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ABSTRACT
OF THE THESIS OF

Renee Youssef Abi Khalil  for Master of Engineering
Major: Electrical and Computer Engineering

Title: Design of a New Miniaturized Microwave Vector Network Analyzer

A Vector Network Analyzer (VNA) is a microwave measurement device that is used to
characterize different Radio Frequency (RF) components. It measures the scattering
parameters of RF devices in order to determine their electrical behavior for an accurate
characterization and analysis of RF circuits.

The VNA consists of many RF components that are connected together in order to
enable suitable S-parameters measurement of a device under test (DUT). In addition, a
software controls the interaction between the different components and the DUT in
order to determine its parameters and characteristics.

The focus of this thesis is on the novel design of one component in the RF chain of the
VNA. This component, which is the power divider, is responsible for dividing the input
RF power into two output branches. This thesis presents a new continuous phase-
tunable Wilkinson power divider. The tuning of the power divider enables the
extraction of a variable phase difference between the two output ports of the power
divider. The presented power divider is compact, reconfigurable and relies on two
varactor diodes to achieve output phase tuning between 0° and 55°.

The proposed design maintains very good impedance matching and isolation across the
entire operating bandwidth from 2 GHz to 3.8 GHz and across all the various phase
states. Such tuning potential of the power divider enables its wide integration into
advanced VNA RF chains, feeding networks of phased arrays, and new communication
platforms.
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CHAPTER 1

INTRODUCTION

A vector network analyzer (VNA) is a multi-port device used to characterize
different Radio Frequency (RF) components. It measures the scattering parameters of
RF devices in order to determine their electrical behavior for an accurate
characterization and analysis of RF circuits. It mainly computes and illustrates the
amount of reflection and transmission through the DUT’s ports.

S-parameters are a description of the response of an N-port network to signal(s)
incident to any or all of the ports. The first number in the subscript of an S-parameter
refers to the responding port, while the second number refers to the incident port. Thus,
S31 means the response at port 3 due to a signal at port 1.

S-parameters measurements compute the amount of reflection and transmission
among different ports of a device. One-port VNAs are designed to measure the
reflection coefficient S11 of a one-port RF device such as an antenna. Two-port VNAs
are designed to measure the four S-parameters (S11, Si2, S21, and S22) of a two-port
device such as filters, attenuators, amplifiers or other two-port components.

The internal system of a VNA is composed of a chain of RF circuits that are
connected together as shown in Figure 3. Such an RF chain is composed of mixers,
couplers, power dividers, amplifiers, and attenuators that are arranged in order to enable
the whole system to evaluate the various reflection and transmission coefficients of a
device.

The functionality of a VNA can be summarized as illustrated in Figures 1 and 2

[1]. When an incident wave (Wave R) hits the input port of a device, part of it will be
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transmitted (Wave B) and the rest will reflected back (Wave A). The magnitude and the
phase of these three waves should be evaluated in order to calculate the S-parameters of
a DUT [2].

Each block of a VNA is by itself defined by its S-parameters, impedance
bandwidth and operational frequency range. Such blocks are built by taking into
consideration their theoretical analysis and appropriate impedance matching techniques
[3] in order to reduce the amount of losses and ensure an optimal transfer of power

among them.

Incident
Transmitted
R B
Reflected

A

REFLECTION TRANSMISSION

Reflected A Transmitted B
Incident

Incident

= ? R

/ \ / \ Group
Return

SWR l \ Loss Gain | Loss l \ Delay

Insertion
Phase

S-Parameters Impedance,
i S Reflection Admittance S-Paramelers
Coefficient R+jX, Sy, 51 Transmission
Lp G+jB Cuuf_flw_m?m
T

Figure | The VNA functionality [2]

In this report, the details of designing a VNA, along with the functionalities of
the different incorporating blocks, are discussed. This thesis focuses on proposing and
designing one VNA block, the power divider, with phase tuning capabilities. Such

phase-tunable power divider, which is the main contribution of this thesis, relies on

12



embedding some active components within its structure to tune the phase difference

between its output ports.

Chapter two of this thesis report provides a theoretical view of the VNA aspects.
Chapter three provides a literature review that presents the most recent research work on
VNAs. Chapter four discusses the different RF components used to build a VNA along
with the design of a novel phase tunable power divider. Chapter five discusses the error
detection techniques. Chapter six introduces the software part, which relates to the
computation of the actual S-parameters. Chapter seven concludes this thesis and

discusses some future work aspects.
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CHAPTER 2

BACKGROUND REVIEW OF THE VNA ASPECTS AND THE

S-PARAMETERS

In order to design a VNA, there are many concepts that need to be addressed.
This chapter includes some main sections that illustrate such important concepts and the

relation between the VNA and the S-parameters.

2.1. RF devices as 2-port networks
A 2-port RF device is illustrated in Figure 2. The wave associated with each port

has incident and reflected components.

a1 the incident wave
at port 1

a2 the incident wave
at port 2

Two-port Network

b1 the reflected
wave at port 1

b> the reflected
wave at port 2

Port 1 Port 2

Figure 2 A two port network input and output description

The voltages and currents are no longer used to characterize the network.
However, it is characterized by the forward and backward waves that form a standing
wave perspective as highlighted in transmission line theory [3].

For an n-port network, power wave components are associated with:

14



vy, v,
an=—2 and bp= 2

VZon VZon M

Where V;,, and Vg, are the voltages of the forward and backward waves at port n.

2.2. The S-parameters analysis

For 2-port networks, the S-parameters matrix is defined as follows:

wHs 52l @)

Where in general: Si j= l;—’| a,=0 with k#i. So in particular:

. Siurepresents the reflection coefficient at port 1 and is equal to:

reflected signal at port1__ b1

a2=0 3)

incident signal at port 1 a1

« Saiis the transmission coefficient at port 2 and is equal to:

transmitted signal at port 2__ b2

22=0 4)

incident signal at port 1 al

. Sizis the reverse transmission coefficient at port 1 and is equal to:

reverse transmitted signal at port 1__ b1l

ai=o (5)

reverse incident signal at port 2 a2

S22 1s the reverse reflection coefficient at port 2 and it is equal to:

reverse reflected signal at port 2__ b2

al=0 (6)

reverse incident signal at port 2 a2
In order to set ak =0, port k should be terminated with a matched load. Such S-
parameters are measured using the ratio of the power waves entering and leaving port j,

while inputting a wave at port i [4].

2.3. Theoretical View of the Network analyzer along with VNA types
Measuring and identifying the S-parameters of a microwave device is essential

in the characterization of such a device and understanding its operation, implementation

15



and circuit integration. S-parameters characterize the performance of a microwave

device in regards to incident, transmitted and reflected signals.

2.3.1. Scalar and Vector Network analyzer

First, network analyzers can be built in a scalar way, i.e. to measure only the
magnitudes of the signals. However later on, network analyzers have been upgraded to
be Vector Network analyzers so that they can measure both magnitudes and phases of
signals [5]. Because reflection and transmission coefficients are complex numbers,

identifying the magnitude and the phase of various S-parameters is instrumental.

2.3.2. “I-port” VNA

A 1-port VNA is used to measure the Si1 of a 1-port RF device such as an
antenna. The VNA mainly sends an incident signal to the antenna and calculates the
reflected power at its port. It can do so because it mainly consists of an RF source, LO
(Local Oscillator) source, Power divider, directional coupler, mixer, amplifiers and
filters. Each one of these components is detailed in chapter 4. The corresponding block

and circuit diagrams are shown in Figure 3.
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Figure 3 1-port VNA circuit diagram

The RF input source generates a sinusoidal signal with a given amplitude power
and at a certain frequency. Then, the coupler couples this signal by dividing the circuit
to two symmetrical paths. One to get the reflected power and the other one to extract the
incident power to compute their ratio and get Si1.

The coupled power, which is decreased by the coupling factor of the coupler,
will be amplified back by an amplifier until it reaches the RF input port of the mixer.
However, a Local Oscillator generates a signal at a given frequency and a power divider
divides this signal power to two equivalent powers that go each to a path. This divided
power signal will be amplified until it arrives to the LO input of the mixer. The mixer
mixes these two inputs and outputs an IF (Intermediate Frequency) signal, which will
also be amplified in order to get this power (magnitude and phase).

The same scenario happens on the reflected path, but the only difference here is
that the RF input signal hits the device under test (DUT), and the reflected signal is
coupled by the coupler through its isolation port. The reason behind this is explained in

the Directional Couplers’ section of chapter 4. This reflected signal will be amplified

17



and the same scenario, of the incident path, will be repeated. After the two mixers mix
the inputs and provide the two IF output signals, al and b1, a signal processing device
will save these 2 parameters in order to calculate the Sii.

Noting that, a frequency sweeping process will be applied to make the VNA a
broadband one. When sweeping the frequency, the first stage of getting the al and bl
points is to do a calibration stage in order to detect and correct the errors, which were

described by [6] and discussed in chapter 5.

2.3.3. “2-port” VNA

A VNA can also be a multi-port system. In fact, an n-port VNA can extract 2" S-
parameters, hence a 2 port-device extracts 4 S-parameters; Si1, S21, S12, S22. The first
index represents the testing port and the second represents the port of the incident
signal. S21, for example, means that port 2 is being tested when the incident signal is at

port 1.

Figure 4 2 port VNA

18



For the 2-port VNA, two external sources are needed. The first source is the RF,
which is used as the incident signal on the circuit. The other one is the Local Oscillator
(LO), which is used by a mixer to either down-convert or up-convert the frequency of
the outputs. This VNA has 2 switches to route the RF signal to the couplers, using either
port 1 or port 2. When the signals reach the couplers, the same scenario as the 1 port
VNA occurs. The main difference is that instead of having 2 paths, like the 1-port VNA,
a 2-port VNA has 4 paths and it has 4 outputs, which are ai, b1, a2, ba. It is important to

note that 2-port VNAs need also to be calibrated as will be discussed in chapter 5.

19



CHAPTER 3

LITERATURE REVIEW

Many researchers have explored various VNA designs, architectures and
techniques. In this chapter, we explore the various work executed in the literature on
various VNA types.

In [3], a planar 2-port VNA is designed with few components needed. The RF
components used to build this VNA are couplers, attenuators, power dividers, amplifiers
and mixers. The couplers were built and realized on a printed circuit board (PCB) due to
their ease of fabrication. Figure 5 shows the fabricated prototype of the VNA. However,
Figure 5 shows a comparison between the S-parameters of a 6-dB attenuator measured

using a compact VNA and the designed VNA.

Figure 5 Proposed VNA [3]

20



S-Parameter of 6dB Atten uator Measured with

PYNA and HP8720D

Phase (Degrees)
o
8

=150.00
1.50E+09 Z2.00E+DF 250E+08 300E+09 3S50E+09 4.00E+0

Fraquency (Hz)

[——s21 Phass (HPETZ0D) ® 821 Phase (FVNA) |

Log Magnitude (dB)

S-Parameter of 6dB Atten uator Measured with

PVNA and HP8720D

1508+09 200E+08 2506408 30008 350E+08 4 00E+00
Frequeney (He)

Figure 6 Results (Mag and Phase) [3]

In [5], a 1-port VNA is designed for high school usage. Integrated Ciruits (IC)

chips were bought off the shelf in order to build such a VNA. Figure 7 represents the

PCB schematic of the VNA and Figure 8 shows the comparison results of the proposed

VNA with the Agilent VNA N5232A PNA-L Microwave Network Analyzer [6]. A

coupler, power divider, some amplifiers and mixer chips were used in this work.

Figure 7 PCB Schematic [5]
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Figure 8 Results of comparison [5]

In [7], a tri-band 2-port VNA is presented for biomedical concentration
measurements. It consists of a six-port-junctions network and it is designed to function
with a 10% bandwidth around 6.6 GHz, 19.7 GHz and 32.4 GHz. Such parameters can
be calculated using appropriate calibration techniques [7]. The design, shown in Figures
9 and 10, employs a coupler connected to the DUT from one side and to an attenuator
on the other side. This attenuator is connected to a power divider and two 6-port RF-

Power detectors. The circuit chain is then connected to an ADC, which is driven by a

Matlab code.
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ADC | MATLAB
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Figure 10 Schematic the Reflectometer [7]

Figure 9 Fabricated prototype [7]
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Figure 11 Results of the simulation vs. measurements [7]
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CHAPTER 4

RF SYSTEM OF A VNA

4.1. Introduction to the VNA Architecture

Various RF components constitute the VNA. It is built by combining a chain of
RF component. First of all, an RF signal (1) is incident into the input port of the VNA
from side 1, and a Local Oscillator signal 2 is incident on port 2 of the VNA. Signal 1
enters into the input port of a directional coupler and signal 2 enters into the input port
of a power divider. The coupler will couple the signal into its ports, which will result in
having 2 signals divided into 2 paths. On the other hand, the divider will divide the
signal into 2 equal signals through the 2 paths. The through port of the coupler should
be connected to DUT.

After the 2 ports of the coupler, an attenuator should be placed in order to
attenuate the signals coming from the other side of the VNA (the local oscillator signal
side) where clearly, the signal coming out of the coupler will be attenuated too. Thus, an
amplifier should be placed after the attenuator to amplify back the signal. Knowing that
the attenuator is reciprocal and the amplifier is not, the amplifier will only amplify the
signals coming out of the attenuator.

On the other side (the local oscillator signal side), an amplifier is placed after the
power divider to amplify back the signal that was divided by half by the power divider.
The first amplifier will be connected to the RF input port of a mixer, and the output
signal of the second amplifier will be connected to the LO port of the same mixer. Then

this mixer will mix the two signals, resulting in an intermediate frequency (IF) signal
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which will be collected and saved in order to be used in the calculation of the S-
parameters. This same chain of connected components should be the same along the 2

paths that were created due to the coupler and the power divider.

4.2 Power Dividers
A power divider is a passive RF component that is used to typically divide the
power coming from one input into several outputs. The simplest type is a simple T-

junction. It is a 3-port device that divides the input power into two output powers [4].

4.2.1. Introduction to the Wilkinson power divider
Another popular power divider that can be matched and isolated at all ports is
the Wilkinson power divider that is shown in Fig. 12 [4], with its internal circuitary

shown in Fig. 13 [4].

Figure 12 . The Wilkinson power divider in microstrip form [4]
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Figure 13 The Wilkinson power divider circuit [4]

There are multiple power distributions that can be used in a Wilkinson power
divider; however, the 3-dB Wilkinson power divider is the most common one. In fact, a
3-dB Wilkinson power divider splits the incident power, at port 1, into two equal
powers that are, each, equal to the one-half of the incident power.

By analyzing the topology in figure 12, the following equations are concluded:

K? = ﬁ—z (K is the power ration between the output ports) @)
Zos=20 |2 (8)

Zon=K?+Zyy = Zy*J[K(1 +K2) =2, * Z 9)

R=Zo * (K +-) (10)

Adding that Zy, = 2 with Z = JK(1 + K?) (11)

Where Zin is the impedance looking from the input port to the output ports.

And for the equal split case, P, = P; = K=1 (12)
> R=Zo* (1+47)=Zy*2 (13)
D Zo=1%%Zy; = Zy*J1(1 + 12) = Z, x V2 (14)

2
= Zos=Zo /% =Zy %2 (15)
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2 Z=.J11+12)=+2 (16)

= Zin 2

1 (17)
When all ports are terminated with matched loads, the reflection at port 1 is found to be
equalto 0 = P = |S;;|2* P} =0 (18)
+
And P;=P;=—- (19)

So in summary, the following are obtained:

= 5:=0 ( Zi;, =1 atport 1) (20)

2 Sy = S33=0 (ports 2 and 3 are matched) (21

2 Si2= S;1=813= 831 =— \/]_E (symmetry between ports 2 and 3) (22)
2 Sy3= 853,=0 (short or open at bisection) (23)

So in summary, the S-parameters matrix will be as the following: [4]
e 7

V2o /W2
—j/ 0 —j/

V2 \/1

S= (24)
[_]/ﬁ a0

A schematic, built on ADS [11], is shown below in Figure 14 and its
corresponding simulated results are shown in Figure 15, in order to show the

functionality of this Wilkinson power divider as follows:
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Figure 16 Fabricated power divider
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In Figure 16, a 6 dB power divider is designed and fabricated in order to
understand its topology and understand its functionality. In addition, a two-stage 3 dB
power divider is designed and analyzed. A two stage power divider is built using two
power dividers connected to each other. If 2 3-dB power dividers are used, the output
port of the first one should be connected to the input port of the second and the signal
will be divided twice. This results in having the incident signal power decreased by 6
dB, or divided by 4. So if the 2 output ports of the first power divider are connected to 1
power divider each, 4 paths will be created. In Figure 16, 2 paths were only needed, so

the second output port of the first power divider was terminated by a 50 Ohms load.

4.2.2. Previous work on power dividers

After having a look at previous works done on power dividers, it was noticed
that many researches were working on designing either an in-phase power divider or an
out-of-phase power divider. Figure 17 shows a power divider, previously designed, that
only has an out-of-phase component. Its S-parameters are shown In Figure 18, where it

is clear that it has a 180 degrees phase difference between its 2 output ports.

Figure 17 Fabricated prototype [35]
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Figure 18 S-parameters of the fabricated prototype [35]

Other works reported a power divider with in-phase and out-of-phase
components, as shown in Figure 19. Figures 20 and 21 show the measured S-parameters
of the fabricated design, while comparing them to the simulated ones for both in-phase
and out-of-phase cases. In [36], a phase shifter was connected to the power divider in
order to switch the phase between 0 and 180 degrees.
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Figure 19 Circuit of the designed power divider [36]
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4.2.3. Design of a novel Wilkinson power divider

However, no work related to designing an in-phase and tunable out-of-phase
power divider was reported in the literature. In this thesis, a tunable phase power divider
was designed, fabricated and measured. This power divider has an in-phase and tunable
out-of-phase characteristics.

Figure 22 shows the layout of a designed microstrip power divider, on ADS[11]:
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Figure 23 Results of the designed power divider

Figure 22 shows the layout of a 3 dB power divider designed on a RO3010

board, taking into consideration all the required values. Figure 23 shows the simulated
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S-parameters of this designed Wilkinson power divider prior to adding the tuning
structure. It is a simple power divider structure with a broadband frequency range of
operation. S11 is matched along the bandwidth starting from 2 GHz to 6.5 GHz, having
the S21 and S31around -3 dB (Since a 3 dB power divider was intended to be designed)
along the whole operational bandwidth.

Moreover, after investigating previous work in the literature on power dividers,
an important point was noticed. Extensive studies are done on improving in-phase and
out-of-phase power dividers as two different components. Also, some researchers
worked on combining the in-phase and constant out-of-phase behaviors in one power
divider. However, no work has been done on proposing a single power divider that has
an in-phase and tunable out-of-phase behavior.

Thus, in this thesis, a novel tunable-phase Wilkinson power divider is proposed
and designed. This device will have an in-phase and a tunable out-of-phase behavior.
Adding a tuning ability that can enable a continuous tunable phase difference between
the output ports of the power divider necessitates loading one of the ports with a
varactor diode.

Hence, once the varactor is actively biased, any change in the supplied voltage
results in a capacitance change of the diode. This change of capacitance leads to a
change of the effective electric length of the transmission lines composing the new
topology of the power divider. Such a change in the electrical length leads to tuning of
the phase difference between the output ports. Changing the electrical length of the
transmission lines leads to a mismatch and a change in the magnitude of the reflection

coefficient at the input port. Overcoming such mismatch can be achieved by introducing
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a multi-stage power divider that is connected to the initial Wilkinson power divider of
Figure 21.

Furthermore and in order to avoid an extra 3 dB loss at the output, a 3 dB power
combiner is integrated into the multi-stage divider. A cascade of a divider-combiner
topology, after the location of the varactor, results in overcoming the anticipated losses
and maintaining the magnitude of the signal while adding a significant tuning ability.

The size of this tunable multi-stage power divider is kept compact by
meandering the divider-combiner structures and hence resulting in a topology that
mimics the infinity symbol as shown in Figure 24. This meandered infinity shaped loop
is also used to decrease the mismatch at the design’s ports. Biasing networks were built
to supply a voltage to the varactors. The same structures, added to port 2, should be
added to port3 to avoid having high insertion losses.

A second varactor is added to the topology, as shown in Figure 24, in order to enhance
the phase variation ability of the design. The in-phase component is maintained by
adding a similar section to port 3 of the Wilkinson power divider of Figure 22.

Figure 24 represents the layout of the new proposed design.

Figure 24 Layout of the proposed design
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In order to activate the varactor diodes, biasing networks are built and integrated into the
design. These biasing lines are of high impedance, with RF chokes being integrated, to
ensure appropriate biasing.

These biasing networks are composed of RF chokes to avoid RF signals leakage
into the power supplies and of DC blocks to prevent the DC signals from mixing with the
RF signals and supplies. The values of these elements are shown in Table 1. The reflection
coefficient of the tunable power divider for variable voltage supply is shown in Figures
25 and 27. Figure 25 represents the reflection coefficients when Vci=Vc2= 0V and Figure
27 shows the reflection coefficients of Vc1=Vca=4V.

Various voltage states are supplied to the varactors, leading to different phase
differences between the two output ports (phase (S21-S31)). Three voltages supplies are
shown in this thesis report, and the S-parameters were investigated to guarantee the
effectiveness of the design proposed.

When supplying OV, to each varactor, the simulated reflection coefficients (S11, S22, S33)
are found as shown in Figure 25.The transmission coefficients (S21, S31), along with the

isolation coefficient(S23), are shown in Figure 26.

——si1
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= =333
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Figure 25 Reflection coefficients at VCi=VCa=0V
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Figure 26 Transmission coefficients and isolation when VCi1=VC=0V

Knowing that the maximum supplied voltage the varactor is 8V, a middle value was
chosen (i.e. 4V supply to the varactors). Upon supplying 4V to each varactor, the

simulated S-parameters results are found as shown in Figure 27.

S-Parameters

<40~ =

15 2 25 3 3.5 4 45 5 55
Frequency [GHz]

Figure 27 Simulated results of the proposed design at VC1=VC2=4V

In order to test the full capacity of this design, the maximum voltages are applied.
Hence, figures 28 and 29 show the S-parameters when an 8V dc voltage is supplied to

the two varactors.
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Figure 28 Reflection coefficients at VC1=VC2=8V
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Figure 29 S21, S31 and S23 at VC1=V(C2=8V

However, many other states were also investigated but the ones mentioned so far are

discussed in this work.

4.2.4. Fabrication of the new design

The proposed design was fabricated on a Rogers RO3010 substrate with a
relative permittivity er=10.2 and thickness H=1.27 mm. The LineCalc tool, in Advanced
Design system (ADS), was used to compute the widths of 50 Q2 and 70.7 Q lines and
they were found to be wi= 1.2 mm and w>= 0.5 mm, respectively. The varactors used,
in the design, are SMV1249-079LF [38]. Figure 30 shows the fabricated prototype of

the proposed design.
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Table 1 Values of the lumped elements used

Figure 30. Fabricated design

Ri R Rs Ci C
100 Q 50Q 50Q 470 pF 470 pF
Cs Li L2 L3 L4
470 pF 39 nH 39 nH 39 nH 39 nH

Table 1 shows the values used to implement the proposed design. Ci, Ca, Cs are

the DC blocks and L1, L2, L3, L4 are the RF chokes (RFCs). At t=0, when 0 V is applied

on both Vc1 and Vcz, no phase difference will be shown between the two outputs (i.e.

In-phase component). However, when varying the voltages supplied, a variable phase

difference will result (i.e. a variable out-of-phase component). As a result, this design

simultaneously offers an in-phase and variable out-of-phase characteristics. Figure 31

shows the measured results of the proposed fabricated design when Vci=Vc2=4V.
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Figure 31 Measured results for VC1=VC2=4V

For this state, the corresponding reflection coefficients at each port, are less than
-10 dB at the edges of the operational bandwidth of interest (2 - 3.85 GHz). Add on this,
Sa1 and Sa1 are equal to -3.1+0.5 dB in the simulated and measured results. Figures 32
and 33 show a superposition of the reflection and the transmission coefficients,

respectively, of the simulated and measured results when VC1=VC2=0V.

S-parametors
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Figure 32 Reflection coefficients (Sim vs Meas) when VC1=VC2=0V
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Figure 33 S21, S31 and S23 (Sim vs measured) when VC1=VC2=0V

The results show a good agreement between the simulated results and the measured one.
Two additional states are also plotted. When having a 50% varactors functionality (i.e.
Vci=V2=4V) and when applying 8V to the varactors. Figures 34, 35 and 36 show the

S-parameters of these two states.
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Figure 34 Simulated vs Fabricated Results when VC1=V(C2=4V
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is 4
Frequancy [GHz]

Figure 36 S21, S31 and S23 (simulated vs measured) when 8V applied

For the different states, the S-parameters showed good agreement, along the
operational bandwidth, between the simulation and the measurement. A small deviation
occurred because of the non-linear behavior of the active components and due to the
parasitic effects of the lumped elements used in the biasing networks.

Concerning the phase difference or the phase shift at the output ports of the
proposed design, some states were plotted in Figure 37 that illustrates the phase
difference between the 2 outputs when supplying various voltages to the varactors. The
phase of S21 and S31, at each state, were measured and then subtracted, in order to get

the phase shift at the output.
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Figure 37 Phase difference upon supplying different voltage combinations

Each curve, in Figure 37, represents a different combination of varactors voltage
supplied. When 0V is supplied to both varactors, the in-phase component is achieved
with a deviation of maximum 7 degrees (between 2 and 3 GHz), due to parasitic effects.
When the voltage applied starts changing, the phase difference changes to achieve an
average of 55 degrees. It is noted that the phase variation remains linear when switching
between the different states until the varactors get into their saturation state. This
justifies the non-linear behavior for the states having a supplied voltage greater than 6
V, as shown in figure 37.

Table 2 represents a comparison between the out-of-phase tunable power divider

presented in this work and other relevant structures.
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Table 2 Comparison With Relevant Previous Designs

I/O of Variable
References RL (dB) IL (dB) Size (mm)
phase phase
[29] In and Out NO >10 0.6-1.5 60x40
[30] In and Out NO >10 0.8-2.2 32.4x25.9
[31] Out NO >10 0.5 30x60
[32] Out NO >20 0.5-1 56.43x26.31
This work In and Out YES >12 0.3-0.9 40x20

4.3. The Directional Coupler

A Directional Coupler is a Four-Port Network. Directional couplers are passive
microwave components that divide and distribute power while adding a phase difference
between the coupled signals. Couplers are used in dividers, combiners, attenuators, filters,
phase shifters, discriminators, balanced and double-balanced mixers, balanced amplifiers,

and feeding networks in antenna arrays. [4] [12]

Inprurt D @ Through
Isolated @ @ Coupled

Figure 38 Directional coupler symbol [4]

Figure 38 shows the diagram of a directional coupler. Power supplied to port 1 is
coupled to port 3 (called the coupled port) with a coupling factor |S13>. However, the

remainder of the input power is delivered to port 2 (the through port) with the coefficient

43



IS12> =1 —|S13) (25). In an ideal directional coupler, no power is delivered to port
4 (the isolated port).
A special case is the 3-dB directional coupler (hybrid coupler) where the signals

at the two output ports are equal [4]. A directional coupler is often used for sampling a
small portion of the signal power [4]. It is used to separate between the incident signal
and the reflected signal when implemented in a VNA.
There are some specifications to take into consideration when designing a directional
coupler:

e Coupling C is the ratio of the coupled output power to the input power, in dB, and

it is the primary specification of a directional coupler:
: P1
o Coupling=C=10 logg (26)
o Isolation I: Is the measure of the power delivered to the uncoupled port:
= L
o I=101log o2 (27)

e Directivity D: Is the measure of the coupler's ability to separate forward and

backward wave components:

o D=10log = =1-C 4] (28)

4.3.1. Design of a directional coupler

In order to validate such theoretical aspects, a directional coupler has been
designed as shown in Figure 39. This design is based on the simple structure of the
directional coupler. The coupler was designed to have a directivity of around 25 dB. This
directivity is calculated using equation (28). Figure 40 shows the coupling and isolation

factors of this design.
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Figure 39 Our directional Coupler layout on ADS

Figure 40 represents the simulated results of the designed coupler. The results
show that this directional coupler has a coupling range of -37 to -20 dB, and an isolation

range of -50 to approximately -35dB.

m3 m4
freq=500.0MHz freq=3.500GHz
dB(S(4.1))=-50.591] |d4B(S(4.1))=-35.561

mA m2
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dB(S(3.1))=-37.087| |dB(S(3.1))=-20.527

=104
T m2
L
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1 k J
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Figure 40 Results of the DC simulation
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Figure 41 The fabricated prototype of the DC
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Figure 42. Measurement versus simulation results of our DC

Figure 41 shows the fabricated prototype of the designed directional coupler

which was shown in Figure 39. Figure 42 shows the measured results of the fabricated

directional coupler, whose layout is in Figure 39, versus the simulated ones. It’s clear

that the measured results match the simulated ones.
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4.4. Mixers
4.4.1. Introduction to the mixer

A mixer is mainly a passive 3-port RF device. It is used as a multiplier in RF
circuits. It takes 2 inputs, which are the RF and the LO signals, and mixes them. By
mixing, it is meant that it either down-converts or up-converts the frequencies. It is a
critical component to design because of its nonlinear performance. The majority of
mixers are composed of passive diodes, baluns and FET transistors [14].

To better understand the functionality of mixers, the following equations are
used internally in a mixer in order to manipulate the signals arriving and leaving the

mixer’s ports.

vLo(t) = ALo* cos 21* fio*t (29)
VRF(2) = a(t)* cos( 27* frr* ¢(t) ) (30)
> vir(t) =K* vre(t)* vio (1) G1)
> =K *cos (0RF (t))* cos (oLO (1)) (32)

Figure 43. Mixer ports

VIE(t) = % a(t) [cos (R - ®LOYt + d(t)] + % a(t) [cos (wre+ o)t + d(1)]  (33)
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Equation (33) shows that the mixer provides two frequencies, and depending on the
application (whether it was for down-conversion or up-conversion), the option of
keeping one frequency is taken and the other frequency is filtered out. [15]

The IF output signal has a smaller magnitude than the input signals, However,
the information can still be demodulated and read as it was initially sent.
So when a mixer is used for frequency down-conversion, Vir must exhibit the following

form:

VIE(t) = % a(t) [cos (OrF - ®LOYt + ¢(1)] (34)

In order to have the highest IF power value, ALo must be as large as possible.
However, the LO power is the maximum power level that the LO port of the mixer can
support, exceeding this limit will lead the port to be saturated and increasing more the
LO power does not result in increasing the IF output power.

The mixer exhibits a conversion loss, which is the inverse of the gain. It is

expressed by the following equation:
CL (dB) = -10 log (22E ) (35)
Pir

This conversion loss should be very low.
=> Pir (dBm) = Prr (dBm) — CL (dB) (36)
Another important characteristic of a mixer is the 1dB compression point, which is the
point where the conversion loss appears to be 1 dB greater than the normal value.
=> Pir (dBm) = Prr (dBm) — CL (dB) - 1dB (37)

Therefore, the power at the 1dB compression point is the maximum power of a
mixer.

A final characteristic, of mixers, is the isolation. After mixing the RF and LO

signals, IF signals having the same frequencies as the RF and LO appear at the output.
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Such signals leak across the mixer and are coupled directly to the IF output port. These
signals have the same frequencies as the RF and LO frequencies, but smaller
magnitudes. The leaked signal will be smaller than the incident RF power by the RF
isolation value [15].

=>»RF power (dBm) - Isolation (dB) = IF power (dBm) (38)

4.4.2. Design of a mixer

In order to validate all the design requirements and characteristics of a mixer, a
mixer with an output IF frequency of 1 MHz is designed. The mixer consists of a hybrid
coupler followed by a low pass filter. The 2 input ports of hybrid coupler are fed by two
signals, which have a frequency difference of 1 MHz. Then, the output signal will pass
through a low pass filter to suppress harmonics and only keep the 1 MHz signal in order
to get the IF needed signals.

Figure 44 shows the design of the mixer as it was executed in Keysight’s ADS

[11]. The fabricated prototype is shown in Figure 45.

Figure 44 Layout of the mixer on ADS
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Figure 45 The Fabricated mixer

4.5. Amplifiers

A LNA (Low Noise Amplifier) is an active device that takes an input signal and

reproduces it at the output with a larger magnitude, without changing the input signal. It

is mainly a 2-port device, consisting of an input port and an output port. [17]

4.5.1. Introduction to the LNA

There are many key specifications for a LNA. Such are:

Gain and gain flatness (dB)

Operating frequency range and bandwidth (Hz)
Output power (dBm)

Power supply requirements (V and A)

Input and output reflection coefficients (VSWR)

Noise figure (in dB) [14]
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e 1 dB compression point which is the output power level where the amplifier gets
into compression and starts providing distortion and harmonics, i.e. acting as a
non-linear device having a decreased gain of 1 dB from its desired gain value.

As the amplifier is a two-port device, it has a 2x2 scattering parameters matrix:

S S
S:[ 11 12] 39
So1 So (39)

To insure maximum power transfer, the input and output ports must be matched:
511=522,=0 (40)
The gain, which is an important parameter of the amplifiers, is represented by S,;.
If the load connected to the output of the amplifier is matched, then:
Po=|S51]? Pi (41)

DGlS, 2= (42)

=> G must be greater than 1 in order to amplify an input signal.
=G (dB) = 10 logio (G) [13] (43)
They are directional, not reciprocal; so ideally S;, =0. (44)

Low noise amplifiers (LNA) consist of a transistor, an input matching network,
an output matching network, and a DC biasing network. These networks are very
important to reduce reflections and improve the power flow from the input to the output

ports. [18]
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Figure 46 shows the circuit diagram of an LNA amplifier [18].
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Figure 46 RF amplifier system [18]

4.5.2. Fabrication of a LNA
A LNA is used in this work with Figure 47 illustrating its layout. The circuit, in

Figure 47, consists of an amplifier IC connected to a biasing network.

Figure 47 Layout of the amplifier
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The amplifier IC used has 3 pins: input, ground and output. The amplifier in
placed in series with the circuit. The signal is incident at the input pin first and then gets
transmitted to the output port with a specific gain. This gain is defined when the
amplifier is designed. At its input and output pins, capacitors are added to block the DC
from interfering with the RF circuit signals.

However, an RFC (RF choke), which is an inductor, is used to block the RF

from going to the DC biasing network.

Figure 48 Evaluation board of an amplifier
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Figure 49 Measured results of the amplifier
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In Figure 49, the measured results of the amplifier are shown. It is clear that it has a

gain of, approximately, 20 dB over the bandwidth from 0 to 4.2 GHz.

4.6. Attenuators

An attenuator is a passive RF component that is used to attenuate/weaken the
power coming from one input into the output. It doesn’t require any extra DC biasing in
order to operate. It is a reciprocal device and the signal can cross through its two ports
(forward and backward).

The attenuation level is expressed in decibels (dB) and it is equal to:
Pi
Pi (IT) and T-section attenuators are the most commonly used attenuator configurations.

In this work, a T section is designed and fabricated as shown in Figure 50. The

attenuator is measured as shown in Figure 51.

Figure 50 A -10 dB attenuator
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Figure 51 Measured Results of the attenuator

This attenuator has a 10 dB attenuation level and is designed using resistors. The values
of the resistors are got from an attenuator calculator where the attenuation factor is

inputted along with the option of choosing a Pi or T section topology.

4.7. Filters

Filters are devices that process a signal with a frequency-dependent way (i.e.
their functionality depends on the signal’s frequency). Filters are used when an
application requires signals with specific frequencies. There are many types of filters:

low-pass, high-pass, band-pass and band-stop.

4.7.1. Different types of a filter
A low-pass filter stabilizes an amplifier design by lowering its gain at high
frequencies, which may cause oscillations due to the high phase shift at these high

frequencies. A frequency fo determines the threshold frequency, or the maximum
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frequency, that is allowed to pass through the filter, and every frequency that is higher
than this fo will be filtered out and blocked.

To block the DC offset in high gain amplifiers or other circuits, a high-pass filter
is used. Such a filter has a threshold frequency fo that determines the minimum
frequency that can pass through the filter. [20]

A band-pass filter passes the signals within a frequency bandwidth Aw, and
blocks the ones at all frequencies outside this bandwidth.

It has a fundamental frequency, which is denoted by wo and defines the center frequency
of the filter bandwidth. [21]

Filters are used to separate the incoming signals. They let the signals of interest
pass and attenuate the unwanted frequencies.

Filters also help smooth waveforms by eliminating harmonics and restricting the

signals at the output of a D /A system [20].

4.7.2. Design of a bandpass filter

In this report, a 1MHz band-pass filter is needed to let the IF output signal,
which is at IMHz, pass and block other frequencies.
Figure 50 shows the layout of the fabricated 1 MHz filter in ADS. An IC, with
appropriate biasing and RF chokes and dc blocking capacitors incorporation, was used

accordingly. Figure 51 shows the fabricated circuit on an FR4 board.
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Figure 52 Layout of our designed 1MHz filter done on ADS

Figure 53 Our Fabricated and Soldered 1MHz filter

4.8. VNA Assembly

4.8.1. Assembling the VNA components
To assemble the VNA, the above components are combined. An RF source is

applied to one port of the VNA. Another source, mainly the LO, is applied to the other
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side of the circuit. These sources are provided using a frequency synthesizer (Valon
5009) [34] to sweep the frequency within the desired range. The frequency synthesizer
should be programmed to provide the needed frequencies and amplitudes at a constant
time At. After applying these sources, their outputs will be mixed to generate an IF
output at IMHz. For the case of a 1-port VNA, 2 IF outputs are generated (a1, by,
whereas for the 2-port VNA, 4 IF outputs are generated (a1, b1, az, b2). As a proof of
concept, a simulation is conducted in ADS [11], and the Si1 results are compared with
the S11 measured results of a compact VNA.

Figure 54 shows the compared results. The first plot is the magnitude and the

second one is the phase of the DUT which is a BPF.

< Figure 1 - O x
Eile Edit View Insert JTools Desktop Window Help ~
DEHe | | RO EA-S|0E  =am
20
0 =3
-20
40
60
05 1 15 2 25 3
=10%
200
100
o _\\\
100 \;
-200
05 1 15 2 25 3
» 109

Figure 54 S11 of the simulation vs the compact VNA
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The layout of a 1-port VNA built using ADS, is shown in Figure 55:

Figure 55 Layout of a 1-port VNA

Moreover, a 1-port VNA is assembled and tested. However, due Data
Acquisition devices limitation at IMHz, a down-conversion method is applied to down-
convert 1 MHz to around 1.9 kHz. This process is done using an Analog multiplier IC
[22].

The outputs of the VNA are connected to a 1MHz bandpass filter and followed
by an analog multiplier, which down-converts the 1 MHz frequency signals, as shown
in Figures 52 and 53. A 1.9 kHz bandpass filter is then incorporated, as shown in Figure
53, to process the down-converted signals.

Figure 56 shows the different RF components assembled to form a VNA.
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Figure 56 Assembled VNA components

4.8.2. Design of an analog multiplier
Figure 57 shows the schematic of the AD633 IC, which consists of 3 operational

amplifiers connected through summation and multiplication tools.

ADBIZIR/ADBIZAR

W= -v2, i
1w

Figure 57 Analog Multiplier IC [22]
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Figure 58 Fabricated Analog multiplier with a 1.9 kHz filter

This analog multiplier circuit is responsible of down-converting the 1 MHz IF
output signal to around 1.9 kHz by applying 2 inputs to it. The first one is the output of
the VNA and the second one is a signal from an external LO. These 2 signals should
have a frequency difference Af of 1.9 kHz. This analog multiplier is followed by an

active 1.9 kHz filter to account for the attenuation the analog multiplier does, as shown

El *Ez

in Figure 53. The attenuation done is equal to , where E1 and Ez are the

magnitudes of the 2 input signals.

After this stage, a Data Acquisition device simultaneously reads and saves these
down-converted IF outputs. This device should be synchronized with the frequency
synthesizer that increments the frequencies of the RF and LO by 1 MHz every At to
cover the whole frequency range needed and allow the data acquisition unit to read and

save the IF outputs at each At.
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4.8.3. Data Acquisition

A Data Acquisition device is used, at this stage, which consists of the DAQ
combined with the labView software [33] to extract the data from the VNA.
The collected data (IF signals from the VNA) are first used to perform the VNA
calibration, by connecting an open, short, load to the VNA, then a DUT will be

connected to get its S parameters. [23]
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CHAPTER 5

CALIBRATION TECHNIQUES

The accuracy of the measured S-parameters depends on the load port
termination and matching. Any mismatch or improper load termination results in having
the incident output signals (a1 and a2) not equal to zero and this leads to a violation to
the definition of the S-parameters. [24]

Sometimes, when connecting a DUT to the DUT port of the VNA, it happens
that this DUT doesn’t have a perfect matching and this will lead to some errors. These
errors should be accounted for in calculating the S-parameters of the DUT [25]. As a
result, calibration is essential in order to account for such errors between the source and

the load.

5.1 Error types

There are many types of errors. One type is the systematic error, which is due to
the imperfection of the VNA and the setup. They are predictable and can be
mathematically removed during the measurements. [2]

However, another type is the random errors. These errors randomly vary with
time and they are unpredictable. They are due to the DUT noise. Such errors cannot be
removed by calibration.

A third type is the drift errors, which are due to the system w they are created
after calibration. This error type is mainly caused by the variation of the temperature

and it can be removed by further calibration. [2]
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5.1.1 Systematic errors

In a two-port VNA, there are 12 errors to be taken into consideration. Some of these
errors are related to the directivity and the crosstalk of the signals. Such errors fall are
under the signal leakage class. Other errors are related to the source and load matching
and they fall under the reflection class. A third class relates to the transmission and
reflection tracking errors. [2] [26]

These 3 classes are valid for the forward direction and the same are present in the
reverse direction, which lead to a total of 12 possible errors. Whereas for a 1-port VNA,
only 3 error terms are present; which are the directivity, source match and reflection

tracking.

5.2 What is a Vector-Error Correction?

It is a way to characterize the systematic errors by measuring the known
calibration standards and then removing their effect. The calibration standards are the
Open-Short-Load (OSL) standard for a 1-port VNA, and Open-Short-Load-Through
(OSLT) standard for a 2-port VNA.

The OSL standard removes the 3 error terms of the 1-port VNA whereas the
OSLT standard removes the 12 error terms of the 2-port VNA.
In order to achieve these standards, a calibration kit is used.
The VNA should mainly have some definitions for some calibration kit types. Any
calibration kit used should have its cal-kit definition file stored in the memory of the
VNA.

Thus, if a new calibration kit standard is used, its information shall be entered

and stored in the VNA in order to be considered as a proper calibration. [26]
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5.3 VNA Error Correction

For the 1-port VNA, 3 systematic error terms exist. Hence, 3 equations with 3
unknowns should be created and solved to get these 3 error terms: Err, Err, Epr. These
3 terms are related to the error due to source matching, reflection tracking and
directivity, respectively. These 3 equations are solved by using the calibration standards
of a calibration kit; for example: Open-Short-Load.

After getting these 3 terms, an equation combines them to calculate and get the
actual S11 of a I-port component.
It is feasible to get the Si1 of a 2-port device, using the 1-port error correction method,
by terminating the second port with a perfectly matched load. If the second port is not
properly matched, the calibration will not be accurate and a 2-port calibration should be

done instead. So in order to get the Si:1 actual, equation 35 is used:

Stim= Epr + Ere*( —Sua ) (46)

1-S114EsF
Where:
e Ebpris the error of the directivity
e Err is the error of the reflection tracking
e Esr is the source match

e SiiM is the measured reflection coefficient without taking the calibration errors

a
by

into consideration and it is equal to
e S is the actual reflection coefficient, while taking into account the errors
If a 1-port calibration is not correctly done, or not done at all, ripples will be

created to interfere with the measured signal. In this case, the measured Si11 will not be

considered accurate nor correct. Such measured signal cannot represent the actual
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component’s reflection performance. [26]. An example of such effect is shown in Fig.

57 [26].
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Figure 59. Difference between calibrating and not calibrating [26]

Concerning the 2-port calibration, it is more accurate than the 1-port calibration. It takes
into account all the systematic errors, which are the 12 error terms: Esr, Err, Epr, Esgr,
Err, Epr, Exr, Exr, ETF, ETr, ELF, ELR.
Where:

e Epris the error of the directivity in the forward direction

e Err is the error of the reflection tracking in the forward direction

e Esris the error of the source match in the forward direction

e Epris the error of the directivity in the reverse direction

e Err is the error of the reflection tracking in the reverse direction

e Esr is the error of the source match in the reverse direction

e Exris the error of the leakage in the forward direction

e Exris the error of the leakage in the reverse direction

e Erris the error of the transmission tracking the forward direction

e Erris the error of the transmission tracking the reverse direction
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e [Erris the error of the load match in the forward direction

e FErris the error of the load match in the reverse direction
As aresult, 12 equations with 12 unknowns are solved to get these 12 error terms. After
getting them, the S-parameters will be calculated and provided. Each S-parameter is a

function of the calculated errors and all the measured S-parameters.
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CHAPTER 6

EXTRACTING THE S-PARAMETERS FROM THE VNA

After assembling the VNA system, a software block is implemented in order to
extract and save the down-converted IF signals that contain the replicas of the incident
and reflected signals. This extracted data is used for calibration in order to overcome
the errors described in chapter5. The ratio of the as and bs is used to get the measured S-
parameters, which are combined with the error terms, to calculate the actual S-
parameters.

This software block behaves as an Analog-to-digital converter in order to
acquire, save, and process data. The used device is the DAQ (Data Acquisition), which
is compatible with LabView [37].

The process follows the following flow chart:

Sampling at a rate Divide the signals into
higher than the reflected and incident
Nyquist rate signals

Acquire reflected and
incident data

Perform FFT to

Save the magnitudes

and phases of the

signals for each swept
frequency

Calculate the error
terms, which are used
for calibration
purposes

Divide the signal into
magnitude and phase

Calculate the measured
S-parameters that are
used, along with the
error terms, to get the
actual S-parameters
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1. Acquire the data, of the different paths (reflected path and incident path),
simultaneously
2. Sampling the data at a rate higher than the Nyquist rate.
3. Divide the signals into reflected and incident signals
4. Perform Fast Fourier Transform (FFT) on the signals to convert them from the
time domain to the frequency domain.
5. Divide the signal, after performing the FFT, into magnitude and phase
6. Save the magnitudes and phases of the signals of each swept frequency
7. Process these data by a Matlab code in order to calculate the error terms, which
are used for calibration purposes, and to calculate the measured S-parameters
that are used, along with the error terms, to get the actual S-parameters.
It is important to note that the signals arriving to the DAQ should have acceptable
magnitudes and frequencies so that they can be read by the DAQ. The software
execution of this flow chart is beyond the scope of this work and hence, will not be

detailed herein.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

In this work, a 1-port VNA is assembled using the different needed microwave
components. However, the main novel aspect and focus of this thesis is on the design of
phase-tunable power divider that was detailed in chapter 4.

In this work, a new compact power divider, that operates as an in-phase and
variable out-of-phase, was proposed, fabricated and measured. It is the first design that
has in-phase and variable out-of-phase states, simultaneously, along with a compact size
while using a minimum number of active components.

The structure was designed using the microstrip line theory along with
integrating two varactors and their biasing networks. An infinity shape was connected
also as a meandering and multistage technique to enhance the matching of the ports.

These varactors were used to deliver a variable phase shift between the 2 output
ports. So, the design was simulated first, then in order to validate the results, the
prototype was fabricated and measured. Upon supplying different voltages to the
varactors, the phase shift was varying between 0 and 55 degrees, while maintaining a
return loss better than 12 dB and an insertion loss between 0.3 and 0.9 dB, over the
operational bandwidth (2- 3.8 GHz).

Future directions of this work can relate to fully developing a software
controlled two-port miniature VNA that can be integrated within multiple portable
devices. Such a device, not only advances measurement techniques but drives new
sensing innovations and explores new possibility in microwave designs, adding that

wider tunable power divider can be developed to be used in new various applications.
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