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Abstract − In this work we try to approach the problem of 
UWB radio channel modeling from two different directions. 
At first, we consider basic properties of antennas, because 
they are essential elements of the radio channel. We present a 
self-contained description of the spatio-temporal transmit and 
receive characteristic for a generic antenna model. Based on 
that, general transfer function expressions for simple ideal 
UWB radio channels, in particular the free-space far-field 
channel and multipath channels, are given in terms of these 
characteristic functions. We then consider features of the 
UWB radio channel observable in measurement data, and 
finally draw some conclusions on UWB channel modeling. 

1 INTRODUCTION 

When going from wideband (WB) to ultra-wideband 
(UWB) radio channel modeling, a number of aspects 
have to be taken into account that amount to a 
changed overall behavior of the channel. In particu-
lar, the assessment of transmitted and received wave-
forms requires accurate and coherent models for each 
part of the channel. For example, a prominent phe-
nomenon found for wideband channels is frequency 
selectivity which leads to dispersion of the transmit-
ted signal. In many cases frequency selectivity can 
be attributed mainly to propagation effects (multi-
path) while dispersion effects introduced by the an-
tennas may be less significant. For impulse radio 
applications, however, even the dispersive properties 
of antennas [2] have to be considered carefully. 

By radio channel we understand the two-port or n-
port formed by several antennas plus the correspond-
ing propagation environment. Consequently, in the 
first part of the paper we address some issues related 
to antennas. In particular, we look into the spatio-
temporal transmit and receive characteristic of the 
antennas and their relationship. Here, we present a 
self-contained formulation and derivation tailored to 
our purpose and partly based on the work of several 
authors [1][3][5][6][7]. The formulation is suited for 
antennas connected to a waveguide or transmission 
line. Based on these results, we give general transfer 
function expressions for the most simple free-space 
UWB radio channel and the ideal UWB multipath 
channel. We then move on to consider measured 
UWB radio channel data and discuss some of the 
apparent features different from those that are ob-
served under typical wideband conditions and that 
are essential for proper UWB radio channel model-
ing. 

In the following, rms phasors with an implied 
( )exp j tω  time dependency are used, vectors are 

printed in bold typeface, unit vectors are denoted by 
a caret ( r̂ r ), and the tilde ~ denotes time de-
pendent quantities. 
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2 ANTENNA PROPERTIES 

In this section we introduce two characteristic func-
tions and  that describe the spatio-temporal 
transmission and reception characteristic of a generic 
antenna. These functions form the basis for general 
expressions for the UWB radio channel in Sec. 3. 

A h

2.1 Antenna Model 

The antenna definition used here comprises two ele-
ments: (a) a material distribution ( ) ( ), , ,ε ω µ ωr r

b

 
which differs from free space only within a finite 
volume, (b) a port defined by a reference plane on a 
waveguide (the antenna feed line). One part of the 
feed line up to the reference plane is considered part 
of the antenna. In the vicinity of the reference plane, 
the feed line is considered to be uniform such that at 
the reference plane power wave amplitudes a  and  
(corresponding to waves approaching and leaving the 
antenna, resp.) may be defined by 
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 are the electric and 
magnetic fields tangential to the reference plane and 
feed line impedance for mode n, with  and 

normalization such that 

ˆn n= ×h z e

,m nδ=∫e e ; the positive z-

direction points towards the antenna. In the follow-
ing, a single mode n is considered and for simplicity 
the index n is dropped. If necessary, corresponding 
results for several modes may be superimposed, as 
the modes on the considered feed line are orthogo-
nal.  

At the reference plane, the antenna acts as a source 
according to ib b a= + Γ  with the source strength  
evoked by an incident field and the output reflection 
coefficient 

ib

Γ  due to the antenna input impedance 



AZ , which in general is different from the feed line 
impedance Z ;  is the wave amplitude at the refer-
ence plane of the input signal used to excite trans-
mission. 
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When transmitting, the electric far-field at  pro-
duced by an antenna at r  may be given as 
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where A r  is defined by (2) and represents the 
spatio-temporal transmit characteristic at angular 
frequency   in direction ( )12 2 1 2 1ˆ − −r r r r r , 
and 0Z  is the free-space impedance. Under far-field 
condition, . The dependence of ( ) 12ˆ ,ω ⊥ r

( 12ˆ ,ω  on describes the radiation pattern and 
the dependence on ω  describes the (temporal) 
transmission filter characteristics of the antenna. The 
power flux density corresponding to Eq. (2) is given 
by 

)

ˆ

 ( ) ( )2 2 2 2
2 2 0 12 12ˆ 4S Z a π= =r A r .(3) r

From the power 2a  approaching the antenna, only 

the amount (2 − Γ  actually enters into the an-

tenna. Isotropic radiation of this power would pro-
duce a power flux density which on comparison with 
Eq. (3) gives the relation between and the gain 
over an isotropic antenna 

A
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is 12ˆ ˆ, , 1G ω ω= − Γr A r . (4) ω

For the reception case, let 

  ( ) ( ) 0
ˆ ˆ, , exp( )i i jkω ω −E k krE r , ˆ

be the electric field at position  of an incident plane 
wave traveling into direction k , where 

r
ˆ

0 0k cω=  is 
the free-space wave number. The corresponding 
source strength  may be given as i

 ( ) ( )1 0
ˆ ˆ4 , , ,i ib Zω π ω ωh k E r k . (5) 

( ,ω  is defined by Eq. (5) and represents the spa-

tio-temporal receive characteristic of the antenna 
under far-field (incident plane wave) conditions. Be-
cause  for plane waves, we additionally 

require  to obtain a unique definition of 

. It should be noted that  is defined with respect 
to the incident field, i.e., the field without the field 

scattered at the antenna. Because  linearly maps 
the electric field strength to the source strength , 

 acts like an effective length operator. 
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2.2 Transmit and Receive Characteristic Relation 

Using the principle of reciprocity, it can be shown 
that the transmit and receive characteristics are re-
lated by (see Sec. 6.1 in the Appendix), 

 ( ) 0
ˆ2 , ,jω ω− =h k A . (6) )ˆ ω

If Eq. (6) holds for all ω , the corresponding time 
domain expression  

 ( ) ( ) (0
ˆ2 ,t t∂ ∂ − =h k   (7) )ˆ , t

illustrates the well-known temporal derivative rela-
tion between transmit and receive impulse responses 
[1][3][4][7]. As will be seen below, this relation 
plays an important role in understanding basic prop-
erties of the UWB radio channel.  

3 THE IDEAL FREE-SPACE FAR-FIELD 
UWB RADIO CHANNEL  

This section gives expressions for the transfer func-
tion of the most simple UWB radio channel, i.e. the 
ideal free-space far-field UWB radio channel made 
up by two antennas in free-space and mutually in far-
field. Single scattering is assumed, i.e. contributions 
that bounce back and forth between the two antennas 
are neglected. Furthermore, a generalized expression 
for the ideal multipath channel based on an extension 
of the free-space channel expression is given as well. 

3.1 Transfer Function 

For two antennas (designated by 1 and 2), and under 
the above given assumptions the transfer function 
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of the corresponding ideal free-space far-field UWB 
radio channel may be given in various forms by com-
bining Eqs. (2), (5), and (6) as 
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It is important to stress that the various vectors in 
Eq. (8) be referred to the same reference frame. In 
particular, if the orientation of an antenna changes 
with respect to that frame, the corresponding A and h 
will change. In the likely case that A and h are given 
with respect to an antenna fixed frame, the orienta-
tion of the antenna has to be accounted for by a 
proper transformation of A and h.  

3.2 Extension to Multipath Conditions 

If the transmission via a given path involves some 
intermediate interaction with the environment, the 
transfer function of that path may be modified to 
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where and are the directions of departing and 

incident waves, respectively.  is 

analogous to a scalar Green's function and describes 
the propagation part of the channel for reception at 

 (from direction ) when transmitting into direc-

tion  at . For example, for the ideal free-space 
far-field channel there is a non-zero 
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only for k k ; and for a path containing an 
ideal specular reflection  
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is non-zero if k and are the directions to and 
from the mirror point, and r is the total path length. 
Generally, expressions for G  may 

be derived e.g. by UTD.  

D
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Summing over all considered paths, and designat-
ing the l-th path with a superscript l, a general ex-
pression for the ideal UWB multipath channel trans-
fer function is 
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Like Eq. (8), Eqs. (9) and (10) can be cast into vari-
ous forms. 

3.3 Transition Wideband – Ultra-Wideband 

In this section we discuss the implications of the 
previously given antenna properties and transfer 

function expressions regarding the modeling of ultra-
wideband channels and signals. 

According to Eqs. (2) and (5), the antenna acts as a 
temporal filter. Let ( )s ω  denote the filter input sig-

nal, i.e., ( )a ω  for transmission and ( )i ωE  for re-

ception, and let ( )r ω  denote the output signal, i.e., 

( )1 ωE  for transmission and ( )ib ω  for reception.1  
It is evident from Eq. (6) that the transmission and 

reception filter characteristics are in general related 
by a factor jω . In other words, the distortion of the 
input waveform will be different in both directions. 
Now let ( )s ω  be band limited, i.e., non-zero only 

for [ ]{ }: / 2,c cBω ω ω ω ω∈ ∈ − Ω + Ω / 2 , 

,c 0ω Ω > . For the reception case (denoted by super-
script R ) we may then write Eq. (5) in the form 

 ( ) ( ) ( )exp( )dR R

B
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ω ω ω
∈
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and Eq. (2) for transmission (denoted by super-
script T ) 
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With Eq. (6), for transmission we also have 
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where ( )
2
πτ ω
ω

; the temporal derivative operator 

represented by jω  acts by frequency selective scal-
ing (by a factor ω ) and shifting (by ( )τ ω

c

). In the 
(non-ultra-)wideband case we have ωΩ ; there-
fore approximations cω ω≈ , ( ) 2 cτ ω π≈ ω  may be 
used to arrive at 
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By comparison of Eqs. (11) and (13), we find that, 
for ( ) ( )T Rs sω ω= , in the wideband case approxi-
mately 
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c
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ω
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. (14) 

 
1 To simplify notation, only the ω dependency is given explicitly 
here. 



Therefore, in the wideband case, the antenna im-
pulse responses in transmission and reception are 
approximately just shifted copies of each other. This 
is not the case under ultra-wideband conditions, 
where the full effect of the temporal derivative in 
expression (6) has to be taken into account for accu-
rate waveform modeling, i.e., assuming again 

( ) ( )T Rs sω ω= , 

 ( ) ( ) (Tr t t r t∝ ∂ ∂ )R  (15) 

(15)

Depending on the actual relative bandwidth cωΩ , 
the relation between the transmit and receive filter 
characteristics may vary in between the extremes 
given by Eqs. (14) and (15).2 

4 EMPIRICAL ASPECTS 

In this section we change over to the experimental 
perspective on UWB channel modeling and consider 
UWB radio channel measurement data. 

4.1 A Look at Measured Data 

Figure 1 shows a typical average power delay profile 
(APDP) based on 30 x 30 baseband impulse re-
sponses ( )21 1,S τr  taken on a 30 cm x 30 cm grid 
under LOS conditions in an office environment. The 
measurement band is 1-11 GHz, giving a nominal 
delay resolution of 100 ps (corresponding to 3 cm 
spatial resolution).3 
Two global observations can be made here: First, the 
APDP is dominated by the LOS component arriving 
at about 8 ns, and for delays exceeding app. 30 ns, 
the APDP exhibits a single diffuse multipath (MP) 
cluster caused by superposition of a large number of 
unresolved paths. The MP cluster exhibits an expo-
nential decay as function of the delay. The same type 
of behavior is commonly encountered under WB 
conditions. Second, in the delay range 8-30 ns, the 
MP cluster envelope deviates from a simple expo-
nential decay behavior, and a number of strong ech-
oes embedded in the surrounding MP components 
(MPC) can be clearly recognized. The high band-
width of 10 GHz allows to resolve individual paths 
that correspond to specific interactions; by compari-
son with the geometry of the measurement environ-
ment, many of the strong echoes can be mapped to 
individual paths that undergo particular interactions 
including for example wall reflections, ceiling-wall 
reflections etc.  

                                                           
2 For a truly narrowband signal ( ) ( )cosR

cr t t= +ω φ , Eqs.  and 

 are equivalent due to ( ) ( ) ( )( )c∂ ∂ 2R Rt r t r t∝ + π ω  

(14)

3 A more detailed description of the underlying measurement 
data and environments is given in [8].  

 

Figure 1: Example for UWB average power delay pro-
file. 

In the same delay range, the envelope of the diffuse 
MP cluster starts from lower values and increases up 
to the delay value of about 20-30 ns, which roughly 
marks the onset of the diffuse MPC regime. This 
behavior results from the fact that for the existence 
of diffuse MP a large number of paths are required to 
superimpose. For short delay values, however, the 
available number of paths that have the correspond-
ing short excess delay is too low, because the aver-
age distance to scatterers is much larger than the de-
lay resolution. Note that for a lower measurement 
bandwidth, the energy contained in the individual 
echoes would be spread out over a larger delay 
range, thus giving rise to an MPC cluster envelope 
that would exhibit a (not necessarily) exponential 
decay characteristic starting from excess delay 0, i.e., 
from the LOS arrival. 

Figure 2 shows color-coded power delay profiles 
for 150 impulse responses. These responses were 
obtained by displacing the Tx antenna along a 
straight line of 150 cm length such that the direction 
of movement was roughly perpendicular to the Rx-
Tx direction; the distance between Rx and Tx was 
approximately 3 m. According to the direction of 
movement the delay of various MPCs changes. In 
particular, the delay of the LOS component changes 
from app. 11 ns at the beginning to app. 9 ns at the 
end of the 150 cm long straight line. It is possible to 
recognize a slight curvature (convex if viewed from 
the left hand side) that accurately reflects the geome-
try of the setting. From Figure 2 it is even recogniz-
able that at the end of the 150 cm movement the 
nearest point along the line of movement (the point 
of shortest Tx-Rx separation) was not yet reached.  

There are some more traces recognizable that are 
parallel to the LOS trace, i.e., they show the same 
delay versus displacement tendency. This suggests 
that these traces correspond to paths that belong to  

 



 

Figure 2: Color-coded power delay profiles for 150 
baseband impulse responses along 150 cm of Tx dis-
placement almost perpendicular to the Rx-Tx line of 

sight. 

the same vertical plane that contains Rx and Tx and 
the LOS path. In fact, by comparison with the ge-
ometry of the room, some of these traces can be as-
sociated with the paths traveling via floor and ceil-
ing. 

In Figure 2 another group of parallel traces can be 
recognized that exhibit increasing delay as the an-
tenna moves (from bottom to top). While the Tx an-
tenna is slightly approaching the Rx antenna due to 
the movement, thus causing a decrease in delay for 
the LOS trace, these traces correspond to scatterers 
from which the antenna is moving away. Again, from 
geometry, the strongest echo of this group corre-
sponds to a path leading from Tx via a wall to Rx. 
Unlike the LOS trace, this trace does not exhibit a 
significant curvature within the accuracy limits of 
the plot. 

Assuming that the wall reflection itself does not in-
troduce any appreciable (group) delay, observed de-
lays can be mapped to geometrical path lengths. In 
this case, the delay values of the LOS trace and the 
trace of the wall reflected path provide range esti-
mates for two receiver positions, namely the actual 
position of the receiver, and the position of its image. 
By using the knowledge of the room geometry and 
receiver position, an estimate of the Tx position 
could be given based solely on the traces from 
Figure 2.4 Furthermore, using the same information, 
the statement given above that the “direction of 
movement was roughly perpendicular to the Rx-Tx 
direction” could be refined to give the actual angle 
between direction of movement ad Tx-Rx direction.  

If the wall reflection in fact would cause a non-
negligible delay, the delay values actually provide 
pseudo-ranges that, by means of a model of the wall 
reflection, could in principle be corrected.  

                                                           
4 Actually, with just two ranges, one additional constraint for the 
unknown position is required, e.g. the height.  

 

Figure 3: Example for a single measured UWB im-
pulse response  in passband. A Kaiser-Bessel fre-

quency domain window has been applied. 

Actually, as far as such global geometry considera-
tions are concerned, the channel behavior is in prin-
ciple scalable regarding distances and bandwidths, 
and plots that are similar to Figure 2 have been ob-
tained for years by certain outdoor measurements. 

A very simple, but nevertheless distinguishing fea-
ture of UWB is that these resolution capabilities are 
made available at room scale. 

 It is obvious that a channel model suitable e.g. for 
positioning applications necessarily has to consider 
these essential UWB channel features. 

At some points in the plot, several traces intersect 
each other. In these regions a regular fading pattern 
is clearly recognizable that, unlike what is observ-
able in the WB case, nicely illustrates the result of 
the superposition of just two individual paths. 

Figure 3 shows an example for a single measured 
UWB impulse response (IR). While the previous 
examples employed equivalent baseband representa-
tions, the IR in Figure 3 is shown in passband, i.e., 
the real valued signal as it would be measured e.g. by 
a DSO. As the measurement was actually band lim-
ited (1-11 GHz) and VNA based, a frequency do-
main window was applied to suppress side lobes. In 
particular, a Kaiser-Bessel window was employed. 
Thus, in effect, Figure 3 shows the response of the 
channel to an impulse that equals the impulse re-
sponse of the frequency domain window. Some 
strong echoes are visible, as before, as well as some 
ringing around these strong echoes. At about 10 ns 
of excess delay (corresponding to 3 m excess path 
length), individual echoes are hardly anymore recog-
nizable. 

Figure 4 shows two examples for averaged transfer 
functions. A frequency decay is clearly recognizable. 
A comparison with Eq. (8) (third line) suggests that 
the transmit characteristic A of the employed anten-
nas is reasonably flat over the considered band. 



 

Figure 4: Example for rms average of 30 x 30 transfers 
functions for Office environment. LOS (left) and 

NLOS (right) conditions. 

4.2 Implications on UWB Channel Modeling 

As was demonstrated by some examples, the meas-
urement data exhibit distinguishing features of the 
UWB radio channel that, unlike the WB case, need 
additional treatment. 

The increased bandwidth allows to resolve individ-
ual paths that correspond to certain interactions with 
the environment. The main characteristic of these 
paths is that they are composed of very few, if not a 
single, components. Nevertheless, even under UWB 
conditions there is still an appreciable amount of 
diffuse, irresolvable multipath components that con-
tribute a considerable part of the signal energy. 
Therefore, models that consist solely of a few 
sparsely distributed echoes miss essential aspects of 
the UWB channel. Many UWB typical applications 
rely on the existence of highly resolvable strong in-
dividual echoes. For a realistic performance assess-
ment it is essential for the channel model to represent 
those influences that degrade the accuracy of the 
detection and estimation of these strong echoes. 
Apart from dense multipath components, there are 
also limitations imposed on resolvability imposed by 
the antennas. 

A simple litmus test for the achievability of a par-
ticular resolution accuracy with a given UWB chan-
nel consists of the comparison of impulse responses 
extracted from partial bands at opposite ends of the 
band under consideration. The achievable overall 
accuracy (as opposed to nominal resolution) is not 
expected to exceed the accuracy limits recognizable 
by apparent differences in these sub-band impulse 
responses. 

For the analysis of moving terminals, the modeling 
of Doppler behavior is required. Regarding dense 
multipath components, due to their very nature as 
superposition of a large number of components, 
methods well known for WB channels can be em-
ployed. 

 

Figure 5: Example for a single modeled UWB impulse 
response (initial 10 ns of excess delay, passband). A 
Kaiser-Bessel frequency domain window has been 

applied. 

Regarding individual components, the observed 
properties suggest to employ a more deterministic 
type of modeling approach corresponding to the less 
erratic spatial characteristics of these echoes 

The authors have proposed a UWB radio channel 
indoor model along these lines for WPAN applica-
tions [9]. An example for a modeled impulse re-
sponse in shown in Figure 5 

5 CONCLUSIONS  

General expressions for transfer functions of the 
ideal free-space and multipath UWB radio channel 
have been given based on transmit and receive char-
acteristic functions for antennas and their relation 
presented in Sec. 2. This relation implies that for low 
relative bandwidth (WB case) the impulse responses 
of an antenna in transmission and reception tend to 
be similar up to a time shift while for large relative 
bandwidths (UWB) both impulse responses are re-
lated by the familiar temporal derivative relationship. 

An inspection of measurement data reveals that the 
UWB channel exhibits both differences and com-
monalities to the wideband channel. A particularly 
significant difference is the occurrence of some indi-
vidually resolvable echoes corresponding to single 
paths. These paths exhibit smooth variations when an 
antenna is moved, as opposed to dense multipath. 
Common to both channels is the occurrence of dense 
multipath. The onset of the dense multipath regime is 
shifted towards larger delays in the UWB case, while  
for lower delay values the energy tends to be more 
concentrated in individual echoes.   
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6 APPENDIX  

6.1 Derivation of Transmit-Receive Relation 

If two solutions (Ea, Ha, Ja, Ka) and  (Eb, Hb, Jb, Kb) 
of  Maxwell's curl equations 
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pertain to the same material distribution within a 
volume V (and possibly different materials outside), 
then these solutions are subject to the Lorentz recip-
rocity constraint [4] 
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Two such solutions are constructed as follows. 
 
Solution (a) We consider an antenna at position  
embedded in free space. In the reference plane of the 
antenna port, electric and magnetic surface current 
densities  
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are impressed to excite the field of mode n traveling 
into the antenna with amplitude a. Due to this source 
arrangement, no fields are excited on the other side 
of the reference plane. Effectively, these surface cur-
rent densities constitute an ideal wave source for 
mode n and amplitude a connected to the input port 
of the antenna. The transmitted field at a point  is 
given by Eq. (2). 

2r

 
Solution (b) No current densities are impressed at the 
antenna port. An elementary electric dipole, i.e., an 
electric current density  

  ( )3
2 2 2 ˆI lδ= −J r r v

)2, i

is impressed at position r (same as for solution (a)) 
in the presence of the antenna at r , leading to a total 

field  where 

2

)= +r
1

2 r( ) ( (2 2 21 21ˆ ˆ, ,i sE r E r E r E

)1 2(2 2ˆ, ,s iEE r r  is the field scattered at the antenna. 

 
Result The result (6) is obtained by inserting the 
above constructed solutions into the reciprocity rela-
tion Eq. (17), letting V  and considering that 
according to the definition of h  in Eq. (5) the an-
tenna source strength b  depends only on the inci-

dent field, i.e., the field the elementary electric di-
pole would produce in absence of the antenna,  

3=

i

 ( ) ( )( )
0 21

2 1 21 0 2 21 21
21

eˆ ˆˆ ˆ,
4

jk r
i j I l

r
ωµ

π

−

= − −E r r v r r vˆ ; 

and furthermore considering that the orientation  of 
the elementary dipole can be chosen arbitrarily. 

v̂

6.2 Other Formulations 

The received wave b  corresponds to a voltage 
wave leaving the antenna with amplitude 

i

iU Z− = b . Introducing 

 ( ) (ˆ , 4 ,N )ˆω π ωh k h k , (19) 

the receive relationship Eq. (5) may be written in the 
form 

  
( ) ( ) ( )2 1

0

ˆ, ,
ˆ ,

i

N

U
Z Z

ωω
ω

−

=
E r k

h k  

and, in time domain, 

 
( ) ( ) ( )2 1

0

ˆ, ,
ˆ ,

i

N

tU t
t

Z Z

−

= ∗
E r k

h k  (20) 

where ∗ denotes convolution. 
Similarly, considering that an input wave  corre-

sponds to a voltage wave with amplitude 
a

U Z  
approaching the antenna, from Eqs. (2), (6), and (19) 
we get 

a+ =

    ( ) ( ) ( )0 12
1 2

12
0 120

, e ˆ ,
2

jk r

N

U
j

c rZ Z
ω ω

ω ω
π

+−

= −
E r

h r , (21) 

with various forms of the time domain equivalent 

 

( ) ( ) ( )

( ) ( )

( ) ( )

1 2 12 0
12

0 120

12
0 12

12
0 12

, 1 1 ˆ ,
2

1 1 ˆ ,
2

1 1 ˆ , .
2

N

N

N

t r c U t
t

c r tZ Z

U t
t

c r t Z
U t

t
c r t Z

π

π

π

+

+

+

 + ∂
= − ∗  ∂  

∂ = − ∂ 

∂
= − ∗

∂

E r
h r

h r

h r

∗

  (22) 

Eqs. (20) and (22) express both the transmit and 
receive characteristic by means of a single effective 
height operator h . These equations correspond to 
those given in [7].  

N

Note that the last form of the transmission equation 
(22) seems to suggest that the input signal is always 
differentiated before being transmitted. 



Alternatively, however, instead of using a single 
effective height h , we may introduce a renormal-
ized gain characteristic 

N

 ( ) ( )12 12ˆ ˆ, ,N 4ω ωA r A r π ; (23) 

then, from Eqs. (2), (5), (6), and (23) 

 

( ) ( ) ( )

( ) ( )

2 1

0
0

2 1

0
0

ˆ, ,
ˆ2 ,

ˆ, ,
ˆ2 ,

i

N

i

N

tU t
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Z Z
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Z

π

π

−

= − ∗

= − ∗

∫

∫

E r k
A k

E r k
A k

d

d

t

t

(24) 

and 

 ( ) ( ) ( )1 2 12 0
12

120

, 1 ˆ ,N

t r c U t
t

rZ Z

++
= ∗

E r
A r (25) 

Transmission equation (25) is equivalent to Eq.  
(22) and seems to suggest that the input signal is 
never differentiated before being transmitted.  

This is only an apparent contradiction because the 
output signal depends on two factors: the input signal 
and the impulse response (  or ). In general, 

 or  can introduce any filter characteristic 
(within constraint (6)). 

Nh NA

Nh NA

However, a few general statements regarding op-
erations that are always or never performed on the 
input signal by an antenna can be made. For exam-
ple, despite the apparent proportionality of radiated 
field and input voltage in Eq. (25), radiation at 

0ω =  is always impeded because  due 

to Eq. (6) for finite h . 
( )0ω = =A 0

( )0ω =

6.3 Relation to Standard Antenna Parameters 

In this section we give a few common antenna pa-
rameters in terms of the transmit and receive charac-
teristic functions  and .  A h

The power available from the receiving antenna is 
given by 

 
( ) ( )2 22

1

av 2 2
0

ˆ ˆ4

1 1

iib
P

Z

π
= =

− Γ − Γ

h k E r k,
 

where matching polarization states are assumed. 
Hence, the effective area for reception of a plane 

wave incident from direction k  is given by (using 
Eqs. (6) and (4)) 

ˆ

 ( ) ( ) ( ) ( )
2 2

2 2

eff iso2 2

ˆ ˆ4
ˆ ˆ

4 41 1
A G

π λ λ
π π

−
= = =

− Γ − Γ

h k A k
k k− . 

If the antenna port is terminated with an ideal open 
circuit (reflection coefficient 1), the open circuit 
voltage is given by 

 . .
eff

0

2 4
1 1

i
O C i iU Z b Z

Z
π

= =
− Γ − Γ

Eh h E . 

From that, the effective length follows as 

 eff
0

4
1

Z
Z

π
=

− Γ
h h . 
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