limit on the generator amplitude. This might seem to limit the
_ utility of this case, but there may be some situations where this is
|E(“’)| < Ey (22) 3 useful approach. In addition, this result essentially completes

the possible permutations of UWB antenna optimizations that
wherek) is the maximum allowable (peak) electric field intencan be carried out with a variational approach.
sity at a specified distance from the receiver. In the far field of The optimum generator voltage is found to be
the transmit antenna, this can be translated to a maximum power \

density of E2 /21y, wheren, = 377 Q. Va(w) = (27)
Inequality constraints of the form in (22) can be treated an- |HLG(W)|2 { 1 + 1 }
alytically in some cases by applying nonlinear programming Zr(w) = Zp(w)

techniques such as the Kuhn—Tucker theorem [11]. An alterRgsy, the normalization
tive that can be applied more directly for the present case is the

technique of slack functions, whereby the functional is modi- A= — 2mvg (28)
fied with a nonnegative auxiliary function [11]. Thus, we can Jow 1 1 dw
. (w 2
rewrite (22) as e () [ZR(w) 7 (w)}
|E(w)|2 — B2 — u}(w) (23) wheroevo is the constrained value of the generator voltage at
t =
whereu?(w) is the slack function. Sinceé?(w) is real and non- Il N UMERICAL EXAMPLES FORDIPOLE ANTENNAS
negative, itis clear that (22) will always be satisfied. If we desire '
to maximize received energy, we can form the functional The above results have been derived for arbitrary transmit
and receive antennas and will be demonstrated here for several
J = Wiee cases involving lossless and resistively loaded wire dipole an-
— — 2 tennas. The piecewise sinusoidal moment method is used to ob-
[hw) - B(@)|” Ru(w) tain the necessar iti i imiza-
= 5 y quantities to implement the above optimiza
2m B |ZRr(w) + Z(w)] tion results. These include the input impedances of the antennas
2 ) and the voltage transfer functidiy ¢ (w) between the antennas.
/ [ | Ri(w) [£§ — u*(w)] dw  (24) Since momentmethod solutions for dipole antennas are well es-
~2r |Zr(w) + ZL(LU)|2 tablished, we refer the reader to the literature for details of the

calculation of these quantities [12], [13]. For simplicity, we as-
and extremize relative to(w), and thus indirectly relative to sume b(_)t_h dipoles are identical, W'th length radiusa, and
E(w). The result is conductivityo. We also assume the dipoles are parallel and ra-
' diating in the broadside directions. The range dependence of the
received antenna voltage is removed.
-2 |h(w)| RL

|Zr(w) + Zr(w)]’

VJ=0= u(w)

(25) A. Maximization of Received Voltage Amplitude

First consider the maximization of received voltage ampli-
which implies thatu(w) = 0, and thus|E(w)| = E,. Once tude att’ = 0, with a constraint of 1 J for the available gen-
E(w) is found, we can work backward to find the necessamrator energy. The optimum generator voltage is given by (14)
Ve (w) that will produce this radiated electric field. Note thatind (15). Applying these results to a lossless pair of dipoles with
the phase of(w) is not specified in this solution, as aresult of. = 15 cm,a = 0.02 cm,o = 00, Zg = 50 Q, andZ;, = oo
the fact that the energy functional is independent of phase. Ollads to the generator and receiver voltages shown in Fig. 2(a)
erwise the result is not surprising, as it says that the availalaled (b), where the peak receive voltage amplitude is 4.04E4 V,
spectrum should be filled with the maximum allowable poweand the received energy is 1.53E-5 J (normalized by multiplying
density in order to maximize received energy. Maximizing thigy r). The solutions are bandlimited to 2 GHz.
received voltage amplitude at a particular time would, in prin- Next consider the same set of dipoles, but with a resistive
ciple, define a phase distribution for the electric field, but maxeading modeled by setting the dipole conductivity to 1000 S/m.
imizing voltage amplitude alone does not involve a quadratithe resulting generator and receiver voltages are shown in
functional, and so does not lead to an analytic solution usiikgg. 3(a) and (b). The peak voltage has now dropped to about
these techniques. 2.3E4 V, and the received energy is 4.4 E-6 J (normalized by



POZAR: WAVEFORM OPTIMIZATIONS FOR ULTRAWIDEBAND RADIO SYSTEMS 2339

1.0E+6

5.0E+5

DDA
AYAR AR N

0.0E+0 |o~ronA \/\’\V AR RIAVA

-5.0E+5

Generator Voltage at Transmit Antenna
D
D
>
—
—
—
>
>
>

A0E+6 "+ o L0 v b v b b B
-15 -10 -5 0 5 10 15

Normalized Time ct/L
(@)

5.0E+4

4.0E+4

3.0E+4

TTT7T

2.0E+4

1.0E+4

D

>
—
—-—
—

LB

<
—
=1 |
=] K

0.0E+0 oo

M\/\v/\ AA
il

-1.0E+4 i i

Load Voltage at Receive Antenna
—
—

-2.0E+4

TTT7T
<

_3.0E+4ll!lllllIllllllllillIIII
-15 -10 -5 0 5 10 15

Normalized Time c(t-r/c)/L
(b)

Fig. 2. (a) Generator voltage waveform to maximize receive voltage amplitude for lossless dipolés with5 cm,a = 0.02 cm,o = oo, Zg = 50 Q,
Z 1, = oo. Available generator energy constrained to 1 J; bandwidth is 2 GHz. (b) Resulting optimized receive antenna voltage waveform for the antearsa paramet
of (a).

multiplying by r). This represents a drop of about 4.9 dB ipeak voltage amplitude for the lossy dipole was reduced by
voltage and-5.4 dB in energy. Also note that there is somewhat.8 dB from the optimum result of Fig. 3.
less overshoot and ringing in the response of the lossy dipolesTo further understand the effect of resistive loading and ter-
presumably due to the enhanced bandwidth introduced by th@ation impedance on the optimum solution, Fig. 4 shows the
loading. magnitude of the transfer function magnitude versus frequency
As a comparison with nonoptimized pulse excitation, thi®r the dipoles used in the cases of Figs. 2 and 3, along with
same antenna geometries of Figs. 2 and 3 were analyzed witbssless dipoles with a receiver load impedancg pf= 50 .
Gaussian pulse excitation. For an available energy of 1 J, adtserve that the receiver load impedance has a far greater effect
a Gaussian half-power width of about 5E-11 S, the resultiru the transfer function than does the dipole conductivity.
peak voltage amplitude for the lossless dipole was reduced byEffects of generator and load impedances, bandwidth,
6.3 dB from the optimum result of Fig. 2, while the resultingrientation angles, and other parameters can easily be studied
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Fig. 3. (a) Generator voltage waveform to maximize receive voltage amplitude for dipoleg withl5 cm,a = 0.02 cm,o = 1000 S/m, Zg = 50 Q,

Z 1, = oo. Available generator energy constrained to 1 J; bandwidth is 2 GHz. (b) Resulting optimized receive antenna voltage waveform for the anteersa paramet
of (a).

with these solutions, but space limitations prevent us froincreasing the signal bandwidth generally has minimal effect
presenting extensive data on these results. One importantthe maximum amplitude, at least in the case of electrically
observation is that the use of complex termination impedandasge dipoles, since these antennas radiate effectively only over
at either the generator or the receiver generally has the effecagklatively narrow band of frequencies near the first resonance.
greatly reducing the peak amplitude at the receiver and greatly o )

increasing the ringing of the response. This is caused by e Optimizing Received Waveform “Sharpness”

resulting resonant circuit introduced by reactive terminating Next consider the optimization of the receive voltage wave-
impedances in conjunction with the resonant dipole respongsrm “sharpness” for a pair of lossy dipoles with= 15 cm,
Conjugate matching and other reactive matching networks= 0.02 cm,o = 1.0E4 S/m, Zg = 50 Q, andZ; =
should therefore be avoided in UWB antenna systems, evsyer a bandwidth of 4 GHz. The optimum solution is given by
at the expense of lower efficiency. Another observation is thgt9)—(21). A numerical root-finding method is used to solve (20)
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Fig. 5. Constrained receive voltage amplitudée at 0 versus the Lagrange multiplig, for lossy dipoles having. = 15 cm,a = 0.02 cm,o = 1.0E4 S/m,
Zs = 508Q,andZ; = oco. The signal bandwidth is 2 GHz, and the constrained input energ¥.is= 1 J.

and (21) for\; and)., the Lagrange multipliers. This can be faimum value. The maximum value of iS v.x—the matched

cilitated by first using (20) to eliminatg, from (21). Then, fora filter solution of Section II-A for constrained input energy. In the

specified value ofj, (the constrained receive voltage amplitudpresent exampley,,,.. = 5381 V. Clearly, the solution for opti-

att’ = 0), (21) can be solved foks. The required root-finding mized “sharpness” cannot produce a larger receive voltage am-

procedure is very sensitive, generally requiring double precisiptitude than the matched filter case—this can be demonstrated

computation. mathematically by manipulating the results of (19) and (20).
Fig. 5 shows the relation between these two quantities. NoteSettingvg to values progressively less thap,.. leads to

that for a specified value af; there are two possible roots foroutput waveforms that show increasing compression, as evi-

2. We have found that the negative root leads to a maximizatidenced by lower amplitudes away from the main pulgé at0.

of received pulse width, while the positive root leads to a mifFhe effectis demonstrated in Fig. 6. (The results in these figures
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Fig. 6. Normalized receive voltage versus time for optimized waveform “sharpness” with €)5381 V, (b) v, = 3000 V.

are normalized to a maximum value of unity in order to more A quantitative measure of the improvement in receive pulse
easily compare the waveform shapes.) Observe that the respdebarpness” can be defined as the following “compression
for vp = vmax = 5381 V in Fig. 6(a) has &in«/« form that ratio™

exhibits a considerable amount of energy outside the region of

the central pulse, continuing out to (normalized) time values of CR=10log
48 or more. Lowering the constrained output voltage amplitude

to 3000 V [see Fig. 6(b)] causes considerable sharpening of thikeere W,.._...x iS the receiver energy associated with the
response—the first overshoots are about half the values for thaximum received voltage amplitude (which occurs when
case of Fig. 6(a), and the ringing of the pulse is negligible fat, = vy,.x). Thus, asvg approache®,,.., W:.. approaches
(normalized) time values af4 or more. Further reduction of W..._max and the compression ratio approaches 0 dB (no
1o t0 500 V [see Fig. 6(c)] continues this trend, although withompression, or improvement in “sharpness”). Butvgsis
diminishing rewards. The first overshoots are reduced to abalécreased, the received energy may decrease faster than the
a third of the values in the response of Fig. 6(a), and the ringisquare of the receiver voltage (which is roughly proportional
is effectively stopped for (normalized) time valuestes. to the energy of the main pulse), resulting in an overall ratio

2
Wrecfmaxv(]
Wiec?

rec “max

(29)
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Fig. 6. (Continued.Normalized receive voltage versus time for optimized waveform “sharpness” with (€) 500 V for the lossy dipoles defined in Fig. 5.
6.0 pp and receive dipole antennas. In this case, the input impedance
C B=4GHz of each antenna (assumed identical) can be approximated as
_. 50 i
g Z1(0) = Zn() = Rw) - — (30)
S 40f 0
K - where the radiation resistance is given by
- C
s 30 5L%w?
§ s Rw) = 2 = aw? (31)
8 20 - ] ] . ]
g - wherea = 5L2/c? is a constant. The dipole capacitance is
© 4o o given by
C L
- Chp= ———— | (32)
1Ll I Ll | Lt 1 | Ll Ll I L1l I L1 1l I L1l I Ll I L1l I 1111 0
0.0 240c (In & — 1)
00 01 0.2 03 04 05 06 07 0.8 09 1.0
voVmax The capacitance expression in (32) has been derived from the

exact induced electromotive force result after using small argu-
Fig. 7. Compression ratio versus normalized constrained receiver voltage 8Nt approximations for the sine and cosine integrals—it has
dipoles defined in Fig. 5. been compared to numerical moment method results and found

to be more accurate than the usual expressions found in the lit-
greater than one. Fig. 7 shows the compression ratio for H&tUre. _ _
dipoles of Figs. 5 and 6 and for solutions for the same dipolesThe 'voltage transfer function between two short dipoles can
but with two other values of bandwidth and conductivity. W€ derived as
see that compression ratios_ as h_igh. as 4-5 dB can be obtaine(}.[ B —jwpoh?®Z1 (W) 33
Such waveforms have very little ringing, and so can be advanta- La(w) = dnr [Za(w) + Z1(w)] [Z1(w) + Zr(w)] (33)
geous for reducing intersymbol interference in UWB systems.
whereh = L/2 is the dipole half-length. These expressions as-
sume a piecewise sinusoidal current distribution on each dipole
and generally give good results for frequencies such Ehat
Essentially closed-form results for several of the optimiza\/20

tions of Section Il can be obtained for electrically small an- o ) ] ]
tennas such as short dipoles and small loops, as long as AndMlaximize Received Voltage Amplitude, Constrained Input
bandwidth is such that closed-form expressions can be found Fgter9.Z2¢ = 0, Z1, = o0
the necessary inputimpedances and transfer functions. This sed-he solution for this problem is given by the general expres-
tion presents such results for short perfectly conducting transmsibns in (11) and (12). For the special case of short dipoles with

IV. ANALYTICAL RESULTS FORSHORT DIPOLES
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Za = 0andZp = oo, the transfer function of (33) further re- Then applying the general solution of (11) and (12) gives the

duces to following optimization results:
—jwpioh? jwhoh?
H =20 34 \% = 39
16(w) drr Zr(w) (34) a(«) 4 Ar (39)
> _ Hh'B 40
and then (11) can be evaluated as AT = 6Ardon? (40)
Vo) jwhoh?Zp(w) (35) Then the time-domain receiver voltage is found as
w)="—""-""7—"7+"-
¢ smrARr(w) 127h sin 27 Bt/
vp(t) = VorB ; (41)
The normalization of (12) can also be evaluated in closed r 2m Bt
form which has a peak value ¢f27h/r)V/57 B. This value is larger
A2 uih*B (36) than the previous case whe¥e; = 0 by a factor of 4n/7_r/2, _
T 3912120 or about 24 dB. Again, the generator voltage has a singularity

at
whereB is the bandwidth in Hertz and is a constant defined
in (31). Combining these results and using the inverse transfo@n Maximize Received Voltage Amplitude, Constrained
of (7) provides the optimized time domain receiver voltage Available EnergyZq(w) = Zi(w), Z = oo

3}, sin 27 BY! Inthis case we maximize receiver voltage with a constraint on
() = —\/1OBW (37) the available generator energy. The general solutions are given
" T by (14) and (15). The transfer function is the same as in (38).
showing that the response hasimz/« form, with a peak value The optimum generator voltage is then
that increases as the square root of bandwidth. The expected

1/r range dependence is also apparent. The peak value of the Va(w) = jwhoh? (42)
receiver voltage response i8310B/r. The optimized ampli- 4w Ar

tu.de moment method resglts of Secthn l-A were compare‘g]d the normalization condition is
with these results for electrically short dipoles, with good agree-
ment. ,  pihiB
. . . . N =20 =
It is probably logical to next derive the required generator 64m3om?
voltage for this solution, but this is not possible becalisév) _ _ ) ) _
in (35) has a nonremovable singularitycat= 0 (due to the Finally, the time-domain receiver voltage is found as

fact thatRr(w) = 0 at dc). The physical meaning of this re-

(43)

sult seems to be that the solution is trying to capture low-fre- v () = 30h /7B sin szt’. (a4)
guency energy at the source, even though low-frequency com- r 5 2nBtY

ponents will not propagate to the receive antenna and also do

not contribute to the input energy (due to the very high reac- The peak value of this response is £30)./m B/5, which

tive impedance of the transmit antenna). If we restrict the opd$-about 4 dB larger than the case where the input energy was

ating band to some minimum frequency (above dc), the inverg@nstrained and¢ = 0.

transform of (35) can then be obtained—the resulting receiverNote that similar closed-form optimizations can be obtained

response is virtually unaffected by this lower limit, but it has §r other small antennas such as electrically small loops, slots,

substantial effect on the transmit antenna waveform. and monopoles, although the required integrals can become very
complicated. In fact, similar optimizations can be derived for

B. Maximize Received Voltage Amplitude, Constrained Inpuny pair of antennas that can be represented with simple RC or

Energy,Zq(w) = Zi(w), Z1, = RL equivalent circuits that are valid over the frequency band of
. . interest.
In this case we conjugate match the generator to the transm?? est

antenna—in principal, this maximizes power transfer to the
transmit antenna. Of course, this requires a generator reactance
that is positive with a slope of /b—conditions that are not Several possible optimization solutions for bandlimited
possible for a physically realizable passive element. Nevéadiated waveforms for ultrawideband radio systems have
theless, the solution gives an upper bound on what can een presented for general radiating elements, with arbitrary
achieved, and it may be possible to approximate the requirggnerator and load impedances. Constraints include input

V. CONCLUSION

frequency dependence with active circuit matching. energy, available energy, received voltage amplitude, generator
SettingZ¢(w) = Z#(w) simplifies the transfer function of voltage amplitude, and radiated power spectral density. These
(33) to the following: solutions represent upper bounds on the performance of actual

UWB systems. Examples of optimized results have been pre-
sented for lossless and resistively loaded wire dipole antennas.
Closed-form results have been presented for optimization

. 2 s 2
_ —Jwmoh” _ Jltohl (38)

~ 81rR(w) 8rraw

HL(;((U)
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solutions for short dipoles. These results can be applied tp2] J. H. Richmond, “Radiation and scattering by thin-wire structures in

arb|trary UWB antenna elementsy and to any set of antennas the complex frequency domain,” Ohio State Univ. ElectroScience Lab,
. . . . Columbus, Tech. Rep. 2902-10, 1973.
that can be represented with lumped element equivalent Circuit$s; . N. wang, J. H. Richmond, and M. C. Gilreath, “Sinusoidal reac-
over the frequency band of interest. tion formulation for radiation and scattering from conducting surfaces,”
IEEE Trans. Antennas Propagatol. AP-23, pp. 376-382, May 1975.
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