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On the Use of the Matrix-Pencil Method to
Correlate Measurements at Different Test Sites

Benat FourestE, Zwi Altman, Senior Member, IEEEJoe Wiart,Member, IEEE and Alain Azoulay

Abstract—A new method for systematic correlation of measure- the quiet zones. Time-domain approaches are comparatively
ments in semi-anechoic and anechoic chambers is presented. Amore accurate, but they require complicated equipment such
signal measured in a semi-anechoic chamber is first processedas pulse generators and fast sampling oscilloscopes [8], [9]
using the matrix-pencil method which is applied sequentially . ) . Ve
on small frequency intervals. On each interval the measured The aim O_f th'S_Work IS to put forw_ard a_ new method_
signal is decomposed into its propagating wave components.for systematic retrieval of results obtained in an anechoic
The component corresponding to the wave reflected from the chamber from results measured in a semi-anechoic chamber
ground is identified and removed to fully retrieve the signal ysing the matrix-pencil method [10]. It is assumed that the
measured in an anechoic chamber. Three examples using 10g-yeasyrements are available in both amplitude and phase.

periodic and Vivaldi antennas in different anechoic and semi- The followi trat . d t lat
anechoic chambers for varying frequency ranges illustrate the € Toflowing sfrategy IS proposed to correlate measure-

method. The proposed decomposition algorithm can be utilized Ment results. First, the measured signal is decomposed into
to characterize measurement test site imperfections. a small number of complex exponential functions. Then,
Index Terms—Anechoic chamber (electromagnetic), anten- the exponential functions are processed to identify the terms

na measurements, matrix-pencil method, measurements, (semi-COWESponding to the different propagating components, viz.,
Janechoic chamber, test site. the direct and the reflected wave components. Once identified,

the term corresponding to the reflected component is removed
to retrieve the signal obtained in an anechoic chamber.

The matrix-pencil method or its previous version, the gen-
EASUREMENT test sites fall into two main categoriesgralized pencil of function method (GPOF) method [11], are
sites which are ideally free of reflections such agoth robust and accurate techniques for decomposing signals

anechoic chambers and sites with reflecting ground suchig® a sum of complex exponential functions. They have
semi-anechoic chambers and open-area test sites (OATS). hBen successfully applied to various problems in electro-
nature of electromagnetic wave propagation differs in thefgagnetics such as the extrapolation of time signatures in
different test sites due to varying reflections from the grounfle finite-difference time-domain (FDTD) method [12], the
or absorbing materials, if present, and contingent resonang@resentation of induced currents over large and smooth
phenomena. For a given experimental setup of a radiatiggatterers [13] and the solution for a class of large-body
source and a receiving antenna, measured results are likedwttering problems [14]. Every continuous function with finite
to vary for each different test site. Therefore, standards Qﬁpport can be described as a series of Comp|ex exponentia|
measurements are specific to each type of site [1]-[3].  functions. The use of the matrix-pencil method is of particular

A model based on the geometrical-optics approximatiqfterest when the signal is composed of the sum of only a few
with the assumption of a perfectly reflecting ground plangomplex exponentials. In many cases, other types of functions,
has been proposed to correlate measurements performedigh as oscillating functions with algebraic attenuation, can
anechoic and semi-anechoic chambers. However, such as{y@- accurate|y decomposed into a sum of a few Comp|ex
plified model has a limited domain of validity and often leadgxponentials provided that the interval in which they are
to correlation with poor accuracy [4]. considered is relatively narrow.

To make possible measurement correlation, it is necessaryfhe paper is organized as follows. In Section 11, the correla-
to characterize test site imperfections. Site characterizatigén technique based on the matrix-pencil method is described.
can be carried out either in frequency or in time domain [SFhree examples of the proposed technique applied for different
In the frequency domain, measurements of normalized sfReasurement configurations are presented in Section llI, fol-

attenuation (NSA) [6] necessitate anpriori knowledge of |owed by a discussion and concluding remarks in Section IV.
certain antenna parameters such as the antenna factor in a

given direction. The frequency-domain approach for anechoic
chambers described in [7] involves measuring the interference
pattern by moving one of the antennas and carefully scanning
Consider a system consisting of two antennas facing each

Manuscript received April 6, 1998; revised February 15, 1999. other in a semi-anechoic chamber (Fig. 1). The transmission
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——» level are discarded. We therefore apply a cutoff criterion in
the SVD which is determined by a threshald

T3

<e 4

O—Hl ax

whereg; is the singular value under consideration angl,.
C the highest singular value corresponding to the direct propa-
v v gating wave. The value far, which defines the upper limit
Reflected contribution for the error introduced by the SVD reconstruction, is chosen
as one over the signal-to-noise ratio (SNR). SNR values of
25-30 dB can be easily achieved with the experimental setup,
and a value of 30 dB has been chosen throughout this work.
from the ground. Ideal absorbers are assumed at the frequendgespecting the above cutoff criterioss™!(f) can be
range under consideration. accurately described on each subinterval using three com-
With a view to physically identify the propagating compogplex exponentials: the direct and the reflected propagating
nents of the measured signal, we undertake the decomposigemponents and a third component that can be viewed as a

Fig. 1. Antenna setup for transmission coefficient measurements.

of S55™i(£) into a sum of complex exponentials corrective term related to the antenna factors. From the list of
u complex exp_onential functions generated by the matrix-pencil
Sse““(f) _ Z cetif (1) routlr_1e, we fln_d those related to the p_ropagatmg components.
2t — ¢ The identification of the two propagating components can be
= performed assuming two hypotheses.
where ~;'s are complex numbers of the form;, = a; + 1) The phase of the direct and reflected components are
Jjpi. a's are damping factors required to repressgt™(f) continuous with frequency, i.e3;’s are continuous for
in terms of complex exponential functions. They take into i=1,2.
account the attenuation due to propagation, reflections, and) The amplitude of the direct component is greater than
antenna factorsg; has the dimension of radiam second that of the reflected one. The contribution of the third
and is related to the propagation time of tke component exponential is small compared to the two others.

between the two antennas. The prodggf is related to the
phase accumulation of the direct component=(1) between
the two antennas

Once the three exponentials are successfully identified, the
contribution coming from the ground can be removed. We
thus reconstruct the sign&Bpe¢(f) that would be measured
2nd using the same system in a fully anechoic chamber.
=0 f=— d(27) = 2nt d(2 2 o
oL =t c fmod(2m) mt1 fmod(2r) @) The presence of noise in the measured data can make

wheret, is the time needed for the direct propagating conlihe identification of the exponentials a_difficult task and i_s
ponent to travel a distanakbetween the two antennas at th&'™®" Prone when reconstructing the signal on each subin-
velocity of light in free-space. When considering the reflectedterval'_ To reduge the influence of noise we propose the
component, one should add to the phase lag correspondinéqsbgi’l‘i”ng a\slirl?glng‘procedure. Denote By the subinterval
the propagation delay an additional phase taking into accoltl (s 531" (L+i—1)], whereL is the number of samples
the reflection on the ground. in egch subinterval. The decomposn_lon (3) is applied over the
The coefficientse; and ~; can be derived by samp"ngsublntervals_fl to In_r4+1, Where N is the total n_umber of
Ssemi( £) uniformly at frequencies, fr = (k — 1)Af and samples. Each sampkebelongs top; different subintervals

applying the matrix-pencil method to the sampled signal

k; k=1,--+, L
_ M pk:{L; k=L+1,---, N—1L (5)
SRy =) e kA, (3) N+1—k k=N—-L+1,---, N.

=1
Denote by the subscript the interval number to which the

”7 'the present vyork, the entire frgquency range .has beEtrP] sample belongs and b§55°2" (%) the computed value of
divided into subintervals with a width corresponding to recon(;) i subintervals Wéscan write the reconstructed

cycle of the beat frequency of the direct component and t |élnal as follows:
component reflected at the ground. Following the matrix—penalg '
procedure [10], [11], measurement data are laid out into a

Pk
complex matrix[Y]. To estimate the numbe¥l of poles, i.e., Srecon(Ly = £ Z Srecon(foy. (6)
the number of complex exponentials necessary to accurately Priz{

decompose the signal over each subinterval, a singular value

decomposition (SVD) is performed ¢l]. For noiseless data, This averaging, which can be considered as a lowpass filtering
the number of poles can be estimated from the number iotreases the accuracy of the reconstruction. Moreover, it
nonzero singular values. For noisy data, such as consideadldws one to fully exploit the continuity of the phase during
here, singular values which are deemed to be below notbe complex exponential identification process.
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. . reeon . . Fig. 5. Comparison of the reconstructed sigi5gf<°" (f) with the signal
Fig. 3. Comparison of the reconstructed sigsgf<>" (f) with the signal measured in a fully anechoic chambg?*(f) for log-periodic antennas
measured in a fully anechoic chambg$;(f) for log-periodic antennas separated by a distance of 3 m in horizontal polarization.

separated by a distance of 1 m in horizontal polarization.

betweenSiseon( f) and S3rec(f) does not exceed 2.3 dB over

_ the whole frequency range, with an average difference of only
The transmission parametes§;™(f) for different types of 0.4 dB and a standard deviation of 0.59 dB. For frequencies

antennas were measured using the Network Analyzer Wiltrahove 550 MHz, the difference remains below 1.8 dB.

360 B. The Network Analyzer was calibrated to remove the Next, we consider measurements performed in a

influence of the cables and connecting devices. The measute@? x 7.2 x 7.6 ¥ semi-anechoic chamber. Two log-
signal was sampled uniformly and the matrix pencil caperiodic antennas with a nominal frequency bandwidth of
be applied directly to the measured samples without anp0-1000 MHz were set up in horizontal polarization, 2 m
preprocessing. above the ground, and 3 m apart. MeasurementS3pti( f)

The reconstructed signa#5;°°*(f) derived as explained and S30°°(f) were carried out in the frequency range of
above was compared to measured resultS3§f°( f) obtained 300-1000 MHz with a sampling step akf = 3.6 MHz
using the same measuring system and antenna configuratigig. 4). The difference betweesgr<¢( f) and S35°°*(f) over
in a fully anechoic chamber. The fully anechoic chamber walse entire frequency range is less than 3.5 dB and is equal
obtained by adding absorbing material on the growi§éi“*(f) to 0.6 dB on average with a standard deviation of 0.84 dB
was taken as a reference to validate the proposed method(Fig. 5). When considering the frequency range 350-1000

In the first example, measurements were carried out inMHz, the difference is less than 2.3 dB.

3.05 x 4.20 x 2.85 n? semi-anechoic chamber using two In the third example, measurements 68™i(f) and
log-periodic dipole array antennas with a nominal frequencgge<(f) were performed using two broad-band Vivaldi
bandwidth of 200-1000 MHz in horizontal polarization, facantennas in the frequency range of 1-11 GHz (Fig. 6). The
ing each other at a distance of 1 m. The frequency rangatennas were set up in vertical polarization 1 m apart and
considered was 500—-1000 MHz ensuring good performancelom above the ground. Frequency samples were measured at
the absorbing materials and the frequency sampling step veastep of Af = 60 MHz over the whole frequency range.
Af =6 MHz. The two antennas were situated 1 m above tféhe reconstructed sign&l5;se°=(f) is remarkably accurate. It
ground. Measured results f655™!(f) andSare<(f) are shown differs from S32<<( f) by less than 1.8 dB, by 0.3 on average

in Fig. 2 and the comparison between the reconstructed signéth a standard deviation of 0.42 dB (Fig. 7). At frequencies
S55een(f) and Sspee(f) is presented in Fig. 3. The differenceabove 2 GHz, the difference is below 1.2 dB.

I1l. RESULTS



1572 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 10, OCTOBER 1999

0,3 T
Lo [ i ; ’ . | -
[ Semi anechoic . 0.25 = T T
A | ’ . = 0,
A \ 'U
i o /"q:,\\ Anechoic g
o (AL g 02 o AN PR P U R ol
i W e @ e R N e e R il
~ ' At ) i g . Bp - " d |
= ) AR v ol & 8 015 = -
&S P T AT T k=
- i) 5‘\,% B R = 01 ~ -
Y y 3 Bl P )
-4 ® 0,05 L - PR S e
s — | s
o -

f (GHz) f (GHz)

Fig. 6. Comparison of the signal measured in a semi-anechoic champgy 9. Evolution of 3; with frequency for Vivaldi antennas in vertical
S531™(f) with the signal measured in a fully anechoic chambg{““(f)  npolarization 1 m apart.

for Vivaldi antennas separated by a distance of 1 m in vertical polarization.

In the matrix-pencil method the;’'s, ¢ = 1, 2, 3, are

2 . J, assumed constant over each frequency subinterval. For systems
-34 WV {k m\ ————— Reconstructed in which g;’s are functions of frequency, this assumption en-
36 P - A \ ——— Anechoic - tails small errors in the reconstruction of the sighg§=>(f).
— W \[/ \ \ However, this error is minimized by using the aforementioned
@ 38 ' 0 k\ averaging procedure.
= -40 A ’A‘Hﬁ/y Processed measurement results using the Vivaldi antennas
“ ” M ik / show thatj3; of the direct propagating component does not
‘\\/ v show any notable frequency dependence over the whole fre-
-4 guency range (Fig. 9). This result brings us to the interesting
46 | conclusion that the location of the phase center of the Vivaldi

1 2 3 4 5 ¢ 7 8 9 10 1 antennaremains practically unchanged with frequency.
f (GHz)
Fig. 7. Comparison of the reconstructed sigifgf°™(f) with the sig- V.- CONCLUSION

nal measured in a fully anechoic chambgjy°°(f) for Vivaldi antennas

_ ' _ )1 A method for systematic retrieval of measurements in a fully
separated by a distance of 1 m in vertical polarization.

anechoic chambers from measurements in a semi-anechoic

58 = | chamber has been developed in this paper. This method shows
56 its usefulness in the case of antenna testing or measurement

2 —T ] e site validation. It is based on a decomposition of the measured

§ sS4 SN e R ignal into i i i

2 e e Ry signal into its propagating components in the form of complex

g > “r Pt WY exponential functions over narrow frequency intervals using

g s T = = EEn = the matrix-pencil method. It has been shown that the compo-

< 48 5 -.“-.//“ P ;f\‘:.__ - ) nent reflected at the ground can be identified and removed from

X s I % the measured data. Using the presented correlation technique
’ — in three different examples for varying frequency ranges,
44 antennas, and configurations, the results of measurements

0,3 0.4 0,5 0,6 0,7 0,8 0,9 1

performed in fully anechoic chambers have been retrieved
from those performed in semi-anechoic chambers.

Fig. 8 Evolution of3; with frequency for log-periodic antennas in horizontal  1he proposed method has several attractive features: no
polarization 3 m apart. a priori knowledge of the system such as antenna factors

We terminate this section b . RL system configuration is needed. The algorithm requires
y making some remarks on tvgr little computational resources. Unlike techniques based
frequency behavior of the;’s. Consider first the example y e P ’ ) q
of the log-periodic dipole array. At a given frequency, th&" .Founer transform of data. S‘?‘mp'ed in the frequency do-
radiating part of the antenna (called the active region) j8ain: the proposed method is independent of the frequency
located around the elements of length close to that of a turf@@’dwidth under consideration and narrow-band signals can
dipole at the considered frequency [17], [18]. The active regidf handled adequately. Furthermore, its requirements in terms
and its associated phase center move with frequency along @drequency sampling step remain low. _
array and so the distance separating the phase centers of tHestraightforward extension of the method can be envisaged
two log-periodic antennas is a function of frequency. From (jqr lower frequencies. The presence of several reflections in
we can see thaf; is also a function of frequency, and in ahe test site should be handled by decomposing the signal
similar manner we can extend this resultdo The frequency using more exponential terms. First encouraging results in
dependence of thg;’s for the log-periodic antennas is showrthe frequency range of 50-300 MHz have been obtained
in Fig. 8. using five to six complex exponentials in the decomposition.

f (GHz)
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The correlation method could then be used for characterizi~~ Zwi Altman (S’88-M'90-SM'98) received the

measurement site imperfections such as poor performance
absorbing materials, parasitic reflections, or coupling effect
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