


1.045 1.05 1.055 1.06 1.065 1.07 1.075

x 10
−6

−1

−0.5

0

0.5

1

Time (s)

A
m

pl
itu

de
 (

V
ol

ts
)

0 1 2 3 4 5

x 10
9

0

10

20

30

Frequency (Hz)

A
m

pl
itu

de
 (

dB
)

Figure 6.4: The measured transmitted UWB monocycle pulse.
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A monocycle pulse with a sub-nanosecond width excited the transmitting an-

tenna periodically every microsecond and the received waveform was measured with

a digital sampling oscilloscope (DSO). A 20 dB attenuated direct output measure-

ment of the monocycle pulse by DSO is shown with its FFT spectrum in Figure 6.4.

The effective 10 dB bandwidth of the pulser output is from 0.42 GHz to 2.36 GHz.

A stable clock triggered both the transmitting pulser and the digital sampling os-

cilloscope. The clock was generated by a signal generator with 0 ns delay, 50 ns

width, 2 ns leading edge, the high voltage 4 V, the low voltage 0 V, and the repeti-

tion frequency 1.00 MHz. The trigger level of DSO was set to 90 mV with a trigger

line 10 dB attenuator connected. The sampling rate of the measured waveform was

20 GHz and each sample was averaged over 256 sweeps to achieve a higher SNR.

Typical measured profiles are shown in Figure 6.5 for different antenna orientations.

6.3 A Wave Polarization Estimation Process with

a Multipath Decomposition Algorithm

In this section, a polarization estimation process utilizes the array propagation

measurement data. The flowchart of the polarization estimation process is shown

in Figure 6.6. For the first step of the polarization estimation process, the Sensor-

CLEAN algorithm is applied to each set of the three antenna orientation measure-

ments separately, whereby the algorithm provides three sets of output estimates.

The Sensor-CLEAN algorithm is an iterative multipath decomposition algorithm

which decomposes a received waveform with a dense multi-path profile into each

68



1025 1030 1035 1040 1045 1050 1055 1060

−0.1

0

0.1

1025 1030 1035 1040 1045 1050 1055 1060

−0.1

0

0.1

A
m

pl
itu

de
 (

V
ol

ts
)

1025 1030 1035 1040 1045 1050 1055 1060

−0.1

0

0.1

Time (ns)

Figure 6.5: Measured amplitude vs. time at the center of the array for the 1st

antenna orientation (top), the 2nd antenna orientation (center), and the 3rd antenna
orientation (bottom).
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Make array measurements for 3 different receiving
antenna orientations

Sensor-CLEAN
#2

Sensor-CLEAN
#1

Sensor-CLEAN
#3

Group decomposed path waveform shape
by time-of-arrival and angle-of-arrival

through three antenna orientations

Estimate and combine the electric fields
for each path

Figure 6.6: The flowchart of the UWB polarization estimation process.

component single-path signal. The Sensor-CLEAN algorithm can provide the prop-

agation channel characteristics in each antenna orientation measurement: time-of-

arrival, angle-of-arrival, waveform shape in the composite received signal. For the

second step, a decomposed multipath element in one set is combined with other

elements by searching in the other two sets with a time-of-arrival constraint Tw, an

elevation angle-of-arrival Θw and a direction-of-arrival constraint Aw. For the last

step, we estimate the impinging electric field by using some antenna properties and

the Gram-Schmidt process.

70



6.3.1 The Sensor-CLEAN Algorithm and Combining

In Equation (4.1), the UWB multipath channel model was provided by

VL(f) =
∑

n

[
En(f, θn, φn) · h(f, θn, φn)

ZL(f)

ZL(f) + ZR(f)

]
+ N(f).

The polarization vector of the receiving antenna p̂ is defined by p̂ = h(f,θ,φ)

||h(f,θ,φ)||

(also, see the definition in Chapter 2), and the receiving antenna transfer function

H(f, θ, φ) is defined as the sensitivity of the antenna [27] by a relationship as

p̂H(f, θ, φ) = h(f, θ, φ) ZL(f)
ZL(f)+ZR(f)

for the elevation and azimuth angle-of-arrival,

θ and φ, respectively1. Then, the time domain representation of Equation (4.1) is

given by

vL(t) =
∑

n

[en(t) · p̂n] ∗ h(t, θn, φn) + n(t) (6.1)

When the Sensor-CLEAN algorithm is applied to array measurement data, the

Sensor-CLEAN algorithm decomposes a received waveform with a dense multi-

path profile into each component single-path signal. The Sensor-CLEAN algorithm

with post-processing, the Wave-Map algorithm [10], provides estimates of each

component’s time-of-arrival, angle-of-arrival, and waveform shape in the following

channel model, which is modified from Equation (6.1).

vL(t) =
N∑

n=1

srec,n(t− τn, θn, φn) + n(t) (6.2)

where τn is the time-of arrival of the nth out of N multipath components at an

elevation angle θn and an azimuth angle φn, srec,n(t) is the nth received impulse

1Note that the angle-of-arrival is defined in the antenna’s coordinate system in Chapter 2.
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waveform which can be given by srec,n(t− τn, θn, φn) = [en(t) · p̂n] ∗h(t, θn, φn), and

n(t) is receiver noise. The time-of-arrival of a multipath component is defined by

τn = arg maxt[srec,n(t, θn, φn)]. The Sensor-CLEAN algorithm with the Wave-Map

algorithm in [10] is generalized to the continuous time case and summarized by the

following steps .

1. Input : Measured pulse response waveform s
(0)
j (t) at the jth element, 1 ≤

j ≤ M , from M different sensors; the sensor position vector dj from the

center of the array to the position of the jth sensor element; loop gain factor

γ; the relaxation window half-width Tp; a detection threshold Tdet which is

used to control the stopping time of the algorithm; the Wave-Map algorithm

parameters of Tw and Aw are the temporal and directional window size for

combining the Sensor-CLEAN algorithm detected signal output which comes

from the same path component.

2. Initialize : Set the Sensor-CLEAN algorithm iteration counter i to i = 0. Set

the initial detection list P(0) and the initial multipath component list S0 to

the empty list. Construct the delay-and-sum beamformer associated with the

direction-of-arrival −âR such that

B(i)(t,−âR) =
M∑

j=1

s
(i)
j

(
t +

dj · (−âR)

c

)

where c is the speed of light.

3. Signal Detection : If max(t,−âR)

∣∣B(i)(t,−âR)
∣∣ < Tdet, then set the number of

iterations I = i and Go to step 7. Otherwise, i ← i + 1.
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4. Detected Signal Storage : Estimate the time-of-arrival t̃(i), the direction-of-

arrival −ã
(i)
R , and the detected waveform w̃(i)(t) at the ith iteration by using

the following equations.

(t̃(i),−ã
(i)
R ) = arg max

(t,−âR)

∣∣B(i−1)(t,−âR)
∣∣, (6.3)

w̃(i)(t) = γ

[
1

M
rect

( t

2Tp

)]
B(i−1)(t + t̃(i),−ã

(i)
R ). (6.4)

Append {t̃(i),−ã
(i)
R , w̃(i)(t)} at the ith iteration to the detection list P .

P(i) = P(i−1) ∪ {{t̃(i),−ã
(i)
R , w̃(i)(t)}}.

5. Update the Residual Waveforms : Remove the detected waveform w̃(i)(t) from

measure waveforms of each sensor. That is, for ∀j ∈ {1, 2, . . . , M},

s
(i)
j (t) = s

(i−1)
j (t)− w̃(i)

(
t− t̃(i) − dj · (−ã

(i)
R )

c

)
.

6. Iterate the Sensor-CLEAN algorithm : Go to step 3.

7. The Wave-Map algorithm initialization : Set the signal detection index list

as C0 = {1, 2, . . . , I}. Set the Wave-Map algorithm iteration counter n to

n = 0. Construct a beamformer using the detection list P(I), the residual

beamformer after the Sensor-CLEAN algorithm iteration, and the detected

waveforms as follows.

B′
n(t,−âR) = B(I)(t,−âR) +

M∑
j=1

∑
i∈Cn

w̃(i)
(
t− t̃(i) − dj · (âR − ã

(i)
R )

c

)
.
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8. Path Detection : If Cn = ∅ or max(t,−âR)

∣∣B′
n(t,−âR)

∣∣ < Tdet, then set the

number of iterations N = n and STOP. Otherwise, n ← n + 1. Note that the

number of the Wave-Map algorithm iterations N is the number of resolvable

multipaths.

9. Multipath Component Characterization and Storage : Estimate the time-of-

arrival τn, the direction-of-arrival −âR,n, and the waveform shape srec,n(t) of

the nth detected multipath component as follows.

s̃rec,n(t) =
∑
i∈Wn

w̃(i)(t),

τ̃n = t̃n,

(t̃n,−ãR,n) = arg max
(t,−âR)

∣∣B′(n−1)
(t,−âR)

∣∣, (6.5)

where

Wn =
{

l ∈ Cn−1

∣∣∣
(|t̃(l) − t̃n| < Tw

)∧(||ã(l)
R − ãR,n|| < Aw

)}
. (6.6)

Equation (6.6) shows that the detected signals that are within a distance

Tw in time and Aw in the direction of arrival are assumed to come from the

same path component to be combined by the Wave-Map algorithm. Append

{s̃rec,n(t), τ̃n,−ãR,n} at the nth iteration to the multipath component list S.

Sn = Sn−1 ∪
{{s̃rec,n(t), τ̃n,−ãR,n}

}

10. Update the Signal Detection Index List : Remove combined detected signals

from further consideration by updating the signal detection index list as Cn =

Cn−1 −Wn.
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11. Iterate the Wave-Map algorithm : Go to step 8.

(End of the Sensor-CLEAN algorithm with the Wave-Map algorithm.)

For the three antenna orientation array measurements, the Sensor-CLEAN al-

gorithm with the Wave-Map algorithm is applied to each set of the three antenna

orientation measurements separately, whereby the algorithm provides three sets of

output estimates, that is the three sets of the multipath component list S. The

three sets of the multipath component list S correspond to the following equations.

The 1st measurement : v
(1)
L (t) =

N(1)∑
n=1

s(1)
rec,n(t− τ (1)

n ,−ã
(1)
R,n) + n(1)(t). (6.7)

The 2nd measurement : v
(2)
L (t) =

N(2)∑
n=1

s(2)
rec,n(t− τ (2)

n ,−ã
(2)
R,n) + n(2)(t). (6.8)

The 3rd measurement : v
(3)
L (t) =

N(3)∑
n=1

s(3)
rec,n(t− τ (3)

n ,−ã
(3)
R,n) + n(3)(t). (6.9)

For the next step, a decomposed multipath element in one set is combined with

other elements by searching in the other two sets with a time-of-arrival constraint

Tw and a direction-of-arrival constraint Aw (same as the Wave-Map algorithm para-

meter Tw and Aw). The combined multipath waveforms are assumed to come from

the exitation of the impinging electric field on the same path over the same time

interval. Hence, for example, if the combined multipath component waveforms from

three measurements are s
(1)
rec(t− τ,−ãR), s

(2)
rec(t− τ,−ãR), and s

(3)
rec(t− τ,−ãR), then

the relationship of s
(i)
rec(t − τ,−ãR) = [e(t) · p̂(i)] ∗ h(t, θ(i), φ(i)) holds for i = 1, 2,
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and 3 (See Equation (6.1)). Therefore, Equation (6.7), (6.8), and (6.9) can be

represented by

The 1st measurement : v
(1)
L (t) =

N∑
n=1

[en(t) · p̂(1)
n ] ∗ h(t, θ(1)

n , φ(1)
n ) + n(1)(t). (6.10)

The 2nd measurement : v
(2)
L (t) =

N∑
n=1

[en(t) · p̂(2)
n ] ∗ h(t, θ(2)

n , φ(2)
n ) + n(2)(t). (6.11)

The 3rd measurement : v
(3)
L (t) =

N∑
n=1

[en(t) · p̂(3)
n ] ∗ h(t, θ(3)

n , φ(3)
n ) + n(3)(t). (6.12)

Note that the polarization unit vector of the receiving antenna p̂(i) can be given by

the elevation and azimuth angle-of-arrival, θ(i) and φ(i), by p̂(i) = (cos φ(i) cos θ(i))ax′+

(sin φ(i) cos θ(i))ay′− (sin θ(i))az′ in Equation (2.1). The angle-of-arrivals for the an-

tenna sensitivity in Equation (6.10), (6.11), and (6.12) correspond to the equivalent

direction-of-arrival, that is,

−ãR,n = sin θ(1)
n cos φ(1)

n â(1)
x + sin θ(1)

n sin φ(1)
n â(1)

y + cos θ(1)
n â(1)

z

= sin θ(2)
n cos φ(2)

n â(2)
x + sin θ(2)

n sin φ(2)
n â(2)

y + cos θ(2)
n â(2)

z

= sin θ(3)
n cos φ(3)

n â(3)
x + sin θ(3)

n sin φ(3)
n â(3)

y + cos θ(3)
n â(3)

z

For the last step, we estimate the impinging electric field en(t) by the Wiener

filtering and the Gram-Schmidt process in Equation (6.10), (6.11), and (6.12), which

will be described in the next subsection.
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6.3.2 An Electric Field Estimator

The impinging electric field en(t) is estimated multipath component by component

using three sets of the multipath component list S. Firstly, en(t) · p̂(i)
n can be

estimated for i = 1, 2, and 3 by the Wiener filtering in [25] and [23].

en(t) · p̂(i)
n = F−1

{
V

(i)
L (f)H∗(f, θ

(i)
n , φ

(i)
n )

| H(f, θ
(i)
n , φ

(i)
n ) |2 +C(i)

}
(6.13)

where the superscript (∗) denotes the complex conjugate, F−1 is the inverse Fourier

transform, C(i) is a smoothing constant related to the variance of n(i)(t), and V
(i)
L (f)

is the Fourier transform of v
(i)
L (t), for i = 1, 2, and 3.

The left-hand side in Equation (A.12), en(t)·p̂(i)
n , is a projection of the impinging

electric field on the antenna polarization vector. The polarization unit vector of the

receiving antenna
{
p̂

(1)
n , p̂

(2)
n , p̂

(3)
n

}
of and the impinging electric field vector en(t)

are in the same plane, which is perpendicular to the direction-of-arrival. Hence,

the Gram-Schmidt process can solve the electric field en(t) as follows.

en(t) = p̂(1)
n [en(t) · p̂(1)

n ] +
p̂

(2′)
n

‖ p̂
(2′)
n ‖

[
en(t) · p̂

(2′)
n

‖ p̂
(2′)
n ‖

]
, (6.14)

where p̂
(2′)
n = p̂

(2)
n − (p̂

(1)
n · p̂(2)

n )p̂
(1)
n . The Gram-Schmidt process in Equation (6.14)

can determine the electric field as long as any two antenna polarizations in
{
p̂

(1)
n , p̂

(2)
n , p̂

(3)
n

}

are selected to span the wave plane perpendicular to the direction-of-arrival.

With the given electric field estimate, the channel model in Equation (6.1) can

give a received waveform estimate v
(a)
L (t) for an arbitrary antenna of the antenna
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sensitivity h(a)(t, θ(a), φ(a)) with an arbitrary orientation at an arbitrary position

d(a) as follows.

ṽ
(a)
L (t) =

N∑
n=1

[
en

(
t− d(a) · (−âR)

c

)
· p̂(a)

n

]
∗ h(a)(t, θ(a)

n , φ(a)
n ), (6.15)

assuming that resolved N number of planar waves by the Wave-Map algorithm

impinge on the arbitrary position d(a).

6.4 Application to the Measured Data

In this section, the UWB polarization estimation algorithm was applied to the

array measurement data. For the Sensor-CLEAN algorithm with the Wave-Map

algorithm, The width of the relaxation window was 2Tp = 34 samples = 0.77 ns,

with the loop gain factor γ = 0.2 and a detection threshold of Tdet = 0.01 volts.

The Wave-Map algorithm parameters of Tw and Aw were Tw = 6 samples = 0.3

ns and Aw = cos(15◦). The maximum of the delay-and-sum beamformer output

was searched in Equation (6.3) and (6.5) over the direction-of-arrival grid at 2◦

increments in azimuth, and the following 36 elevation angles: 20◦, 30◦, 40◦, 45◦,

50◦, 55◦, 60◦, 65◦, 70◦, 72◦, 74◦, 76◦, 78◦, 80◦, 82◦, 84◦, 86◦, 88◦, 90◦, 92◦, 94◦, 96◦,

98◦, 100◦, 102◦, 104◦, 106◦, 108◦, 110◦, 115◦, 120◦, 125◦, 130◦, 135◦, 140◦, 150◦, and

160◦. (The elevation and azimuth angle-of-arrivals in this section are defined in the

antenna’s coordinate system for the 1st antenna orientation as shown in Figure 6.7,

where the antenna’s coordinate system is defined as â′x = ây, â′y = −âx, and

â′z = âz in the absolute coordinate system in Figure 6.1.)

The number of detected multipath components were N (1) = 49, N (2) = 34,

and N (3) = 21 in Equation (6.7), (6.8), and (6.9) for the 1st, 2nd, and 3rd antenna
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x'

y'

z'

Figure 6.7: The antenna’s coordinate system for the 1st antenna orientation mea-
surement.

orientation, respectively. The detected multipath components were combined into

N = 13 associated combinations with Tw = 6 samples and Aw = cos(15◦) in

the channel model of Equation (6.10), (6.11), and (6.12). The superimposed 13

decomposed waveform elements of the multipath decomposition algorithm result

are plotted in Figure 6.8 for each of three antenna orientation measurements in

Equation (6.10), (6.11), and (6.12) (Please compare Figure 6.8 with Figure 6.5.).

For the electric field estimation, the sensitivity of the receiving antenna H(f, θ, φ)

was measured by the Network Analyzer in the anechoic chamber for any combi-

nation of angle-of-arrivals, θ and φ, where θ ∈ {15◦, 30◦, 45◦, 60◦, 75◦, 90◦} and
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Figure 6.8: Results of the decomposition algorithm for the 1st (top), the 2nd (center),
the 3rd (bottom) antenna orientation measurements.
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φ ∈ {0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦}. It is assumed that the antenna is isotropic,

and the sensitivity for intermediate angle-of-arrivals were approximated by piece-

wise cubic spline interpolation of the measured2. The smoothing constant C(i) in

the polarization characterization method was chosen to be 5.5× 10−8 for all i = 1,

2, and 3.

The fidelity of the polarization estimation process with the multipath decom-

position algorithm is verified by a waveform measurement for an arbitrary antenna

orientation. The measured wveform is compared with the estimated waveform by

using Equation (6.15). The arbitrary antenna orientation has the antenna coordi-

nate system bases, â′x = [ 1√
2
, 1√

2
, 0]T , â′y = [−1

2
, 1

2
,− 1√

2
]T , and â′z = [−1

2
, 1

2
, 1√

2
]T .

The arbitrary antenna orientation is same as the one when from the 1st vertically

polarized orientation, the antenna is rotated 45◦ on the boresight axis and the re-

ceiver structure is rotated 45◦ at the top. The test location of the receiving antenna

was at the center of the array and the received waveform is shown at the top of Fig-

ure 6.9. It is noted that the received waveform at the top of Figure 6.9 is different

from any measured waveform in Figure 6.5.

The estimated waveform by the polarization estimation process for 13 multipath

components is in the center part of Figure 6.9. The bottom trace is the difference

between the measured waveform and the estimated waveform. The estimated wave-

form shapes were matched to the corresponding part of the received waveform so

that there were no flipped waveform estimates. The paths whose times-of-arrival

were earlier than 1040 ns were estimated closer to the measured data than the paths

whose times-of-arrival were later than 1035 ns. In Figure 6.9, there is no combined

multipath component from 1033 ns to 1046 ns, even though there are detected mul-

tipath component by the multipath decomposition algorithm out of three antenna

2See MATLAB help of ’interp1’ with an option ’cubic’.
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Figure 6.9: Measured amplitude vs. time at the center of the array for a specific an-
tenna orientation (top) and the estimated waveform with 13 multipath components
by the polarization characterization method (center) and the difference between
the measured waveform and the estimated waveform (bottom).

orientation measurements, as shown in Figure 6.8. Note that the number of com-

bined multipath components with the parameters Tw and Aw is N = 13, whereas

the detected multipath by the multipath decomposition algorithm are N (1) = 49,

N (2) = 34, and N (3) = 21 for three multipath decomposition algorithm. Combining

mismatch is caused by non-optimality of the multipath decomposition algorithm,

which includes the dependency of the algorithm parameters. However, although the

estimated waveform from 1023 ns to 1027 ns is not similar to any of the waveforms

in Figure 6.5, the estimation waveform result was relatively reliable.
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6.5 Limitation on the Estimation Process

Although the Sensor-CLEAN algorithm and the Wave-Map algorithm was useful

to decompose the multipath profile and estimate the time-of-arrival and angle-of-

arrival, the algorithm could not provide the waveform shape estimates of a resolved

component efficiently enough for the polarization estimation in the setup used here.

Limitations on the estimation process is described as follows.

• As with most indirect algorithms, the solution generated by the Sensor-

CLEAN algorithm is a function not only of the data, but of the input pa-

rameters as well [10]. For example, the detected waveform is removed by a

finite time interval gating with the parameter Tw. However, when a multipath

signal component has a late time-of-arrival, the signal component might have

undergone more distortion by channel objects so that the time duration of the

signal component might be wider than the time duration of the line-of-sight

signal component. Hence, the finite time interval gating needs to be provided

with an adaptive width parameter which corresponds to the time duration of

each signal component. In reality, it is difficult to implement the adaptive

width parameter optimally.

• The Sensor-CLEAN algorithm in section 6.3 is not originally designed for

estimating each multipath waveform shape, but for estimating the time-of-

arrival and the angle-of-arrival in [10]. The inter-multipath interference in

the multipath wavform shape estimation is unavoidable, so that the Sensor-

CLEAN algorithm becomes suboptimal.
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• The non-optimality of the multipath decomposition algorithm can make the

combining process fuzzy. For example, the inaccurate estimation of the multi-

path waveform shape, the improper finite time interval gating, low resolution

to decompose adjacent signal components, and so on. In the previous test, the

number of combined multipaths were N = 13 out of N (1) = 49, N (2) = 34,

and N (3) = 21 where N (i) is the number of decomposed signals for the ith

antenna orientation measurement.

• In the propagation measurements, all sensors in the array need to capture all

common multipath signals of the planar electromagnetic wave for the best

performance of the decomposition algorithm. Hence, if the size of the array

is small, it is more likely for the sensors to undergo the common signals of

the planar wave at the cost of the angular resolution of the array.

• The PVC antenna supporting structure for the virtual array measurement

might interfere with the channel measurement and degrade the result. Ad-

ditionally, the receiving antenna sensitivity, which is a function of wave im-

pinging direction, was quantized spatially by every 15 degrees. More antenna

sensitivity measurements with a narrower spatial resolution can decrease ap-

proximation errors of the estimation.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The (first) polarization estimation process in Chapter 4 for UWB multipath chan-

nels has low calculation complexity and requires only three propagation measure-

ments. That is, by measuring three linearly independent polarizations, we can

characterize the effect between the impinging electric field and receiving antenna.

Since the polarization estimation process was verified for the antenna which can be

approximated to the Hertzian dipole antenna, the estimation process is applicable

for any electronically small antenna (antenna that fits within a ball of λ/2π ra-

dius), generally. The estimation process is applicable to any type of UWB signal

and narrow-band signal. Receiving antenna orientation can have a considerable

effect on the performance of an indoor UWB radio receiver. Characterizing the

polarization effect of the electric field and a non-Hertzian dipole receiving antenna

in a multipath channel remains an elusive goal.
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7.2 Future Work

7.2.1 Polarization Diversity Channel Measurement

The impinging electric field on the receiving antenna can be estimated by measuring

three linearly independent polarizations, as described in previous chapters. With

a given transmitted signal, the estimation process can measure a transfer function

from the transmitting antenna terminal to the receiving antenna reference point.

By the reciprocity theorem, the estimation process can be represented as measuring

a transfer function from the receiving antenna terminal to the transmitting antenna

reference point.

Let’s go back to the question in Chapter 1. How can one measure a “physical

channel” from a location to another location in the sense of polarization diversity?

Can we measure a transfer function from the transmitting antenna reference point

to the receiving antenna reference point?

For a scattering measurement, physical channel has a propagation path, that is,

the transmitting antenna −→ target −→ the receiving antenna. The polarization

diversity of the single path channel can be represented by a polarization scattering

matrix, which is defined as [17]

E
s
(f) = S̄(f) · Ei

(f),

where the polarization scattering matrix S̄(f) relates the scattered electric field

E
s
(f) and the incident electric field E

i
(f) at frequency f . The polarization scat-

tering matrix S̄(f) may be considered as a “physical channel” representation for the

scattering measurement. The polarization scattering matrix S̄(f) in the scattering

measurement can be modeled by a vector. Because E(f) can be decomposed into
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two independent directions of polarizations (there is no component in the direction

of propagation), the polarization scattering matrix S̄(f) is a 2×2 complex matrix:




E
s

V (f)

E
s

H(f)


 =




SV V (f)

SHV (f)

SV H(f)

SHH(f)







E
i

V (f)

E
i

H(f)


 (7.1)

where each of the scattered electric field E
s
(f) and the incident electric field E

i
(f)

has linearly independent vector components EV (f) and EH(f). However, the rep-

resentation in Equation (A.8) cannot be applied to a multipath channel case, since

in the multipath channel the impinging electric field on the receiving antenna may

have more than two dimensions of diversity.

In future research, UWB polarization diversity channel measurement will be

investigated in multipath channels. The best transmitting and receiving antenna

orientation which maximize the channel utilization will be analyzed for antennas

which can be approximated to Hertzian dipole antennas, based on the polarization

diversity channel measurement.
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Appendix A

UWB Polarization Measurements in an Anechoic

Chamber

A.1 Introduction

In this thesis, we consider UWB polarization measurements in multipath channels.

For the first step of the research, UWB polarization measurements in a single

path channel is studied. Firstly, the characteristics of three antennas we used

are described. Secondly, bistatic UWB impulse radar range measurements are

introduced. The measurements were conducted to characterize the polarization of

a scattered UWB signal in a shielded anechoic chamber. Thirdly, a polarization

estimation process for a scattered UWB signal is introduced and was applied to the

measurement data, based on a vector transfer function model of the transmitting

antenna, the propagation channel, and the receiving antenna. The fidelity of the

estimation process is verified by comparison between the measured and estimated

waveforms for a reoriented receiving antenna.
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A.2 Antenna Characteristics Measurement

A.2.1 The Reflection Coefficient

The reflection coefficient and the frequency response measurements were carried

out to characterize antennas in a shielded anechoic test chamber1 using a Hewlett

Packard HP8720D vector network analyzer (VNA). Two TEM horn antennas and

a broadband printed circuit board folded dipole (FD) antenna [36] were tested,

which are shown in Figure 2.2 and A.1. In the scattering measurement, TEM horn

antenna #1 was used as a transmitting antenna, and TEM horn antenna #2 and the

FD antenna were used as receiving antennas. For both types of reflection coefficient

and insertion loss measurements, the VNA was set up to sweep from 0.05 to 16.05

GHz in 1601 steps, using an IF bandwidth of 3000 Hz with a sweep time 3.2472 s.

Calibration of the VNA was performed at the connection point(s). It is shown that

the reflection coefficients |S11(f)| of the TEM horn antennas and the FD antenna

are less than -9 dB for the frequency band higher than 1.7 GHz and the frequency

band 1.5 - 4.2 GHz, respectively as shown in Figure A.2.

A.2.2 The Frequency Response and the Sensitivity

Frequency response S21(f) measurements were conducted by the VNA to char-

acterize the boresight directional sensitivities of TEM horn antennas and some

directional sensitivities of the FD antenna. The sensitivity HR(f, θ, φ), which acts

1UltRa Lab at University of Southern California incorporates a radio frequency shielded ane-
choic test chamber with inside dimensions of 9.144 m × 4.572 m × 4.572 m and with NRL
fire-rated broadband pyramidal type of absorbers. The usable frequency range of the chamber is
from 300 MHz to 18 GHz. The quiet zone performance was proposed to be lower than -35 dB for
higher frequency than 1 GHz, and the chamber was manufacured by Advanced ElectroMagnetics,
Inc.
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(a) Pictures of a TEM horn antenna
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y'
x'

13.5 cm
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16.2 cm

(b) The geometry and the dimension of a TEM horn antenna

Figure A.1: Pictures and the geometry of a TEM horn antenna.

93



0 1 2 3 4 5 6 7 8

x 10
9

−30

−25

−20

−15

−10

−5

0

Frequency (Hz)

|S
11

(f
)|

 (
dB

)

horn1
horn2
fd

Figure A.2: The reflection coefficients of TEM horn and FD antennas.
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as the receiving transfer function of the antenna, has units of length, and is defined

in [27] by

VR(f) = E(f) ·HR(f, θ, φ)

= E(f) ·HR(f, θ, φ)ρ̂a (A.1)

where VR(f) is the Fourier transform of the voltage amplitude at the receiving

antenna terminal, E(f) is the impinging electric field at the receiving antenna

reference point, and ρ̂a is the receiving antenna polarization, which consists of a

θ̂−component and a φ̂−component2. In Equation (A.1), the sensitivity is rep-

resented as a product of the receiving polarization ρ̂a and the scalar sensitivity

HR(f, θ, φ) when the polarization is matched to a wave arriving at an elevation

angle θ and an azimuth angle φ.

When the transmitting and receiving antennas are connected to the calibrated

connection points of port 1 and port 2, the frequency response from port 1 to port

2 is represented in [27] by

S21(f) =
(j2πf)η0

4πcZ0

HT (f)
e−j2πfRa/c

Ra

HR(f, θ, φ) (A.2)

where HT (f) and HR(f, θ, φ) denote the transmitting and receiving antenna sen-

sitivities, Z0 = 50 Ω corresponds to the identical source and load impedances,

η0 = 377 Ω is the intrinsic impedance of free space, Ra is the distance between the

transmitting and receiving antenna reference points, and c = 3 × 108 m/s is the

speed of light. Equation (A.2) assumes that the transmitting and receiving antenna

2The sensitivity HR(f) is a function of the antenna effective length LR(f), namely HR(f) =
LR(f) Z0

ZR+Z0
where the output impedance of the antenna is ZR when the antenna is loaded with

impedance Z0.
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polarizations are matched, and the transmitting antenna is boresighted on the re-

ceiving antenna. The sensitivity of the receiving antenna is the receiving antenna

transfer function, when the source and load impedances are matched at Z0.

The sensitivities of two TEM horn antennas and the FD antenna can be solved

using the measured S21(f) data of all (three) antenna combinations. Three S21(f)

measurements were conducted with boresight transmission and reception:

1) the TEM horn antenna #1 to the TEM horn antenna #2,

2) the TEM horn antenna #1 to the FD antenna, and

3) the TEM horn antenna #2 to the FD antenna.

Then by Equation (A.2), the boresight sensitivities of TEM horn and FD antennas

can be solved. There were more S21(f) measurements for various FD receiving

antenna directions: every 5◦ azimuth angle φ, that is, φ ∈ Φ = {0◦, 5◦, ..., 355◦},
and the elevation angle θ ∈ Θ = {20◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦, 90◦}. Assuming

that the FD antenna sensitivity HR(f, θ, φ) has a symmetry on the H-plane, that

is, HR(f, θ, φ) = HR(f, 180◦ − θ, φ), the sensitivities for any integral θ and φ were

interpolated using the Lagrange interpolating polynomial of degree 2 with the mea-

sured S21(f) data3. For all S21(f) measurements, the distance between two antenna

3For a receiving antenna direction in the upper half sphere (θ < 90◦), let θ1, θ2, θ3, and θ4 be 4
elevation angles near the elevation antenna direction θ in Θ. Let φ1, φ2, φ3, and φ4 be 4 azimuth
angles near the azimuth antenna direction φ in Φ. The first step in estimating the sensitivity
HR(f, θ, φ) is to adjust the elevation angle θ. For each value of i in {1, 2, 3, 4}, the estimate of
HR(f, θ, φi) is the arithmetic mean of two Lagrange interpolation estimates:

1) Lagrange interpolation estimate of HR(f, θ, φi) by HR(f, θ1, φi),
HR(f, θ2, φi), and HR(f, θ3, φi), and

2) Lagrange interpolation estimate of HR(f, θ, φi) by HR(f, θ2, φi),
HR(f, θ3, φi), and HR(f, θ4, φi).

The second step in estimating the sensitivity HR(f, θ, φ) is to adjust the azimuth angle φ. The
estimate of HR(f, θ, φ) is the arithmetic mean of two Lagrange interpolation estimates:

1) Lagrange interpolation estimate of HR(f, θ, φ) by HR(f, θ, φ1),
HR(f, θ, φ2), and HR(f, θ, φ3),

2) Lagrange interpolation estimate of HR(f, θ, φ) by HR(f, θ, φ2),
HR(f, θ, φ3), and HR(f, θ, φ4).

Therefore, with the symmetry on the H-plane, the sensitivity HR(f, θ, φ) for any θ and φ can be
interpolated by the Lagrange interpolating polynomial of degree 2.
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Figure A.3: The magnitudes of TEM horn and FD antenna sensitivities in the
boresight direction.

reference points was 1.016 m with polarization match, and an Orbit AD-20R and

BIB-100G antenna positioner was used to adjust the direction of the FD antenna.

The total number of S21(f) measurements was 3 + (360/5)× 8 = 579. Figure A.3

shows the sensitivities of antennas.
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A.3 A Scattered UWB Signal Measurement in

an Anechoic Chamber

A.3.1 Measurement Equipments and Transmitting Antenna

A scattering experiment was conducted in the shielded anechoic chamber to prohibit

interference from the outside areas and minimize reflections created by scattering

of energy by absorbing materials on the inside the chamber. A scattering target

was placed R1 = 4.189 m from a transmitting antenna and R2 = 4.064 m from a

receiving antenna to be in the far-field region. Figure A.4 depicts that bistatic angle

is 14.036◦. The target and antennas were supported on a virtually electromagnetic

wave transparent styrofoam structures of equal height.

A monocycle pulse with a sub-nanosecond width produced by an Avetech AVE2-

C-5000 monocycle pulse generator excited the transmitting antenna periodically

every 2.5 µs. The received scattered signal’s voltage was measured with a Hewlett

Packard HP54750A digital sampling oscilloscope (DSO). A 20 dB attenuated di-

rect output measurement of the monocycle pulse generator by the DSO and its

FFT spectrum are shown in Figure 3.6. The output and input impedance of the

monocycle generator and the DSO are matched at Z0 = 50 Ω. The effective 10 dB

bandwidth of the monocycle generator output is from 0.7 to 5.9 GHz. With respect

to the reflection coefficients of antennas in Figure A.2, the bandwidth of antennas

confirms to the bandwidth of the monocycle pulse in Figure 3.6. A stable clock

triggered both the monocycle generator and the DSO. The clock was generated by

a Hewlett Packard HP8110A pulse generator with 0 ns delay, 50% duty cycle, 2 ns

leading edge, the high voltage 4 V, the low voltage 0 V, and the repetition frequency
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Figure A.4: The scattering measurement setup.
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400 kHz. The trigger level of the DSO was set to 50 mV at the rising edge with a

20 dB attenuator and a blocking capacitor connected in the trigger line.

The TEM horn antenna #1 was used as a transmitting antenna, which was

carefully boresighted on the target centroid by a laser pointer to maximize received

signal strength and to provide the most uniform incident field intensity across the

target. The transmitting antenna was put into a styrofoam structure to be rotated

by −60◦ on the boresight from a vertically polarized antenna orientation. For

example, when the perfect conductor is placed at the location of the target in Fig-

ure A.4, the scattered electric field polarization at the receiving antenna reference

point would be approximately ρ̂e = [ 0,
√

3
2

, 1
2

]T . The target was a copper plate

with dimensions of 0.45 m × 0.41 m, which was placed to make a normal vector on

the copper plate bisect the bistatic angle between the transmitting and receiving

antennas.

Chamber shielding with absorbing materials on the inside the chamber reduces

outside interference and attenuates any undesired scattered signals significantly

other than the desired target-scattered signal, that is, the transmitting antenna →
target → receiving antenna reflection. Therefore, in the presence of the target, the

received electromagnetic field can consist of the target-scattered signal, attenuated

undesired scattered signal, and the field directly coupled from the transmitting

TEM horn antenna.

A.3.2 Receiving Antenna

Two types of the scattering measurement were conducted with the receiving TEM

horn antenna #2 (TEM measurement), and the receiving FD antenna (FD measure-

ment). For both measurements, the measured data will be processed for estimating

100



the polarization of the scattered impinging wave in the next chapter, assuming that

a scattered wave impinging direction k̂ is known.

In the scattering measurement with the receiving TEM horn antenna #2 (TEM

measurement), the TEM horn antenna #2 was boresighted on the target centroid,

aligned with the known scattered wave impinging direction k̂. For estimating the

polarization of the target-scattered wave, a couple of received waveforms were mea-

sured with vertically and horizontally polarized receiving antennas. Another re-

ceived waveform was measured with the antenna rotated −45◦ around the boresight

from the original vertically polarized antenna orientation, for the validation of the

target-scattered wave polarization estimator in the TEM measurement.

On the other hand, in the scattering measurement with the receiving FD an-

tenna (FD measurement), the same target-scattered wave was measured with the

same target present at the same receiving antenna reference point as in the TEM

measurement, for estimating the target-scattered wave polarization. However, the

target-scattered wave did not impinge to the boresight of the receiving FD antenna.

Received waveforms were measured with three orthogonal FD antenna orientations,

which are referred as vertical, horizontal, and radial antenna orientations (V, H,

and R orientations). Figure A.5 shows the antenna orientations in the antenna’s co-

ordinate system with the target-scattered wave impinging direction k̂ = [−1, 0, 0]T .

The absolute coordinate system is defined consistently with the chamber geometry

to facilitate understanding the actual spatial plan as depicted in Figure A.4. Three

Cartesian bases of the antenna’s coordinate system of V, H, and R orientations are

shown with the corresponding receiving antenna polarization in Table A.1. Three

antenna orientations are orthogonal such that x̂′V = ŷ′H = −ẑ′R, ŷ′V = ẑ′H = ŷ′R, and

ẑ′V = x̂′H = x̂′R, where the subscript denotes the corresponding antenna orientation.
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Figure A.5: The geometry of the scattered impinging wave and a receiving FD
antenna model. The solid line shows the virtual sphere and the H-plane of the
antenna. The antenna polarization ρ̂a and the scattered electric field polarization
ρ̂e are on the small dotted elliptical plane, which is perpendicular to the wave
impinging direction k̂ and tangential to the sphere for the plane wave.
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Table A.1: The antenna’s coordinate system bases the receiving antenna polariza-
tion for receiving FD antenna orientations.

x̂′ ŷ′ ẑ′ ρ̂a

V orientation




0.6124
0.7071

−0.3536






−0.6124

0.7071
0.3536







0.5000
0

0.8660







0
0
1




H orientation




0.5000
0

0.8660







0.6124
0.7071

−0.3536






−0.6124

0.7071
0.3536







0
0.8944
0.4472




R orientation




0.5000
0

0.8660






−0.6124

0.7071
0.3536






−0.6124
−0.7071

0.3536







0
−0.8944

0.4472




E orientation




0.8095
0.4132
0.4172






−0.5567

0.7660
0.3124






−0.1868
−0.4924

0.8501







0
−0.5012

0.8653




For the validation of the target-scattered wave polarization estimator in the

FD measurement, another received waveform was measured with the reoriented

antenna, whose orientation is represented as E orientation in Table A.1. E orien-

tation was chosen to have the receiving antenna polarization different from those

of previous measurements (see the mutual inner product column in Table A.2).

Supposing when the perfect conductor was placed at the location of the target,

the receiving polarization of E orientation would be about perpendicular to the

scattered wave polarization. Therefore, the received signal for E orientation is from

the cross-polarized scattered field component, and may be expected to have a low

SNR.

To attain the FD receiving antenna orientations, the antenna positioner was

utilized precisely. The antenna cable was fixed to a styrofoam structure built on the

positioner, as shown in Figure A.6. The positioner is an azimuth-over-elevation type

antenna positioner, which consists of a gantry which provides the θ rotation and

an azimuth positioner which provides the φ rotation [15]. To locate the receiving
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Table A.2: Geometrical description of receiving FD antenna orientations.

antenna AoA mutual ρ̂a inner product arctan
[

orientation θ φ V H R E (ρ̂a·ŷ)
(ρ̂a·ẑ)

]

V 60◦ 315◦ 1.0000 0.4472 0.4472 0.8653 0◦

H 128◦ 51◦ 0.4472 1.0000 -0.6000 -0.0613 63.4349◦

R 128◦ 309◦ 0.4472 -0.6000 1.0000 0.8353 -63.4349◦

E 101◦ 325◦ 0.8653 -0.0613 0.8353 1.0000 -30.0812◦

antenna at the desired receiving antenna reference point and adjust the antenna

orientation, all experiment procedures in the FD measurement were conducted with

the styrofoam structure tilted (θ rotation) and rotated at a proper angle (φ rotation)

by the positioner4. For all measurements in both of the TEM measurement and

the FD measurement, receiving antenna was located at the same antenna reference

point with different orientations.

The receiving antenna converts the scattered field into a voltage at the receiving

antenna terminal. Since the voltage at the receiving antenna terminal was weak, the

voltage was amplified by a low noise amplifier (LNA). In Figure 3.8, the frequency

response of the LNA is shown to be about 24 dB gain from 1 to 4 GHz. The

output of the LNA was sampled by the DSO with a sampling rate of 200 GHz. The

number of samples was 4000, and the span of the samples was 20 ns centering about

the scattered signal. This sampled signal was ensemble-averaged over 256 times to

increase the signal-to-noise power ratio (SNR). For each antenna orientation, the

received waveform was measured in two cases, with and without the target, to

4When the antenna orientation was adjusted by the positioner, there were 3 sequential move-
ments of the antenna orientation adjustment:

1) tilting antenna α◦ at the joint between the antenna terminal and the cable connector,
2) rotating the upright styrofoam structure β◦ on the (horizontal) x-y plane by the positioner

(φ rotation), and then
3) tilting the styrofoam structure γ◦ toward the target by the positioner (θ rotation).

V orientation was set up with α = 0◦, β = −45◦, and γ = 30◦, H orientation was with α = −90◦,
β = 45◦, and γ = 30◦, R orientation was with α = −90◦, β = −45◦, and γ = 30◦, and E
orientation was setup with α = −50◦, β = −40◦, and γ = 30◦.
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(a) Transmitting (left) and receiving (right)
TEM horn antenna structures in the TEM mea-
surement.

(b) Transmitting TEM horn (left) and receiving
FD (right) antenna structures in the FD mea-
surement.

(c) Target from the receiving antenna (d) FD antenna structure

Figure A.6: Measurement setup pictures.
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extract the target-scattered signal component from the received signal where the

target-scattered signal, attenuated undesired scattered signals, and the field directly

coupled from the transmitting TEM horn antenna are coexistent.

A.4 Polarization Estimation of a Scattered UWB

Signal

A.4.1 Scattering Measurement Transfer Function System

Before a polarization estimation process is introduced, the scattering measurement

is considered from a transfer function point of view in the frequency domain. The

effects of LNA and connection cables are ignored in this exposition. The scattering

measurement system is described by a function of the transmitting antenna sensi-

tivity, the scattering property of the target, and the receiving antenna sensitivity.

When the input monocycle pulse in Figure 3.6 with Fourier transform VP (f) drives

the transmitting antenna, the Fourier transform of the received signal’s voltage

VT (f) being sampled by the DSO can be modeled as

VT (f) = VP (f)

[
(
HEG(f) ·HR(f)

)
+

M∑
i=1

(
H

i

EG(f) ·Hi

R(f)
)]

+NT (f). (A.3)

The first part in brackets corresponds to the received signal component provided by

scattering from the target, and the second part in the brackets corresponds to the

received signal component caused by all M other signal paths between the transmit-

ting and receiving antennas. A vector transfer function H
(i)

EG(f) relates the electric

field at the receiving antenna reference point to the voltage at the transmitting
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antenna terminal for a propagation path, and H
(i)

R (f) is a corresponding receiving

antenna sensitivity. Receiver noise is represented by NT (f).

To extract the target-scattered signal component from the received signal, a

received waveform without the target is measured and represented with a receiver

noise NB(f) as

VB(f) = VP (f)
M∑
i=1

(
H

i

EG(f) ·Hi

R(f)
)

+ NB(f). (A.4)

Then, subtraction Equation (A.3) from (A.4) gives a desired target-scattered signal

component formula as

VS(f) = VT (f)− VB(f)

= VP (f)
[
HEG(f) ·HR(f)

]
+ NS(f) (A.5)

where NS(f) = NT (f)−NB(f).

By the definition of HEG(f),

VS(f) =
[
E

s
(f) ·HR(f)

]
+ NS(f) (A.6)

where E
s
(f) is the scattered electric field which is impinging to the receiving an-

tenna.

The incident electric field to the target in the far-field region generated by the

transmitting antenna is given by [27]

E
i
(f) = VP (f)

(j2πf)η0

4πcZ0

HT (f)
e−j2πfR1/c

R1

(A.7)
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where R1 is the distance between the transmitting antenna and the target. Then,

with a given polarization scattering matrix5 S̄(f), a vector transfer function HEG(f)

from the transmitting antenna terminal to the electric field at the receiving antenna

is given by

HEG(f) = S̄(f) ·
{

(j2πf)η0

4πcZ0

HT (f)
e−j2πfR1/c

R1

}
. (A.8)

Finally, substituting Equation (A.8) into (A.5), the scattering measurement system

is described by a function of the transmitting antenna sensitivity, the scattering

property of the target, and the receiving antenna sensitivity.

VS(f) = VP (f)

[
HR(f) · S̄(f) ·

{
(j2πf)η0

4πcZ0

HT (f)
e−j2πfR1/c

R1

}]
+ NS(f).

A.4.2 Wave Polarization Estimation

Suppose that a received waveform is measured with a known target-scattered wave

impinging direction to the receiving antenna. After the first measurement, the an-

tenna orientation only is changed, and another received waveform voltage is mea-

sured again. The goal of this process is to develop a wave polarization estimation

process, which is validated by comparing the third measured waveform voltage with

5The polarization scattering matrix is defined as [17]

E
s
(f) = S̄(f) ·Ei

(f)

Because E(f) can be decomposed into two independent directions of polarizations (there is no
component in the direction of propagation k̂), the polarization scattering matrix S̄(f) is a 2×2
complex matrix:

[
E

s

V (f)
E

s

H(f)

]
=

[
SV V (f)
SHV (f)

SV H(f)
SHH(f)

] [
E

i

V (f)
E

i

H(f)

]

where E
s
(f) and E

i
(f) are the scattered and incident electric fields, each with linearly independent

vector components EV (f) and EH(f).
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the estimator for a different antenna orientation from two antenna measurements

with different orientation. It is assumed that the receiving antenna sensitivity

HR(f, θ, φ) is known for all antenna orientations. With a different antenna orienta-

tions, the impinging wave has different elevation and azimuth angle-of-arrival and

a different receiving antenna polarizations. That is, when the antenna orientation

is changed, the magnitude and direction of HR(f, θ, φ) are changed.

When the electromagnetic wave propagates over a channel, especially when with

penetration and/or reflection by an object, the electric field polarity is a function

of time. Hence, even for the linearly polarized UWB transmitted signal’s electric

field, the signal undergoes channel filtering so that the polarity becomes non-linear

and time-varying. Hence, the scattered electric field E
s
(f) at the receiving antenna

reference point is represented by a equivalent time-domain representation ēs(t).

Then, with two antenna orientation measurements, the time-domain representa-

tions of the received waveform at the DSO with measurement noise are represented

by Equation (A.6) as

v1(t) = [(ēs(t) · ρ̂1) ∗ hR(t, θ1, φ1)] + n1(t) (A.9)

v2(t) = [(ēs(t) · ρ̂2) ∗ hR(t, θ2, φ2)] + n2(t) (A.10)

where vk(t) is the kth measured voltage at the DSO at time t, hR(t, θk, φk) is the

time-domain representation of the scalar sensitivity HR(f) for a wave arriving at

elevation angle θk and an azimuth angle φk, ρ̂k is receiving antenna polarization,

and nk(t) is noise or artifacts from other multipath (k = 1 or 2).

The receiving antenna polarizations are perpendicular to the wave impinging

direction. Hence, for the plane wave, two receiving antenna polarizations and the

impinging wave polarization are in the same plane which is perpendicular to the
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wave impinging direction k̂, as depicted in Figure A.5. Therefore, by the Gram-

Schmidt orthogonalization process, the impinging electric field is given by

ēs(t) = ρ̂1(ē
s(t) · ρ̂1) +

ρ̂2 − (ρ̂1 · ρ̂2)ρ̂1

‖ρ̂2 − (ρ̂1 · ρ̂2)ρ̂1‖ ·
[

ρ̂2 − (ρ̂1 · ρ̂2)ρ̂1

‖ρ̂2 − (ρ̂1 · ρ̂2)ρ̂1‖ · ē
s(t)

]
(A.11)

where ρ̂1 and ρ̂2 are antenna polarizations, and (ēi(t) · ρ̂1) and (ēi(t) · ρ̂2) can be

estimated by Equation (A.9) and (A.10). Estimation of (ēs(t) · ρ̂1) and (ēi(t) · ρ̂2)

uses a deconvolution process adapted from [25],

ēs(t) · ρ̂k = F−1

{
Vk(f)H∗

R(f, θk, φk)

|HR(f, θk, φk)|2 + C

}
(A.12)

where the superscript (∗) denotes the complex conjugate, F−1 is the inverse Fourier

transform, and Vk(f) is the Fourier transform of vk(t), for k = 1 or 2. The smooth-

ing parameter C is selected so that the effective bandwidth of the deconvolved

response (ēs(t) · ρ̂k) in Equation (A.12) just falls within that of the measurement

system.

For validation of the result in Equation (A.11), the third waveform v3(t) for a

different antenna orientation, where the receiving antenna sensitivity is hR(t, θ3, φ3)

and the receiving polarization is ρ̂3, is estimated and compared with the measured

waveform. Using Equation (A.6), (A.11), and (A.12), the estimate is

ṽ3(t) = (ēs(t) · ρ̂3) ∗ hR(t, θ3, φ3). (A.13)

This polarization estimation method and the waveform estimation technique are

applied and tested with measured data in the following section.
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A.4.3 Results and Discussion

In this section, the UWB signal polarization estimation process is applied to the

scattering measurement data. In Figure A.7, a received waveform for the vertically

polarized TEM horn receiving antenna with the target present is shown with a 50

ns span6. The directly coupled component from the transmitting antenna was sam-

pled around 1.44×10−7 s, and the target-scattered signal component was sampled

around 1.67×10−7 s. To extract the target-scattered signal component from the

received signal, a received waveform without the target was subtracted from the

received waveform with the target present. Figure A.8 shows an example of the ex-

traction for the vertically polarized TEM horn receiving antenna. For all scattering

measurements, the directly coupled component disturbed the scattering component

insignificantly (as shown in Figure A.8) because the difference between the propa-

gation path length of the scattered field and that of the directly coupled field was

much longer than the spatial extent of the directly coupled field component.

In the TEM measurement, received waveforms were measured with the receiving

TEM horn antenna #2, and the antenna was rotated around the boresight direction

by 0◦, −45◦, and −90◦, from the original vertically polarized antenna orientation.

The target-scattered signal component for each antenna orientation is plotted in

Figure A.9. The signal’s voltage in the −45◦-rotated case had a larger peak than

those in the 0◦ and −90◦-rotated cases. By using signal waveforms in the 0◦ and

−90◦-rotated cases, the polarization estimation process can calculate the estimated

waveform in the −45◦-rotated case. However, since the scattered wave had under-

gone the same receiving antenna sensitivity with only different receiving antenna

6The ripples around 1.4×10−7 s in Figure A.7, which is about 0.05×10−7 s earlier than the
peak, is the response of the ripples in monocycle pulser output. Figure 3.6 shows that the ripples
around 2.2×10−8 s is about 0.05×10−7 s earlier than the peak.
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Figure A.7: The received waveform for the vertically polarized TEM horn receiving
antenna with the target present.
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Figure A.8: Received signals with and without the target are plotted overlayed for
the vertically polarized TEM horn receiving antenna (top). The target-scattered
signal component is plotted (bottom), which is the difference between two signals
at the top.
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polarizations for all cases, no frequency-domain calculation of antenna sensitivity

is required. That is, the received waveform estimation by Equation (A.13) can be

simplified to

ṽ3(t) = (ρ̂3 · ρ̂1)v1(t) + (ρ̂3 · ρ̂2)v2(t) (A.14)

when the two receiving antenna polarization ρ̂1 and ρ̂2 are orthogonal.

Then, by Equation (A.14), the measured and estimated waveforms in the −45◦-

rotated case are shown in Figure A.10. The peak voltage in the error was about

21.8 dB less than the peak voltage in the measured data.

In the FD measurement, four received signals with different antenna orienta-

tions were measured with the FD receiving antenna: three (orthogonal) V, H, and R

orientations for the polarization estimation, and E orientation for the validation of

the polarization estimatior. The target-scattered signal components for V, H, and

R orientation measurements show a similar envelope in Figure A.11. However, the

received waveform for R orientation has a flipped polarity from other waveforms on

account of the corresponding antenna polarization. For each antenna orientation,

corresponding antenna sensitivity is shown in Figure A.12, including the antenna

sensitivity for E orientation. Using Equation (A.13) with two received waveforms

among three orthogonal measurements, the polarization estimation process can

calculate the estimator of the received waveform for an arbitrary antenna orien-

tation. Equation (A.13) in the estimation process is unable to be simplified as

Equation (A.14), since the scattered wave had undergone different antenna sensi-

tivity for each antenna orientation measurement. Hence, for the FD measurement,

the polarization estimation process calculated the estimator of the received wave-

form for E orientation, using received waveform for V and R orientations with
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Figure A.9: Received waveforms of the target-scattered signal component with the
receiving TEM horn antenna in the TEM measurement, where the antenna was
rotated around the boresight direction by 0◦, −45◦, and −90◦, from the original
vertically polarized antenna orientation.
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Figure A.10: Measured and estimated waveforms of the target-scattered signal
component with the 45◦-rotated TEM horn receiving antenna (top) and the error
between the measured and estimated waveform (bottom) in the TEM measurement.
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Figure A.11: Received waveforms of the target-scattered signal component with V,
H, and R orientations in the FD measurement.

the smoothing constant C = 5.5 × 10−8. To validate the estimation process, the

measured and estimated waveforms for E orientation are compared in Figure A.13.

The peak voltage in the error was about 6.71 dB less than the peak voltage in the

measured data.

A calibration measurement of a received signal was introduced to assess the

measurement accuracy. The transmitting TEM horn antenna was located at the

target position, and the receiving TEM horn antenna was located at the same re-

ceiving antenna reference point. With polarization match, the transmitting antenna

was excited by the transmitted monocycle pulse, and the received waveform was

117



0 1 2 3 4 5 6 7 8

x 10
9

−65

−60

−55

−50

−45

−40

−35

−30

−25

Frequency (Hz)

|H
(f

,θ
,φ

)|
 [m

 (
dB

)]
 

V: H( f, 60°,315°)

H: H( f,128°, 51°)

R: H( f,128°,309°)

E: H( f,101°,325°)

Figure A.12: The antenna transfer function (sensitivity) magnitudes for V, H, R,
and E orientations in the FD measurement.
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Figure A.13: Measured and estimated waveforms of the target-scattered signal
component with E orientation of the FD receiving antenna (top) and the error
between the measured and estimated waveforms (bottom) in the FD measurement.
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Figure A.14: Measured and estimated waveforms of the calibration measurement
setup (top) and the error between the estimated and measured waveform (bottom).

measured. In Figure A.14, the measured calibration signal is compared with the es-

timated calibration signal, which is a convolution between the measured monocycle

pulse signal and a measured impulse response by the VNA from the transmitted

pulse exciting point to the DSO measurement point. The propagation path in the

calibration measurement without the target was shortest among all the measure-

ments including the TEM and FD measurements, and the directional TEM horn

antennas were employed to entail high gain without polarization mismatch loss.

Hence, the estimation accuracy of the calibration measurement would be the best

that we can achieve by the polarization estimation process, and the error in the

calibration measurement results from unavoidable experimental limit of accuracy.

120



To quantify the error energy of UWB pulse signal estimation, a pulse width

definition is proposed. The minimum x dB-energy pulse width (or the minimum

y %-energy pulse width, where y = 10−x/10+2) of a UWB pulse signal is defined

as the minimum partial time interval of the pulse signal, where y % of the signal

energy is contained. For the calibration measurement estimation in Figure A.14,

the minimum 90 %-energy pulse width (the minimum 10 dB pulse width) is from

5.811×10−8 to 5.898×10−8 s, and the normalized estimation error over the pulse

width7 is 0.1193. The minimum 85 %-energy pulse width is from 5.825×10−8 to

5.870×10−8 s, and the normalized estimation error over the pulse width is 0.1013.

For the FD measurement estimation in Figure A.13, the minimum 90 %-energy

pulse width is from 1.671×10−7 to 1.684×10−7 s, and the normalized estimation

error over the pulse width is 0.2888 (3.84 dB above the calibration estimation error).

The minimum 85 %-energy pulse width is from 1.672×10−7 to 1.676×10−7 s, and

the normalized estimation error over the pulse width is 0.1647 (2.11 dB above the

calibration estimation error). The minimum 85 %-energy pulse width is close to

the time width between the second zero crossing points from the signal peak.

The estimation error in the TEM measurement was smaller than the estimator

error in the FD measurement. Compared to the polarization estimation process in

the TEM measurement with Equation (A.14), the polarization estimation process

in the FD measurement with Equation (A.13) requires more complex frequency-

domain calculations of antenna sensitivities, where some of antenna sensitivities

were interpolated with antenna sensitivities derived from Equation (A.2). Mea-

sured data of the FD measurement have lower SNR than that of the TEM mea-

surement, which is caused by using lower gain receiving antenna. To improve the

7The normalized estimation error over the pulse width Tp is defined as ẽ =
(
∫

Tp
r2(t)dt)−1

∫
Tp
‖r(t) − r̂(t)‖2dt, where r(t) is a measured signal, r̂(t) is a estimate of r(t) ,

and the integrations are over the pulse width Tp.
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estimator result in the FD measurement, we must repeat S21(f) measurements in

Equation (A.2) with different transmitting or receiving antenna positions and aver-

age the measured S21(f) over the repeated measurement data to acquire accurate

antenna sensitivities. A reference antenna with known characteristics can be used

to simplify antenna sensitivity measurements for a better result.

A.4.4 Conclusion

In the anechoic chamber measurement, two types of measurements were conducted

for the polarization estimation process. The first measurement, the TEM horn

measurement, is based on a UWB radar system channel scale model. The direc-

tional TEM horn antenna was used to maximize received signal strength at the

boresight. The second measurement, the FD measurement, is based on a simpli-

fied UWB wireless communication system channel model. The simplified channel

is a single-path channel extracted from a UWB multipath channel. Hence, even

with the knowledge of the transmitter location, the wave in the single-path channel

does not always impinge in the receiving antenna boresight direction. Therefore,

three orthogonal antenna orientation measurements were conducted, and the omni-

directional FD antenna was used in the second measurement. Based on the result of

the FD measurement, the polarization estimation process in the single-path chan-

nel may be extended to the polarization estimation process in a UWB multipath

channel with a proper decomposition algorithm.

The accuracy of the estimation algorithm should depend on the effective band-

width of the transmitted pulse, antenna bandwidth, antenna transfer function, and

so on. For a higher frequency UWB signal than our test setup, for example 3.1 - 10.6

GHz frequency band signal fitting FCC Mask [12], the algorithm should be valid,
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but a more refined receiving antenna placement technique for different orientations

will be necessary.
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