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Abstract

This thesis presents a novel use of a six-port reflectometer (SPR) to build an SPR based

network analyzer (SPNA) operating with two independent radio frequency (RF) power

sources. The SPNA was first introduced by Hoer and Engen in the early 1970s using a

common RF power source, along with power attenuators and a phase shifter. The basic

description of a six-port reflectometer is having four side arms whose output is proportion-

ally related to the incident voltage waves and the reflected ones at a measuring plane, i.e.

measuring reflection coefficient of a device under testing (DUT) using only scalar power

measurements at those four side arms. Throughout the research, a novel approach to the

explicit calibration technique was developed apart from the traditional technique of using

power measurements for several calibration standards, and the results confirmed its valid-

ity. Presented herein are the theory of SPR, calibration techniques, and SPNA, as well as

simulated data which validate the main objective of this thesis. Physical realization of an

SPR prototype for the chosen design, and results of the use of an arbitrarily DUT (Low

Pass Filter – SLP 2400+) are presented in this report. Further work is required to confirm

agreement between physical results of an SPNA with two independent RF power sources

and the simulated.
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Chapter 1

Introduction

The purpose of this thesis is to investigate the feasibility for using a six-port reflectome-

ter (SPR) as a six-port reflectometer based network analyzer (SPNA) operating with two

independent oscillators to accurately measure scattering parameters (S-parameters) of a de-

vice under testing (DUT) in the low range of RF and microwave frequencies, specifically

1− 2 GHz. Other objectives such as low cost and small form were also set for this thesis.

1.1 Scattering Parameters

It has been shown in practice that at microwave frequencies, measurements of voltages

and currents are not possible unless a clearly defined terminal pair is available. The terminal

pair can be presented in a transverse electromagnetic (TEM) type line, such as a coaxial

cable, microstrip and striplines, or non-TEM type lines, such as rectangular, circular or

surface waveguide. To clearly define the terminal pair, this section will discuss briefly the

concept of equivalent voltages and currents, as well as the linear relation between them

demonstrated via impedance and admittance matrices. It will also introduce the scattering

matrix, which is used to relate voltages and currents at microwave frequencies.

Consider two conductors in Figure 1, the total voltage from the positive conductor rel-

ative to the negative conductor can be calculated as

V =

∫ −

+

E. dl (1.1)

1



1.1. SCATTERING PARAMETERS Chapter 1

and the total current can be determined by applying Ampere’s law as

I =

∮
C+

H. dl (1.2)

Figure 1.1: Electric and magnetic field lines for an arbitrary two-conductor TEM line

It is important to note that the total voltage (due to the electrostatic nature of the transverse

fields between the two conductors) is unique and does not depend on the shape of the in-

tegration path [4]. Nonetheless, the total current depends on the integration of any closed

path enclosing the positive conductor, but not the negative one. A characteristic impedance,

Z0, can be defined as

Z0 =
V

I
(1.3)

Now that we have defined total voltages, currents and characteristic impedance, and

assuming we know the propagation constant for the line, we can apply circuit theory and

analyze the line as a circuit element. However, the situation in the waveguide, non-TEM

type, is more challenging to define. To explain why, consider Figure 2.

2



1.1. SCATTERING PARAMETERS Chapter 1

Figure 1.2: Electric field lines for TE10 mode of a rectangular waveguide

For the dominant TE10 mode, the transverse fields can be written as

Ey(x, y, z) =
jωµa

π
Asin

πx

a
e−jβz = Aey(x, y)e

−jβz (1.4)

Hx(x, y, z) =
jβa

π
Asin

πx

a
e−jβz = Ahx(x, y)e

−jβz (1.5)

Applying (1.1) to the electric field in (4) gives

V =
−jωµa
π

Asin
πx

a
e−jβz

∫
y

dy (1.6)

where µ is the permeability of the waveguide, and β is the phase constant for TE10 mode.

From (1.6), the voltage depends on the position, x, and the integration contour along

the y direction. This causes the voltage not to be unique, as the integration from y = 0

to b for x = a/2 gives a different voltage value than for integration from y = 0 to b for

x = 0. The current and impedance also have the same problem. Therefore, to define

equivalent voltages, currents and impedances that can be useful for non-TEM lines, we

3



1.1. SCATTERING PARAMETERS Chapter 1

need to consider the following:

• The voltages and currents are defined only for a particular waveguide mode and pro-

portional to the electric field and the magnetic field respectively;

• The equivalent voltages and currents product gives the power flow of the waveguide

mode; and

• The ratio of the voltage to the current for a single traveling wave are defined as the

characteristic impedance for that mode.

then, for an arbitrary waveguide mode with both positive and negative traveling waves, the

transverse fields can be written as

Et(x, y, z) = e(x, y)(A+e−jβz + A−e−jβz) =
e(x, y)

C1

(V +e−jβz + V −e−jβz) (1.7)

H t(x, y, z) = h(x, y)(A+e−jβz + A−e−jβz) =
h(x, y)

C2

(I+e−jβz + I−e−jβz) (1.8)

where e and h are transverse electric and magnetic field variations of the mode, andA+ and

A− are the field amplitude of the traveling waves. Since Et andHt are related by the wave

impedance,Zw , we can relate e and h by

ht(x, y) =
ẑ × e(x, y)

Zw

(1.9)

Applying (1.1) and (1.2) to (1.7) and (1.8), we can define equivalent voltages and currents

as

V (z) = V +e−jβz + V −e−jβz (1.10)

I(z) = I+e−jβz − I−e−jβz (1.11)

where V +

I+
= V −

I−
= Z0.

4



1.1. SCATTERING PARAMETERS Chapter 1

This definition encompasses the idea of making the equivalent voltage and current pro-

portional to the electric and magnetic fields, respectively. Through those definitions, we

can utilize the impedance and/or admittance matrix concepts from circuit theory to relate

those equivalent quantities at those various points, terminals or ports1.

Figure 1.3: An arbitrary N-port microwave network

Consider the N -port network in Figure 3. The ports shown can be transmission line or

waveguide, supporting any number of propagation modes. At a specific point of the nth

port, the terminal plane, tN , is defined with the equivalent traveling wave voltages and

currents for the incident and reflected waves, i.e. (V +
n , I

+
n ) and (V −

n , I
−
n ). The terminal

planes are important for providing a phase reference for the voltages and currents that are

complex-valued phasor quantities. At the nth terminal plane, equations (1.10) and (1.11)

become

Vn = V +
n + V −

n (1.12)
1The term port was first introduced by H.A Wheeler in the 1950s to replace a less descriptive term, “two-

terminal pair” [4]

5



1.1. SCATTERING PARAMETERS Chapter 1

In = I+n + I−n (1.13)

The impedance matrix, [Z], linearly relates these voltages and currents

[V ] = [Z][I] (1.14)

and similarly, for an admittance matrix, [Y]

[I] = [Y ][V ] (1.15)

Both impedance and admittance matrices linearly relate the total port voltages and cur-

rents. From (1.14) and (1.15), we note that

Zij =
Vi
Ij

∣∣∣∣
Ik=0 for k ̸=j

(1.16)

Yij =
Ii
Vj

∣∣∣∣
Vk=0 for k ̸=j

(1.17)

which means that Zij and Yij can be found by driving port j with current Ij , open-circuiting

all ports and measuring voltage at port i, and with voltage Vj , short-circuiting all ports and

measuring current at port i, respectively. Each of Zij and Yij elements can be complex.

Network can be characterized as being reciprocal and lossy. Physically, networks that con-

tain no active devices, nonreciprocal media such as ferrites, or plasmas can be characterized

as reciprocal such as couplers and power dividers, and their impedance and admittance ma-

trices are symmetric[4]. Impedance and/or admittance matrices are useful to identify those

networks as reciprocal when Zij = Zji, Yij = Yji, and lossless where Re {Zmn} and/or

Re {Ymn} are equal to zero, purely imaginary quantities.

For measurements at microwave frequencies, it is impossible to directly measure volt-

age and current quantities which are related to the electromagnetic field value on a fixed

6



1.2. VECTOR NETWORK ANALYZER Chapter 1

specified plane; the quantities that are directly measured at microwave frequencies are

standing-wave ratio, location of a field minima, and power. Another parameter that can

be measured is the transmission coefficient through a circuit or port, which is a relative

measurement of the amplitude and phase of the transmitted wave compared to the incident

wave. Therefore, the measurable quantities are the amplitudes and phases of the waves re-

flected or scattered from a port [5]. The scattered waves are linearly related to the incident

waves and the matrix that describes this linear relationship is called the scattering matrix.

The scattering matrix can provide a complete description to the network as seen at its N-

port, such as the network’s reciprocity and losslessness. While admittance and impedance

matrices provide a linear relationship between voltages and currents, the scattering matrix

provides a linear relationship between incident voltage wave and reflected voltage wave:

[V −] = [S][V +] (1.18)

and like admittance and impedance elements, specific scatteringmatrix elements (S-parameters)

can be determined as ratios of traveling wave voltages and currents. From (1.14) and (1.15),

we note that

Sij =
V −
i

V +
j

∣∣∣∣
V +
k =0 for k ̸=j

(1.19)

The scattering matrix is typically measured using vector network analyzer (VNA).

1.2 Vector Network Analyzer

The previous section introduced S-parameters and demonstrated how measurement can

be done giving the challenges associated with those measurements at RF and microwave

frequencies. This section will introduce the concept behind S-parameter measurement by a

commercial VNA.

7



1.2. VECTOR NETWORK ANALYZER Chapter 1

Different systems exist to measure reflection coefficients, S-parameters and to conduct

network analysis measurements. These measuring systems can be categorized into scalar

network analyzers (SNAs), which consist of directional couplers and measure amplitude

property of a DUT at different frequencies, and vector network analyzers (VNAs), which

are more accurate and can measure amplitude and phase; they are also capable of error cor-

rections. VNAs are widely used to measure S-parameters of microwave networks such as

amplifiers, filters, or any DUT of a N-port network, over an extensive range of frequencies.

VNAs are complex to design, since – in addition to the display, storage and computation

features, they provide an in situ vector error correction for verity of measurements at a wide

range of frequencies. VNA design complexity makes them expensive, and in some cases

—depending on the size of a DUT and the testing environment— they are not practical;

therefore, they are mostly located within controlled environments or laboratories. VNAs

require coaxial cables at their measuring planes to conduct measurements. The length of

these cables can vary with the size of a DUT, thus, they can contribute to the complexity of

calibration procedure setup (systematic errors), as well as the cost of the procedure [3].

As the features and measurement options of commercial VNA’s increase, the complex-

ity of the VNA increases. Additionally, the required procedures to calibrate DC biasing, DC

contact resistance and errors —whether systematic (due to imperfections in design and test

setup), random (mainly due to noise, or switching connectors repeatability) or drift (mainly

caused by temperature variation)— will be more complex [7, 8]. This increase in com-

plexity also corresponds to an increase in the use of microwave components and electrical

circuitry, which contribute to the size and weight of the VNA, as well as the complexity of

the firmware required to integrate these components to operate as desired. It is important

to note that an increase in complexity results in an increase in cost; a two-port VNA can be

a fraction of the price of a four-port or eight-port VNA.

Increases in the microwave and electrical components make the VNA expensive and

8



1.3. MOTIVATION, GOALS AND SCOPE Chapter 1

heavy and limit its use to labs and controlled environments. This makes VNAs inflexible

and impractical for users to conduct measurements outside these environments (e.g. in one

of the applications areas of interest here, imaging of stored-grain withing grain-bins [6]),

whereas the use of a six-port reflectometer as a tool to conduct S-parameters measurements

can offer the simplicity and flexibility users are seeking. There are, however, trade-offs to

be considered for this simplicity; there are limitations to what a six-port reflectometer as

VNA can offer (i.e. S-parameters measurements versus the S-parameters, response time

and internal error corrections commercial VNAs can offer). In addition to the measuring

options, commercial VNA calibration tends to be not as lengthy as that required for six-port

reflectometers, though six-port reflectometers need only to be calibrated once. This will be

explained in later chapters.

1.3 Motivation, Goals and Scope

The main objective of this thesis is to investigate the feasibility of implementing an

SPNA operating with separate and independent RF power sources to provide accurate S-

parameter measurements for a two-port network DUT. This will provide the practicality for

the SPNA to be used for any size DUT, in any environment, with minimal impact on the

length of the measuring coaxial cables and cost. In addition to the feasibility of operation

using independent oscillators, the SPNAwould be required to operate with wide bandwidth

at low range RF and microwave frequencies, 1− 2 GHz.

With the main objective in mind, the research focused on SPR theory, models, de-

signs, and calibration techniques. The theory of an SPR provided two models, linear and

quadratic; this thesis focused on the latter. Many designs for SPR quadratic models were

investigated and the Frequency compensated quasi-optimal design was chosen for this the-

sis [12 – 22]. The design consists of four 3dB Hybrid 90° couplers and a Wilkinson’s

power divider, which can be realized using microwave integrated circuits operating over a

9



1.4. OVERVIEW Chapter 1

reasonably wide bandwidth, while ensuring the circuit’s small size for the practicality and

flexibility required for this thesis.

Many SPR calibration techniques have been investigated to measure accurate reflection

coefficient of a DUT. Most of these techniques are based on accurate SPR scalar power

measurements, however, they vary with the number of calibration standards to be used

and the algorithm complexity to compute the SPR’s 11 calibration factors [12, 23 – 30].

This thesis makes use of the SPR theory to implement a novel and intuitive approach for

calibrating an SPR by simply measuring the 6x6 S-parameters for the SPR circuit using

a VNA, computing the 11 calibration factors required, and storing their values for future

operation of the SPR.

To confirm this thesis research, Keysight Advanced Design System (ADS) 2019 update

1 was utilized to simulate the chosen design, measure its S-parameters for the 11 calibration

factors, as well as design some arbitrary one-port and two-port networks as DUTs. The

algorithm for computing the calibration factors and results was derived fromSPR and SPNA

theory and implemented using MathWorks MatLab.

1.4 Overview

Chapter 2 begins with a brief history of SPRs and describes the theory behind SPRs.

This includes the mathematical derivation of the equations describing the relationship be-

tween measured power at the power detectors and the reflection coefficient at the measuring

plane. The chapter also presents graphical interpretations of the theory and compares the

graphical representation of six and five-port reflectometers. Finally, chapter 2 discusses

some of the designs of SPRs and analysis of the chosen design.

Chapter 3 presents the most common calibration techniques and briefly highlights the

use of many calibration standards. It also discusses the novel calibration approach which is

10
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specific to the chosen design, as well as presenting simulation results and analysis.

Chapter 4 discusses the theory of SPNAs and presents and validates an SPNA with

independent RF power sources results in comparison to Hoer’s original design (common

oscillator).

Chapter 5 presents the physical realization and implementation of the prototype, includ-

ing all the parameters and components used to build it, as well as results.

Chapter 6 concludes and summarizes this thesis, provides guidance on future work to

improve the prototype and, consequently, the results.

11



Chapter 2

Six-Port Reflectometer

This chapter introduces the history of the six-port reflectometer, the theory of operation,

graphical interpretation, structure and design of six-port reflectometers, as well as the topol-

ogy and design of the chosen prototype. Advantages of choosing a six-port reflectometer

(versus five-port or four-port) will also be discussed in this chapter.

2.1 History of six-port reflectometers

In the early 1970s, work by C. Hoer and G.F. Engen at the National Bureau of Stan-

dards on designing broadband very high frequency (VHF) directional couplers led to a new

and simple approach to measure voltages, currents, power, complex impedance and phase

angle using a six-port passive coupler [1]. This coupler gave these measurements from

power or voltage magnitudes measured from its four side-arms. The six-port coupler was

designed using transmission lines andwaveguides, hence designs solely requires one to con-

duct measurements of power and voltages in high frequency ranges. As microwave circuit

design technologies (microwave integrated circuit (MIC), and monolithic MIC (MMIC))

progressed, six-port couplers (later called six-port reflectometers) became more practical

and feasible to measure power and voltage magnitudes in the RF and microwave frequency

ranges. The low cost and simple design of the six-port reflectometer made it desirable in

many applications (such as low-cost digital receivers) due to low power consumption in

wireless devices, measurement of S-parameters of DUT in microwave applications, and to

realize low-cost for high-performance radar in automobile industries [9, 10, 11].

12
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2.2 Theory

Six-port reflectometers are generally made of six passive ports, four of which are fitted

permanently with power detectors (D3, D4, D5 and D6), with one port connected to a main

oscillator and one to the DUT’s measurement plane. The internal circuitry of the six-port

reflectometer consists of passive lines (T-lines, microstrip or stripline) connecting power

dividers and couplers or other MICs and electronics. The main advantage of the six-port

reflectometer is its capability to measure complex S-parameters of a DUT using scalar mea-

surements of power levels at the power detectors. It is noted that no phase measurement is

required, hence simplifying the required measurements.

Figure 2.1: Basic six-port reflectometer

To analyze the six-port reflectometer, from Figure 2.1 and looking from outside the six-

port junction, the scattering parameters relates the incident traveling voltage waves (V +),

ai, and the reflected traveling voltage waves(V −), bi,

[b] = [S][a] (2.1)

where [S] is a 6x6 matrix, and i = 1, 2, 3, 4, 5 and 6. To determine the values for [S], let the

reflection coefficient for D at each port i, where i = 3, 4, 5, and 6 be

Γi =
ai
bi

(2.2)

13
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Using (2.1) and (2.2), we can determine the [S̄] (depends on what is connected to ports 3,

4, 5, and 6) to be [12]:



b1

b2

0

0

0

0


=



S11 S12 S13Γ3 S14Γ4 S15Γ5 S16Γ6

S21 S22 S23Γ3 S24Γ4 S25Γ5 S26Γ6

S31 S32 (S33Γ3 − 1) S34Γ4 S35Γ5 S36Γ6

S41 S42 S43Γ3 (S44Γ4 − 1) S45Γ5 S46Γ6

S51 S52 S53Γ3 S54Γ4 (S55Γ5 − 1) S56Γ6

S61 S62 S63Γ3 S64Γ4 S65Γ5 (S66Γ6 − 1)





a1

a2

b3

b4

b5

b6


(2.3)

The general solution for a1, a2 and bi, from (2.3) is

a1 = m11b1 +m12b2 (2.4)

a2 = m21b1 +m22b2 (2.5)

bi = mi1b1 +mi2b2 (2.6)

where i = 3, 4, 5, and 6, and mij are the elements of inverse matrix in (2.3), [S̄]−1. The

reflection coefficient at the DUT is

ΓDUT =
a2
b2

(2.7)

Thus, solving (2.4) and (2.5) for b1, and substitute in (2.6) with (2.7), bi becomes:

bi =
mi1

m21

(
mi2m21

mi1

−m22 + ΓDUT

)
b2 (2.8)

14
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and letting Ai =
mi1

m21
, Bi =

m21mi2−m22mi1

m21
, and qi = −Bi

Ai
= −mi2m21−mi1m22

mi1
, yields

bi = Ai(Γ2 − qi)b2 (2.9)

The power absorbed at each power detector can be represented by

Pi = |bi|2 − |ai|2 (2.10)

where Pi is the measured power, bi is the incident wave, ai is the reflected wave, and i =

3, 4, 5, and 6. Substituting bi from (2.8), and ai from (2.2) into (2.10) yields

Pi = [1− Γi]|Ai|2|Γ2 − qi|2|b2|2 (2.11)

if one lets αi = |Ai|
√
(1− |Γi|2), equation (2.13) becomes

Pi = α2
i |Γ2 − qi|2|b2|2 (2.12)

For equation (2.12), many SPR scholars approached the analysis in two different models

to compute solution for Γ2, i.e. Linear and Quadratic models. This Thesis focuses on the

Quadratic model, since its the most used in the literature of SPR relating the reflection

coefficient of a DUT to the measured power at the power detectors [1,12,20,23,26,28], and

it can be either

pi =
Pi

P3

=Mi
|Γ2 − qi|2

|Γ2 − q3|2
(2.13)

or

pi =
Pi

P3

= Ki
|1 +GiΓ2|2

|1 +G3Γ2|2
(2.14)

where pi is the normalized power measured with the power measured at port 3, P3 – com-

monly used in literature as reference port.
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2.2.1 Derivation of pi =
Pi

P3
= Mi

|Γ2−qi|2
|Γ2−q3|2

This approach is commonly used to derive the quadratic equation relating the power

measured at ports 3–6 to the SPR’s the measuring plane, port 2. If the SPR is designed with

power detector number 3, D3, as the reference power measurement port, equation (2.12)

can be normalized with power measured at D3 and yields

pi =
Pi

P3

=
α2
i |Γ2 − qi|2

α2
3|Γ2 − q3|2

=Mi
|Γ2 − qi|2

|Γ2 − q3|2
(2.15)

where

Mi =
|αi|2

|α3|2
=

|Ai|2(1− |Γi|2)
|A3|2(1− |Γ3|2)

=
|mi1

m21
|2(1− |Γi|2)

|m31

m21
|2(1− |Γ3|2)

(2.16)

for i = 4, 5 and 6, and

qi = −mi2m21 −mi1m22

mi1

= γi + jδi (2.17)

for i = 3, 4, 5 and 6.

Equation (2.15) is obtained for a time-stationary, passive and linear six-port junction

with no constraints to the power detector input impedance, nor the RF generator’s magni-

tude, phase or internal impedance. Equation (2.15) is a quadratic, circle equation which

relates the DUT’s reflection coefficient to the incident wave at the power detectors’ ports.

It is important to realize that from (2.15), 11 real and independent parameters are required to

model the six-port reflectometer, hence it is the starting point for the calibration of six-port

reflectometers [12].

16



2.2. THEORY Chapter 2

2.2.2 Derivation pi =
Pi

P3
= Ki

|1+GiΓ2|2
|1+G3Γ2|2

Although this derivation is not commonly used in literature, if we let Ai =
mi1

m21
, and

Bi =
mi2m21−mi1m22

mi1
, equation (2.8) becomes

bi = Ai(Γ2 +Bi)b2 (2.18)

the power measured at ports 3, 4, 5, and 6 can be determined using

Pi = |bi|2 − |ai|2 (2.19)

substituting bi from (2.23), and ai from (2.2) into (2.24) yields

Pi = |Ai|2|Γ2 +Bi|2|b2|2 − |Γi|2||Ai|2|Γ2 +Bi|2|b2|2 (2.20)

factoring equation (2.23) yields

Pi = |Ai|2|Γ2 +Bi|2|b2|2(1− |Γi|2) (2.21)

if we let |αi|2 = |Ai|2(1− |Γi|2), then equation (2.26) becomes

Pi = |αi|2|Γ2 +Bi|2|b2|2 i = 3...6 (2.22)

if we factor |Bi|2 and set |Gi|2 = 1
|Bi|2 , then equation (2.27) becomes

Pi = |αi|2|Gi|2|1 +GiΓ2|2|b2|2 i = 3...6 (2.23)

lettingKi = |αi|2|Gi|2, and normalizing equation (2.28) with P3, equation (2.28) becomes

pi =
Pi

P3

= Ki
|1 +GiΓ2|2

|1 +G3Γ2|2
(2.24)
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where i = 4, 5, and 6.

Equation (2.24) describes the relationship between the power ratio measured at ports 3,

4, 5 and 6, and the reflection coefficient at port 2, Γ2, in terms of three real constants

Ki =
|αi|2|Gi|2

|α3|2|G3|2
=

|Ai|2(1−|Γi|2)
|Bi|2

|A3|2(1−|Γ3|2)
|B3|2

=

|mi1
m21

|2(1−|Γi|2)

|mi2m21−mi1m22
mi1

|2

|m31
m21

|2(1−|Γ3|2)

|m32m21−m31m22
m31

|2

(2.25)

where i = 4, 5 and 6, and four complex constants,

Gi =
1

Bi

=
mi1

mi2m21 −mi1m22

= ζi + jσi (2.26)

where i = 3, 4, 5 and 6.

2.3 Design Criteria & Graphical Interpretation

The graphical interpretation of the equations describing the six-port reflectometer can

help understand the relationship between the 11 required parameters (values of qi, where

i = 3, 4, 5 and 6, andMi or Gi, where i = 4, 5 and 6), and the design of the six-port reflec-

tometer. Engen and Ghannouchi have discussed the criteria for which an arbitrarily design

of six-port reflectometer should satisfy to provide accurate measurements for reflection co-

efficient of a DUT [13, 14]. This criteria is the values of qi (where i = 4, 5 and 6 providing

that reference port is port 3) should be frequency invariant values(|qi| and angles between

them are constant) in the reflection coefficient plane, located at the vertices of an equilateral

triangle centered at the origin, and outside the unity circle of the reflection coefficient plane.

This criteria is important for the accuracy of DUT’s reflection coefficient, as if the values

of qi were inside, or on the circumference of the unity circle, will either create ambiguity

for the value of the reflection coefficient of a DUT (two or more values for a DUT), or

introduce errors to the results.
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Using equation (2.15), and knowing that the magnitude of the difference of two complex

numbers can be written as

|κ− χ|2 = (κ− χ)(κ− χ)∗ = (κ− χ)(κ∗ − χ∗) (2.27)

|κ− χ|2 = |κ|2 − κ∗χ− χ∗κ+ |χ|2 (2.28)

equation (2.15) can be re-written as

ΓDUTΓ
∗
DUT (ki − 1) + ΓDUT (q

∗
i − kiq

∗
3) + Γ∗

DUT (qi − kiq3) + (ki|q3|2 − |qi|2) = 0 (2.29)

where ki = Pi

P3Mi
= pi

Mi
, and i = 4, 5 and 6.

Equation (2.29) can be arranged to be

R2
i = |ΓDUT − Ci|2 (2.30)

and describes three circles in the complex reflection coefficient plane where the centre of

the circles is noted by

Ci =
kiq3 − qi
ki − 1

(2.31)

and radii denoted by

R2
i =

√
|q3 − qi
ki − 1

|2 − ki|q3|2 − |qi|2
ki − 1

(2.32)

From equations (2.31) and (2.32) and figure 2.2, we can observe that the centres and

the radii of the circles depend on the design of the SPR (i.e. the values of qi) and the power

measured on the measuring ports (i.e. ports 3, 4, 5 and 6). If a DUT is connected to port two

of an arbitrary six-port reflectometer, the three circles with centres, Ci, and radii, Ri will
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Figure 2.2: A graphical representation of an ideal six-port reflectometer

intersect at a point on the complex reflection coefficient plane, which would represent the

complex reflection coefficient of the DUT. However, when the system is realized physically,

the solution for the DUT’s complex reflection coefficient is in the centre of an intersection

region caused by non-ideal behavior of components making the six-port reflectometer, or

measurements’ and/or calibration’s errors. This region is shown in figures 2.3.

The blue shaded region in Figure 2.3 represents the region where the measurement’s

maximum error is along the walls of the region, and more measurement accuracy is toward

the centre of the region. Chapter 3, Calibration Techniques, will discuss various calibration

procedures to minimize the imperfection of the circuit and the ways in which other factors

impact the accuracy of the measurements. Ambiguity for the value of DUT’s reflection

coefficient can be introduced if the DUT value equates one of those qi’s; these ambiguities

is due to the graphical representation of the six-port reflectometer becomes as five-port

reflectometer.
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Figure 2.3: A graphical representation of a non-ideal six-port reflectometer

2.3.1 Comparing Six to Four, and Five-port reflectometers

The main advantage of a six-port reflectometer is its ability to provide impedance and

complex S-parameter values from scalar power measurements. The use of a four–port re-

flectometer, which is also capable of providing this ability, however can only measures

|ΓDUT | and not its phase [14].

If we assume that P6 = 0 (i.e., the six-port reflectometer is actually a five-port re-

flectometer), then the graphical representation in the complex coefficient plane will be an

intersection of two circles at two points, ΓDUT and Γ′
DUT .

From Figure 2.4, one can make some observations. There are two values for ΓDUT ; pro-

vided that the line connectingC5 andC4 does not intersect with the unity circle, and assum-

ing a passive DUT, one can be assured that one of those solutions will fall outside the circle’s

intersection region with the unity circle and may be rejected on this basis (|ΓDUT | ≤ 1).

Also, one can note that the angle at the intersected circles is rather small and it is recog-

nizable that the position of ΓDUT , in the direction perpendicular to the line between C5 and
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Figure 2.4: A graphical representation of an ideal five-port reflectometer

C4, has a high sensitivity to errors in the radii R5 and R4. In the parallel direction, the

sensitivity is appreciably less. Over the range of possible choices of ΓDUT , and especially

if ΓDUT moves on the unity circle, one can expect variation in these sensitivities and errors

in practical measurements [14].

Adding a sixth port will resolve the ambiguity of pairs of solutions by adding a third

circle whichwill also provide redundancy and substantially increasemeasurement accuracy.

It is important to note that adding additional ports beyond this point, while increasing the

redundancy, will not increase the accuracy further, it will only increase the complexity of

the measuring system [13].

2.4 Structures and designs of the six-port reflectometer

To design a six-port reflectometer, the most important element that impacts the func-

tionality and the accuracy of measurements is the relative positions of qi , where i = 3, 4, 5

and 6, in the complex plane [14–18]. Various configurations have been proposed for six-
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port reflectometer design, all based on an interconnection of several four and/or three port

passive junctions such as hybrid couplers and power dividers. In this section, the main

designs and structures of six-port reflectometer will be introduced.

2.4.1 Engen’s “Preferred” Structure

In 1977, G.F. Engen published a paper for circuit design of six-port reflectometer, and

specify one of those three designs as “preferred” six-port circuit [15]. It is important to

spend some time analyzing Engen's design because, for decades, his design was adopted by

all those who investigated the operation of six-port reflectometers.

Figure 2.5: Engen’s preferred six-port circuit design

The basic configuration of Engen’s “preferred” design is shown in Figure 2.5. The

normalizing (reference) power port in this design is port number 4, versus port number 3 in

equation (2.15). The objective of this design is to have an optimal performance in applying
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the six-port technique to the measurements of microwave parameters. Engen’s ideal design

of a six-port reflectometer is to have |q3| = |q5| = |q6| = |q| (here, we are following

Engen’s choice for port 4 to be the reference/normalizing power port), and separated in the

complex Γ plane by ±120° —An equilateral triangle centered at the origin of reflection

coefficient plane [14]. However, the design proposed separations from 90° point to ±135°

with |q5| = |q6| = 2, and q3 = |q5|√
2
=

√
2. This design provided the best performance and

met the goals at the time. The difference between this design and the “ideal” one was small

in comparison to performance degradation, which results from non-ideal components [14].

Thus, the design as shown in Figure 2.5 consisted of three quadrature hybrid couplers and

one 180° hybrid coupler. The design was assumed to be lossless (no power disseminated by

the terminations at K and Q1 couplers), and one-quarter of the input power will reach the

measurement port and be absorbed while the rest will be equally divided among the ports

three to six if the load at the DUT’s measuring port is a match.

The input levels into the dashed region in Figure 2.5 are
√
3b, and a

√
3

2
, where the pa-

rameters b and a are of importance in adjusting the magnitude of q and the power levels at

the detectors’ ports. Let us designate β to be equal to
√
3, and α to be equal to

√
3
2
, while

the power levels at ports three to six are proportional to β, values of |q| are proportional

to β
α
. The significance of β and α is that the ratio between them can limit α to unity and

prevent errors and/or ambiguity in measuring the complex reflection coefficient (the system

will look as if it is a five-port reflectometer rather than six-port). Acquiring a 6 dB coupler

(Figure 2.5) in practice for a specific bandwidth may not be feasible, but 10 dB or 20 dB

couplers are readily available in a variety of bandwidths. Therefore, using 10 dB or 20 dB

couplers instead of 6 dB coupler will increase β as well as α, and this will not limit α to

unity. To resolve this issue, an attenuator can be placed in the line feeding the K coupler to

offset the increase in β and impose an upper limit on α, i.e. β = 2α [14].
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2.4.2 Improved Engen’s Structure

Since the introduction of Engen’s “preferred” circuit, new technologies have been de-

veloped by industry for microwave integrated circuits to meet design specifications such

as coupling factors, bandwidth, size and sensitivity to external parameters. Many designs

mimic the “preferred” circuit design yet have the advantages of using better technology

to achieve the desired bandwidth, size and measurement accuracy. Figure 2.6 shows a

frequency compensated optimal six-port reflectometer. This junction, or reflectometer, is

Engen’s design with three directional hybrid couplers and two power dividers.

Figure 2.6: Topology of frequency compensated optimal six-port reflectometer

This design will minimize the requirement of the dynamic range of the power detectors

and is suitable for a wide frequency band application. The relation between the excitation

signal, b2 , to the input signal, a1, is:

b2 = ja1c1e
−j(θq+θ1) (2.33)

where c1 and θq are the coupling factor and the phase of Q1, and θ1 is the electrical length
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of L1. The relation between the reflected signal, a2, and incident signal, b2, is:

a2 = ΓDUT b2 (2.34)

An algebraic analysis for the wave propagation of an incident signal exciting port 1

and the reflected signal by the DUT with reflection coefficient at port 2 is necessary to

determine the expressions for the four signals emerging at the four power detectors [12,21].

Those expressions are:

b3 =
−ib2t1
c1
√
2
e−j(θp+θ6−θ1) (2.35)

b4 =
−ib2t1c2√

2
e−j(2θq+θ1+θ2+θ3+θp)

(
Γ− t2

c1c2
e−i(−2θ1−θ2−θ3−θq+θ6+θ7)

)
(2.36)

b5 =
b2t1√
2
e−j(2θq+θ1+θ2+θ5+θp)

(
t2t3e

−i(θ3+θ4+θq−θ5)+jc3

)[
Γ−−c2t3e−j(−2θ1−θ2−θ5+θ4+θ6+θ7)

c1(t2t3e−j(θ3+θ4+θq−θ5)) + jc3

]
(2.37)

b6 =
b2t1√
2
e−j(2θq+θ1+θ2+θ5+θp)

(
jt2c3e

−i(θ3+θ4+θq−θ5)+t3

)[
Γ−−jc2c3e−j(−2θ1−θ2−θ5+θ4+θ6+θ7)

c1(jt2c3e−j(θ3+θ4+θq−θ5)) + t3

]
(2.38)

where θq, θp, θi, ci, and ti are the electrical lengths of the lossless directional couplers,

the power dividers, transmission lines, the coupling factors, and the transmission factors

respectively, and c2i + t2i = 1. Note that the expression for b3 indicates port number 3 as the

reference port for this design.

Comparing equations (2.36—2.38) with equation (2.9), i.e. bi = Ai(Γ2− qi)b2, one can
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identify that the expressions for the three qi are:

q4 =
t2
c1c2

e−j(−2θ1−θ2−θ3+θq+θ6+θ7) (2.39)

q5 =
−c2t3e−j(−2θ1−θ2−θ5+θ4+θ6+θ7)

c1(t2t3e−j(θ3+θ4+θq−θ5)) + jc3
(2.40)

q6 =
−jc2c3e−j(−2θ1−θ2−θ5+θ4+θ6+θ7)

c1(jt2c3e−j(θ3+θ4+θq−θ5)) + t3
(2.41)

The frequency compensated optimal term is to compensate for the change of values/positions

of q4, q5, and q6 in the reflection coefficient plane as the frequency changes due to the elec-

trical length of the connection lines within the six-port reflectometer. Thus, satisfying the

following lines’ electrical length equations will compensate for the frequency changes; q4,

q5, and q6 values/locations are independent of frequency and will not change in the reflec-

tion coefficient plane, which would cause measurements inaccuracy. The electrical lengths

of the lines must satisfy the following:

2θ1 + θ2 + θ3 + θq = θ6 + θ7 (2.42)

θ3 + θ4 + θq = θ5 (2.43)

substituting equations (2.42) and (2.43) in (2.36—2.38), we obtain:

q4 =
−c2
c1c2

(2.44)

q5 =
t2

c1(t2 + j t3
c3
)

(2.45)

q6 =
t2

c1(t2 − j t3
c3
)

(2.46)

Therefore, to obtain an optimal design which satisfies the position of qi for equations
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(2.44–2.46), the coupling factors of the directional couplers must be c1 = 0.45 (6.75 dB),

c2 = 0.8164 (1.76 dB) and c3 = 0.707 (3 dB). Designing directional hybrid couplers with

those values in practice to operate over a wide range of frequencies is unfeasible and the

circuit could be very costly for a small bandwidth.

A frequency compensated quasi-optimal six-port reflectometer is shown in Figure 2.7.

This junction uses a variation of Engen’s design with a 10 dB coupler, 3 dB attenuator, 3

dB power divider and three 3 dB quadrature hybrid directional couplers. This design was

able to overcome the need for directional couplers with various coupling factors. Figure 2.8

shows a frequency compensated quasi-optimal six-port reflectometer realized using minia-

ture hybrid microwave integrated circuits (MHMIC) and a multi-section Wilkinson power

divider [13].

Figure 2.7: Topology for quasi-optimal six-port reflectometer

2.4.3 Other designs

Although newer technology improved microwave circuits, they were still limited by

the conductivity of materials used (such as silicon, copper and other compounds) and the

frequency bandwidth in which those manufactured components operate optimally.
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Figure 2.8: quasi-optimal six-port junction [12, p.52]

Figure 2.9: Differential six-port reflectometer [19, p.251]

Figure 2.9 shows a new differential six-port reflectometer based on a sampled-line struc-

turewhichwas realized in coplanar strip transmission line form using two baluns to interface

with a DUT for complex reflection coefficient measurements. The differential six-port re-

flectometer is physically small (10 cm in length, and 5 cm in width) and produced promising

results comparable to the ones found with a commercial VNA; however, it was only tested

over small bandwidth of approximately 50 MHz [19].

Figure 2.10, a proposed six-port reflectometer using lumped elements, can operate on
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a wide range of bandwidth (0.9 − 5 GHz) and over a large dynamic range [20]. The de-

sign for the positions of |q| and the phase between them was based on Engen’s design and

provided good results even when the magnitude of the ratio of qi was greater than 4, and

the phases between them were smaller than 25° [20]. This simple six-port design was used

as a digital modulation homodyne receiver over the entire bandwidth and was physically

realized through MMIC technology.

Figure 2.10: a) Wideband six-port Topology, b) Diode detector circuit[20, pg. 302]

2.5 Design Analysis of the Six-port Prototype

The aim of this thesis research is to implement a six-port reflectometer-based VNA op-

erating via independent RF power sources in the RF andmicrowave frequencies. Therefore,

choosing a design that can satisfy the aim as well as the requirements for cost, flexibility,

size, and bandwidth, while still providing accurate measurements, is crucial for the success

of this thesis. Of all the designs introduced in section 2.5, the six-port reflectometer us-

ing lumped elements would meet all these requirements; however, it would have taken a
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long time to realize its topology through MMIC technology. Therefore, and as a proof of

concept, a frequency compensated quasi-optimal six-port reflectometer using four 3 dBHy-

brid 90° couplers and power divider is the most suitable to design, simulate and physically

realize using readily available components [34]. Figure 2.11 shows the proposed six-port

Figure 2.11: Topology of chosen design for six-port reflectometer

reflectometer for this thesis, consisting of four 3 dB Hybrid 90° couplers, power divider, 3

dB attenuater, and connecting lines, L1–L7.

Similar to the frequency compensated optimal six-port reflectometer, one can repeat the

same algebraic derivation to find the values of |q4|, |q5|, and |q6| points in the Γ plane with

angles q4 = ∠θ°, q5 = ∠(θ°− 135°) and q6 = ∠(θ°+135°), and θ° is an arbitrary reference

angle), and applying the value for the 3 dB attenuator (
√
2) to Line L2, qi nominal values

for i = 4, 5 and 6 become:

q4 ≈ 2∠0° (2.47)

q5 ≈ 2∠270° (2.48)

q6 ≈
√
2∠135° (2.49)
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and the lines’ electrical lengths must satisfy:

2L1 + θ4 + θq = (L2A + L2B) + L3 + θp (2.50)

L5 + L7 = L3 + L6 (2.51)

where L1–L7 are the electrical lengths for the lines in Figure 2.11, and θp and θq are the

phase for the power divider and 3 dB Hybrid 90° couplers, respectively. Note that this

design represents Engen’s ”Preferred” design, yet with 90° shift of of qi values in the Γ

plane.

Figure 2.12: ADS schematics for six-port reflectometer’s prototype
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To simulate the circuit in Figure 2.11, Advanced Design System (ADS) version 19 (up-

date 1),from Keysight Technologies was used. Co-planar with ground (CPW) substrate of

ϵr = 4.3 (FR4), thickness of 0.67 mm was used to setup the substrate for the simulation.

Ports 1–6 were matching the impedance of the circuit, i.e. 50Ω. The circuit was designed

using four ideal 3 dB Hybrid 90° couplers, ideal Wilkinson’s power divider, and the con-

necting lines were designed to be 50Ω and satisfying the electrical length in equations (2.50)

and (2.51).

Analysis of the circuit in Figure 2.11 is required to determined the values for qi in terms

of S-parameters. From figure 2.11, since all ports in Figure 2.12 were matched (i.e. 50Ω),

the reflection coefficient of the power detectors’ ports, Γi (i = 3, 4, 5, and 6), is zero. This

leads equation (2.3) to be



b1

b2

0

0

0

0


=



S11 S12 0 0 0 0

S21 S22 0 0 0 0

S31 S32 −1 0 0 0

S41 S42 0 −1 0 0

S51 S52 0 0 −1 0

S61 S62 0 0 0 −1





a1

a2

b3

b4

b5

b6


(2.52)

and the solution for b1, b2, and bi are

b1 = S11a1 + S12a2 (2.53)

b2 = S21a1 + S22a2 (2.54)

bi = Si1a1 + Si2a2 (2.55)
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Substitution of b2 = a2
ΓDUT

in equation (2.54) and solving for a1, yields that

a1 =
( 1

ΓDUT

− S22

) a2
S21

(2.56)

Substituting of a1 (equation (2.56)) and a2 = ΓDUT b2 into equation (2.55), bi becomes

bi =
Si1

S21

(
1−

(S22Si1 − S21Si2

Si1

ΓDUT

))
b2 (2.57)

letting

Ai =
Si1

S21

(2.58)

Bi =
S21Si2 − S22Si1

S21

(2.59)

qi =
−Ai

Bi

=
Si1

S22Si1 − Si2S21

(2.60)

and substituting the values of Ai and qi into equation (2.59) yields

bi = Ai(1−
(ΓDUT

qi

)
)b2 = Ai

(qi − ΓDUT

qi

)
b2 (2.61)

Factoring −1
qi

from equation (2.63) yields

bi =
−Ai

qi

(
ΓDUT − qi

)
b2 = Bi

(
ΓDUT − qi

)
b2 (2.62)

where i = 3, 4, 5 and 6. Since all power measuring ports are matched (Γi = 0, where

i = 3, 4, 5 and 6), the power absorbed at each power detector can be written as

Pi = |bi|2 = |Bi|2|ΓDUT − qi|2|b2|2 (2.63)

where Bi and qi are known, i.e. equations (2.59) and (2.60) respectively. Normalizing the

power measured in equation (2.63) with the reference power measured, P3, equation (2.63)
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becomes

pi =
Pi

P3

=
|Bi|2|ΓDUT − qi|2

|B3|2|ΓDUT − q3|2
=Mi

|ΓDUT − qi|2

|ΓDUT − q3|2
(2.64)

whereMi =
|Bi|2
|B3|2 , and i = 4, 5, and 6.

Similar to the derivation in section 2.2.1, Equation (2.64) describes the relationship

between the power ratio measured at ports 3, 4, 5 and 6, and the reflection coefficient at

port 2, ΓDUT , in terms of three real constants

Mi =
|Bi|2

|B3|2
=

|S21Si2 − S22Si1|2

|S21S32 − S22S31|2
(2.65)

where i = 4, 5 and 6, and four complex constants,

qi =
−Ai

Bi

=
Si1

S22Si1 − Si2S21

= γi + jδi (2.66)

where i = 3, 4, 5 and 6.
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Figure 2.13: qi simulated results for Ideal Six-port Reflectometer

Figure 2.13 demonstrate an agreement betweenADS simulation and our expected values

for qi’s analysis (equations (2.47–2.49)).

To realize the prototype physically, MIC components were identified. Table 2.1 pro-
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vides a list of MIC components which potentially meet the requirements to physically re-

alize the six-port reflectometer. These components’ electrical parameters were used in the

simulation of the six-port reflectometer prototype. The simulation accounted for all the

losses and limitations of those MIC components and the nominal simulation temperature

was set to default, which is 25°C.

Table 2.1: Main MIC components’ parameters used in the Six-port Reflectometer simula-
tion

3dB–90◦ Hybrid Coupler: Anaren model 11035-3S
Freq
[GHz]

Isolation
[dB]

Insertion
Loss [dB]

Phase Balance
[degrees]

Amp Balance
[dB] SWVR

1.0-2.0 20 0.45 ±3 ±0.55 1.3:1
Wilkinson’s Power Divider:Anaren model PD0922J5050S2HF

Freq
[GHz]

Isolation
[dB]

Insertion
Loss [dB]

Phase Balance
[degrees]

Amp Balance
[dB]

In/Out
[W]

0.95-2.15 12 0.7-0.8 1.0-3.0 0.1-0.5 50/50

In addition to the modifications of the connecting lines, other connecting lines such as

RF input power line and power detector connecting lines were designed at 50Ω impedance

and integrated with the prototype circuit. The power detectors connecting lines were de-

signed with an electrical length of 180° to enable better management of components in the

PCB and to maintain a small and compact circuit. modifications to the substrate and di-

mensions of the lines were also made to facilitate future manufacturing of the prototype.

Figure 2.14 shows the simulated circuit with MIC component parameters utilized, as

well as the other aforementioned connecting lines. Figure 2.15 shows the simulated qi for

the prototype using the MIC components. The difference in the magnitude of q4 and q5, as

well as the phase of q6 from the ideal circuit, does not impact the performance of the circuit,

as this will be shown in the next chapter.
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Figure 2.14: ADS six-port reflectometer with MIC component parameters
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Figure 2.15: qi simulated results for SPR prototype using MIC parameters and modified lines
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Chapter 3

Calibration Techniques

In chapter two, theory and designs of six-port reflectometers were presented. It was

shown that 11 parameters are required to compute the reflection coefficient of a DUT.Many

methods and procedures for calibration (determination of the required 11 parameters) have

been presented since the inception of the six-port reflectometer; these range from using

sliding termination, to seven, five or three calibration standards, to an adoption of the diode

power detector linearization technique called dual toning or “self-calibrated” based on ac-

tive load synthesis techniques [13, 22, 24, 25]. The number of known calibration standards

and the level of computation are the most important aspects in selecting the calibration tech-

nique. There are two categories of calibration techniques; linear and nonlinear [13, 24]. It is

important to note here that all power detectors are permanently connected to the SPR being

calibrated. In this chapter, the focus is on the nonlinear technique, as it aligns with chosen

quadratic model design of the prototype, and specific discussion of the Six-to-Four ports

reduction, and the Explicit calibration techniques is presented. Although both techniques

utilize number of calibration standards, a novel approach to the Explicit calibration tech-

nique proved validity. Simulated results for number of synthesized DUTs using the chosen

design are also presented in this chapter.

3.1 Six-to-Four Port Reduction Technique

This technique is the most common to calibrate a six-port reflectometer. The technique

is based on a bi-linear transformation of the six-port reflectometer to an easily calibrated
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system of an ideal reflectometer and two-port network called an error box; see figure 3.1.

There are other techniques to calibrate a six-port reflectometer, however, this technique

has the advantage of not having to calculate the 11 independent parameters simultaneously;

rather, nine unknown standards can be used to calibrate the ideal reflectometer, then three

additional known standards are used for calibrating the error box parameters. The procedure

is described thoroughly in Engen [24], Hodgett et al [25], and Ghanoochi [13]. There is

also a newer reduction algorithm described in Potter et al [30]. Therefore, this section will

present this method briefly, leaving detailed research to the reader’s preferences.

Figure 3.1: Six-to-four- port reflectometer representation

Equation (2.15) can be re-written as

Pi = |wi|2 =
∣∣∣∣diΓ− ei
c3Γ + 1

∣∣∣∣2 (3.1)

where di = −Mi

q3
= SEB

12 S
EB
21 − SEB

11 S
EB
22 , ei = qiMi

q3
= SEB

11 , and c3 = 1
q3

= −SEB
22 ,

and i = 4, 5 and 6. The superscription of EB denotes the S-parameters for the error Box.

Solving equation (3.1) for Γ yields,

Γ =
ei − wi

c3wi − di
(3.2)
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To determine the value forw, one requires minimum of nine known standards (matched,

open and short can be used). Taking power measurements from the four diode power de-

tectors for those nine standards will produce a 4× 9matrix. This matrix can be normalized

with the reference port power measurement (port 3) to produce a 3 × 9 matrix, which can

be used to solve for x1...x9 in the following

x1Q
2
4+x2Q

2
5+x3Q

2
6+x4Q5Q6+x5Q4Q6+x6Q5Q6+x7Q4+x8Q5+x9Q6 = −1 (3.3)

whereQ4,Q5 andQ6 are the normalized power measurements for port 4, 5 and 6. Once the

values for x1...x9 are determined, they will be used to calculate the following parameters:

r =
2x5 − x7x9
2x1x9 − x5x7

(3.4)

q =
2x4 − x7x8
2x1x8 − x4x7

(3.5)

p = r + q +

(
x7
x1

)
(3.6)

A2 =
√
prx2 (3.7)

B2 =
√
pqx3 (3.8)

Parameters r, p, q, A2 and B2 are an approximation for the five parameters required to de-

termine w, the reflection coefficient of the ideal six-port reflectometer (Figure 3.1). In fact,

Engen remarks that they represent conditions of tangency of three planes to the ellipsoidal

paraboloid represented in the following equation

pQ2
4 + gA2

5Q
2
5 + rA2

6Q
2
6 + (r − p− g)A2

5Q5Q6+

(g − p− r)A2
6Q4Q6 + (p− g − r)A2

5A
2
6Q5Q6 + p(p− g − r)Q4+

g(g − p− r)A2
5Q5 + r(r − p− g)A2

6Q6 + pgr = −1

(3.9)
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which is quadric in w plane [22].

The solution of those five parameters can be refined by using a standard optimization

technique, such as Gauss-Newton, or Margetts-Lambert. Once those five parameters are

optimized, w can be calculated using [24]:

w =
Q4 − A2Q2

2
√
r

± j

[
r(p+ q − r) + (p− q + r)Q4 − (p− q − r)A2Q2 − 2rB2Q3

]
2
√
r(2pq + 2qrpr − p2 − q2 − r2)

(3.10)

The sign ambiguity can be resolved using a known standard. Once w is determined,

three known standards (e.g. matched, open and short circuits) can be used to find the error

box parameters using the following linear system

wS
i Γ

S
i c− ΓS

i d− e = wS
i (3.11)

the superscript, S, indicates the standard used, and i = 1, 2 and 3.

Although nine standards are required to determine w, this technique requires 13 stan-

dards in practice [34]. These 13 standards are designed to be distributed symmetrically

across the Smith chart to ensure distribution over the entire six-port reflectometer’s opera-

tional bandwidth. See Figure 3.2 where the 13 standards are noted with⋆.

This technique is quite complicated and increases the potential for error when many

standards are being replaced one after another. The five parameters required to calculate

w will provide approximated values; to refine them, computational effort and an initial

value/guess must be determined and incorporated in the computation. Finally,w calculation

depends on an accurate power measurements from those four diode power detectors, hence

a robust diode linearization procedure must be in situ. All these reasons make the next

calibration techniquemore desirable as, ideally, if one can determine the S-parameters of the

six-port reflectometer, the only standards required are those for confirmation of computed
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Figure 3.2: 13 standard’s distribution on Smith chart

reflection coefficient of a standard, i.e. DUT.

3.2 An Explicit Calibration Technique

We discussed in chapter two the chosen design and the derivation of the following equa-

tion

pi =
Pi

P3

=
|Bi|2|ΓDUT − qi|2

|B3|2|ΓDUT − q3|2
=Mi

|ΓDUT − qi|2

|ΓDUT − q3|2
(3.12)

where i = 4, 5, and 6,

Mi =
|Bi|2

|B3|2
=

|S21Si2 − S22Si1|2

|S21S32 − S22S31|2
(3.13)

where i = 4, 5 and 6 for 3 scalar constants, and

qi =
−Ai

Bi

=
Si1

S22Si1 − Si2S21

= γi + jδi (3.14)
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where i = 3, 4, 5 and 6 for four complex constants. Equation 2.13 assumes that Γi = 0

for i = 3, 4, 5 and 6, and relates the measured power at ports 3, 4, 5 and 6 to the reflection

coefficient of a DUT placed on the measuring plane, port 2.

Developed by Hoer [27], and confirmed by Wood [28], the reflection coefficient of a

DUT, using an arbitrary six-port reflectometer, can be determined by

ΓDUT =

∑6
i=3(Fi + jEi)

Pi

P3

1 +
∑6

i=4Hi
Pi

P3

(3.15)

where Fi, Ei andHi are the 11 parameters required to calibrate an arbitrary six-port reflec-

tometer. Xiong, Wood, Li and Bosisio, and Somlo and Hunter have described in detail how

to obtain these parameters using power measurements of synthesized active loads, or five,

or four open/short calibration standards [22, 28, 29, 30, 31]. The calibration parameters

(Fi, Ei and Hi) can be computed using the following explicit equations

k = γ4(δ5 − δ6) + γ5(δ6 − δ4) + γ6(δ4 − δ5) (3.16)

F3 =
−1

2k

[
|q4|2(δ5 − δ6) + |q5|2(δ6 − δ4) + |q6|2(δ4 − δ5)

]
(3.17)

F4 =
1

2kM4

[
|q3|2(δ5 − δ6) + |q5|2(δ6 − δ3) + |q6|2(δ3 − δ5)

]
(3.18)

F5 =
−1

2kM5

[
|q3|2(δ4 − δ6) + |q4|2(δ6 − δ3) + |q6|2(δ3 − δ4)

]
(3.19)

F6 =
1

2kM6

[
|q3|2(δ4 − δ5) + |q4|2(δ5 − δ3) + |q5|2(δ3 − δ4)

]
(3.20)
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E3 =
1

2k

[
|q4|2(γ5 − γ6) + |q5|2(γ6 − γ4) + |q6|2(γ4 − γ5)

]
(3.21)

E4 =
−1

2kM4

[
|q3|2(γ5 − γ6) + |q5|2(γ6 − γ3) + |q6|2(γ3 − γ5)

]
(3.22)

E5 =
1

2kM5

[
|q3|2(γ4 − γ6) + |q4|2(γ6 − γ3) + |q6|2(γ3 − γ4)

]
(3.23)

E6 =
−1

2kM6

[
|q3|2(γ4 − γ5) + |q4|2(γ5 − γ3) + |q5|2(γ3 − γ4)

]
(3.24)

H4 =
1

kM4

[
γ3(δ5 − δ6) + γ5(δ6 − δ3) + γ6(δ3 − δ5)

]
(3.25)

H5 =
−1

kM5

[
γ3(δ4 − δ6) + γ4(δ6 − δ3) + γ6(δ3 − δ4)

]
(3.26)

H6 =
1

kM6

[
γ3(δ4 − δ5) + γ4(δ5 − δ3) + γ5(δ3 − δ4)

]
(3.27)

where Mi, δi, and γi (for i = 3, 4, 5, and 6) values are from equations (3.13) and (3.14).

However, using a VNA to measure the S-parameters of the six-port reflectometer can per-

mit the computation ofMi and qi values required to compute these explicit equations for the

calibration parameters, without the need for power measurements of any calibration stan-

dards. This approach is novel in comparison to the standard Explicit calibration technique

which was developed utilizing number of calibration standards.
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3.3 Six-port Reflectometer Simulation Results

To validate the novel approach to the Explicit calibration technique, S-parameters for

the six-port reflectometer in Figure 2.14 were measured using ADS simulator for frequency

range of 0.5–3 GHz, and three different DUTs were created in ADS to provide differ-

ent complex reflection coefficients over the range of the simulated frequencies. Once the

six-port reflectometer’s S-parameters and the three DUTs’ true reflection coefficients were

recorded, computations for calibration factors (Fi, Ei and Hi) were conducted and values

were stored, then the DUTs were placed for power measurement simulation using power

probes within ADS. See Figures 3.3 for the setup in ADS.

Figure 3.3: Six-port reflectometer presentation in ADS
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Figure 3.4: 1st DUT design
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Figure 3.5: 1st DUT simulation results
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Figure 3.6: 2nd DUT design
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Figure 3.7: 2nd DUT simulation results
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Figure 3.8: 3rd DUT design
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(a) 3rd DUT magnitude
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Figure 3.9: 3rd DUT Simulation Results
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3.4 Results Analysis

From Figures 3.5, 3.7 and 3.9, this novel calibration approach (use of S-parameters of

the six-port reflectometer vs calibration standards/synthesized active loads) proved its va-

lidity. Unlike bi-linear transformation or other calibration techniques used to calibrate six-

port reflectometers, measurements of S-parameters of the designed circuit provide means

to confirm design’s parameter – Mi and qi, a less complicated calibration procedure, and

minimal systematic error for calibration. The simulated results shown above in the figures

demonstrated that the design of six-port reflectometer performed with an absolute error of

approx. 0.2 dB in |ΓDUT | with zero error in phase over the entire simulated bandwidth.

The results from ADS simulation supported this thesis’ goal to investigate six-port re-

flectometer based VNAwith separate and independent RF power sources. The next chapter

focuses on the theory of calibration of dual six-port reflectometer and simulated results of

two-port networks’ DUTs.
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Chapter 4

Six-Port Network Analyzer

In the previous chapters, history, theory, designs, calibration techniques, and results of a

simulated six-port reflectometer’s prototype were presented. The results were encouraging

to pursue and validate construction of an SPR based VNA (SPNA) through simulation with

ADS. A network analyzer incorporating two six-port reflectometers was first introduced

by Hoer in 1977 [33]. Incorporation of two SPRs will allow S-parameters measurements

of two-port network DUTs. This chapter discusses the theory of SPNA and demonstrates

simulations for Hoer’s SPNAdesign (one power source), SPNAwith independent RF power

sources, and comparison of their results.

4.1 SPNA Theory and Calibration

From chapter two, the complex reflection coefficient of a DUT can be determined via

scalar measurements of power using a six-port reflectometer, with no need for phase mea-

surement. The use of two six-port reflectometers in conjunction with an appropriate cali-

bration technique can lead to determination of four scattering parameters of any two-port

DUT. Figure 4.1 shows a basic topology of a vector network analyzer using two six-port re-

flectometers with two attenuators, i.e. A1 andA2, and phase shifter to control the amplitude

and phase of the merging RF signals, a1 and a2, into the two testing planes.

When the RF signals are applied to both reflectometers simultaneously, SPR# 1 and
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Figure 4.1: Basic topology of a six-port network analyzer (SPNA)

SPR# 2 will measure the complex ratios

Γ1 =
b1
a1

(4.1)

Γ2 =
b2
a2

(4.2)

where Γ1 and Γ2 are not reflection coefficients in the normal sense, but simply relate two

traveling waves in opposite directions. These two ratios are related by the S-parameters of

the two–port DUT [13, 33]. To derive the expression for the S-parameters of a two-port

DUT, one can let

b1 = S11a1 + S12a2 (4.3)

b2 = S21a1 + S22a2 (4.4)

and dividing equation (4.3) by a1, and equation (4.4) by a2, yields

Γ1 =
b1
a1

= S11 + S12
a2
a1

(4.5)
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Γ2 =
b2
a2

= S22 + S21
a1
a2

(4.6)

where Γ1 and Γ2 are the reflection coefficientsmeasured by SPR #1 and SPR #2. Eliminat-

ing a1
a2

in (4.5) and (4.6) gives

Γ2S11 + Γ1S22 −∆ = Γ1Γ2 (4.7)

where ∆ ≡ S11S22 − S12S21.

Assuming that the DUT is reciprocal, equation (4.7) suggests that three conditions (three

sets of values for the attenuators, A1 and A2, and the phase shifter, Φ) are required to create

a linear system of equations to determine the three scattering parameters of a two-port DUT

(three parameters since the DUT is reciprocal). It also shows that the values of the attenua-

tors and the phase shifter are not required to be known nor to be sequential; one attenuator

can be fixed while the other attenuator and the phase shifter are changing for the creation

of three conditions. If the DUT is known to be reciprocal, complex values for S11 and S22

can be determined from ∆ and the magnitude of S12, or S21 can be determined using

|S12|2 = |S21|2 = |S11S22 −∆| (4.8)

or, from equation (4.7),

|S12|2 = |S21|2 = |(Γ1 − S11)(Γ2 − S22)| (4.9)

Similarly, if the reciprocity of a DUT is unknown, S12 and S21 magnitudes can be deter-

mined from (4.5) and (4.6) to be

|S12| = |Γ1 − S11|
∣∣∣∣a1a2

∣∣∣∣ (4.10)
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|S21| = |Γ2 − S22|
∣∣∣∣a2a1

∣∣∣∣ (4.11)

where the values for a1 and a2 can be determined from the procedure described in the next

section.

4.1.1 S21 & S12 Phase Analysis

For reciprocal and non-reciprocal DUTs, a2
a1
plays a big role in determining the phase of

S21 and S12. For either case of reciprocity, equations (4.5) and (4.6) gives

ψ12 = ψ1 − ψa (4.12)

ψ21 = ψ2 + ψa (4.13)

where ψ12 and ψ21 are the phase for S21 and S12, respectively, and

ψ1 ≡ arg(Γ1 − S11) (4.14)

ψ2 ≡ arg(Γ2 − S22) (4.15)

ψa ≡ arg(
a2
a1

) (4.16)

where the angles ψ1 and ψ2 are known; however, since the six-port reflectometer does not

directly measure the ratio a2
a1

to determine ψa, further analysis is required.

When a DUT is reciprocal, (4.12) and (4.13) can be solved for ψa and ψ12 = ψ21 to be

[12, 31]

ψ12 = ψ21 =
ψ1 + ψ2

2
+ nπ (4.17)

ψa =
ψ1 − ψ2

2
+ nπ (4.18)

where the ambiguity nπ arises from dividing by 2, and n is an integer. The value of n can be
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determined via good estimate ofψ12 orψa. Hoer suggests that the value of n can be resolved

through a good estimate of ψ12 or ψa, by using equations derived from non-reciprocal DUT

case (ψ12 ̸= ψ21) [33].

From Figure 4.1, the three terminal planes whose ports are 1, 2 and 3 one can show that

a2
a1

= (s21 − s11
s23
S13

)Γ1 − (s12
s23
s13

− s22)Γ1
a2
a1

+
s23
s13

(4.19)

where sji are the scattering parameters of the three ports junction, and (4.19) can be re-

written as
a2
a1

= C1Γ1 − C2Γ2
a2
a1

+ C3 (4.20)

where C1, C2 and C3 are corresponding terms in (4.19) and (4.20). Solving for a2
a1

yields

a2
a1

=
C3 + C1Γ1

1 + C2Γ2

(4.21)

To determine the values for C1, C2 and C3 needed to solve for ψa, three standards are

required. One of those standards can be of “zero electrical length” (i.e. connecting mea-

surement planes 1 and 2 directly to each other), and the other two standards can be matched

to the circuit with approximately same electrical length [33]. Once C1, C2 and C3 are cal-

culated, ψa and n is determined for S21 and S12 phase values.
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4.2 SPNA Simulations and Results

To simulate the SPNA, two designs were considered; these are Hoer’s original SPNA

design and SPNA with an independent RF power sources (see Figures 4.2 and 4.3). In

simulating either designs, there was no impact of the attenuators’ values (i.e. A1 and A2)

to the measurements and the calibration procedures, thus they were not considered during

the simulation, nor incorporated in the physical realization of the prototype.

The procedure to simulate and compute the S-parameters for a two-port network DUT

is once the DUT is placed on the measuring plane, three sets of measurements of the four

power probes for each SPR are recorded over the entire simulation’s frequency. These

three sets of measurements will have to be under different conditions, i.e. one or both RF

power sources provide different RF signal phase than the other. Once these three power

measurements are recorded, computation of Γ1i and Γ2i (where 1 and 2 indicate the SPR

and i = 1, 2, and 3 for conditions) is completed and recorded for each condition, and finally

Γ1i and Γ2i are used to compute solutions for S11, S21, and S22 using equation (4.7). It is

important for the reader to know that the values for Fi, Ei, and Hi for each SPR must

already been computed and recorded to be used in the computation for Γ1i and Γ2i, and that

this thesis assumes all DUTs are reciprocal, hence only S21 values were computed.

The simulation of both designs was done using twoDUTs, whichwere designed arbitrar-

ily. Those DUTs were constructed in ADS with arbitrarily configuration using microstrip

lines, capacitors, and resistors. The values for those DUTs’ components were chosen arbi-

trarily, and were based on different substrate and thickness than the ones used to design the

SPRs. See Figures 4.4 and 4.5.

The three sets of measurements were conducted using an arbitrary RF power phase; for

the first DUT’s set of measurements, the RF power source’s phase was set to 60°, 120°, and

180°, while the second DUT’s were set to 90°, 225°, and 315°. The RF power source for
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Figure 4.2: Hoer’s original SPNA design setup in ADS

Figure 4.3: SPNA with independent RF power sources design setup in ADS

Hoer’s design simulation was kept at 0 dBm for all the sets of measurements, while the

independent RF power sources for this thesis objective were set differently; one was set at

0 dBm, and the other at −10 dBm. This to simulate the fact that not all RF power sources

would provide identical RF signal and to show that different power level of the signal will

still provide good results.
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Figure 4.4: 1st 2-Port Network DUT

Figure 4.5: 2nd 2-Port Network DUT

4.3 Results

As stated in the previous section, two DUTs were designed in ADS, and both Hoer’s and

independent RF power sources were simulated to collect power measurements and compare

results. In the following subsection, results for S11, S21, and S22 are compared between the

two designs, as well as their absolute error in comparison to their true values (Gamma True),

over simulation frequency range of 0.5–3 GHz. It is important for the reader to know that

plots for magnitude and phase were plotted using Matlab code for every 10th point in order

to distinguish the plotted lines. However, Absolute error plots were plotted using all points

of the results.
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4.3.1 Results using 1st DUT
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(a) S11 magnitude independent RF power sources
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(b) S11 magnitude Hoer’s design
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(d) Absolute error for Hoer’s design

Figure 4.6: 1st two-port DUT S11 magnitude simulation results
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(a) S11 phase independent RF power sources

Freq [GHz]
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

θ°

-200

-150

-100

-50

0

50

100

150

200
S11 Phase

DUT1

SPNA
Gamma True

(b) S11 phase Hoer’s design
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(c) Absolute error for independent RF power sources

Freq [GHz]
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

θ°

0

1

2

3

4

5

6

7
S11 Phase

DUT1
 Absolute Error
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Figure 4.7: 1st two-Port DUT S11 phase simulation results
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(a) S21 magnitude independent RF power sources
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(b) S21 magnitude Hoer’s design
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(c) Absolute error for independent RF power sources
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(d) Absolute error for Hoer’s design

Figure 4.8: 1st two-port DUT S21 magnitude simulation results
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(a) S21 phase independent RF power sources
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(b) S21 phase Hoer’s design
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(c) Absolute error for independent RF power sources
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(d) Absolute error for Hoer’s design

Figure 4.9: 1st two-port DUT S21 phase simulation results
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(a) S22 magnitude independent RF power sources
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(b) S22 magnitude Hoer’s design
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(c) Absolute error for independent RF power sources
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Figure 4.10: 1st two-port DUT S22 magnitude simulation results
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(a) S22 phase independent RF power sources
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(b) S22 phase Hoer’s design
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(c) Absolute error for independent RF power sources
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Figure 4.11: 1st two-port DUT S22 phase simulation results
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4.3.2 Results using 2nd DUT
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(a) S11 magnitude independent RF power sources
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(b) S11 magnitude Hoer’s design
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(c) Absolute error for independent RF power sources
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(d) Absolute error for Hoer’s design

Figure 4.12: 2nd two-port DUT S11 magnitude simulation results
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(a) S11 phase independent RF power sources
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(b) S11 phase Hoer’s design
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Figure 4.13: 2nd two-port DUT S11 phase simulation results
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(a) S21 magnitude independent RF power sources
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(b) S21 magnitude Hoer’s design
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(c) Absolute error for independent RF power sources
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(d) Absolute error for Hoer’s design

Figure 4.14: 2nd two-port DUT S21 magnitude simulation results
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Figure 4.15: 2nd two-port DUT S21 phase simulation results
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Figure 4.16: 2nd two-port DUT S22 magnitude simulation results
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Figure 4.17: 2nd two-port DUT S22 phase simulation results
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4.4 Results Analysis

From subsection 4.3.1 and 4.3.2, the results were in agreement between the independent

oscillator’s and Hoer’s design. For the first two-port DUT, both S11’s and S22’s absolute

error were approx.0.5 dB error in magnitude, and mean of 3° error in phase. The values of

absolute error for S21 were approx. 0.5 dB in magnitude, and mean of 4° error in phase.

The same error values are true for the second DUT. These results were computed without

conducting additional calibration procedure for S21 phase descried in sub-section 4.0.1.

This demonstrate that the main research objective of this thesis was confirmed; SPR

based VNA with independent RF power sources can provide acceptable values for two-

ports DUT’s S-parameters in comparison to Hoer’s original design. These simulated results

also prove that specific calibration technique of the designed SPR is valid. The simulated

results for SPNA are encouraging to implement a physical prototype.
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Physical Realization of SPNA

In chapters three and four, the results of simulating SPR and SPNA of the chosen design

were presented and proven valid for an implementation of an SPNA with independent RF

power sources. Those results were encouraging to implement a physical prototype for the

SPNA. This chapter will discuss the process of implementing the physical prototype of the

chosen SPR design, including designing the prototype’s printed circuit board (PCB) with

Altium Design software, physical circuit, calibration and measurement’s setup, and result’s

analysis.

5.1 PCB design and Physical Circuit

The physical prototype was modeled using Altium Design Software. The circuit was

designed using FR4 substrate with relative permittivity, ϵr = 4.3, and coplanar waveguide

with line dimensions of H = 1.6 mm for substrate thickness,W = 0.815 mm for conduc-

tor’s width, and G = 0.2 mm for gap width between the conductors and the ground plates

with copper or conductor’s thickness T = 35.56 um. A testing line was included within

the PCB to test the manufacturer’s accuracy for line’s impedance control, Zo = 50Ω, with

length of 90.5mm. See Figure 5.1 for the SPR prototype’s PCB layout and connecting line

lengths.

Table 5.1 shows the main MIC components used to implement the physical prototype of

the SPR. Other components such as resistors, capacitors and subminiature version A (SMA)

connectors, although were not mentioned here have been used to complete the prototype.
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Figure 5.1: Six-port reflectometer prototype PCB layout

Table 5.1: MIC components used in six-port reflectometer physical prototype

3dB–90◦ Hybrid Coupler: Anaren model 11035-3S
Freq
[GHz]

Isolation
[dB]

Insertion
Loss [dB]

Phase Balance
[degrees]

Amp Balance
[dB] VSWR

1.0-2.0 20 0.45 ±3 ±0.55 1.3:1
Wilkinson’s Power Divider:Anaren model PD0922J5050S2HF

Freq
[GHz]

Isolation
[dB]

Insertion
Loss [dB]

Phase Balance
[degrees]

Amp Balance
[dB]

In/Out
[W]

0.95-2.15 12 0.7-0.8 1.0-3.0 0.1-0.5 50/50
Attenuator : Analog Devices model HMC653LP2E

Atten.
Value
[dB]

VSWR
[∼6GHz]

Atten.
Tolerance

Operating
Temp [◦C]

Power
Handling
[dBm]

Freq
[GHz]

3 <1.3 ± 0.3 -55 – +125 up to 20 DC–10
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A photograph of the final circuit for the SPR prototype is shown in Figure 5.2.

Figure 5.2: Six-port reflectometer prototype

5.2 Measurements setup

To confirm the prototype’s performance, measurements confirming that connecting lines

were manufactured to the specifications (i.e., Zo = 50Ω and θ = 180° for electrical length

at center frequency, fc = 1.5GHz), as well as the 3 dB couplers are operating in accordance

with its data sheet, are essential. Furthermore, measurements of the prototype S-parameters

are required to confirm agreement of the prototype’s qi values with the simulated values.

To conduct these measurements, we used the readily available 24 port VNA in the EIL

lab to measure the prototype’s S-parameters for the computation of qi and Mi. Further-

more, the 24 port VNA was also utilized as means of collecting scalar power measurements

at ports 3, 4, 5, and 6 from each SPR. To confirm this approach, simulated power mea-

surements setup was developed in ADS using solely S-parameters, Figure 5.3. The power

measurements were collected using the magnitude values of |S21|2 to represents the power
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measurement for port 3, |S31|2 to represents the power for port 4, |S41|2 to represents the

power for port 5, and |S51|2 to represents the power for port 6.

Figure 5.3: Six-port reflectometer prototype
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Figure 5.4: 1st one-port DUT S11 comparison for magnitude and phase using S-parameters as
means for power measurements

Figure 5.4 demonstrates a comparison between simulated results using power probs

and the ADS S-parameters simulator as means for power measurements. It is clear that

this approach is valid to collect the data required (i.e. power measurements) to confirm the

performance of the SPR prototype.
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5.3 Results Analysis

Four SPR prototype PCBs were built, and measurements of S-parameters using the 24

port VNA were done to compute the qi points and compare those to the ones from ADS

simulations, Figure 2.15. From Figures 5.5 and 5.6, we can clearly see that the experimental

qis differ somewhat from the expected values of simulated qi (Figure 2.15) over a BW

of approx. 500 MHz (0.9 –1.4 GHz). This is due to the non ideal behavior of the MIC

components (couplers, power divider) as well as the characteristic impedance of the lines in

the PCB only being close to the nominal 50 ohms in this BW. Figure 5.7 shows comparison

between the measured and simulated Zo of the testing line, or trace.
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Figure 5.5: qi for physical SPR prototype circuit 1
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Figure 5.6: qi for physical SPR prototype circuit 2
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Figure 5.7: Comparison between measured and simulated values for characteristic
impedance of the testing line

To confirm the operation of the PCBs (prototype circuits), a Low-Pass filter, Mini-

Circuit model SLP-2400+, connected to the PCB with a thru-adaptor was used as a DUT.

The Low-Pass filter has an insertion loss of 0.4 dB up to 2.2 GHz, however, adding hte

thru-adapter contributed to the change in value of insertion loss to be approx. -0.5 dB over

the measuring BW (0.9–1.4 GHz). As expected, best results were obtained over 500 MHz

BW; this can be due to the non ideal behavior of the MIC components, lack of impedance

control of the lines in the PCB (Figure 5.7), and an inconsistency of the physical length of

lines in the PCBs which lead to errors in the magnitude and phase values. The reflection

coefficient for the Low-Pass filter for PCB # 1 and PCB #2 are showing in Figures 5.8 and

5.9 respectively.
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Figure 5.8: Results of Low-Pass Filterusing PCB # 1
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Figure 5.9: Results of Low-Pass Filter using PCB # 2

Additionally, we couldn’t continue with measurements using two SPRs to confirm the

main objective of this thesis; SPR based VNA (SPNA) using two independent RF power

sources. This is due to the current pandemic restriction issues and the emerging of the new

variant. Once the current health situation permits, efforts will be taken to confirm the results

of SPNA for two-ports DUT. It is important to mention that at least one independent RF

power source, in addition to the 24 port VNA, will be required to conduct themeasurement’s

setup, and create three conditions of power measurements to compute the S-parameters of

two-port network DUT
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Chapter 6

Conclusion and Future Work

This thesis presented a novel use of an SPR to implement an SPNA analyzer operating

with two independent RF power sources versus the traditional common RF power source

and the use of attenuators and phase shifter. The main goal of this thesis was to implement

an SPNA to provide accurate S-parameter measurements for an arbitrary and reciprocal

two-port network DUT over wide bandwidth at low range RF and microwave frequencies.

The theory of SPR including its designs, design criteria, and calibration techniques –

were presented in this thesis, along with analysis of the chosen design, the new approach to

an explicit calibration technique, and ADS simulations and reflection coefficient results to

an arbitrary synthesized DUT. The simulation results confirm validity of the new approach

to the explicit calibration technique.

The simulated results of the chosen design of an SPR encouraged investigation the va-

lidity of the main goal of this thesis (SPNAwith independent RF power sources). Theory of

operation of SPNAwere presented and simulated results comparing the traditional common

RF power source vs two independent RF power sources were also presented and encouraged

physical realization of the chosen design/prototype.

Physical prototype of the chosen design was presented in this thesis, as well as measure-

ment setup to confirm agreement of the manufactured PCB with the simulated circuit, and

analysis of the manufacturing issues were discussed. The best results of a Low-Pass filter

as DUT over wide bandwidth (approx. 0.5 GHz) were presented; however, Further work is

required to confirm agreement between physical results of an SPNA with two independent
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RF power sources and the simulated.

Once the physically realized SPNA results are confirmed, there is additional future

work to investigate performance optimization of the chosen design. This will include de-

embedding the values of S-parameters for the SPR circuit and transferring their measuring

plane to the couplers (Q2,Q3„ andQ4), rather than the SMAs at the power detectors and RF

input power ports. Consequently, this will provide more accurate values for the physical qi

in the reflection coefficient plane, in comparison to the values for the ideal and simulated

design over frequency BW. Furthermore, it will also enable closer visibility on SPR circuit

behavior and sensitivity to the limitation of the connecting lines’ dimensions and non-ideal

behaviour of the components. Also, power detectors circuit can be developed to measure

the power, rather than relying on the 24 port VNA for power measurements.
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To support future work on the SPR circuit, I included some papers which can potentially

assist in conducting the future work. Some of the following paper advertised on new struc-
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