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WIDE-BAND REFLECTION COEFFICIENT MEASUREMENTS USING
DIRECT AND INVERSE FREQUENCY-TIME DOMAIN TRANSFORMATIONS

Posrusinyro npo0;emy BuMiproBaHHs KoedinieHTY BinONTTS B INMPOKIiH cMy3i yacToT 3a Ha-
SIBHOCTI 101aTKOBOI'0 BiAOUTTS, 00YMOBJIEHOI' 0 32CTOCYBAHHAM PYNOPHi aHTeHU. OCKiIbKY BiAOUT-
T Bi/l OIOPHOI HEOJTHOPIIHOCTI MaJI0 Y BUIIA/IKY BHKOPHCTAHHSA PYNOPHi aHTeHH, KBAAPaT MOAYJIsl
KoedinieHTy BiZOUTTA BU3HAYaBCs 32 aBTOKOpeJsUiiiHOI0O (QyHkuico cTpykTypu. [IpoBeaeHo mo-
piBHsiHHA MeTtoay IIpoHi i MeTogy BHOKpeMIIeHHsI BiKHOM aBTOKope/suliiiHoi ¢gyHkuii mapysatoi
CTPYKTYPH Y YacoBiii 001acTi 1151 BiTHOB/IeHHS KBaJpaTa MOLyJisl Koe(ilieHTY BiTOMTTS B LIUPOKiii
cMysi yactor. B sixocTi 10CHiKyBaHHX CTPYKTYP 0yJ1M 00paHi HABAHTaKeHHS 3 MOHOTOHHO 3pOCTa-
104uM KoedinieHTOM BinOUTTS, i LIapyBaTa CTPYKTYPA 3 HEBEJIUKOIO KiJIbKICTIO IIapiB, 10 Ma€ nepi-
OJUYHO OCHMIIIOIOYY YaCTOTHY 3aJIeskHicTh KoedinieHTy BinouTTs. Po3paxoBani 3HaUeHHS IOMUJIKH
BiTHOB/ICHHSI PO3TJISIHYTHX MeTOIB B 3a1aHiii cMy3i yacToT. [IpogeMoHCcTpOBaHO MepeBary 3acTocy-
BaHH#A MeToAy IIpoHi KOB3a104NM BIKHOM, SIK IPH YHCEIbHOMY MO/ e/1I0BaHHi, Tak i npu 06po0dui pe-
3yJbTATiB peajbHOro eKcnepuMeHTy. Bumipu npoBoauiucs y BiIbHOMY HpOCTOpPi, B IKOCTi 10CJTi-
JAKYBaHOI CTPYKTYpH 0yJ10 00paHo 1j1ockonapaseabHuii map kepamiku CTS 3 Binomoro reomerpuy-
HOI0 TOBLIMHOI0. 3aIIPONIOHOBAHO METOAMKY €KCTPANOJISIIl JaHNX HAa KPasX YaCTOTHOIO Jiana3oHy
npu 3acrocyBanHi Mmerony Ilponi. IJist 1bOro BUKOPUCTOBYBAINCS IAPAMETPU, OTPUMAHI 1715 BiKOH
npu 3acrocyBaHHi [IpoHi - iHTepnonsuii Ha kpasx xianasony.

Kurouosi croBa: merox I1poHi, cuHTE3yBaHHS 00BIAHOI paioiMITyJIbCy, IIapyBaTa CTPYKTypa, Koe-
(himieHT BiIOUTTS, ONTHYHA TOBIINHA, IepeTBOpeHHsI Dyp’e, aBTOKOpeALiiiHa HyHKILS.

PaccmoTtpena mpodJiema uzMepenusi KodppuiuueHTa oTpaKeHUs1 B IIUPOKOH M0JI0Ce YACTOT
NPH HAJHYUH JONOJHHUTEJbHOI0 OTPA:KeHUsl, 00yCJ0BJICHHOI0 NPUMEHEHHEeM PYINOPHOIl AHTEHHBI.
IHockoiibKY OTpaskeHHE OT ONOPHOW HEOJHOPOJHOCTH MAJ0 B cJydae MCIOJIb30BAHMS PYNOPHOI
AHTEHHbI, KBAAPAT MOAY.I51 KO3 PULHEHTA OTPAKEHHUS ONIPe/IeIslJICH 110 AaBTOKOPPeIALIMOHHOM QyHK-
nuu cTpykTypsl. [IpoBeeno cpapHenne merona IIpoHn U MeTos1a BblieJleHHS] OKHOM aBTOKOppeJisi-
HHOHHO¥ (YHKIHH HCCIeLyeMOi CTPYKTYPbI BO BpeMEHHOIi 00J1aCTH [IIsl BOCCTAHOBJICHHS] KBAaJpa-
Ta Moay.JIs Ko3(pGuuHMeHTa 0TPaskeHUsI B LIMPOKOIi moJioce 4acToT. B kauecTBe ncciieyeMbIX CTPYK-
Typ ObLIM BBIOPAHBI HATPY3Ka ¢ MOHOTOHHO BO3PACTAIOIINM K03(pPHIHEHTOM OTpaKeHHUs], U CJIOHC-
Tasi CTPYKTYpPa ¢ HeGO0JIbIINM KOJIHYeCTBOM CJI0EB, HMEIOIIasi IePHOAHYECKYI0 OCHULTHPYIOIIYIO Yac-
TOTHYI0 3aBHCHUMOCTb K03(puuuenTa orpa:keHus. Paccuuranbl 3Ha4eHHs! OIIMOKH BOCCTAHOBJICHUS
paccMaTpuBaeMbIX MeTO/I0B B 33/1aHHOIi MoJ10ce YacToT. [IpogeMoHCcTPHPOBaHO NPEeUMYyLIecTBO NPH-
MeHeHHUs MeToAa [IpoHy cKoOJIB3SAIMM OKHOM, KaK IPH YHCJIEHHOM MOJeJIMPOBAHNH, TAK U NIPU 00pa-
00TKe pe3yJIbTATOB PeaJbHOr0 IKcrepuMeHTa. M3MepeHnust MpoBoAMINCH B CBOOOJHOM IIPOCTPAHCTBE,
B KayecTBe HCceylelyeMOoli CTPYKTYpPBI ObLI BbIOPaH IJI0CKONApa/lIe/IbHbII c10ii kepamuku CTS ¢ u3-
BeCTHON reomerpuyeckoil Tomunoi. Ipenioxkena MeToquKka 3KCTPaNoJIsiiMU AaHHBIX HA Kpasix
YaCTOTHOI'0 JMANA30HA NPpH NpuMeHeHUH MeToAa Ilponu. /s 3TOr0 UCNoJIL30BATNCH IAPpAMeTPhI,
MOoJIy4eHHbIe /151 OKOH Npu npuMeHeHu IIpoHN - MHTepNOISIUU HA KpasX AMaNa30Ha.

Kurouesble ci1oBa: Meroz IIpoHu, cuHTE3UpOBaHUE OrubaOIIeH paJJMOUMITYJIbCa, CIIOUCTast CTPYK-
Typa, Ko3QHUINEHT OTpaxkeHHs, ONTHUYECKas TOJIINHA, peoOpazoBanne Dypbe, aBTOKOPPEIAIHOHHAS
GbyHKIUS.

The problem of measurement of modulus of the reflection coefficient (RC) in wide frequency
band in presence of additional reflections such as reflections in a horn antenna is considered. Because
the reflection from reference inhomogeneity is low in the case of horn antenna, the square modulus
of the reflection coefficient was determined from the autocorrelation function of the structure. The
Prony’s method and the method of separation of autocorrelation function of layered structure by
windowing in time domain for the restoration of the square modulus of the RC in wide frequency
band were compared. As the investigated structures have been chosen load with a monotonically
increasing reflection coefficient and a layered structure with a small number of layers, which has
periodically oscillating frequency dependence of the reflection coefficient.

The values of the error of restoration methods under consideration in the chosen frequency
band have been calculated. It has been shown the advantage of the Prony’s method application in
sliding frame by the results of the numerical simulations and real measurement data processing.
The measurements were performed in free space; as the investigated structure was chosen plane-
parallel layer ceramic ST5 with a known geometrical thickness. The technique of data extrapolation
at the edges of the frequency band for applying Prony’s method is proposed. The parameters
obtained for the windows in the application of Prony - interpolation on the edges of the
frequency band were used for extrapolation.

Key words: Prony’s method, synthesis of the radiopulse envelope, layered structure, reflection
coefficient, optical thickness, Fourier transform, autocorrelation function.

© M. V. Andreev, V. F. Borulko, O. O. Drobakhin, and D. V. Sidorov, 2012
133



M. V. Andreev, V. F. Borulko, O. O. Drobakhin, and D. V. Sidorov

Introduction

Modern technologies require wide use of layered polymeric and composite mate-
rials. Due to the fact that it is necessary to obtain the desired electrical or mechanical
properties of the product and ensure quality testing during manufacture it is necessary
to solve both the direct and inverse problems. We will assume priority of the inverse
problem of determining the parameters of the structure using the frequency character-
istic of the RC. In this case, the frequency dependence of the RC must be known with
high accuracy.

The need to measure the complex RC requires the use of vector network analyz-
ers, which are bulky expensive devices, besides calibration of them is difficult because
of the presence in the measuring channel coaxial-waveguide transition. The method of
synthesis of the envelope of the radiopulse (MSERP) [1, 2] restores the complex RC of
the structure from the square modulus of the sum of the RC and reference inhomogene-
ity by Fourier transform of the result of windowing in the time domain corresponding
cross-correlation function (CCF) of signals of the structure and reference inhomogene-
ity. This method based on the concept of analytic signal uses cheaper scalar reflectom-
eters originally based on the waveguide elements. However, applying MSERP under
lack of separation of the CCF through the limited bandwidth of the measurement and
overlapping the edges of windows and the informative signals implies distortion of
restored complex dependence RC of the structure at the edges of the band. A way to
improve accuracy is extrapolation of the measured frequency dependence to zero fre-
quency for decrease of duration of the time signal peak in order to eliminate overlap [3].

In this paper, we propose to use the Prony’s method [4; 5] for recovery frequen-
cy dependence of the square modulus of the reflection coefficient (SMRC) measured
in free space. This approach avoids the data loss at the edges of the frequency band
through the Gibbs phenomenon under use of the Fourier transform. The advantages
of the Prony’s method application are demonstrated by numerical simulations and real
data processing.

Methods SMRC Reconstruction

Let us consider the method of measuring the complex RC in free space. In the case
when 7, is the RC of reference inhomogeneity, #, is the time interval corresponding
to the distance between the reference inhomogeneity and the structure, the signal at
the output of the detector with a quadratic characteristic, can be written in following

way [1]:
(1)

R(w) is the reflection coefficient of the structure, k is the factor, the symbol “*” de-
note complex conjugation. The term |R (a))|2 in the right side of (1) is the spectrum of
the autocorrelation function (ACF) of the response of the structure; 7y R(w)exp(—jot)
contains the required information and determines CCF response of the structure and
reference inhomogeneity. According to the MSERP, the desired signal can be extracted
in the time domain by window under condition that the corresponding CCF and ACF
belong to different time intervals, and do not overlap with each other [1; 2].

In the numerical experiments several variants were modeled. In the first case the
initial frequency dependence was the sum of the reflection from reference frequency
independent inhomogeneity of 0.1 and reflection from the investigated structure with a
monotonically increasing frequency characteristic 4 (o) /k = |0.2 exp(joty+aw) - 0.1|2.
The ¢, corresponds to twice travel time of distance from the reference inhomogene-
ity to the investigated structure. In another case, frequency independent reference in-
homogeneity and a simple three-layer structure 4, (o) /k = |0.2 + R(w)exp(jot g )|2 are

A()/k = ] + 1§ R(@)exp(~jotg) + 1y R* (@) exp (jooty) +|R (o),
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considered. The geometrical thickness of the first and the last layers of polystyrene
is dy 3 =1mm, and their permittivity & 3 =2.65. Central air layer has the thickness
d, =14 mm and permittivity ¢, = 1 . The distance from the reference inhomogeneity to
the structure d (,=350 mm . The size of the rectangular window, which separates the
ACEF in the first case was 60 mm in the second case 140 mm , both allowed us to obtain
the frequency dependence of the SMRC of the simple structure (Fig. 1, ) and a layered
one (Fig. 1, b).

Fig. 1. The square modulus of the sum of the RC of the reference inhomogeneity and
investigated load: simple structure (case a) and three-layer structure (case b) 4)() . Restored
SMRC by the Prony’s method A;(w) and Fourier method 4;(w) against frequency

As we can see from Fig. 1, a and Fig. 1, b, lines A;(w) reconstructed SMRC have
two peaks at the edges of the band through the Gibbs phenomenon. It is clear that the
amplitude of these peaks can not be reduced, but the width of peaks can be done nar-
rower. It requires increasing the length of the window in the time domain, but even with
a good separation of peaks of the time signal overlapping ACF and CCF exists, thus in
this case also there are some false samples.

In practice, to obtain time signals by spectral analysis of reflectance measurements
at many frequencies parametric spectral analysis [4; 5] can be used instead of discrete
Fourier transform algorithm.

The most physically correct is the application of Prony’s method [5], which is a
numerical algorithm for determination of complex exponents and the corresponding
amplitude factors for a dependence represented as a sum of exponential components if
its equidistant samples are known. The frequency dependence of the RC of a layered
structure satisfies specified requirements [1; 2].

We used the Prony’s method in sliding frame, the order was M =3, while in the
case of the simple structure (Fig. 1, a) was chosen frame of n=9 samples (total num-
ber of samples was N =256 in the frequency band € [38; 52] GHz ). The value of the
SMRC corresponds to the value of amplitude of the spectral components with zero
exponent. For the three-layer structure (Fig. 1, b), the frame size should be increased to
n=11 due to the more complicated frequency dependence.

Fig. 2, a and Fig. 2, b show the frequency dependence of the absolute error for
the structure with monotonous frequency dependence and for the three-layer structure,
respectively. The error of the Prony’s method is more uniform in the given frequency
band (Fig. 2, @), and also much smaller (lgs = -2.5) in absolute value in comparison
with the discrete Fourier transform (lgé ~-0.85). The oscillation frequency of error
(Fig. 2, b) is higher and the width of the first peak is less than in the previous case due
to the longer duration of the window.
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Fig. 2. The absolute error SMRC recovery for simple structure (case a) and for three-layer
constructions (case b) by the Prony’s method (solid line) and by windowing in the time domain
(dotted line)

In a real experiment the SMRC of a plane-parallel ceramic STS5 plate with thickness
d =10.2 mm and the permittivity ¢ = 4.9 was restored. The deviation of the reconstructed
SMRC by Prony’s method (7 in Fig. 3, a) from the true value (r; in Fig. 3, @) at the
edges of the frequency range is less (6, in Fig. 3, ) than for the application of the Fou-
rier transform ( r in Fig. 3, @ and &, in Fig. 3, b).
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Fig. 3. The modeled r, and restored by the Prony’s method r, and Fourier method r, SMRC of
ceramic STS against frequency (case a). The absolute error recovery SMRC of ceramic ST5
(case b) by the Prony’s method (solid line) and by windowing in the time domain (dotted line)

Conclusion

Application of the Prony’s method can recover SMRC more accurately for simple
and multilayer structures in comparison with the discrete Fourier transform, as the ap-
plication of the model in the form of a sum of exponentials with complex exponents and
amplitudes is the most physically caused to layered structures.
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