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Resumo

Dispositivos não-recíprocos e ativos (com ganho) são de extrema importância em sistemas

de microondas e fotónicos. Neste contexto sistemas não-Hermitianos (ou não conservativos)

que são sistemas capazes de quebrar a reciprocidade e produzir ganho ótico desempenham

um papel crucial.

Nesta dissertação eu desenvolvo e caracterizo, tanto de forma teórica como de forma

numérica, um protótipo unidimensional (1D) que opera no regime de microondas do sis-

tema não-recíproco e não-Hermitiano recentemente introduzido, designado de "MOSFET-

Metamaterial" (MOSFET-MTM) [1]. Este material hipotético possui propriedades eletro-

magnéticos únicas permitindo regimes de isolamento ótico e de ganho e/ou perda. A imple-

mentação 1D proposta do MOSFET-MTM é baseada em duas linhas de transmissão peri-

odicamente carregadas por transístores FET. A propagação das ondas nas linhas de trans-

missão acopladas é caracterizada, tanto teoricamente como numericamente e é demonstrado

que possibilita fortes respostas não-reciprocas e não-Hermitianas. Nos estudos teóricos, con-

siderei dois modelos distintos: um em que as linhas periodicamente carregadas são estudadas

como um meio efetivo com parâmetros distribuídos (modelo do meio efetivo) e outro que

tem em consideração a granularidade da estrutura. É mostrado que desde que se garanta

que a distância entre FETs consecutivos seja muito menor que o comprimento de onda da

radiação, o modelo efetivo mais simples pode ser utilizado de forma fiel para caracterizar a

propagação nas linhas acopladas. Numa fase inicial, eu considero um sistema formado por

FETs ideais que são caracterizados por um circuito sem elementos extrínsecos (parasitas) e

em que a capacitância gate-to-drain é desprezada (Cgd = 0), tal que os FETs se comportam

como dispositivos unidirecionais ideais. Depois, eu analiso a resposta do sistema usando

FETs mais realistas com Cgd ̸= 0 e tendo em conta os elementos parasitas. Além disso, os

resultados teóricos são validados com simulações numéricas com recurso ao software comer-

cialmente disponível ADS [2]. Finalmente, para ser capaz caracterizar experimentalmente o

proposto MOSFET-MTM 1D, atualmente está a ser fabricado um protótipo de microondas
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com base em técnicas comuns de impressão de circuitos.

Os resultados teóricos e numéricos demonstram que a estrutura 1D análoga do MOSFET-

MTM proposta possui fortes respostas não-recíproca e com ganho ou perdas (ou seja, re-

sposta não-Hermitiana).
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Abstract

Nonreciprocal and active (with gain) devices are of uttermost importance in microwave

and photonic systems. Non-Hermitian (or energy non-conserving) systems capable of break-

ing nonreciprocity and produce optical gain play a crucial role in such context.

Here I develop and characterize, both theoretically and numerically, a 1-dimensional

(1D) prototype operating in the microwave regime of the recently introduced nonreciprocal

and non-Hermitian system designated as "MOSFET-Metamaterial" (MOSFET-MTM) [1].

This idealized material possesses unique electromagnetic properties and enables regimes of

optical isolation and gain/loss. The proposed 1D implementation of the MOSFET-MTM

is based on two coupled transmission lines periodically loaded with FET transistors. The

wave propagation in the coupled transmission lines is characterized both theoretically and

numerically and it is demonstrated that the proposed structure enables strong nonreciprocal

and non-Hermitian responses. In the theoretical studies, I considered two distinct models:

one where the periodically loaded lines are regarded as a continuous medium with distributed

parameters (effective medium model) and another that takes into account all the granular

details of the structure. It is shown that provided the distance between consecutive FETs

is much smaller than the wavelength of the radiation the simpler effective medium model

can be accurately used to characterize the wave propagation in the coupled lines. At a first

stage, I consider a system formed by ideal FETs characterized by circuits without extrinsic

(parasitic) elements and in which the gate-to-drain capacitance (Cgd = 0) is neglected, so

that the FETs behave as truly unidirectional devices. After that, I analyze the response of

the system using more realistic FETs with Cgd ̸= 0 and taking into account the parasitic

elements. Furthermore, the theoretical results are validated with numerical simulations using

the commercially available software ADS [2]. Finally, in order to be able to experimentally

characterize the proposed 1D MOSFET-MTM, a microwave prototype is currently being

fabricated using standard printed circuits techniques.

The theoretical and numerical results demonstrate that the proposed 1D analog of the
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MOSFET-MTM enables strong nonreciprocal responses of gain or loss (i.e., non-Hermitian

response).
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“You should always discuss the defeats because you can learn much

more from failure than from success."
— Niki Lauda

“Every day is a new adventure."

— Stan Lee
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1 Introduction

1.1 Context and Motivation

In typical linear, time-invariant, and passive microwave and photonic systems, the wave

propagation is restricted by the Lorentz reciprocity law [3]. According to the Lorentz reci-

procity principle, in reciprocal systems the level of transmission between two points is the

same independent of the propagation direction. In other words, this means that wave prop-

agation in reciprocal systems is intrinsically bidirectional.

However, breaking reciprocity and obtaining nonreciprocal devices, such as isolators and

circulators, is fundamental in many telecommunications systems and networks. In general,

to achieve nonreciprocal electromagnetic responses we need to either (i) break time-reversal

(TR) symmetry with an external bias, or (ii) use nonlinear materials, or (iii) exploit non-

Hermitian physics. The most common way to break the TR symmetry and obtain strong

nonreciprocal responses is by using magneto-optical materials (such as ferrites) biased with a

static magnetic field [3]. However, the requirement of having an external biasing circuit poses

an important barrier to incorporating these solutions in microwave and photonic integrated

circuits. Due to this, several non-magnetic nonreciprocal solutions with broken TR symmetry

that can be integrated into on-chip circuits have been proposed. These include systems

with time-modulated parameters [6, 7], active electronic solutions [8], systems with drifting

electrons [9], etc. Alternatively, nonreciprocal responses can be obtained with nonlinear

dynamic systems [10,11].

Another possibility to break reciprocity is offered by non-Hermitian systems. A system

with non-Hermitian response is not bound by energy conservation [12–15] so that it can either

have loss or gain. In non-Hermitian systems the constitutive parameters are not bound by

the relations ε̄ = ε̄† and µ̄ = µ̄† (the superscript † represents the operation of transpose-

conjugation) as in usual energy conserving systems. Moreover, exploiting non-Hermitian

physics to obtain nonreciprocity can allow for very unique responses. In particular, inspired
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by the physics of transistors, it was recently proposed in [1] a new mechanism for creating

a material with a strong nonreciprocal and non-Hermitian (non-conservative) response. It

was theoretically demonstrated in [1] that a hypothetical bulk metamaterial formed by a

periodic arrangement of MOSFETs (designated as "MOSFET-metamaterial") [see Fig.1.1b]

could behave as either a lossy (i.e, absorbs energy) or a gainy (i.e, behaves as an amplifier)

material, depending on the field polarization. Moreover, it was shown that it can be used to

realize an electromagnetic isolator whose performance may surpass that of standard Faraday

isolators.

Figure 1.1: Sketch of the MOSFET-Metamaterial formed by a periodic array of MOSFETs

transistors. Adapted from [1].

1.2 Main Goals of this Dissertation

The main goal of this dissertation is the implementation of a 1D analog of the MOSFET-

metamaterial proposed in [1] based on transmission line (TL) technology operating at mi-

crowave frequencies. The idea is to use a system formed by two microstrip TLs periodically

loaded with FET isolators [see Fig. 1.2].
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Figure 1.2: 1D implementation of the MOSFET-MTM: two microstrips lines periodically

coupled with FET isolators.

The proposed system will be studied theoretically and numerically to demonstrate that it

can enable strong nonreciprocal responses and regimes of gain and loss (i.e., that it has a non-

Hermitian response). Furthermore, a prototype of the studied configuration is proposed to

experimentally demonstrate the non-Hermitian and nonreciprocal response of the 1D analog

of the MOSFET-MTM.

1.3 Dissertation Outline

The remaining structure of this dissertation contains three more chapters. In Chapter 2,

will be presented the main electromagnetic properties of the MOSFET-MTM and the con-

sequences of the wave propagation in the metamaterial, more specifically the power beating

and the possibility of obtaining an optical isolator. In Chapter 3, it will be presented the

analog 1D structure of the MOSFET-MTM, which will be based on TL periodically coupled

with FET isolators. Firstly it is explained the analogy between the wave propagation in the

coupled lines and in the MOSFET-MTM. Afterward, it is explained how the FET isolator

response is modeled and incorporated into the theoretical model. To theoretically study the

wave propagation in the TL I consider two distinct models. In the first model the FET pa-

rameters are distributed along the line and the system is regarded as a continuous medium.

In the second model, the periodic loading of the lines is explicitly taken into account. Both

models are validated against full wave simulations calculated using ADS [2]. Finally, the the-

3



oretical and numerical simulations are used to design a microwave prototype based on PCB

technology and commercially available elements. In the last chapter, the main conclusions

of the work are outlined, as well as the future work.
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2 MOSFET-Metamaterial

2.1 Nonreciprocal and Non-Hermitian Response in the

MOSFET-Metamaterial

In Ref. [1], it was introduced a hypothetical bulk metamaterial, designated as MOSFET-

Metamaterial, composed by a periodic arrangement of MOSFET transistors [see Fig. 1.1b].

It was theoretically demonstrated in [1] that when such hypothetical metamaterial is biased

with some static electric field E0 in the xoz plane, for dynamic fields (Eω) with small am-

plitude compared to E0
(
i.e., |Eω| <<

∣∣E0
∣∣), the electromagnetic response is described by

the following linearized permittivity tensor:

ε̄ =


εxx 0 εxz

0 εyy 0

0 0 εzz

 . (2.1)

Interestingly, this linearized permittivity tensor indicates that the electromagnetic re-

sponse of the MOSFET-MTM is nonreciprocal
(
ε̄T ̸= ε̄

)
(the superscript T represents the

operation of transpose), and non-Hermitian
(
ε̄† ̸= ε̄

)
. Therefore, this permittivity tensor

predicts that the MOSFET-MTM may exhibit quite remarkable properties. The propaga-

tion along the y−direction (∇ = ∂yŷ) can be described by the expanded form of Maxwell’s

equations:

−j∂yEx = ωµ0Hz, j∂yEz = ωµ0Hx (2.2a)

j∂yHx = ωε0εzzEz, −j∂yHz = ωε0 (εxxEx + εxzEz) (2.2b)

where is considered a time variation ejωt and ∂y = ∂/∂y.

The wave propagation in the MOSFET-MTM is characterized by ∇×∇×E = (ω2/c2) ε̄ ·

E, where ω is the angular frequency and c the speed of light in vacuum. The plane wave
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solutions are of the form E = A0e
−jk·r with A0 a constant complex vector, k the wave

vector and r = xx̂ + yŷ + zẑ the position vector. For propagation along the y−direction,

the solutions of the homogeneous wave equation are:

k =
ω

c

√
εxxŷ ≡ ko, E∼x̂ (ordinary wave) (2.3a)

k =
ω

c

√
εzzŷ ≡ ke, E∼ εxz

εzz − εxx
x̂ + ẑ (extraordinary wave). (2.3b)

Notably, because of the non-Hermitian response stemming from the nonzero cross-coupling

coefficient εxz, the two wave modes are non-orthogonal [see Fig. 2.1]. In particular, the elec-

tric field vector of the extraordinary wave makes an angle θ (with tan (θ) = (εxz/ (εzz − εxx)))

with the direction perpendicular to the electric field vector of the ordinary mode. It is im-

portant to note that in conventional lossless and Hermitian materials, the electromagnetic

modes are always orthogonal. As shown in the next section, the nonorthogonality of the two

electromagnetic modes may lead to interesting effects and opportunities.

Extraordinary
wave

Ordinary
wave

Figure 2.1: Geometrical relation between the electrical field of the plane wave modes in the

MOSFET-MTM [Eq. 2.3] for propagation along y. Adapted from [1].

2.2 Power Flow in the MOSFET-Metamaterial

Assuming a superposition of the two waves (ordinary and extraordinary), it can be shown

[1] that the time-averaged Poyting vector S = 1
2
Re {E × H∗} in the material is given by:

S =
1

2

√
ε0√
µ0

[
|Ao|2

√
εxx + |Ae|2

√
εzz

(
1 +

∣∣∣∣ εxz
εzz − εxx

∣∣∣∣2
)

+
1

√
εzz −

√
εxx

Re
{
εxzAeA

∗
oe

−j(ke−ko)y
}]

ŷ (2.4)

The first two terms of S represent the power transported by the two waves (ordinary

and extraordinary) individually. Remarkably, provided the cross-coupling coefficient εxz is
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different from zero, there is a third term that is responsible for a periodic spatial variation of

the power flux. This third term describes a power beating with spatial frequency ke − ko, as

illustrated in Fig. 2.2. Therefore, when εxz ̸= 0, the two modes cease to transport the power

independently in the material. This is a very unusual result since in standard Hermitian

systems the electromagnetic modes always transport power independently.

0
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16
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active
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dissipative
region

active
region

dissipative
region

Figure 2.2: Poyting vector (normalized) as a function of the propagation distance (normalized

to the vacuum wavelength λ0 = 2πc/ω). Adapted from [1].

As one can see from Fig. 2.2, depending on the phase between the ordinary and extraor-

dinary waves, the MOSFET-MTM alternates between active and dissipative regions. The

level of power amplification is proportional to the magnitude of the cross-coupling component

εxz.

2.3 MOSFET-Metamaterial as an Electromagnetic Iso-

lator

As already pointed out, an interesting property of the MOSFET-MTM is that the eigen-

vectors of the ordinary and extraordinary waves are not orthogonal. As theoretically demon-

strated in [1], this property can be exploited to design an electromagnetic isolator, as depicted

in Fig. 2.3. The isolator consists of a MOSFET-MTM slab of thickness d placed in between

two orthogonal linear polarizers. The purpose of the two linear polarizers is to absorb the

electric field component parallel to their axes, and let the orthogonal components pass them

unaltered.
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E0

MOSFET-MTM
Isolator

Figure 2.3: Electromagnetic isolator based on the electrically biased MOSFET-MTM.

Adapted from [1].

Let us analyze the response of such an isolator. One can see that for an incident wave

that propagates in the positive y direction (from left to right), the polarizing grid absorbs its

x component, i.e., the wave reaching the MOSFET-MTM slab only has electric field oriented

along the z−direction. But, because of the cross-coupling term εxz, the wave propagation

in the metamaterial may induce an electrical field component along x, generating an output

signal from left to right. On the other hand, an incident wave propagating from right to

left can only enter into the metamaterial if the incident electric field has an electric field

component along x. In this scenario, the MOSFET-MTM does not generate any cross-

polarization component, so the incoming wave is totally absorbed by the grid, and hence,

there is no right-to-left transmission. Therefore, the system behaves as an isolator, since the

wave propagation is only allowed in a specific (left to right) direction.
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3 1D Implementation of the MOSFET-

MTM using asymmetrically coupled TL

In the previous chapter, I introduced the MOSFET-MTM, a hypothetical material that

draws inspiration from standard MOSFETs and possesses unique electromagnetic properties

such as a nonreciprocal and non-Hermitian responses. The remarkable properties of the

MOSFET-MTM can allow for exotic wave phenomena such as a power beating characteristic

and permitting realizing optical isolators in magneteless systems. In this chapter, I purpose a

1D implementation of such a hypothetical material. The proposed configuration is based on

two coupled transmission lines periodically loaded with FET isolators. I explore the unique

wave phenomena that this structure can produce and demonstrate that it can indeed behave

as a 1D version of the MOSFET-MTM.

3.1 Coupled TL Analogy

The main motivation to use a coupled TL structure to mimic the MOSFET-MTM re-

sponse is related to the fact that the equations that determine the electromagnetic field

in the MOSFET-MTM are very similar to the standard equations that describe the wave

propagation in capacitively coupled TL configuration [3].

Let’s start by considering a system consisting of two capacitively coupled transmission

lines (TL) oriented along y−direction. The wave propagation in this structure can be deter-

mined using:

j∂yV1 = ωL11I1 (3.1a)

j∂yI1 = ω (C11V1 + C12V2) (3.1b)

j∂yV2 = ωL22I2 (3.1c)

j∂yI2 = ω (C21V1 + C22V2) , (3.1d)
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The coupling between the two lines is described by the mutual capacitances (per unit of

length) C12 and C21.

In reciprocal systems, the mutual capacitances are identical such as C12 = C21 ≡ Cm [see

Fig. 3.1a]. Here, on the other hand, to mimic the response of the MOSFET-MTM I consider

a more exotic response such that the lines are asymmetrically coupled with C12 ̸= 0 and

C21 = 0 [see Fig. 3.1b]. This type of capacitive coupling causes the voltages and currents

in line 1 to be influenced by the wave propagating in line 2, but line 2 is insensitive to the

voltages and currents of the wave propagating in line 1.

I1

I2

V2

V1

Coupled through 
mutual capacitances

y

a) I1

I2

V2

V1

One way couplingC12 

y

b)

Figure 3.1: a) Two transmission lines are capacitively coupled, with C12 = C21 ≡ Cm. b)

Two transmission lines coupled through a one-way capacitance p.u.l. such that C12 ̸= 0 and

C21 = 0.

line 2 line 
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Figure 3.2: Two microstrips TL periodically loaded with FET isolators

To implement the asymmetrically coupled lines in a real physical system I consider two

TL periodically loaded with FET isolators (with period d) as illustrated in Fig. 3.2. Here, it

is adopted a common-source FET configuration [see Fig. 3.3], with the source connected to
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the ground plane. In a common-source configuration the FETs may be regarded as a 2-port

device with the small-signal equivalent circuit depicted in Fig. 3.4.

Figure 3.3: Common-source configuration for a depletion mode MESFET. Adapted from [3].

Figure 3.4: Small signal equivalent for a microwave FET in common-source configuration.

Adapted from [3].

This equivalent circuit is the result of a linearization of the FET response around the

operation point.

In what follows it is described how the FET model is incorporated into the analysis of

the system. The FET elements can be modeled by an admittance matrix YF, which relates

the currents and voltages at the two ports as:

Im1

Im2

 =

Y11 Y12

Y21 Y22

Vm1

Vm2

 . (3.2)

Lets start by obtaining an equivalent continuous model for the circuit in Fig. 3.2 in

which the FET parameters are distributed along the line. The model is valid under the

metamaterial regime, i.e., when the spacing d between sucessive FETs is much smaller than

the wavelength in the TL [16].
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Importantly, when the FETs are connected to the TLs there is a discontinuity of the

currents in the two lines at the connection points. However, the voltages remain continuous

at those points. Thus, in the effective medium regime YF will contribute to the distributed

capacitance of the lines. Indeed, the additional capacitance p.u.l. is YF/ (jωd). Hence, the

effective capacitances of the periodically loaded system are:

C11 = C1 +
YF,11

jωd
, C12 =

YF,12

jωd
, (3.3a)

C21 =
YF,21

jωd
, C22 = C2 +

YF,22

jωd
. (3.3b)

C1 and C2 are the capacitances p.u.l. of the unloaded microstrip lines (i.e., the lines

without the FETs). Note that the effective inductances are the same as for the uncoupled

lines, i.e., the inductances are unaffected by the loading of the FETs.

3.2 Admittance matrix of the FET

Here it is described how the admittance matrix YF that describes the response of the FET

isolator is calculated. To begin with, as described in [3] the small gate-to-drain capacitance

(Cgd) of the equivalent circuit shown in Fig. 3.4 is neglected. The corresponding small-signal

equivalent circuit of the FET is depicted in Fig. 3.5.

Figure 3.5: Small signal equivalent circuit for a microwave FET in common-source configu-

ration with the small gate-to-drain capacitance (Cgd) neglected.

A simple analysis of this circuit shows us that the admittance matrix is given by:

YF =

 1
Rds

+ jωCds gm
1

1+jωCgsRi

0 jωCgs

1+jωCgsRi

 . (3.4)

Note that YF,21 ≈ 0, and thereby, the FET isolator is strictly unidirectional, which leads

to C21 =
YF21

jωd
≈ 0. To avoid insertion losses, we, ideally, would like to have ωCdsRds >> 1

and ωCgsRi << 1. The first condition can be met by having a large Rds, which can be
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obtained by operating the FET in the saturation region [see Fig. 3.3] wherein the drain

to source current Ids is insensible to variations of Vds. The second condition is obtained by

having the smallest losses possible such that Ri = 0. Under these conditions, the admittance

matrix simplifies and is given by:

YF =

jωCds gm

0 jωCgs

 , (3.5)

and we can obtain the following effective capacitance:

Cef =

C11 C12

C21 C22

 ≈

C1 +
Cds

d
gm
jωd

0 C2 +
Cgs

d

 . (3.6)

While the effective inductance is given by:

Lef =

L11 0

0 L22

 . (3.7)

In Eq. 3.6 is shown that the effective response of the coupled lines is very identical to the

response of the MOSFET-MTM. However, the capacitance C12 is purely imaginary, while

the corresponding cross-coupling coefficient εxz in the MOSFET-MTM is real.

3.3 Wave Propagation in the Asymmetrically Coupled

TL

3.3.1 Effective or distributed parameters model

The wave propagation in the capacitively coupled lines is determined by solving the linear

equations 3.1, considering the effective capacitive and inductive elements that are given by

Eqs. 3.6 and 3.7, respectively. So it can be rewriten the Eqs. 3.1 in a compact format like

j∂yf = M · f, with the matrix M given by:

M = ω


0 0 L11 0

0 0 0 L22

Cef,11 Cef,12 0 0

0 Cef,22 0 0

 , (3.8)

with f = (V1, V2, I1, I2)
T , the state vector formed by the voltages and the currents in the

two microstrip lines. The traveling wave solutions, with a spatial variation in y of the form
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e−jkyy, can be found in a very direct way from the kernel of the matrix M. Analogous to

the MOSFET-MTM, there are two traveling waves, an ordinary and an extraordinary wave.

The ordinary wave is of the form:

fo =

Vo

Io

 = Ao



√
L11

C11

0

1

0

 e−jβoy, with βo = ω
√

L11C11 (3.9)

where Ao is the complex amplitude of the wave and with Vo and Io the vectors with the two

components of the voltages and currents, respectively. The ordinary wave describes a wave

that solely propagates in line 1. Recall that line 2 is totally insensitive to the distribution of

voltages and currents in line 1. On the other side, the extraordinary wave mode describes a

wave that propagates in line 2 and that will leak its energy into line 1, due to the one-way

coupling that is provided by the FET isolators, with its corresponding state vector being

given by:

fe =

Ve

Ie

 = Ae



√
L22

C22

C12L11

C22L22−C11L11√
L22

C22

C12L11

C22L22−CC11L11

1

 e−jβey, with βe = ω
√
L22C22 (3.10)

where Ae is the complex amplitude of the extraordinary wave mode.

The total power flowing in two lines can be given by the product of the voltages and the

currents in both lines as:

P =
1

2
Re {V1I

∗
1 + V2I

∗
2} =

1

2
Re {V · I∗} (3.11)

with V =

V1

V2

 and I =

I1
I2

. A standard solution of j∂yf = M · f may be written as a

superposition of the two eigenwaves supported by the lines. Hence, the power distribution

in all space may also be written as a function of a generic solution (superposition of the two

eigenmodes) of the system and is given by

P =
1

2
Re {Vo · I∗o}+

1

2
Re {Ve · I∗e}+

1

2
Re {Ve · I∗o + Vo · I∗e} = Po + Pe + Pcr (3.12)

where Po and Pe are the powers transported by the ordinary and extraordinary waves alone,

and Pcr is an interference term.
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As shown in Eq. 3.12 the power distribution in the lines contains one interference term

resulting from the interaction between the ordinary and extraordinary waves that originate

from the unidirectional coupling from line 2 to line 1. This interference term can cause the

emergence of a power beating. The capacitances and inductances p.u.l. of the unloaded lines

can be given by:

Ci =
1

Z0,iνp,i
, Li =

Z0,i

νp,i
, (3.13)

with νp,i = c/
√
εef,i the velocity of propagation in the i -th line. Moreover, we consider a

FET transistor with parameters given by table 3.1, taken from [3].

Table 3.1: Typical values for the equivalent circuit of microwave MESFET [3].

Parameter Value

Ri (series gate resistance) 7Ω

Rds (drain-to-source resistance) 400Ω

Cgs (gate-to-source capacitance) 0.3pF

Cds (drain-to-source capacitance) 0.12pF

gm (transconductance) 40mS

The distance between two adjacent transistors, i.e., the spatial period, is assumed to be

d = 5mm. It is also considered that line 1 is shorted-circuited at y = 0 so that V1 (y = 0) = 0.

In this scenario, it is easily shown that for these conditions to be satisfied, in a generic

solution of the system 3.1 the complex amplitude of the ordinary and extraordinary wave

modes (Ao and Ae, respectively) must satisfy:

Ao = −Ae ·
√

C11

L11

√
L22

C22

C12L11

C22L22 − C11L11

. (3.14)

In this initial stage, the dissipative elements of the FET equivalent circuit are ignored, and

it is supposed that Ri = 0 and Rds = ∞. In Fig. 3.6, it is depicted the spatial distribution

of the voltage and current in the two TL for a fixed frequency of operation ω/ (2π) = 5GHz.

In the horizontal axis is depicted the propagation distance in terms of the number of unit

cells present in the system. Figure 3.6 shows us that the voltage and current in line 2 has a

constant value, because, as previously mentioned, the waves in this line are insensitive to the

wave in line 1. On the other hand, the voltage and current in line 1 have a periodic variation

in space, because of the interference between the ordinary and extraordinary waves.
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Figure 3.6: Spatial distribution of the voltage [a)] and current [b)] in the coupled TL as a

function of the propagation distance.

Figure 3.7: Total power transported by the two lines as a function of the propagation

distance (blue lines). a) Ideal scenario where the FET isolators have Ri = 0 and Rds = ∞

and individual powers transported by line 1 (dashed black line) and line 2 (green line). b)

FET isolators with Ri = 7Ω and Rds = ∞. c) FET isolators with Ri = 7Ω and Rds = 400Ω

[see Table 3.1].

When the influence of the dissipative elements (Ri and Rds) is discarded [see Fig. 3.7a],

the power flows periodically with the propagation distance with a period of roughly 40d (i.e.,

every 40 transistors). In Fig. 3.7a it is shown that due to the gain of the transistors, the total

power of the system can exceed more than 100 times the input power. Also it is possible

to see that in some regions the FETs transistors pump energy into the system (increasing

the transported power). And in other regions, the FETs transistors extract energy from

the system (decreasing the transported power). This gives rises to the effect of the power

beating. Fig. 3.7 also shows that most of the energy is transported in line 1 (dashed black

line), and there isn’t any power oscillation in line 2 (green line).

Interestingly, when some of the dissipative elements of the FET are taken into account

(Ri), it is possible to see that the power oscillations are damped after a few periods of signal

[see Fig. 3.7b]. On the other hand when all of those elements (Ri and Rds) are considered,

the power oscillations are damped after the first period of signal [see Fig. 3.7c].
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3.3.2 Discrete model

Until this point, all theoretical calculations were performed considering that the FET

parameters were distributed along the periodically loaded TLs [see Fig. 3.2]. However, such

model may break its validity when the spacing between FETs is on the order or larger of the

wavelength of radiation. In what follows, I develop a theoretical model in which the FET is

considered a punctual load and I modulate its behave based on that effect.

D S

G

I 2
V 2

I 1
V 1

I’ 1
V’ 1

I’ 2
V’ 2

I i V i

I o V o

Figure 3.8: Sketch of the connection of the TL through a FET isolator.

The model is based on a transfer matrix (ABCD matrix) formalism that takes into

account exactly the periodicity of the system. To begin with, I obtain the equivalent ABCD

matrix T for a FET isolator. This matrix relates the voltage and the current (state vectors)

represented in Fig. 3.8 as follows:


V ′
1

V ′
2

I ′1

I ′2

 = T ·


V1

V2

I1

I2

 , (3.15)

where Vj, Ij and V ′
j , I ′j (with j = 1, 2) represent the input and output voltages in the two

microstrip lines in the proximity of the transistor, respectively, From Fig. 3.8 we can see

that:

V ′
1 = V1 = Vi, V ′

2 = V2 = Vo (3.16a)

I ′1 = I1 − Ii, I ′2 = I2 − Io (3.16b)

where Vi, Ii and Vo, Io are the drain and gate voltages and currents, respectively, which are
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connected by the admittance matrix YF of the transistor as follows:Ii
Io

 =

Y11 Y12

Y21 Y22

Vi

Vo

 . (3.17)

Substituting Eq. 3.17 into the Eqs. 3.16, it follows that the ABCD matrix of the FET

isolator can be determined by:
V ′
1

V ′
2

I ′1

I ′2

 =


1 0 0 0

0 1 0 0

−Y11 −Y12 1 0

−Y21 −Y22 0 1




V1

V2

I1

I2

→ f′ = T · f. (3.18)

To obtain the ABCD matrix for a single unit cell of the periodically loaded TL structure,

it is supposed that the FET isolator is placed at the center of the unit cell [see Fig. 3.2]. In

that case the ABCD matrix for a single cell Uc can be given by:

Uc = ejM0
d
2 · T · ejM0

d
2 . (3.19)

In Eq. 3.19, ejM0
d
2 is the ABCD matrix that describes the wave propagation in a section

of the length of d/2 of the uncoupled TL.

ejM0
d
2 =



cos
(
ω
√
L1C1

d
2

)
0 −j

√
L1

C1
sin
(
ω
√
L1C1

d
2

)
0

0 cos
(
ω
√
L2C2

d
2

)
0 −j

√
L2

C2
sin
(
ω
√
L2C2

d
2

)
−j
√

C1

L1
sin
(
ω
√
L1C1

d
2

)
0 cos

(
ω
√
L1C1

d
2

)
0

0 −j
√

C2

L2
sin
(
ω
√
L2C2

d
2

)
0 cos

(
ω
√
L2C2

d
2

)


.(3.20)

Here M0 is the transfer matrix [see Eq. 3.8] of the TL without any capacitive coupling,

i.e., considering C12 = C21 = 0. The transfer matrix for a finite structure with N unit cells

is [Uc]
N . Therefore, the state vectors at the input and output of a transmission with l = Nd

are connected by:

f (y = Nd) =
(
ejM0

d
2 · T · ejM0

d
2

)N
· f (y = 0) . (3.21)

Interestingly we see that the main difference between the continuous and discrete model is

simply the transfer matrix associated with each problem, so that for the continuous problem

it is given by ejMNd, with M given by Eq. 3.8 and in the discrete model it is equal to(
ejM0

d
2 · T · ejM0

d
2

)N
= [Uc]

N .

To verify the validity of the effective medium model introduced in the previous section, in

what follows I also calculate the power distribution in the lines from the exact solution which
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(discrete problem) which takes into account the periodicity of the structure. In this case, the

eigenwaves are determined from the kernel of the matrix Uc and are also two eigenwaves, one

ordinary and one extraordinary. For the sake of readability, their expressions are omitted in

the text. Similar to the effective medium model, we consider that V1 (y = 0) = 0 at beginning

of the lines, and also, for simplicity, we discard the effect of the dissipative elements of the

FET isolators (Ri = 0 and Rds = ∞). In this model, we only compute the power at the

periodicity nodes, i.e., at integer multiples of d. Fig. 3.9 depicts the total power transported

in the lines for different values of the spacing d (between adjacent FET isolators) at the fixed

frequency of ω/2π = 5GHz, calculated with the effective medium model and with the exact

theoretical model.

Figure 3.9: Power transported by the TL as a function of the propagation distance (nor-

malized to the spacing d) at 5GHz. In the dotted black curve, we have d0 = d/2.5 = λ/30,

in the dotted green curve we have d1 = d = λ/12 and in the dotted blue curve, we have

d2 = 3d = λ/4, with λ being the wavelength in free-space [λ = (2πc) /ω] and d = 5mm. The

solid curves represent the effective medium (or continuous) model results and the discrete

symbols represent the discrete (or periodic) model results.

These results depicted in Fig. 3.9 show a remarkable agreement between the two models

(effective and periodic), especially for small periods, when compared to the free-space wave-

length. When the period d becomes a significant fraction of the wavelength (blue curves in

Fig. 3.9), this agreement starts to deteriorate and, as consequence, the effective medium

approximation falls down. This is an expected behavior from the standard homogenization

theory of metamaterials [16]. In metamaterials, the "inclusions" mimic the role of atoms

and molecules of conventional materials, and, provided their size is much smaller than the

wavelength of radiation, the metamaterial can be treated as a continuous medium described

by some effective parameters. Similarly, the structure continuous model can describe accu-
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rately the wave propagation in the metamaterial when the unit cell dimension d is on the

order or smaller than λ/10 with λ = (2πc) /ω.

3.3.3 Projected system

As previously mentioned, the 1D implementation of the MOSFET-MTM will be com-

posed of two TL (microstrip lines), periodically loaded with FETs in a common-source con-

figuration. In Fig. 3.10, it is depicted a representation of the idealized system wherein the

gate of the transistors is connected to line 2 (bottom line) and the drain to line 1 (top line),

with each line being terminated with a load (Z1 and Z2). I also considered the possibility

of exciting the structure at both lines simultaneously, so that we have two voltages sources,

Vg,1 and Vg,2 and their respective impedances, Zg,1 and Zg,2.

D S

G

D S

G

D S

G

D S

G

d

d
Z1

Z2

Zg,1

Zg,2

Vg,1

Vg,2

Figure 3.10: Sketch of the projected system, for a coupled TLs with N = 4 FETs.

In Fig. 3.10 it is depicted a coupled TL configuration with 4 FETs, but the system

project may be extended to an arbitrary number of transistors. Despite being considered the

possibility of exciting the structure from both sides, let us begin by focusing on a particular

configuration wherein the coupled lines are excited on the left side of the gate line, and

the output is on the right side of the drain line. As I showed in the previous section, such

configuration gives rise to a power oscillation along the drain line, originating from the

interaction between the ordinary and extraordinary waves propagating in line 1.

The prototype design also involved defining several structural parameters, such as fre-

quency operation, line impedance, and spacing between FETs. Due to the limitations of
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the oscilloscope that we will be using in the experimental characterization, the frequency of

operation was restricted to around 2GHz. More precisely I considered f = 1.8GHz as the

frequency of operation. While so far it was considered a fixed value of the effective permit-

tivity of lines, in a realistic system this value will be heavily dependent on the width of the

microstrip, the thickness, and permittivity of the substrate as shown in 3.11.

Figure 3.11: Geometry of a microstrip line. Adapted from [3].

The effective permittivity of the microstrip is given by:

εef =
εr + 1

2
+

εr − 1

2

1√
1 + 12d/W

, (3.22)

with εr the relative permittivity of the substrate , d the thickness of the substrate and W

the width of the microstrip line. Thus, the characteristic impedance of the lines can be given

by:

Z0 =


60
εef

ln
(
8d
W

+ W
4d

)
for W/d ≤ 1

120π√
εef [W/d+1.393+0.667ln(W/d+1.444)]

for W/d ≥ 1
(3.23)

In this work I consider a FR4 substrate characterized by a relative permittivity εr = 4.1 and

thickness d = 0.8mm. Since line 1 will be the line with the most power its impedance is set

to 50Ω to ensure matching with the generator, whose standard impedance is 50Ω. Using the

previous equations it follows that the effective permittivity of the line is εef,1 = 3.14 and its

width is W1 = 1.83mm. Conversely, I considered that the line 1 is characterized by a slightly

different effective permittivity εef,2 = 3.13, for which the width of the line is W2 = 1.776mm

and the impedance is Z02 = 51.1904Ω.
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3.3.4 Theoretical system’s characterization

In section 3.3.2 was studied the discrete model that determines the exact response of

the system. In those studies it was considered that the initial condition was simply having

Vg,1 = 0V using a superposition of the system eigenstates, and that the system is infinite. In

a more realistic problem it is challenging to excite the structure with its eigenstates and the

most common way is by considering a generator as shown in Fig. 3.10. Moreover, the real

configuration is not infinite but it is formed by N unit cells. To accomodate these changes

in the theoretical model we assume that at the lines terminations (y = l) we have I1 = V1

Z1
,

I2 =
V2

Z2
, which give the state vector f (y = l) = A1t̂1 + A2t̂2, with:

t̂1 =


1

0

1/Z1

0

 , t̂2 =


0

1

0

1/Z2


Here A1 and A2 are unknowns and represent the amplitudes of the voltages in each

line. With this, and using simple mathematical manipulations in the transfer matrix it is

easy to check that at the input of the system, the state vector verifies f (y = 0) = e−jMl ·(
A1t̂1 + A2t̂2

)
, which give:

V1

V2

I1

I2

 =


û1 · e−jMI · t̂1 û1 · e−jMI · t̂2
û2 · e−jMI · t̂1 û2 · e−jMI · t̂2
û3 · e−jMI · t̂1 û3 · e−jMI · t̂2
û4 · e−jMI · t̂1 û4 · e−jMI · t̂2


A1

A2

 (3.24)

Noting that Vg1 = Zg1I1 + V1 = 0 and Vg2 = Zg2I2 + V2 = 1, we obtain a linear system of

6 equations and 6 unknowns (which are V1, V2, I1, I2, A1, and A2), which can be numerically

solve using Mathematica [17] to obtain the state vector at the input, and hence the voltages

and currents at any point in the line, with the help of the ABCD matrix.

In Fig. 3.12 it is depicted the total power in the system (green curve), the power of line 1

(blue curve), and the power in line 2 (black curve) in function of the number of cells, for the

discrete model, when line 2 is excited with 1V, i.e., Vg,2 = 1V (with d = 5mm, εef,1 = 3.14,

εef,2 = 3.13, f = 5GHz, and the system is composed by 100 cells), when the influence of the

dissipative elements of the ideal FET is discarded. As seen, even when a finite structure and

a more realistic excitation configuration is used, the structure still exhibits a power beating

characteristic with the main contribution coming from line 1. Additionally, in Fig. 3.13 is
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depicted the voltage and the current of the line (in function of the number of cells), which

also reveal the beating effect of the traveling wave in the drain line.
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Figure 3.12: Power transported by the coupled lines as a function of the number of cells. The

green curve represents the total power of the system, the blue curve represents the power of

the traveling wave in line 1, and the black curve represents the power of the traveling wave

in line 2.
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Figure 3.13: a) Voltage in line 1, in function of the number of cells. b) Current in line 1, in

function of the number of cells.

In Fig. 3.14 it is shown the power distribution in the lines when loss is considered in

the system, particularly considering Ri = 7Ω and Rds = 400Ω. Similarly to the infinite

configuration, the oscillations are damped. Interestingly, the maximum voltage gain in line

1 is 7V/V as shown in Fig. 3.15a.
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Figure 3.14: Power transported by the coupled lines as a function of the number of cells. The

green curve represents the total power of the system, the blue curve represents the power of

the traveling wave in line 1, and the black curve represents the power of the traveling wave

in line 2.
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Figure 3.15: a) Voltage in line 1, in function of the number of cells. b) Current in line 1, in

function of the number of cells.

3.3.5 Characterization of the system with more realistic FETs

The system’s analysis in the previous sections of this chapter treats the FETs as ideal

isolators so that there is a unidirectional coupling between the gate and drain terminals.

In particular, the gate-to-drain capacitance Cgd is neglected in the admittance matrix of

the FET. However, in realistic devices Cgd can not be neglected, and one big consequence
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of this is that the system will no longer have a unidirectional coupling [see Fig. 3.1]. So

the objective of this section is to model the system with Cgd and other non-ideal elements

(extrinsic or parasitic elements) of realistic transistors.

As shown in Fig. 3.16, the small-signal circuit of the FET can be divided into two parts:

the intrinsic elements (elements inside the red box), which are dependent on the biasing of

the FET, and the extrinsic elements (elements between the red and green boxes), which are

the parasitic elements that came from the packaging.

Figure 3.16: Complete small-signal equivalent circuit for a microwave FET in the common-

source configuration. The intrinsic elements are enclosed in the red box and the extrinsic

elements are enclosed in between the red and green boxes.

Thus, the admittance matrix YF of the FET needs to be determined by taking into

account all the elements depicted in Fig. 3.16. We start with the intrinsic response. A

straightforward analysis of the circuit shows that the admittance matrix that describes the

intrinsic response of the FET can be given by:

YF,int =

 1
Rds

+ jωCds + jωCgd
gme−jωτ

jωCgsRi+1
− jωCgd

−jωCgd

(
Ri +

1
jωCgs

)−1

+ jωCgd

 , (3.25)

with τ the transit time required by carriers to travel from source to drain.

The entire admittance matrix YF can be found starting from the intrinsic response

through a series of matrix transformations [3], successively adding the parasitic elements

to the overall response of the system [18]. This method consists of the following steps:

1. Transform the admittance matrix YF,int into an impedance matrix ZF,int. Then add
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to ZF,int the impedance matrix of the drain resistance and source parasitic elements:

Z1 = ZF,int +

Rg +Rs + jωLs Rs + jωLs

Rs + jωLs Rd +Rs + jωLs

 .

2. Transform the impedance matrix Z1 into an admittance matrix Y1. Then add to Y1

the admittance matrix of the drain and gate parasitic capacitances:

Y2 = Y1 +

jωCpd 0

0 jωCpg

 .

3. Transform the admittance matrix Y2 into an impedance matrix Z2. Then add to Z2

the impedance matrix of the drain and gate parasitic inductances:

ZF = Z2 +

jωLd 0

0 jωLg

 .

4. Convert the impedance matrix ZF into th global matrix YF.

From hereon, in all the calculations it is considered the complete FET model and the

ABCD matrix that takes into account the granularity (periodicity) of the system. It is also

considered a comercially available MESFET [5] with the parameters listed in Table 3.2. With

this, we can calculate the power flowing in the lines at integers multiples of d, the periodicity

nodes of the structure.
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Table 3.2: Parameters values of a commercially available MESFET [5].

Parameter Symbol Value

Source Resistance Rs 0.8Ω

Source Inductance Ls 0.04nH

Drain-Source Resistance Rds 100Ω

Drain-source Capacitance Cds 0.08pF

Drain Resistance Rd 1Ω

Drain Pad Capacitance Cpd 0.1pF

Drain inductance Ld 0.28nH

Gate Bond Wire Inductance Lg 0.1nH

Gate Pad Capacitance Cpg 0.03pF

Gate Resistance Rg 0.5Ω

Gate-Source Capacitance Cgs 0.78pF

Channel Resistance Ri 0.8Ω

Gate-Drain Capacitance Cgd 0.1pF

Transconductance gm 120mS

Transit Time τ 1ps

3.3.6 Numerical characterization of the system

To validate the theoretical results based on admittance and ABCD matrices and gain in-

sight into the physical phenomena taking place, I simulated the structure in the commercially

available software ADS by Pathwave [2]. This software allowed to do the implementation of

the small-signal equivalent circuit of FET [see Fig. 3.16 and Table 3.2] [5]. The software

allows to design a unit cell of the structure [see Fig. 3.17] that can be represented by a given

symbol. Thus, it is possible to have a structure with multiple unit cells in a more compact

form. In this cell I consider multiple input/output pins: pins P1 and P2 connect to the

previous cell, pins P3 and P4 connect to the next cell, and pins P5 to P9 will be connected

to probes to measure the voltage, current, and power at the end of each cell. In the unit

cell there are also blocks that define the parameters in the TL, such as the impedance of the

line, the spacing between the FET and the line termination (in the cell) and the effective

permittivity of the line. Let me focus on the more realistic configuration discussed in the

previous section. In that configuration, the incoming wave enters the structure on the left
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side of the gate line (line 2) and the output is on the right side of the drain line (line 1), as

depicted in Fig. 3.18.

TLINPTLINP

TLINP TLINP

fet
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Num=5
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Num=9
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TL2 TL3

TL1 TL4
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Figure 3.17: Screenshot of the schematic of a cell of the system, with the FET.
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Figure 3.18: Schematic representation of the system in the left-side configuration.
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Figure 3.19: Screenshot of the beginning of the structure.

As we can see, at the beginning of the structure [see Fig. 3.19] we put an AC source

voltage, that generates an AC voltage of 1V (polar) in line 2, while line 1 is connected to

the ground. On the other hand, at the output of the system [see Fig. 3.20], both lines are

terminated with an impedance of 50Ω and connected to the ground. Note that every cell

of the structure is connected to three different probes of measurement (for voltage, current,

and power measurements). This allows us to extract the information at the end of each cell.

Figure 3.20: Capture of the end of the structure with 100 FET cells.

As previously mentioned, due to practical constrains the frequency of operation is limited

to around 2GHz. In what follows I consider a structure operating at 2.2GHz and distance

between successive FETs d = 3cm. Moreover, I also consider a smaller amount of FETs

(15) so that the overall electric length of the structure ω × d/c is nearly the same as in the

previous example. In Fig. 3.21 is depicted the power measured (blue curve) and predicted in

the theoretical model (green curve). The results calculated with the numerical simulation and
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the theoretical model show perfect agreement and demonstrate that the proposed structure

enables a power beating characteristic. Importantly, for N = 15 FETs the power in the end

of the line (at N = 15) is almost null as the dissipative elements of the FETs absorb all

the energy in the system. Remarkably, this phenomenon is very similar to the one of the

MOSFET-MTM [1], and with this, one can validates that the 1D implementation based on

TLs can emulate the behaviour of the MOSFET-MTM, even in a configuration with losses,

and with a bidirectional coupling.
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Figure 3.21: Power of the traveling wave in line 1, for the numerical model (blue curve) and

for the theoretical model (green curve), with f = 2.2GHz, d = 3cm, Vg,1 = 0V, Vg,2 = 1V ,

εef,1 = 3.14, εef,2 = 3.13, Z01 = 50Ω and Z02 = 51.1904Ω.

Additionally, I considered another configuration of the coupled TLs wherein the excita-

tion signal is at the right-side of the gate line, as shown in Fig. 3.22. This configuration

corresponds to a mirror symmetry of the structure depicted in Fig. 3.18.
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Figure 3.22: Schematic representation of the system in the right-side configuration.

The results of the power distribution in all space calculated using the simulator and the

theoretical model are shown in Fig. 3.23. As seen, both results are overlapped and predict

that in this case the power flow is along the negative y−direction. These results show us

that this structure can be very flexible, because the incoming wave can be injected in any

side of the structure and its behaviour will be the same, showing that despite the asymmetry

of the TLs we have a symmetric response in the same TL.
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Figure 3.23: Power of the traveling wave in line 1 in the theoretical model (green curve) and

in the numerical model (blue curve), with f = 2.2GHz, d = 3cm, Vg,1 = 0V, Vg,2 = 1V ,

εef,1 = 3.14, εef,2 = 3.13, Z01 = 50Ω and Z02 = 51.1904Ω.
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In Chapter 2 we have reported the possibility of taking advantage of the unique response

of the MOSFET-MTM to realize an optical isolator. Here, we discuss the possibility of

somehow mimic the MOSFET-MTM isolator with the proposed FET coupled TLs system.

With this in mind, here we consider the system illustrated in Fig. 3.24. And we focus on

a smaller structure with N = 4 FETs. Let’s consider two different scenarios. In the first

one the excitation is on the gate line and the measurements are done in the drain line [see

Fig. 3.25]. In the other one the excitation is on the drain line is on the drain line and the

measurements are made in the gate line [see Fig. 3.26].
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Figure 3.24: Representation of the structure as an isolator.
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Figure 3.25: Representation of how the measurements of the isolator were done, with exci-

tation on the gate line and measurements on the drain line.
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Figure 3.26: Representation of how the measurements of the isolator were done, with exci-

tation on the drain line and measurements on the gate line.

As we can see from the results depicted in Figs. 3.27 the power in the drain line for a gate

line excitation is much larger than the power in the gate line for a drain line excitation, with

the latter being almost null. These results show in a definite manner that the proposed 1D

analog of the MOSFET-MTM can also operate as an effective isolator. It is also important

to emphasize the discrepancies between the numerical an theoretical results in Fig. 3.27b

33



are only due to numerical errors in the numerical implementation of the theoretical model in

Wolfram Mathematica software [17], particularly because this model uses the matrix power.
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Figure 3.27: a) Power measured in the configuration represented in Fig. 3.25, with f =

2.2GHz, d = 3cm, Vg,1 = 0V, Vg,2 = 1V , εef,1 = 3.14, εef,2 = 3.13, Z01 = 50Ω and

Z02 = 51.1904Ω. b) Power measured in the configuration represented in Fig. 3.26, with

f = 2.2GHz, d = 3cm, Vg,1 = 1V, Vg,2 = 0V , εef,1 = 3.14, εef,2 = 3.13, Z01 = 50Ω and

Z02 = 51.1904Ω.

3.3.7 Prototype and experimental characterization

Based on the studies made on the previous sections (numerical and theoretical) it is

intended to fabricate two prototypes: one with N = 4 FETs to demonstrate the isolator,

and another with N = 15 FETs to demonstrate the power beating. The prototype will be

fabricated using standard printed circuit techniques. The printed circuit schematics will be

drawn in the commercially available software EAGLE EDA [4]. A first schematic of a N = 4

FETs prototype drawn in the EAGLE is shown in Fig. 3.28. In the design of the schematic

of the circuits to be fabricated, we need to take into account important details that were not

considered so far. In particular, we need to include the DC biasing circuit of the FETs.

As for the components, in the prototype, are present the FETs MwT-A973 by MwT

Inc. [5], the SMA connectors [19], and the capacitances required to filter the DC component

of the signal to prevent it from entering the signal generator. The SMA connectors must be

at the terminations of each line, so it is required four of them, one for each line termination.

By analyzing the datasheet of the component [19], it is possible to see that it is ideal for

PCB boards with 0.8mm and that it has an impedance of 50Ω, which is in agreement with

all the simulations previously made. As for the capacitances, it is only required that they
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had a value of at least 0.1pF, thus it was designed the system with capacitances of 15pF [20].

Additionally, the structure requires two types of loads that need to be put in the terminations

of each line, which will be connected to the SMA connectors, these are 50Ω loads [21] and

short-circuit loads [22].

Another thing that must be considered is to first build a smaller prototype, that will

validate theoretical and numerical models of the system. This smaller prototype has only

four FET cells, as it is depicted in Fig. 3.28

SMA Connector

FET cell

DC Block

DC Block

DC Block

DC Block

G

D
S S

FET

SMA Connector

SMA Connector

SMA Connector

Figure 3.28: Schematic of the smaller prototype designed in the EAGLE [4] software, with

the components listed. Below This structure there is a ground plane, which the GND pins

of the SMA connectors and the sources of the FETs are connect.

3.3.8 Results and discussions

Remarkably, in the previous sections I was able to demonstrate and validate that it is

possible to do a realistic implementation of the 1D analogue MOSFET-MTM, based on

coupled TL, both theoretically and numerically. Even when all the dissipative elements

that may be part of a system like this are taken into account, this structure exhibits strong

nonreciprocal and non-Hermitian response. Also, it is shown the unique wave phenomena

of the power beating. Additionally, I was able to validate that this same structure may also

behave as an isolator.

I was also proposed and designed a 1D prototype of the coupled lines based on PCB

techniques and commercially available SMD elements. Due to the shortage of time and the
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fact of the company responsible for producing the prototype was not able to ensure a timely

delivery of the prototype, it was not possible to complete the experimental characterization

of the proposed prototype.
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4 Conclusions

In this dissertation, I have studied and characterized the wave propagation in a sys-

tem formed by two microstrip TLs periodically loaded with FET isolators, which can be

regarded as 1D analog of the MOSFET-MTM introduced in [1]. The wave propagation in

the asymmetrically coupled TLs was first theoretically studied using standard circuit analy-

sis techniques, such as admittance and ABCD matrices. Two different theoretical methods

were used: (i) an effective medium (or continuous) model where it is assumed that the

FETs parameters are distributed along the lines; (ii) a more realistic discrete model where

the periodic loading with FETs of the lines is taken into account. It was shown that for

subwavelength distances between adjacent FETs, the continuous model agrees well with the

distributed model. In addiction, both theoretical models were validated against numerical

simulations done in ADS [2].

It was shown that the coupled TL system supports the propagation of two different

travelling waves: an ordinary and an extraordinary waves. Moreover, it was shown that

each line is associated with a certain wave polarization, and that the two wave polariza-

tions are coupled through the FETs isolators. The theoretical and numerical results clearly

demonstrated that the TL analog imitates very faithfully the behaviour of the idealized

MOSFET-MTM. In particular, it was demonstrated theoretically and numerically that the

FET-coupled TLs system enables optical isolation and a power beating effect where it oscil-

lates between gain and loss regimes as the wave propagates, analogous to what is provided

by the MOSFET-MTM [1]. Finally, a microwave prototype will be soon fabricated using

standard printed circuit techniques and then experimentally characterized using a VNA and

digital oscilloscope.
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