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Abstrakt

V této praci je predstavena nova interferometricka méfici metoda pro méfeni koefici-
entu prenosu mezi dvéma anténami. Jestlize je prenos mezi anténami realizovan od-
razem od néjakého predmétu, lze metodu vyuzit napi. pro mikrovinné zobrazovani.
Navrzeny systém obsahuje referencni vétev obsahujici anténu, ktera piimo ozafuje
prijimaci anténu a testovaci vétev, kde anténa ozatuje testovany objekt. Elektromag-
netickd vlna z testovaciho kanalu je od testovaciho objektu odrazena do pfijimaci
antény, kde interferuje s vlnou z referencni vétve. Pro jednoznacné ziskani fazového
posunu mezi referenéni a testovaci vlnou jsou provedena postupné minimalné dveé in-
terferometricka méteni, kdy je v referenénim kanalu nastaven vhodny fazovy posun a
amplituda prenosu. Pii méfeni muzeme provést vice nezavislych interferometrickych
méreni a vznikld redundance muze byt vyuzita ke zmenseni nejistot méteni. Déle
byl popsan zpusob geometrické representace méreni, ktery umoznuje nazorné od-
hadnout nejisty méteni. Nejistoty méteni byly urceny i na zakladé numerické Monte
Carlo metody. Navrzena konfigurace byla ovéfena jak pfesnym meétenim za pouziti
vektorového analyzatoru pro ovéreni nejistot méreni, tak puvodni konfiguraci pro
ovéreni funkénosti celého konceptu. Navrzenou metodou bylo provedeno mikrovinné
zobrazovani metodou inverzni syntetické apertury a byla tak ovéfena pouzitelnost
navrzeného systému.

Klicova slova: mikrovlnna métreni; méreni faze; six-port; nejistoty méreni; mikro-
vinné zobrazovani.



Abstract

This work presents a new interferometric measuring method for measuring the trans-
mission coefficient between two antennas. If the transmission between the antennas
is realized by a reflection from an object, the method can be used, e.g., for microwave
imaging. The proposed system contains a reference branch containing an antenna
that directly irradiates the receiving antenna and a test branch where the antenna
irradiates the object under test. The electromagnetic wave from the test channel is
reflected from the test object into the receiving antenna where it interferes with the
wave from the reference channel. To achieve a unambiguous phase shift between the
reference and test waves, at least two interferometric measurements are performed
sequentially, with a suitable phase shift and the amplitude of the transmission be-
ing set in the reference channel. We can perform more independent interferometric
measurements while redundancy can be used to reduce measurement uncertainty.
Furthermore, a method of geometric representation of the measurement has been
described which makes it possible to clearly estimate the measurement uncertainty.
Measurement uncertainties were determined by the numerical Monte Carlo method.
The proposed configuration has been verified by accurate measurements using a vec-
tor analyzer to verify measurement uncertainties, and the original configuration to
verify the functionality of the entire concept. Microwave imaging using the inverse
synthetic aperture method was performed to verify the usability of the proposed
system.

Keywords: microwave measurements; phase measurement; six-port; measurement
uncertainty; microwave imaging.
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Chapter 1

Introduction

This chapter presents the basic motivation and comments content of this thesis.
After clarification of the purpose of this work, the thesis objectives are summarized.

1.1 Motivation

In recent years active microwave imaging systems have become widely used due to
a rise in terrorist threats and at the Department of Electromagnetic Field of the
Czech Technical University in Prague and the Faculty of Electrical Engineering an
effort is being made to further the research in this area. The department has to deal
with one serious disadvantage: affordable manufacturing of monolithic microwave|
lintegrated circuits (MMIC), Unfortunately, this challenge is impossible to meet. The
only available option of construction of imaging system is to use discrete components
meaning the entire measurement system becomes very extensive as it contains an
exceedingly large number of measurement channels. For this reason we have started
to develop a new vector measurement method applicable for microwave imaging with
a simpler hardware solution.

000000 @Rrcccive Antenna
000000 @ Transmit Antenna

Figure 1.1: Multistatic measurement scenario.
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Figure 1.2: Block scheme of the receiving channels in imaging system.

Most real time active imaging systems utilize the multistatic geometrical con-
cept [I] shown in Figure [I.1] Such a system does not require any moving parts
because the spatial distribution of the reflectivity of the object under imaging is de-
termined by the positions of individual antennas in the antenna array. The measure-
ment is performed by means of coherent measuring of the complex transmission co-
efficients between one transmitting antenna and one receiving antenna when the test
object is illuminated. During the measurement all possible combinations of transmit-
ting coefficients are consequently measured by switching on all transmitting anten-
nas and utilizing all receiving antennas. The set of measured, complex S-parameters
is then S(7r, 7R, f), where 7 is the position of the transmitting antenna, 7y is
the position of the receiving antenna and f is the measurement frequency. In total
Ngr Nt S-parameters are measured at every frequency point where Ng and Nt are
the number of receiving and transmitting antennas. The measured data are then
processed by the [synthetic aperture radar (SAR)[imaging technique [2].

The majority of active microwave imaging systems, e.g., [3, 4. [5, [6] [7], utilize
the super-heterodyne principle in all receiving channels as shown in Figure [1.2| For
these systems to function properly necessarily requires a relatively large microwave
power to be delivered to all mixers MIX of a receiving antennas Rx in antenna
array by means of an extensive splitting structure of microwave lines. Even a sparse
array concept [8] for relevant imaging may require up to hundreds of antennas and
corresponding mixers to be used. Microwave power required from the local oscillator
(LO) is then in the order of watts, so the energy efficiency of such a system is very
low. More efficient solutions use mixers with individual amplifiers added for the LO
signal to reach an appropriate level, however, an extensive splitting structure is still
necessary to split the LO signal to individual mixer amplifiers [3].
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1.2 Content of the Thesis

Implementation problems mainly resulting from inadequate complexness of mi-
crowave imaging systems described above using heterodyne principle for every receiv-
ing channel has forced us to develop a new microwave vector measurement method.
The new measurement method described in this thesis is generally based on the in-
terferometric measurement techniques similar to the six-port [9] or multistate reflec-
tometer [I0] extended to spatial applications. We decided to utilize the multistatic
arrangement of a scalar measurement procedure because a measurement of the com-
plex transmission coefficient between antenna pairs was required. We also wanted
to effectively exploit the possible redundancy of the measurement arising from the
multistate principle to increase measurement precision and obtain high-quality data
with simple hardware (HW)| unlike the standard [vector network analyzer (VNA)|
measurement.

The thesis is mostly composed of a description of the original results and a de-
scription of generally known principles or procedures are stated very briefly mainly
via relevant references. This thesis is organized as follows. Section [2| briefly states
a principle of the operation of a [six-port reflectometer (SPR)| then background in-
formation of the uncertainty analysis of mutually uncorrelated quantities and the
principle of the [inverse synthetic aperture (ISAR)| imaging method. In Section [3]
the measurement procedure and computations of geometrical representation of the
measurements are described in detail. In Section [4], the principle of the estimation
of the measurement uncertainty on the basis of geometrical representation, and its
comparison with measurement uncertainty using the numerical [Monte Carlo method|
are explained. In Section , an experimental verification of measurement
uncertainty utilizing is described. Section [6] describes the implementation and
design of several microwave components forming the entire multistate scalar mea-
surement system.

1.3 Thesis Objectives

1. Development of a method to measure vector transmission between a pair of
antennas utilizing scalar measurements.

2. Reduce the complexity of the receiving part of the imaging system in compar-
ison to the heterodyne solution and omit the need of a splitting structure for
the [local oscillator (LO)| (reference) signal.

3. Utilizing potential redundancy in the measurement to decrease measurement
uncertainty.

4. Laboratory verification of the measurement technique.
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Chapter 2

State Of The Art

2.1 Six-Port Measurement

In the network analysis dealing with the vector measurement of scattering parame-
ters, we distinguish two basic principles of measurements. The first principle is called
the separation method, which, nowadays, is utilized in a majority of commercially
produced [VNAs| This method offers us a vector measurement close to the scatter-
ing parameters definition, where we directly compare the amplitudes and phases of
incident and reflected /transmitted waves separated by a directional coupler. This
measurement, also requires utilization of a frequency conversion and complicated
analog or digital processing of intermediate frequency signals, which makes such a
system rather costly. The second principle for network analysis is the interference
principle which performs a set of scalar power measurements of several combinations
of interfering waves from the |[device under test (DUT)| port. The incident and re-
flected waves are not directly separated in this method, but their mutual interference
via known multi-port microwave circuit leads to unambiguous complex reflection co-
efficient determination. This principle is utilized in six-port measurement.

The first comprehensive papers concerning the six-port measurement technique
were published in December 1977 in IEEE Transactions on Microwave Theory and
Techniques [9] 1T, 12] by Glenn Engen and Cletus Hoer from the National Institute
of Standards and Technology. These three essential papers cover the core ideas,
design criteria (minimal uncertainty of measurement, limited dynamics of bolometer
detectors), propose a circuit approximately satisfying the criteria and introduce the
structure of [VNA] using two [SPRs

SOURCE b
%1;

SIX-PORT DUT

Figure 2.1: Block scheme of six-port reflection coefficient measurement.
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The block scheme of the measurement setup is depicted in Figure 2.1} The main
idea of [SPR]is that the microwave power applied to one port of a properly designed
microwave linear six-port circuit is divided onto remaining five ports weighted by
complex coefficients. These weighting coefficients are mainly determined by the S-
parameters of the circuit and by desired reflection coefficient I" of the DUT] Six-port
measurements allow us, on the basis of the four measured powers, P; to P, to com-
pute the complex reflection coefficient I' = b; /a; of the [DUT| The waves a; and b,
are complex wave amplitudes at the test port of SPR] Historically, the measurement
procedure of reflection coefficient I' is often graphically represented as shown in Fig-
ure [2.2] but in fact, it represents the solution of the system of the three equations.
Reflection coefficient I' is interpreted as an intersection of three circles in a complex
plane with centres ¢;, g2 and ¢3. The position of the circle centres is a critical design
goal of the six-port system and is predetermining the range and uncertainty of the
reflection coefficient measurement. The radii of circles r1, ro and r3 are proportional
to square root of measured powers P;, P, and Ps. The fourth measured power, Py, is
used mainly for measuring the incident power to the DUT] The actuals features and
measurement, uncertainties of the six-port microwave circuit depends on the design
goals of the measurement system and several variants can be found in [13]. To per-
form a relevant measurement with [SPR]it is necessary to calibrate the measurement
system. Several calibration techniques, utilizing a different number of fully known
or partially known standards as [14} [15, [16], have been developed. To measure the
transmission coefficient of the we must utilize two six-port units [12] and, e.g.,
thru, reflect, line (TRL)| calibration method [17], originally designed for six-port
VNAs

Im([")

Re(I)

Figure 2.2: Graphical representation of the six-port measurement. The shaded unity
circle represents the reflection coefficients of the passive circuits.
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2.2 Measurement Uncertainties

In this section we present the basics of an uncertainty analysis, based on rec-
ommendations stated in Guide to the Expression of Uncertainty in Measurement
(GUM) [18], which should serve as a global standard for the unification of measure-
ment uncertainty computation and representation.

Measurements of any physical quantity in the real world are always degraded
with known and, frequently, unknown external influences. The most common influ-
ences can be uncalibrated measurement equipment (voltmeter, ampermeter, weight-
ing machine, power detector, ...), limited precision of representation of measured
value (digital display, needle panel meter, ...), systematic error caused by method
realization (contact resistance, untightened connector, ...), temperature drift and
electronic noise. All of these factors cause the real value of measured quantity to
never be precisely known and we can just estimate it. To describe the influence of
all external adverse effects is usually more complicated than describing the measure-
ment itself. Nevertheless, this procedure is necessary for an indisputable comparison,
e.g., of two different methods for measuring the same quantity when we want to des-
ignate the better one.

In measurement uncertainty terminology there are several terms which are usu-
ally incorrectly interpreted. These terms are error, uncertainty, accuracy and preci-
sion. Error is, in the context of measurement, the difference between the measured
value and the true value. This indicates that error could have a positive or negative
sign with neither sign being favoured. The essential problem is that the true value of
quantity is never known, hence we compute error at least from an estimation of the
real value. On the other hand, uncertainty defines interval, in which the true value of
quantity lies with some, usually high, probability. This interval is usually symmetric
and, to some extent, predicts how significant errors during individual measurement
reading could be expected in most cases. In situations where we believe that the
measured value is close to true value, we say that the measured value is accurate.
Since we cannot know whether a value is close to the true value, it is impossible to
quantify its accuracy because it is more like a qualitative rating based on individual
understanding. But we can definitely judge that one method is more accurate than
another based on the computed method’s measurement uncertainties. When values
obtained by repeat measurements of a particular quantity exhibit little variability,
we declare those values as precise. But this is also just a qualitative term, such as
accuracy, and we can use this term correctly just for comparing two measurement
methods, when one method give us more precise, i.e., fewer time variable values,
than another method. It is also necessary to emphasize that values which are meant
to be precise can be actually far away from the true value of quantity if a significant
systematic error caused, for example, by neglecting some external influence, exists.

Random errors arise from uncontrollable small changes in the measured value,
instrumentation or environment. These changes are present as variations in the
obtained measured values when repeat measurements are carried out. Uncertainty
of measurement represents the variability of measured quantity. When measurement
of quantity x is repeated n times, we obtain a set of measurements xy, o, ..., T,,
which can be understood as realizations of a random process. The mean value of
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the set is widely used as the best estimation of the true value of quantity and can
be computed as

and the variability of measured quantity can be described as a standard deviation

5 — \/Z?zl (xl - ‘f)Q' (22>

n—1

Since the standard deviation describes the spread of quantity x, the name given in
metrology to the standard deviation is standard uncertainty and is usually denoted
as u (z). It is necessary to note, that and are just estimations of mean value
and standard deviation, because we usually have a finite number of measurements n,
hence the randomness of quantity x can not be precisely determined.

When we measure some physical quantity y indirectly through measurements of

another physical quantities x1,xs, ..., x,, i.e., y is a function of these quantities as
y = f(x1,z9,...,x,) and all partial measurements were obtained with uncertainties
w(xy), u(za),..., u(z,), then we can determine the standard uncertainty of y as

u? (y)

(2.3)

(g_;/l)?ﬁ (z1) + (%)QU2 (22) + ...+ (;f)zﬁ (@)
g (885)2“2 (i),

which sufficiently holds only when the uncertainties of quantities are u (x;) < x; and
the degree of sensitivity of function y = f (x1, 2, ..., z,) on an individual z; can be
sufficiently approximated by the first partial derivation (first-order Taylor series ap-
proximation). It is also necessary to assume that individual quantities z1, xs, ..., x,
are uncorrelated, i.e., they were measured by different equipment, or with the same
equipment in appreciable time spacing without noticeable systematic error. By appli-
cation of on mean computation shown in and assuming that uncertainties
of all measured quantities are the same (u (z;) = u (x) for all 7), we get the standard
uncertainty of mean value as

oz 1 < 1 u(x S
u(r) = ;(8@) u? (;) = ﬁ;M (1) = ﬁmﬁ (z) = \ﬁﬁ) v
(2

which shows that uncertainty of mean value decreases by a factor of /n.
Generally, there exist different ways how to obtain a specific uncertainty u(x) of
quantity x; we simply distinguish three type of uncertainties. The so-called Type A
uncertainty is based on a sequence of repeated measurements and the computation
of mean value and the deviation of the value, i.e., making the simplest statistical
analysis necessary. On the other hand, Type B uncertainty is determined by looking
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Figure 2.3: Probability density function of normal distribution with mean value p
and standard deviation o. Stated coverage probabilities for coverage factors k = 1,
2 and 3 are also included.

up specific information about the measurement equipment in a calibration report or
datasheet. It is obvious that uncertainty stated in the datasheet was also provided
using the associated Type A uncertainty statistical procedure, but from the point of
view of the reader of the datasheet it represents Type B uncertainty. The third type
of uncertainty is so-called combined uncertainty, sometimes called Type C uncer-
tainty, and it consists of the influences of several Type A and Type B uncertainties
on some more complex measurement procedure. A combination of individual uncer-
tainties is provided via , where all uncertainties u(x;) may be either Type A or
Type B. This combined uncertainty is usually stated in the datasheet of measure-
ment equipment and from the reader’s point of view it becomes Type B uncertainty
for subsequent usage.

Usually the value of measured quantity z has Gaussian (normal) distribution,
which is the consequence of the central limit theorem. We assume that the actual
measured value of quantity x using some measurement instrument is affected by
many of individual external influences, which do not necessarily have to have a nor-
mal distribution, but in total they act together and behave in a normal distribution
way. Theoretically, the normal distribution has no limits and obtaining infinite val-
ues of measured value is (theoretically) possible. In practice the measured values are
truncated by certain physical limits of the measurement equipment and, therefore,
it would be correct to use truncated normal distribution for the statistical analysis
of measured values. Fortunately, in most practical cases these measurement limits
are far away from the actual measured value in comparison to measurement uncer-
tainty (variability of measured value), hence the difference between truncated and
un-truncated normal distribution is possible to omit.

Practically, we want to know the interval of values, where the true value of mea-
sured quantity lies with a probability of usually 95%, sometimes 99%. To express
this interval we introduce so-called expanded uncertainty U(x), which is just a mul-
tiplication of standard uncertainty u(x)

U(z) = ku(x), (2.5)

where coefficient k is called the coverage factor. The graphical representation of a
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normal distribution and coverage intervals for coverage factors k = 1, 2 and 3 is
depicted in Figure 2.3 For simplicity, coverage factors as integer numbers 2, 3, 4, ...
are used in practice, which actually represents the coverage probability 95.4%, 99.7%,
99.994%, .... These coverage factors and specific coverage probabilities actually hold
only when we know exactly the whole population of random quantity z, i.e., when we
exactly know the statistical properties of quantity x. Otherwise, the determination
of mean value = and its standard uncertainty «(z) is not precise and it is necessary to
correct the coverage factors for required coverage probability. Finally, in practice we
describe the estimation of the real value of quantity x degraded with measurement
uncertainty as

r=x2+U(2), (2.6)

when the coverage interval is not stated directly, it is meant to be 95 %. Hence, the
measured value lies with probability 95% in interval 2U (Z) wide.

2.3 Inverse Synthetic Aperture Radar Measure-
ment

The technique [19], utilizing the same microwave equipment as a standard
real aperture radar, offers dramatically better image resolution. Usually the [SAR]
technique is used for Earth ground-mapping and imaging which requires the radar
equipment to be attached to a plane or satellite. In a laboratory environment the
[SAR]technique can be carried out using the X-Y positioning system with an antenna
attached to it [20], or reversely, with a attached to the positioning system with
stationary antennas [2I]. To perform precise range measurement with antennas at-
tached to a positioning system is usually difficult because of the need for connection
cables, which are stressed during antenna movement. The bending of cables usually
causes significant phase errors in frequency domain measurement [22, 23], which,
after transformation to a time domain in the sense of an inverse fast Fourier trans-|
form (IFFT), causes time or range errors, respectively. To avoid the phase errors
of moving the cables of a measurement setup completely, it is possible to move the
whole measurement setup together with an antenna, but it requires a rather compact
measurement system.

X O
S

t\‘k\\\\\
NN
‘F’\\\\\\\

)

o

m

—

I

Figure 2.4: Arrangement for na measurement incorporating two antennas.
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To investigate the shape and reflection properties of a certain object we need
to examine the backscatter electromagnetic field from that object and performed
suitable post processing of measured data. To obtain the shape of an object it is
necessary to illuminate the object from various directions and one possibility is to
perform a measurement all the way around the object. But there exists also an
inverse possibility to rotate the object and investigate the scattered field with the
stationary antenna, which is usually suitable for small objects under imaging. A
schematic of the measurement is shown in Figure 2.4 The overall power budget of
the measurement is highly affected by the[radar cross section (RCS)|of the and,
moreover, by the presence of flat surfaces and corners making [RCS| highly dependent
on the angle of irradiation. Generally, it is necessary to obtain the range profile of
the path between two antennas through the reflection from the [DUT| The range
profile can be obtained by standard radar techniques, e.g., by pulse radar,
modulated continuous wave (FMCW)|radar and [stepped-frequency continuous wave|

SFCW)|radar. Measurement via one antenna in a purely monostatic arrangement is
also possible. The frequency band of range measurement has to be properly chosen
according to the required resolution of the final image. According to inverse Fourier
transform properties and its influence on time-domain measurements in microwave
vector measurements [24] the range resolution is

AR = SBW’ (2.7)

where BW is the bandwidth used. The range profiles are obtained for a set of
rotation angles 6; and form a so-called sinogram which is then used as input data
to inverse Radon transform for image reconstruction [25] widely used in
ftomography (CT)|imaging [26].

The Radon transform is an invertible integral transform that can produce a 2-D
function R (r,0) by integrating a function defined on plane f (z,y) along parallel
lines at different orientations. The application of the Radon transform of a 2-D
function representing the cross section of two cuboids is shown in Figure [2.5| The
individual columns of the sinogram represent hypothetically measured range profiles
for all rotation angles 6.
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Figure 2.5: Application of a Radon transform to a 2-D function representing a
cross section of two cuboids to create a sinogram. Application of an inverse Radon
transform to the sinogram reconstructs the original function with noticeable clutter
caused by a finite number of § projection angles. The actual rotation angle step here
is Af = 5deg.



Chapter 3

Principle of Measurement Method

The main goal of the thesis is to develop a measurement method with simple hard-
ware requirements which only make scalar measurements and omit the need of a
splitting structure for reference signal distribution. The principle of the measure-
ment method will be shown and described using the simplest possible arrangement
to verify the correctness of the basic principles. Most of the following findings have
already been published in [27] and [2§].

SW 1

POWER DIVIDER — 7 DUT TEST
GEN. H % ,,,,,,,
~~_Aa
®_ PHASE Eg l>,_|-1c
Rx

—I—ATT. SHIFTER SW 2 i\ __-—-"B
_./.-
I @ ’ﬂ REF L
DET.

Figure 3.1: Basic measurement configuration.

3.1 Method Basics

A block diagram of the proposed system is shown in Figure [3.1] The output signal
from the signal source is divided into two, theoretically independent paths by a power
divider. In the upper (test) path the signal is led through switch SW 1 to the TEST
transmitting antenna. The radiated electromagnetic wave illuminates a[DUT]and the
reflected wave carrying vector information related to the reflectivity enters into
receiving antenna Rx resulting in the output voltage wave Aa. The coherent signal
in the lower (reference) path is led from the power divider through an attenuator, a
phase shifter with phase shift o and switch SW 2 to an REF transmitting antenna.
The REF antenna directly illuminates receiving antenna Rx resulting in a output
voltage wave Bb. Constants A and B are used to describe the states of SW 1 and

13
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SW 2 and have a value of 0 or 1. The Rx antenna is directly connected to a detector
measuring the incident microwave power. A specific value of the received power
depends mostly on the mutual positions and properties of the antennas, the
properties and a phase difference between wave a and b.

It is obvious that the proposed system allows the user to make multiple scalar
power measurements under different states or conditions. These different conditions
allow a set of power measurements containing a sufficient amount of information to
compute information about the to be created and enable microwave imaging
of the [DUT] to be performed. Let the vector information about the [DUT]|to be held

by variable I'pyr, which represents the ratio of waves a and b as follows

b Bl ] )z
Tpur = = Q[ o7 — me,]( (b)—<4(a)) (3.1)
The variable I'pyr actually represents a transmission coefficient between the TEST
and Rx antennas, but it is solely influenced by the reflection properties of the [DUT]
The inverse definition of I'pyr would be more appropriate to follow the settled
nomenclature in [VNA] terminology, but to follow previously published work, we will
preserve this definition. In the next paragraphs we will investigate the procedure
and uncertainty analysis of I'pyt quantity.

Assuming ideal microwave components and no multi-path propagation it is pos-

sible to write the power received by the Rx antenna as

P =|c*| = |Aa + Bb|*. (3.2)

Let us denote the phase difference between waves a and b, when the phase shifter is
set to a = 0deg., as

o =Z(b) — Z(a). (3.3)

The amplitude of the wave a and the phase difference ¢ carrying information about
the can be determined as follows.

Various combinations of the SW 1 and SW 2 switches allow us to feed anten-
nas REF and TEST with zero or non-zero microwave power. These cases can be
described as:

1. A=1;B=0
Only the TEST antenna is transmitting. The received power Pr is given by

Pr = |c|* = |Aa]?* = |a)?. (3.4)

2. A=0;B=1

Only the REF antenna is transmitting. The received power Pg does not depend
on the « phase shift of the ideal phase shifter and is given by

Pr = |c[* = |Bbf* = |b]”. (3.5)
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20 0 30 ¢ (deg.)

Figure 3.2: Dependence of P, 1 for PR = 30dBm and o = 0 deg.

3.A=1;B=1

The received power at the Rx antenna is given by the superposition of waves a
and b. Electrical lengths of electrical paths in the reference and test chan-
nels from the power splitter to the output of receiving antenna Rx are not
usually the same, even when the phase shifter is set to o = 0. Let us sup-

pose n > 2 measurements with different phase shifts a; (i =1, 2,..., n) of the
phase shifter. For various «; phase shifts, the Rx antenna receives powers given
by

' (o) |2
Pf({J)rT = Ici|2 = |Aa + Bbl.|2 — “a| + |b] ellet 1)|

3.6
= |V/Pr + v/ Prefiete) i 3)

Dependence of Pg 1 from for various Pr/Pg, Pr = 30dBm and o = 0deg. is
depicted in Figure It can be clearly seen that for Pr/Pgr = 0dB and ¢ = 180 deg.
the ideal destructive interference occurs and received power Pg T attains zero value.

The phase difference ¢ between waves a and b can be determined only from
scalar measurements of received powers Pr, Pr, and Plgng. To do so it is best to
express this power ratio

(i) (o) |2 [P; i
PR+T _ “a| + |b| e](<p+ )| = |1+ Eej(@"!‘ai) (37)
Pr la? Pr

Equation (3.7]) can be interpreted as n circles in the complex plane with a shared
center C' = —1 4+ jO with radii

(3.8)

intersected by a circle with a radius
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Im{z}

Figure 3.3: The geometrical interpretation of (3.7)) for n =4 and Aais > 0.

Ry =/ = (3.9)

with its center in the origin as is illustrated in Figure 3.3 The considered set of
circles have n pairs of complex conjugated intersections I; and I?. For arguments of
the intersection points it holds

L(1;) = =Z(I7) = |¢ + aif (3.10)
and the coordinates of the intersection points in the complex plane can be expressed

as I; = X; +jY;. The real coordinates can be calculated as

X;==(R}-—R;-1) (3.11)

DN | —

and the imaginary coordinates as

Y; = /R? — X2. (3.12)

The result of always holds Y; > 0 and therefore always holds Im(I;) > 0 and
Im(I¥) <O0.

Clearly, the argument of intersection points I, and I; (j =1, 2, ..., n) depends
on the settings of phase shifts o; and «; of the phase shifter. It is useful to express
the phase difference between these two phase settings as

Aaij = 0y — Oy, (313)

presuming Acq;; € (—180, 180] deg. This value is always known including its sign,
because we set this value during the measurement. When we consider an ideal and
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noiseless microwave power measurement on the Rx antenna for the precise determi-
nation of ¢, the actual set values of shifts «; are not significant and can practically
have an arbitrary value. The only important condition is for oy # a;, i.e. Aay; # 0.

According to a previously defined notation, the transmission coefficient between
the TEST and Rx antennas can be written as

I'pur = Ree'?. (3.14)

Now it is clear that to obtain the absolute value of the reflection |T'pyr| = R
it is enough to measure just the Py and Pr powers without any other redundancy
introduced by phase shifter settings, i.e., with settings o; = 0. But to emphasise that
quantities Ry, R;, o; and I'pyr ale closely connected, we will show that it is also

possible to express reflection I'pyr from R; as follows. From (3.7)), (3.8) and (3.9) it
can be derived that

R? = R2 4 2Rycos (o + a;) + 1. (3.15)

After rearranging and substituting Ry = |I'| we get the quadratic equation

IT|* 4 2cos (o + o) D] +1 - R?=0 (3.16)

with |I'| as an unknown variable. The solution of this equation is

IT],, = i\/R? —sin? (¢ + ;) — cos (¢ + o) . (3.17)

It is necessary to determine which root is the physical one and to prove that under
realistic physical conditions the root cannot be imaginary. It can be derived that
roots are imaginary only if

Prir = Pr — Py, (3.18)
which can hold if
PR+T:PT+PR+2V PTPRCOS(QO—FOC@') (319)

which is possible only in case when (neglecting trivial solution)

PT:PR A QO—FO[Z' =T, (320)

which is impossible, because waves would be completely destructively interfered.
And what is the physical root from two from (3.17)7 It is the one with a plus sign
ensuring positive absolute value of reflection I'. Result cannot be negative because,
otherwise, one of powers Pr, or Pg would have to be negative.

3.2 Dealing with Ambiguity in Phase

Equation (3.10) shows that the argument of intersection I; only determines the
absolute value of the phase shift |¢ + «;|. The correct sign of ¢ is unknown, but
it can be determined as follows. Figure illustrates the situation for n = 4 (four
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Aay,

Figure 3.4: The geometrical interpretation of (3.7)) for n =4 and Aa;s < 0.

couples of intersection points and four circles with radii R; sharing center —1). As
explained in the section [4, in the case of real measurements with uncertainties, the
higher the number of measurements, the smaller the final uncertainty is. Hence, from
a practical point of view it is beneficial to deal with measurements with more than
two settings of the phase shifter.

Let us first consider an ideal measurement which requires exactly n = 2 arbi-
trary pairs of intersection points, e.g., I, Ij and, Iy, I}, to determine the ¢ sign
correctly. In the geometrical situation shown in Figure Aayy > 0 (the arrow is

counterclockwise) and Z(I;) + Aajs = Z(I2) and Z(I7) + Aaia # Z(L;). Therefore
(¢ + 1) > 0 holds and the phase difference ¢ is equal to ¢ = Z(I;) — ay.

However, if the phase difference was set to Aajs < 0 (Figure and re-
ceived powers were the same as in Figure then Z(I}) + Aajs = Z(I5) and
Z(1Ly) + Aais # Z(I3) would hold. It would result in relations (¢ + ;) <0 and
¢ = —Z(I;) — ;. But, even if the received powers were the same in cases depicted
in Figure [3.3 and Figure [3.4], the physical circumstances of the [DUT] were definitely
different and, in practice, it is improbable to receive the same powers with different
[DUT] It is just an illustrative example.

So, assuming an ideal microwave power measurement, n = 2 measurements are
enough to determine the phase difference ¢ between waves a and b precisely includ-
ing its correct sign. When n > 2 measurements, one arbitrary intersection point, I;,
is chosen to determine the absolute value of ¢ and an arbitrary one, I;, to deter-
mine the sign. There are n — 1 possibilities of choosing the intersection point I;.
When supposing ideal microwave hardware and no measurement uncertainties we
can choose an arbitrary one. The following generalized procedure of the phase dif-
ference ¢ determination, including its correct sign, can be derived. If
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Figure 3.5: Representation of a multistate microwave system from measurement
setup as a general three-port circuit.

then (¢ + a;) > 0 and
It
then (¢ + a;) < 0 and

The algorithm only needs the arguments of intersection points and the phase shifts
values. No complex conjugated points are necessary.

3.3 Influence of Hardware Imperfections

All previously stated procedures and computations assume ideal microwave
which has zero reflections, insertion losses and infinite isolations. From a practical
point of view this is a significant simplification, but to analyse the influence of
all possible imperfections on the resulting transmission I'pyr measurement would
be inadequately extensive for the purposes of this work. The whole problem of
sensitivity of measurement on real hardware imperfections should be generalized to
three-port circuit as shown in Figure [3.5] and influence of all parameters of circuit
should be investigated.

According to the [HW] realization proposed later in Section [6] we will provide a
simple analysis for a case, where the settings of the phase shifter influence not only
the phase of S31, but also the amplitude of this transmission. An ideal phase shifter
has a scattering matrix

o 0 1
Sideal - eJ |: 1 O :| Y (325)



20 CHAPTER 3. PRINCIPLE OF MEASUREMENT METHOD
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Figure 3.6: Error of argument of intersection point I; caused by dependence of ampli-
tude of the transmission of the phase shifter on a set phase shift. (a) 7' (o) = 0.1dB,
(b) T (o) = 0.5dB.

where the amplitude of transmission is independent of a set phase shift a. In reality
the amplitude of transmission is usually phase-setting dependent and the scattering
matrix of such a phase shifter can be described as

Sreal = T' () Sideal, (3.26)

where T' («) is the transmission amplitude dependence on a set phase shift . This
dependence brings inconsistency into the measurement of powers P&T for particular
phase shift settings «;, where different power from the REF antenna is actually
transmitted to the Rx antenna compared to the measurement of power Pgr, which
was measured e.g., with phase settings o; = 0 deg. The received power PP({J)FT is then,

according to (3.6)), newly

Ple = [V/Pr + [T (00) | /Pre ¥+

and according to it will lead to incorrect radius R; and, therefore, to an in-
accurate phase difference ¢ determination. The error of ¢ determination, or error
of argument of intersection point Z (I;), respectively, for T («) = 0.1 and 0.5dB is
depicted in Figure [3.6] It can be seen that errors of argument determination can be
practically in order of units and tens of degrees, hence it is necessary to prevent this
erTor.

The simplest way how to eliminate error in measurement caused by depen-
dence T («) is to create a set of measurements of reference powers Pf{ ) for the same

2
)

(3.27)

settings of phase shifter «; as for measurements of powers PP(;)FT. Then compute a
set of radii of circles R((f) according to (3.9), but with usage of the set of powers Pf({l)

P

(4) R

Ry =\ —= 2

0 PT (3 8)

and use these radii for intersection coordinates computations as

1 )
Xi=3 (R? — RU? 1) (3.20)
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and

Y; =/ R{? - X2, (3.30)
The absolute value of the reflection |I'pyr| is not affected by dependence of
transmission 7" («) because it is computed directly from Ry = /Pr/Pr and we as-

sume that the phase shifter was sett to o; = 0 deg., which we consider as a reference
value.
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Chapter 4

Uncertainty Analysis

In this section we describe the influence of uncertainty of a power detector on the
uncertainty of phase difference ¢ between a reference and test wave.

4.1 Geometrical Approach

In the previous ideal case it did not matter which intersection point was used to
determine the absolute value and correct sign of ¢. However, in real measurements,
influenced by uncertainties, the situation is more complex.

The simplest approach can be suggested in the following way. Intersection point, I;,
is chosen as the point created by the perpendicular intersection of circles. The po-
sition of such a point, as explained later, has minimum uncertainty. The correct
sign of ¢ is most likely to be determined from intersection point I; where the maxi-
mum difference between the results of and is reached. Results of these
equations are never equal. The index j of the appropriate intersection point is

jeftin}/i
The operator argmax works as follows: argmax f (z) = {z|Vy : f (y) < f (z)}. The

outcome of this operator is a value or set of values of x for which f (z) attains its
largest value. With the optimum point I; we can then use - to determine
the correct sign of phase difference ¢. The expression in the max operator can have
a value from Odeg. (£(L;) = Odeg., Acy; = £180deg.) to 180deg. (£ (I;) = 90deg.,
Aa;; = £90deg.). When the mutual phase differences Ac; are chosen properly, the
incorrect determination of the sign of phase difference ¢ is practically impossible.

The approach described above is simple but does not exploit all information
contained in the measured data. Let us now consider a more advanced approach.
The measured microwave power detected behind the Rx antenna is always affected
by the uncertainty of the detector. The radii of circles Ry and R;, computed from
measured powers, are affected as well. From a geometrical point of view, the ideal
intersection points are thus transformed into intersection areas because we have
to assume the intersection of rings instead of the intersection of circles. The phase
difference ¢ is, thus, only possible to determine with some uncertainty. The situation
of the intersection of the two rings is depicted in Figure [4.1

23
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Figure 4.1: Illustration of the intersection of two rings.

The size and shape of the intersection area depends on the uncertainty of the
power measurements and on the angle of intersection of these two rings. The angle
of intersection depends on the electrical length of the reference and the test chan-
nel, and on test object properties. The smaller the intersection area, the better the
determination of the phase difference . It is clear that a perpendicular intersection
of circles results in minimum uncertainty. To maximize the likelihood that at least
one circle with the radius R; intersects the circle with the radius Ry almost perpen-
dicularly, regardless of the actual value ¢, we must properly choose a set of phase
shifts a;. One possible solution is to use a; which are uniformly distributed on the
interval [0, 180] deg. with the mutual phase shift 180/(n — 1) deg.

The outcome of a microwave power measurement is always a number which lies
with a certain probability in a coverage interval [29] which is defined not only by the
detector itself, but also by features of the whole measurement circuit. When using
the minimum number of measurements of PP({ZJ)rT (n = 2) there are two realizations
of ¢. Let the first realization be labeled oM. Its absolute value is identified from
the argument Z (I;) and its correct sign from Z (I) and Aays. The absolute value
of the second realization labeled ¢ is identified from the argument £ (I) and its
correct sign from Z (I) and Aas;. The arguments of intersection points Iy and I,
are affected by the uncertainties of power measurements and that is why generally

o) £ @) In general, when we have n power measurements of PR) ¢ corresponding
to n settings of «;, then we have n realizations of ¢. The phase difference ¢ is then
considered as a random circular variable with the average value [30]

5=/ (% iei”(i)> . (4.2)

The average value of the measured quantity is commonly considered as the best esti-
mation of the correct value of quantity, supposing an equal uncertainty of individual
values [29]. But in our case every realization of phase difference ¢ is obtained with a
different standard uncertainty and to minimize the final standard uncertainty u (),
some realization of o, with excessive standard uncertainty, should be eliminated
from the computation. Hence, we can compute the sample mean
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¢ =1 <ﬁ ZeW(l)) : (4.3)
ieM

where M is the set of indices i for the realization of ¢ with sufficiently small un-
certainty and |M| is the total members of set M. An example of a proper set of
realizations from a real measurement is stated in section Bl

The actual value of standard uncertainty u (go(i)) depends on the size and shape
of intersection area. The widths of rings can be evaluated using the law of uncertainty
propagation [29]. Let us assume that microwave power is degraded only by Gaussian
noise, the jsignal-to-noise ratio (SNR)| on the power detector is high and that the

measured powers Py, Pr and Prr({ier are uncorrelated. Then the standard uncertainties
of radii Ry and R; are given by the equations

and
OR 2 [ aR ’

w(Ry) = ( o T)) +< (R, ) | (4.5)
where
ORy _ 1 [Pp 0ORy _ -1 [IR
GPR T T PT’
OR; _ 1 Pr
0Py — 2Ppy/ p@

R+T

The standard uncertainties u(P) of the power detector can be obtained from
its datasheet. Expanded uncertainties U(P) = ku(P) for a specific coverage factor
k, and specific coverage probability, respectively, are frequently used supposing a
normal distribution of measured power [29].

In most cases the intersection area has four vertices, I3 to Iy, (Figure and
the geometrically obtained uncertainty u, (£ (I;)) of the argument of the intersection
point Iy is given by two vertices of the intersection area with the lowest and the
highest argument. In the case of Figure the geometrical uncertainty is given by

g (£ (1)) = ([ + ) = S0~ £ ),

For further uncertainty analysis we will use imaginary power detector, which
has expanded uncertainty (k = 3) as depicted in Figure . Uncertainty charac-
teristics were inspired by the widely used HP85025 and HP85037 power detector
family [31] and shows the basic properties of diode power detection uncertainties,
where low powers are affected by noise and high powers by the linearity of voltage
characteristics.

(4.6)
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Figure 4.2: The expanded uncertainty of an fictional power detector.
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Figure 4.3: The geometrical uncertainty u, (£ (I;)) for all possible arguments of in-
tersection points Z (I;) and for the various ratios of Pr and Pgr when using imaginary
power detector and Pr = —20dBm.

The dependence of u, on all possible arguments of intersection points £ (I;),
and for the various ratios Pr/Pr and our fictional power detector is depicted in
Figure Its expanded uncertainty is U(P) = 0.4dB (k = 3) for input powers
from —35dBm to 5dBm while outside of this power range it increases linearly with
a slope of approximately 0.06 dB/dBm (see Figure . From Figure it can be
seen that the most accurate determination of the argument of the intersection point
I; generally occurs when the ratio of the received powers is Pr/Pr = R? ~ 1. This
ratio can be reached with an adjustable microwave attenuator (Figure or am-
plifier in the measurement circuit (reference channel). When the circles intersect
almost tangentially, i.e. when Z(I;) = ‘gp(l) + ai‘ ~ 0 or 180deg., the intersection
area does not contain all four vertices, therefore these cases must be assessed indi-
vidually. Some of these special cases are depicted in Figure [4.4l The main feature
of these intersection areas is that one of the lines which geometrically defines the
uncertainty ug (£ (1)) is the real axis of the complex plane, because the shape of
the intersection area is always symmetrical with regard to the real axis and because
we a priori assume the correct determination of the sign of ¢ using the argument
of another suitable intersection point I;.

In a real measurement, meaning one influenced by uncertainties, when Ry > R;
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Figure 4.4: Special intersection cases for fictional power detector with uncer-
tainty in Figure 4.2l For all graphs holds Pg = —30dBm. (a) Pr = —25dBm,
Pryry = —32.081dBm. It leads to an almost tangential intersection:
Z(Iy) =175deg. Only three vertices of the intersection area exist.
(b) Pr=-30.09dBm, Pgir=—69.74dBm. It leads to tangential intersec-
tion: Z(I;) = 180deg. (¢) Pr =8dBm, Prir = 8.109dBm. It leads to tangential
intersection: Z (I;) = 0deg. Geometrical uncertainty of the argument of I; is in
this case ug (£ (I1)) =90deg. (d) Pr =2.9dBm, Pgir =2.9022dBm. It leads to
Z(I;) = 90deg. and u, (£ (I;)) = 90 deg.

(£ (I;) ~ 180deg.), or, Ry < R; (£ (I;) = 0deg.), situations may occur where the
intersection point, and even intersection area, does not exist at all. [t may be caused
by the uncertainty of measurement but also by unpredictable, random, external ef-
fects which influence the real measurement setup. In these cases we estimate the
argument of the intersection point as 180 deg. and 0 deg., respectively. But for these
measurements we are unable to determine the geometrical uncertainty u, (£ (1;)).
Eliminating such a measurement from set M in is a reasonable solution. More-
over, a great difference between the radii of circles Ry and R; may be another source
of large uncertainties (Figure [4.4(c), [£.4(d)) and that is one of the reasons why the
dynamic range of measurement is practically limited.

The dynamic range of measurement can be understood as the maximum range
of power Pr for which is possible to measure the phase difference ¢ with small un-
certainty. The dynamic range is limited from bottom by the noise level and can be
reached when the received powers Pr and Py are very small, and/or almost the

same and waves a and b have the mutual phase shift (¢ + «;) ~ 180deg. resulting

in PP(:J)FT ~ 0 W. The upper limit of the dynamic range is limited by the maxi-

mal non-destructive measurable power by the power detector and can be reached
by the excessively high powers Pg and/or Pr which, together, constructively in-
terfere ((¢ + ;) = 0deg.). Another case reaching the upper limit of the dynamic
range of measurement results from the measurement method itself and not from
the maximum measurable power of the power detector. That case is depicted in
Figure [£.4[(d) when Z(I;) ~ 90deg. and Ry < u(R;) the geometrical uncertainty
is unacceptably high, u, (£ (I1)) = 90deg., and such a measurement is practically
useless. It can be derived, that the situation depicted in Figure [4.4(d) occurs when
the | + a1| = Z(I1) = 90 deg. and simultaneously
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Figure 4.5: Maximal test power Pr for measurement with geometrical uncertainty
ug (£ (I1)) < 90deg. for Pg = —30dBm and our fictional power detector with un-
certainty characteristics in Figure [£.2] For Pr with value on dividing curve the case

in Figure (d) occurs.
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Figure 4.6: Necessary argument of intersection point Z (I;) enabling perpendicular
intersection of circles for various ratios of powers Pr and Pg.
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where k is the coverage factor for which the expanded uncertainty of the power de-
tector is stated in decibels U(P)qp. E.g., when Pr = —30dBm and U(P)gp = 0.4dB
(k = 3) then the reflected power from the test object should be Pr < —30+ 32.9 =
2.9 dBm when measuring the Z (I;) with geometrical uncertainty smaller than 90 deg.
For a better detector with U(P)qp = 0.1dB (k = 3) the upper limit of the dynamic
range is improved and power Pp should be Ppr < —30+ 45.2 = 15.2dBm. These
worst case scenarios hold for the particular situation when |¢ + a;| ~ 90deg. De-
pendence of is depicted in Figure [£.5 For the other arguments of intersection
points when Z (I;) # 90 deg. the uncertainty is generally smaller.

The geometrical uncertainty u, (£ (I;)) obtained from the geometrical represen-
tation of the measured powers is an estimation of standard uncertainty u (£ (I;))
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which is directly equal to the standard deviation of Z (I;) a priori presuming a nor-
mal distribution of Z (I;). This presumption sufficiently holds when uncertainties of
measured powers u (P) < P while circles are intersecting almost perpendicularly.
It results in bivariate normal distribution of the coordinates X; and Y; of the inter-
section point I; and the shape of the coverage region is elliptical [32]. However, such
a situation occurs rarely and only when

cos (Z(L;)) = _\/1;:2 = —Ry (4.8)

is satisfied. The dependence of intersection points Z(I;) on power ratios Pr/Pr is
shown in Figure and it can be seen that the perpendicular intersection can not
happen when Pr/Pr > 1. As the perpendicular intersection occurs rarely it is not
possible to presume the bivariate normal distribution generally. In general, when the
angle Z (I;) lies anywhere in an interval of [0, 180] deg. it is practically impossible to
find an analytical solution for the standard deviation of Z (I;) for every combination
of Pr, Pr, Pry1 and detector uncertainty u(P). Therefore, in accordance with [I8],
when we are not able to ensure the distribution of the input quantities close to
the normal distribution, and the linearized model of measurement used by the law
of uncertainty propagation is not precise enough, it is more reliable to perform a
numerical solution of uncertainty.

4.2 Numerical Approach

The [MCM]| enables us to determine how much the geometrical estimation u, (£ (I;))
differs from the numerically computed standard deviation uycm (£ (1;)). The nu-
merical computation was performed by a huge amount of simulated measurements
of powers Pg, Pr and Pg.1 with specific uncertainties (standard deviations) u(P).
The number of trials was chosen with the intention of properly showing the cov-
erage areas up to probability p = 99.7% and to compute the correction data for
an approximate geometrical uncertainty determination. In accordance with [33], the
number of trials should be greater than 1/(1 — p)10* = 3.33-10° trials. We have
utilized 107 trials, which allowed us to create a sufficiently precise illustration of the
shape of coverage areas for p = 99.7% and a determination of variance of Z (I;) with

uncertainty approximately 4/2 / 107 = 0.045% [29].

An example of MCM]output using our fictional power detector is depicted in Fig-
ure 1.7} Based on the simulations the population of intersection points I; and
its standard deviation of argument £ (I;) were computed. As this statistical compu-
tation was performed from many measurements, we consider the outcome of
uncertainty uycm (£ (I;)) to be equal to the correct standard uncertainty u (£ (1;)).
At this point, we can compare the values of geometrically obtained uncertainty and
values of numerically obtained uncertainty through the correction coefficient x as

_unom (£(1)  u(£(1))
ug (£ (1;)) ug (£ (1;))’

(4.9)
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Figure 4.7: The output of MCM simulation with 107 trials. Received powers are
Pr = —10dBm, Pr =5dBm and Pr,1 = 5.483dBm. It results in the intersection
point I; with the argument Z (I) = 76 deg. Powers were simulated with standard
deviation given by features of our fictional power detector. Uncertainty regions are
depicted for coverage probabilities p = 68, 95 and 99.7%. It is clear that the prob-
ability density function of positions of intersection points has not bivariate normal
distribution.

hence, it is possible to express the standard uncertainty u (£ (I;)) from geometrical
uncertainty u, (£ (I;)) as

w(Z (1) = kug (£ (1)) . (4.10)

Coefficient & is used as a correction coefficient for obtaining the correct standard
uncertainty on the basis of geometrically obtained uncertainty. It is easier to make
one robust numerical simulation for several combinations of received powers for a
particular power detector and then use s for a simple correction of geometrical
uncertainty because the geometrical uncertainty can be easily obtained in
real time measurements based on measured powers.

The computation of x for the particular case depicted in Figure 4.7| using the
[probability density function (PDF)|is depicted in Figure [£.8] In Figure the nu-
merically computed uncertainty region for the coverage probability p = 68% seems
to be wider than the intersection area, however, it is not true as seen in Figure [4.8|
The geometrically obtained standard uncertainty, i.e. the width of the intersection
area, is wider than the standard uncertainty (deviation) uycnm (£ (I1)) due
to the shape of its coverage region for p = 68%. There is a large number of points
with arguments similar to Z (I;) making the standard deviation of Z (I;) smaller
than expected from the bivariate coverage region. In this particular case x = 0.9.
However, it does not hold generally.

The actual values of k depend on the measured powers and uncertainties of
these powers. The simulation assumed our fictional power detector (un-
certainty in Figure for all combinations of received powers in the ranges of

Pp € [-40, 0]dBm, Py € [~60, 20]dBm and Py, resulting in each argument be-
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Figure 4.8: Probability density function of the argument of population of inter-
section points from MCM simulation depicted in Figure 4.7, The PDF is al-
most Gaussian. Median of arguments is 76 deg., standard deviation (uncertainty)
of arguments uyeom (£ (I1)) = 8.3deg. and geometrically obtained uncertainty is
ug (£ (1)) = 9.2deg. Correction coefficient « is then k = 8.3/9.2 = 0.90.

ing Z(I) € [0, 180] deg. The corresponding correction coefficient x has an average
value of & = 0.67 and has a 95% probability of lying in the interval [0.24, 0.99]. It
means that uncertainty u, (£ (I;)) is, in most cases (1 —0.67)/0.67 = 49% higher
than uncertainty uncem (£ (I1)). This deviation is unique for each power detector
uncertainty value. The dependence of x on uncertainties of power detector was ana-
lyzed and determined to not be significant. For example & = 0.70 for a detector with
expanded uncertainty U(P) = 0.2dB (k = 3) and & = 0.72 corresponds to a detector
with a practically unreachable low value of expanded uncertainty of U(P) = 0.01 dB.
We can conclude that for common power detectors with expanded uncertainties in
the order of tenths of dB, the geometrically obtained uncertainty u, (£ (1)) is pes-
simistic estimation of standard uncertainty u (£ (Iy)) with an error in the order of
tens of percentile points. The dependence of coefficient x and resulting standard
uncertainty u (£ (I;)) on the various ratios Pr/Pr and for all Z(I;) supposing our
fictional power detector is depicted in Figure and Figure [£.10] It can be clearly
seen that it is advantageous for powers Pr and Py to be the same (Pr/Pr = 0dB)
because in that case uncertainty u (£ (I;)) attains its minimal value for whatever
actual value of Z (I;).

The precision of the settings of the phase shifts «; is also important in the
uncertainty computation. The uncertainty of the phase difference ¢ is given by

u () = \Ju(Z (1)) + (o) (4.11)

This equation is based on the application of the law of uncertainty propagation on
(3.22) or :3.24 ). The final standard uncertainty of the phase difference ¢, when using
average (4.2|) for computation, is, approximately, given by
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Figure 4.9: Numerically determined coefficient « for our fictional power detector
when Pr = —30dBm.
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Figure 4.10: Resulting standard uncertainty u (£ (I;)) computed by (4.10) using the
geometrical uncertainty from Figure 4.3 and x from Figure

(4.12)

This computation is based on the assumption that the determination of the un-
certainty of average of the circular random variable is reasonably approximated by
the uncertainty of the arithmetic mean when the standard uncertainty « (go(i)) is
small (maximally about 10 deg.). But even when a higher quality power detector
(U(P) ~ 0.1dB) is used, in some particular cases (Figure [4.4{c), [1.4[d) the uncer-
tainty u (go(i)) can be significantly higher than 10 deg. Then it is definitely better to
use for the computation of ¢ resulting in

1

u(p) = ] ;4%(90(“)2‘ (4.13)
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VNA
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Figure 5.1: Block scheme of the measurement setup.

The new measurement method was experimentally verified using an Agilent
E8364A vector network analyzer in the 6 to 12 GHz frequency band. The block
scheme of the experimental setup is shown in Figure[5.1/and the measurement setup
photo is seen in Figure Components of the measurement setup were able to take
measurements from 2 to 18 GHz. However a 6 to 12 GHz octave sub-band was used
as a sufficiently wide band, compared to standard imaging systems, e.g., [3] 4] [5] [6],
for experimental verification.

The microwave signal from port 2 of the goes through a Mini-Circuits
ZVA-213S+ microwave amplifier, to compensate for setup losses, into a
ftransmission test unit (RTTU)[HP8743A from Hewlett-Packard which is applied as
a power divider and a precise phase shifter using an internal extending line (LINE).
The transmitting antenna TEST is controlled by the internal switch SW. The APC-7
short is connected to the unknown port of the[RT'TU| Three double ridged waveguide
horn antennas DRH20 [34] manufactured by the RFspin s.r.o. company with a gain
of approximately 13.5dB at 10 GHz were used for the measurement.

For further calculations let us denote At = a/d which is the transmission from
port 2 to the output of the Rx antenna via the antenna TEST. Further, let
Agr = b/d which is the transmission from VNA port 2 to the output of Rx antenna

33
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Figure 5.2: Measurement setup. The radiation absorbent material was placed on the
metal table during the measurement.

via the antenna REF. And finally let Arx = ¢/a = ¢/b which is the transmission from
the output of the Rx antenna to port 1.

The was calibrated in the reference plane of high-performance test cables
connectors with a 3.5 mm Agilent 85052B calibration kit. Measurements consisted
of three types of transmission measurements.

5.1 Measurement Procedure

The first measurement was of Sio1. The semi-rigid coaxial cable REFERENCE LINE
(part of the was replaced with two 50 €2 loads on the APC-7 connector and
the SW switch was set to position R (Reflection). In this configuration only the
TEST antenna was transmitting and a = Ard, b = 0, ¢ = Agy(a + b) = ArArd.
The measured transmission was

C
Sior = 5 = Aredr. (5.1)

The second measurement was the measurement of Sior. The REFERENCE LINE
was reconnected and the length of the LINE was set to Omm. The SW switch
was set to position T (Transmission). In this configuration only the REF antenna
was transmitting and a = 0, b = Agrd, ¢ = Agrx(a + b) = ArxArd. The measured
transmission was

c
SlgR - C_Z - ARXAR (52)

The third measurement was the measurement of SEQR 47 The REFERENCE
LINE was connected and the SW switch was set to position R. Both the REF and
TEST antennas were transmitting simultaneously. The measurement was repeated
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Figure 5.3: The reference phase difference ¢yna identified directly from complex
S-parameters measured with VNA.

for n = 7 lengths of the extending LINE inside the [RTTU| from /; = Omm to
[ = 30mm with 5mm steps. These lengths represent phase shifts from a; = 0 to
a7 = 360 deg. with step approximately 60 deg. at the frequency f = 10 GHz.

The transmission coefficient Ag) of the reference path through the REF antenna
depends on the length of the LINE in accordance with

AD = Apeion, (5.3)

for i = {1,2,...,n}. The dependence of additional LINE losses on its length was
neglected. The waves can be expressed as a = Ard, b; = A(P?d and ¢; = Agx(a+b;) =
Arxd(Ar + Ag)). We measured n transmission coefficients

i C; i
S§2)R+T =4 (A%) + Ar) ARx. (5.4)

VNA measurements of complex transmissions Sisr and Siar allows us to calculate
the phase difference pyna directly as

SOVNA = Z (%) = l (ngR) = 4(8121%) — 4(812T). (55)
T 12T

This value was used as a reference phase difference to verify the results of the
proposed method described below. Dependence of pyna on frequency is shown in
Figure 5.3

To verify the new method amplitudes of measured S-parameters were used. We
need to construct a geometrical representation of the measurement, i.e., calculate
the radii Ry and R; of the circles, and it is possible with the knowledge of the
ratios of received powers. The radii were thus expressed from the absolute values of

S-parameters as
Pr | Ag|? 1Sir? |Siox]
PT ’AT’ ‘SlgT’ ‘S12T|

and
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Figure 5.4: Magnitudes of measured transmission coefficients Sij5. The values

SYQ)R +T’ for other lengths [; of the extending line are very similar to the graph

, but the minima and maxima are shifted.

1
of ‘S 52)R+T

i i 2 i 2 i
o [P AR+ Al | Sl _ (Sl :
i Pe 2 - 2 T g : (5.7)
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5.2 Measurement Results

Some of the results of processing measured data at frequency f = 10 GHz are stated
in Table[5.1] Set phase shifts «; via the electrical lengths I; of the extending line are
stated in the interval at (—180, 180] deg. The amplitudes of measured S-parameters
are |Sior| = —45.35dB, |Si21| = —40.55dB and using results in a radius of
Ry = 0.575. The measured magnitudes of transmission Si5 parameters are de-
picted in Figure [5.4] It is possible to obtain only absolute values of arguments
Z(1;) = ‘go(i) + ai} from the geometrical representation of measurement and another
proper intersection point, I;, is used to obtain the correct sign of phase differ-
ences . In Table the indexes j of the proper intersection points computed
by are stated. The actual values ¢® are then computed using - .
One of the outcomes of or is significantly closer to zero, i.e., the sign
of individual realizations of ¢® are clearly obtained. If computing uncertainty of
measurement is not required, it is possible to compute an average value ¢ from all
realizations of ¢ and the measurement is complete. However, if it is intended to
exploit the redundancy in measurement effectively, uncertainties must be considered.

In our procedure the uncertainties of individual realizations u (go(i)) are based
on a geometrical representation, but we cannot use (4.4) and for this repre-
sentation construction because we do not know the actual value of Pr and uncer-
tainties u(P) of the individual power detectors in the . We have to utilize the
uncertainty of the magnitude of transmission coefficient measurement of the
used which is depicted in Figure[5.5 We assume this type B uncertainty stated in the
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0 0.0 -40.23  1.037 102.79 119.8  -102.79 0.189 0.0108 1.37 0.77 1.1
5 -60.0  -47.01  0.475 163.85 -60.0 -103.81 0.211 0.0086 2.35 0.86 2.1
10 -120.1  -43.57  0.707 136.30 -120.1 -103.61 0.200 0.0094 1.09 0.93 1.1
179.9  -38.64 1.245 78.95 -60.0 -100.93 0.185 0.0118 1.97 0.69 1.4
20 119.8  -36.67 1.563 14.89 -120.1 -104.95 0.181 0.0134 12.0 0.67 8.1
25 99.8 -37.29 1454  47.00 60.0 -106.80 0.182 0.0128 3.62 0.65 24
30 -0.3 -40.38  1.020 104.64 -119.8 -104.39 0.189 0.0107 1.33 0.78 1.1
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Table 5.1: Results for computation of mean value of phase difference ¢ at frequency f = 10 GHz.
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Figure 5.5: Expanded uncertainties (kK = 3) of magnitude and argument of trans-
mission coefficient measurement of the Agilent [VNA] E8364A. BW = 500 Hz,
P,y = —10dBm, junknown, open, short, match (UOSM)| calibration [35] using
3.5mm calibration kit 85052B, f = 2+ 20GHz. Uncertainty data were obtained
from the Vector Network Analyzer Uncertainty Calculator [36] from Agilent Tech-
nologies.

datasheet was obtained from measurements with high degrees of freedom [I8]. This
graph makes it possible to determine the standard uncertainty u (|S12|) belonging to
every level of the measured transmission coefficient. The uncertainties of the radii
of circles u(Ry) and u(R;) are possible to obtain by applying the law of uncertainty

propagation on and as
w(Ry) = (ﬂuus |>)2 ; (ﬂuus |>)2 (5.8)
0 a ‘512]:{’ 12R a ‘512T| 12T 3 .

u(Ry) = \/ (5 <|smr>)2 ¥ (%W&MD)Q (5.9)

where

ORy  _ 1 Ry _ _ |51l
d[S12rl  [S127] 7 9[S127] 15197)%

OR; _ _[Somer| OB 1
d|S127] Bk d[S12r41l  [S127)

Expanded uncertainties of transmission coefficients using the graph, see Fig-
ure , are U(S12r) = 0.205dB and U (Si21) = 0.190dB. But for usages of
and , it is necessary to use standard uncertainties in linear scale. The transfor-
mation is possible using the equation

US)ap Sin
u(S)y, = (10 - 1) | ,; I, (5.10)

where U(S)gp is the expanded uncertainty of the S-parameter in decibels for cover-
age factor k, and, Sy, is the S-parameter in linear units. This equation is simplified
and sufficiently holds if |S|ag < U(S)ap. In this case it is possible to consider the
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Figure 5.6: The difference between the reference phase difference ¢yna and ¢ derived
from the scalar measurement. RMS = 0.91 deg.

coverage interval symmetrical around Sy,. After obtaining uncertainties in linear
scale, the standard uncertainty of radius Ry using is u(Rp) = 0.0062. The indi-
vidual geometrical uncertainties ug(gp(i) ), with appropriate correction coefficient &,
are stated in Table . The standard uncertainty u(¢®) of the individual realiza-
tions of ¢ is also affected by the uncertainty of the settings of the length of the
extending line u(q;), as stated in (4.11]). The uncertainty of the length of the extend-
ing line was estimated to be 0.05 mm with uniform distribution, i.e., the standard
uncertainty u(c;) = 0.35deg. at frequency f = 10 GHz.

The correction coefficient x was used as in (4.10) and the actual values of &
were numerically obtained. The dependence of k is, in this case, a function of the
measured S-parameters and the uncertainty of the [VNA] used. The simulation was
made for |Sior| € [-70, —10] dB and |Siar| € [—90, 10] dB. The mean value of x for
all combinations of measured S-parameters is & = 0.64 and has a 95% probability
of being in interval [0.21, 0.99].

The outcome of computing average value from all realizations of ¢ is
@ = —103.90 deg. with standard uncertainty u(@) = 1.0deg. Such a high un-
certainty was primarily caused by measurement number ¢ = 5 where the resulting
uncertainty is u(¢®) = 8.1 deg. To enhance the uncertainty of the arithmetic mean
we have to use utilizing only realizations of ¢® with sufficiently small un-
certainty. The selection of proper realizations of ¥ ) was done by calculating the
standard uncertainty of all combinations of ¢ without repetition. In our case, the
best combination, in terms of minimizing the standard uncertainty of sample mean
(4.13]), were measurements i € M = {1,3,4,7}. The others were not used and are
shaded in Table 5.1} The final obtained phase difference is ¢ = —102.93 deg. with
standard uncertainty u(p) = 0.59 deg.

The procedure described above was automated via MATLAB software and the
phase difference ¢ was obtained for all 601 frequency points measured. The difference
between the reference phase difference pyna, identified directly from complex trans-
mission coefficients , and computed phase difference ¢ is shown in Figure .
The expanded uncertainty (kK = 3) of computed phase difference ¢ is depicted in
Figure 5.7

The reference phase difference pyna was obtained from measured data with
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—U (p) =-U (pvna) ---Up (9)
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Figure 5.7: Expanded uncertainty (k = 3) of the computed phase difference U(p),
expanded uncertainty of the reference phase difference U(pyna) measured directly
by the and expanded uncertainty Up(@) of phase difference computed from
simulated measurements with one power detector having uncertainty U (P) = 0.1 dB.
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Figure 5.8: Expanded uncertainty (k = 3) of the argument of measured Sysg and Sior

B

some uncertainty. The expanded uncertainty of argument of transmission coefficient
measurement U(Z(S12)) is depicted in Figure and it is possible to exploit this
data to compute the standard uncertainty of the reference phase difference u(pyna)
which can be processed with the application of the law of uncertainty propagation

on (5.5)) as

dpvn ? dpvn i
u(pvna) = \/ (mu (£ (SmR))) + (WS;)u (« <5m>>) (5.11)

= V2 (£ (S1ar)) + u? (£ (Siar)).

This equation is simplified because the argument of S-parameters, i.e., argu-
ment of the complex number, is a circular variable. To be precise, the random vari-
able pyna with the wrapped normal distribution, or von Mises circular distribution,
should be assumed [30]. But when the standard uncertainty of argument S;5 is much
smaller than 180 deg., i.e., u(Z£(S12)) < 180 deg., sufficiently holds. The actual
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Figure 5.9: Arguments of intersection points Z(I;) in frequency band 10.8 + 11 GHz.

uncertainties of measured arguments of Sior and Syt are depicted in Figure [5.8|
The resulting expanded uncertainty u(¢vna) is depicted in Figure .

Regardless the measurement was performed by the [VNA]the method is based on
a measurement with a power detector. Let us derive the expanded uncertainty of the
phase difference Up (@) computed from simulated measurements with a commercially
available power detector with expanded uncertainty U(P) =0.1dB (k = 3) and

constant reference power PR = —20dBm which is, in practice, easy to achieve. The
radii of circles Ry and R; have already been obtained from ((5.6) and (5.7)) and it is

possible to compute simulated received powers as Pr = Pr/R3 and P(Fi{ Ty = R?Pr
from ((3.8]) and . These processed measured data, as described in section |3 and
, provide the final expanded uncertainty of phase difference Up(®) depicted in
Figure 5.7

Generally, typical uncertainty dependences of most measurement systems are
smooth curves. In our case the uncertainty U(¢) in Figure is rippled. It results
from the computation procedure which is explained as follows: n = 7 measurements
with different physical lengths [; in the reference path were performed. At some
frequencies it was possible to obtain the argument of intersection point precisely
using most measurements simultaneously. However, the situation was completely
different at certain frequencies where it was possible to use only one measurement.
The curve U(p) in Figure , hence, holds only for our specific measurement with
a specifically measured scenario, i.e., a radiated metal plate. With other measured
test objects or frequency bands the uncertainty would be different. The same holds
for curve Up(9).

The worst expanded uncertainty, U(@) = 5.6deg., occurs at frequency point
f =10.88 GHz. Considering the measured S-parameters in Figure [5.4] the [Sisr|
has global minimum value of |Sjor| = —54.7dB, but this is not the reason for the
poor uncertainty. The answer is depicted in Figure [5.9, where the arguments of
intersection points Z(I;) for all number ¢ of measurements are presented. At the
frequency f = 10.88 GHz, it became a random situation when the outcome of mea-
surements number ¢ = 1 and 7 resulted in Z(I;) = £(I;) = 0deg., for the i = 4
Z(I14) = 180deg., and, for i = 2 and 6, and i = 3 and 5, respectively, the arguments
of intersections are the same. It yields in little redundancy in measurement and
decreases the precision of measurement.
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—U (p) =-U (pvna) ---Up (9)

Figure 5.10: Expanded uncertainties (k = 3) from the measurement without the test
object. U(p) is the uncertainty of the computed phase difference, U(pyna) is the un-
certainty of the reference phase difference measured directly by the and Up ()
is the uncertainty of phase difference computed from simulated measurements with
one power detector having uncertainty U(P) = 0.1dB.

One way to reduce the uncertainty U(g) is to use a higher amount of different
phase shifts a; in the reference path. Performing a higher number of measurements
increases the probability of obtaining more realizations with precisely obtained in-
tersection points at every frequency point. As can generally be seen from , a
higher number of measurements n leads to smaller uncertainty of ¢. Another op-
tion how to reduce resulting uncertainty is to use a high-quality power detector
with a small uncertainty. Powers measured with smaller uncertainty u(P) provide
smaller uncertainties of radii of circles u(Ry) and u(R;) resulting in a smaller in-
tersection area which in turn lead to a smaller uncertainty of realizations of ¢,
As demonstrated in Figure 5.7 using a power detector with expanded uncertainty
U(P) = 0.1dB provides comparable, if not better uncertainty than a standard

measurement.

Outcomes from the measurements in this article with a configuration correspond-
ing to the configuration in Figure [3.1] are presented. Second verification measure-
ments with the TEST antenna directly irradiating the Rx antenna were also carried
out. Such a configuration simulated a potential application of the new method for
measuring of the TEST antenna. This measurement was performed with a better
power balance and hence the overall measurement uncertainties were also slightly
better. The expanded uncertainties of this measurement are depicted in Figure [5.10
and were obtained in the exactly same way as stated above. The random situation
similar to that depicted in Figure [5.9| around frequency 10.88 GHz did not occur,
because the propagation conditions were different and the measured S-parameters
had different phases and modules. Hence, the actual arguments of intersection points
were different and the dependence of U(p) does not exhibit such a significant max-
imum unlike Figure 5.7
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5.3 Multipath Propagation

It is also extremely important to note that the multipath propagation has no influ-
ence on the error signal depicted in Figure [5.6, However, it is clear that between the
REF - Rx and TEST - Rx antennas some multi-path propagation, due to reflections
from walls and subjects in a room, does occur, but it does not affect the correctness
of the verification of the method. The vector transmission coefficient Sia1 and Siar
were measured in configuration as depicted in Figure [5.2) but during the measure-
ment of the absolute values of all |Sj5| parameters, the multipath propagation con-
ditions were the same, thus these scalar transmission coefficients were affected in the
same way as the reference vector data. When the microwave imaging is performed
in a common places, e.g., security check-points in airports, nondestructive testing in
industry etc. the multipath propagation always occurs. Due to this interference the
measured S-parameters are obtained with some error and some artifacts appear in
the reconstructed image. These artifacts can be considerably reduced by using, for
example, the time gating technique [37] widely used in antenna measurements, or,
by the modified back-projection method published in [3§]. Both techniques require a
sufficient difference between the direct and the multipath propagation delay as well
as eligible bandwidth and the number of frequency points.
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Chapter 6

Scalar Measurement

In the previous section a measurement was performed using as a very precise
possibility of how to practically verify basic principles of measurement method. But
it is also necessary to practically verify the measurement method with its intended
configuration, i.e., realize a scalar power measurement with a single detector.
During the designing of necessary [HW] for this measurement we discovered that the
design of a wide-band antenna array would be very difficult, so we decided to leave
our original intention to provide a multistatic imaging system and rather implement
an measurement technique, which necessarily needs just one receiving antenna
instead of an antenna array [39].

6.1 HW Implementation

The specific solution was affected by several circumstances. First of all we
wanted to use the proposed for microwave imaging, hence it was necessary that
the [HW] function in a band as wide as possible due to the relevant spatial resolution,
which is directly proportional to the bandwidth. On the other hand we wanted
to use the already available components and devices at our department and
spend just the appropriate amount of money for the fabrication of new components
corresponding to the relevance of this work. Another important requirement was to
design the whole system to be controllable via [personal computer (PC)|to provide
automated measurement capability.

A proposed measurement arrangement is shown in Figure [6.1] It was necessary
to design and fabricate the highlighted blocks to fulfil the appropriate parameters.
All antennas were used the same as with the measurement, i.e., DRH20 horn
antennas [34]. Usage of these antennas practically resolved the frequency band of the
measurement. These antennas work in the frequency band 1.7 =+ 20 GHz and fortu-
nately it suitably matched the necessary parameters of available equipment as cables,
connectors, adapters, detector, generator, etc., required for measurement. A Rohde
& Schwarz SMF100A [40] generator with operating frequency range 1=+ 43.5 GHz
and output power up to 30 dBm was used.

We have already had several practical experiences with the design of microwave
circuits using the RO4003C [41] microwave substrate from the Rogers Corporation
and we decided to use it also for this project. Over time we determined that for
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Figure 6.1: Measurement arrangement verifying imaging capabilities of the mea-
surement method. Red blocks represent the microwave components which are to be
designed and fabricated.

the precise design of microwave components, i.e., to make the measurement and
simulation agree as well as possible, the characterization of substrate permittivity
and dielectric losses was necessary. For this purpose we designed an extensive cali-
bration kit containing several calibration standards to possibly use several calibra-
tion techniques to perform calibration directly on the [grounded coplanar waveguide|
(CPWG)[ [42]. The calibration kit assembled with Rosenberger 32K243-40ML5 con-
nectors [43] is depicted in Figure [6.2] For substrate characterization purposes we
used the multi-line calibration method [44] [45] using four Line standards with
lengths of 3.1, 5.8, 8.1 and 10 mm. The characterization of substrate was performed
by fitting measured and calibrated S-parameters of 200 mm long [CPW(] line with
a CST model simulation using “Extract complex permittivity” macro [46], 47]. The
obtained substrate parameters are show in Figure [6.3] According to datasheet [41]
of this substrate the dielectric constant should be €/ = 3.38 at 10 GHz, i.e., approx-
imately 9% lower than measured. Dielectric losses should be tand, = 2.7 - 1073 at
10 GHz, but when measured were approximately about 50% higher.

All components mentioned earlier were fabricated on the RO4003C substrate
with thickness 0.0087” (~0.221 mm) and enclosed into custom made metallic boxes
equipped with Super SMA connectors model 212-502SF [48] from Southwest Mi-
crowave, Inc. In the following paragraphs we provide a detailed description of the
individual components.

6.1.1 Power Divider

Due to wide bandwidth of DRH20 horn antennas (over one decade) to fully exploit
its possibilities it was necessary to design similarly wideband power divider. Ac-
cording to the achievable bandwidth, losses and isolation of different types of power
dividers we chose to design a Wilkinson power divider [49]. This kind of divider
can provide bandwidth of up to one decade using a 7-stage design [50] with reason-
able requirements for fabrication precision. The impedances of lines and resistors
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Figure 6.2: Calibration kit used for the characterization of the RO4003C substrate.
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Figure 6.3: Measured relative permittivity and dielectric losses of the RO4003C
substrate.
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Figure 6.4: Model of the 7-stage Wilkinson power divider in CST for verification of
design and realized structure. The length of the part with branches is approximately
2cm.

for equal-ripple (Chebyshev) approximation of characteristics with reflections and
crosstalk lower than —20dB are listed in [50]. We modelled, parametrized and opti-
mized the whole Wilkinson structure in AWR Microwave Office while incorporating
all microstrip junctions and 0201 [surface-mount device (SMD)| resistor models. The
narrowest line with impedance 89 2 was 0.12 mm wide, which is still reasonably man-
ufacturable. The usage of [SMD] components in microwave circuit design is usually
a source of discrepancies between simulation expectations and the real properties
of the fabricated device. To rigorously characterize all seven resistors using planar
calibration standards would be time consuming, hence we decided to simulate the
[SMD] components in CST as 3D physical models including resistor body, soldering
pads and resistive layer [51]. Extracted parameters of resistors were then used
in AWR simulations and, finally, the whole Wilkinson divider design was verified
in CST (see Figure[6.4[a)). A photo of the fabricated divider with assembled 0201
SMD|resistors is shown in Figure[6.4[b) and measured S-parameters with a reference
plane on [SubMiniature version A (SMA)| connectors in Appendix

6.1.2 Absorptive Switches

The requirements for switches were to utilize commercially available switches in an
[SMD] package, obtain reflections on connectors lower than —15dB, have isolation
better than 40 dB and insertion loss as low as possible. All of which having to hold
up to 20 GHz. From available and reasonably priced switches we chose
double throw (SPDT)| MASW-008322 switches [52] in a 24-lead power quad flat
no lead (PQFN)| package. For construction of the [single pole, single throw (SPST)
switch, as required (SW 1 and SW 2 in Figure , we had to utilize two SPDT
switches in the configuration depicted in Figure [6.5(a) and (b). To be possible to
control the switches with digital signals with transitor-transistor logic (TTL)|levels
we utilized the MADRCCO0005 driver [53]. Based on our practical experiences and
literature [54] we used two 100 2 0201 resistors in parallel instead of one 50 €2
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Figure 6.5: (a) Proposed arrangement of two MASW-008322 switches to create one
SPST| absorptive switch. (b) Photo of the realized switch.

resistor as a load to achieve lower reflections up to 20 GHz. On the same
[circuit board (PCB)|with switches was also the ICL7660S switched capacitor voltage
converter [55] to create necessary negative voltage for switches to simplify the usage
of the absorptive switch as one block with a single positive supply voltage. Measured
S-parameters of the fabricated switch are depicted in Appendix [A.2]

6.1.3 Phase Shifter

Most commercially available phase shifters work in a bandwidth of only a few oc-
taves. On the other hand these shifters usually offer a flat phase response almost
independent on frequency. Unfortunately, in our application a bandwidth of one
decade is needed and hence we decided to develop a phase shifter as digitally con-
trolled switched delays (lines). This style of phase shifter offers us a wide band
of operation limited only by switches, but strong frequency dependence of phase
shift on frequency and impossible instantaneous setting of shift is expected [56]. It
makes this type of shifter inapplicable e.g., as a phase modulator in communications
systems, but it is applicable for our purposes.

As already mentioned above in Section 3] in all cases the argument of intersection
point lies in interval Z (I;) € [0, 180] deg. and it is directly influenced by transmission
between the TEST and REF antennas and setting of phase shifter. To obtain the
correct sign of phase of transmission between the TEST and REF antennas we
chose one (the most perpendicular) intersection point from the set of intersections
making it beneficial to have another measurement with phase shift Aa;; = £90 deg.
to utilize . Hence it is necessary to allow set an approximately 90 deg. phase
shift in the whole working frequency band.

From one side, it is necessary to have the longest possible electrical length in a
vacuum for low frequency at least

Liw — ALF Co
LF = ——

1 4Afir

where fip = 2GHz, and the minimal electrical length for highest frequency maxi-
mally

~ 37.5 mm, (6.1)
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Figure 6.7: Realized 4-bit digitally controlled phase shifter implemented as switched
delays.

AHF Co
=
where fgr = 20 GHz. To fulfil these requirements we chose the phase shifter to be
4-bit (16 states) with a 2.5 mm step in the range of 0 = 37.5mm. It allow us to
set a phase shift with a 6deg. and 60 deg. step at frequencies 2 and 20 GHz, re-
spectively. This is a compromise between the complexity of the whole phase shifter
[HW], achievable insertion loss and needed diversity in the measurement to achieve
unambiguous results. Switches were used the same (MASW-008322 [52]) as in the
absorptive switch design and the functional diagram is shown in Figure [6.6] To be
possible to control the switches with digital signals with [TTL]levels we utilized the
MADRCCO0007 quad driver [57]. The of switch also includes source of a nega-
tive voltage (ICL7660S) for switch’s supply. A photo of fabricated shifter is shown in
Figure and measured S-parameters for all states of phase shifter in Section

~ 3.75 mm, (6.2)

6.1.4 Attenuator

An attenuator is needed to match the values of received powers Pr and PR to ensure
Pr/Pg = 0dB to achieve minimal uncertainty of Z (I;) as depicted in Figure [£.10]
This attenuator should be mainly capable of equalizing the reflectivity of [DUT],
because [free space loss (FSL)|in the test and reference channel would be almost
the same (difference 6 dB for double distance). The attenuation of the signal in the




6.1. HW IMPLEMENTATION 51

Figure 6.8: Realized 6-bit digitally controlled attenuator using MAAD-011021.

phase shifter (= 5-+20dB) can be easily balanced with the gain of the REF antenna,
which is directly heading the Rx antenna. Hence we decided to utilize the digitally
controlled 6-bit attenuator MAAD-011021 [58] with a 0.5dB step working from DC
to 30 GHz. A photo of fabricated attenuator, including a negative voltage supply
with ICL7660S, is shown in Figure and measured S-parameters are shown in

Appendix [A.4]

6.1.5 Reference Path Setup

All components described above were connected together to create a core microwave
multistate circuit of verifying measurement. A photo of the system is depicted in
Figure The system is generally a 3-port circuit offering 12-bit controlling (six
for the attenuator, four for the phase shifter and 2x 1 for two switches) with 4096
states in total. However, for the measurement procedure described in Section [3| the
states where both switches are turned off are not practically important. Hence we
can conclude that realized system offers 2'° = 1024 unique combinations of attenua-
tions and phase shifts in reference path, which is sufficient for getting unambiguous
measurements with sufficient dynamics for imaging purposes.

R
" A “3"5
N ' A

: o
o's%#:" " "i""v g &

Figure 6.9: Realized microwave setup of the multistate system for the verifying
measurement.

Because of the high phase sensitivity of the measurement method and the uti-
lization of [SMA] and 3.5mm junctions for connecting all components together, it
was necessary to characterize the whole setup by additional vector measurements.
Multiple reflections occur in the system which is not possible to predict without
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precise knowledge of all junction parameters. Hence we made the full 3-port mea-
surement of the assembled system for all 4096 states, but it is important to show
just the 1024 achievable transmission states in reference path. The remaining results
are not so important and it would need extensive space to present them in a feasible
way. The relative transmission of the reference path of the system is depicted in
Figure [6.10] The reference state was chosen as the state with the attenuator set to
0dB and the phase shifter set to a 0deg. shift. Measurement results are shown for
just a few frequencies to present a preview of the behaviour of relative transmission
in the reference path. It can be seen that at all frequencies the achievable attenua-
tion is approximately from —32 to 0dB and that the achievable phase shift is highly
frequency dependent. At the lowest frequency 2 GHz the maximal achievable phase
shift is maximally =~ 90 deg. and with frequency increasing up to 7.5 GHz the cover-
age of the phase shift also increases. At frequency 7.5 GHz the coverage of the polar
plot is the most dense. For further increasing frequencies the achievable states over-
lap because of the excessive length of the lines in the phase shifter and coverage of
achievable transmissions is uneven. The sparsest coverage occurs at the highest fre-
quency 20 GHz where the majority of achievable phase shifts is distributed around
60 deg. steps. It can be also seen that for some particular settings the achievable
absolute value of relative transmission is [ASy| > 0dB. This is caused by multi-
ple reflections in the system. These reflections generally worsen the linearity of the
settings of achievable transmissions but in our case it is not a problem because we
measured complete 3-port parameters over a full operating frequency range for all
digital states. Hence we know precisely the relative transmission between two arbi-
trary digital states which is necessary for the computation of transmission between
the Rx and TEST antennas.

6.2 Measurement procedure

The measurement setup was arranged as shown in Figure[6.11] A metallic plate, with
40 cm long sides, was used as the DUT]and several absorptive materials were used to
suppress potential multi-path propagation. A Rohde & Schwarz SMF100A [40] was
used as the signal generator with all antennas being DRH20 [34]. The Krytar 201B
power detector [59], consisting of a zero bias Schottky diode working from 10 MHz
to 20 GHz and connected directly to the Rx antenna, was used. An external audio
sound card Sweex SCO016 with line input incorporating integrated double 16-bit
lanalog-to-digital converter (ADC)| CM6206 [60] with maximal sampling frequency
48 kHz was used as the [ADC|

The whole measurement setup was arranged in a standard laboratory instead
of an anechoic chamber, because we wanted to make the measurement method also
work in standard environment. First, we tried to utilize 1 kHz chopping (square wave
amplitude modulation) to make it possible to use capacitively coupled amplifiers and
to reduce 1/f noise [61]. During the practical measurement we discovered a serious
problem with interference, mainly with the Wi-Fi signal and other wireless services,
which significantly increased the uncertainty of measured received power. Hence it
was necessary to come up with some diversity technique, which could enable us
to share the frequency spectrum with other wireless services. We chose a direct-
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Figure 6.10: Achievable relative transmissions in reference path. It is possible to set

210 (1024) independent states.
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Figure 6.11: Arrangement of scalar measurement using three horn antennas and a

metallic plate as the DUT]

T T T T T T T T T T T T T T Feedback logic

PN sequence

Figure 6.12: Shift register of length m = 7 generating MLS with length m? — 1 = 127
bits. The feedback circuit consists of modulo-2 adders and are summing bits from
register positions 7, 6, 4 and 2.

sequence spread-spectrum modulation using a [pseudo-noise (PN)| binary sequence,
which provides great interference immunity ([62]). We used a maximum-length se-|
lquence (MLS)| binary code a length of 127 bits offering us an ~ 40dB processing
gain, which was a compromise between interference cancellation, time consumption
of measurement and the computational cost of demodulation. We implemented an
generator as shift register with logic feedback circuit according to Figure [6.12]
The shift register has m = 7 flip-flops (two-state memory stage) and feedback con-
sists of modulo-2 adders. The initial state of memory could be arbitrary except for
all zeros and for every clock pulse the bits in the register are shifted to the right
and a new feedback bit is computed in the feedback circuit. There exist several
possibilities how to construct the feedback circuit for every length of register ([62]),
but all sequences are equivalent for our purposes. Generally the period of the
binary sequence generated by the shift register with proper feedback can be maxi-
mally m? — 1. We utilized feedback circuit summing bits from register positions 7, 6,
4 and 2 and the resulting [MLS| and its circular autocorrelation function is shown in
Figure[6.13] The autocorelation properties of are highly beneficial for detecting
the actual sequence under low conditions.




6.2. MEASUREMENT PROCEDURE 95

[y

IS4
©
T

o
=)
T

o
N
T

logical value (—)
correlation (—)
1)
~

o

S
)

0 20 40 60 80 100 120 -100 -50 0 50 100

Figure 6.13: Time dependence of utilized and its cyclic autocorrelation func-
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Figure 6.14: Correlation between a recorded signal containing 20 binary se-
quences from Figure[6.13|with 10 samples per bit and a copy of the sequence. Shown
case is for SNR = —10dB and correlation peaks can still be easily detected.

To measure received power on the Rx antenna precisely utilizing spread-spectrum
modulation, we calibrated a power detector connected according to Figure [6.15]
The signal from the microwave generator was chopped by an [MLS| binary sequence
from an HMF2550 [63] arbitrary wave generator and detected by the detector. The
detected signal was amplified by the amplifier and digitized by an[ADC] For further
processing we utilized MATLAB for the computation of correlation between a copy of
the [PN]sequence and the recorded detection signal. Output of correlation consists of
an easily detectable series of peaks whose height carries information about detected
microwave power by the detector. It is possible to exploit the fact that the correlation
of long-recorded signal consisting of n periods of an contains the same number
of peaks with previously known span (see Figure. We implemented the method
for finding correct peaks also for low [SNR]utilizing the knowledge of the mutual peaks
span. For reducing power measurement uncertainty we calibrated the detector using
a signal containing a series of 20 binary sequences and calculated the average from
the detected peaks. It enabled us to characterize the power detector in a power
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range of —55 =+ 0dBm, where the lowest detected voltage had an amplitude in the
order of 0.1 uV. A calibration curve of the Krytar 201B power detector is shown
in Figure [6.16] and shows minimal frequency dependence. The relative ripple of
calibration data over the frequency is shown in Figure [6.17] and attains values in
order of units of percentile points.

MW. GEN. DET. AMP.
e TH D> S orr |||

[T
ARB. GEN. MLS COPY

Figure 6.15: Scheme of detector calibration system.

0 > f (GHz)

P (dBm) 0 5%

Figure 6.16: Calibration curve of the Krytar 201B detector.

We implemented extensive controlling software for autonomous measurements in
MATLAB. The software enabled us to set measuring frequency points, set digital
states of the multistate system in the reference path of the setup, measure received
power on the Rx antenna utilizing a correlation with a copy of a[PN]sequence using
an extrapolated calibration curve of the detector, adaptively control settings of the
attenuator in the reference path to obtain similarly received powers Pr and Pr to
reduce uncertainty of measurement, and, in accordance to received powers evaluate
phase difference ¢ between waves in the reference and test path and set the angle
of rotation of the . The phase shift ¢ computation (Section |3]) needs the actual
settings of the reference path settings, hence extrapolated measured data shown in
Figure [6.10| were utilized for that purpose.

Scalar measurement in the configuration from Figure [6.1] was performed in a
frequency band 2-+20 GHz with n; = 128 frequency points and the was rotated
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Figure 6.17: Relative standard deviation of detected power using the Krytar 201B
detector over frequency range 2 =+ 20 GHz.

all the way round with step Af =5 deg., i.e., in 72 points. The distance between
the Rx and TEST antennas was 40 cm and the distance from the antennas to the
DU'T| was 1.7m. The half-power beamwidth of the DRH20 antennas is minimally
20deg., i.e., a circle with a diameter of at least 70cm is sufficiently illuminated
which is enough for a 40 x 40 cm plate. The bandwidth of the measurement was
BW = 18 GHz and this designated the achievable resolution in a range according to
as &~ 1 cm, which is sufficient for our purposes. With the described measurement
procedure we measured the frequency dependence of transmission between the Rx
and TEST antennas for every rotation angle 6. To represent transmission I'pyr in
time domain, as usual in a time analysis in vector measurement technique [24], we
utilized an [inverse discrete Fourier transform (IDFT)| implemented as an in
MATLAB. The time step (time resolution) of the time signal is At = 1/BW and
the maximal reachable time delay is t,.. = MAt, where M is the length of the
time signal. We used interpolation in frequency by factor 2, hence M = 2n¢ and
the maximal unambiguous range is Ryax = tmaxCo = 2.13m. It is enough for the
imaging of the [DUT] at 1.7m distance, but other unwanted reflections behind the
[DUT] position can degrade the reconstructed image. Fortunately, the presence of
absorptive material around the and additional free space losses to the closest
wall in the room reduced the influence of unwanted reflections to an acceptable level.

6.3 Image Reconstruction

The set of measured transmissions between the TEST and Rx antennas (for all
rotation angles ) was processed by to compute the range profiles in a time
domain. We assume that the wave propagating through the free space has speed
of light ¢y, hence the computation of the equivalent distance range from the time
domain is d = tcy. Computed range profiles for several rotation angles 6 from range
[0,90] deg. are shown in Figure m The range profiles represent the propagation
path of a wave from the TEST antenna to the Rx antenna through a reflection
from the [DUT! It can be seen that maximal values around distance 1.7m are
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Figure 6.18: Measured range profiles of a metallic plate for several rotation angles 6.
Range profiles were computed as the of I'pyr. According to rotation angle, a
shift of maximal reflection and size of reflection can be clearly seen.

moving toward zero distance according to the actual rotation angle. It is caused
by the effective movement of the main reflection part of the metallic plate during
the rotation. The range profiles are measured in a reflection arrangement, hence the
distance changes are doubled. It corresponds to the measured range profiles where
the maximal peak shift is about two times that of half of the metallic plate size, i.e.,
40 cm, because the plate is rotating around its vertical axis. The magnitude of the
reflection is also dependent on the angle of irradiation and should roughly represent
the dependence of the RCS] of the metallic plate.

A collection of all range profiles for all rotation angles 6 is shown in Figure[6.19] (a).
It creates a so-called sinogram and clearly shows the distances of the main reflection
points on the depending on the angle of rotation. The sinogram is the main
source of data for further processing, hence it is suitable to be free of any unwanted
clutters. For that purpose we applied a background subtraction technique [64] which
satisfyingly dealt with antenna crosstalk and static background reflections. Artificial
targets created by the mirroring of surrounding objects via the flat highly reflective
cannot be reduced by this technique [65]. Measured sinograms before and af-
ter background subtraction application are shown in Figure [6.19] In both sinograms
the artificial target can be seen for rotation angle 8 ~ 140 and 320 deg. This target
was created by a reflection from the measurement equipment and window which
was located on the right side of the [DUT], because reflected wave from the [DUT]
was reflecting back to the Rx antenna through this equipment and window. These
targets have a physical basis, but their position is changed according to mirroring
from the flat surface, and, moreover, they appear only for specific rotation angles.

To obtain a correctly reconstructed image it is necessary to focus the image. The
focusing actually consists of a proper shifting of the sinogram, i.e., range profiles,
in a range direction to match the center of the sinogram with the center of rotation
of the real DUT] Processed sinogram with the main reflections in the center of the
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Figure 6.19: Measured sinogram of DUT (metallic plate). (a) Sinogram made with
unprocessed range profiles. (b) Sinogram made with background subtracted range
profiles.

maximal range is shown in Figure [6.20] (a). It can be equivalently made by multi-
plying all measured transmissions ['pyr with a complex exponential with a linearly
increasing phase to simulate the DUT] changing the distance from the illuminating
antenna. Thanks to the translation (time shifting) property of the Fourier transform,
the phase shift of the spectrum (transmission coefficient) in the frequency domain
represents a time (distance) shift in the time domain [25].

Measured sinograms were processed in MATLAB using an inverse Radon trans-
form [66] (example shown above in Figure [2.5). By default, the Ram-Lak (ramp)
filter, which significantly sharper the resulting image (highlights edges), was uti-
lized. The focussed image reconstructed from the shifted sinogram from a scalar
measurement is shown in Figure [6.20(b). The data for image processing consists of
range profiles in the horizontal plane and the was rotating around the vertical
axis, hence reconstructed image represents the horizontal cut across the [DUT] The
shape of the [DUT] can be clearly recognized and the dynamic range of the figure is
approximately 14 dB (maximal value over a mean value of background).

Separately, we also performed a reference measurement with the directly
connected to the Rx and TEST antennas according to Figure [6.21] (a). We directly
measured the transmission coefficient Sy, between the antennas through the
reflection. This [VNA] measurement was processed in the same way as the scalar
measurement and the resulting reconstructed image is shown in Figure [6.21] (b). It
can be seen that the Radon transform produces a lot of parasitic clutter in the final
reconstructed image, especially in the case when we have the rather sparse rotation
angle 6 coverage, hence between images from the scalar and measurements
there is not a significant difference. The dynamic range of the image reconstructed
from measurement is approximately 18 dB.
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Figure 6.20: (a) Preprocessing of a sinogram (range profiles) by circular shifting
in time (spatial) domain. The main reflection for rotation angle § = 0deg. is placed
into the center of the maximal unambiguous range nga" ~ 1.07m. (b) Reconstructed
image of the (metallic plate) by inverse Radon transform. The image represents

the horizontal cut across the .
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Figure 6.21: (a) System arrangement for measurement. (b) Image recon-
structed from the measurement.



Chapter 7

Conclusion

A new vector measurement method of transmission between two antennas in free
space, based only on scalar measurement, was proposed and experimentally veri-
fied. The main benefit of the method is the possibility of constructing a microwave
measurement system which does not need a delivering reference microwave signal by
wire attached to the receiving part of the system. In our concept the reference signal
could be led via free space directly to a receiving antenna(s) and, utilizing just the
scalar power detection without any frequency conversion, it is possible to measure
the complex transmission between two antennas in bistatic or multistatic arrange-
ment, respectively. It makes this system significantly cheaper than using a standard
measurement incorporating a [VNA| Moreover, the method itself is not limited by
the frequency band of the application. Applications in a higher frequency band are
limited only by the features of the hardware components supposing an acceptable
power balance in the measurement system.

The mathematical description of the method makes the geometrical interpreta-
tion of the measurement possible providing an illustrative estimation of measurement
uncertainties. The geometrical approach provides a rather pessimistic estimation of
uncertainty. Proper determination of uncertainty of measurement is hardly feasi-
ble in an analytical way because, in ordinary practical situations, the [PDF] of the
transmission coefficient is significantly different from bivariate normal distribution.
It occurs for specific cases when strong destructive interference occurs and the mea-
sured power is comparable to the uncertainty of measurement. To exploit even these
very uncertain measurements then requires the knowledge of the standard deviation
of a non-normal distribution. Fortunately, these uncertain measurements can not
relevantly decrease the measurement uncertainty, hence eliminating those measure-
ments is close to ideal solution. Therefore, a simple geometrical representation can,
at least, point out highly uncertain measurements which are best eliminated from
the whole set of measurements. We also provided a numerical solution of uncertainty
determination, which is based on the This solution offers a determination of
the calibration constant x which corrects the geometrically obtained uncertainty to
get a more precise estimation of measurement uncertainty. To correctly obtain the
calibration constant k it is necessary to know the uncertainty of the power detector,
which can be determined on the basis of statistical processing like the uncertainty
of Type A, or from a datasheet of the detector. A verification measurement in the
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6 +— 12 GHz frequency band was carried out. This measurement verified that the
proposed method can offer a comparable or more precise phase measurement of the
transmission coefficient, with respect to the properties of the applied power detector
and amount of redundancy, than by using a standard [VNA]

A simplified system utilizing one receiving antenna was designed and built and
carried measurement provided data for image reconstruction using an[[SAR]method.
We wanted to provide a functional system out of an anechoic chamber, hence it
was necessary to deal with interference from wireless communication systems. We
decided to utilize a direct-sequence spread-spectrum modulation of transmitted sig-
nals which provided satisfactory interference cancellation. Unfortunately, usage of
this modulation method made the signal processing (demodulation) significantly de-
manding in comparison with widely used on-off keying (chopping). A measured set
of transmission coefficients for every rotation angle # was used for reconstructing the
(metallic plate). With the same arrangement we also carried out measurements
with the [VNA] allowing us to compare results from both significantly different mea-
surement principles. Generally, the results from the [VNA]are better mainly because
of the higher dynamic range which is caused by the heterodyne principle which uti-
lizes a narrow intermediate filter. On the other hand, our scalar measurement uses
direct detection in the whole working band which significantly increases the noise
floor of the measurement.

Due to the fundamental principle of the method, which needs several scalar
measurements to obtain vector data, measurement time will take a correspondingly
longer time compared to a[VNA]vector measurement. However, the implementation
of our method needs, in principle, simple, common hardware components unlike the
[VNA] and represents a viable method for microwave imaging or antenna measure-
ments. However, even if the components needed for the measurement system are
rather simple (power divider, switches, attenuator, phase shifter), to our knowledge
it is very hard to find commercially available parts on the market capable of pro-
viding all proper parameters for utilization in the proposed system. Hence, the need
of an extensive design of microwave components is necessary, while the are
more and more popular and more widely available, thanks to the increased effort
to produce them as simply as possible with no screen or buttons, widely utilizing
custom and fully controllable remotely. And moreover for most imaging ap-
plications in monostatic or multistatic arrangement, it is necessary to provide only
the unidirectional measurements of reflection Si; or transmission So;.
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Appendix A

Measurement of Individual
Components

All vector measurements were performed with a ZVA67 4-port [67] calibrated
by a ZV-Z52 calibration unit [68]. The reference plane was placed on reference plane
of Super 212-502SF connectors [4§].

A.1 Measurement of Wilkinson Power Divider

3

( W\

N | S X

Figure A.1: Layout of the designed Wilkinson divider with numbering of ports. Size

ofis 35 x 25 mm.
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Figure A.2: Measured S-parameters of the Wilkinson power divider. The reference

plane of the measurement was on the reference plane of the connectors. Design
goals were to have reflections and isolation lower than —20 dB.
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Figure A.3: Measured amplitude unbalance.
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A.2 Measurement of Absorptive Switch

74

o
1 1 1 1 N 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 ~ 1 1 1 1 1
] 1 1
..... T ARRRTEECYS CEREE I B S Sht b
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
..... S P . e i L e
" " " " <~ 9 b P
N +~
1 1 1 s < 1 1 1 1 1
S e — - L - LN
" " " " =9 Z A S
1 1 1 1 S Z 1 1 1 1 1 1
S (RS S T S S A S N A S
1 1 1 1 m 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
" " " " < T
IIIII Ll Sl T s AL D) LM Tt T T T TTrTT’r N
1 (| 1 1 = 1 1 1 1 1 1
1 1 1 1 Lt 1 1 1 1 1
1 1 1 1 1 1 1 1 .Al\ﬂl“
1 1 1 1 N o) 1 1 1 1 1 1
S W N @y W £°988%8 8 8K 8
p 1 1 1 1 1 1
.
: (ap) 155
o Q
= 1 N rw = 1 1
W ! S w I
I I S - S N~ N T I RN R
| {-- 5 & |-
— 1 A.ah.v — 1 1
~ ~ 1 1
1 ---m--- E =R il I
_ S = _ ===
" ~ & L
1 1 HZ o, 1 1 1
1 1 — | 1 1 1
. - N D R N D R
1 1 — 1 1 1 1
Vo - m o .
.--."---"--J.A T @© 700 I i
1 1 ® 1 1 1 1 1 1
1 1 MC 1 1 1 1 1 1
e 1 1 1 1 1 1
.II|"|II"||I g o .. i b i r T T
Vo 0 o o
L N << R U
o 1 O o w o mw 9O W Q W Q
b z AN N A
¢
( i (ap) [eg| (M|

14 17 20
state. The magni-

11
f (GHz)

8

11 14 17 20
f (GHz)

8
tude of reflection coefficients is highly affected by load made by parallel combination

Figure A.6: Measured S-parameters of absorptive switch in OFF
of two 100 (2 resistors in 0201 SMD| package.



75

A.3. MEASUREMENT OF PHASE SHIFTER

A.3 Measurement of Phase Shifter
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Figure A.7: Range of measured reflection coefficients of digitally controlled 4-bit

phase shifter for all 16 states.
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Figure A.8: Range of measured transmission coefficients of digitally controlled 4-bit
phase shifter for all 16 states.
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Figure A.9: Relative differences of the transmission coefficients from Figure The
reference transmission is for a relative line of length 0 mm. Generally, the higher the
phase shift set, the greater deviation seen.
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Figure A.11: Deviation of the phase of the transmission coefficient of the phase
shifter from electrical lengths of ideal air lines from Figure In most cases, the
larger the phase shift, the larger the deviation.



APPENDIX A. MEASUREMENT OF INDIVIDUAL COMPONENTS

78

A.4 Measurement of Attenuator
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Figure A.12: Range of the measured reflection coefficients for all states of the atten-

uator.

Figure A.13: Reflection coefficients of the attenuator for all states. The dependence

of the reflections on the individual connected attenuator stages is obvious.
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Figure A.14: Measured transmission coefficients of the digitally controlled 6-bit at-
tenuator for all states.
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Figure A.15: Phase of attenuator transmission relative to settings with 0 dB atten-
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