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Closed-Form Approximations for Link Loss in a
UWB Radio System Using Small Antennas

David M. Pozay Fellow, IEEE

Abstract—A critical need in the evaluation of an ultrawideband or loop antennas, with Gaussian or Gaussian doublet (mono-
(UWB) radio system is the calculation of the energy link loss cycle) generator waveforms. We also find that the Friis formula

between the source at the transmit antenna and the receiver y,y give reasonably good results when the antennas are rela-
load. While the rigorous calculation of link loss in a wide-band ..
tively narrow-band.

pulsed system requires a full transient electromagnetic solution . ; . )
for the transmit and receive antennas, we show in this paper that Ve first summarize the calculation of UWB energy transmis-

accurate approximations for link loss can be obtained for the sion based on the rigorous electromagnetic analysis of transient
special cases of electrically small dipole or loop antennas, with radiation and reception, including the effects of generator and
Gaussian or Gaussian doublet (monocycle) generator waveforms. receiver impedances, for an arbitrary input waveform. Next we

We also consider the error involved with applying the much . . . . .
simpler narrowband Friis transmission formula. It is found that derive closed-form approximations for the link loss in a UWB

the use of the basic Friis formula can result in link loss errors of radio system using electrically small dipole or loop antennas, for
more than 60 dB for a UWB system having severely (impedance) either Gaussian or monocycle input waveforms (the two UWB
mismatched antennas, but may give results correct to within a radio excitations most commonly used in practice). Numerical
few dB for well-matched narrow-band antennas, or if the formula examples are presented for three types of antennas (an elec-

is augmented with an impedance mismatch correction factor. It tricallv short dipol t divol d a broadband |
appears that the dominant limitation of the Friis formula, when rically short dipole, a resonant dipole, and a dbroadband lossy

applied to UWB systems, is the broadband effect of mismatch dipole) for both Gaussian and monocycle input pulse wave-
between the transmit/receive antennas and their source or load forms.

impedances. Numerical examples are presented for electrically e also consider the much simpler technique of applying the

short dipoles, resonant dipoles, and broadband lossy dipoles for 5 rowband Friis transmission formula and compare with rig-

both Gaussian and monocycle input pulse waveforms. - - -
orous calculations and approximate closed-form results. It is

Index Terms—Broadband, link loss, ultrawideband (UWB). found that the use of the basic Friis formula can result in link
loss errors of more than 60 dB for a UWB system having se-
|. INTRODUCTION verely (impedance) mismatched antennas, but may give results

correct to within a few dB for well-matched narrow-band an-

described in [1] and [2], there are many features of UWB radigyin of the Friis formula when applied to UWB systems is

(e.g., the utilization of underused spectrum segments, Mitiggs; 1he frequency dependence of the spreading factor or antenna
tion of indoor fading and multipath effects, low power densigain terms;, but the broadband effect of mismatch between the

ties, and high levels of multiuser scaling) that have led to 'ﬁ'ansmit/receive antennas and their source or load impedance.

tense interest in this new technology. A critical need in the dgy e gistortion effects also limit the accuracy of the Friis ap-
sign and evaluation of an UWB radio is the calculation of thﬁroximation but to a much lesser degree

energy link loss between the transmitting source and the re-
ceiver—a task made difficult by the fact that the absence of a
sinusoidal carrier precludes the use of the Friis formula. The
rigorous calculation of UWB link loss requires a complete tran-
sient electromagnetic solution (using numerical finite difference We assume a canonical UWB radio configuration like that
or integral equation techniques) for the transmit and receive &hown in Fig. 1, where the transmit antenna is driven with a
tennas to account for the effects of impedance mismatch overaitage sourcé’; (w) having an internal impedancg; (w) and
wide bandwidth, pulse distortion effects, and the effects of fréae receive antenna is terminated with load impedange),
quency-dependent antenna gains and spreading factors. In &g has a terminal voltadé, (w). The input impedance of the
paper, however, we show that accurate approximations for lifeRnsmit and receive antennas s (w) and Zg(w), respec-

loss can be made for the special cases of electrically small diptikely. The antennas are separated by a distapessumed to

be large enough so that each antenna is in the far-field region of
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Fig. 1. Frequency-domain model of transmit and receive antennas for a UWB radio system.

wherec is the speed of light. Note that the exponential fact@nd a monocycle (Gaussian doublet) generator waveform as
representing the time delay between the transmit and receive 2
antenna has been separated from the transfer function. Although vG(t) = Vore™ 277 . (5b)
t explicitly shown, it should be understood that this transfer .
not explic ! . Note that the Gaussian pulse has nonzero dc content, although
function is dependent on the range as well as the elevation qﬂd . . . :
. IS does not contribute to either the input energy or the receive
azimuth angles at each antenna. ener
The time-domain voltage waveform at the receive antenna’is 9y-

then found as I1l. CLOSED-FORM APPROXIMATIONS FORUWB LINK LOSS

vr(t) = 1 / Hyc(w)Ve(w)ed®? dw @) FOR SHORT DIPOLES
27rBW Using reasonable approximations, it is possible to derive
, . . . closed-form expressions for the link loss of a UWB radio
wheret' = ¢ B r/cis the retar(_j_ed time variable. i system using electrically small dipoles or loops and either a
The following energy quantities can also be defined. The e, ssian pulse or a monocycle generator waveform. These
ergy delivered to the transmit antenna is given by results appear to be the only special cases that can be expressed
1 |VG(w)|2 Rr(w) ; 2 in closed form, and are therefore L!sefql for showing the'
in =5 Zr(w) + Zc;(w)|2 w 3) depend_ence of waveform_ sha_pe, receiver impedance, and gain
BW factors in more general situations. In the results to follow, we
assume that both transmit and receive antennas are identical,
are polarization matched, and are oriented so that each is in the
main beam of the other.

whereRr(w) is the real part o (w). The energy received by
the load at the receive antenna is given by

1 |VL(w)|2 The input impedance of an electrically short lossless dipole
Wree = 5 Z*—(w)dw' (4)  of half-lengthh = L/2 and radius: can be approximated as
pw ¢ (3], [6]
The integrations in (2)—(4) are over the bandwidth-aB Zin(w) = Rin(w) + i Xin(w) = aw? — J ©6)
to B Hz, whereB is the effective bandwidth of the generator " " s wCly
waveform. wherea = noh? /6mc2, Co = —h/(120c[1 +1In(a/h))), cis the

To calculate link loss for a specific set of antennas and a givgRee( of light, and, = 377 Q is the impedance of free space.
generator waveform, the transfer function of (1) is first comrpis approximation is accurate for frequencies up to where the
puted over a range of frequencies that cover the system baglo|e length is less thah/20. Over this range the input re-
width (as determined by the spectrum of the generator wagstance is less than 0 while the input reactance is at least
form). This can be done using a numerical electromagnetic angkyeral thousand ohms.
ysis (e.g., moment method or finite difference technique), as de-the input energy of (3) for the Gaussian generator voltage of
scribed in [3]{5]. Next, the input energy is computed using (3)53) can be evaluated as
then the received energy using (4). The link loss is defined as the
ratio of these two quantities. Note that this calculation includes
polarization mismatch, propagation losses, antenna efficiency,

oo

Win = VZT?aC3 /w4e_“’2T2dw

impedance mismatches, and waveform distortion effects. —o0
For the results that follow, we define a Gaussian generator _ 3ywViaC}
waveform as = s
BN

valt) = Voo 372 (5) =~ ineT (72)
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Fig. 2. Comparison of closed-form versus exact link loss (multiplied¥)yfor a UWB system using two electrically short dipoles with a Gaussian generator
waveform versus receive load resistance. Dipole leagth0 cm, dipole radius= 0.02 cm, Z¢ = 50Q, T = 4.42 x 10~ 1% s,

while for the monocycle generator voltage of (5b), the inpand the resulting energy link loss is
energy is

7 | _ Wiee _ 15mRy ((Coh\? .
Wi = V2T*a (2 / ST du Liink = W~ 16r <ﬁ (Gaussian, smalRy,).
—oo (11)
157V 2aC2 WhenRy, > 1/wCy, X;, can be ignored in the denominator
= ﬁ of (8), and the transfer function can be approximated as
5v/TVEh*noCE
R (70) w*Copoh®

Hig(w) ~ (largeRr). (12)

Observe that these input energies do not depend on the source dmr
resistancd?s. From [3], the transfer function defined in (1) for

! ) . . Fig. 2 shows a comparison of the closed-form results of (11)
a UWB radio using short dipole antennas can be written as

and (14) with rigorous data from a moment method solution [7]
_ —jwpoh?Zr (w) a for the short dipole example used above. For these parameters,
T Arr [Za(w) + Zin(w)] [ZL (@) + Zin(w)] ®) itis seen that the “smalk;,” result of (11) works well forR, up

to about 10002, while the “largeR,” form works well down

whereZi,(w) = Zr(w) = Zr(w) is the inputimpedance of the 1, 5,1t 20 00@. In between there is a transition region where
transmit and receive dipoles (assumed to be identical). Thus in

. ) ) o a closed-form result is not feasible. Interestingly, it appears that
(8) we can ignoreR;,, and Z¢ in the denominator (it is gener- gv. ftapp

v desired t lativel Il values B t = minimum link loss occurs in this region.
ally desired 1o use rezatively smal values b 0 maximize Results for the monocycle waveform of (5b) can be similarly
power transfer, whileX; should be small to minimize reso-

L erived. For smallRy, the receive energy of (4) is evaluated
nance effects). There are then two cases of practical interes h the transfer function of (9) to give
the load resistance, depending on whetRgr < 1/wCj or
R, > 1/wCy. For the first caseR;, can be ignored in the de-

Hig(w)

nominator of (8), and the transfer function can be approximated W — VETCiu3h* Ry, [ ATy
as rec = 716727”2 w-e w
iw3C2unh?R —o0
Hyg(w) ~ 2220008 L smallgy). ©) _ 105(/7V5 Cough* Ry
drr = ! (15)
25621572

Then the receive energy of (4) can be evaluated as

V2T2C42hAR, [ -
0 160502 L /wGe—wT dw
T

and the resulting energy link loss is
Wre(‘, =

oo Wiee 21moRr [ Coh\>
L= = — monocycle, smalR;,).
15/AVRCHER Ry, L AT < ) ! 4 )

12872752 (10) (16)
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Fig. 3. Comparison of closed-form versus exact link loss (multiplied®)yfor a UWB system using two electrically short dipoles with a monocycle generator
waveform versus receive load resistance. Dipole lergth0 cm, dipole radius= 0.02 cm,Zs = 50 Q, T = 4.42 x 10710 s.

For largeRy, the receive energy of (4) is evaluated with theloes not include propagation losses, polarization mismatch, or
transfer function of (12) to give impedance mismatch at either the transmit or receive antenna.
Also note that the Friis formula, since it applies only to CW (si-
nusoidal) signals, does not account for pulse distortion effects

1672r2 Ry,

—— VET*C3pzh?

oo
22
/wee“wa

bade o}

at either antenna, or even the type of waveform used at the gen-
erator.

15/7V2C2u2h _ If the transmitted signal copsists of digi_tal data at a bit_late
= RT3 2R, (17) bits/s, then the energy per bit on transmit and receive,js=
T L P;/Ry andEy,. = P,./Ry. Then (19) can be written in terms of
Then the energy link loss is the transmit and receive bit energies as
Gi(w)Gr(w)A?
Wiee 3noh? Ey(w)=E AR A 20
Liink = W = 78ngL (monocycle, largek;).  (18) br(w) = Epe(w) (477)2 (20)

Fig. 3 shows a comparison of the closed-form results of (16) The frequency dependence of each2term is explicitly shown
and (18) with rigorous data from a moment method solution [ (19) and (20). Note that the factor/)" has a frequency de-
for the short dipole example used above. For these parametBR1dence of 6 dB per octave, but this is reduced to a maximum
itis seen that the “smalk,” result of (16) works well forR, up  €OF of 3 dB at either end of the octave for a single frequency
to about 100@?, while the “largeR ,” form works well down to chosen at midband. Similarly, the frequency variation of the an-

about 20 00@2. Again, the optimum link loss occurs betweerf€NNa gains is typically small over a wide frequency range for
these values. many practical antenna elements. An electrically short dipole

antenna, for example, has a gain of about 1.8 dB for all frequen-
cies below resonance. The effect of impedance mismatch can
be included (at a particular frequency by multiplying (20) by

the factor (1-|T'(w)|?), wherel'(w) is the reflection coefficient
The Friis link equation that applies to continuous-wave (CWat the receive antenna given by

radio systems is given by [6]

IV. LINK LOSSUSING THE NARROW-BAND FRIIS
TRANSMISSION FORMULA

_Zr— 2y

Nw) = Int 71 (21)

Gi(w)G,(w)A?

P”‘(w) :Pt(w) (47”,)2

(19)

Note that the effect of mismatch at the generator is not in-
where P, and P, are the received and transmitted powers, cluded—this is because we have chosen tolligg the energy
and G, are the transmit and receive antenna gains, &ansl delivered to the transmit antenna, as opposed to the energy avail-
the wavelength at the operating frequency. Note that this resaittle from the generator.
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Fig. 4. Transfer function magnitudes versus frequency for a UWB radio system using three different transmit/receive antennas (normalized by

TABLE |
NORMALIZED (‘l‘ = 1) ENERGY LINK LOSS FORVARIOUS ANTENNAS AND EXCITATIONS

Gaussian Monocycle Midband Midband | Midband Friis
Rigorous Rigorous Frequency. | Friis (Eq 20) and
Antennas (Eqs 1-4, 5a) | (Egs 1-4, 5b) Z-Mismatch
Short Dipoles -85.5 -84.0dB 430 MHz -20.8 dB -87.0 dB
Resonant Dipoles -23.9 -23.9dB 500 MHz -22.1dB -22.4 dB
Lossy Dipoles -43.1 -41.8dB 500 MHz -22.1dB -22.3dB

V. EXAMPLES AND DISCUSSION is a broadband element and is reasonably well matched
N ) ) to the source and load impedances over the bandwidth of
To compare specific numerical results, we consider the ihe input signals. Due to the lossy loading, the efficiency
link loss for three different transmit/receive antenna pairs. We ¢ this element is about 10%.

choosel’ = 4.42 x 1077 s for both the Gaussian pulse and the A piot of the transfer function magnitude [as defined in (1)]
monocycle waveforms of (5), resulting in a 10-dB bandwidtfersys frequency for transmit/receive pairs of these antennas is
of 550 MHz for the Gaussian pulse and a 10-dB bandwidth ghown in Fig. 4. The resulting energy link losses are shown in
70-790 MHz for the monocycle pulse. The Gaussian waveforgpie |.

contains power at very low frequencies (and dc), which is notthe first two columns of data refer to the rigorous calcula-
radiated by any of the antennas considered here. The paramejgfsof link loss using the full electromagnetic solution summa-

for each of the three antennas are given below. rized by (1)-(4) for the Gaussian and monocycle input pulses.

1) An electrically short dipoleDipole length= 1.0 cm, These solutions include essentially all relevant effects, including
dipole radius= 0.02 cm, Z;, = Zs = 50 2. The 10-dB impedance mismatch, pulse distortion, and frequency variation
bandwidth for the magnitude of the resulting transfesf gain and propagation factors. Observe that the link loss dif-
function is 10.2-18.9 GHz. This element is severelfers by a few dB for the two different input pulses when broad-
mismatched over the bandwidth of either input signal. band elements are used (short dipoles or lossy dipoles). In con-

2) A resonant dipoleDipole length= 30.0 cm, dipole ra- trast, waveform shape has little effect on link loss when the an-
dius= 0.02cm, Z; = Zg = 72 Q. The 10-dB band- tennas are relatively narrow-band (resonant dipoles), since the
width for the magnitude of the resulting transfer functiomelatively narrow portion of the input spectrum that is passed by
is 410-580 MHz. This is arelatively narrow-band elemenhe antennas results in an essentially sinusoidal waveform.
but is well matched to the source and load impedances afThe remaining three columns present data associated with the
its resonant frequency of 500 MHz. Friis formula of (20). The midband frequency is the frequency

3) Alossy resonant dipol@®ipole length= 30.0 cm, dipole at which the calculation is performed, and has been selected to
radius= 0.02 cm, dipole conductivity= 100 S/m,Z;, = be at the maximum response of the associated transfer function
Za = 800 2. The 10-dB bandwidth for the magnitude(for the resonant and lossy dipoles) or near the midband of the
of the resulting transfer function is 190-990 MHz. Thisnput waveform bandwidth (for the short dipoles). The gain for
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each antenna was assumed constant at 1.8 dB. Note that usihge for Ry >> wLy, the transfer function reduces to
the basic Friis formula of (20), without impedance mismatch
correction, gives an error of more than 60 dB when the antennas
are severely mismatch (short dipoles), but gives results within a
few dB of the correct result for narrow-band matched antennas ) ) ) )
(the resonant dipoles). If the efficiency of the lossy dipoles is USing these results in (4) gives the link loss for Gaussian
included in the Friis calculation (10% efficiency, or 20-dB losBulses as
for combined transmit and receive antennas), reasonable results

mwnoat

Hia(w) > G or

(largeRyr). (25)

(—42.3 dB) are also obtained for this case. Ly = Wiee
We conclude that for narrow-band antennas, the Friis formula Wi .
can give results within about 1 dB for UWB systems (of course, _ 3mmoa” Ry, (Gaussian, smalk;, ) (26)
it is generally undesirable to use such narrow-band antennas for 8c2Lgr? ’
a wide-band system). For broadband elements, application of Lot — Whee
the Friis formula with the impedance mismatch factor can pro- fink = g
duce results that are accurate to about 3 dB. More complicated 9rnoat _
elements, such as arrays or traveling wave antennas, will likely = 82T%2R, (Gaussian, larg&z).  (27)

lead to different conclusions.
The resulting link loss for the monocycle waveform is

VI. CLOSED-FORM APPROXIMATIONS FORUWB LINK LOSS W
FOR SVALL LOOPS Liink = %
i
Closed-form approximations can also be derived for electri- 3mnoa*Ry,
cally small loops with gaussian or monocycle excitations. Since - 8c2L2r? (monocycle smallRz) (28)
the procedure is the same as used above for electrically shgig
dipoles, only the key results are presented here. Whee
Consider two circular wire loop transmit and receive antennas Lainke = w,
having loop radius: and wire radiug. For frequencies where 157noa’
a < 0.03), the input impedance of the loop can be approxi- ~ 162722 R, (monocycle largeR.).  (29)

mated as [6]

Zin(@) = Rin(w) + j Xin(w) = ,[3w4 4wl 22) VIlI. CONCLUSION

Closed-form approximations for the energy link loss in a
. UWB radio system using electrically small dipole or loop
where() = mnoa*/6¢* andLo = piga(In(8a/b) —2]isthe l00p o ionnac have been presented for Gaussian and Gaussian
_self-ln_ductance (the wire self-inductance can also be Ir‘CIUdEl’ﬁionocycle excitations. The utility and limitations of the Friis
if desired). . . fogmula have also been discussed and examples presented for
Then the input energy for the Gaussian generator VOItage\%rious types of antennas. The accessibility of these results
(5a) can be evaluated as should be useful for systems engineers working with UWB
radio technology.

V2743 7 - V2 In a general sense, the essential problem with short pulse
Win= 0L2 : / 2o T dw = \/4;22[3 (23a) radio transmission that differentiates it from a CW (or narrow-
oL 0 band) system is the distortion introduced by practical transmit

and receive antennas. These antennas, which form the interface

while for the monocycle generator voltage of (5b), the inpl5.}etween plane waves and circuitry at both the transmitter and the
' receiver, are a direct cause of pulse distortion in a UWB radio

energy 1s system. Fundamentally, this is due to non-TEM (reactive) fields
in the near zone of each antenna, which lead to the impedance
VRT3 by o e 3y/TV2A mismatch terms noted above, as well as the radiation mechanism
Win = 1.2 / dw = TUTIZ (23b) itself. In principle, it is possible to use pure TEM-mode antennas
R 0 (infinite biconical and TEM horns, for example) to achieve dis-

tortionless pulse transmission and reception, but this is of lim-
We assume that L, > R, and consider two cases of redted practicality because of the large sizes required for such an-
ceiver load resistance. F&; < wLy, the transfer function of t€nnas to avoid end reflections.
(8) can be approximated as
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