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Titre : Conception d’un analyseur réseau a deux

ports pour des mesures non invasives

Résumé: Cette thése s'inscrit dans le cadre d'un projet de recherche et développement a
long terme visant a intégrer des solutions d'analyse non-invasives. Les publications dans divers
domaines, en particulier dans les domaines de la santé et de I'agriculture, ont démontré que
la signature diélectrique du milieu mesuré peut étre liée a ses caractéristiques physiques.
Cependant, l'utilisation d'un analyseur de réseau vectoriel (VNA) pour extraire cette
information limite souvent la portée d'application en raison de la taille, du poids et du colt de
ces instruments. Dans cette these, nous proposons une étude de faisabilité et la conception
d'un VNA a circuit intégré. En développant un outil plus compact, économique et polyvalent,
nous espérons ainsi surmonter ces limitations et contribuer a I'avancement de la surveillance
non invasive.

Mots clés: analyseur de réseau vectoriel (VNA), mesures non invasives, mesures de
réflexion, mesure de transmission

Title: Integrated two-port vector network analyzer

design for non-invasive characterization

Abstract: This thesis is a part of a development project that is focused on integrating non-
invasive analysis solutions. The project aims to leverage the connection between a material's
environment and its dielectric signature, which has been the subject of extensive study in a
range of fields, including agriculture and health, among others. The common theme among
these studies is the requirement for a vector network analyzer (VNA) to extract the dielectric
signature from measurements made in reflection or transmission of a radio wave at various
frequencies. However, the use of a VNA is frequently limited by the size, weight, and cost of
these instruments, which can limit their application. To overcome these challenges and
advance research in this area, this thesis proposes a feasibility study and design for an
integrated circuit VNA. The aim of this project is to develop a wideband, more compact, cost-
effective, and versatile tool that can be used in a variety of promising applications. Through
this effort, we hope to contribute to advancements in the fields of health and agriculture by
providing a powerful and flexible analysis tool.

Keywords: vector network analyzer (VNA), non-invasive measurements, reflection
measurements, transmission measurements
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GENERAL INTRODUCTION

n the radio frequency (RF) engineering field, Vector Network Analyzers (VNAs) have long
been used to analyze passive, active components, and complex modules [1]. However,
VNAs are increasingly being recognized as a crucial component in non-invasive monitoring
sensors, going beyond their conventional use as a versatile tool for instrumentation and

measurement applications.

This introductory section seeks to bring attention to the various application fields of
VNAs and their potential in the integration of non-invasive monitoring sensors. By highlighting
the diverse opportunities that arise from the incorporation of VNAs as a constituent element
of a complete non-invasive monitoring sensor, this section aims to promote the need to
integrate a VNA. Thus, a wide range of possibilities can be realized, ranging from health and

agriculture to industrial and environmental monitoring applications.

At the outset of this thesis, it is important to clarify that the aim is not to establish a
direct correlation between VNA measurements and intrinsic metrics associated with non-
invasive monitoring applications. Rather, the focus is on designing a compact VNA that can
unlock the first step, which is measuring scattering parameters; the correlation will be

investigated in future works.

TOWARD A WIDEBAND VNA MINIATURIZATION

The use of a VNA tends to be restricted to stationary scenarios due to its size, weight,
and high cost. Therefore, the need for a compact, low-cost, portable device with adequate
accuracy and functionality is considered a promising noninvasive measurement technique in

a vast range of application fields.

The following study involves mapping keyword co-occurrence networks (KCNs?') using
VOSviewer?. It first provides a large-scale perspective on new trends in VNA use and then seeks

the answer to the following research question:

1In a KCN, a keyword has been identified as a node, and each co-occurrence of a pair of words is presented as a link. The higher the frequency
of a keyword, the larger the size.
2 A free software for bibliometric mapping developed by Eck and Waltman [2]

14
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How a VNA integration would unlock a complete

noninvasive sensor implementation?

Figure 1 depicts the extracted KCN from [3]- [46]. Among the 44 articles across the
map, three catchwords are strongly involved: VNA (yvellow cluster), antenna (light blue), and

sensor (dark blue) in mainly biomedical (green cluster) and agricultural fields (red cluster).

soil contBmination

reflectometer chip

waterlogging

g 7~ W\
DX 1)

K \
~transmission coefficient \\ \J
O \/ e
S 43 \\\ i\ T
millimeter wave' <

agarwood

P

\| N\\/ ~ ~ Pbreast cancer
\ breast phantom

\micco o) imaging

[}

5% VOSviewer

Figure 1: Keyword co-occurrences study. Of the 2126 terms, 70 meet the threshold of 7 times occurrences,
and 60% most relevant terms are selected

Based on co-occurrence data, several relevant applications have been identified,
starting with biomedical applications. Notably, in [4], [7], microwave imaging (M) is used as
an alternative technology to detect carcinogenic cells. It uses frequencies ranging from 300

MHz to 30 GHz due to the ability of millimeter waves to penetrate through biological tissues

15
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and detect variations in dielectric properties. Additionally, Ml is used to overcome the

inconvenience associated with X-rays and MRI3, as discussed in [3].

To understand microwave-imaging systems, consider the system shown in Figure 2.
The antenna emits microwave signals that penetrate the medium and reflects back based on
the dielectric properties of the medium. The reflected signals are then collected by the
antennas and sent to the VNA for measurement. The VNA measures the reflected signals and
provides information about the dielectric properties of the medium. The reconstructed
phantom image generated by the system provides the distribution of dielectric properties
within the imaged medium. The image analysis can be used to non-invasively identify areas of

abnormal tissue growth or other anomalies that may point to potential cancerous growth.

Real time data collection

medium

Malignant cell B
\_ Hardware -/ . Software Y

_____________________________

o e e e o e o e e

o e e e e e e e

Figure 2: A schematic diagram showing the components of the microwave imaging system

Microwave imaging systems are particularly useful for premature breast cancer
detection, as they can provide an early diagnosis of cancer as a complementary tool to
mammography. As a proof of concept, in [4], the authors reported a cost-effective and
portable Ml for the detection of malignant cells inside the human breast using frequencies in
the range of 2.80 GHz to 7.00 GHz. As generally illustrated in Figure 2, Figure 3 (a) presents
the proposed microwave imaging system consisting of multiple antennas surrounding the
patient's breast and operating as both a transmitter and receiver. The system provides an
image of the internal dielectric characteristics of the whole breast phantom. However, as
noted in Figure 3 (b), the monitoring system is heavy and has to remain stationary, which may

limit its practicality in clinical settings.

3 MRI: magnetic resonance imaging

16
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Control and Image
Processing Unit

(a) (b)

Figure 3: (a) Conceptual view of microwave tomography technique, (b) The graphic view of the proposed
breast imaging system [4].

A second application in the health field retrieved from Figure 1 is non-invasive blood
glucose monitoring. In [5], the dielectric properties of glucose levels were extracted from
adults aged 18-40 years to establish a dielectric model according to glucose concentration
variation for frequencies ranging from 500 MHz to 20 GHz. This study lays the foundation for
choosing the pertinent* frequency band to design electromagnetic glucose sensors. In [6], a
noninvasive wearable blood glucose monitoring system has been developed and tested within
a clinical trial involving 24 human subjects, Figure 4 (a). As presented in Figure 4 (b), the
experimental system consists of a sensor head, operating at 1.4 GHz, a VNA, a data logger,
and control software. The changes in resonant frequency, 3 dB bandwidth, and insertion loss
are proportional to the glucose variation. Overall, the results, including error grid and MARD>
are promising but the current system involves the use of a portable network analyzer and is

not fully wearable, which could limit its practicality for everyday use.

4 Choose the highest dielectric variation at the given frequency.
5 MARD: Mean absolute relative difference is currently the most common metric used to assess the performance of a continuous glucose
monitoring device CGM systems
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Figure 4: (a) lllustration showing the sensor attached to human skin. (b) the proposed microwave non-
invasive blood glucose monitoring system [6]

A large cluster in Figure 1 concerns agricultural issues, particularly soil salinity and soil
moisture analysis. The accumulation of salts on the soil surface can dramatically affect crop
production [14]. Within this context, to monitor the soil salinity, the complex dielectric
permittivity of soil samples was extracted from scattering parameters in the [0.05 — 3] GHz
frequency range to evaluate the salinity index [17]. Experimental results confirmed the validity
of their approach using soil samples. However, a major limitation is the laboratory VNA used,
which makes measurements difficult under realistic conditions. Another application
highlighted in the same cluster is soil contamination detection. In [45], the authors evaluate a
non-invasive detection method based on ground penetrating radar (GPR®), including a VNA,
at L-Band frequencies (1-2 GHz). A significant electromagnetic variation in the reflected signal

of both contaminated and uncontaminated sandy soil was noticed.

Other pertinent studies referred to in Figure 1 have shown further promising
applications using a VNA. To name a few, there is a wideband [3-10] GHz microwave imaging
system designed for root phenotyping [11], respiration rate monitoring [10], pharmaceutical

composition determination [48] and food safety testing [46].

So far, for the wide range of applications covered in this introduction, through the use of a

VNA, three major insights must be considered:

5 Ground-penetrating radar (GPR) is a geophysical technique that uses radar pulses to non-destructively image the subsurface.
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1) The need for an accurate VNA as a readout topology.

2) The need for a wideband frequency from MHz to GHz to cover the wide scope

of applications previously mentioned.

3) The high cost associated with instrumental VNAs, which limits the sensor's

industrialization.

To achieve the objective of developing a vector network analyzer (VNA) that is both compact
and cost-effective while fulfilling the cited needs, an integrated solution was pursued based

on an inductorless architecture with a small silicon footprint to lower the cost.
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How a VNA integration would unlock a complete

noninvasive sensor implementation?

Back to the initial connection noted in Figure 1, the relationship between the VNA,
antenna, and sensor becomes more explicit. The sensor consists of a VNA as a readout
topology and an antenna part (or resonator). The major contribution of the studied
publications deals with the miniaturization of antennas or resonators for non-invasive
monitoring applications. This Ph.D. contribution focuses on designing the second main sensor
component, namely, a wideband network analyzer, to unlock a complete non-invasive sensor

implementation, as delimited in Figure 5.
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Figure 5: Thesis contribution

To achieve the objective of this thesis, the following intermediate goals are addressed:
1) Model the block diagram of the broadband vector network analyzer.
2) Analyze the proposed block diagram in terms of sensitivity, power, linearity, and noise.

3) Design and validate the circuit's sub-blocks in standalone mode, including post-simulation

and measurement results (the first circuit contribution).
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4) Validate the circuit’s functionality as a complete vector network analyzer through post-
simulation and measurement results, external calibration, and digital circuit control (the

second circuit contribution).
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THESIS OUTLINE

This contribution is structured as follows:

The first chapter of this thesis provides a theoretical background for the subsequent
chapters. The chapter begins with an introduction to the concepts related to a vector network
analyzer (VNA) system for readers who are unfamiliar with the subject. The first section of the
chapter outlines the fundamentals of measuring scattering parameters with a VNA, starting
with the definition of scattering parameters based on wave propagation theory. The
measurement of scattering parameters in a two-port VNA is then described, along with a
discussion of the imperfections of a typical two-port VNA measurement configuration,
including systematic errors. Calibration procedures are used to characterize and correct these
errors mathematically. The second section of the chapter reviews the state-of-the-art
architectures for miniaturized wideband network analyzers. Finally, the chapter provides a
summary of the existing literature on this topic and the positioning of the thesis with regard

to the state of the art.

The subsequent chapters delve deeper into the design and implementation of a VNA
system, starting with the architecture choice in chapter two. Indeed, the second chapter
focuses on the architecture of the proposed VNA system. The first section analyzes the noise
of both the VNA receiver and the demodulator based on commercialized circuits. The main
system-level requirements and signal characteristics are defined, and the complete circuit
block diagram is introduced. The second section describes the sub-block specifications derived

from the complete circuit study.

The remaining chapters focus on the overall assembly of the proposed VNA system
design and characterization. In the third chapter, the proposed VNA system is reviewed in its
entirety. The system consists of five key components, including a directional circuit, an image
rejection circuit, an amplification circuit, a receiver circuit, and an amplitude and phase
detection circuit. The chapter presents measurements of three building blocks in a standalone
configuration and describes how they were used to improve the second fabricated version of

the complete VNA integrated circuit.

The fourth chapter presents the second contribution of this thesis, a complete vector

network analyzer. The VNA system characterization is initiated with the introduction of two
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devices under test. The first device is a magnitude and phase tuner used to seek the complete
VNA magnitude and phase DC outputs dynamic range. The second device is a resonant LC
circuit, whose receiver outputs were processed and calibrated using a one-port calibration
process in reflection mode to extract systematic errors and provide the corrected data.
Similarly, transmission measurements were done and analyzed further using the same LC

device under test in the last section.

Finally, a general conclusion and perspectives for future work will wrap up the thesis
manuscript.
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Chapter 1: VECTOR NETWORK
ANALYZER FUNDAMENTALS

he intention behind this chapter is to provide the theoretical background for the

later chapters. It aims to describe this thesis' specifics for readers unfamiliar with
concepts related to a VNA system. Accordingly, the first section of this chapter reviews

the fundamentals of measuring scattering parameters with the VNA. Initially, the definition of
scattering parameters is introduced based on wave propagation theory. Then, the
measurement of scattering parameters in a two-port VNA is described, along with an analysis
of the imperfections of a typical two-port VNA measurement configuration. Among the errors
caused by these imperfections are systematic errors. Therefore, these can be characterized
during the calibration procedure and then eliminated from the effective scattering parameter
measurements during the correction process. In both procedures, these VNA errors are
mathematically modeled. The model obtained during calibration is then used to correct the
imperfections of the VNA. A second section will go over the state-of-the-art architectures for
a miniaturized network analyzer. Finally, in the last part, a position toward the existing

literature will be established for this thesis.
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1.1 FUNDAMENTALS

The background theory of VNA operation is discussed in detail in this first section through a
system level overview. The principles of measuring scattering parameters are then reviewed. Following
that, each subsystem is described in greater detail, with emphasis on the VNA error sources. The
calibration theory is then thoroughly examined, as this is critical to the successful use of the VNA for

high-precision measurements.
1.1.1 INTRODUCTION

Significant progress has been made over the last fifty years to improve the performance of VNAs
[1]. In 1960, as captured in Figure 6 (a), the earliest commercially available network analyzer able to
measure amplitude and phase was the Hewlett-Packard 8407 RF with a bandwidth of up to 110 MHz
[49]. Since then, there has been a boom in industrialization and a growing need for larger bandwidth. A
milestone has been reached recently with the introduction of the compact M937XA VNA PXI series, up

to 26.5 GHz, Figure 6 (b) [50].

(a) (b)

Figure 6: (a) The 8410 network analyzer up to 110 MHz [49], (b) The PXI VNA (95 x 178 x 19 mm) up
to 26.5 GHz [50]

Basically, a vector network analyzer measures the ratio of incident to reflection or transmission
through the device under test. Even though the new analyzers have extra features like multiple ports
and noise measurements with fast electronic calibration modules, they still need to get smaller and

cheaper so they can be used for large-scale deployments of the emerging non-invasive applications
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mentioned above (General Introduction). Thereafter, the following paragraph deals with the theory of

wave’s propagation related to the theoretical definition of scattering parameters.

1.1.2 UNDERSTANDING SCATTERING PARAMETERS

Scattering parameters describe the electrical behavior of linear electrical networks when
stimulated by electrical signals. These parameters link the amplitude and phase of forward and backward

traveling waves on a transmission line.

The input and output ports of a circuit are numbered. Note that a common notation is to use the
subscripts m and n for the general S-parameter S, ,, where m is the number of the receiver port and n
is the number of source port. For example, S, ; is the transmission coefficient for a wave sourced at port
2 and received at port 1. By now, to establish the connection between the wave’s amplitudes traveling
through the device under test and the theoretical definition of the two-port S-parameters, the concept

of wave propagation has been introduced.

Figure 7(a) depicts a transmission line circuit in which a sinusoidal voltage source V; with an
internal impedance Z; drives a transmission line with Z_ as characteristic impedance and length L,
terminated with a load Z,. When a signal goes through the load, a forward voltage V' and current
wave IT originate at x=0 and travel towards the load. When the wave arrives at the load, a reflected
wave is generated, as shown in Figure 7(b). So, the voltage of the wave that gets reflected is linked to

the voltage of the wave that hits it by:

Z,—Z
Vo= vyt
Z,+Z¢ (1)
Where ?:éc is the voltage reflection coefficient at the load I7;. In this scenario, when the load is matched
L Cc

to the transmission line, the reflection coefficient is zero and no reflection occurs. Otherwise, when the
device under test is not matched to the load a reflected wave V™~ is created and travels back to the

source.
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Figure 7: (a) Forward wave through a transmission line circuit, (b) Reflection at the load
Similarly, as illustrated in Figure 8, upon arrival at the source the wave gets reflected again,
creating a forward voltage wave V. This voltage is expressed as follows:

Zs —Zc

| —
Zs+ Z;

V- (2)

Zs-Z¢ . . . . .
Where ﬁ is the voltage reflection coefficient at the source I5. In this case, when the source is
ST4cC

matched to the transmission line the reflection coefficient is zero and there is no reflected voltage at the
source. At this point, the two-port network approach and the transmission line reflections will be

combined to introduce the scattering parameters.

I 1 ZC
— Zs —>— o
1 Reﬂegted_wave
" W17
| ' N
VS + I Incident wave V=
- | )
I \
+ °
|
x=0

Figure 8: Reflection at the source

Indeed, as shown in Figure 9, the incident wave is impinging on either from the first port a, or
from the second port a,. These waves give rise to the reflected waves, b; and b,. When a two-port
network is inserted into a transmission line, the S parameters are defined by relating these travelling

waves by a linear equations expressed in (3).
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Figure 9 : Incident and reflected waves at ports 1 and 2, in a test environment whose reference impedance is Z.. The
Qic[1,2) denote incident energy waves at the network ports, while b;c[, ) are reflected energy waves at the system ports.

{b1 = 81101 + 5120,
b, = S;1a4 + S0, (3)

On the other hand, the incident and reflected waves are related to the voltage and current waves at

each port as follows:

( Vi+Z.1,
(V1=a1+b1 a1=T
I :a1—b1 W+ Zl
3 => (4)
I = a; — b, e 2
2T Z, b, = Vo— 2.1,
\"2 — 2

Where Z, is the characteristic impedance of the transmission line connected to the two-port network.
In order to make the travelling waves consistent with the law of conservation of energy, such that the
wave has a unit root-mean-square amplitude, the voltages are normalized to ,/Z. . Hence, power waves

are introduced and defined as follows [51]:

Ai1n 2—\/2—6 in — 2—\/Z_C (5)

_ VZ + ZCIZ b _ VZ - ZCIZ

aZ,n - 2—\/Z_C 2n — 2\/Z—C

From equation (3), the two-port S parameters are defined as follows:

_NZh V- Zh
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azn=0

a1n=0

azn=0

a;n=0

(6)

In theory, determining the S-parameters using a VNA is a straightforward process. In fact, two

modes are established to measure the four scattering parameters. First, a reflection free termination is

used (M=0) for the forward measurement in Figure 10 (a), which means that a,, = 0. Thus, Port 1 is

simulated by the incident wave (a;, # 0). Under these conditions, a sinusoidal signal is injected into

the device under test. The VNA records the amplitude and phase of the signal reflected back from the

first port “the input reflection coefficient S11” and also the amplitude and phase of the signal conveyed

through the device under test to the second port “the forward transmission coefficient S,1”. The

second mode, as shown in Figure 10 (b) is reverse measurement, which corresponds to a match (I=0) at

port 1 ( a;, = 0) while port 2 is simulated by the incident wave a,, # 0. Under these conditions, the

output reflection coefficient S,, on port 2 and the reverse transmission coefficient S;, between port 2

and port 1 are measured.

Port 1 PO!’l 2 Port 1 Port 2
1 — | | —_— :
: Ain 5’21‘ b2‘n 1 : A1n = 0 h2‘n l
* = ¢ [, * - +
| AAAAA | BN MY N AR ARAAAASE
A AAA A R 4 AAAA - R aarara .512-\%1
T hl‘n \—/ Azn = 0 : T hl,n Azn :
7o (a) . ) (b) Z,

Figure 10: The four scattering parameters measurement (a) Forward measurement, (b) reverse measurement
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1.1.3 VECTOR NETWORK ANALYZER ARCHITECTURES

The implementation of such an instrument can be classified into two main categories with

different architectures according to the principles used: wave interference and wave separation.

Figure 11 depicts the first architecture, which incorporates two Six-Port Reflectometer (SPR) that

. . . - b b
uses only power readings to determine the complex reflection coefficients I; = a—l and I, = a—z of the
1 2

device under test. The interference method does not separate the stimulus from the response. Indeed,
several controlled linear combinations of the two waves are created in the measurement system, and

the resulting amplitudes are observed.

Source

Attenuator  Phase shifter

Power divider
>

Six Port Reflectometer

4....‘,............,...........E.E?.ﬁ'?..c.t.e.ﬂ.......(f_b1’a1

P

incident\

DUT Six Port Reflectometer

o1 D2 D3 D4 s Ds D7 D8

Power Detectors

Figure 11 : Network analyzer architecture based on two 6 port junctions

Through a system level overview, an SPR consists of a circuit with two ports for signal input and output,
and four ports with their corresponding power detectors D , 3 4, that sample the standing wave within
the transmission line. The input port is connected to the source, and the output port is connected to the
load. This load can generate a mismatch that leads to reflections measured by the reflectometer. From

the linear equations previously mentioned (3) divided respectively by a;and a,, reflection coefficient

are expressed in (7), and by eliminating 2—2 , the resulting equation (8) links the four scattering
1

parameters. By setting three different attenuation and phase shift values, the parameters S11, S22, and
A could be extracted from (8). Next, the parameters S12, S21 are linked to A and based on reciprocity
condition (S;; = S,1), both parameters are calculated from (9). For reciprocal and non- reciprocal

network, the calculation of the phase is explained in details in [52] and [53].
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b a
I :_1—511‘*'512_2
a, 1
(7)
=2 =5, + S5,
k 2 . 22 22 .
15811 + IS5, — A= LI, ,where A= 5,555 — 512551 (8)

|S12] = [S21] = V8118221 — A (9)

On the other hand, Figure 12 illustrates the basic building blocks of the second architecture. It is
based on signal separation, where a single stimulus (incident wave) is injected into one of the ports to provide
the incident signal that occurs on the device under test. The DUT responds to the incident signal by
reflecting portions of it and transmitting the remainder. Since the incident and reflected waves arrive at
the same port, they must be separated to determine the reflection coefficient. For this purpose, power
splitters, directional couplers or directional bridges (Wheatstone bridges) are used. The third main
element is the receiver/detector section, which is necessary to compute the ratio of amplitudes and
phase differences between the DUT and stimulus response, mainly at a lower intermediate frequency
so that precise measurements can be made. The four scattering parameters are extracted directly in

magnitude and phase from a, ; and b, ; as expressed in (6).

Lewvel Shifter
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Source

Directionne! Coupler

= =< > >

— [ ]
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—‘9 DUT
PORT 1 PORT 2

Figure 12 : Network analyzer architecture based on separation method
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To determine the most suitable architecture for the circuit proposed in this Ph.D. thesis work, a
comparison between both architectures based on the state of the art will be addressed in Section 1.2 of
this chapter. Overall, the studies provide important insights for selecting the second architecture.
Consequently, the next sub-section explores details related only to the second architecture, in terms of
error sources and also introduces the notion of error boxes that corrupt the effective scattering
parameters. Finally, it presents the calibration process and relates the measured (uncorrected)

scattering parameters to the corrected ones.

1.1.4 VNA MEASUREMENT ERRORS AND CALIBRATION TECHNIQUES

A VNA measures both the magnitude and phase of S parameters. However, there will invariably
be significant errors in these measurements that should be removed to obtain an accurate result.
Indeed, there are three main types of measurement errors: systematic errors, random errors, and drift
errors. Systematic errors are mainly caused by predictable flaws in the test setup (equipment, cables)
or configuration. These are illustrated and defined in Table 1. The second category is random errors. This
is an irregular error caused mainly by noise emitted from the test equipment or test setup that varies
with time. These inaccuracies remain in the measurement results after a calibration, and they affect the
degree of precision that can be attained. Instrument noise errors are prevalent examples; these errors
can be reduced by increasing the signal power supplied to the DUT, reducing the IF bandwidth, or
enabling sweep averaging. Another error could occur when the electrical characteristics of the
mechanical RF switch used in the measuring device change with each activation, leading to switch
repeatability errors. These errors can be reduced by performing measurements without any switching
operations. Finally, connector repeatability errors are caused by fluctuations in the electrical
characteristics of connectors caused by wear. However, careful handling of connectors can help reduce

these errors.
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Errors illustrations

Errors definitions
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Source matching errors are caused by a mismatch
between the source port and the input of the
device under test. This is because a portion of the
reflected signal from the DUT returns to the DUT's
input. In this case, rather than having only the
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Incident Signal

@)

v

Source

><

><

‘m L

Um]

L

|

a4

by THRU

)

10118 Yojew peo-

Load matching errors arise from a difference
between the DUT's output impedance and the test
port’s impedance. Instead of measuring only the
transmitted signal at port b,, in reality, a fraction
of the transmitted signal through the device under
test is reflected at port 2 and then returned back
to the DUT's output (red path). Indeed, the signal

measured at b, is the reflected signal off of port 2.
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the red path. This makes it difficult to test high-
isolation circuits, such as switches in the open

position or high rejection level filters.

Table 1: VNA systematic errors

A third error source is drift error, referring to the measurement drift over time. It is due to the
fluctuations occurring within the test equipment and setup after a user calibration. Typical examples
include the thermal expansion of connecting cables and the thermal drift of the frequency converter
within the vector network analyzer, humidity fluctuations, and mechanical movement of the test setup.
The rate of drift determines how frequently additional calibrations are needed. The main assumption is
that systematic errors are repeatable and can be measured and fixed almost right away during the

calibration process, while residual errors are limited by the quality of the calibration standards.
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Finally, a linear calibration procedure is applied to remove the systematic errors once the VNA is
calibrated. However, the drift, stability, and repeatability errors will degrade the VNA's performance
even after a user calibration. Therefore, before the full two-port model can be further developed, the

one-port error model and calibration should be explained.

1.1.4.1 One Port error model and calibration

At present, the common model for one-port calibration and error correction remains the Error
Box introduction, which modifies the actual DUT reflection coefficient measured by an "ideal

reflectometer”, as illustrated in Figure 13.

Ideal Reflectometer L N !
—ag—>» [ Error Box |—a—>» 0—>—T— —> l » -
© .

= = <o three error py DUT E
o— — d :
M ELET - Moyt
Esm
- b
& < T «—E, l P 1
Eq: directivity Port 1

E: reflection tracking
Eqm @ source match

(@) (b)

Figure 13: (a) One-Port VNA (reflectometer) including error box, (b) 3-Term Error representation

Solving the one-port flow graph leads to a bilinear function of the effective and measured
reflection coefficients (10). For reflection measurements, there are three error terms that can be
expressed in linear form (11). However, these three error terms can be determined by measuring three
known standards (Open, Short, and Load), providing three concurrent equations from (11) that can be
solved. Finally, this equation is reversed to find the actual reflection coefficient considering the

measured result and the three error terms (12).

_bo _ Eq—Alpyr

Teas = — =
eas

a9  1-EsmIpur . _

b _ TmeasFa with A = EqEqy — Ert (10)
DUT l-‘measEsm_A

Eq + IburlmeasEsm — IpuTA = Ineas
(11)

with 3 Known I'pyT, the resultant 3 I[,ea5 SoOlve the 3 Term errors Eg,Egy, and E -
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E:d + 1—‘DUT,OpenFmeas,OpenEsm - 1—‘DUT,OpenA = l—‘meas,Open
E:d + I‘DUT,ShortFmeas,ShortEsm - I1DUT,Shor'tA = Iﬂmeas,Short
E:d + 1—‘DUT,Loadl—‘meas,LoadEsm - 1—‘DUT,LoadA = l—‘meas,Load

12
I‘meas - Ed ( )

I =
puT Esm(rmeas - Ed) + Ert

1.1.4.2 Two Port error model and calibration

Following from the above, the two-port case can be modeled in the same manner as the one-
port. An error adapter is inserted between the two-port DUT and the ‘perfect reflectometer’
measurement ports. This error adapter contains the six error terms for the forward direction, and a
similar six term model is used for the reverse direction. The twelve term error model was first introduced
for commercial VNAs independent of the test set configuration, and quickly became the standard model

for describing systematic measurement errors in a two port VNA [54].

As mentioned earlier, the measurement process includes two modes: forward and reverse
modes. In the forward mode, as illustrated in Figure 14 (a), the first step is to calibrate the first port using
the one port calibration method previously presented. This process solves the first three forward
errors Eg,,,, E; and E,, as described in the preceding paragraph (1.1.4.1). The second step involves
connecting a known load to ports 1 and 2, which measures S;1meas @and then gives the isolation error E|
value. Finally, the last step is to connect the two ports together, Ej,, is solved by measuring port 2-
matching with the calibrated port 1. E;; is solved by measuring the transmitted signal (13). Finally, the

same process is performed on the reverse path as well, Figure 14 (b).
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Figure 14 : 12- Term Error model in (a) Forward mode and (b) Reverse mode
E _ Sllmeas—Ed
Im —
SllmeasEsm —B
(13)

Eir = (S21meas — E)(1 — EsmEr)
with B = E4Eq, — Ert
Indeed, solving the forward flow yields to S;;. and S,;. measurements, and based on the reverse
model S,,. and S;,. are solved. Hence, by combining the forward and reverse models, the four

corrected scattering parameters and the 12 errors are linked. If the error terms are known, the corrected

scattering parameters’ could be extracted from (14).

7 Refer to [56] for a detailed demonstration.
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S11 - Ed) ( S22 — Eqr ) (521 - EI) (512 - Elr)
meas 1 + meas E _ E meas meas
S . = ( Ert Erer smr tm Et Eter
11c = C

S12meas — Ei S11meas ~ Ea
(Stage =B (St P )

S22 - Edr) ( S11 —Eq ) (521 - EI) (512 - EIr)
meas 1 + meas E — E meas meas
_ ( Ertr Ert sm tmr Ete Eter

With C =(1 + MESm) (1 + MEsmr) _ ElmElmr (SZl,meas_EI) (512,meas—51r)

Ey¢ Er¢r Ete Eter

Up to this point, this first section introduced the concepts of waveguide voltage and normalized

power (normalized voltage waves). This allows relating the scattering parameters with transmission line

theory and then expressing the scattering matrix as a function of the traveling waves. As noted, this

section provides the calibration procedure for the separation based architecture. Otherwise, a detailed

dual six port error and calibration procedure are described in [55].

In the following section, the objective is to highlight recent trends in broadband vector network

analyzer integration solutions. The intent is to highlight the main merits and limitations of both signal

separation and wave propagation based VNA architectures.
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1.2 PRIORART

As mentioned in the introduction section, numerous studies have demonstrated the
effectiveness of microwave frequencies as a potential non-invasive sensing approach in
biomedical and agricultural fields (see Figure 1). It has been shown that the difference in
complex permittivity between tissues or two different mediums is related through algorithms
(ex., the Cole-Cole permittivity model) to the scattering parameters measured primarily with
a vector network analyzer [56]. Since then, efforts have been made to seek a portable,
compact solution to replace the laboratory’s stationary VNA. In the following, this review will

focus only on the broadband contributions.

Back in 1977, ENGEN focused on the theoretical development needed to optimally
implement a six-port reflectometer and proposed a proof of concept to validate the design
strategy [57]. Within the same year, in [58], HOER introduced the first benchtop dual six port
microwave network analyzer (2-18 GHz), as shown in Figure 15 (a), which is able to measure
the four scattering parameters of a DUT by incorporating two identical six-port reflectometers
designed from strip line in-phase power dividers and quadrature hybrids and fed by a common
source and dividing network. It also includes a phase shifter to adjust the phase difference
between the signal inputs to the six ports. The latter calibration strategy was developed
earlier by ENGEN [59]. Aside from their promising performance, the main drawbacks of diode
detectors were their bulkiness and temperature sensitivity. Thus, to reduce dimensions, a new
approach was developed first by BILIK in 1988 [60]. As presented in Figure 15 (b), a microstrip
waveguide reflectometer is presented, consisting of only Lange couplers and Wilkinson power
dividers. Besides, its major inconvenience was the very high losses. Similarly, as shown in
Figure 15 (c), BILIK demonstrated a GaAs monolithic microwave integrated circuit (MMIC) that
operates from 80 MHz to 7 GHz on a 10 mm by 10 mm alumina substrate [61]. In 2015, in [62],
the authors Bauch & Hofmann presented the first six port VNA that is capable of operating in
an ultra-broadband frequency range from 2 to 30 GHz (Figure 15(d)). The design consists of
four -3 dB couplers and one -6 dB coupler operating with a low odd-mode impedance to cover
the bandwidth. In the same year, Trenz and Hofmann presented a planar broadband six port
reflectometer ranging from 2 to 29 GHz on a single multilayer PCB® stuck-up with an area of

66 x 55 mm? [63, p. 3]. The architecture is based on a four stage Wilkinson power divider with

8 PCB for printed circuit board



microstrip interconnect lines that have been designed to meet the line length criteria for
broadband functionality. Recently, in 2018, a modified topology called, Five port
reflectometer (FPR) was realized for ultra-wideband measurements (0.1 to 40 GHz) using
commercial power splitters. The idea is to get rid of the extra reference port to reduce the

circuit area [64].

)
e

]
SIS P

| "
-aann ‘i

%2

i

1977

Figure 15 : Wideband six port vector network analyzer circuit evolution: (a)dual six port network analyzers
circuit, (b) X-band microstrip SPR ,(c) Monolithic GaAs IC, (d) front and bottom side of the UWB reflectometry
system

Previous systems had limited dynamic range due to the low dynamic range of the
power detectors used. To overcome this issue, a novel architecture based on phase shifters
was presented in studies [65] and [66] by ABOU-KHOUSA. The architecture utilizes a single
power detector and an electronically controllable phase shifter, which are inserted between
the device under test and a standing wave probing device, as shown in Figure 16. By using this
architecture, the magnitude and phase of the reflection coefficient can be determined from
the standing wave voltages at various phase shift settings. This approach enables the system
to achieve a higher dynamic range compared to previous systems that rely solely on power

detectors.

The utility of this small portable reflectometer includes broadband device
characterization, material characterization and nondestructive testing applications; however,
it suffers from two main drawbacks: first, the complexity of designing a controllable wideband

band phase shifter that can still be integrated into a restricted surface.
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Shifted standing-waves >

So:
Phase shifter

1S, (8.)]

)

Fid,)

Fixed Detector

Figure 16 : (a) Standing-wave-based reflectometer, (b) handheld Ka-band (26.5-40 GHz) reflectometer
devised for imaging applications [66, p.]

Regarding the second architecture, only a few articles have proposed wideband
miniaturized network analysis circuits based on the separation method architecture. In 2014,
single- and dual-port fully integrated millimeter-wave ultra-broadband vector network
analyzers (50-100 GHz) were realized in 0.35 um SiGe, Figure 17 (a). Both circuits are based on
a heterodyne architecture. They draw 600 and 700 mA from a 3.3 V supply, respectively [67].
Then, in 2016, a 4—-32 GHz chipset for a highly integrated heterodyne two-port Vector Network
Analyzer was published [68, p. 32]. The chipset is comprised of a stimulus integrated circuit
(IC) with two selectable single-ended output channels, a four-channel receiver IC and a
broadband directional coupler on a chip based on cascaded quarter-wavelength coupled line
segments, Figure 17 (b). After this first successful proof of concept, the same research group
published an extended version of the previous circuit. In combination with a modular
hardware demonstrator and a calibration technique, the chip consists of an integrated
stimulus for two port excitation, a four-channel receiver, and an integrated wideband test set
for biomedical noninvasive sensing. For high accuracy S parameter measurements, the
presented VNA demonstrator has the highest integration level and the largest bandwidth,
Figure 17 (c), [69] . Later on, in 2017, the same research group presented an improved 1-32
GHz broadband multioctave front end in SiGe technology. It consumes 217.8 mW for an area
of 928 um x 928 um which is less than the previously used receiver in the integrated VNA,
which consumes 351-360 mA for a surface of 3006 um x 1870 um [70, p. 32], [71]. Within the
same year, in [72], a relevant contribution presents a single- chip reflectometer covering 0.01
to 26 GHz bandwidth in SiGe technology; the advantage is in the highly integrated resistive
bridge coupler, Figure 17 (d). The core circuit, including two wideband receivers, has a surface

area of 1.8 mm? and consumes 640 mW from a 3.3 V voltage supply. The two port VNA’s

41

YAAKOUBI KHBIZA GHITA



architecture is implemented and validated using two reflectometers by comparing the
proposed VNA and commercial VNA DUT measurement results. Late in 2020, the same

research group proposed a packaged two-port VNA based on the previously developed

reflectometer, Figure 17 (e), [73].
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Figure 17 : Evolution of wideband separation-based network analyzer circuits with key contributions presenting the ICs block diagram
and layout: (a) Left: Single- and dual-port coherent VNA chips 50-100 GHz, Right: Chip photographs of the single-port and dual-port
VINAs for a silicon area of 3x3 and 4x3 mm, respectively. (b) Left: A two-port heterodyne VNA block diagram, Right: Chipset of the hybrid
integrated VNA incorporating stimulus and receiver ICs and wideband couplers (length of 40.4 mm). (c) Right: Simplified block diagram
of the fully integrated 4-32-GHz two-port VNA frontend IC, including the essential interfaces, Right: Physical implementation of octave
bandwidth VNA (100 mm x 90 mm x 38 mm). (d) Left: 0.01-26 GHz single-chip reflectometer block diagram, Right: Chip microphotograph
(1.5 x 1.2 mm?) and VNA board. (e) Left: Block diagram of two-port VNA. A single-RF source and a high-isolation SPDT can also be used
instead of two RF sources. Right: Wideband matching network and layout of RF and IF transmission lines on the PCB near the SiGe chip.
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1.3 THE THESIS' POSITIONING WITHIN THE EXISTING STATE OF THE ART

Overall, these studies have highlighted integrated VNA architectures covering a broadband
frequency bandwidth. The interference method architecture offers a direct power
measurement of multiple signals while deriving the phase and magnitude of the desired signal
from the measured power values. This architecture is used due to its simple design and lower
power consumption since it lacks active stages. However, the limited dynamic range of power
detectors degrades the overall system dynamic range and is also difficult to integrate due to

the passive elements and the wide bandwidth tradeoff.

On the other hand, the separation method architecture uses either direct conversion or
heterodyne quadrature demodulators to resolve the phase and magnitude values of the
device under test. Usually, narrowband IF filters are used to demodulate at low frequencies,
providing higher precision measurements. This approach, unlike power detectors, filters out
noise signals outside the filter's passband. Most commercial VNAs use this architecture, which

will also be adopted in this thesis contribution.

However, the integration level of prior art remains limited since the proposed VNAs deliver
the four IF output signals and further processing needs to be done off-chip. These are either
sampled simultaneously by four external ADCs, followed by digital processing, or connected
to a relatively expensive digital signal processor (DSP) that reads the digitized samples of the
four channels [69]. Some performance limitations could occur as well due to the external IF
interfaces. First, any coupling between the IF signal lines affects the measured results.
Secondly, it requires relatively complex ADCs with high resolution to not limit the VNA

dynamic range [73].

Looking ahead, the remaining gap in the current state of the art for integrated VNAs is to
fully integrate IF signal processing in the analog or RF domain to reduce the complexity and
cost of the complex ADCs. In the context of the outlined contributions, the primary goal of
this thesis is to present a fully integrated VNA that includes IF signal post-processing, allowing
for direct magnitude and phase readout. In view of all that has been mentioned so far, the

main circuit specifications have been settled:

1. Integration of IF signal processing by incorporating a demodulator to detect

magnitude and phase proportional to the signals.
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2. Adoption of an inductor-less architecture to cover a multioctave bandwidth while
maintaining a compact surface is also a challenging design.
3. Competitive power consumption, considering existing solutions for future inclusion in

wearable or portable sensors.

1.4 SumMARY

To summarize, this first chapter provides the necessary theoretical framework to explain
the key concepts surrounding vector network analyzers, including the definition of scattering
parameters, VNA architectures, uncertainty sources, and calibration techniques. The two main
wideband VNA architectures have been studied: the six-port junction and the separation
method. The first architecture has limited dynamic range and bandwidth response due to
passive element limitations and relatively complex calibration. On the other hand, the second
architecture offers a higher dynamic range and integrability, making it a valuable

consideration for the adopted architecture in this thesis.

Based on the state of the art contributions, remaining issues need to be addressed when
using a complex ADC to process the IF signals, and it has been proposed to integrate a
demodulator to provide a direct readout of scattering parameters in terms of magnitude and

phase.

Overall, this chapter provides a clear position regarding the literature and a good starting
point for developing a highly integrated inductorless vector network analyzer covering a
multioctave bandwidth. In the following chapter, the initial studies that led to a valid block

diagram will be presented, along with an overview of the complete proposed circuit.
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Chapter 2: INTEGRATED
INDUCTORLESS BROADBAND VNA
ARCHITECTURE

he intention behind this chapter is to explain the architecture choice. Notably, the first
section develops a noise analysis for both the VNA receiver and demodulator based on
commercialized circuits. Afterwards, the main system-level requirements and signal
characteristics linked to VNA specifications are defined. Then, the second section introduces
the complete circuit block diagram that complies with the conditions set out in the first
section. Finally, the specifications of each sub-block are derived from the complete circuit

study.
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2.1 INTRODUCTION

When monitoring a commercial VNA, the scattering parameters seem to be
simultaneously measured across all frequencies in a continuous sweep, but the results are
actually produced from a sequence of measurements recorded at discrete frequencies.
Effectively, the transmission and reflection measurements are made at a single frequency,
allowing the DUT response to stabilize at the frequency point of interest. The VNA uses the
output stimulus signal as a reference point and then measures the magnitude and phase of
the reflected and received signals at a single frequency point. The frequency stimulus is then
raised to the next frequency in the sweep, and the measurement is repeated. Then, the data
from all the frequency points is assembled in post-processing to enable the measurement of

many parameters.

Considering the VNA as a system, several key performance figures are involved. These
include power levels at ports' outputs, input power ranges, frequency range, measurement
speed, measurement accuracy, and stability over time (drift errors). Indeed, the output power
range for the VNA specifies the minimum output, maximum output, and step size available for

the signal provided by the VNA at the test port to the DUT.

In this work, the output power has been chosen to be controllable from -10 dBm to 0
dBm to ensure a measureable return signal from a lossy device under test (-70 dB to O dB).
Another aspect is the input power level (i.e., the stimulus), which corresponds to the
maximum output power level of the VNA stimulus. In this work, the reference frequency
stimulus is not generated on chip. To do so, a laboratory generator with 0 dBm output power
will be used. In a commercial implementation, this external generator could be replaced by a
high frequency low cost commercial DDS° integrated circuit or a PLL. An example of this
approach is found in [74], where the PLL delivers a maximum output power of 3 dBm up to
22.6 GHz. Another aspect concerns the frequency range, which specifies the minimum and
maximum frequencies of the VNA. At first, this frequency range is limited by the

implementation of the internal circuitry inside the VNA and the packaging solution. Since the

9 A DDS reads waveform samples stored in memory using a phase accumulator at a fixed clock rate, giving it the ability to choose the samples

to create an output waveform.
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common mode is not propagated along the circuit, the lower frequency is limited by the

coupling capacitors to values around 200 MHz.

The maximum frequency range is limited by the implementation choice. Indeed, to
reduce package costs, a commercially available quad flat pack non lead (QFN) package has
been selected to integrate the circuit developed in this Ph.D. thesis, as illustrated in Figure 18
(a) and (b). Wire bonding has been used as an interconnection choice, limiting the upper
frequency below 20 GHz when the required input and output return losses are around -10 dB,
Figure 18 (c). Taking into account a design margin and package limitations, the objective is to
achieve a bandwidth of 30 GHz on the core circuit. In addition, challenges also arise in
balancing the total power consumption and overall size of the system to meet wearable sensor

requirements [75]. Table 2 summarizes the first specifications chosen for this work.

S11d8 S21dB
freq=16.89GHz freq=16.89GHz
dB(S(1,1))=-15.045  dB(S(2,1))=-0.113
10— =
4 S21dB
0 . 4
22 10 s11d
Encapsulation %;—;'
oo 20
TO
30—
Lead Thermal  Die  pj,  Bond B L S AL L B T |
Frame Pad Attach Wire 0 5 10 15 20 5
Material freq, GHz
(a) (b) (©

Figure 18 : (a) QFN package containing an IC (b) : The cross section of a typical QFN package and (c) input
and output return loss Vs frequency [76]

Afterwards, the next section addresses the main modules of a VNA with a preliminary
architecture. Then, through the figures of merit of a VNA combined with two system studies,

the final design choice of the circuits involved is presented.
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Characteristics Min Typ max unit Comments
Output power -10 0 0 dBm
Input power -4 -3 0 dBm External for this work
Frequency fmin: internal limitation
0.2 20 30 GHz
range finax: Packaged limited
Supply Voltage 0.9 1 1.2 Vv GF45S0l technology
Measurement
S511& 851 dB Unidirectional
capability
The mean value of smart
Size <46.5 x 46.5 mm?

watches dimensions

YAAKOUBI KHBIZA GHITA

Table 2: VNA System requirements
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2.2 VNASYSTEM STUDY

As illustrated in Figure 19 (a), the proposed miniaturized VNA is based on three
modules. First, the source module that generates the stimulus. Its tuning range defines the
VNA frequency range. The main constraint on the source module is its frequency stability. This
module will be "off-chip" in this PhD work but could be easily integrated into a commercial

version of the system.

Source Module

................................

@ Test-set Module

ADC .ﬂ Processing
o

maodule

PORT 1 : \ PORT{
.

Mag

ADC vy Fhese] MAG/PHASE
. Sign Detector” ¢

--------------------------------

PORT 2

----------------------------

PORT 2

Figure 19 : (a) VNA modules, (b) Initial bloc diagram, dashed contour present the IC scope

Secondly, there is a test-set module that directs an RF signal from the source module
to the device under test (DUT) and samples the transmitted and reflected waveforms. The
test-set module performs preliminary functions such as amplification, attenuation and
intermediate frequency switching. Finally, the processing module analyzes the RF signal in
terms of phase and magnitude. This module presents the analog demodulation part of the
system, in which the incident, reflected and transmitted signals will be processed and
converted to a DCsignal, which corresponds to the phase and amplitude variation in reflection
and transmission modes. On the other hand, from an architecture viewpoint, Figure 19 (b)

shows the initial architecture based on:

1. Avariable gain amplifier to tune the first port’s output power.
2. Adirectional coupler to first drive the incident wave through the device under

test and secondly to couple the incident power to be used as a reference for
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the detector, and thirdly to derive the reflection wave generated by the DUT
mismatch.

3. A wideband low noise amplifier to amplify the weak signal that goes through
the DUT

4. Finally, the incident, reflected and transferred waves will be processed by the

demodulator.

It is worth recalling this work position (1.3) with respect to the state of the art exposed
in the previous chapter. Specifically, the integration of an analog demodulator that will ease
the digital processing of portable devices. In other words, when the sensor is used for data
collection, the linearity and resolution of the ADC are critical, as the output signal amplitudes
are quite low. To meet these high requirements, large and complex ADCs are mandatory [77].
However, with this internal demodulator, as will be shown further, the signal acquisition,
conditioning and detection do not require high quality ADCs or improved algorithms to extract

the scattering parameters [78].

In the following, a preliminary analysis of the building blocks required for the VNA has
been conducted in two parts to define its specifications. As illustrated in Figure 20, the data
sheets of a commercial VNA without the demodulator have been examined in the first part of
the analysis (2.2.1), and then the specifications of an analog commercial demodulator (2.2.2)

have been identified in the second part of the analysis.

_/
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Figure 20 : (a) First study on the Initial VNA System without demodulator (b) Second study regarding the
demodulator
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2.2.1 VNA SYSTEM WITHOUT THE DEMODULATOR

In this section, considering the VNA system without the demodulator, Figure 20 (a). As
illustrated in Figure 21, there are two common definitions for “dynamic range” (DR). First, the
system DR is defined as the difference between the power available at the test port and the
measured noise floor (P,om — Pmin)- Secondly, the receiver DR is defined as the difference

between the typical test ports’ 0.1 dB compression point minus the typical noise floor

(Pcomp - Pmin)-

Where:
Pcompression
A
|:'nominal
T Receiver DR’
System DR’
l Y
|:'minimum

* DR: Dynamic range

Figure 21 : VNA dynamic ranges

e P,in gives the minimum input power level the system can measure, (receiver
sensitivity), set by the receiver noise floor.

e P,,m indicates the nominal power available at the test port from the network
analyzer source.

® Pomp refers to the highest input power level that the system could measure,

which is related to the receiver’s compression specification.

To avoid confusion in the following studies, two parameters need to be distinguished:
the intermediate frequency bandwidth (IFBW) and the intermediate frequency. The IFBW
sets the integration band of the noise present at the input of the demodulator, and the
intermediate frequency value where post-processing of the IF signals will be performed. In
fact, the choice of the IF bandwidth (IFBW) defines the signal-to-noise ratio (SNR) at the input

of the demodulator. Conversely, the selection of the IF frequency is determined by other
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criteria. Firstly, the IF frequency must be higher than the bandwidth. Secondly, the choice of
the intermediate frequency (IF) depends on factors such as interference and selectivity. Based

on the aforementioned studies, both parameters will be specified.

The following study explores the correlation between operation frequency bandwidth and
dynamic range. Within this context, Figure 22 shows the system DR at the test port of the
Keysight VNA “N5242B” [79]. The DR ranges between 97 and 132 dB, while the total average
(rms) noise power calculated at the mean value of the magnitude trace ranges between -114

and -80 dBm for 10 HZ IF bandwidth. On the other hand, when using a 30 GHz bandwidth, as

illustrated in Figure 23, the noise power is about 10log (31006:;

) = 94.7 dB higher than the

previous VNA DR with a 10 Hz bandwidth. As a result, in this scenario, the predicted dynamic

range shrinks considerably as the noise floor rises.

w

System DR @ 10 Hz (dBm)

10 MHz to 50 MHz1
50 MHz to 100 MHz1
100 MHz to 500 MHz

500 MHz to 2 GHz
2 GHzto 3.2 GHz
3.2 GHzto 8.5 GHz
8.5 GHz to 10 GHz
10GHz to 13.5 GHz
13.5 GHz to 16 GHz
16 GHz to 20 GHz
20 GHz to 24 GHz
24 GHz to 26.5 GHz

-105

-110 ././—-.

-115 . .
10MHz  50MHz 100 MHz S00 MHz | 2 GHz to 85GHz 13.5GHz 20GHz 24GHz
to 50 to 100 to 500 t02GHz | 85 GHz to 13.5 to 20 to 24 to 26.5
MHz2 MHz2 MHz2 GHz GHz GHz GHz

==@==Test Port -80 -90 -104 -114 -114 -114 -114 -110 -107

Noise Floor @ 10 Hz IFBW (dBm)

Figure 22 :Top: VNA (N5242B ) dynamic range (table 7 in [79]), Bottom: noise floor from 10 MHz to 26.5

GHz (no averaging applied to data)
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Figure 23 : System dynamic range deterioration (@10 Hz IFBW Vs 30 GHz BW), Comparison between VNA
DR @10 Hz Vs 30 GHz bandwidth

Furthermore, it is important to consider the time of measurement. Based on the
frequency range and number of data points settled, the VNA system calculates each of these

points, then transfers data to the processing module within a given time called “Cycle Time”.

Referring to the same VNA (Ref: N5242B), Figure 24 presents the “Cycle Time” in
milliseconds, which is the time required for a frequency sweep and retrace, based on the user
selectable IFBW. In this VNA, the selectable IFBWs are 600 KHz, 10 KHz and 1 KHz for a full
span measurement completion'® for uncorrected and corrected traces (after calibration
procedure). By analyzing the figure, it can be noticed that when the IFBW is narrower with a

high resolution (large number of points), the settling time is longer.

10 A stimulus frequency sweep from 10 MHz to 26.5 GHz
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Naturally, there is a tradeoff between IFBW, measurement time and system dynamic
range since widening the IF bandwidth decreases measurement time per point, but also
decreases the dynamic range of the measurement. To affirm that, as expressed in (15), for 1
KHz, 10 KHz and 600 KHz, the dynamic range will be reduced by 20 dB, 30 dB and 47.7 dB,

respectively.

|.
- 16000 ,
14000
12000
@ 10000 !
§ 8000 2 ‘
= 000 e i 4 P ettt ||| 1kHz
% 4000 e Sy P ; @ 10kHz
> 2000 p— PP _— A 00
0
201 401 1601 16001
B 600 kHz 332 46,1 68,6 102,7
td 10 kHz 58,5 100,3 345 2192
111 kHz 2195 421 1624 16029

Figure 24 : Cycle Time (ms) for Full-Span measurement Completion Vs IF Bandwidth for different Number of points

[Table 108 in [79]]

IFBWI1 kHz,10 KHz,600 KHZ)
DRSystem@lOHZ = DRSystem@IFBW + 10log( 10 Hz ) (15)

Another parameter to enhance the DR is averaging. Hence, for a given averaging factor,
sweep-to-sweep averaging could be used to reduce the noise floor (primarily random noise).
Specifically, the averaging operates on each point of the data on an exponential average of
consecutive sweeps weighted by the user-defined averaging factor; meanwhile, the
calibration and the test bench must remain unchanged, which is in reality not the case, which
is the reason why drift errors occur more while using this approach compared to the IFBW
choice. Indeed, the IFBW reduction has an advantage over averaging since it reliably filters out

unwanted responses, including spurious odd harmonics and higher-frequency spectral noise.
Overall, in this study, various factors that affect the VNA's performance have been
examined, including system dynamic range, noise floor, and measurement time per point. It
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might be concluded that it is necessary to operate in a narrow intermediate frequency

bandwidth to maintain good measurement dynamics with a lower noise level.

2.2.2 VNA DEMODULATOR

The focus of this section is on the examination of the demodulator only to extract
amplitude and phase, as shown in Figure 20 (b). The demodulator used in this study is based

on logarithmic amplifiers for the extraction of amplitude and phase.

Logarithmic amplifiers are widely used to extract the signal amplitude, namely RSSI?
detectors. This architecture has been selected for the proposed demodulator due to its high
sensitivity and wide input dynamic range [80]. Moreover, with a specific configuration of these

logarithmic amplifiers, the phase could be extracted too.

In this study, the objective is to prove that the baseline sensitivity of these detectors
is limited by their operating frequency bandwidth. The starting point is the mean value of the
commercialized logarithmic amplifier’s input referred Voltage Noise Spectral Density (VNSD),

which is equal to 1.68 nV/v/Hz when driven from a 50 Q terminated source [81].

To begin, let’s consider this total VNSD value of 1.68 nV/ VHz and an effective noise

bandwidth of 800 MHz associated to [81]. The integrated RTI (total Input referred) noise over
this bandwidth is 47.5 pV rms (that is, Vipys(V) = VNSD(%),/BW (HZ) ). Expressed in

terms of noise power, referred to 50 Q, it is expressed as Py,i(dBm) =

Verms(mv)?

101log ( S0

) = —73.46 dBm.

The signal to noise ratio at the demodulator input is defined as (16) and equal to 13.43

dB, considering Ps;gnq; Of -60 dBm corresponds to the lowest power in the demodulator’s
dynamic range.

Signal(mw)
Noise(mw)

SNR g gw=800muz = 10 log( )= Psignal (dBm) — Ppyise(dBm)

(16)
= -60 dBm-(-73.46) dBm = 13.46 dB

This analysis will be transposed to a broadband demodulator with a 30 GHz frequency

bandwidth. Therefore, the integrated noise RMS value is equal to 0.29 mV, which in terms of

11 Received Signal Strength Indicators (RSSI)
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noise power is equal to -57.74 dBm. Below this noise floor, the signal power level detection
will be inaccurate, since the SNR will be equal to -2.26 dB for -60 dBm of signal power. This
negative SNR means that the signal power is lower than the noise power, so it does not

guarantee that the detector will be able to demodulate the signal.

SNRdB,BW=30GHZ = —60dBm — (—5774) dBm = —2.26 dB
(17)
K SNRap,Bw=800MHz
This theoretical study has identified a limitation in terms of the detector measurement
floor due to the operation frequency bandwidth. Hence, both studies converge on the
following insight for the proposed block diagram: Demodulating in a narrow frequency

bandwidth to reduce noise at the demodulator input and also boost the demodulator

sensitivity.
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2.2.3 SYSTEM CONSIDERATIONS

To further extend the demodulator's and receiver’s dynamic range, an intermediate
frequency with a given IF bandwidth is introduced to ensure that the demodulating process
occurs accurately at a given intermediate frequency while spanning the source frequency from

200 MHz to 30 GHz. For this reason, a heterodyne architecture is selected in this Ph.D. thesis.

The default IF frequency choice is set to 455 KHz for several reasons. This frequency
was chosen because it is in a part of the radio spectrum that is relatively free of interference
and is also a standard frequency used in many commercial communication systems. In
addition, it is a frequency that is easy to filter using high quality off-chip ceramic filters. They
have a narrow bandwidth and a high level of selectivity, as depicted in Figure 25 [82]. In the
adopted architecture (Figure 26), there is an external filtering option to filter the noise at the

input of the demodulator.

Insertion Loss s = = = = = = =g = = = = = = = = = o

Selectivity

Out-of-band Rejection

Power Transmission, dB

s _(Eenler F_re_q_ugncy

Frequency

Centre frequency 455KHZ+1.5KHz
-6dB bandwidth 10 KHz
-40 dB bandwidth 20 KHz
Stopband attenuation 27 dB

(min) at 100 KHz

Quality factor 303

Figure 25 : Typical response and specification parameters of a ceramic IF filter [82]
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Figure 26 : The adopted block diagram, it includes only the key blocks, impedance matching circuitry and
biasing circuitry (current to voltage converters, DAC’s, SPI control), buffers, coupling capacitors and Bus

monitor circuitry are not included to simplify the diagram's complexity.

Back to the proposed heterodyne architecture, the external LO signal introduced from
the source f;o € [200MHz,30GHz] is up-mixed first with an IF frequency f;r, the resulting
bandwidth around the RF frequency frr = f10 T fir is down mixed with f;, to down convert
the signal to the IF frequency. From this point, an up conversion mixer is introduced in the
transmitter channel, and down mixers are introduced in the incident, reflection and

transmission channels.

As illustrated in Figure 27, a further issue arises from the resulting tones at the first up
conversion f;o * fir . Effectively, before going through the down mixer, the image frequency
fLo — fir should be rejected to prevent aliasing. Indeed, image rejection is an important
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consideration since it determines the ability to reject image frequencies that can cause

significant interference at the demodulator input thus degrading the performance of the VNA

system.
Up conversion Down conversion
Power Power --------oooooooooes ®
i A
1 : A
........................... \ ‘\ : ’
2y ; i 'i\ ! \ MAG/PHASE
3 i [ ! I Detector
' n : [\
I | fir
Frequency 1 1 Frequency
fie flo  Tre fie fimage fLo  Tre
(a)
Single sided Up conversion Down conversion
Power Power -reeremmemeeneeneees ®

| A

i MAG/PHASE

§ | Detector

/\ Frequency /\ : Frequency /f\
fie fimage flo  Tre fie fimage flo  Tre IF

(b)

Figure 27 : Frequency domain interpretation of the wide-band mixer (a) without IF image rejection mixer (b)

with IF image rejection mixer

There are several ways to reject image frequency including filters and image rejection
mixers (IMR mixers). Considering that the LO frequency will sweep over a band of frequencies,
using a filter to attenuate the image frequencies is a complex solution in terms of design and
control. For this reason, the optimal solution to cancel the image frequency is a double

balanced image rejection up conversion mixer.

To achieve this rejection, quadrature differential LO and IF signal generation is required to

cancel out the unwanted sideband.

e For the LO input signal quadrature, the RC polyphase filter (PPF) fulfills the need to
provide a broadband quadrature. Using a PPF to generate quadrature®? signals has
several advantages such as a wide bandwidth, a low area and a low passband ripple,

which can help minimize signal distortion.

12 Quadrature signals are two sinusoidal signals that are 90 degrees out of phase with each other.
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e For the IF quadrature generation, a digital quadrature generator based on two D flip
flop is integrated in the proposed IC with an external clock controlling the IF
quadrature generation. This solution offers quadrature generation by construction
with a very small associated area and low power consumption. The limitation is the
maximum frequency achievable by a D flip flop. In this work, since the IF frequency is
low (455 KHz), this solution is perfectly adapted. However, the system can work with
higher IF frequencies as long as the bandwidth of the D flip-flops permits it. This can
be beneficial, for instance, to minimize the flicker noise contribution by elevating the

IF frequency between 1 and 10 MHz.

Once the up conversion with image rejection is done, a variable gain amplifier tunes the
emitted power from port 1, Figure 26. For the reflection mode, a bidirectional coupler allows
the recovery of a part of the incident signal and a reflected signal. Both signals are in the upper
sideband frr = f1o + fir- Mixed with the LO frequency, the signals are down mixed to the

intermediate frequency f;r .

In Figure 26, the signal originating from port 1 travels through the device under test (DUT)
to the second port. The transmitted signal is then amplified by a wideband low noise amplifier.
At that stage, three signals (incident, reflected and transmitted) are down mixed to the
intermediate frequency. The incident signal is directly linked to the demodulator, however the
transmitted and reflected signals are respectively switched to measure first the S;; then

the S,;.

This demodulator is based on two identical logarithmic amplifiers delivering two
signals: a logarithmic voltage proportional to the amplitude of the input signal and a square
saturated signal. Now, considering the incident signal and the reflected or transmitted signal,
the two logarithmic amplifiers provide four signals; both logarithmic output voltages are
subtracted in current mode, then filtered to provide a DC signal proportional to the incident
and transmitted or reflected ratios. Similarly, the two saturated signals are introduced in a
XOR?®, then filtered to provide a DC signal proportional to the absolute value of the phase

difference between the incident and reflected or transmitted signals.

13 XOR (exclusive or) is a logical operator whose output is true when either of two inputs are true but not both.
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The detector provides the same DC value for the two opposite phase signs, resulting

in phase ambiguity. To overcome this, two solutions have been investigated:

e The first solution is based on a phase shifter. By measuring the original phase
and then the shifted phase, the actual phase sign could be determined [83].
This first solution is accurate, however, it is complex in terms of time of
measurement and calibration since it creates an imbalance between the
incident and the reflected/transmitted channels.

e The second and adopted solution!? is a one-time measurement based on two
hysteresis comparators that compare the first zero crossing of the two
saturated signals. The D flip flop provides two states, providing the sign of the

absolute phase difference.

A last point to mention is that the ICis conceived to have outputs to read the IF signals,
inputs to characterize the demodulator alone, and readings of the IF quadrature generator

outputs, as illustrated with “Bus Monitor spots “ in Figure 26.

14 This solution is internally patented.
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2.2.4 VNA BUDGET STUDY

As discussed previously and depicted in Figure 26, to generate quadrature signals for the
RF path, a PPF has been used. However, the difficulty is to provide a 90 degree difference and
a low magnitude imbalance between the two generated signals (I and Q) over the 30 GHz
bandwidth. This is the reason why three controlled 4-stage RC polyphase networks are
adopted so that for each measure, only one PPF is enabled to cover one of the three measuring
bands: [200 MHz, 1 GHz], [1 GHz, 7 GHz], and [7 GHz, 30 GHz]. As a rule of thumb, the loss
due to PPF is usually estimated to be 3 dB/stage. Therefore, a 12 dB loss for each PPF is
estimated, with additional losses related to the input buffer's gain roll-off beyond 20 GHz.
Thus, based on the proposed block diagram, it may be stated that the losses of the polyphase
filters are at best compensated by the mixer and the variable gain amplifier, respectively. In
the worst case at 30 GHz the simulated losses of the polyphase and the input buffer reach 24
dB. These losses combined with the various sub-blocks of the transmission chain estimated
gain (up conversion mixer 8 dB and bi-directional coupler -3 dB) yield a minimum required
gain of 23 dB for the VGA and hence a power output of 0 dBm. This initial study is summarized

in the signal level breakdown of the transmitter in Figure 28.

G7=7dB

Gg=0dB Gg=ddB

G 54=-2dB)

G 4= -22dB G 51= -24 dB G 5y=-16 dB
*;W\Df- LO @/l diff T,
H—
B H —
+
In ><»—c/‘£;— 1P W
11 H-o
Buff Pout = 0 dB
Pin=-4 dBm uher PPF -—0\ o< o< -+ Qut Pou m
Ho
- ] I Output Bufier + Bal VGA
" >—/°§— | pusir-o
T —K
Buffer H o
G=0dB IL=2 dB IL=20 dB IL=2 dB G=8dB G_min=23 dB G=-3dB
| 2 3 4 5 6 7 8

Figure 28 : Initial study of Power breakdown in the transmitter at 30 GHz

Concerning the transmission mode, as illustrated in Figure 29, with 70 dB DUT insertion
losses, a wideband inductorless low noise amplifier with 20 dB gain is required to meet the
demodulator's dynamic range because the passive mixer combined with an output buffer

provides no gain at best.
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Figure 29 : Transmission path receiver study in worth case (maximum DUT losses that could be measured

ideally)

Another scenario is illustrated in Figure 30, where the DUT is a matched load; in this
case, the reflected signal is equal to the coupler isolation and the receiver’s gain in the worst
case. Hence, a minimum power of -60 dBm sets the sensitivity of the demodulator to

accurately extract the S11 parameter.

............... TXewveeenerened VGA Matched load
flo @ 78 0dB O

-4 dBm

X
X

PORT 1

=22 dB—

Pre=P midpoint, DR

Isolation factor = -50 dB

MAG/PHASE
Detector

ECoupling factor
—

Sensitivity i, =-60dB

Passive down mixer + buffer,

IL=-10 dB
Figure 30 : Incident and reflection path at worst case (matched load @30 GHz)

Now, considering the incident signal path, the demodulator reference signal is largely
beyond the demodulator’s sensitivity. However, this power should be ideally equal to the
optimal reference power to not saturate the available dynamic range, which is ideally the

midpoint of its dynamic range. Taking into account the power breakdown in Figure 29 and the
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“Ref/RX” gain in the worst case, a coupling factor of 22 dB is required, which is the fraction of

the incident power that is delivered to the coupled port of the directional coupler.

This primarily budget study has allowed us to estimate the minimum required gain for
each sub-block to meet the demodulator’s dynamic range. As mentioned in the demodulator
study, the input noise is important since it sets the minimum detected signal, which is the
lower band of the demodulator dynamic range. The noise figure of the TX is not considered
since the Signal to Noise ratio is high, even if the noise figure is high (the TX begins with a
passive circuit PPF). Otherwise, the three receiver’s (incident, reflection and transmission)
noise figure are considered, as is the input noise voltage of the demodulator. In the adopted
circuit, the IF bandwidth is 455 KHz by default and can be reduced to the external ceramic

filter bandwidth, which is 10 KHz around the intermediate frequency.

Overall, the main initial specifications of directional, gain and mag/phase detection
circuitry are summarized in Table 3. Otherwise, the impact of the image rejection rate on

accuracy of the measurement was not assessed initially.

Circuitry Parameter Typ Units Conditions/comments
Coupling factor 22 Both parameters set the
directivity value, which is
Directional
dB the minimum VNA
Circuitry .
Isolation 50 detectable signal in
reflection mode.
LNA Gain 20
Gain Circuitry dB
VGA Gpin 23
The S21 DR is higher due
to the additional LNA gain
Magnitude and
and could be improved
Phase detection Sensitivity >-60 dBm
with an active boosting
Circuitry

pre-amplifier at the port 2

input.

Table 3: Initial circuitry specifications
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2.3 CONCLUSION

So far, the complete VNA system structure has been presented. The starting point was
identifying the main drivers that impact the VNA figure of merit, namely the dynamic range of
the system, the dynamic range of the receiver and the noise floor. Based on two circuit
datasheets, two studies were performed to establish that the bandwidth degrades the
measurement noise floor and subsequently, the DR of the system. Actually, the dynamic range
of VNA systems depends on the noise floor and thereby on the bandwidth. Mainly,
commercially available VNAs have a very narrow band at 10 Hz, but as has been pointed out,
this IF bandwidth could be switched to a higher bandwidth to shorten the measurement cycle
time. All in all, there is a trade-off between IF bandwidth range, noise floor, and dynamic

range.

Meanwhile, the second review revealed that the input signal-to-noise ratio of the
demodulator requires a narrow band to detect magnitude and phase accurately. From these
initial findings, the implemented circuit is based on a heterodyne receiver where an IF
frequency is provided internally to be initially up-converted in the transmitter and then down-
mixed through the three receivers (incident, reflected and transmit channels) to process at
the fixed IF frequency of 455 kHz. Such an IF frequency offers a good compromise to meet the
dynamic range requirements of the VNA and also provides an external low-cost ceramic filter
to improve sensitivity if required. And finally, sub-blocks specifications are covered to meet

the dynamic range of the demodulator.

Thereafter, within the next chapter, the designs of the integrated sub-blocks are covered,
sorted into gain, image rejection, directivity and demodulation features. Furthermore,
measurements of three blocks submitted at the end of the first year thesis are included. These

are the coupler, the wideband LNA and the polyphase filter to generate the LO quadrature.

66

YAAKOUBI KHBIZA GHITA



Chapter 3: BROADBAND VNA
BUILDING BLOCKS
IMPLEMENTATION

n this chapter, the overall assembly of the proposed VNA system is reviewed. The
proposed VNA is comprised of five key components, allowing accurate magnitude and
phase measurement of transmission and reflection parameters of a device under test
(DUT). These components include a directional coupler, image rejection circuits, amplification,

down conversion receivers, and amplitude and phase detectors.

Measurements of three building blocks in a standalone configuration have been performed.
These include the coupler, the wideband inductorless low noise amplifier, and the polyphase
filter. Each measurement is displayed in the corresponding section and used to improve the

second version of the complete VNA integrated circuit.
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3.1 INTRODUCTION

3.1.1 INTEGRATED VINA CIRCUIT ARCHITECTURE

Figure 31 presents the complete VNA system, comprising five main blocks that will be

discussed in each section. Firstly, the design of a directional coupler circuit was addressed.

This circuit involves signal transmission through the directional coupler to port 1 and

extracting the incident and reflected signals as well.
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Figure 31 : Block Diagram of VNA Circuitry
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Secondly, the image rejection circuitry used to reject the image frequency is presented.
It incorporates wideband LO quadrature generation ranging from 200 MHz to 30 GHz and the
generation of an IF quadrature at 455 KHz. Both LO and IF quadrature signals are injected into

a double-balanced up-conversion mixer to filter out the image frequency.

Thirdly, amplification circuitry is introduced. It includes a variable gain amplifier to tune
the emitted power at the first port from -10 dBm to 0 dBm and a wideband low noise amplifier
at the transmission path receiver’s input. It increases the strength of the signal being received

at the second port.

Fourthly, the receiver’s circuitry will be addressed with regards to the reference,
reflection, and transmission channels. These receivers play a key role in the process of signal
reception, since the RF signal resulting from the up conversion will be mixed with the LO input
signal. As a result, three IF signals are produced at the receiver’s output, including the incident
signal, the reflected signal, and the transmitted signal. The incident signal provides the
reference for the magnitude and phase demodulator. The transmitted and reflected signals
are measured one after another to be injected into the demodulator input, since the same
demodulator is used to measure the S;; or S,; parameters. Another switch controls the use

of an external selective filter to increase the sensitivity at the demodulator input.

Finally, the magnitude and phase detection circuitry will be detailed. It includes limiting
amplifiers, two logarithmic amplifiers, digital blocks to resolve phase ambiguity, and external

filters to extract the DC value of both amplitude and phase.

As depicted in Figure 32, during the thesis’ first year, the characterization of three
building blocks in standalone configuration was performed. It includes the wideband resistive
coupler, the wideband inductorless low noise amplifier, and the polyphase filter for LO
guadrature generation. The coupler has been designed to split the signal into two separate
paths, one for transmission and one for reflection parameter extraction. The wideband
inductorless low noise amplifier is a key component of the VNA as it amplifies the weak signal
that is being measured at the transmission receiver (port 2). Finally, the polyphase filter
provides a wideband LO quadrature, allowing image rejection at the up conversion mixer
output. The measurement results are presented in the corresponding section and compared

to the post-layout simulation results.
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3.1.2 TECHNOLOGY CONSIDERATIONS

In the simulations presented in these sections, the parasitic effects of all the cells,
including transistors, are not negligible and must be considered. The equivalent model is used
for the parasitic extracted from the layout. A “Cc+C” equivalent circuit is extracted using
Calibre®, representing the parasitic capacitors around the cell depending on their size and
location in the layout. Where “C” capacitor represents capacitor to ground and “Cc” capacitor
coupling between wires. All the post layout simulations included in this chapter use this

parasitic extraction methodology.

R | T
Hing "W
lI‘I!‘1I§
‘IIIIH‘
wmand mondmmn 2
v A vty  Sif R A
kil b ol DN B B B 7

-‘.."' = EN -
4 2 >

Figure 32 : First Tape out including directive coupler, Wideband inductorless LNA and a polyphase filter on

standalone configuration

As illustrated in Figure 33, bulk CMOS architecture involves the construction of transistors on
top of a silicon wafer’s surface, while PD SOl isolates MOS transistors from the substrate using
a buried oxide. This isolation permits the transistor to operate as a floating or body contact
device. Moreover, the thickness of the body in PD-SOI is still too high to have full control of
the depletion layer, hence the term "partially-depleted" SOI. For millimeter wave design, key
performance indicators for transistors are gain (fy4x), noise figure, phase noise, and power-

handling capabilities.

15 Parasitic extraction tool
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High Resistivity P-SUB

Figure 33 : n-MOSFETs cross section illustration for a) bulk CMOS , b) PD-SOI CMOS

Figure 34 shows the measured fy4x, for various technology gate lengths. The mobility of
electrons and holes is very similar in deep sub-micron CMOS SOI, which makes the
performance of p-type MOS (PMOS) transistors comparable to that of n-type MOS (NMOS)
transistors. This property provides a unique advantage compared to previous technologies,
where PMOS was not suitable for RF applications. Due to these benefits, the circuits in this

contribution were designed using the PDSOI RF45nmSOl technology.

[ |
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20 40 60 80
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Figure 34 : Measured f,,. for various technology gate length (filled = nFET ; unfilled = pFET)
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3.2 DIRECTIONAL COUPLER CIRCUITRY

Signal separation is the critical step in measuring a portion of the incident signal as a
reference and separating the forwarded and reflected traveling waves at the device under
test's input. This function could be carried out by directional couplers, and their accuracy is
impacted by their directivity!®. Effectively, directional couplers could be implemented using
transmission line structures including waveguides, microstrips and striplines. However, these
directional couplers have limitations, including a limited frequency range and a large area
requirement to cover more than one frequency decade, even with the use of multi-section
structures [84], multilayer microstrip structures with broadside slot coupling [85] and
wideband stripline structures loaded with stubs [86]. In addition to the large area occupied,
these couplers have been designed over PCB laminates and are not always carried out over a
silicon substrate with good performance. An alternative approach is resistive bridges, namely
Wheatstone bridges [87] , which operate over a large frequency range and are less expensive

(less area consumption).

The present section provides a brief overview of the resistive coupler's functionality.
It defines the resistive directional coupler figure of merit. After that, it illustrates the link
between coupler directivity and reflection measurement accuracy. Afterwards, it depicts the
design flow of the final version of the directional coupler to meet the initial targeted
requirement of a 22 dB coupling factor and 55 dB of isolation. Moreover, the first version of
the resistive coupler has been measured and has been used to improve the final version

performance, as will be further explained in more depth in the following.

3.2.1 RESISTIVE COUPLER FUNCTION: WHEATSTONE BRIDGE APPROACH

The “Wheatstone Bridge” was first discovered in 1883 by Samuel Hunter Christie and
made famous by Charles Wheatstone in 1843. It was commonly used in a variety of
applications, including strain gauge measurement, temperature measurement, precision

measurement of small resistances, and impedance measurement [88].

As shown in Figure 35, the bridge has four resistors connected in a loop. The bridge's

main characteristic is that the voltage at the two arms of the bridge (A and B) is proportional

16 Directivity is defined as the ratio of incident signal leakage to the fully reflected signal. It refers to the coupler's ability to distinguish
between waves propagating in forward and reverse directions.
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to the arms' resistances. In the balanced condition of the bridge (R{R3 = ZpyrR,), the

potential difference between A and B points is equal to zero (V, = V3).

Zyg

Port 3
Port 1 Vp4 v

coupled

Figure 35: Basic resistive bridge structure

In balance, the measurement circuit is isolated from the source, giving the Wheatstone

bridge its directional properties. Furthermore, as shown in Figure 36 (a), the bridge can be

driven forward to couple the incident wave or backward to extract a portion of the reflected

signal waves, resulting in a bi-directional coupler when both directions are driven. This

architecture, which was previously used in [73], has two ports for the reference and reflected

signals, with the coupled port feeding the reference channel and the isolated port feeding the

reflection measurement channel. In addition, it allows a low insertion loss due to the small

resistance Rs between the input and output ports, whereas for the remaining resistor values,

these are obtained for the targeted coupling, directivity, and isolation values.

Port 3

-Fwd»
<Rev-
Port 1 Port 2
Vportt Vport2
Veoupled  Vreflected
< <
vat  owe oyt ovee

Port 4

Figure 36 : Forward and reverse directional bridge topology “Bi-directional bridge topology”

73

YAAKOUBI KHBIZA GHITA



Using the voltage divider formula at the four arms of this bridge A,B,C and D (Figure 36) and

Kirchhoff’s voltage law?!’ at port 2, five equations are expressed as follows (18):

+ + + -
Vportl - Vincident Vincident Vincident — Vincident
= +
R, Rs Zy
— - - + — -
Vportz incident _ Yincident Vincident incident
R, R, Zg
— — + —
Vportl — Vreflected __ 'reflected Vreflected ~ Vreflected (18)
R, R, Zq

+ +
Vportz - Vreflected _ Vreflected

+ pa—
Vreflected - Vreflected

R, R3 Zq
- +
Vportz - Vportl Vportz ~ Vincident VPOTtZ - Vreflected Vportz
+ =— -
Rs Ry R, Zy

Where:

o 7, refersto the coupler characteristic impedance that should be nearly 50 Q

e 74 presents the input impedance of the next building bloc.

e Resistances Ry, R;, R3, R, and R are illustrated in Figure 36.

o Voltages Vyore1, Vport2 Vreflected @aNd Vincident @re presented in Figure 36.

According to the definitions of coupling factor (C), transmission insertion loss (IL), directivity

(D), and isolation (ISO) (19). These parameters have been extracted from (18) and are

expressed according to the resistance values as follows [73]:

17 It states that in any complete loop within a circuit, the sum of all voltages across components which supply electrical energy (such as cells
or generators) must equal the sum of all voltages across the other components in the same loop.
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2acd
g+ be — c?
= 10log( 1
f - bo — 2 (bd? + a?e)

Vportl

IL (dB) = 1010g<

port2

Vportl

C (dB) =10 log( ) = 10log( (a(e —c) + d(c — b)IL))

incident be — c? (19)

ISO (dB) = 10log <M> =10 log( (d(b =) + a(c — e)IL)>

reflected be — c?
Vi .
D (dB) = 101og <M> =—C+1S0
Vreflected
Whereia=-—b=—+—+4— c=—d=—e =i+i+i,f=i+i+i+i
R2 Zd R2 R3 Zd Rl Zd R1 R4, R1 R2 Rs ZO

1

andng
5

3.2.2 COUPLER DIRECTIVITY AND REFLECTION COEFFICIENT MEASUREMENT ACCURACY

Thereafter, the parameters in (19) were processed to adjust the resistances to achieve
the targeted isolation (55 dB), adding to this an additional parameter, the directivity. To
establish the directivity value, the following discussion examines the influence of directivity

on the precision of the reflection measurement.

In [89], Antritsu links the accuracy of the reflection measurement with the directivity of
the directional coupler. As illustrated in Figure 37, the reflection signal from the DUT is
represented by E, and the unwanted directivity signal from the directional device is
represented by E;,- . Both E, and E;;,- are voltages. This illustration shows that the reflection
measurement accuracy increases as the directivity approaches the reflected signal in

amplitude (the leakage signal E ;- declines).
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Interaction between the reflected signal and the directivity leakage

signal. TN

v
- Resultant {SWR measurement)

. Reference plane

Directional Coupler
e T N ot
™,

A\ )

Measurement
Uncertainty

Directivity

Edir Er
Figure 37 : Uncertainty in reflection measurement due to directivity signal interaction [89]

Two cases set the minimum and maximum deviations: the minimum uncertainty occurs
when the voltages E, and E;;,» have the same amplitude and are in phase. The resulting
voltage vectors double and the power increases by a factor of four (P=V?/R), yielding a 6 dB
reduction in return loss measurement. On the other hand, the highest uncertainty occurs
when the signals are 180 degrees out of phase, with the same amplitude, the DUT seems to
be perfectly matched, which is not the case. Thus, the resulting vector is equal to zero voltage,

which corresponds to an infinite reflection in dB.

Figure 38 links intrinsically both the directivity and the reflection sensitivity with the
degree of uncertainty in dB. For example, when measuring devices with a return loss greater

than 20 dB, to maintain + 1 dB uncertainty, a directivity value better than 40 dB is required.

4.00
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0.8 . 100 o
0.00
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0 40 dE

Figure 38 : Return Loss Uncertainty Chart for different directivity values plotted in dB [89]
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Considering the state of the art, directivity better than 30 dB is unachievable, considering
the design restrictions over a wide bandwidth, including substrate losses, surface limitations

and parasitics [85], [90], [91] .

The initially targeted directivity is set to 33 dB (C (22 dB) - ISO (55 dB)). This value is
consistent with the study findings. Hence, the targeted minimum directivity is set to 30 dB.
However, these values could be significantly improved while calibrating the VNA system to

identify the directivity error vectors in the VNA system (as explained in 1.1.4).

3.2.3 DIRECTIONAL COUPLER DESIGN

Based on the targeted directivity, the theoretically estimated insertion losses, coupling
factor and isolation (19) are 1.5 dB, -22 dB, and -60 dB respectively. For R1, R2, R3, R4, and R5
values 0f 190 Q, 140 Q, 290 Q, 230 Q, and 8 Q, respectively. The configuration of the proposed
coupler is shown in Figure 40. The compact circuit covers an area of 9.6 um x 27.5 um, ensuring

a symmetrical layout to reduce parasitic effects.

9,6 um

27,5 um

Figure 39 : Wideband directional coupler layout

Considering, the post layout simulations, the simulated insertion losses varies from
1.7 dB to 1.8 dB at 200 MHz and 30 GHz, respectively. The input and output return losses are
better that 19 dB over the 30 GHz impedance. The mean values of coupling ratio and isolation

are 22 dB and 61 dB over the bandwidth, respectively, resulting in a directivity of 39 dB, Figure
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40. This promising directivity maintains £ 0.9 dB uncertainty while measuring a DUT return

loss greater than 20 dB (Figure 38).

-19.1493 = 60 = Insertion Losses
E 5.0 3
-19.1494 - 2007
5 -15.0E
-19.1495 - 2005 — 11T 1 | [ Ceppling-factor—
o _ 3
g 3 E 25.0
3 ® -30.0 3
§ -19.1496 - S E
g 3 £35.0 directivity
h 3 £ -40.0-
-19.1497 = £
E -45.05
3 -50.0
-19.1498 3 -55.0-
3 S11 dB20--===~ ~ 3 Isolation
E S22 dB20 80:0:3
~19.1499 = e ——————— ———————_—— — ————— 650 T
0.0 4.0 8.0 12.0 16.0 20.0 24.0 30.0 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 27.0 30.0
freq (GHz) freq (GHz)

(a) (b)

Figure 40 : (a) Input and output return losses (b) IL, C, ISO and D Vs frequency @Pin=0 dBm.

3.2.4 FIRST VERSION OF THE RESISTIVE COUPLER: MEASUREMENT RESULTS

During the thesis first year, a resistive bridge was printed in a standalone configuration
to seek the output return loss, insertion losses, and coupling factor. As shown in Figure 41, the
first printed Circuit, with the same resistance values, is one half of the full bidirectional coupler
presented earlier. The aim was to first validate the well-functioning of the resistive bridge

topology and to assess the disparities between simulations and measurement results.

Coupled port

>., RFout

RESISTIVE BRIDGE COUPLER

Figure 41 : Resistive bridge circuit architecture and micrograph of the printed circuit on standalone

configuration

Considering the measurement results, as shown in Figure 42, the insertion losses range

from 3.4 to 5.2 dB, the coupling factor is between 20 and 24 dB, the isolation varies between
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48 and 53 dB and the input and output return losses are better than 8.6 dB over the 24 GHz
bandwidth?8,

-3.4

by
o

S-Param (dB)
) A \
S

hay
@

o
N}

0.0 2.0 40 6.0 8.0 10 12 14 16 18 20 22 24
freq (GHz)

(a)

S-Param (dB)
i RN

i
0.0 2.0 40 6.0 80 10 12 14 16 18 20 22 24
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(b)

S-Param (dB)

:\I"\‘II'I‘I"\\II"'\I'I\"I\II"\
0.0 20 40 60 80 10 12 14 16 18 20 22 24
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(c)

Figure 42: Measurement results (a) Insertion losses (b) dashed line: output return loss undashed : input

return loss (c) coupling factor

Table 4 shows the measured and simulated values of the first version coupler. The
coupler core input and output matching deviated from 19 dB due to the transmission lines
(TL). Knowing that the length of these lines is ruled by the minimum distance to have between
the pads (200 um). Similarly, the insertion losses deteriorated from 1.5 dB to 5.2 dB due to TL
losses. The symmetry of the final version of the circuit was improved (Figure 40), and secondly,

dummy resistances were added to meet the precise value of the resistance Rz equal to 8 Q.

18The bandwidth was limited by the VNA used in the measurement setup.
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Simulated Measured unit Comment

In the final version,
the transmission
Insertion line (TL) insertion
1.5 5.2 dB
losses loss was minimized
by shortening the

TLs.

In the final version,
the parasitic
effects were

reduced by

Coupling
22 20-24 dB improving the

factor
layout symmetry,

which was
achieved through

careful design.

In the latest

version, the
Input / output <-10 @ 20 GHz
-19 (without TLs) dB transmission line

matching (with TLs)
(TL) impedances

were considered.

Table 4: Measured Vs simulated coupler values

Overall, the measurements of the first circuit have led to improvements in the final
circuit. The final version of the coupler post-layout simulations meets the initial specifications.

In the following section, the development of the image rejection circuitry will be undertaken.
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3.3 IMAGE REJECTION CIRCUITRY

Image rejection (IMR) circuitry is used to eliminate interference from the unwanted
image frequency that may hinder the performance of the demodulator. The effectiveness of
IMR depends mainly on a precise 90° phase shift for the LO and IF blocks. Regarding this
correlation, in [92], the impact of amplitude and phase imbalance on the image rejection ratio
has been theoretically analyzed. The total phase imbalance is calculated as the sum of the
deviation from quadrature in the LO and intermediate frequency (IF) inputs, along with the
two mixers. Similarly, the total amplitude imbalance is calculated by summing the individual
amplitude imbalances in the LO and IF blocks and the two mixers. As illustrated in Figure 43,
the study shows that if the amplitude imbalance is less than 1 dB, the image rejection ratio
can range from 9 to 50 dB, depending on the phase imbalance value. Therefore, it is crucial to
aim for the lowest possible phase quadrature error between the LO and IF building blocks,
with an amplitude imbalance less than 1 dB, to achieve optimal image rejection performance

in the demodulator.

IMR circuitry specification target

)
=2
z
O
=
o
w
=
w
& %
Lu
(U]
< \\
= 20 [ —
10 S,
40 —
_—-ﬁ-\
0
0 1 2 3 4 5 6 7 8 9 10

AMPLITUDE IMBALANCE (dB)

Figure 43 : Image rejection ratio variation with the amplitude and phase imbalance in dB and degree,

respectively

As illustrated in Figure 44, the adopted design approach involves using a Double-
Balanced Image Rejection (IMR) mixer. Accordingly, LO and IF I/Q signals are required to reject
the image frequency frr = fio — fir- For the LO quadrature generation, a wideband

polyphase filter was designed to provide differential | and Q signals. For the IF quadrature at
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455 kHz, a digital frequency divider was implemented. Finally, the "LO" and "IF" quadrature

signals are fed into the IMR double balanced up conversion mixer.

IF I/Q generation
@ 455 KHz

Power

LOlWQgeneraton | | /.~ N A"V | K e s
@[200MHz:30GHz | (/" A A A4 | NN N :

% A

fir fimage fLo  Trr

LO_Q-

Figure 44 : image rejection circuitry

As a follow-up, the present section covers the design and validation of each of these
modules, starting with the polyphase filter, through the IF quadrature generation, and lastly

the double balanced image rejection mixer.
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3.3.1 WIDEBAND POLYPHASE FILTER FOR LO QUADRATURE GENERATION

One way to use polyphase filters is to generate quadrature signals. The circuit, as

shown in Figure 45, consists of a passive RC structure contributing to one pole frequency called

the ‘notch’ where fy,5;. = ﬁ. The input feeding topologies, type | and type ll, result in two

different transfer functions (20). Accordingly, type | has a constant amplitude difference over
bandwidth with a 90° phase difference at the RC pole frequency f,., While Type Il has a
constant 90° phase difference over bandwidth and unity amplitude balance at the RC pole
frequency. The latter topology (Type Il) was likely chosen due to its 90° shift over the 30 GHz
bandwidth.

u _ WVigue _1—sRC
Pl AVpour 1+ SRC

(20)
H _ AVI,out _ 1
PP T AV ous SRC
_ fpolez _ fpole3 _ fpolen
a = = =
fpolel fpolez fpole 3
(21)
e Where nis integer referring to the number of cascaded stages.
R,C R.C
p—’\/\/\f\/ib—m V| out+ I\/\/\/\/—"—D Vi out+
[| l|
i I
VY o0 Vaoutr Vin CI\D I\/\/\/\( 0 Vo outs
I Il
Vi (@ | I
W\f\/ o Vout ’\/\/\/\, o Viout-
WV\/ o Vaout W o Vaout-
Type | Type |l

Figure 45 : One section of the PPF with two different input feeds

Type |l PPF has been chosen to provide the 90° shift over the bandwidth. The cascaded
n-PPF places the notches of the multistage PPF at an equal frequency ratio a (21). Optimizing
the amplitude balance between the quadrature signals | and Q involves finding the optimum
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pole frequency ratio to achieve the lowest amplitude imbalance. Based on the simulation
results, the optimal pole frequency ratio for the PPF is set to 1.2. Thus, assuming that f;,¢q is
set to the minimum desired frequency of 200 MHz, the maximum number of cascaded stages
should be set to four in order to achieve the lowest amplitude imbalance (]|0.15 dB|) while
having a phase imbalance of |3 degrees| over the three bandwidths, as depicted in Figure 46.

— [200 MHz - 1 GHz] [1 GHz - 7 GHz] [7 GHz - 30 GHz]

===as= Continous response over [200 MHz-30GHz]
Rt A R A W Y A

L | va——

Amplitude imbalance (mdB)

-86.7

-93.3

Phase imbalance (deg)

-100

Frequency (GHz)

Figure 46 : Amplitude imbalance and phase imbalance tolerance between the output signals in quadrature

To cover the entire 30 GHz bandwidth while adhering to the optimal alpha value of 1.2,
three four-stage polyphase filters were implemented in parallel. Each filter was used to cover
a specific frequency band: 185 MHz -1GHz, 1 GHz -7 GHz, and 7 GHz-30 GHz. This way, only
one filter was active at a given time, allowing for efficient coverage of all the required
bandwidth. Table 5 gathers the RC values for each stage. As depicted in Figure 47, the design

of a polyphase filter occupies a compact area of 200 um x 115 pum.
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115 pm

200 um
v
Figure 47 : Three 4-stage PPFs layout
Polyphase filters
Stage 1 Stage 2 Stage 3 Stage 4
RC values
PPF 1 800 Q 1.5k Q 2k Q 4k Q
0.185 -1GHz 200 fF
PPF 2 300 Q 500 Q 900 Q 1.45k Q
1-7 GHz 107 fF
PPF 3 117 Q 180 Q 300 Q 14Q
7 - 30 GHz 51fF

Table 5: PPF’s RC values

Regarding the post layout simulation, in Figure 48, the 4-stage PPF1 and PPF2 respect

the 12 dB insertion loss (3 dB per stage). However, this circuit suffers from significant IL

YAAKOUBI KHBIZA GHITA
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degradation, which reaches 22 dB losses above 20 GHz due to the circuit’s parasitic. To

alleviate this gain drop, active amplification circuitry will be used to increase the signal

strength.

0.0

-10.

(dB)

-20.

-30.

0.0

-10.

(dB)

-20.

-30.

0.0

-10.0

(dB)

-20.0

-30.0

10 30

Frequency (GHz)

Figure 48: Insertion losses of thre three 4-stage PPFs

3.3.2 FABRICATED POLYPHASE FILTER: MEASUREMENT RESULTS

The presented circuit was fabricated and measured in a standalone configuration (Figure 49),
as mentioned in the introduction of this chapter. Concerning the measurement setup, the RF
input signal is provided by a VNA ZVA24 network analyzer used as a signal source generator
up to 24 GHz. A preamplifier is used to provide the required input power and isolate the VNA
port. The quadrature phase error measurements were displayed using an oscilloscope to show
the 1Q imbalance in both time and frequency domains. In addition, a specific high impedance
probe was used to sense each output port. To adopt the same phase reference for each single
ended output, each output phase is synchronized with the source phase, saved in a dataset,
and then the probe senses the next output.
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Ill urnim u Y rsmwn i i Y

""mW || IR
)l

Stages Differential input Out (Est probe) (1+, I-, Q+,Q-)
First BW [200 MHz->1 west Probe (GSGSGSGS) (SGSGSGSGSGSGSGSGSGSGSGSG)
GHz]
Second BW [1GHz->6 west Probe (GSGSGSGS) (SGSGSGSGSGSGSGSGSGSGSGSG)
GHz]
Third BW [6 GHz->35 GHz] North probe (GSGSG) (SGSGSGSGSGSGSGSGSGSGSGSG)

Figure 49 : Polyphase filter micrograph and IN/out pads placement

Figure 50 illustrates the I/Q signals phase output over the three operation bands. After
processing’®, the phase imbalance between the differential signals | and Q is below 3 degrees
for the three bandwidths. Additionally, the insertion losses range from 12 to 30 dB. In
comparison to the post layout simulations, an extra 8 dB of insertion losses are added at 30
GHz. This is due to the long input and output transmission lines, linking the PPF core to the

pads, which are constrained by the surface of the circuit.

19 After subtracting the phase of the differential signals of both | and Q.
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Figure 50 : Measured differential 1 / Q signals Phase Vs frequency for the three PPFs up to 24 GHz

As shown in Figure 51, the maximum amplitude imbalance between | and Q signals
for PPF1, which covers the frequency bandwidth of 200 MHz to 1 GHz, is 0.4 dB, and compared

to the post-layout simulations, the measured value meets the simulation results within a
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difference of 0.05 dB (Figure 46). For PPF2, which covers the frequency bandwidth of 1 GHz
to 7 GHz, the deviation is 0.3 dB and also meets the simulation results within a difference of
0.05 dB. However, for PPF3, which covers the frequency bandwidth of 7 GHz to 24 GHz, the
deviation is about 3 dB and has an increase in amplitude imbalance of 2.75 dB compared to
the simulation results. This increase could be explained by the difference in the transmission
line length of the | and Q paths due to cell placement constraints (from the PPF core to the

EST PAD in Figure 49), which affect the losses of both paths directly.

In conclusion, the polyphase filter has validated the generation of LO quadrature with
a precision of 90°t 3°, but with an amplitude imbalance between | and Q channels ranging
from 0.5 dB to 3 dB. The deviation was higher than expected for PPF3 (+2.75 dB), which was
attributed to the difference in the transmission line length of | and Q paths, as you can see in

the PPF layout due to space constraints.

Furthermore, this measured polyphase filter remains the same as the version that will
be integrated in the complete VNA circuit, but a special effort will be made to ensure equal
transmission line lengths for | and Q signals to reduce imbalance at high frequencies. Overall,
this study has evaluated and implemented a broadband polyphase filter capable of generating
LO quadrature across a frequency range of 200 MHz to 30 GHz. As stated earlier in the
introduction of this section, the IF quadrature at 455 KHz is required to reject the image

frequency. The implementation of this block is described in the following subsection.
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Figure 51 : Amplitude imbalance measurement between I / Q signals Vs frequency for the three PPFs up to
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3.3.3 |IF QUADRATURE GENERATION

A digital quadrature generator was designed using two D flip flops to generate an IF
guadrature at 455 kHz. This standard block is not included in the design kit. Therefore, a
specific design is necessary. An architectural study was conducted prior to the design of this
digital quadrature generator. As illustrated in Figure 52, the quadrature signal generator
comprises a frequency divider fed to the rising edge of the clock. The internal circuit consists
of two D flip flops, with the output of the first flip flop being fed back to the input of the second
flip flop, and the output of the second flip flop being fed back to the input of the first flip flop.

This allows a signal with a quadrature phase shift to be produced.

On chip IF Quadrature generation
" N

| e .

Clk Clk
Ql —r > Q| a

@ Digital Domain
IF Q@ AF I/ IF_Q* JF_I”
ya

fok=2 fie \_ L Y.

N

Figure 52 : Digital IF quadrature generator circuit

The current subsection will cover the design of the D Flip Flop using a dynamic digital
approach, followed by determining the circuit specifications and finally confirming the IF

guadrature generation through post layout simulations.

3.3.3.1 D flip flop circuit design

A D flip flop (also known as a “data flip flop”) is a type of bi-stable latch that is
commonly used in digital circuits. It offers two stable states, “high” and “low”, which
correspond to the two binary digits, “1” and “0”, respectively. The flip-flop has two inputs: a
data input (D) and a clock input (CLK). As shown in Table 6, the D flip flop truth table, when
the clock input goes from low to high, the data value is transferred to the output Q. The output

of the flip flop will remain unchanged until the next rising edge of the clock signal.
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CLK D Q 0
J X Qprev Qprev
T 1 1 0
T 0 0 1

Table 6: D flip flop truth table

As illustrated in Figure 53, dynamic logic and static logic are two different approaches
to designing digital circuits, including D flip flops. Static logic uses transistors that are either

fully active or fully inactive, giving a static value to the output of the circuit.

Vad Vad
—F —F
A Y Y
—. -
Ves Ves
(a) (b)

Figure 53 : (a) Static Vs (b) Dynamic digital block

This makes static logic circuits relatively easy to implement at the expense of power
consumption. Dynamic logic, on the other hand, employs transistors that are only briefly
turned on or off. The output of the circuit is not a static value but rather a transient value that
changes over time. In the case of quadrature generation, dynamic logic is adopted to sustain

low power consumption and higher speed.

One of the dynamic strategies is clocked CMOS logic “C2CMOS”, shown in Figure 54.

It is based on master-slave C2mos latches?® linked in series and enabled using clocks with

20 The latches are designed to invert the input when the clock signal is at a high level, while the output will be in a high
impedance state when the clock signal is at a low level.
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opposite phase that are insensitive to clock overlap?l.This register operates in two phases, as

follows:

e When the clock signal (CLK) is O:
o The first driver is activated, and the master stage acts as an inverter, sampling the
inverted version of D on the internal node X.
o The master stage is in evaluation mode, while the slave section is in high-
impedance state (hold mode).
o The output Q retains its previous value stored on the output capacitor C2.
e When the clock signal (CLK) is 1:
o The master stage is in hold mode, while the second latch evaluates the value at the
node X.

o The value stored on C1 is transmitted to the output node through the slave stage,

which functions as an inverter.

C2MOS latches

g

Master stage Slave stage

— —
e |, e

. ’—|5 _a CL'K_{ %2
4' L Vss | 4{ J Vss

Vag )

(a)

21 A C2MOS register with CLK-CLK clocking is insensitive to overlap, as long as the rise and fall times of the clock edges are
sufficiently small.[93]
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(b)

Figure 54 : D flip Flop based on dynamic C2MOS master-slave registe (a) circuit and (b) its layout

The design of the D flip flop included the circuit in Figure 54 and the integration of two
inverters. The first to invert the internal clock signal and the second to invert Q output to its
complement Q. This allowed the circuit to have one external pad that provides a square clock

at the double of the IF frequency (foix = 2fir)-

The circuit utilized PMOS transistors with a 10 um width and 40 nm length, as well as
NMOS transistors with a 5 um width and 40 nm length, along with C; and C, capacitors of 2
pF each. The values of the capacitors were chosen carefully to optimize the performance of
the D flip flop, balancing the impact on the rising and falling times of the output signal with
the area used in the circuit. As a result, a rise time of 2.5 ns and a fall time of 1.75 ns were

achieved, and the truth table of the D flip flop was also validated, as illustrated in Figure 55.
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Figure 55 : D flip flop (a) rising and falling time(b) input and outputs responses
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3.3.3.2 Frequency divider implementation

The D flip flop circuit shown in Figure 44 has been validated through transient post layout
simulation. It is used to implement the circuit in Figure 52. With the post layout extraction, a
test bench has proven the good functioning of the frequency divider. Hence, from an external
clock with a frequency equal to 2 f;r, two differential signals in quadrature are generated, as
depicted in Figure 56. It generated four square signals Q*, Q~, ITand I~, where the output
frequency of the four signals was reduced to half the input clock frequency. Indeed, it takes
two complete clock cycles to make the output change through one cycle (OFF to ON to OFF

again).

K
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-
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Figure 56 : Differential quadrature generation post layout transient simulation results ( fcix = 2 fr)

Furthermore, The IF quadrature generation does not provide the 455 KHz frequency only, the
circuit provides a wide IF quadrature frequency ranging from in [300 KHz: 600 MHz]. Hence, the if

bandwidth could be selected higher than 455 KHz to minimize the IF phase noise contribution [94].

The design and validation of the IF and LO quadrature generators have been completed
successfully in the previous two subsections. The next step is to design the double balanced
image rejection mixer, which helps reduce aliasing at the input of the demodulator. This is

achieved by suppressing the image frequency, as previously explained in 2.2.
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3.3.1 DOUBLE BALANCED IMAGE REJECTION UP MIXER

As illustrated in Figure 57, the adopted image rejection architecture consists of two
double balanced mixers where, in the first mixer, the |_LO differential signal and the Q_IF
signal are mixed. And the second mixer mixes the Q_LO signal and the |_IF signal. Then, both
differential outputs are cross connected to eliminate the image frequency fiy = fio — fir-
Then, a conversion from differential to single ended output was needed to meet the next block
“Variable Gain Amplifier (VGA)” requirement. Finally, the output was buffered to match the
VGA input impedance and to peak the gain due to the 8 dB extra losses of the polyphase filter
at 30 GHz (3.3.2).

Lo+ RF Single sided Up conversion
% Power

LO |- Buffer
A

IFQ™ IFQ

LO O+

oo /\
Frequency

(a) (b)

Figure 57 : (a) Image rejection arcitecture (b) Image rejection up conversion output spectrum

representation

Considering the conventional up conversion Gilbert cell mixer’s architecture, as
depicted in Figure 58 (a), the double balanced mixer consists of three stages. First, a
differential transconductance stage amplifies the IF signal and converts the IF voltage at the
input ports into current signals for the LO switching stage. Finally, a current to voltage

conversion stage is added to convert current to voltage output at RF frequency.
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Figure 58 : (a) Gilbert cell up conversion mixer architecture (GmSw), (b) Proposed up conversion mixer

architecture (SwGm)

This architecture presents a major challenge in terms of optimizing conversion gain
while maintaining a wide bandwidth and controlling linearity and noise independently.
Furthermore, its low voltage performance presents major obstacles to achieving high RF
frequency operation. To highlight this challenge, the conversion gain of an up conversion
mixer (CG) is expressed in (22). According to this expression, to improve the conversion gain,
the bias current must increase. However, by increasing the bias current, the voltage drop

across the load resistor R; increases, which in turn reduces the voltage headroom at the

output.
v 2
CGemsw = ﬁ ;ngL 2
w =>Clgmsw = = .un ox ( — V)R,
Im = :unCoxI (Vgsl — Vin1) (22)

- Where R; is the load resistor, g,, is the transconductance of the Gm stage, C,, the

oxide capacitance of the transistor, u, the electron mobility.

On the other hand, the bias condition of the switching stage will change, thus
deteriorating the switching action. Moreover, the supply voltage is limited to 1 V; as a
consequence, increasing the bias current calls for decreasing R; value to preserve the biasing

on the switching stage, which leads to a lower conversion gain over the 30 GHz bandwidth.
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Overall, the conventional Gilbert cell mixer cannot operate in the saturated region because it
is difficult to obtain bias conditions and a sufficient level of voltage swing under this restricted
supply voltage. Therefore, in order to improve the gain over the LO bandwidth, the
transconductance and switching stage (SwGm) has been swept, as depicted in Figure 58 (b),

and the conventional differential pair stage has been replaced with an inverter-based Gm

stage.

In [95], both switching stages are compared, including the inverter based and common
source switching stages. This study states that the current I}, of the inverter based stage is
two times higher than that of the single switched stage. As reported in Figure 59, with the
additional transistors M5;-M,, the circuit discharges a negative current during the negative half
cycle of the input voltage. It provides an LO current of 2.5 mA compared to 1.25 mA for the
conventional one. Indeed, when compared to a simple common source stage, the inverter

based topology boosts the conversion gain.
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Figure 59 : Simulated switching waveforms current 1, ,, (a) inverter based switching stage, (b)

conventional switching stage
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The second point is how to bias the inverter amplifier. A self-bias is generated by the
feedback resistance Ry. This value was carefully chosen to set the operating point around the

common-mode voltage, V- which is equal to the supply voltage,Vpp divided by 2.

Afterwards, in Figure 60, the architecture of the designed image rejection up
conversion mixer is shown. For this circuit, the length of the inverters and PMOS loads is 40
nm, while the length of the IF stage is 56 nm. The widths are set as follows: the switching
stages PMOS and NMOS are 10 pm, the IF stage is 15 um and PMOS loads are 5 um, with a

resistive feedback resistance of 600 Q and load resistance of 900 Q to set the common mode
voltage at %. The LO stage is self-biased at 534.5 mV, and the balun output is at 467.8 mV.

The overall circuit has a total consumption of 9.38 mA (including the active balun and output
buffer) for a 1 V supply voltage. The circuit is designed with 45 RFSOI technology from Global

Foundries. It has an active area of 60 x 35 um? including the active balun and output buffer.

C | )
Fi'g_| ’n — L n H | oFa
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J
Ry |
{W g o gw
|
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"]

Vss Vss Ves Vs

60 um

35 um

Figure 60 : image rejection up conversion mixer architecture and its layout including balun (single ended

output) and output buffer
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From post layout simulations, the designed up-converter mixer provides a maximum
gain, including the active balun G4, of 18 dBand Gin@s06uz ©f 2.5 dB, with 3dB
bandwidth BW_3,;5 = 10 GHz as shown in Figure 61 . This gain is provided by the mixer core,
which has a gain of 12 dB, and the output buffer, which has a gain of 8 dB. On the other hand,
Figure 62 displays the image rejection ratio, which ranges from 45 to 75 dB across three

bandwidths [200 MHz-1 GHz], [1 GHz-7 GHz], and [7 GHz-30 GHz].

I Upper Sideband M Lower sideband Suitched to BI1=[200MHz-1GHz]

M8: 530.1988M 18.67692dB E
. i e — —---._‘
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24.0 3 —uu__

-2.0 i ﬁhhhﬁ:::::

38' 0 Switched to BW3=[7 GHz-30GHz]
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r
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Figure 61 : Up conversion mixer conversion gain®? from the three controlled bandwidths, | path (dashed

red line), Q path (green line) )

The overall specifications of the image rejection up-conversion mixer are presented in
Table 7, which outlines the mixer's performance characteristics such as its image rejection level,

frequency range, input and output impedance, and other relevant parameters.

22 including active balun
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Figure 62 : Image rejection through the three bandwidths [200 MHz-1GHz] [1GHz-7GHz] and [7GHz-

(dB)

30GHz]

As previously noted, the implementation of the LO 1/Q signal generation was carried
out utilizing three stages of polyphase filters, spanning across bandwidths from 200 MHz to
30 GHz. In order to control the signals’ path, the design of RF switches is deemed necessary.
The design of these switches will be examined in the following. Afterwards, a test bench will
be presented, on which the functionality of the entire image rejection circuitry will be

assessed.
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Parameter

Type Units Conditions/comments

Analog supply 1 Vv
Power consumption 9.38 mwW Balun and buffer included
Input LO bandwidth [0.2-30] GHz
Input IF bandwidth 455 KHz
Minimum output 0.2+455e-6 GHz Signal min frequency
frequency
Maximum output 30+455e-6 GHz Signal max frequency
frequency
Input impedance Z1 This mixer input impedance is
low (S11=-5 dB) (depends on the
resistive feedback).
Output impedance High
Voltage gain G4« 18 dB Active balun included
Noise figure NF,;,, 10 dB Balun included
Amplitude imbalance 50e-3 for BW,, dB Including the polyphase filter,
at the mixer output 0.55 for BW,, 1 for switches and IMR mixer in the
between | & Q BW;, test bench

YAAKOUBI KHBIZA GHITA

Table 7: IMR up conversion mixer specifications
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3.3.2 SWITCHES DESIGN

As shown in Figure 63 (a), a switch is a two-state device that allows either the

transmission in its ON state or blockage in its OFF state of an electrical signal.

One of the major drawbacks of this circuit, which only employs series transistors, is its
relatively low level of isolation. This can be attributed to the C, ¢ capacitance and to reduce
it, more stacked transistors or smaller-size transistors can be used. Either solution increases
isolation but introduces higher insertion losses. Thus, there is a conventional trade-off
between the insertion loss and the isolation in a series-only configuration. To overcome this
trade-off, the shunt circuit can be introduced to resolve this trade-off by grounding the RF
signal, as depicted in Figure 63 (b). Indeed, in the off state, M1 is turned off and M2 is turned
on, so that the switch blocks the input signal from the output node. On the other hand, in the
on state, M1 is turned on and M2 is turned off, thus allowing the input signal to be delivered

to the output node.

E ]'—’\l;\.’\,*\.—ﬂ H
::j-;i

/ Ohstate 7 O stete” |
On state / 5 A
=
R G n =
A E
oA ———u e R
Port 1 AL Fot2 Part 1 o iy AAAD
Sall < N ..r\/\, |_4{
1

Sont ' Fotz Podd oy Part

(a) (b)

Figure 63 : switch states RC model : “ ON” and “OFF” (a) series circuit (b) series-shunt circuit

An SP3TZ%switch is required in order to selectively route the LO signal to one of the
three polyphase filter stages. Hence, Figure 64 displays the schematic diagram of the designed
SP3T switching network. The series shunt configuration has been chosen for this design, as
each of the three paths for the switch has a series NMOS transistors paired with two stacked

shunt resistors to ground, respectively.

The DC control voltages for each series transistor are labeled as V11, Vetriz and Vegps.

When a given path is inactive, these voltages are raised to V;,4. Conversely, the shunt paths

23 SP3T: Single Pole Three Throw (switch)
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are regulated by the complements of each of the DC series voltages, these are labeled

as Vctrllr Vctrlz and Vctrl3-

As shown in Figure 64, the switch network was designed with an emphasis on layout

symmetry. It occupies an area of 10 x 14 pm?2.

O Port 2
Va +
L o Port3
Va *
|
<3y v
R | ’4"‘..1". 0 V| ctrl
[— J o Port4
0 B
(a) (b)

Figure 64 :SP3T switch (a) architecture and (b) layout covering an area of 10 um x 14 um

The simulation results of the post layout showed (see Figure 65) that the insertion loss
was relatively flat throughout the bandwidth, with an average value of 1.3 dB. Additionally,
the isolation was higher than 34 dB across the bandwidth, due to the introduction of a shunt

branch and improvements in layout symmetry.
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Figure 65 : Post layout simulated insertion loss and isolation of the designed SP3T

The performances are exhibited in Table 8. Now, considering all the paths starting from
the LO input to the down mixer output, a test bench has been simulated after layout parasitics
extraction to seek first the impact of switch isolation and the LO quadrature generator phase

error and amplitude imbalance on the image rejection ratio.

Parameter Post layout Units Conditions/comments
Bandwidth DC-30 GHz
Insertion Loss 1.3 dB Mean value
Isolation [-86 : -34] dB

Table 8: SP3T switch performance
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3.3.2.1 Image rejection circuitry test bench

This part aims to evaluate the performance of the image rejection circuitry. As depicted
in Figure 66, the circuitry test bench includes IF quadrature generation, LO quadrature

generation, and an image rejection double balanced up conversion mixer.
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Figure 66: Image rejection Cirucitry test bench

The switches in the harmonic balance (HB) simulation test bench are controlled by an
eight bit register?* <ctrl_switch 0:8> to steer the signal to each of the three polyphase filters.
The test bench includes an external clock at twice the IF frequency, along with an external LO
with a power of -4 dBm, spanning frequencies from 200 MHz to 30 GHz. Eight switches
monitor the three bandwidths and link the differential LO signal to the appropriate polyphase
filter. They also connect the I/Q LO differential signals to the double-balanced image rejection
mixer. The simulations were performed for three different bandwidths controlled by the

switches, while keeping all other system parameters constant, as summarized in Table 9.

24 it will be monitored by the SPI in the complete VNA circuit.
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Parameter Type Conditions/comments

Zin 100 Q Pseudo differential input
Pin -4 dBm
@15 GHZ for BW3 BW1=[200MHz-1 GHz]
@5 GHz for BW2 BW2=[1 GHz-7 GHz]
fro
@500 MHz for BW1 BW3=[7 GHz-30 GHz]
feix 2 fir
26 for BW3 Decimal to binary conversion block.
dec_switch It provides ctrl_switch <0:8>. In the
38 for BW2
<0:8> printed system, this register is
41 for BW1 provided by a SPI.

Table 9: HB simulations configuration for the image rejection circuitry @500 MHz, @5GHz and @15 GHz

The following paragraphs provide an overview of the post layout simulations:

For f1o within the bandwidth of 200 MHz to 1 GHz, Figure 67 shows the conversion
gain of each block, including the insertion loss (IL) of polyphase input switches, the polyphase
conversion gain for 1/Q signals, the insertion loss of polyphase output switches, and finally the
mixer conversion gain (CG) for both | and Q signals, which in the worst case has 1 dB IL, 32 IL,
1.1 IL, and 18 dB conversion gain, respectively. The high insertion loss is due to the 10 pF AC
coupling capacitor, which couldn't be increased due to surface area constraints and DRC
density issues. All other blocks have similar performance when tested individually. The chain

provides a mean image rejection of 70 dB over BW1, Figure 70.

Similarly, for the f;, frequency range of 1-7 GHz (BW2), Figure 68 illustrates the
conversion gain of each component in the signal chain, including the polyphase input switches,
polyphase conversion gain for In-phase and quadrature signals, polyphase output switch
insertion loss, and mixer conversion gain for both | and Q signals. The worst case insertion loss

(passive elements) and gain (active elements) values for each component are 1 dB IL, 25.5 dB

108

YAAKOUBI KHBIZA GHITA



IL, 1.1 dB IL, and 18 dB conversion gain, respectively. The mean image rejection of the signal

chain is 65 dB for BW2, as depicted in Figure 70.

Finally, for the third LO frequency bandwidth, ranging from 7 GHz to 30 GHz, Figure 68
illustrates the conversion gain of each component in the signal chain. The worst case insertion
loss / gain values for each component are 1.2 dB IL, -23 dB IL, 1.15 dB IL, and 2 dB conversion
gain for the polyphase input switches, polyphase conversion gain for In-phase and quadrature
signals, polyphase output switch insertion loss, and mixer conversion gain for both | and Q
signals, respectively. The mean image rejection of the signal chain is 44 dB for BW3, as

depicted in Figure 70.

A comparison was conducted between the results obtained from the simulations of
the image circuit and simulations run on a stand-alone basis. The results of this comparison
are presented in Table 10 and are intended to ensure that the simulations accurately reflect
the system's behavior and to identify any discrepancies that need to be addressed. Thereby

helping to pinpoint potential areas for improvement.

Indeed, the table shows insertion losses of 32 dB at 200 MH compared toa 12 dB IL in
a standalone configuration. As stated previously, this is due to the AC coupling capacitor of 10
pF (due to the restricted circuit surface) between PPF output switches and the IMR up
conversion mixer. To minimize losses associated with AC coupling at 200 MHz, adding a
parallel capacitance equal in value to the existing capacitor (10 pF) could be done in the future.
At the upper frequency, to counter the insertion losses at 30 GHz, active peaking was added
to the mixer output after the balun, which results in a 2 dB total voltage conversion gain at 30

GHz.
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Parameter In the IMR circuitry Standalone Conditions/comments
. configuration
(in dB)
BW1 BW2 BW3 BW1 BW2 BW3 BW1 BW2 BW3
Input switch IL 0.1 0.5 1.2 1.2 1.27 1.34 @1GHz @7GHz @30GHz
PPF IL 32 25.25 23 12 16 22 @200MHz @1GHz @30GHz
4
=
Output switch S 1.9 1.95 1.96 1.7 2 2.3 @1 GHz @7GHz @30GHz
IL 3
5
mixer+ = 185 18 2 18.7 18 2.5 @1GHz @7GHz @30GHz
balun CG
o 55 46.5 40 60 58 46 The image rejection decreases due
Image 3
N\ to PPF phase error between | and
rejection <
o Q outputs
g p
Table 10: Comparison between each block worst case IL/ CG in the IMR chain Vs standalone
configuration post layout simulations
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Figure 67 : Image rejection circuitry conversion gain Flo € BW1.
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Figure 70 : Global Image rejection circuitry conversion gain and image rejection, Flo € BW1=[200 MHz,1
GHz], Flo € BW2=[1 GHz,7 GHz], Flo € BW3=[7 GHz ,30 GHz]

Up to this point, the image rejection circuitry has been designed and simulated using
post layout extractions. The next section tackles another key element in the transmitter and
receiver parts. It includes the variable gain amplifier that tunes the port 1 output power to
deliver between -10 dBm and 0 dBm and the low noise amplifier situated at the second port

receiver to amplify the attenuated signal passing through the device under test.
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3.4 GAIN CONTROL CIRCUITRY

This section presents, in the first part, the wideband inductorless low-noise amplifier,
which is located at the input of the transmission path receiver. As explained in the system
budget study (2.2), this cell boosts the signal weakened by the DUT insertion losses up to 70
dB, so it can be detected at the demodulator input. This circuit has been validated by

measurements made in a standalone configuration.

In the second part, the variable gain amplifier is presented. This circuit used, within its
gain stage, the same architecture as the inductorless amplifier, adding input and output
buffers, tuning the transistor dimensions and feedback resistance values to reach the
expected gain of 23 dB. This gain enables the emission of a maximum power of 0 dBm at port

1 (Figure 31).

3.4.1 WIDEBAND INDUCTORLESS LOW NOISE AMPLIFIER

As presented in Figure 71, the main blocks of the proposed circuit are the inverter
based and cherry Hooper amplifiers in an interleaving feedback topology. Considering the
“Cherry Hooper amplifier”, it consists of a two stage circuit including a transconductance stage
followed by a transimpedance stage. The second stage local feedback, through the feedback
resistance R, raises the output pole frequencies by decreasing the output impedance of the
second stage compared to a common source amplifier, as demonstrated in [96]. In addition,
the feedback inverter acts as an active peaking device allowing for a higher frequency
bandwidth response. Followed by two self-biased inverters, the first to improve gain and the

second to drive a 50 Q load.
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Cherry Hooper amplifier
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Figure 71 : Proposed low noise inductorless amplifier

Im \ersus

This circuit transistor’s sizing is based on (gi—m) principle?®> [97]. Where, the i
d d

the normalized drain current (I—Vf,’) was simulated for NMOS transistor of the adopted 45RFSOI
L

technology. A ‘i—m = 7 was the tradeoff value for the targeted gain and power consumption.
d

It implies a gm value of 16 mS and a drain current of 2.3 mA. The transistor’s width is equal to
20 um and its length is 40 nm. Except for the feedback inverter, where the width was chosen

to be small enough to extend the bandwidth while maintaining the circuit stability. The

e L w3 . .
feedback transistor’s dimension is equal to 7= 40’:;. The feedback resistor R; is equal to

400 Q, it controls the circuit gain as well as the input biasing value at 500 mV and the input
return loss. R, is optimized to boost gain (1 kQ) and R; to get the minimum output return loss

(400Q).

25 gm: transistor transconductance, i;drain current, W: transistor’s width, L: transistor’s length
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Figure 72 : (a) Llow noise inductorless micropgraph and (b) measurement setup

The die micrograph of the amplifier with probes is shown in Figure 72 (a). As
highlighted in the photograph, since no inductive components are introduced, chip area is
greatly saved and integration is improved. The total area is only 13.9 um x 10.7 um. The
proposed amplifier draws 7.9 mA from a 1 V supply, consuming a total power of only 7.9 mW.
As illustrated in Figure 72 (b), the test setup uses a Rohde & Schwarz VNA ZV167 to measure
scattering parameters and noise figure, with two DC blocks at the input and output of the
circuit to block the DC common voltages. The following paragraphs elaborate on the

measurement and simulation results in a typical configuration at 25°C.
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Figure 73 : Measured (blue dotted line) and simulated gain (red dashed line) and zoom on DC to 3 GHz

frequency bandwidth

Regarding the measurement results, the amplifier achieves a flat gain of 19 dB within
a -3 dB bandwidth of 32 GHz, Figure 73 (a). The measurement frequency started at 300 MHz
due to the input DC blocking capacitance frequency limitation. However, since the
measurements agree by + 0.5 dB with the post layout simulations, we assume that the

measurements can be extrapolated for frequencies below 300 MHz, Figure 73 (b).

Frequency (GHz)

(a)
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Figure 74 : Input and output impedance measurement (dotted blue) vs post layout simulation (red line)

In the Figure 74, the current reuse stage, in charge of input matching, achieves a good
input return loss of less than 8 dB from DC to 18 GHz. In addition, output matching is also

ensured by a low S22 less than 12 dB from DC to 30 GHz.

The simulated noise figure is around 5 dB over the 24 GHz bandwidth. However, as
illustrated in Figure 75, there is a mean value of 1 dB increase in the actual NF measurement
compared to the post-layout simulation test bench results, which include the pads,
transmission lines, and core circuits. The difference may be attributed to the use of
transmission lines at the input and output of the circuits during probe placement, which are
not accounted for in the first-order model used in post-layout simulations and may be affected
by the metal conductivity skin effect. Another possible explanation is the added noise from

the preamplifier used in the setup.

--Simulation -=Measurement

)

1
g
d
4
",
Y

NOISE FIGURE (DB)
w. B

1

O
1,00E+D9 6,00E+09 1,10E+10 1,60E+10

FREQUENCY(HZ)

Figure 75 : Noise Figure comparison between simulation and measurement versus frequency
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The noise figure is relatively low considering the frequency bandwidth, and both noise and
gain remain constant across the entire bandwidth, resulting in a constant signal to noise ratio.
Otherwise, the other measured parameters are consistent with the post layout simulations.
The -3dB bandwidth is widely covered as well as the input matching that meets -10 dB of
return loss up to 24 GHz. Compared to the state of the art (Table 11), this circuit provides a

promising figure of merits taking into consideration the very compact core area FoM2(%%) and

mm?

low noise consumption FomM1(2) (23).

The next circuit, “Variable Gain amplifier” uses this circuit core architecture, since the
results of the measurements were consistent with the simulations. However, to meet the
specifications for the variable gain amplifier, extra stages will be added to the existing core

circuit. In the following section, this process will be explored in more detail.

Gain(lin) * BW(GHz)
g (NFmin(lin) — 1) * Pdc(mW)

FoM1Cy 01
(mW) = 20lo

(23)
GHz 201 Gain(lin) * BW(GHz) * [IP3(mW)
) = 20log (NFmin(lin) — 1) * Pdc(mW) * area(mm?)

FOM?2(

mm?
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Inductorless Architectures

Wideband amplifier with inductances
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Wideband low noise amplifier FOM comparison for the state of the art references

Table 11
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3.4.2 VARIABLE GAIN AMPLIFIER DESIGN

In the design of the VGA circuit, two key stages were considered: the attenuation stage
and the amplification stage. Starting with the attenuation stage, it was determined that a 5-

bit digital variable gain attenuator with a 15 dB dynamic range was necessary in order to

achieve the specified output power range [-10: 0] dBm.

Parameter Type Conditions/comments
Zin high mixer output buffer output impedance
Z ot 50Q To meet the coupler characteristic impedance
BW _34p [200MHz+FIF: 30 GHz+ FIF]  With F,z=455 KHz
Gaing,iy max [8:23] dB As set in the last chapter from the budget study to
provide a power [-10 dBm: 0 dBm] at the first port
Table 12: VGA specifications
DT g v
Amplification core |
VSS
Port 1 o o Port 2 Ve,
e C ity
Digitally controlled [ ; ]\,. T(__' | : | :
attenuator | [ [ [ [

Figure 76 : Variable gain amplifier including amplification core and input attenuator
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To accomplish this, NMOS transistors were used as shunt devices and the attenuation gains
were analyzed utilizing different transistor ratios (W/L). As a result of this analysis, a specific
drain to source resistance R;(on) was chosen for each stage transistor ratio in order to
achieve the targeted attenuation steps. The dimensioning of the attenuator was conducted
taking into consideration both the previous bloc (output mixer amplifier) and the amplification
bloc. The second block is the amplification stage. It was designed using the previously designed
Cherry Hooper bloc in conjunction with inverter feedback, based on good matching between
measurement and simulation results from the fabricated low noise amplifier, as presented in

Figure 76.

The addition of an input buffer is necessary to ensure that the VGA specifications
(Table 12) in terms of input impedance match the impedance of the output mixer amplifier.
The input buffer consists of an NMOS PMOS push-pull configuration and is biased by the
common voltage of the output mixer amplifier. This VGA output buffer was designed to reduce
the output return loss, allowing for a more stable operation. The common voltage of the
output mixer amplifier was around 450 mV, providing an adequate level of biasing for the

buffer.

Figure 77 : Top: amplification bloc, bottom: attenuation bloc

The inductorless VGA was fabricated using 45 RFSOI technology with a single supply of

1V. The layout of the proposed VGA circuit is illustrated in Figure 77, which has a total area of
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45 pm x 10 pm. The maximum power consumption of the variable gain amplifier, when
operated at a 1 V supply voltage, is 26 mA. Simulating the post layout, the voltage gain was
achieved at its highest of 23 dB, with an adjustable range of 8 dB. This range provided a wide
-3 dB bandwidth of 28 GHz, as shown in Figure 78.

G max =23 dB |

oIILICILTETET CIETETET SYPIeY My iy

o
<
< :
6 SE N |
s e e e

Figure 78 : VGA digitally controlled gain simulation results

Considering the VGA power specification, as mentioned earlier, the 23 dB gain is the targeted
maximum gain to provide 0 dBm at port | output at 30 GHz. Since the attenuator was designed to meet
the mixer buffer output impedance, the VGA will not be characterized in terms of power gain in a
standalone configuration. Rather, it will be simulated with the complete IMR and directional circuitry,

as detailed in the next section.
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3.4.3 GAIN CIRCUITRY TEST BENCH

y H;
B

Figure 79 : gain circuitry test bench

The harmonic balance and S parameters simulation test bench includes an IF frequency
generator at 500 kHz instead of 455 kHz. This deviation does not impact the circuits’
performance?® and it facilitates the convergence of harmonic balance simulation; the IF
frequency must divide the LO frequency. An external LO with -4 dBm power sweeping the
frequency over 200 MHz to 30 GHz is used. The switches control the three bandwidths to
provide an LO quadrature signal to the double-balanced image rejection mixer. The mixer
output buffer is then connected to the variable gain amplifier that drives the directional
coupler, terminated on a 50 Q port (port 1). All the blocks used are simulated with their Calibre

extracted layout parasitics (C+CC) and the output is loaded with a 50 Q load.

26 This was checked for each block through HB and transient simulation based on Calibre extraction.
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Parameter Type Conditions/comments

Zin 100 Q Pseudo differential

Zout 50Q Single ended

Vin 200 mVv -10 dBm input power referring to Zin

fLo [200 MHz - 30 GHz]

fir 500 KHz Instead of 455 KHz for HB simulation
convergence

Table 13: HB and S parameters simulations configuration for the image rejection circuitry @500 MHz, @5GHz
and @15 GHz
In order to verify the output power specification, simulations of the transmitter path were
performed, yielding an output power of 0 dBm up to 28 GHz with effective rejection of the
image frequency (BW3 in the provided simulation), as depicted in Figure 80. It should be noted
that the mixer output buffer was modified introducing some peaking the bandwidth to extend
the bandwidth at high frequencies (25 GHz) to compensate the image rejection circuitry
insertion losses at 30 GHz (inverter based peaking), as shown in the S21 scattering parameter
results (Figure 81). The transmitter input referred third order intercept point IP3 is equal to

13.08 dBm, and the 1 dB compression point (P1dB) is equal to 2.73 dBm.

Upper sideband

)

. @28GHz, P out= 0 dBm
-20.0 -

E 7 Lower sideband
E N
T -40.0
-60.0
-80.0 -

| [ IIIHII| [ \IIIII\\ [ II\I|H|
10° 10° 10t° 10t

fRF

Figure 80 : Port 1 output power and image rejection (harmonic balance simulation)
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Finally, the impedance matching of the transmitter circuitry was also evaluated. The
transmission chain was found to have a 50 Q match for the pseudo-differential input and
single-ended output, Figure 81 . It shows a good input output return loss less than 10 dB over
the 30GHz bandwidth. Impedance matching helps to minimize reflections and maximizes the

coupler directivity.

24 . S21dB20
Q
3
S
|
§ 100
0]
6.0 ms11 dB20 1 S22 dB20
0.0
)
3
S
|
§ -21.0
V)]
-35.0

10 10

fRF (Hz)

Figure 81 : Scattering parameters simulation results including transmitter gain chain, input and output

return loss in dB

Overall, the gain circuitry has been validated to meet the established primary
parameters, providing a minimum gain of 23 dB, a maximum input power of 0 dBm, and a 50
Q match for the pseudo-differential input and single-ended output. These results demonstrate

that the VGA is suitable for use in this VNA circuit and can provide high-quality amplification.

The next section presents the passive mixer first receivers that treat the three signals:
the incident, reflected and transmitted signals, before feeding the magnitude and phase

demodulator.
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3.5 RECEIVER’S CIRCUITRY

As described in the second chapter (2.2.1), the frr = fiLo + fiF signal is generated by
the image rejection up conversion mixer in the transmit path. In the receivers path, this signal
is down converted with the LO frequency f;, via a passive mixer to guarantee high sensitivity
regarding the measurement signals. The passive mixer is followed by an IF amplifier to
compensate the losses incurred by the passive mixer and match the impedances at the

demodulator input, Figure 82.

Input Buffer

directional coupler PORT 1
f s+ IMR and Gain Gircuitry -+~ ®
LO > <
—1
LO driver
Ref
Buffer Down mixer DUT
LO driver
— Buffer ~ Down mixer
R/T - LO driver
| PORT 2
| o
Buffer Down mixer

LNA

Figure 82 : Receivers Circuitry in the proposed compact vector network analyzer

As illustrated in Figure 82, the LO injected in the circuit splits to feed the
transmitter path and the receivers. The receiver’s path has 3.2 dB insertion losses at 30
GHz. To alleviate this gain drop, an LO driver is designed mainly to adapt the input LO
impedance, since the mixer input impedance desadapts the input impedance of the IMR
and gain circuitry. And also to provide an additional gain to compensate for the
transmission line insertion losses. This driver consists of two cascaded inverter based
amplifiers. From the external LO input and mixer output, including the transmission line
electromagnetic extraction, the total gain varies between 4 and -7 dB from 200 MHz to

30 GHz, and the LO driver has a reverse isolation of 32 dB.

Following that, the passive mixer architecture is chosen, where low noise and high

linearity are critical in this circuitry. As depicted in Figure 83, a differential double
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balanced topology is chosen to attenuate the LO-IF and RF-LO feedthroughs with a
compact, symmetrical layout that minimizes imbalances and common-mode leakage. It
consists of four transistors, each of which operates as a switch. The high-swing LO signal
drives the gate of transistors on and off, converting the RF signal to an IF signal. In
consideration of the conversion loss and the linearity of the mixer, the width is
determined. In the adopted mixer, the unit finger width of each transistor is 2 um, and
the total width is 20 um. This mixer is followed by an output buffer. The simulated mixer
voltage conversion gains at 200 MHz and 30 GHz are -1 dB and -6.7 dB, respectively. The
passive mixer is followed by an output IF TIA?” with a 10 dB gain over the 30 GHz
bandwidth.

I:Rf+
D_
F
If i FIO'
Far

Fio [200 MHz-30 GHZ]
Fre =Fio * Fis

Figure 83 : down mixer architecture and micrograph (8 x 8 um)

As represented in Figure 84, to verify only the receiver’s performance, the image
rejection (up conversion mixer, PPF and IF quadrature generator) and gain circuitry (VGA)
were not included. The receiver’s test bench includes the external LO signal, which
provides a voltage of 200 mV from 200 MHz to 30 GHz frequency band (-4 dBm referred
to 50 Q load). This signal goes through the transmission lines, and the LO driver to reach
the LO mixer inputs. The directional coupler, on the other hand, is excited by a sinusoidal
signal at the frequency of frr=fLo + f1r, that in the complete circuit (Figure 31) results
from the up conversion using the IMR mixer (where the image frequency is rejected
fim=f1ro — f1r), with a power of 0 dBm, and loaded with a 50 Q charge. The coupled and

isolated ports feed the two passive mixers, for the reflection mode, followed by the mixer

27 TIA : transimpedance amplifier (curent to voltage converter).
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IF buffer. For the transmission mode, the fzr source is placed at the input of the second

port to characterize the receiver.

Input Buffer of the IMR chain

_| \* Bi-directional coupler PORT 1
flo — Y= = ©
—

LO driver

Ref
Buffer Down mixer
LO driver
— Buffer ~Down mixer
R/T - LO driver
‘ PORT 2
Buffer Down mixer

LNA

Figure 84 : Receiver’s test bench

Figure 85 shows the receiver’s specifications in terms of gain, linearity and noise
figure. The total receiver’s voltage gain ranges from 9 to 3.5 dB and the LO_IF and LO_RF
isolation varies between [-66.8, -64.6] dB and [-63.8, -60.4] dB, respectively for an f;, €
[200 MHz — 30 GHz]. The receiver input compression point varies between -9 and -11
dBm over the 0.2-30 GHz bandwidth. The simulated SSB (single side band) noise figure is 21—
25 dB at 0.2—-30 GHz, resulting in a receiver dynamic range of 82 + 2 dB in a 455 KHz resolution
bandwidth (RBW), which is defined as the difference between the 1-dB compression points of
the receiver’s channels’ and the noise floor. Otherwise, by using the external selective ceramic
filter at 455 KHz, with its bandwidth of 12 KHz (Figure 25), the DR is increased by a factor of
15 dB (the conventional RBW of commercial VNA's is set to 10 Hz). Finally, considering the

power cost, each receiver has a current consumption of 529 pA under a voltage supply of

1v.
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Figure 85 : (a) The receiver’s voltage conversion gain Vs LO frequency (b) Voltage Conversion Gain versus

the LO Signal Power (c) 1dB compression point @flo10GHz (d) Double sideband noise figure Vs the LO

power

In the state of the art (1.2), it was observed that the processing of the output signals of three

receivers is done by an external ADC for each IF output. Thus, the maximum achievable dynamic range

of the VNAs in the literature is determined by the dynamics of these receivers. In our case, the VNA DR

is related to both receivers and the demodulator’s dynamic range. To achieve the targeted dynamic of

80 dB, we have considered two different dynamics with different design constraints. In this section, an

achievable DR of 82 dB at the receiver's output was discussed. The second dynamic range is the

demodulator DR, which defines the achievable dynamic range of the proposed VNA and will be dealt

with in the next section.
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3.6 MAGNITUDE AND PHASE DETECTION CIRCUITRY

This section deals in depth with the operation of the demodulator addressing the theoretical
analysis and the post layout simulation results. This demodulator involves a nonlinear operation.
It is the key building block of the compact vector network analyzer. It enables direct amplitude
ratio and phase difference measurements between two independent input signals. It impacts the

VNA dynamic range, its sensitivity, and the measurement errors of S parameters.

Via
A mag * \ * 9 — oo
VLA x
DVinc:ideni
/
\Y phase= U\

v
e lq log — e

A sign phase Via x

DVreﬂecled;ftransmilted

Figure 86 : Magnitude and phase demodulator architecture

Figure 86 shows the architecture of the phase and magnitude demodulator, which
consists of two identical logarithmic detectors?®, a digital phase detector, a subtracting
current mirror circuit and two external low pass filters to extract the DC outputs V mag
and V phase. Each logarithmic amplifier presents two voltage outputs: a squared limited
output VLA which is a saturated signal over the input dynamic range, and a pseudo-
logarithmic output, Vlog, which represents a logarithmic conversion of the input voltage.
The outputs of the full detector block are two independent DC voltages Vi, and Vppase
are proportional to the relative amplitude (gain or loss) and relative phase of the two
input signals, respectively, as expressed in (24), where Vg the slope of V4, expressed

in Volt/decade and Vy, is the slope of V4. in mV/degree.

28 known as reverse received signal strength indicator (RSSI)
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Vreflected|transmitted)

Vincident (24)
Vphase (mV) = V(l) (cl)reflected|transmitted - <l)incident)

Vgain(mv) = Vslp log(

3.6.1 LOGARITHMIC AMPLIFIER DESIGN

A logarithmic amplifier amplifies the logarithm of an input signal rather than the
signal itself. This type of amplifier is useful for measuring signals with a wide dynamic
range, as it can compress a large range of input levels into a smaller output range. As
depictedin Figure 87, the logarithmic amplifier circuit is based on the successive detection
architecture. This circuit consists of cascaded limiting amplifier cells, of which the gain is
a “gain state” and which have a saturated output voltage level for a given input level Ej,.

The amplifier is in the limiting state.

8 stages
-------- S ST — - i — f—— —
R )= | omre N N e - O CMFB [
LA
Vin+ O 90— 10— S —— 1= s o Via+
Vin- O olog—et— L lelegi gl | L lglegl  a...- . 0 Via

= P - ! — ! - o]
DCoC l< DCoC DCOC Dcoc

| | ! ! I

FWR: Full wave rectifier
LA: limiting amplifier

Figure 87 : Block diagram of the designed logarithmic amplifier

In each stage, the amplified signal is rectified in the current domain and then
summed up. Hence, the total output voltage V,,,; shows linear characteristics with respect
to the input signal voltage on a semi logarithmic scale. Indeed, while using this
architecture, the response approximates the logarithmic function response in a piecewise

linear manner, as depicted in Figure 88. It could be expressed theoretically as (25) [106]:
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Where:

Vin
Vour = Ky2010g(K—)

intercept

_ (A-DEg

Y 7 20log(4)

— _Ek
l Kintercept — N+1
AA-1

e K,refers to the ideal desired curve slope.

(25)

®  Kintercept refers to the intercept point of the logarithmic transfer

function.

e N refers to the number of limiting amplifier stages.
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Curve \

Error

/

\

Approximated

Curve

(a)

K in

out

Dynamic range

Y

-,
#,

~
~

Desired
Curve

-
Ky I | .= Approximated
Curve
N
Py
N Ernyor
ST
AE, 2
2 -
-
Ku:wm-m EK EA’ E_* E)\ V
AN AN A in

20 log(A) dB

(b)

Figure 88 : Magnitude transfer function of the logarothmic amplifier in both (a) linear and (b) semi

logarithmmic scale [106].

Another important parameter is the dynamic range of the logarithmic amplifier. The

upper bound of the dynamic range of the logarithmic amplifier is determined when the input

signal is so high that all stages enter the limiting state. So, the upper bound is EK. The lower

bound is determined when the input signal is so low that all stages are in the gain state.

Increasing the number of cascaded stages decreases the lower bound until the amplifier input

noise determines the lower bound of the dynamic range of the logarithmic amplifier. It is

commonly equal to 20log(A").

Now, considering the demodulator requirement as stated in the second chapter, the

minimum detected power is -60 dBm. Since the logarithmic amplifier input is not adapted to
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a 50 Q load, the study is done in the voltage rather than power domain. Hence, the minimum
input voltage is equal to 316.180 uV in theory, because in fact, the signal could merge with
the noise. On the other hand, increasing the series of cascaded gain stages results in a wide
dynamic range that spans several tens of decibels through the linear approximation. Table 14
presents a summary of the targeted circuit specifications, including the rationale behind the

chosen values for each parameter.

Parameter Type Comments

Bandwidth 455 KHz The logarithmic amplifier has a wide

operation frequency ranging from 80 KHz to

1 GHz
Sensitivity -60 dBm Based on system budget study
Vin min 30 uwv Based on system budget study, the required

input sensitivity is 300 up. an additional

margin with a factor of 10 is applied

Vin max 300 mV This value refers to input voltage value
when the limiting amplifier enters the

limiting state E}, Figure 88

DR 80 dB DR:M
Vinmin
Supply voltage 1v 45 RF SOl technology

Table 14: Logarithmic amplifier specification

To meet the targeted 80 dB dynamic range, eight amplification stages with each 10 dB
gain were implemented, along with nine full wave rectifiers. The input of the logarithmic
amplifier is amplified and rectified through each gain cell/FWR, then summed up in current
mode. DCOC (dc offset cancellation) is added at each gain stage separately since dc offset from
the outputs of each amplifier can severely deteriorate the performance of the rectifiers. In
addition, a common mode feedback (CMFB) circuit is necessary to stabilize the DC operating

point and bias the next stage.
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3.6.2 THE LIMITING AMPLIFIER DESIGN

The amplification stage is implemented using a “limiting amplifier”. It amplifies the
signal up to a certain point E}, after which any further increase in input signal level will not
result in a proportionate increase in output signal level. This creates a "clipping" effect, where
the signal is "limited" to a specific amplitude. The limiting amplifier is required to provide a 10
dB gain with very low input noise considering the 455 KHz bandwidth at 1 V supply voltage.
The schematic of the core amplifier is shown in Figure 89 (a). The VNA IF signals are fed to the
transconductance stages M1, M2. The load consists of two poly-silicon resistors (RL)

connected differentially and two pairs of PMOS transistors (M3, M4).

Vet = Va2

Figure 89 : Limiting amplifier circuits: (a) gain cell (Gm-stage), (b) common mode voltage control unit (c)

DC offset cancellation unit (large filtering resistance using two PMOS configuration)
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The output common mode DC drain voltage is controlled with a fed back loop to set
v - .
the constant output voltage tuned to % , to maximize output voltage swing. It controls the

common mode level of the output signal, which biases the next amplification stage. The
differential pair compares the reference voltage (V,.r) with the common mode drain of the
limiting amplifier Gm stage, as depicted in Figure 89 (b). The drain voltage of Mc2 is fed to the
gate of PMOS load transistors M3 and M4. The currents of these PMOS are changed with
feedback voltage, leading to the adjustable limiting amplifier’'s common mode DC output

voltage. With high enough loop gain, V,.s and common mode voltage are equal.

Another point is the DC offset cancellation. Indeed, due to the open loop limiting
amplifier stages, even a very small DC offset in the circuit could lead to saturation of the
output signals. For each limiting amplifier, a local feedback based offset cancellation
mechanism is employed to provide sufficient offset cancellation range. In Figure 89 (c),
differential DC offset voltages at the limiting amplifier output are sensed and passed
through a low pass filter. Considering the cutoff frequency of 455 KHz, the low pass filter
is designed to have the lowest value of capacitance and an active high resistance value
using two PMOS transistors. This configuration consists of two parallel drain gate
connected PMOS transistors. Due to the large resistance of the active transistor, a

capacitance in the range of pF (2 pF) can achieve a small frequency low pass pole.

As depicted in Figure 90 (a), the expected gain of 10 dB is validated through the
post layout simulation results (calibre extraction). On the other hand, the DC common
mode control has been verified by injecting a DC gate bias of 500 mV 10 %, the output
common mode is 500 mV + 8 mV. Finally, the gain cell transfer function is depicted in
Figure 90 (b) and the upper bound of the logarithmic amplifier dynamic range is set at

Eequal to 300 mV, as set in the initial specifications (Table 14).
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Figure 90 : (a) Limiting amplifier gain with DC offset cancellation (b) Limiting amplifier transfer function

with limiting point Ek equal to 300 mV

3.6.3 CURRENT FULL WAVE RECTIFIER

The second key block to design is the full wave rectifier. Hence, Figure 91 illustrates a

circuit that converts an alternating input voltage into a direct current through a process known

as full-wave rectification. This is achieved by utilizing unbalanced source-coupled pairs with a

specific ratio of input transistors k. This factor has a considerably large value since the input

voltage range within a differential current has a parabolic characteristic proportional to —.
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However, it is limited to setting the unbalanced pairs in the saturation region [107].

The tradeoff value is set at four. Hence, Y = 15um/40nm , Y = 3um/
(M1,M3) L1y, my
40nm and% = 10um/232nm. The output current [, of the rectifier is

(Ms,M¢,M7,Mg )
determined by the difference in current between the cross-coupled differential pairs and is
equalto I; + I, — I, — I3. The circuit operates with a single 1 V supply voltage and the power

consumption is 409 A for one rectifier.
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Figure 91 : Full wave rectifier circuit

Up to now, the building blocks of the logarithmic amplifier have been presented. As
illustrated in Figure 92, the complete circuit was fabricated with a 45RFSOI process, covering

an area of 700 um x 116 um. The following paragraphs will present the simulation results.

700 pm

116 um

Figure 92 : Logarithmic amplifier layout micrograph
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As mentioned in the theoretical section, the upper bound of the dynamic ranges
is set at the limiting state E}, at 300 mV. The lower bound is determined when the input
signal is so low that all stages are in the gain state. So, increasing the number of the
cascaded stages decreases the lower bound until the logarithmic amplifier input noise
determines the lower bound of the dynamic range of the logarithmic amplifier. Hence the
input referred noise of the logarithmic amplifier is an important figure of merit that sets
the demodulator’s sensitivity. As shown in Figure 93, at the intermediate frequency of

455 KHz, the input referred noise at the demodulator input (the receiver’s not included)
is equal to 47 % Hence, by using the external selective ceramic filter with a bandwidth

of 10 Hz, the minimum detected input voltage could be enhanced to be equal to 0.18 uV.
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Figure 93 : Loagrithmic amplifier input reffered noise
The second test set is to ensure the proper functionality of the full-wave rectification.
This test bench involved loading the output of the logarithmic amplifier with a 350 Q resistor
to ground (to set the common mode voltage at %). For a sinusoidal input signal with 30 mV

amplitude at 455 KHz, the output signal is rectified and could be smoothed with a parallel

capacitance, as shown in Figure 94.
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Figure 94 : Logarithmic amplifier output loaded with a 350 Q resitance and with a capacitor in parallel

Figure 95 shows the logarithmic transfer function and the frequency response of the
amplifier, respectively. The dynamic range of the amplifier is observed from 1 puV to near 300
mV, which is interpreted as a 109 dB dynamic range for an output swing of 411 mV. The slope

K, is equal to 171.39 (mV/decade) measured between Ej (300 mV) and Ey /A (94 mV), as

defined first in Figure 88. Compared to the theoretical equation of the logarithmic transfer

function (25), K, = % = 175.95, the simulated slope is within 4 mV/decade

the expected theoretical one.
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Figure 95 : Transfer function of the Logarithmic amplifier (8 stages)

Back to the demodulator architecture, as described earlier in Figure 86, the circuit
is built on two identically designed logarithmic amplifiers. Where the second logarithmic
output of the reference signal is subtracted in current from the first, which measures the
reflected or transmitted signal. The used current substractor is based on two current
mirrors, as depicted in Figure 96 . The current subtraction circuit is realized by merging
two current mirrors. Assuming all the transistors have the same size, the current Igr is
applied to the first current mirror. It is copied to transistor M2, then, at the same node,
the second current .. is injected. As a result, current I ;7 — Lo flows from the drain to
gate of M3. To finally be copied due to the second current mirror. The output current is
loaded with an active PMOS transistor and then filtered using an on board (outside the
chip) RC filter to provide an output V., proportional to the reflected incident or

transmitted incident voltage ratios.
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Figure 96 : Current substraction circuit loaded with an active load, then filterd out to extract the DC output

V mag

Regarding the phase detection, the differentially limited signals from both logarithmic
amplifiers V4, and V4, are fed into a XOR? circuit, which, after low pass filtering,
provides a signal proportional to the difference between the phases of the transmitted or

reflected (T/R) signal and the reference signal.

Vid
e

Viat.o—] —aViar
Viao+ D—{ }—DVLAz- On PCB RC filter

_\ —V phase
VLA‘I +D—{ }—EI VAL

VLA2+D—{ }—EI Viaz-

Figure 97 : The proposed XOR circuit

29 In an XOR circuit, the output is a logic 1 when one and only one input is a logic 1. Hence, the output is logic 0 when both inputs are logic
1 or logic 0 simultaneously.
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As illustrated in Figure 98, the demodulator including all the previously designed blocks
is implemented with 45RFOI technology. The demodulator occupies 900 pm on 243 um and

draws 40 mA current for a 1 V voltage supply.

Figure 98 : the micrograph of the proposed demodulator 900 um x 243 um

To validate the initial specification of the demodulator, a test bench is set up to
show the magnitude, phase transfer function, and phase sign ambiguity. As shown in
Figure 99, a first sinusoidal input provides an amplitude Apyr at 455 KHz, the second
source provides an amplitude A,rreferring to the coupled incident signal at 455 KHz. An
AC coupling is set between the receivers (transmitted or reflected (T/R) and reference)
and the demodulator input. The capacitors are chosen to be as large as possible

considering the area of the circuit (100 pF).

A_DUT

v \ ¥ s PHI_DUT

mag
. @
| 8 stages Cac
/
V phase \ ((\ V bias LA
V bias rectifier
al A_REF
— . PHI_REF
Phase Sign —

K
“ @ @455 KH:
C

AC

Figure 99 : the demosulator post layout simulations test bench

The phase characteristic is presented in Figure 100. It shows the 0 Hz harmonic value
(computed from an HB simulation) varying between 10 mV and 850 mV for a phase range
varying between -180 and 180 °. In this simulation, the DUT phase varies between -180 and
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180 degrees, while the reference phase value is set to zero. The voltage vy, is translated
to absolute phase, both -90 ° and +90° correspond to the same voltage value of 460 mV,

corresponding to half of the output voltage dynamic.
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Figure 100 : Phase transfer function at @ 455KHz

As previously shown in Figure 94, the magnitude output, which is the sum of the full
wave rectifier’s currents, should be loaded with an RC low pass filter. In fact, the capacitor
filter, through its discharge, will generate an extremely smooth DC voltage v,,,4(depending

on its value) instead of the rectified picked signal.

On the other hand, when a digital circuit produces a phase output using XOR logic, the output
has fluctuations in its DC value. To address this issue, a capacitor was added to the phase
output. This helps to smooth out the DC phase value v,p44e Of the output signal, providing a

more stable signal.

All in all, due to size restrictions, the RC low pass filters are implemented on the PCB
to extract the two DC outputs Vppase and vy,q4 - As the transient simulation shows in Figure
101, the voltage Vypqse varies between 10 mV and 850 mV as predicted in the HB simulation
previously shown. The filter’s transient response is equal to 30 us, a factor that should be

considered when measuring with the VNA demonstrator.
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Figure 101 : Transient simulation V ;... output Vs DUT phase [-180° :180)] over 100 us

Back to the phase ambiguity issue, two possible solutions have been investigated:

One consists of performing two measurements, one with no reference phase shift and
one with a reference phase shift (PS), as Figure 102 shows. The first measured phase (without
the PS) will fall in the range of -180 ° degrees to +180. It could be A or B, but when shifted to
a well-known shift value, PS. The phase shift produces A’ or B'. If the shifted phase value is
higher than PS, then the actual phase is correlative to B, otherwise, it is the opposite (A). This
solution suffers from the systematic errors (1.1.4) that could occur between the first and
second measurements. In addition, after the phase shifter implementation, the circuit suffers
from high losses and creates an imbalance between the voltage gain of the reference receiver
and the reflection receiver. In addition, there is more uncertainty near the peaks with a long
measurement time compared to a one-shot measurement. After these findings, this option

was not considered.
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Figure 102 : Points A and B have opposite phase polarity but the same output level. When shifted to the
right by PS degree, points A’ and B’ are produced.

As depicted in Figure 103, the second solution®’is selected. It is implemented by
loading the saturated logarithmic amplifier’s outputs, VLA1 and VLA2, with a hysteresis
amplifier followed by a D flip flop. It detects the first zero cross of both signals (reference and

T/R). This crossing leads to a D flip flop output of zero if the phase is advanced or 1 otherwise.

On PCB RC filter

\ a Vv phase

Viai

Log amplifier 1

Log amplifier 2

e =

|

~ > Q————0 Phase g,

Figure 103 : The proposed circuit to Resolve phase ambiguity

30 This solution is internally patented by CEA Leti.
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Both the flip flop and hysteresis comparator are designed with 45RFSOI technology.
The flip flop circuit is similar to the proposed architecture for the IF quadrature generation.
The hysteresis comparator is implemented as shown in Figure 104, in this topology, the
negative feedback is through the transistors M; and M,. The positive feedback is on the

transistors My and M,,. Indeed, the ratio between M,;, M, and M;,, My determines the

. . . w
overall feedback sign. Hysteresis occurs when the ratio is greater than 1. Hence T] =
Mg,M10

20 K] , with a width equal to 200 nm and a length of 40 nm.
Ldmyq,My,

.

M, '—DV”.,_ = —DDU[

I bias (D

izl

f=|

=]

b [

[

in_ E el s

Figure 104 : The proposed hysteresis comparator circuit and its layout
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To verify this approach, a transient simulation was performed. A negative phase shift, followed
by a positive one, was injected at the input of the DUT logarithmic amplifier, covering the
range [-180°:180°] with a step of 20 degrees. The phase sign output is set to zero if the DUT
signal is in phase advance with respect to the reference signal. Otherwise, it is equal to 1,

Figure 105.
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-180.0 -140.0 -100.0 -60.0 -20.0 20.0 60.0 100.0 140.0 180.0
PHI_DUT (Degree)

Figure 105 : The phase ambiguity output equal to 1 when the delta phi is negative, and 0 otherwise

In Figure 106, the magnitude transfer function is expressed based on the DUT sinus wave
amplitude variation with a fixed value of the reference voltage the minimum detectable
amplitude is 10 pV. This value was optimized by minimizing the voltage noise spectral density,
as shown previously in the limiting amplifier design section. The integrated noise voltage sets
a bound on the smallest input voltage that can be certainly measured. The upper bound is

limited to 280 mV with an output dynamic range of 550 mV.
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Figure 106 : Magnitude transfer function at @ 455KHz V reference corresponds to logarithmic amplifierDR
midpoint

Now, the demodulator’s dynamic range as a function of the amplitude ratios is
determined by the minimum and maximum levels that each individual logarithmic amplifier
can detect. As shown previously in Figure 95, each log amplifier detects voltage inputs ranging
from 10 pV to 300 mV, equivalent to an 80 dB dynamic range for each. To cover this entire
range, the reference voltage level (that feeds the second logarithmic amplifier) must
correspond ideally to its midrange, which is exactly the 10 mV set for the reference voltage in
the presented simulations. Otherwise, if the reference voltage slightly differs from the ideal

value, the demodulator’s dynamic range is reduced, as illustrated in Figure 107 .

V ag (Volt) A

refmp*

Ve <V refmp

A 4

-40 0 40
Gain ratio (VDUTNREF) dB

*mp: midpoint

Figure 107 : The effect of varying the reference voltage (incident signal) from the optimal midpoint value

148

YAAKOUBI KHBIZA GHITA



Overall, the detector achieves a wide output dynamic range related to phase
difference and amplitude ratio. It achieves a minimum detectable voltage of 1 uV for a
reference voltage of 10 mV3l. Table 15 summarizes the demodulator post layout

specifications.

Parameter Initial Post layout specifications Unit

specifications

Bandwidth 455 455 KHz
Vin min 30 A%
Vin max 300 280 mV
DR 80 88.94 dB
Supply voltage 1 1 Vv
Power consumption Not defined 40 mA

Table 15: Demodulator post layout specifications

3.7 ANALYSIS AND CONCLUSION

In the proposed VNA, the lower end of the dynamic range corresponds to the
demodulator noise floor, which is the limiting factor for the detection of low power signals.
The upper limits depend on the dynamic range definition. The receiver’s dynamic range is
equal to 82 dB, and the demodulator’s dynamic range is 88.94 dB. Both meet with each other,
except for the upper bound of the demodulator limiter at 280 rather than 300 mV. This should
not be a problem. The reflection signal would never exceed 200 mV, and for the transmission
signal, we can add an attenuator between the DUT and port 2 to meet the demodulator’s

dynamic range.

To sum up, the inductorless wideband integrated vector network analyzer is designed
and devised into five main circuits. Each circuitry, including the directivity, image rejection,
gain cells, receiver's, magnitude and phase detection circuitries, was designed to meet the

requirements outlined in the previous chapter. The sub-blocks were simulated in a standalone

31 The reference voltage is approximately the incident signal minus the coupling factor of the directive circuitry.

149

YAAKOUBI KHBIZA GHITA



configuration and then validated in the corresponding circuitry context. Additionally, three
blocks, including the polyphase filter for the LO quadrature generation, the low noise amplifier
and the coupler, were measured in a standalone configuration, and their results were
compared with post-layout simulations. Enhancements were made to improve their
performance for the second circuit. The next chapter will present the circuit validation as a
vector network analyzer demonstrator, where the DUT's parameter simulation will be
compared with the extracted magnitude and phase output from the proposed VNA. The

power management, layout, and SPI control of the final circuit will also be discussed in detail.
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Chapter 4: AN INDUCTORLESS 0.2-
30 GHzZ VNA SYSTEM

n this chapter, the second thesis contribution will be presented, which is a complete vector
network analyzer. Following this, the VNA full system characterization will be presented. Two
devices under test will be introduced, where the first is a magnitude and phase tuner used to

seek the complete VNA DC output’s dynamic range in reflection mode.

The second device under test is a resonant LC circuit. For this second DUT and in the reflection mode,
the outputs at the IF frequency of the receiver chain were processed and calibrated using a one-port
calibration process to extract systematic errors and provide the corrected data. This data was then

compared to the ideal response of this resonant circuit.

The same LC circuit is used for the transmission measurements. Finally, a complete system calibration,
including the demodulator is presented. The implementation of this full calibration is a very complex
process that involves the precise characterization of the demodulator transfer function. The
implementation of such a complex calibration procedure falls beyond the scope of this thesis and is

presented as one of the perspectives and future works derived from this Ph.D. thesis.
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4.1 COMPLETE WIDEBAND INDUCTORLESS VNA CHIP

The implementation of a fully operational VNA has been achieved according to the
structural approach depicted in Figure 108. The previously described circuit (Figure 31) was
augmented by the inclusion of an SPI interface and registers, DACs, current to voltage (I to V)
conversion circuits, Sensing points (BUS MONITOR) and additional switches to provide greater
control over multiple points. These added blocs are summarized in Table 16. They were
designed internally within the laboratory, and my involvement was limited to some specific

customizations, schematic performance simulations and the management of the top layout of

these cells.
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Figure 108 : Integrated inductorless VNA system circuit
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Cell function

SPI SPI stands for Serial Peripheral Interface and it is a synchronous serial
communication protocol used to transfer data between microcontrollers and
peripheral devices. In SPI communication, there is a master device that controls
the clock signal and a slave device that responds to the commands sent by the
master, Figure 109 (a). It provides digital control capability through integrated 8-
bit registers for the test blocks that are embedded on the chip, including switch

control and also provides registers to the DACs.

DACs Programmed thanks to SPI registers to provide a corresponding current output to

bias the sub-blocks, Figure 109 (b).

ltoV Convert a current to a voltage to bias the full wave rectifier, limiting amplifier gate

and tail current in the demodulator.

BUS monitor Controlled by the SPI registers to sense at different key points in the IC, including

IF quadrature outputs and the demodulator inputs at f;f, blue spots in Figure 108.

Table 16: The VNA circuit Control Cells

(b)

Figure 109: (a) Slave SPI Layout (b) DAC TOP contribution
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I/0 Cell ESD

Pin Name feature protection
1 VSSA PAVSS

2 INPUT_PLUS None

3 VSSA LO input Signal [200 MHz — 30 GHz] PAVSS
4 INPUT _MOINS None

5 VSSA PAVSS

6 VSSA ground PAVSS
7 AVDD_1V8 | to Supply voltages PAVDD
8 AVDD_1V_DEMOD Demodulator supply voltage PVDDI
9 VDDA DACS DACS supply voltage PANALOG
10 VSSA Ground PAVSS
11 SPI_CK SPI clock PBIDIR
12 SPI_CS Chip select PBIDIR
13 SPI_DIN DATAIN PBIDIR
14 SPI_RES Reset PBIDIR
15 SPI_DOUT DATA Out PBIDIR
16 VDD _SPI_1V SPI Supply voltage PVDD
17 VSSA ground PDVSS
18 VvDD_I0_1V8 I/0 supply voltages PDVDD
19 CLK_IF_2x455KHZ 2xIF clock input for the 1/Q PBIDIR

- - generation
20 V_MAGNITUDE Magnitude DC output PANALOG
21 V_PHASE Phase DC output PANALOG
22 VSSA ground PAVSS
23 OUT_PHASE_SIGN Phase sign to resolve ambiguity PANALOG
24 VSSA ground PAVSS
25 VSSA ground PAVSS
26 PORT Il The VNA second port None
27 VSSA ground PAVSS
28 PORT | The VNA first port None
29 VSSA ground PAVSS
30 AVDD VGA_1V VGA Supply voltage PVDDI
31 MIXER_RX_IN_PLUS Reflected or transmitted signal from PANALOG
32 MIXER_RX_IN_MOINS down mixer output to be filtered PANALOG
33 MIXER_RX_OUT_PLUS and then injected to the PANALOG
34 MIXER_RX_OUT_MOINS demodulation input PANALOG
35 VSSA ground PAVSS
36 AVDD_1V Supply voltage 1V PVDDI
37 VREE DACS DC voltage reference for DACS set to PAVSS
- 150 mV
18 BUS MONITOR To sense several key points as PANALOG

mentioned in Figure 111

Table 17: Input Output circuit pads
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In Figure 111, the complete circuit layout is shown, which is enclosed in an 1/O ring
32consisting of 38 pads, as detailed in Table 17. The 1/O ring was designed to include the RF
domain, analog domain, supply voltages, and SPI control. Two tasks were assigned to this 1/0
ring: first, to establish a connection with a 32-Lead Plastic QFN packaging “QFN32” having 32
external pads and 6 extra pads linked to the QFN thermal/ground pad, and second, to enable
measurements on probes with pads without packaging. To meet the requirements of both

setups, the pad pitch was set to 100 um with a pad area of 70 pm?2.

Additionally, a significant threat to electronic devices is posed by electrostatic
discharge (ESD), which occurs when a charge is transferred from one object to another. When
an integrated circuit (IC) receives a charge transfer that it is unable to dissipate quickly, a high
current may pass through the IC within a brief period, resulting in severe damage such as
junction burnout in silicon, which can be induced when an ESD transient of energy drives the
junction into a breakdown. Furthermore, oxide breakdown can occur when a high voltage is
applied across the oxide layer, causing dielectric breakdown and current conduction. This
current flow generates heat, leading to the melting of the dielectric materials. Therefore, in
each pad, as listed in Table 17, there are ESD protection cells available in the technology design
kit, as illustrated in Figure 110. However, in the RF domain, the decision was made to proceed
without ESD protection since it significantly reduces the bandwidth. In these RF pads, a metal
filling pattern has to be added under the pad to fulfill fabrication metal density rules. The

capacitive effect of this filling cell was simulated and considered in the following test bench.

I I I | I |
4 23222120191817 4 23 222120191817
2§ 16 23 1

i B ESD 7] B

—26 151 —26 15

a7 14 —er 141

28 13- 128 13-

i VNA CORE 12l g VNA CORE i

Data -30 M Data —130 "

—31 10+ ﬁ —31 10

VO pins Bi 2345678 VO pins. Bi2345678")

T 17T 1T 17T 1777 T T T T T

ESD protection Element in Table 16 Excessive current ESD protection Element in Table 16
shunted to ground

ST ST

Figure 110 : Electrostatic discharge event with the ESD protection elements

32 An 1/0 ring refers to the set of input and output cells located at the periphery of the chip. The I/O ring serves
as the interface between the internal circuitry of the chip and the external packaging.
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The system on chip, as depicted in Figure 111, has a compact design, taking up a surface area
of 1370 um by 1470 um. Despite being submitted for fabrication nine month before the
writing of this thesis rapport, the circuit has not returned yet from the foundry, delaying any
further progress in measurement. However, to assess the system's performance, post-layout
simulations have been done on the full system VNA circuit that allow to validate its
functionality. These simulations will provide a comprehensive evaluation of the system's
capabilities. Note that the circuit simulation test bench used does not incorporate the
external ceramic IF filter, and therefore assumes a default simulation IF frequency of 500

KHz, resulting in an intermediate frequency bandwidth (IFBW) equivalent to this value.

1370 pm

»
>

y

Pads

1470 um

OCoOoONOOULLDE WN -

[EEY
o

Figure 111 : Complete VNA layout including 1/0 ring

4.2 VNA CHIP TEST BENCH

Figure 112 illustrates the configuration of the test bench, which includes all the VNA IC
building blocks except for the SPI and DACs. To replace the SPI, custom 7-bit registers called
"dec2bin" were utilized, which provide control bits by converting decimal values into binary
values for easier integration with the analog simulator. The DACs were substituted with

current sources Ip 4 from analoglib, which fed the "l to V" circuit used locally at the different
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circuits to generate the bias and control voltages. Note that the simulated RF I/O's parasitic
capacitance was 16 fF, and this capacitance was taken into account in all subsequent

simulations.

FORT I
LPORT I

Figure 112 : VNA demonstrator test bench

The system described in Figure 112 draws a total current of 132 mA from a 1 V supply
voltage. Table 18 summarizes the power consumption of the circuit, with nearly one-third of

the total power consumption attributed to the three blocks.

Blocks Power consumption unit comment

Variable gain

44.57 mW

amplifier + LNA For 1V supply. The

supply voltages of
Magnitude and phase
41.63 mWwW the three groups
detector

have independent

Receiver’s, up pins in the proposed
conversion mixer, 48.09 mW circuit

buffers and drivers

Table 18: Circuit power consumption
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As previously mentioned, the circuit utilizes three “lI to V“ (current to voltage
converters) blocks to generate three biasing voltages for the logarithmic amplifier gate input,
the limiting amplifier current tail biasing and the full wave rectifier current tail biasing. The
first I-to-V block, with a DAC current of Ip4c-1 33 WA, produces a logarithmic amplifier gate
input voltage of 499.12 mV. The second I-to-V block, with a DAC current of Ipsc, = 30.9 pA,
generates a limiting amplifier current tail biasing voltage of 400.12 mV. Finally, the third I-to-
V block, with a DAC current of Ip4c3 =29.1 pA, produces a full wave rectifier current tail

biasing voltage of 449.7 mV.

The output power at port 1 is shown in Figure 113 and ranges from -0.2 dBm to -4.2
dBm. However, there is a deviation from the gain circuitry test bench result (Figure 80) where
a 0 dBm output is obtained across the exact bandwidth. This deviation is due to the mismatch
caused by the LO input and RF output 1/O parasitics, as depicted in Figure 114. The output
return loss is shown to vary within 2 dB from the initial pad-less circuit above 24 GHz. Although
this variation impacts the coupler directivity, it could be corrected with calibration, as
explained in 1.1.4, since it is a systematic VNA error. Alternatively, the output power could be
improved by raising the LO input power typical value of -4 dBm to a higher value. As noted in
the system study (2.1 ), there is a margin of 4 dBm until reaching the maximum stimulus power

of 0 dBm.
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Figure 113 : Port | output Power including 1/0 parasitics at fRF=[FLO+fIF]
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Figure 114 : Input and output return losses with and without pads

To verify the VNA circuit operation in reflection measurement mode, two devices under
test were involved. The first one uses a load model that tunes two parameters: SWR and phase
for a given frequency. This approach validated the VNA magnitude and phase dynamics and
demonstrated their independence from each other. The second device under test aimed to
validate the proper functioning of the VNA system by introducing an LC circuit at port 1 of the
integrated VNA circuit, for reflection mode measurement. This device will be called DUT2.
The ideal S-parameter DUT2 response was compared with the receiver's output and the
corrected response after a one-port calibration process. Similarly, the same DUT2 is used
between portl and port 2 of the integrated VNA circuit to validate the transmission
measurement mode. In this way, a comparison was done for the simulated DUT2 S,, response

with the receiver’s and demodulator’s responses in transmission mode.

Considering the post layout simulation process, a harmonic balance simulation was
utilized, where the IF frequency was set to 500 KHz instead of 455 KHz, to address convergence
issues. The LO frequency was swept from 7 to 30 GHz, equivalent to the third polyphase filter
bandwidth (3.3.1). While the two other bandwidths were also verified, the third one was
considered more critical due to its operation at high frequencies. The DC outputs were the 0

Hz harmonic, computed from a HB simulation. The IF harmonic at 500 KHz was the receiver's
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output. A two tone harmonic balance was conducted and took a considerable amount of time
to converge, where the first tone is the IF frequency (10 harmonics) and the second one is the
LO frequency (5 harmonics). Ultimately, many aspects of the system test will be completed

during the measurement campaign, as discussed in the perspectives of this thesis work.

4.2.1 REFLECTION MODE

4.2.1.1 DUT1 reflection measurement demodulator included

When measuring the reflection coefficient, the term "Standing Wave Ratio" (SWR)
provides a quantitative measure of the degree of mismatch between the impedance of the
output stage and that of the load. The SWR can be calculated by using the formula SWR = (1 +
[T|)/(1-]T]), which involves the reflection coefficient (I'). A low SWR indicates a good match,
whereas a high SWR indicates a poor match to the characteristic impedance of 50 Q.Figure
115 illustrates the response of a customized SWR and phase tuner, namely DUT1. The purpose

of this DUT is to enable navigation on the Smith chart at a specific frequency.

(a) (b)
Figure 115 : DUT 1 (a) phase variation at swr=5 (b) swr variation with a fixed phase=0

In this section, the SWR and phase of the device under test will be tuned, and the
magnitude and phase outputs of the demodulator will be analyzed. For this purpose, two
harmonic balance simulations were carried out to exhibit the system’s magnitude and phase
dynamics over the SWR variation. As depicted in Figure 116, the magnitude output voltage

Vinag undergoes a variation of up to 150 mV over the SWR range of 2 to 30, while the phase
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output Vpese remains unchanged throughout the range. Moreover, by increasing the input
local oscillator (LO) power, the VNA system output magnitude dynamic range of 150 mV (from
335 to 490 mV, for 200 mV LO voltage ) could be expanded to achieve the maximum DR of

the demodulator of 425 mV (335 to 760 mV), as previously simulated in Figure 106.
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Figure 116 : DUT SWR Variation @15GHz: (a) Magnitude output semi logarithmic scale (c) phase output

In the second harmonic balance simulation, a variation of phase DUTypqse is made
from -180° to 180 °. From the analysis of the results in Figure 117, it was deduced that the
demodulator input phase difference between the reference and reflected signals at the

intermediate frequency exhibits a variation of 361.33°, ranging between -143.31 and -504.64
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degrees. The observed variation in the difference corresponds to that of the Device Under
Test. However, it was noted that a shift of A@p,pfrom 0 was observed due to the presence of
the output RF pad at port I. The minimum output voltage Vppqsemin Was found to correspond
exactly to -360 ° (equal to 0 °= 21M). These results confirm the effective performance of the
transmitter and the two receivers (reflection and incident path), and secondly, the
performance of the demodulator. In addition, the results reveal the VNA system’s phase
dynamic range to be 800 mV over the 360 degree phase shift. Finally, the impact of the pads
could be embedded through calibration during the measurements. The magnitude output

Vinagremains constant over the phase variation, Figure 117 (b).
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Figure 117 (a) demodulator phase difference input and the corresponding DC phase output signal. (b)

magnitude output over the phase variation.
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These presented results suggest that the VNA system can provide direct reflection
coefficient measurements through both vy, 45 and 1,44 readings, with promising magnitude
and phase dynamic ranges. Afterwards, as the impact of pads on the VNA system
performances was observed, in particular its effect on the phase response shift and output
magnitude DR, a one port calibration will be conducted in the next section for the DUT2. This
is done first to de-embed the pads effect, and secondly to suppress directivity, tracking, and
port matching errors, as previously explained in 1.1.4.1. During the calibration process, the
receiver's outputs (reference and reflection signal ratio) at f;r will be compared to an ideal S

parameter response.

4.2.1.2 DUT2 reflection corrected measurement (Demodulator not included)

4.2.1.2.1 One port Calibration implementation

The One-port calibration process involves the use of a calibration kit that includes three
known standards, such as a short, an open, and a load in order to resolve the system of three
equations shown previously in (11). Afterward, the system of three equations is solved, where
the three errors are the unknown parameters, and the ideal reflection coefficients are set to
0, -1, and 1 for the short, open, and load, respectively. The mathematical expression for the
three errors is presented in Appendix 1.Then, the corrected data I'corrected DuT, IS Obtained by
applying corrections to the measured data,[},c5s to remove the effects of any systematic
errors introduced by the VNA or the measurement setup. In (26), Eq, Es;,, and E,; denote the

directivity, source match, and reflection tracking error, respectively.

T _ 1—‘meas - Ed
Corrected DUT Esm (Fmeas _ Ed) + Ert

(26)

The proposed VNA system33 was calibrated using a three-step process where the circuit was
simulated using harmonic balance in three setups. The first setup involved an open loaded

test bench, the second setup involved loading the circuit with a ground, and the third one

33 Without demodulator
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involved loading the circuit with a 50 ohm load. The receiver's outputs, including both

magnitude and phase, were saved and processed using MATLAB for analysis.

For the match loaded circuit, as depicted in Figure 118, the corrected reflection coefficient
includes the point (0, 0), which is the reflection zero point, where the load is matched with
the characteristic impedance of 50 Q. For the short circuit, as a load, Figure 119 presents a
circle centered at the coordinate (0, 0) and has a radius of 1. For the open-circuit load, as
depicted in Figure 120 the circle degenerates to a single point (centered at 1, 0 and with a
radius of 0). This corresponds to a maximum reflection coefficient of 1, at which the entire

incident wave is reflected totally.
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Figure 120 smith chart plot for an open DUT (a) recievers output ratio at fIf (b) corrected response

4.2.1.2.2 DUT2 reflection measurement after calibration

To validate the design a test load has been used to compare results of the proposed VNA
system with an ideal S parameter simulation. As illustrated in Figure 121, the second device

under test consists on an LC resonant circuit that resonates at two frequencies at 12 GHz and

28 GHz.

Figure 121: LC circuit DUT2, loaded with a 50 ohm load for the S11 measurement, for the S21

measurement this load is removed

In the first validation study, the system was evaluated without the demodulator. The
scattering parameter S11 response (ideal response) was compared to the reflected and

incident wave for both magnitude ratio and phase difference at the receiver’s output.
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Figure 122 and Figure 123 shows the magnitude and phase of the receiver’s response
(reflected divided by the incident signal at f;¢) before and after calibration, respectively. Given
that the post-calibration and ideal response results are in complete agreement, it can be

concluded with confidence that our approach is valid.
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Figure 122 : LC DUT magnitude response before and dafter calibration with an ideal S parameters response

comparaison (120 points)
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compraison (121 points)

It has been observed that reducing the LO frequency step size leads to a significant
reduction in the error between ideal and corrected data, which aligns with the conclusion
drawn in Chapter 2. Figure 124 highlights that in areas of high variation (dotted areas
corresponding to magnitude picks and important phase variations), errors are more
noticeable when using a larger frequency step size of 0.19 GHz (due to the high time

consuming simulations).

During the circuit test, the LO frequency step will be tuned within a frequency range
to reduce the VNA errors. The minimum frequency value should be set at 455 KHz, which is
the default IF frequency, while the maximum frequency should be set at 1MHz, which is the
highest frequency that the IF quadrature generator can produce. Selecting an appropriate
frequency step size within this range will lead to optimal accuracy and consistency of

measurements, as discussed in details earlier in 3.3.
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4.2.2 TRANSMISSION MODE: DUT2 MEASUREMENT

In terms of the magnitude of transmission measurement on DUT2, as illustrated in
Figure 125, the main two peaks at 12 and 28 GHz were observed in the initial S21 inspection
at the receiver’s output. However, it was not possible to provide further information in terms
of errors compared to the ideal response, since no correction has been performed. The
interesting aspect is that the receiver’s magnitude ratio adheres to the demodulator’s

magnitude response.
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Figure 125 : (Top) ideal S21 response Vs the receiver’s output at Fif, (Bottom) demodulator magnitude

output compared with receiver’s output at Fif

Figure 126 depicts that the phase variation trends track the phase receiver’s output

and the ideal response, but no further conclusions can be drawn. Nevertheless, the phase
difference at the demodulator input correlates with the magnitude of v}, as depicted in
Figure 127. Indeed, this phase difference at the receiver’s output at fjs is a continuous variable
that ranges between -180 and 180 degree. At the zero crossing, the detector output exhibits the
lowest magnitude value of 9.8 mV, whereas at the -180° and 180° degree crossings, the
detector output exhibits the highest magnitude value of 836 mV and 838 mV, respectively. In
addition, for the -90 0 and 90 degree crossings, the magnitude settles at 414 mV and 413 mV,
respectively, which corresponds to the mid-value of the phase output dynamic range (= 838/2)

mV. Notably, these values are consistent with the detector only characterization results
presented in Figure 100.

In addition, the phase sign output Vppase sign iS consistent with the phase output
Vphase Variation. Indeed, the sign voltage vp,pngse sign is €qual to 1 when the phase difference
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between the transferred and reference waves is positive and equal to zero if it’s the opposite.

As a conclusion, the adopted patented approach for phase sign resolution is validated.
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Figure 126 : Receiver’s phase output at Fif and ideal S parameter response whitout calibration

200 T T T T "

degree

g . i i ]

1 1.5 2 2.5 3
Frequency(Hz) #1010
1r T ) :
=—demodulator phase DC output
0.8, V% A
S i
< 060 7 % o
ﬁ R wa
X % X4
>c1 0.4 ’\‘ ia‘f
0.2 o £l ki
\ 4
0 L 1 I‘%‘w%i L 1 -
1 1.5 2 2.5 3
Frequency(Hz) #10t0
1 B T T
; o—demodulator phase sign DC output @
£os8 | | |
2 |
© 0.6- | ‘ .
ey
° |
45 0.4 \ | |
. | | |
20.2- | 1
OLmEJ ! ‘ -
1 1.5 2 2.5 3
Frequency(Hz) #10t0

Figure 127 : Wraped receiver’s (tranmission and inicident signals) phase output [-180 180 °] at Fif and the

correspending demodulator Vg5, and Vpp g sign OUtpULS

170

YAAKOUBI KHBIZA GHITA



4.3 CoMPLETE VNA SYSTEM CALIBRATION

The previous sections (4.2.1 and 4.2.2 ) validate the proposed system functionality as
a VNA. However, to calibrate the complete VNA system including the demodulator. A
different calibration process is needed, taking into account the following relationship between

the reflection parameters and the outputs of the demodulator.

mV v lected Vl
Vgain(mv) = Vsip (%) log( reflecte ) =7 S11,aB20
dB Vincident 20 (27)
mV
k Vphase (mV) = VCI)(W) Sll,phase (degree)

In a first place, from the transfer function (27) and the measured vy,44 and vppqse , We will be
able to go back to the measured S;4 4g20 and S11pnase- Then, we can make a calibration like

the one done in the previous section (one port calibration error system in (11)).

To enhance the calibration procedure accuracy, the magnitude and phase transfer
function of the demodulator sub-system must be precisely characterized. A polynomial
equation that is dependent on temperature variation and logarithmic amplifier response
mismatch could be used to approximate both transfer functions (27). This precise
characterization can be achieved through measurement by characterizing only the

demodulator, as shown in Figure 128.

After the demodulator characterization, the polynomial transfer function can be
implemented in MATLAB, and the complete VNA can be calibrated to set the V44 10a4,ideat
at the demodulator sensitivity level, and the vy,44 short,idgear t0 the demodulator DR midrange

and the Vp,44 open,idear t0 the maximum demodulator DR.
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4.4 CONCLUSION

This chapter presents a post layout simulation results of the wideband inductorless
Vector Network Analyzer (VNA) chip. The power consumption of each circuit block is discussed
in detail. The input and output matching impedances are also analyzed. In reflection mode,
two devices under test (DUTs) are used. The first DUT is an SWR and phase tuner that wipes
the Smith chart, while the second DUT is an LC resonator. The first DUT is used to demonstrate
the demodulator's dynamic range for the magnitude and phase outputs, as well as the
independence of the demodulator output. The second DUT is used in conjunction with a one-
port calibration at the IF outputs to compare the S11 parameters after calibration with the
ideal DUT response. In transmission mode, the same LC DUT is used to verify the IF and
demodulator outputs and to verify the proper functioning of the direct phase ambiguity

resolution. Finally, a complete VNA system calibration proposal is presented.

Based on the initial results, in reflection mode, the first device under test, proves the
well-functioning of the demodulator; both output voltages V44 and V45, vary with the SWR
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and phase tuning independently. The second device under test shows, after one port
calibration, that the corrected S11 meets the ideal DUT S parameter response in both phase

and magnitude.

Otherwise, in transmission mode, the S21 parameter should be corrected using the
two port calibration procedure. This is proposed as a future work. In spite of the non-
calibration, the post layout simulation results presented in this chapter show that the
demodulator output correlates well to the receivers' output amplitude ratio (transmitted
signal over reference signal) and phase difference between transmitted and reference signals.
These results validate the correct operation of the integrated VNA transmission mode.
Furthermore, these results also validate the patented direct phase sign detection technique

that has been introduced in this thesis.
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GENERAL CONCLUSIONS &
PERSPECTIVES

In the following, all the major results presented in the previous chapters are

summarized, before discussing perspectives of future works.

This thesis started with the exploration of several promising applications using the
vector network analyzer for noninvasive characterization. Figure 1 gathers more than forty
recent articles in several domains that point to the common key element to integrate a sensor,
which is a vector network analyzer. This initial study highlights the need to implement a
compact and low cost VNA that can cover several frequencies of interest. To reduce the size,
the challenge was to design a wide bandwidth VNA circuit with no inductive components. To

implement this circuit, intermediate objectives were set in the general introduction (page 20).

We will highlight the different initial objectives and the degree that they have been
achieved during this thesis. Firstly, a detailed understanding of the block diagram of the
proposed broadband vector network analyzer architecture has been achieved. The main
novelty of this architecture is the integration of the demodulator module. This allows a direct
phase and magnitude measurement replacing an external post processing from the IF outputs
as was done in the existing approaches, as discussed in Chapterl. Secondly, the proposed
block diagram was analyzed thoroughly in Chapter 2, considering factors such as sensitivity,
power, and noise. The results of this analysis have allowed to find the specifications for
different building blocks as well as general VNA design choices including IF frequency and IF
bandwidth. Thirdly, the individual sub-blocks of the circuit have been designed at transistor
and layout level, and their performance has been successfully validated through post-
simulation and measurement results3*. Two different test chips have been designed and
fabricated. The first one contains standalone building blocks and the second one is the full
integrated VNA. The measurement results of the first circuit are included in Chapter 3. They
have allow to validate the first version of the most critical building blocks and introduce some

improvements in the second version included in the full VNA circuit. Unfortunately, the delays

34 Three key blocks including coupler, LNA and polyphase filter
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in fabrication time have prevented us to measure the circuit before the end of the PHD thesis.
Nevertheless, the circuit's overall functionality as a vector network analyzer has been
validated through post layout simulation of the second integrated circuit, including external
calibration®, as shown in Chapter4. These achievements represent significant contributions
to the field of non-invasive characterization, paving the way for future advancements in the

design and implementation of an improved version.

Initial comparison with the state of the art

The separation architecture adopted in this thesis was initially compared with the state
of the art presented in section 1.2 in Table 19. The comparison includes two main contributions
involving Infineon's SiGe 0.35 um bipolar technology [67], [69, p. 32]. The first contribution is
a vector network analyzer (VNA) that covers the 50 to 100 GHz bandwidth and integrates the
stimulus and receiver's front end on a4 mm x 3 mm area [67]. The system dynamic range (DR)
was measured, ranging from 55 to 72 dB, nearly equal to the receiver's DR. The VNA sensitivity
for reflection measurement is set to -20 dB with an error of phase and magnitude equal to 0.3
degree and 0.3 dB, respectively. The second contribution covers a frequency range of 4 to 32
GHz and also includes a stimulus in a4 mm x4 mm IC surface [69, p. 32]. The system DR ranges
from 44 to 77 dB, and the receiver's DR ranges from 82 to 101 dB. The VNA sensitivity in terms
of reflection is -20 dB and -60 dB in transmission mode. The VNA accuracy is measured with a
30 dB attenuator as a device under test, and the mean values of phase and magnitude error
are 1.29 degrees and 0.17 dB, respectively. The third contribution covers nearly the same
frequency bandwidth as the second contribution (0.01-26 GHz), but the source is not
integrated into the circuit [73]. Therefore, the system’s DR could not be measured. However,
the receiver's DR is up to 129 dB with a -30 dB minimum detected reflection. The VNA phase

and magnitude errors are equal to 5 degrees and 0.6 dB, respectively.

The initial post layout simulations of our work show promising results. Firstly, the

power consumption is only a third of the total consumption of the third contribution of Analog

35 |n reflection mode without demodulator
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Devices and Qualcomm, despite that the thesis circuit includes a demodulator as an extra
block [73]. Secondly, the intermediate frequency (IF) bandwidth is larger than the three
contributions presented earlier. Since the external IF ceramic filter with a 10 Hz IFBW was not
included in the post-layout simulation the circuit, IFBW was 500 KHz. Despite this relatively
wide IF bandwidth, we managed to achieve a dynamic range comparable to the second
Infineon contribution of 80 dB that has an IFBW of 100 KHz [69, p. 32]). With the external
filtering of the IF band from 500 KHz to 10 kHz, we expect to reach an even higher dynamic
range. The VNA errors in reflection mode can be further reduced by performing the complete
VNA calibration, including the demodulator, as has been proposed in chapter 4. Finally, the
high degree of compactness of our two-port VNA circuit, occupying an ICareaof only 1.3 x 1.4
mm, is a significant advantage and represents a noteworthy contribution compared with the

state of the art (Table 19).
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Perspectives

As a continuation of the work that has been initiated, the characterization of the
transfer function of the demodulator is not an easy task, as this function varies according to
several parameters (for example: temperature, mismatch between both logarithmic
amplifiers that affects the demodulator transfer function linearity). This characterization can
be done on the second submitted integrated circuit. Thus, it will be possible to implement a
two port calibration to correct the two port VNA systematic errors, including the transfer

function of the demodulator sub-system.

After the VNA system characterization, a further perspective is to model the dielectric
layers of skin, soil and cells to read their S-parameter signatures at a given frequency and for
a specific application, as discussed in the general introduction. These models would further
give the VNA precision required for a given application band to further implement a non-

intrusive low cost sensor.

In conclusion, this thesis manuscript presented a preliminary version of an integrated
VNA that has been implemented with low-cost CMOS technology and occupies a small area.
The system will be characterized and tested in the future to determine the main circuit
limitations and impairments for improvement in future circuit iterations. The contribution of
this thesis has the potential to be presented at prestigious conferences, which are already

scheduled.

Hopefully, spectral analysis at RF-mmW frequencies with this system will prove promising...

178

YAAKOUBI KHBIZA GHITA



APPENDIX 1: THE THREE ERROR TERMS FOR ONE
PORT CALIBRATION

% One-port VNA Calibration, k6jca

% Find the equations for the three error terms: e00, ell, and delta e
% Derived from the equations in:

% Network Analyzer Error Models and Calibration Methods,

% by Doug Rytting, Agilent Technologies

% Gl = Actual Gamma of Standard 1
% G2 = Actual Gamma of Standard 2
% G3 = Actual Gamma of Standard 3
% Gml = Measured Gamma of Standard 1
% Gm2 = Measured Gamma of Standard 2
% Gm3 = Measured Gamma of Standard 3

syms Gl G2 G3 Gml Gm2 Gm3 e00 ell d e

[e00,ell,d e] = solve(e00+ell*Gl*Gml-d e*Gl == Gml, ...
e00+el1*G2*Gm2-d e*G2 == Gm2, ...
€00+ell*G3*Gm3-d _e*G3 == Gm3, [e00,ell,d e])

>> resolve_error_terms

e00 = (G1*G2*Gm1*Gm3 - G1*G3*Gm1*Gm2 - G1*G2*Gm2*Gm3 + G2*G3*Gm1*Gm2 + G1*G3*Gm2*Gm3 -
G2*G3*Gm1*Gm3)/(G1*G2*Gm1 - G1*G2*Gm2 - G1*G3*Gm1 + G1*G3*Gm3 + G2*G3*Gm2 - G2*G3*Gm3)

ell = -(G1*Gm2 - G2*Gm1 - G1*Gm3 + G3*Gm1 + G2*Gm3 - G3*Gm2)/(G1*G2*Gm1 - G1*¥*G2*Gm2 - G1*G3*Gm1 +
G1*G3*Gm3 + G2*G3*Gm2 - G2*G3*Gm3)

d_e =-(G1*Gm1*Gm2 - G1*Gm1*Gm3 - G2*Gm1*Gm2 + G2*Gm2*Gm3 + G3*Gm1*Gm3 - G3*Gm2*Gm3)/(G1*G2*Gm1 -
G1*G2*Gm2 - G1*G3*Gm1l + G1*G3*Gm3 + G2*G3*Gm2 - G2*G3*Gm3)
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