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RESUMO

Em sistemas de comunicações móveis modernos, arranjos de muitas antenas, espaçadas por

centímetros ou milímetros, são visados para alcançar metas ambiciosas. Entretanto, as interações

eletromagnéticas entre antenas pouco espaçadas num mesmo arranjo não são comumente consi-

deradas na literatura, levando a modelos de sistemas de comunicação fisicamente inconsistentes.

Nesse cenário, esta dissertação apresenta a teoria e a pesquisa por trás da computação das taxas e

capacidades ergódicas de sistemas de comunicação multi-antena considerando o acoplamento

mútuo entre as antenas. Para isso, a Multiport Communication Theory foi usada como o

referencial teórico para modelar os sistemas de comunicação com multiportas da teoria de

circuitos, as quais encapsulam os efeitos do acoplamento mútuo. Considerando esse efeito,

dois sistemas foram modelados: um concebido empregando estratégias de desacoplamento e de

casamento ótimas, por meio do uso de circuitos especializados, conectando amplificadores de

alta potência e amplificadores de baixo ruído aos seus respectivos arranjos de antena, e outro

concebido com uma estratégia sem desacoplamento e com casamentos sub-ótimos, usando uma

conexão direta entre amplificadores e as antenas. Apesar de capazes de prover performance a

nível da teoria da informação ao sistema com eles, circuitos de desacoplamento e de casamento

têm grandes desvantagens ligadas à quantidade de elementos, todos reativos, compondo-os.

Esses podem causar grandes perdas ôhmicas e limitações de banda em grandes números. Para a

análise desses circuitos, as taxas e capacidades dos sistemas são investigadas em casos de banda

estreita e larga. No primeiro, considera-se que os circuitos e as antenas operam na sua frequência

de design e, assim, o potencial desses circuitos pode ser destacado comparado ao sistema sem

eles. No último, os circuitos e as antenas operam em frequências diferentes da sua de design,

destacando os efeitos da variação de frequência nas suas performances e no acoplamento mútuo.

A partir esses casos, as taxas totais ergódicas dentro de diferentes bandas são calculadas para um

sistema exemplar, a fim de introduzir os conceitos de bandas ótima e crítica, figuras de mérito que

podem ajudar a determinar se o ganho de capacidade trazido pelos circuitos de desacoplamento

e de casamento compensa a sua complexidade e tudo o que acarreta em termos de limitações

(efeitos parasíticos). Em última análise, um dos objetivos principais desta dissertação é invocar a

importância de considerar o acoplamento mútuo entre antenas pouco espaçadas.

Palavras-chave: Circuitos de desacoplamento e de casamento. Acoplamento mútuo. Capacidade

ergódica. Arranjos de multi-antenas.



ABSTRACT

In modern mobile communication systems, arrays of many antennas, spaced in centimeters or

millimeters, are sought to reach ambitious goals. However, the electromagnetic interactions

between closely spaced antennas in the same array are usually not taken into consideration in the

literature, leading to physically inconsistent communications systems models. In this scenario,

this thesis presents the theory and the research behind the computation of the ergodic rates

and capacities of multi-antenna communication systems accounting for the mutual coupling

between the antenna elements. For this end, the Multiport Communication Theory was used as

the theoretical framework to model the communication systems with circuit theoretic multiports,

which encapsulate the effects of mutual coupling. Considering this effect, two systems were

modelled: one conceived employing optimal decoupling and matching strategies through the

use of specialized networks connecting high-power amplifiers and low-noise amplifiers to their

respective antenna arrays, and the other conceived with no decoupling and a sub-optimal matching

strategy using a direct connection between amplifiers and the antennas. Although capable of

providing information theoretic level of performance to the system with them, decoupling and

matching networks have major disadvantages related to the quantity of elements, all reactive,

composing them. The elements can cause big Ohmic losses and frequency band limitations for

large numbers of them. For the analysis of these networks, the systems’ rates and capacities are

investigated in narrow and wideband cases. In the former, the networks and the antenna elements

are considered to operate at their design frequency and, as such, the potential of these networks

can be highlighted compared to the system without them. In the latter, the networks and the

antenna elements operate in a frequency different from their design frequency, highlighting the

effects of frequency variation in their performance and in the mutual coupling. Following these

simulation cases, the total ergodic rates inside different bands of frequency are computed for one

exemplary system to introduce the concept of optimal and critical bands, figures of merit that can

help to determine whether or not the capacity gain brought by decoupling and matching networks

is worth their complexity and everything it entails in terms of limitations (parasitics). Ultimately,

one of the main goals of this thesis is to invoke on the importance of taking the mutual coupling

between closely spaced antennas into account.

Keywords: Decoupling and matching networks. Mutual coupling. Ergodic capacity. Multi-

antenna arrays.
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1 INTRODUCTION

In the novel generation of cellular mobile communication networks, the fifth genera-

tion (5G), high demands are imposed over the systems to support large data rates, low-latency and

low energy consumption. To meet these ambitious goals, multi-antenna arrays are often regarded

as a key technology (MARZETTA, 2010), (LARSSON et al., 2014), (RUSEK et al., 2013).

Despite all of the advantages and positive features of these arrays, usually considered

in the literature, they also have an important effect always present: the mutual-coupling, which

is usually not taken into consideration. This effect is responsible to make the excitation of one

antenna create fields which influence all the other antennas in the array. As antenna arrays become

increasingly more compact, it is expected that the mutual-coupling also becomes stronger.

For a multi-antenna array in the transmit side, this can lead to the signals generated

and then radiated by one antenna influencing the transmission of the signals on the other antennas.

On the receive side, a similar effect can take place among the receive signals and also on the

propagation of the noise in the circuitry of one antenna to the circuitry of the other antennas.

Not to consider the mutual-coupling leads to physical inconsistencies of the signal

and information theoretic model (IVRLAČ; NOSSEK, 2010) in multi-antenna arrays. This has

negative impacts on features as array gain and diversity (IVRLAČ; NOSSEK, 2014), energy

efficiency for bits-transfer (IVRLAČ; NOSSEK, 2016), capacity for MIMO systems (WALLACE;

JENSEN, 2004), reciprocity in TDD systems (LAAS et al., 2017), among other problems.

This effect raises an important challenge, which is to make an efficient connection

between the high-power amplifiers in the transmit side and the low-noise amplifiers in the receive

side with the antennas in their respective arrays. This problem has already been discussed in

(IVRLAČ; NOSSEK, 2010) and (IVRLAČ; NOSSEK, 2014).

In these publications, Ivrlač and Nossek proposed networks capable of addressing

the problem of mutual-coupling in antenna arrays by decoupling and matching the antenna ports

at the output of the high-power amplifiers and at the input of the low-noise amplifiers. These are

the decoupling and matching networks, multiports designed within the theoretical framework of

the multiport communication theory and correspond to the first matching strategy in this thesis.

Decoupling and matching networks are conceived to be lossless, thus they consist

only of lumped reactive elements. Unfortunately, to compose such networks, a very large number

of reactive elements (inductors and capacitors) may be necessary, depending on the number of

antennas in the array. As it was proven in (NIE et al., 2014), the smallest number of elements



16

needed is #2 + # , which represents a quadratic growth with the number of antennas # .

If the number of antennas is large, as sometimes it is expected to be in the literature

(e.g., 100 antennas), the implementation of a decoupling and matching network becomes

impractical or even unfeasible, due to the increased layout complexity of the network. In addition,

the large number of reactive elements may bring many parasitics.

Decoupling and matching networks are designed to guarantee decoupled ports for

the transmitter and for the receiver, while also achieving power matching on the transmit side and

noise matching on the receive side. This is, however, granted only when the elements are lossless

and operate at the single-frequency for which they were designed.

Thus, networks with large number of elements may present bandwidth limitations,

because for frequencies too different from the single design frequency, the impedance matrices

of the networks can change considerably. Having a large number of elements also generates large

losses, since real world reactive elements are not ideally lossless, but lossy.

These disadvantages of the decoupling and matching networks lead to the second,

and last, strategy adopted: to make direct connections from the high-power amplifiers to the

transmit antennas and from the receive antennas to the low-noise amplifiers. In (IVRLAČ;

NOSSEK, 2014), this is called the canonical model and since it has no decoupling and matching

network, it is not subject to the frequency limitations and ohmic losses of these multiports.

To analyse these two matching strategies, rates and capacity computations are

performed for both systems, with and without decoupling and matching networks, considering

lossless and lossy situations, narrow and wideband cases and, finally, single and multiuser

scenarios. This thesis reproduces the analysis and results in (VASCONCELOS et al., 2020),

which considered only single-user scenarios and extend them for multiuser ones.

In Chapter 2, the background necessary on the multiport communication theory

is explored to build on the knowledge of the equations of the physically consistent modelling.

Following, it is included the generalization of the models considering losses and frequency

dependency. In the sequence of the presentation of the theoretical background, the different

capacity equations in multi-antenna systems in Chapter 3 are presented.

In Chapter 4, the simulations, their parameters and their results are displayed following

their cases: ergodic rates analysis in narrow and wideband cases, always comparing the efficacy

of the two matching strategies. Finally, Chapter 5 is dedicated for the conclusions on the use of

each strategy and for considerations of the importance of physically consistent modelling.
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2 THE MULTIPORT COMMUNICATION THEORY

The multiport communication theory bridges the electrodynamics and the signal and

information theory together using the circuit theory as the theoretical framework. The theories

and equations of these domains are developed in this chapter for the two models representing the

matching strategies for the multi-antenna systems.

The theoretical development begins with the electromagnetic model, describing and

explaining the antenna elements adopted, their array geometry and the interactions between

themselves, i.e. the electromagnetic coupling. This will lead to an impedance matrix which will

be encapsulated into the circuit theoretic models in order to account for the mutually coupled

antennas in packed small antenna arrays.

Following this, the system with DMNs is presented, making the circuit theoretic

modeling of the system and deriving its equations. After this part, the information theoretic

equations for a communication system are written down and the mapping of the circuit and

information models’ variables is made. To conclude the description of the system with DMNs,

the architectures of these networks, in terms of mathematical modelling and layout, used in the

research of this thesis are presented.

A similar theoretical procedure is made, but for the system without DMNs, including

the development of all of the equations necessary for the comprehension and simulation of this

system. Up to this point, both systems are considered ideal, i.e. lossless and operating at a single

frequency.

In the sequence, these systems’ descriptions are generalized to include losses and

frequency dependency. It is due to the non-idealities that the limitations of the DMNs strategy,

compared to the non-use of them, are highlighted. This becomes clear in the simulations results

in Chapter 4.

2.1 The Uniform Circular Array

When antenna elements are packed in arrays, they become susceptible to the

electromagnetic effect of the mutual coupling (ALLEN; DIAMOND, 1966). As each of them is

powered by a voltage generator, currents flow through them producing electromagnetic fields

immediately radiated, which excite the other antennas in the array. This excitation leads to the

creation of electrical currents flowing through the latter, which in turn are excited and end up
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producing new electromagnetic fields, called scatter fields.

These response fields excite the first antennas, through which, now, will flow new

electrical currents, restarting this process of "resonant"excitation repeatedly, resulting in the

arising of the mutual coupling. This process was described in (SCHELKUNOFF; FRIIS, 1952)

to calculate the mutual-impedance and mutual-admittance of a pair of antenna dipoles.

The mutual coupling effect can be brought to the Multiport Communication Theory

(MCT) via the characterization of the impedance matrix of an antenna array consisting of self-

and mutual-impedance elements. The array impedance matrix is, then, used as a part of a

multiport’s impedance matrix in the circuit theoretic model, as done in Sections 2.2 and in 2.3.

The systems have # transmit and " receive antennas packed in arrays–for # , " or

both larger than one, else the antenna stands by-itself. The geometry of the arrays adopted is

composed of antenna elements positioned in a circle and equally spaced from each neighbouring

element. This is known as a uniform circular array (UCA).

This geometry is interesting due to its spatial symmetry in the plane where it

sits (IOANNIDES; BALANIS, 2005). This symmetry offers, according to the authors, great

advantages for arrays of smart-antennas, among them the ability to electronically rotate directional

patterns in the plane of the array causing negligible changes and the ability to compensate the

mutual coupling.

The antennas in this work are half-wavelength (_/2) dipoles, elements composed of

two straight arms of length
_

4
and separated by a very small distance, such that the total length of

the elements is close to
_

2
. _ is a fixed value corresponding to a specific wavelength after which

the dipoles are modelled. It would be expected that this is the center frequency’s wavelength of

the bandwidth in which the dipoles will operate.

A big advantage of these elements is that they can be considered canonical minimum-

scattering (CMS) antennas (WASYLKIWSKYJ; KAHN, 1970b). In this publication, the authors

state that such an approximation is possible for "antennas that are small in terms of wavelength".

Thus, short dipoles as the _/2-dipole can be included in this approximation.

CMS antennas, according to (KAHN; KURSS, 1965), become invisible when their

ports are open-circuited, i.e. no current is flowing through them. Still in this publication, the

authors state that arrays of such antennas display two interesting properties: the fields radiated by

one antenna in the array are the same as if this antenna was isolated and the computation of the

open circuit voltage of the other antennas of this array under these fields is the same as if these
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antennas were isolated.

Using this, Wasylkiwskyj and Kahn in (WASYLKIWSKYJ; KAHN, 1970a) compute

the mutual-impedance between two elementary dipoles, taking their scattering matrices when

isolated in free space and their power radiation patterns. They compute it for multiple radiating

modes, each mode being generated by a port, and isolating the mutual-impedance computation

for one specific mode by open-circuiting the ports corresponding to the other modes.

This strategy for computing the mutual coupling impedance matrix is again used by

the same authors in (WASYLKIWSKYJ; KAHN, 1970b), but now for any CMS antenna and

considering that the same procedure of open-circuiting the radiating modes’ ports can be done

for the antennas’ ports in case of multiple antennas.

Thus, to use _/2-dipoles allows one to compute the impedance matrix of an array of

such antennas with the analytic equations of the self- and mutual-impedance of these elements,

considering, respectively, the antennas individually and in pairs, as done in (IVRLAČ; NOSSEK,

2010) and (LAAS et al., 2017).

Exemplary schematics of an array of # = 9 antenna elements and of a _/2-dipole are

shown in Fig. 1. Not only is # = 9 used for examples in this section, as further, in Chapter 3, 9 is

the number of antennas on the base station (BS) for all of the scenarios considered in this work.

In this figure, B is the antenna spacing of the array, i.e. the distance between

neighbouring elements, 3H,G is the distance between the dipoles _/2-d H and _/2-d G , Aarray is the

radius of the array and ; is the length of the _/2-dipoles’ arms.

For an # antenna elements UCA, the abstract impedance matrix has the form:

`array =



/1,1 /1,2 · · · /1,#

/2,1 /2,2 · · · /2,#
...

...
. . .

...

/#,1 /#,2 · · · /#,#


. (2.1)

where /8,8 represents the self-impedance (the same as the input impedance) of the antenna

_/2-d 8 when all of the other antennas are open-circuited on their ports, whereas /8, 9 , 8 ≠ 9 is the

mutual-impedance between the elements _/2-d 8 and _/2-d 9 when all of the other antennas are

open-circuited. According to (RUSSER, 2006) and (BALANIS, 1982), the self-impedance can
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Figure 1 – The UCA of 8 _/2-dipoles (left) and the _/2-dipole schematic (right)
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be calculated by (2.4),

'A =
/0

4c sin2(:;)

{
2Cin(2:;)+ sin(2:;) [Si(4:;) − Si(2:;)]+

+ cos(2:;) [Ci(4:;) − 2Ci(2:;) + W + ln(:;)]
} (2.2)

-A =
/0

4c sin2(:;)

{
2Si(2:;)+ cos(2:;) [Si(2:;) − Si(4:;)]+

+ sin(2:;) [Ci(4:;) − 2Ci(2:;) + Ci(:02;−1)]
} (2.3)

/A = 'A + 9 -A, (2.4)

where /0 is the impedance of the free-space, : =
2c
_

is the wavenumber (_ being the wavelength

of the impinging wave), Si(G) =
∫ G

0

sin C
C
3C is the sine integral, Cin(G) =

∫ G

0

1 − cos C
C

3C,

Ci(G) = W + ln (G) − Cin(G) is the cosine integral and W is the Euler-Mascheroni constant and 0

is the width of the dipole’s arms.
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Figure 2 – Two parallel _/2-dipoles

Source: The author, adapted from (SCHELKUNOFF; FRIIS, 1952).

For the mutual-impedance, consider Fig. 2, where there are 2 new space parameters

for two parallel _/2-dipoles: A1 is the distance between one of the dipole’s extremity to the other

dipole’s opposite extremity and A0 is the distance from the center of a dipole to any extremity of

the other. With these new space parameters in addition, it is possible to compute the values of

the mutual-impedance using the equations derived in (SCHELKUNOFF; FRIIS, 1952)

'm =
/0

4c sin2(:;)

{
2[2Ci(2:3) − Ci(: (A0 + ;)) − Ci(: (A0 − ;))]+

+ cos(2:;)
[
2Ci(2:3) − 2Ci(: (A0 + ;)) − 2Ci(: (A0 − ;))+

+ Ci(: (A1 + 2;)) + Ci(: (A1 − 2;))
]
+

+ sin(2:;)
[
2Si(: (A0 − ;)) − 2Si(: (A0 + ;)) + Si(: (A1 + 2;))+

− Si(: (A1 − 2;))
]}

(2.5)
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-m =
/0

4c sin2(:;)

{
2[Si(: (A0 + ;)) + Si(: (A0 − ;)) − 2Si(2:3)]+

+ cos(2:;)
[
2Si(: (A0 + ;)) + 2Si(: (A0 − ;)) − 2Si(2:3)+

− Si(: (A1 + 2;)) − Si(: (A1 − 2;))
]
+

+ sin(2:;)
[
2Ci(: (A0 − ;)) − 2Ci(: (A0 + ;)) + Ci(: (A1 + 2;))+

− Ci(: (A1 − 2;))
]}

(2.6)

/m = 'm + 9 -m (2.7)

To compute the self- and the mutual-resistances, reactances and impedances, to fill

the matrix `array in (2.1), only four fixed parameters need to be established for each of these

entries: _c, 0 and 3, and one additional variable determined by the impinging wave’s frequency

point: _.

_c is the center frequency of the transmission (and reception) bandwidth. This value

determines the value of the _/2-dipoles’ arms length, equal to
_c
4
. It is important not to mistake

the "_/2" in "_/2-dipole" as half the value of the impinging wave’s wavelength.

When a wave impinges on the array, it has a wavelength, which varies depending on

the wave’s frequency inside the transmission bandwidth. Thus, for a given bandwidth, _ and,

consequently, : have different values for every frequency. In a simulation environment, different

_ are used to compute the different wavenumbers in the self- and mutual-impedance equations.

The second fixed parameter, 0, may be an arbitrary (up to a certain degree of freedom)

value, limited by the manufacturing realizability of the dipoles for a given material and, possibly,

treated as a subject of an optimization.

It is worth to note that in (2.3), for a half-wavelength dipole’s self-reactance, the

width of the dipole modifies the reactance when the impinging wave is not at the center frequency.

This effect for other frequencies was not considered in (SCHELKUNOFF; FRIIS, 1952), where

the analytical formula of the self-impedance is written only for the frequency equivalent to the

wavelength determining the length of the dipole.

Finally, 3, the distance between two dipoles, may be equal to the UCA antenna

spacing for two neighbouring antennas or larger for two dipoles not standing side-by-side in the
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UCA. In any case, (2.8) computes the distance 3H,G for any two dipoles _/2-d H and _/2-d G (as

in Fig. 1), H ≠ G, in the array,

3H,G = B
sin(UH,G/2)
sin(U/2) , (2.8)

UH,G being the angular distance between dipoles _/2-d H and _/2-d G , and U the angular separation

between neighbouring dipoles. As it can be seen, for any two neighbouring antennas: 3 = B.

The spatial parameters of the UCA may be determined in different ways, depending

on the priority of the antenna design. If the objective is to make a compact antenna array, the

most important spatial parameter might be the radius Aarray of the UCA. Using the radius and the

number of antennas # , it is possible to determine the value of the antenna spacing.

B = 2Aarray sin(U/2). (2.9)

It is worth, sometimes, to express the antenna spacing in terms of the wavelength of

the center frequency _c, i.e. as a multiple of _c. Defining a multiplicative factor ^ for the spacing

B = ^_c =⇒ Aarray =
^

2 sin(c/#)_c, (2.10)

leads to the definition of the radius in terms of the wavelength, which is useful for arrays and

antenna elements of sizes and spatial dimensions comparable to a wavelength.

Using (2.2) to (2.7) the impedance matrix in (2.1) can be filled for any number of

elements, given the three fixed values {_c, 0, Aarray} and the frequency points to have the different

_. To compute the impedance matrices `array of both transmit and receive arrays gives all of the

mathematical representation necessary to encapsulate the mutual coupling effects into the Circuit

Theoretic model to be described in Sections 2.2 and 2.3.

2.2 System with Decoupling and Matching Networks

To model a communication system using a Circuit Theoretic approach, the elements

playing major roles in intrinsic interactions and effects in a communication link must be

represented by circuit elements, each reproducing, in the Circuit Theory framework, the behavior

of the original element.
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Figure 3 – MCT model of the system with DMNs.
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The modeling and the elements used in this work were proposed in (IVRLAČ;

NOSSEK, 2010) and (IVRLAČ; NOSSEK, 2014). The mathematical formulation of the

equations are inspired from (LAAS et al., 2017). Finally, the theoretical development of the

equations is based on (IVRLAČ, 2017), in which the theory is thoroughly explained.

The system model in Fig. 3 may represent the downlink or the uplink of a communi-

cation link, the theoretical development of this chapter is valid for both. Still it can be better

visualized from the downlink perspective in a scenario where the transmitter is a base station and

the receiver(s) is(are) mobile terminal(s), as it was considered in (LAAS et al., 2017).

On one side, the transmitter has the voltage sources uG ∈ C#×1V and its series

impedances /G ∈ C#×1Ω, the `MT ∈ C2#×2#Ω block and part of the `A ∈ C(#+")×(#+")Ω

block. On the other side, the receiver has part of the `A block, the `MR ∈ C2"×2"Ω block, two

sets of voltage sources: uAN ∈ C"×1V and uN ∈ C"×1V, current sources iN ∈ C"×1A and load

impedances `L ∈ C"×1Ω.

Following again (LAAS et al., 2017), all of the voltages and currents in the models

in this thesis represent root mean square values of complex phasors of the respective quantities.

The transmitter has # _/2-dipoles arranged in an UCA. Each of the antennas

is connected to a radio-frequency (RF) chain of electronic components–digital processors,

modulators, quantizers, up-converters and more. One of these elements is the high-power

amplifier (HPA), which sits on the end of the RF chain and raises the power level of the transmit

signal. Anything before the HPA is not important to this circuits model, so it begins by voltage

generators with series impedances, representing the output of the HPAs.

Still in the transmit (Tx) side, the `MT block represents the Tx-DMN. The concept

behind the DMNs is to make efficient use of the mutual coupling between the antenna elements,

providing to the output of the HPAs the desired input impedance on the u1 and i1 ports while

also providing the desired output impedance to the antenna elements connected to the uA and iA

ports–one antenna per port. What is meant by "desired" will be explained further.

The Tx-UCA is represented by its impedance matrix `AT ∈ C#×#Ω inside `A

`� =


`AT `ATR

`ART `AR

 , (2.11)

since the antenna arrays are reciprocal, then `AT = `T
AT, `AR = `T

AR and `ART = `T
ATR, implying

that `� = `T
�
as well.
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`ATR ∈ C#×"Ω is the impedance matrix which translates the influence of the

receive (Rx)-UCA on the Tx-UCA whereas the `ART ∈ C"×#Ω impedance matrix translates the

influence of the Tx-UCA on the Rx-UCA. In essence, those two matrices are responsible for the

connections between transmitter and receiver and `ART is the physical communication channel

from transmitter to receiver.

Although `ATR exists and, indeed, means that the receiver may exert an influence

on the transmitter, it can be neglected according to the Unilateral Approximation described in

(IVRLAČ; NOSSEK, 2010). The currents iB on the receive side are not strong enough to produce

fields that can cause any noticeable influence on the transmitter.

Besides being a reasonable intuition, it has an actual mathematical condition to be

met: ‖`ATR‖F = ‖`ART‖F � ‖`AT‖F. Fortunately, this is often the case for practical mobile

communication systems and is considered in this work as well.

`AR ∈ C"×"Ω is the Rx-UCA impedance matrix and is the first part of the receive

side in Fig. 3, representing the electromagnetic interactions of the " _/2-dipoles arranged in the

receive UCA. The antennas are connected, individually, to other RF chains, whose first element

is the low-noise amplifier (LNA).

The LNA role is to amplify the weak signal received from a far-field transmission,

after it has lost most of its power in the travelled path–due to, e.g. path loss, fading effects,

reflections–and add the least amount of noise, intrinsic to the equipment itself, as possible. Its

objective is to increase the power while avoiding to reduce the signal-to-noise ratio (SNR).

Everything that may come after the LNA in the RF chain is ignored. The receivers

also have voltage sources uAN ∈ C"×1V and uN ∈ C"×1V, a current source iN ∈ C"×1V and

load impedances `L ∈ C"×1Ω.

The sources uN and iN are stochastic sources which account for the noise produced

by the circuitry of the LNAs, called the intrinsic noise. The noise sources of an LNA (on one

port) are uncorrelated to the noise sources of another LNA (on another port), even though they

might be on the same receiver. Their circuit modelling as two-port elements and statistical

description were first developed in (ROTHE; DAHLKE, 1956) and in (HAUS et al., 1960).

Following the model in Fig. 3, the statistical properties of the LNA intrinsic noise

sources are

E
[
D∗#,8D#, 9

]
= E

[
D∗#,88#, 9

]
= E

[
8∗#,88#, 9

]
= 0, 8 ≠ 9 , (2.12)
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for the cross-correlation of sources of different ports (i.e. different LNAs) and

E
[
D∗#,8D#,8

]
= E

[
|D#,8 |2

]
= f2

D ,

E
[
8∗#,88#,8

]
= E

[
|8#,8 |2

]
= f2

8 ,

d = Re(d) + 9Im(d) =
E

[
D#,88

∗
#,8

]
√
E

[
|D#,8 |2

]
E

[
|8#,8 |2

] ,
(2.13)

for the correlations of noise sources in the same port (i.e. in the same LNA), where E
[
|D#,8 |2

]
and E

[
|8#,8 |2

]
are the variances of the voltage and current noise sources, respectively, and d is

the complex correlation coefficient of a voltage and a current noise source in the same port.

The statistical values E
[
|D#,8 |2

]
, E

[
|8#,8 |2

]
, Re(d) and Im(d) can either be provided

by the LNAs’ manufacturer or characterized using the port measurements routines proposed by

(LEHMEYER et al., 2017), in which only a set of impedances and a tunable power meter, whose

noise bandwidth is known, are enough to proceed with the measurements, without the necessity

of using advanced equipment.

The uAN are also stochastic sources and are used as the circuit model for the thermal

equilibrium noise of the receive antennas due to background radiation. This phenomenon was

first discovered and measured by Johnson was formally presented in (JOHNSON, 1928) and was

later explained by Nyquist (NYQUIST, 1928). The main statistical property follows in (2.14) as

the Johnson-Nyquist formula

E
[
D�#,8D

∗
�#, 9

]
= 4:)Δ 5Re

(
(`AR)8, 9

)
,∀ 9 , 8, (2.14)

where : is the Boltzmann constant, ) is the temperature in Kelvin, Δ 5 is the noise bandwidth

and Re
(
(`AR)8, 9

)
is the real part of the mutual-impedance between the 8-th and the 9-th antenna

dipole. It is also worth to make it clear that the extrinsic noise is uncorrelated to the intrinsic

noise, even in the same port, i.e.

E
[
D∗�#,8D#, 9

]
= E

[
D∗�#,88#, 9

]
= 0, ∀8, 9 . (2.15)

Formally, it would be necessary to add noise sources on the transmit side as well.

However, since the power levels of intrinsic and extrinsic noise sources are so small if compared
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to the power level attained by the HPA output signals that they can be ignored. When transmitted

this weak noise signal will simply be highly attenuated as the electromagnetic waves travel from

the transmitter to the receiver and become negligible in face of the message carrying signal.

At last, the Rx-DMN has the similar role as the Tx-DMN: to present to the input

of the LNAs a desired output impedance at its u2 ports and to the output of the Rx-antennas

the desired input impedance at the uB ports. The difference between the Tx-DMNs and the

Rx-DMNs is the kind of ports matching that is aimed by each. This will be discussed later.

2.2.1 Circuit Theoretic Model of the System With DMNs

In the circuit theoretic model, it makes sense to start describing the decoupling and

matching multiports `MT and `MR and the antenna multiport `A matrix equations.


u1

uA

 =

`MT1,1 `MT1,2

`MT2,1 `MT2,2



i1

−iA

 (2.16)


uA

uB

 =

`AT `ATR

`ART `AR



iA

iB

 (2.17)


u2

uC

 =

`MR1,1 `MR1,2

`MR2,1 `MR2,2



i2

−iB

 (2.18)

All of these matrices represent reciprocal systems and for the design of the lossless

DMNs `MT and `MR are required to be imaginary. For a generic lossless multiport equality

u = `i, the following holds:

E

[∑
:

Re
(
D∗:8:

) ]
= E

[
Re

(
uHi

)]
= E

[
1
2
(uHi + iHu)

]
=

1
2
E

[
iH(`H + `) i

]
= 0, (2.19)

which implies that ` = −`H. Together with the fact that the ` matrix represents a reciprocal

multiport, i.e. ` = `T, ` = −`∗ holds. This result is valid for both `MT and `MR, meaning that

`MT ∈ 9 ·ΩR2#×2# and `MR ∈ 9 ·ΩR2"×2" . This is a mathematical proof of what is expected

by the theory: all of the elements constituting a DMN must be reactive in order to guarantee that

this multiport is theoretically lossless–or, in practice, has minimal losses.
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Finally, the last important multiport system description emphasises the transmit

signals at the output of the Tx-HPAs and the receive signals at the input of the Rx-LNAs. This is

the decoupling and matching perspective of the multiport system which encompasses the three

multiports `MT, `A and `MR into one and after which the DMNs’ architecture will be designed.


u1

u2

 =

`T `TR

`RT `R



i1

i2

 . (2.20)

This important description allows for a better understanding of the decoupling and

matching effects of the multiport networks `MT and `MR, since these two capabilities are

operated over the ports from the perspectives of the Tx-HPAs and of the Rx-LNAs.

Now, the objective is to have an equation capable of describing uL in terms of all of

the sources variables in Fig. 3, i.e.

uL = 5 (uG, uAN, uN, iN),

5 (uG, uAN, uN, iN) = 51(uG) + 52(uAN) + 53(uN) + 54(iN).
(2.21)

To do so, the principle of the superposition is applied and, step-by-step, uL is

computed in terms of one of the sources {uG, uAN, uN, iN} while the others are considered equal

to short (for uG, uAN or uN) or open circuits (for iN). Then, the final result of the superposition

is the sum all of the individual results, leading to (2.21).

2.2.1.1 Superposition Step 1: uAN = uN = 0" V and iN = 0" A

The first step consists on letting only uG to be different of 0# V and calculating

uL = 51(uG). For this, the Unilateral Approximation described before is applied in (2.17) to

make `ATR = 0#," Ω, which gives uA = `ATiA. Together with (2.16) it holds

uA = `MT2,1 i1 − `MT2,2 iA = `ATiA =⇒ iA = (`AT + `MT2,2)−1`MT2,1 i1, (2.22)

u1 = `MT1,1 i1 − `MT1,2 iA =⇒ u1 = [`MT1,1 − `MT1,2 (`AT + `MT2,2)−1`MT2,1] i1. (2.23)

Using (2.20) and the Unilateral Approximation, `TR = 0#," Ω also holds. The

outcome of this is
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`T = `MT1,1 − `MT1,2 (`AT + `MT2,2)−1`MT2,1 . (2.24)

From the receive side of Fig. 3, (2.18) and (2.17),

uC = uB + uAN, uAN = 0"V

uB = uC = `MR2,1 i2 − `MR2,2 iB, (2.25)

uB = `ARTiA + `ARiB = `ART(`AT + `MT2,2)−1`MT2,1 i1 + `ARiB, (2.26)

where (2.22) in (2.26) were inserted to obtain its final format. Now an equality sign can be

inserted between both equations to produce

iB = (`AR + `MR2,2)−1 [−`ART(`AT + `MT2,2)−1`MT2,1 i1 + `MR2,1 i2] . (2.27)

Finally, the relation between u2 and i1 and i2 is obtained.

u2 =[`MR1,2 (`AR + `MR2,2)−1`ART(`AT + `MT2,2)−1`MT2,1] i1+

+ [`MR1,1 − `MR1,2 (`AR + `MR2,2)−1`MR2,1] i2.
(2.28)

Again, using (2.20) to identify `RT and of `R it follows that

u2 = `RTi1 + `Ri2,

`RT = `MR1,2 (`AR + `MR2,2)−1`ART(`AT + `MT2,2)−1`MT2,1 ,

`R = `MR1,1 − `MR1,2 (`AR + `MR2,2)−1`MR2,1 .

(2.29)

Since in this first step of the superposition oriented circuit analysis uAN = uN = 0"V

and iN = 0"A, uL = u2, thus making possible to find an equality between uL and u1. However,

uL = 51(uG) is needed and, for such, the circuit analysis on Fig. 3 gives

uG = /Gi1 + u1 = (/GO# + `T) i1 =⇒ i1 = (/GO# + `T)−1uG, (2.30)

uL = −/Li2 =⇒ i2 = −
1
/L

uL, (2.31)

both of which can be plugged back in (2.29) to obtain

uL = /L(/LO" + `R)−1`RT(/GO# + `T)−1uG,

uL = 51(uG) = JuG =⇒ J = /L(/LO" + `R)−1`RT(/GO# + `T)−1.
(2.32)
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2.2.1.2 Superposition Step 2: uG = 0# V, uN = 0" V and iN = 0" A

In the second step, uAN is activated and uG is substituted by a short circuit. If

uG = 0# V, then by (2.30) and (2.22), iA = 0# A is obtained. Using this in (2.17) and in (2.18),

reproduced here for convenience, the following holds


uA

uB

 =

`AT `ATR

`ART `AR



iA

iB

 , uB = `ARiB, (2.33)


u2

uC

 =

`MR1,1 `MR1,2

`MR2,1 `MR2,2



i2

−iB

 , uC = uB + uAN, (2.34)

uB = `MR2,1 i2 − `MR2,2 iB − uAN =⇒ iB = (`AR + `MR2,2)−1(`MR2,1 i2 − uAN),

u2 = `MR1,1 i2 − `MR1,2 (`AR + `MR2,2)−1(`MR2,1 i2 − uAN).
(2.35)

Taking again the relation i2 = −
1
/L

uL = −
1
/L

u2,

u2 = uL = [`MR1,1 − `MR1,2 (`AR + `MR2,2)−1`MR2,1]
(
− 1
/L

)
uL+

+ `MR1,2 (`AR + `MR2,2)−1uAN

/LuL = −`RuL + /LLRuAN

(2.36)

which directly leads to the sought relation between uAN and uL

uL = 52(uAN) = WLRuAN,

LR = `MR1,2 (`AR + `MR2,2)−1,

W = /L(/LO" + `R)−1 = /L [/LO" + (`MR1,1 − LR`MR2,1)]−1.

(2.37)

2.2.1.3 Superposition Step 3: uG = 0# V, uAN = 0" V and iN = 0" A

For this third step, uN is activated and all of the other sources are deactivated to

compute uL = 53(uN). As in the previous superposition step, because of iA = 0# A, (2.33) holds

again. Now, with uAN = 0" V and (2.34) we get
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uB = uC = `MR2,1 i2 − `MR2,2 iB,

uB = `ARiB =⇒ iB = (`AR + `MR2,2)−1`MR2,1 i2. (2.38)

Taking this result and applying it in the same multiport (2.34)

u2 = [`MR1,1 − `MR1,2 (`AR + `MR2,2)−1`MR2,1] i2,

u2 = uL + uN, i2 = −
1
/L

uL,

uL + uN = [`MR1,1 − `MR1,2 (`AR + `MR2,2)−1`MR2,1]
(
− 1
/L

)
uL = −

1
/L

`RuL,

/LuN = −(/LO" + `R)uL =⇒ uL = −/L(/LO" + `R)−1uN,

(2.39)

which concludes the third step of the superposition

uL = 53(uN) = −WuAN,

W = /L(/LO" + `R)−1.
(2.40)

2.2.1.4 Superposition Step 4: uG = 0# V and uN = uAN = 0" V

From the equations in (2.29) u2 = `Ri2, because uG = 0#,1V =⇒ i1 = 0#,1A

(from (2.23)). The nodal current analysis at the node just above iN in Fig. 3 gives uL = 54(iN)

iN = i2 +
1
/L

uL =⇒ i2 =
1
/L

uL − iN,

u2 = uL = `Ri2 = `R(
1
/L

uL − iN),

uL = 54(iN) = /L(/LO" + `R)−1`RiN = W`ARiN. (2.41)

An alternative way to arrive at this result is to use the Helmholtz-Thévenin theorem,

according to (JOHNSON, 2003), and transform the iN current source into the `RiN voltage

source connected in series with /L. Thus, it would be similar to the superposition principle for

uAN and for uN, yielding the same uL = W(`RiN) result.
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2.2.1.5 Superposition Final Step: 5 = 51 + 52 + 53 + 54

Now it is possible to develop (2.21) applying (2.32), (2.37), (2.40) and (2.41) and

get the complete relation between the loads uL receive port-voltages, the generators uG transmit

port-voltages and the main noise contributions {uAN, uN, iN}.

51(uG) = JuG = [/L(/LO" + `R)−1`RT(/GO# + `T)−1]uG,

52(uAN) = WLRuAN = /L(/LO" + `R)−1LRuAN,

53(uN) = −WuN = −/L(/LO" + `R)−1uN,

54(iN) = W`RiN = /L(/LO" + `R)−1`RiN,

5 (uG, uAN, uN, iN) = 51(uG) + 52(uAN) + 53(uN) + 54(iN),

(2.42)

uL = JuG + W(LRuAN − uN + `RiN). (2.43)

Equation (2.43) is the straight result of the superposition principle, however it is not

in its best formulation. For this purpose, explained later in 2.2.2.3, uL can be written according to

uL = JuG +
√
'L(, (2.44)

where 'L = Re(/L) is the real part of the load impedances.

2.2.2 Information Theoretic Model for the System with DMNs

As stated before, on the one hand of the MCT there is the physical part of the

communication systems given by the Tx- and Rx-antenna arrays coupling effects–inside and

between themselves. On the other hand, there is the mathematical part of the communication

systems given by Information Theory and, finally, connecting these two parts there is the Circuit

Theoretic framework.

The circuit theoretic equation (2.44) relating the transmit and the receive voltages

was obtained and it encapsulates the coupling effects of the antennas interactions. Then, what is

left is to map this equation’s variables into the classic Information Theoretic equation

y = Nx + ., (2.45)
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where y and x are, respectively, the receive and transmit signals, N represents the communications

channel and . is the additive noise.

From a first look, it might be tempting to make a straight-forward mapping of (2.44)

to (2.45) (e.g. x = uG and N = J), but that would be a mistake, since it would not keep the

physical meaning of the variables properly. For instance, the transmit power, computed with

E
[
‖x‖22

]
∈ R#V2, would have no unit of power. Thus, the mapping must be oriented by the

necessary physical quantities.

To do so, the analysis of the transmit power and of the noise covariance from the

Circuit Theoretic perspective is made and, then, these quantities are mapped to the transmit

power and noise covariance of the Information Theoretic model, leading, finally, to the mapping

of each variable in (2.45).

2.2.2.1 Circuit Theoretic Transmit Power

The transmit power is calculated taking the expectation of the sum of the real parts

of the # Tx-antennas input ports variables product. Since the antennas are considered lossless

for the theory development, all of the input power is radiated by the antennas.

%T = E

[
#∑
==1

Re
(
8∗A,=DA,=

)]
= E

[
Re

(
iHAuA

)]
=

1
2
E

[
iHAuA + uH

AiA
]
. (2.46)

To further develop this equation uA = `ATiA, (2.22) and (2.30) can be plugged in to

write the transmit power in terms of the generators voltages.

%T =
1
2
E

[
iHA(`AT + `H

AT) iA
]
= E[iHA Re(`AT) iA], (2.47)

%T = E

[
uH

G [(/GO# + `T)−H`H
MT2,1
(`AT + `MT2,2)−H] Re(`AT)

[(`AT + `MT2,2)−1`MT2,1 (/GO# + `T)−1]uG

] (2.48)

H = 4'G [(/GO# + `T)−H`H
MT2,1
(`AT + `MT2,2)−H] Re(`AT)

[(`AT + `MT2,2)−1`MT2,1 (/GO# + `T)−1],
(2.49)
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%T =
1

4'G
E

[
uH

GHuG
]
. (2.50)

The H matrix is called the power coupling matrix and it is defined with a factor

of 4'G = 4Re(/G), four times the real part of the series impedance of the generators voltage

sources. This definition of the H matrix is meant to make it more mathematically tractable, while

also considering the physical units involved.

2.2.2.2 Circuit Theoretic Noise Covariance

The second physical quantity of interest is the X( noise covariance matrix

( =
1
√
'!

WLR(uAN − uN + `RiN), (2.51)

X( = E
[
((H]

= E

[
1
√
'!

W(LRuAN − uN + `RiN)

(LRuAN − uN + `RiN)HWH
(

1
√
'!

)∗ ]
,

X( =
1
'!

W

{
LRE

[
uANu

H
AN

]
LH

R + E
[
uNu

H
N
]
+ `RE

[
iNi

H
N
]
`H

R+

− 2 Re[E(uNi
H
N)`

H
R] − 2 Re[LRE(uANu

H
N)] + 2 Re[LRE(uANi

H
N)`R]

}
WH.

(2.52)

To compute (2.52), the noise vectors statistics described in (2.12), (2.13), (2.14) and

(2.15) need to be applied in the equation. Additionally, the substitution W = /L(/LO" + `R)−1

is made and it follows that

X( =
|/L |2
'!
(/LO" + `R)−1

[
4:)Δ 5 LR Re(`AR)LH

R + f
2
D O"+

+ f2
8 `R`

H
R − 2fDf8 Re(d`H

R)
]
(/LO" + `R)−H,

(2.53)



36

where the identity matrices come from the fact that, according to the equations mentioned above,

for different ports intrinsic and extrinsic noise sources are uncorrelated. For, e.g. uN and iN the

following holds

E
[
uNi

H
N
]
`H

R = E

{ 
DN,1
...

DN,"


[8∗N,1 · · · 8

∗
N,"]

}
`H

R ,

E
[
uNi

H
N
]
`H

R =



E(DN,18
∗
N,1) E(DN,18

∗
N,2) · · · E(DN,18

∗
N,")

E(DN,28
∗
N,1) E(DN,28

∗
N,2) · · · E(DN,28

∗
N,")

...
...

...
...

E(DN,"8
∗
N,1) E(DN,"8

∗
N,2) · · · E(DN,"8

∗
N,")


`H

R ,

E
[
uNi

H
N
]
`H

R =



dfDf8 0 · · · 0

0 dfDf8 · · · 0
...

...
...

...

0 0 · · · dfDf8


`H

R = dfDf8 O"`H
R = dfDf8`

H
R .

(2.54)

2.2.2.3 The Channel Matrix

The transmit power and the noise covariance matrix were computed from the circuit

theoretic perspective of the model in Fig. 3 and, thus, their physical units is in Watts. In the case

of the transmit power, in which the power coupling matrix H is defined with a specific choice of

the scaling factor–4'L in (2.49)–, its units remain always in Watts.

However, in the case of the noise covariance matrix, the units in Watts were made

possible by the definition of ( in (2.44). An analysis of the variables in W(LRuAN − uN + `RiN)

shows that this quantity is in volts, but [ = 1√
'L
W(LRuAN − uN + `RiN) is in V/

√
Ω, which

allows X( to be in Watts.

It is through these two quantities that the links between the physical circuit theoretic

model and the mathematical information theoretical model are made. In the scope of the latter,

(2.45) (rewritten here for convenience)

y = Nx + .,

bears the variable x from which the transmit power E
[
| |x | |22

]
can be calculated. In order to keep
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the physical consistency of this variable, which is the objective of the MCT, this power needs

to be in Watts. The transmit power according to (2.50) and to the Information Theory can be

related by

%T = E
[
| |x | |22

]
=

1
4'G
E

[
uH

GHuG
]
= E

[
1

4'G
uH

GHuG

]
= E

[
1

4'G
uH

GH
1/2HH/2uG

]
, (2.55)

leading to the equation of x and uG

x =
1

2
√
'G

HH/2uG. (2.56)

For this equation, HH/2 is determined using the definition adopted by (LAAS et al.,

2017) of the square root of positive semi-definite matrices,

H = H1/2HH/2,

H1/2 = 2
√
'G [(/GO# + `T)−H`H

MT2,1
(`AT + `MT2,2)−H] Re(`AT)H/2,

HH/2 = 2
√
'G Re(`AT)1/2 [(`AT + `MT2,2)−1`MT2,1 (/GO# + `T)−1],

(2.57)

valid for H because it is a positive definite matrix, according to (IVRLAČ; NOSSEK, 2010). Still

according to the authors, because H is a Hermitian positive definite matrix, HH/2 is also. This

implies that x = 0# ⇐⇒ uG = 0# V.

Still following (2.45), the statistical covariance matrix of y can be written as

E
[
yyH]

= E
[
NxxHNH]

+ E
[
..H]

, (2.58)

which is important for making the link with the other important physical quantity, the noise

covariance matrix.

uL = JuG +
√
'L(,

y = GuL = G(JuG +
√
'L() =⇒ GJuG +

√
'LG( = Nx + ., (2.59)

E
[
..H]

= E
[
yyH | x = 0

]
=⇒ E

[
..H]

= E
[
yyH] ����

uG=0 V
= 'LGE

[
((H]

GH. (2.60)
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One assumption is made before continuing any further: the physical noise sources

produce Gaussian noise. This is the same assumption adopted in (IVRLAČ, 2017), because only

when ( is Gaussian can . also be Gaussian.

E
[
..H]

= f2
. O" = 'LGE

[
((H]

GH,

GX1/2
( =

f.√
'L

O" =⇒ G =
f.√
'L

X−1/2
( , (2.61)

where the sum of the noise powers must be physically consistent, requiring that:

E
[
.H.

]
= E

[
(H(

]
=⇒ f2

. =
Tr(X()
"

. (2.62)

The linear mappings from ( to . and uL to y are obtained using, respectively,

. = G(
√
'L() and y = GuL

. = f.X
−1/2
( (, (2.63)

y =

√
f2
.

'L
X−1/2
( uL, (2.64)

where it is necessary to compute the X−1/2
( matrix. This can be done using the definition of X1/2

( ,

adopted from (LAAS et al., 2017),

X( =
|/L |2
'!
(/LO" + `R)−1T1/2TH/2(/LO" + `R)−H

T = 4:)Δ 5 LR Re(`AR)LH
R + f

2
D O" + f2

8 `R`
H
R − 2fDf8 Re(d`H

R),

X1/2
( =

/L
'!
(/LO" + `R)−1T1/2.

(2.65)

Now it is possible to write an equality for the channel matrix using (2.45) and the

mappings in (2.56), (2.63) and (2.64)
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√
f2
.

'L
X−1/2
( uL = N

1
2
√
'G

HH/2uG + f.X
−1/2
( (,√

f2
.

'L
X−1/2
( JuG +

√
f2
.

'L
X−1/2
(

√
'L( = N

1
2
√
'G

HH/2uG + f.X
−1/2
( (,√

f2
.

'L
X−1/2
( JuG =

1
2
√
'G

NHH/2uG =⇒

√
f2
.

'L
X−1/2
( J =

1
2
√
'G

NHH/2,

N = 2f.

√
'G
'L

X−1/2
( JH−H/2. (2.66)

And, thus, this completes all the mappings from the circuit theoretic model to the

information theoretic model. In such a way, the variables usually used in Information, Coding

and Signal theories bear, now, consistent physical meanings for the system in Fig. 3. However,

there is still more to consider, regarding the structures of J, H and X( to be able to fully apply

assumptions usually made over communications systems.

2.2.3 The Architectures of the Decoupling and Matching Networks

Up to now, the DMNs have been computed in the equations in a fairly generic manner.

Beyond the reciprocity and losslessness of these multiports, no other aspect of the DMNs has

been discussed and, thus, it is not possible to determine the precise structures of the matrices

J, H and X(. To do so, it is necessary prior knowledge of the DMNs impedance matrices’

structures, which are dependent on their architectures.

The DMNs, as the name suggests, decouple and match the transmit and receive ports

of the multiport system, according to the perspective summarized by (2.20). Their architectures

is determined by the objective of achieving these two effects.

The decoupling effect is intended to make the impedance matrices `T and `R not

only diagonal, but scaled identities.

For the Tx-DMN, this means that every HPA is terminated by /∗G. It is important to

mention that the DMNs are not intended to cancel the mutual coupling present in the antenna

arrays, but rather to take it into consideration for providing decoupled ports for the transmitter

and for the receiver. The Rx-DMN provides decoupled ports to the input of the Rx-LNAs.

The impedances which are presented to the elements on the decoupled ports depend

also on the DMNs architectures and can be chosen, based on these elements’ impedances, to take

the best performance out of the system with DMNs. According to the MCT (IVRLAČ; NOSSEK,
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2014), the way to achieve this best performance is to aim for power and noise matching in the

transmitter and in the receiver, respectively.

2.2.3.1 Transmit DMN: Power Matching

The strategy sought on the transmit side is to transfer the most power possible from the

output of the HPAs to the input of the antenna elements, leading to energy efficient transmission

of data. As defined in (FRIIS, 1944), the maximum power that can be drawn from the output of

the HPAs is called available power. The additional consideration that the antennas are lossless

gives that all of the available power can be, then, radiated.

Figure 4 – Transmit side of the system with DMNs with power matching for the
output of the HPAs.
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The goal of the transmit DMN, thus, is to transform the decoupled antennas ports’

impedances seen from the output of the HPAs, granting power matching for any impedance. In

the simplified system model in Fig. 4, it does so by presenting, on each port individually, a power
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matched DMN input port impedance to the /G series impedance of the amplifiers

D1,1 = /
∗
G81,1,

D1,2 = /
∗
G81,2,

...

D1,# = /
∗
G81,# ,

(2.67)

which results in the matrix form



D1,1

D1,2
...

D1,#


=



/∗G 0 · · · 0

0 /∗G · · · 0
...

...
...

...

0 0 · · · /∗G





81,1

81,2
...

81,#


. (2.68)

Together with the multiport (2.20) and the Unilateral Approximation, the value of

the `T matrix can be determined

u1 = `Ti1 = /
∗
Gi1,

`T = /
∗
GO# .

(2.69)

According to (2.24), the structure of `T is determined by the transmit antenna array

and DMN impedance matrices. The impedance matrix elements of the Tx-DMN are, thus,

designed to guarantee `T = /
∗
GO# given the Tx-UCA impedance matrix. There is a degree of

freedom for the design of these elements, and one is not limited by the choice made in this thesis.

The design is inspired from (IVRLAČ; NOSSEK, 2010) and slightly modified from the original

`MT =


`MT1,1 `MT1,2

`MT2,1 `MT2,2

 =


− 9Im(/G)O# − 9
√

Re(/G)Re(`AT)1/2

− 9
√

Re(/G)Re(`AT)1/2 − 9Im(`AT)

 , (2.70)

a structure that allows for decoupling the u1 and i1 transmit ports and power matching with the
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output of the HPAs. From (2.24), the power matching on the transmit side holds as follows

`T = `MT1,1 − `MT1,2 (`AT + `MT2,2)−1`MT2,1 ,

`T = − 9Im(/G)O# − [− 9
√
'G Re(`AT)1/2] [`AT − 9 Im(`AT)]−1 [− 9

√
'G Re(`AT)1/2],

`T = − 9Im(/G)O# +
√
'GRe(`AT)1/2Re(`AT)−1Re(`AT)1/2

√
'G,

`T = ('G − 9Im(/G))O# = /∗GO# .
(2.71)

Not only has now `T an specific value, as do also H, by making the substitution of

the `MT impedance matrix elements in its defining (2.49)

H = 4'G [(/GO# + `T)−H`H
MT2,1
(`AT + `MT2,2)−H] Re(`AT)

[(`AT + `MT2,2)−1`MT2,1 (/GO# + `T)−1],

H = 4'G{[/GO# + /∗GO# ]
−H [− 9

√
'G Re(`AT)1/2]H [`AT − 9 Im(`AT)]−H}

Re(`AT){(`AT − 9 Im(`AT)]−1 [− 9
√
'G Re(`AT)1/2] [/GO# + /∗GO# ]

−1},

H = 4'G

[(
1

2'G

)∗ (√
'G

)∗
Re(`AT)−H/2

]
Re(`AT)

[
Re(`AT)−1/2√'G

1
2'G

]
,

H =
1
'G

(√
'G

)∗√
'G Re(`AT)−H/2 Re(`AT) Re(`AT)−1/2.

(2.72)

The antenna arrays are reciprocal, so their impedance matrices remain invariant under

transposition, meaning that the real part of the array impedance matrix is equal to its Hermitian

Re(`AT) = Re(`AT)∗ = Re
(
`T

AT

)∗
= Re(`AT)H, (2.73)

which can simplify the H matrix still further to

H = Re(`AT)−1/2 Re(`AT) Re(`AT)−1/2 = O# . (2.74)

This is a very important result to proceed with the power matching analysis, as this is

the power coupling matrix and it can be interpreted as a degree of how much the HPAs’ output

voltages are coupled from the transmit power perspective. This concept becomes clearer when

analysing the available and the transmit powers together.
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The available power, whose concept was introduced above, is all of the power

available to be drawn from the output of the HPAs. As such, it is related to the currents i1 and

voltages u1 supplied by these elements to the input ports of the Tx-DMN, as in Fig. 4, can be

formulated as the active power %A

%A = E
[
Re

(
iH1 u1

)]
=

1
2
E

[
iH1 u1 + uH

1 i1
]
, (2.75)

and can be developed further using (2.30), reproduced below, and the power matching

uG = /Gi1 + `Ti1 = (/G + /∗G) i1 = 2Re(/G) i1 = 2'Gi1 = 2u1,

%A =
1
2
E

[(
1

2'G
uG

)H (
1
2
uG

)
+

(
1
2
uG

)H (
1

2'G
uG

)]
=

1
4'G
E

[
‖uG‖22

]
. (2.76)

Being the power coupling matrix H equal to an identity matrix in (2.50)

%T =
1

4'G
E

[
uH

GHuG
]
=

1
4'G
E

[
uH

GO#uG
]
=

1
4'G
E

[
‖uG‖22

]
= %A, (2.77)

the transmit power becomes equal to the available power, i.e. all of the power that can be drawn

from the HPAs is transmitted. Now, not only from the individual perspective of each HPA, as in

(2.68), but from all of the transmit ports as a whole, the achievement of the power matching by

the Tx-DMN can be perceived.

As to J and to X(, they cannot yet be fully determined because they depend on the

Rx-DMN architecture.

2.2.3.2 Receive DMN: Noise Matching

The power matching is a well known and commonly employed matching strategy.

In addition, designing an architecture to grant power matching ensures an energy efficient

functioning of the system. It would, then, be only natural to adopt it again for the receiver.

One can, indeed, do it, but as it turns out, it would not be the best choice for the

receiver. The transmitter amplifies the transmit signal to increase the capacity of information

transmission and to avoid the signal decaying, before arriving at the receiver, to a level at which

it cannot be distinguished from noise. This amplification makes the transmit signal higher than

the noise to a degree that the latter becomes negligible.



44

For this case, the power matching makes sense because the system then becomes the

most energy efficient for making the best use of the amplified power. On the receiver, however, if

the receive signal is simply amplified by an equipment similar or equal to a HPA, the noise from

the environment will be also indiscriminately augmented.

Capacity, from the Information Theory point of view, is a measure dependent on the

SNR, the higher the better capacity the system will have. The SNR, in its turn, is a ratio of the

signal power to the noise power. So, more importantly than strictly aiming for a high signal

power, is to aim for a high ratio of the signal to the noise power.

Thus, not only are LNAs (equipments with minimal intrinsic noise from the circuitry)

used instead of HPAs on the receive side, as is also power matching not used. Instead, the strategy

adopted aims to match the input impedance of the LNAs with the receive antennas ensuring that

the SNR will be the highest by reducing the noise figure (FRIIS, 1944) to the minimum.

In (WARNICK; JENSEN, 2007), an optimal noise matching multiport concept for

receivers with mutually coupled arrays is developed and proved to be optimal. The concept of the

optimal design is to provide noise matching for each LNA in the multiport system individually,

through the use of a network which presents to the LNAs decoupled antenna ports with matched

optimal impedance, according to the receive side schematic of the system with DMNs in Fig. 5.

Figure 5 – Receive side of the system with DMNs with noise matching for the input of the
LNAs.
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u2 = `RTi1 + `Ri2,

u2 = `RTi1 + /opti2 =⇒ `R = /optO" . (2.78)

This is also important because, due to mutual coupling in the Rx-UCA, if the antenna

ports are not decoupled for the LNAs, the intrinsic noise in one port will be radiated to the others.

The key for achieving noisematching is to find the /opt optimal impedance considering

a single antenna receiver and, then, to extend it to the multi-antenna scenario, using the identity of

the `R matrix in (2.78). After obtaining `R, using (2.29), the elements of `MR and, consequently,

the architecture of the Rx-DMN can be determined.

At first, the model in Fig. 3 is simplified to comprise only one antenna on the receive

side, producing Fig. 6, a multiple-input-single-output (MISO) system. The Helmholtz-Thévenin

theorem (JOHNSON, 2003) is applied to this model to simplify it even further in order to

substitute the `A block and everything preceding it by a voltage source and a series impedance

connected to the output port of `A.

To compute this equivalentmodel, the voltage sourcemust have the same electromotive

force as the open-circuit voltage of the circuit to be simplified. The latter produces DB, which

does not have any particular value, so the equivalent voltage source is called DS to stand for the

signals received by the receive antenna.

The next step of the Helmholtz-Thévenin theorem is to substitute every voltage

and current sources by short- and open-circuits, respectively, in order to compute the output

impedance of the `A impedance matrix. Considering uG = 0# V (short-circuits now) and letting

the current 8B flow, from (2.17)

DB = `ARTiA + /AR8B, iA = 0 A,

DB = /AR8B =⇒ (`A)out =
DB
8B
= /AR,

(2.79)

the output impedance, whose value is the same of the Helmholtz-Thévenin equivalent impedance,

is obtained. The equivalent receive side model is, then, represented in Fig. 7.
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Figure 6 – Model of the MISO system.
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Figure 7 – Model of the single-antenna receiver.
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The `MR matching twoport transforms the antenna impedance /AR into a new one

which is presented to the input of the noisy LNA. This output impedance of `MR, referred to as

/′AR, is the impedance which can be optimized to produce the smallest noise figure of the LNA.

This computation demands the SNR, calculated using the powers of the noiseless signal, of the

extrinsic noise–both transformed by `MR–and of the intrinsic noise.

Helmholtz-Thévenin theorem is applied again, producing the model in Fig. 8

possessing these transformed variables. It is necessary to compute the relations between the

transformed sources D′S and D′AN and their original counterparts. Since the matching twoport is a

linear circuit, these two relations are the same, because the sources are connected in series.

Figure 8 – Helmholtz-Thévenin equivalent of the model in Fig. 7.
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For this end, the twoport matrix equation of `MR, (2.18), is applied in the single

receive antenna model in Fig. 7 to read as


D2

DC

 = 9

0 1

1 2



82

8S

 , (2.80)
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with {0, 1, 2} ∈ RΩ, because `MR is a reciprocal and lossless network. To compute D′S, the

superposition theorem is used to deactivate the DAN source. Then, it is noticed that the Helmholtz-

Thévenin equivalent source D′S is equal to the open-circuit voltage at the output of `MR in Fig. 7.

Due to the open-circuit computation, 82 = 0 A, and the matrix equation above

D2 = D
′
S = 9 18S,

DC = DS − /AR8S = 928S, 8S =
DS

/AR + 92
,

=⇒ D′S =
9 1

/AR + 92
DS. (2.81)

Taking back the argument that, in Fig. 7, DS and DAN are connected in series and

`MR is a linear twoport, resulting in the same way it transforms the voltage sources,

D′AN =
9 1

/AR + 92
DAN. (2.82)

To compute the equivalent series impedance /′AR, all voltage and current sources in

Fig. 7 are respectively substituted by short- and open-circuits and the current 82 is forced in the

port to compute the output impedance of `MR with (2.80)

DC = −/AR8S = 9 182 + 928S, 8S =
− 9 1

/AR + 92
82,

D2 = 9082 + 9 18S =
(
90 + 12

/AR + 92

)
82,

=⇒ /′AR = (`MR)out =
D2
82
= 90 + 12

/AR + 92
. (2.83)

For the computation of the SNR, the noiseless signal and the extrinsic signal powers

of the equivalent model in Fig. 8 are needed,

E
[
|D′S |

2] = E [
|DS |2

] (
12

Re(/AR)2 + (Im(/AR) + 92)2

)
,

E
[
|D′AN |

2] = E [
|DAN |2

] (
12

Re(/AR)2 + (Im(/AR) + 92)2

)
.

(2.84)

As it turns out, this multiplying fraction can be substituted by another fraction which

bears values independent of the `MR elements,
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Re
(
/′AR

)
= Re

(
90 +

12/∗AR

Re(/AR)2 + (Im(/AR) + 92)2

)
,

Re
(
/′AR

)
= Re(/AR)

12

Re(/AR)2 + (Im(/AR) + 92)2
,

Re
(
/′AR

)
Re(/AR)

=
12

Re(/AR)2 + (Im(/AR) + 92)2
, (2.85)

leading to the relations between the powers of the transformed voltage sources and their original

counterparts as functions only of the receive antenna self-impedance and of its transformed

impedance presented by the Rx-DMN

E
[
|D′S |

2] = E [
|DS |2

] Re
(
/′AR

)
Re(/AR)

,

E
[
|D′AN |

2] = E [
|DAN |2

] Re
(
/′AR

)
Re(/AR)

.

(2.86)

Finally, the SNR can be calculated using the simplified model in Fig. 8. At the input

of the noiseless LNA, being DLS the noiseless received signal while the received noise is DLN,

DL = DLS + DLN,

SNR =
E

[
| (DL | DLN = 0) |2

]
E

[
| (DL | DLS = 0) |2

] = E [
|DLS |2

]
E

[
|DLN |2

] . (2.87)

According to the circuit analysis in Fig. 8, the voltage divider of the impedances /′AR

and /L yields

DLS = D
′
S

/L
/L + /′AR

,

DLN = (D′AN − DN + /′AR8N)
/L

/L + /′AR
,

SNR =
E

[
|D′S |

2 |/L/(/L + /′AR) |
2]

E
[
|D′AN − DN + /′AR8N |2 |/L/(/L + /′AR) |2

] = E
[
|D′S |

2]
E

[
|D′AN − DN + /′AR8N |2

] . (2.88)

Alternatively, the /L load voltage modelling the input impedance of the LNA could

be substituted by a noiseless multiport and an open-circuit, as was done in (IVRLAČ, 2017),

whose output voltage would simply be an amplification of its input voltage by an established
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factor, being equal to DLNAoutput = bDL = b (DLS + DLN). However, this would not make any

difference in the computation of the SNR, because no noise would be added

SNR =
E

[
| (DLNAoutput | bDLN = 0) |2

]
E

[
| (DLNAoutput | bDLS = 0) |2

] = |b |2E [
|DLS |2

]
|b |2E

[
|DLN |2

] = E
[
|D′S |

2]
E

[
|D′AN − DN + /′AR8N |2

] . (2.89)

The statistical properties described in (2.12), (2.13), (2.14) and (2.15), although

written in vector and matrix form for multi-antenna systems, are applicable for single-antenna

receivers as well to have

E
[
|D′AN − DN + /′AR8N |

2] = E [
|D′AN |

2] − 2E
[
Re(D′AND

∗
N)

]
+ 2E

[
Re(D′AN/

′∗
AR8
∗
N)

]
+

+ E
[
|DN |2

]
+ |/′AR |

2E
[
|8N |2

]
− 2E

[
Re(/′AR8ND

∗
N)

]
E

[
|D′AN − DN + /′AR8N |

2] = 4:)Δ 5 Re(/′AR) + f
2
D + |/′AR |

2f2
8 − 2fDf8 Re(/′ARd

∗). (2.90)

Now it is possible to further develop the SNR equation in (2.88) (or (2.89)) using

(2.86) and (2.90)

SNR =
E

[
|DS |2

]
Re(/′AR)/Re(/AR)

4:)Δ 5 Re(/′AR) + f
2
D + |/′AR |2f

2
8
− 2fDf8 Re(/′ARd

∗)
,

SNR =
E

[
|DS |2

]
Re(/′AR)/Re(/AR)

4:)Δ 5 Re(/′AR)
[
1 + f2

D+|/ ′AR |2f
2
8
−2fDf8 Re(/ ′ARd

∗)
4:)Δ 5 Re(/ ′AR)

] ,
SNR =

E
[
|DS |2

]
/4:)Δ 5 Re(/AR)

1 + f2
D+|/ ′AR |2f

2
8
−2fDf8 Re(/ ′ARd

∗)
4:)Δ 5 Re(/ ′AR)

. (2.91)

This last form of the SNR leads to the determination of the noise figure NF, from the

definition in (FRIIS, 1944) and the formulation in (IVRLAČ; NOSSEK, 2010)

SNR =
SNRavailable

NF
,

SNRavailable =
E

[
|DS |2

]
4:)Δ 5 Re(/AR)

,

NF = 1 +
f2
D + |/′AR |

2f2
8
− 2fDf8 Re(/′ARd

∗)
4:)Δ 5 Re(/′AR)

.

(2.92)

The SNRavailable is the SNR on the antenna element loaded by the noiseless LNA. As

it can be seen in its formula, it relates the receive signal power with the background radiation
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noise power. SNRavailable is the maximum SNR available from the output of the antennas before

the noisy signal is passed through the LNA. If the latter is noiseless, then SNRavailable is also the

SNR achieved at its output.

Since the low-noise amplifier (LNA) possesses noise, this available SNR is decreased

by the factor of the noise figure NF. This is, then, a measure of how much SNR is lost due to

the noise introduced by the circuitry in the LNA. This is also the measure that the strategy of

noise matching aims to reduces to the maximum by selecting the proper impedance the matching

twoport /MR will transform the antenna impedance into.

To do so, the real and the imaginary parts of /′AR need to be determined. The formula

of the noise figure in (2.92) can be simplified to isolate the /′AR in one fraction

NF = 1 +
f2
8

4:)Δ 5

{
'2
#
+ |/′AR |

2 − 2'# Re(/′ARd
∗)

Re(/′AR)

}
,

NF = 1 +
f2
8

4:)Δ 5

{
'2
#
+ Re(/′AR)

2 + Im(/′AR)
2

Re(/′AR)
+

−
2'# [Re(/′AR) Re(d) + Im(/′AR) Im(d)]

Re(/′AR)

}
.

(2.93)

Taking the partial derivatives of NF in terms of the real and imaginary parts of the

transformed antenna impedance /′AR

mNF
m Re(/′AR)

=
f2
8

4:)Δ 5

[
Re(/′AR)

2 − Im(/′AR)
2 + 2'# Im(/′AR) Im(d) − '

2
#

Re(/′AR)2

]
, (2.94)

mNF
m Im(/′AR)

=
f2
8

4:)Δ 5

[ Im(/′AR) − Im(d)'#
Re(/′AR)

]
, (2.95)

the optimal value of /′AR can be found by comparing these derivatives to zero

mNF
m Im(/′AR)

= 0 =⇒ Im(/′AR) = Im(d)'# , (2.96)

mNF
m Re(/′AR)

= 0

Im(/′AR) = Im(d)'#

 =⇒ Re(/′AR) = ±'#
√

1 − Im(d)2. (2.97)
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Still, the real part of /′AR which minimizes the noise figure can’t yet be determined.

For this purpose, since this process is involving two derivatives of the noise figure with two

different variables, the Hessian matrix must be used

H(NF) =


m2NF

m2 Re(/′AR)
m2NF

m Im(/′AR)m Re(/′AR)
m2NF

m Re(/′AR)m Im(/′AR)
m2NF

m2 Im(/′AR)


. (2.98)

For the values in (2.96) and (2.97) applied in the Hessian matrix it holds

H(NF) =
±f2

8

2:)Δ 5 '#
√

1 − Im(d)2
O2. (2.99)

In order to find the minimum of NF, H(NF) needs to be positive semi-definite in that

point, i.e. to hold the positive sign in (2.99). This is held when (2.97) is positive, arriving at the

optimal value of the real part of /′AR. Finally, for /
′
AR = /opt

/opt = '#

(√
1 − Im(d)2 + 9 Im(d)

)
. (2.100)

Two interesting features of /opt mentioned in (IVRLAČ, 2017) are that it does not

depend on the real part of the intrinsic noise current and voltage sources correlation coefficient

and that its absolute value is equal to the intrinsic noise resistance '# for any value of d.

Resuming the noise matching strategy in (2.78), with the identity of /opt in (2.100)

for a single-antenna receiver derived, it can be applied to extend the noise matching result to a

multi-antenna system. With (2.29), the Rx-DMN can be designed to guarantee decoupling of the

receive antenna ports and matching of their impedances to the receive low-noise amplifiers

`R = /optO# ,

`MR1,1 − `MR1,2 (`AR + `MR2,2)−1`MR2,1 = /optO# .
(2.101)

The design of the Rx-DMN, like that of the Tx-DMN, is not fixed to one specific

design. There is some degree of freedom in designing it. Since the equations of `T (2.24) and

`R (2.29) have similar forms regarding their block matrices structures, and both aim to achieve
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scaled identities for their specific purposes, the design adopted here is analog to that of the `MT

(2.70) and is the same of (IVRLAČ; NOSSEK, 2010)

`MR =


`MR1,1 `MR1,2

`MR2,1 `MR2,2

 =


9Im
(
/opt

)
O" 9

√
Re(/opt)Re(`AR)1/2

9
√

Re(/opt)Re(`AR)1/2 − 9Im(`AR)

 . (2.102)

With the complete architecture of the Rx-DMN, it is possible to write the noise

covariance matrix X(, from (2.53), for the DMNs operating optimally, i.e. providing decoupled

and noise matched antenna ports for the system

X( =
|/L |2

'L |/L + /opt |2

[
4:)Δ 5Re

(
/opt

)
+ f2

D + f2
8 |/opt |2 − 2fDf8 Re(d/∗opt)

]
O" . (2.103)

2.2.3.3 The Topology of the Networks

The features of the decoupling and matching networks described so far have led to

the design of two impedance matrices in (2.70) and (2.102). Not only is the design of these

impedances not limited to the designs adopted as they don’t have all of the information necessary

to fully characterize a DMN. One of these informations needed is the topology of the networks

from the circuit theoretic perspective, i.e. the layout of the circuits.

Observing that one impedance matrix does not correspond, necessarily, to only

one topology, one circuit layout must be chosen to provide the desired effects of decoupling

and matching the ports. Given a multiport impedance matrix, it is possible to adopt different

strategies to determine suitable circuit layouts. The strategy adopted here uses the c-structure as

the building block of the DMN’s topology.

The c-structure, as depicted in Fig. 9 from the perspective of a twoport, consists of

three admittances: two shunt admittances W1,1 and W2,2 connected to the input and to the output

ports, respectively, and one series admittances W1,2 connected, from each side, to the upper nodes

of the shunt admittances. These latter share the same reference node with the two ports.

Impedance matrices do not characterize easily c-structures. For them, admittance

matrices are more natural to be determined due to the disposition of the shunt and series
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Figure 9 – c-topology in a two-port network.
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Figure 10 – c-topology in a three-port network.

GSEducationalVersion

u2u1

u3

γ1,2

γ3,3

γ1,3γ1,1 γ2,3

i2

i3

i1

γ2,2

Source: The author.

admittances. Considering the c-structures in the three-port in Fig. 10, its admittance matrix


81

82

83


=


H1,1 H1,2 H1,3

H2,1 H2,2 H2,3

H3,1 H3,2 H3,3



D1

D2

D3


(2.104)

can be determined element-wise. It is important to notice that, while W refers to the admittance

of a lumped element in the network, H represents an admittance in the admittance matrix
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representation of the same network. At first, the diagonal elements are computed as follows

H1,1 =
81
D1

����
D2=D3=0 V

,

H2,2 =
82
D2

����
D1=D3=0 V

,

H3,3 =
83
D3

����
D1=D2=0 V

.

(2.105)

Considering one arbitrary port, when the other two port voltages are equal to zero,

then its port voltage is being applied in parallel over the shunt and series elements connected to it.

Thus, the current of this port is equal to the sum of the currents that flow through each of these

elements. These currents are equal to the port voltage times the admittances of the elements

through which they flow, resulting in

81 = W1,1D1 + W1,2D1 + W1,3D1 =⇒ H1,1 = W1,1 + W1,2 + W1,3,

82 = W2,2D2 + W1,2D2 + W2,3D2 =⇒ H2,2 = W2,2 + W1,2 + W2,3,

83 = W3,3D3 + W1,3D3 + W2,3D3 =⇒ H3,3 = W3,3 + W1,3 + W2,3.

(2.106)

For the non-diagonal elements, ports 1 and 2 and the admittance H1,2 are considered

as examples. This admittance is calculated making the voltages of ports 1 and 3 equal to zero.

The port voltage D2 over the admittance W1,2 produces a current which flows in the opposite

direction of the current 82, but has the same intensity. Since D1 and D3 are equal to 0 V, the series

admittance W1,3 is short-circuited and, thus, all of the current 82 flows through W1,2.

H8, 9 =
88

D 9

����
D8=D:=0 V

=
−W8, 9D 9
D 9

= −W8, 9 , 8 ≠ 9 ≠ :. (2.107)

Finally, for the three-port c-structure in Fig. 10, the admittance matrix is


81

82

83


=


W1,1 + W1,2 + W1,3 −W1,2 −W1,3

−W1,2 W2,2 + W1,2 + W2,3 −W2,3

−W1,3 −W2,3 W3,3 + W1,3 + W2,3



D1

D2

D3


. (2.108)
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This procedure can be extended to the determination of the admittance matrix of arbitrarily large

circuits with any number of ports connected between themselves with c-structures.

According to Fig. 3, the transmit decoupling and matching network is composed of

2# ports, # on one side connected to each of the transmit antennas and # on the other side

connected to the # High-Power Amplifiers. On the receive side, each of the " receive antennas

has its signals transmitted to a Low-Noise Amplifier, with the receive DMN sitting between these

groups of elements, thus, possessing 2" ports.

Following the same logic of the three-port in a c-topology, for a 2#-port



H1,1 H1,2 · · · H1,2#

H2,1 H2,2 · · · H2,2#
...

...
...

...

H2#,1 H2#,2 · · · H2#,2#


=



W1,1 + W1,2 + ... + W1,2# −W1,2 · · · −W1,2#

−W2,1 W2,1 + W2,2 + ... + W2,2# · · · −W2,2#
...

...
...

...

−W2#,1 −W2#,2 · · · W2#,1 + W2#,2 + ... + W2#,2#



(2.109)

where W8, 9 = W 9 ,8, ∀8, 9 , is the shunt admittance of port 8 if 8 = 9 or the series admittance between

the ports 8 and 9 if 8 ≠ 9 .

Departing from the point of view of the decoupling and matching architectures of

the DMNs, their designed impedance matrices can be inverted to obtain admittance matrices,

which can be used to determine the values of the DMNs’ lumped circuit elements connected in

the c-topology. For this matter,

� =

H1,1 + H1,2 + ... + H1,2# −H1,2 · · · −H1,2#

−H2,1 H2,1 + H2,2 + ... + H2,2# · · · −H2,2#
...

...
...

...

−H2#,1 −H2#,2 · · · H2#,1 + H2#,2 + ... + H2#,2#


(2.110)

the matrix � containing the lumped elements’ admittances is computed first, where (�)8, 9 = W8, 9 .
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Before continuing, it is worth to highlight that, in the � matrix, the admittance

W8, 9 , 8 ≠ 9 is the admittance of the reactive element between ports 8 and 9 . Thus, not only

W8, 9 = −H8, 9 = −H 9 ,8 = W 9 ,8, 8 ≠ 9 , (2.111)

holds for the series lumped elements’ admittances due to the reciprocity of the network, as W8, 9
and W 9 ,8 actually refer to the same circuit element inserted in the network, and for all 8 and 9 .

This is possible because the reciprocal nature of the decoupling andmatching networks

only demand three degrees of freedom to fully determine the impedances (or admittances) between

any two given ports. The c-structures, modelled each for a pair of ports, provide this degree

of freedom with their three elements whose values may be freely chosen to match the desired

impedances for every combination of two ports in the multiport network.

Finally, if the imaginary part of a given admittance, Im(W), is positive, then it is

of a capacitor, else it is the admittance of an inductor. The capacitances and inductances are

determined for a fixed value of frequency, which is the center frequency of the system

Im(W) > 0 =⇒ � = − 9 W
lc

=
Im(W)
lc

F,

Im(W) < 0 =⇒ ! = − 9 1
lcW

= − 1
lcIm(W)

H.
(2.112)

Following this procedure, the inversion of the impedance matrix of the Tx-DMN in

(2.70) produces an admittance matrix with 2# × 2# admittances. Likewise, for the Rx-DMN, a

matrix with 2" × 2" admittances is produced. Given the argument above that the non-diagonal

elements W8, 9 and W 9 ,8 are the same, out of the 4#2 and 4"2 positions in the impedance matrices,

the Tx- and Rx-DMN have

2# + (2#)
2 − 2#
2

= 2#2 + #,

2" + (2")
2 − 2"
2

= 2"2 + ",
(2.113)

lumped reactive elements, respectively, composing them.

The determination of the decoupling and matching networks topology and of the

elements composing them are of big importance not only for the actual realization of the circuits,
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but also for a complete physical analysis with the inclusion of parasitics into the theoretic

background. Up to now and in the next section, the antenna elements and the DMNs are

considered lossless and to be operating only at a single frequency.

Later in this chapter, in Section 2.4, the theoretical description of the systems will be

generalized to include losses and frequency dependency to increase the physical consistency of

the MCT modelling.

Finally, the presentation of the basic theoretical aspects of the system with DMNs is

concluded. The next step is to delve into the system without DMNs.

2.3 System without Decoupling and Matching Networks

The system without DMNs, as the name suggests, does not make use of such

networks to provide to the high-power amplifiers and to the low-noise amplifiers decoupled and

matched antenna port impedances. This leads to disadvantages, because it never attains optimal

performance in terms of achievable rates from energy efficiency on the transmit side and best

possible SNR on the receive side.

Still, it has advantages over the system with DMNs, coming basically from the

absence of the limitations inherent to the decoupling and matching networks, due to Ohmic

losses, to frequency dependency and to the number of elements.

First, the DMNs in Section 2.2 were modelled with lossless reactive elements. Real

reactive components, however, have small parasitic resistances. Although they might even be

considered negligible individually, in networks of large numbers of elements, the losses caused

by these resistances stack up and become important causes for loss of rates.

Secondly, the frequency sensitive parameters of the uniform circular arrays of _/2-

dipoles–most of the dimensional parameters such as the dipoles’ arms length and the antenna

spacing–and the values of the DMNs’ reactances, chosen such as to produce the desired impedance

matrices at a single frequency, are modelled based on the systems’ center frequency.

Thirdly, the number of elements in the networks using the c-topology may grow very

fast with the increase of the number of antennas, as the expressions in (2.113) show. Even in the

best scenario, as mentioned in Chapter 1 Introduction, the number of elements grows more than

quadratically in #2 + # , according to (NIE et al., 2014), for 2# ports.
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Figure 11 – MCT model of the system without DMNs.
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Thus, for systems operating at frequencies too distant from the center frequency and

at the presence of losses in the DMNs, this may lead to non-negligible loss of performance. Not

to mention the very high number of elements for a high number of antennas. For this kind of

scenario, the system without DMNs may be a better solution. Nonetheless, the analysis that

follows consider lossless antennas and the equations are formulated at the center frequency.

Moreover, the concept of the system without DMNs is not only an alternative to the

system with DMNs, as it is meant to be regarded as the physically consistent evaluation of the

achievable rates of systems in which no decoupling and matching strategy is implemented.

The system in Fig. 11 is entirely modelled using circuit elements also present in the

model of the system with DMNs in Fig 3. As such, they present the same mathematical and

statistical properties of their counterparts in the model with DMNs.

Some of the elements are represented with primes for the sake of differentiating them

from the variables related to the system with DMNs. This will be clearer later. Impedances are

kept without primes because they can be (and are) chosen to be same as those in the system with

DMNs, including the arrays’ impedance matrices, which are from the same arrays as well.

As this system does not employ DMNs, the strategy is to connect each of the

high-power amplifiers and of the low-noise amplifiers directly to one of the antennas in the

transmit and in the receive antenna arrays, respectively. The HPAs are, again, modelled using

voltage sources u′G generating the signals to be transmitted and series impedances /G as the

generators’ inner impedances.

Connected to the outputs of the HPAs is the transmit UCA of _/2-dipoles, whose

impedance matrix is `AT. Schematically, in Fig. 11, the HPAs are connected to the multiport `A,

which is connected on the other side with the input of the noisy LNAs. The matrix equation of

the `A multiport is


u′1

u′2

 =

`AT `ATR

`ART `AR



i′1

i′2

 , (2.114)

where `AR is the receive antenna array impedance matrix. Being the Tx- and Rx-UCAs reciprocal

systems, `AT = `T
AT and `AR = `T

AR. For `A is the transmit and receive array mutual coupling

matrix, it is also a reciprocal system, thus: `A = `T
A, implying `ART = `T

ATR.

The Unilateral Approximation (explained in the introduction of Section 2.2) can,
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again, be applied on this system, giving that the influence of the receive port-currents i′2 is

negligible on the transmit port-voltages u′1, implying `ATR = 0#," Ω.

On the receive side, in addition to the receive antenna array, the voltage source uAN

stands for the antennas’ background radiation noise and the voltage and current sources uN and

iN represent the low-noise amplifiers’ intrinsic noise. Their statistical properties are the same

as those presented in (2.12), (2.13), (2.14) and (2.15). Besides the sources modelling the noisy

parts of the LNAs, their noiseless parts are modelled with simply the impedances `L.

Similar to the theoretical development done in Section 2.2, the circuit theoretic

equations are obtained with the encapsulation of the electromagnetic effects and then are unified

with the information theoretic equations via the mapping which uses the transmit power and the

noise covariance matrix as connecting characteristic items.

2.3.1 Circuit Theoretic Model of the System without DMNs

A function of the load voltage u′L in terms of the voltage and current sources in

the system must be found. It represents the relation of the receive signal with the transmit and

noise signals from the circuit theoretic perspective. Since the system in Fig. 11 is linear, by the

principle of superposition, the complete description of the load voltage in terms of the system’s

sources is equal to the sum of the individual contributions of each source.

u′L = 6(u
′
G, uAN, uN, iN),

6(u′G, uAN, uN, iN) = 61(u′G) + 62(uAN) + 63(uN) + 64(iN).
(2.115)

To obtain the set of functions {61, 62, 63, 64}, the multiport `A and its matrix equation

(2.114) serve as the main parts to connect the transmit side to the receive side and to relate the

receive side noise sources with the load voltage. The development of (2.114) with the Unilateral

Approximation results in

u′1 = `ATi
′
1 + `ATRi

′
2 = `ATi

′
1,

u′2 = `ARTi
′
1 + `ARi

′
2,

(2.116)

allowing to obtain the relations between the desired variables making the pertinent circuit analysis

in every step of the superposition procedure.
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2.3.1.1 Superposition Step 1: uAN = uN = 0",1V and iN = 0",1A

Only the voltage generators u′G are operating in this step. The other voltage sources

are deactivated, becoming now as short-circuits, whereas the deactivation of the current sources

iN results in open-circuits. In this scenario, (2.116) and the circuit analysis give

u′G = /Gi
′
1 + u

′
1 = (/GO# + `AT) i′1 =⇒ i′1 = (/GO# + `AT)−1u′G (2.117)

u′2 = `ART(/GO# + `AT)−1u′G + `ARi
′
2. (2.118)

On the loads /L, the currents i′2 flow through them producing −u′L, which are the

same of −u′2, since u
′
2 = u′L, resulting in

u′2 = u′L = `ART(/GO# + `AT)−1u′G −
1
/L

`ARu
′
L, (2.119)

u′L +
1
/L

`ARu
′
L = `ART(/GO# + `AT)−1u′G, (2.120)

=⇒ u′L = /L(/LO# + `AR)−1`ART(/GO# + `AT)−1u′G. (2.121)

From (2.115), 61 is obtained

u′L = 61(u′G) = J′u′G,

J′ = /L(/LO# + `AR)−1`ART(/GO# + `AT)−1.
(2.122)

2.3.1.2 Superposition Step 2: u′G = 0#,1V, uN = 0",1V and iN = 0",1A

When the u′G generators become short-circuits, i′1 also disappears, because there is

no other source generating it and since u′1 is independent of i
′
2, there is no way to produce voltage

drops across the terminals of the transmit ports such as to induce currents over the impedances

/G. This will also be the case for the subsequent superposition steps.

From (2.116), u′2 = `ARi
′
2. Now, the voltage loop analysis in the receive side gives

u′L = u′2 + uAN = `ARi
′
2 + uAN, i

′
2 = −

1
/L

u′L,

u′L = −`AR
1
/L

u′L + uAN =⇒ 1
/L
(/LO# + `AR)u′L = uAN,

(2.123)
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which results in the function 62 from (2.115)

u′L = 62(uAN) = /L(/LO# + `AR)−1uAN. (2.124)

2.3.1.3 Superposition Step 3: u′G = 0#,1V, uAN = 0",1V and iN = 0",1A

This step can follow the same procedure in the last step, with the difference that uN

are the only sources active now. Since they are connected, in Fig. 11, in series with uAN but with

their electromotive forces in the opposite direction, the same relation with the inverted signal

relates the load voltages with uN.

u′L = 63(uN) = −/L(/LO# + `AR)−1uN. (2.125)

2.3.1.4 Superposition Step 4: u′G = 0#,1V and uAN = uN = 0",1V

With i′1 = 0#A still holding, it implies u′2 = u′L = `ARi
′
2. In addition to it, the circuit

analysis of the currents on the nodes above the iN sources gives the following

iN = i′2 +
1
/L

u′L,

`ARiN = `ARi
′
2 + `AR

1
/L

u′L = u′L + `AR
1
/L

u′L.
(2.126)

This leads basically to the two preceding steps’ results, but with `ARiN as a voltage

source. Finally,

u′L = 64(iN) = /L(/LO# + `AR)−1`ARiN. (2.127)
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2.3.1.5 Superposition Final Step: 6 = 61 + 62 + 63 + 64

It is possible to obtain, at last, the complete description of u′L as a function of the set

of sources {u′G, uAN, uN, iN} with the function 6 from (2.115)

61(u′G) = J′u′G = /L(/LO# + `AR)−1`ART(/GO# + `AT)−1u′G,

62(uAN) = /L(/LO# + `AR)−1uAN,

63(uN) = −/L(/LO# + `AR)−1uN,

64(iN) = /L(/LO# + `AR)−1`ARiN,

6(u′G, uAN, uN, iN) = 61(u′G) + 62(uAN) + 63(uN) + 54(iN),

(2.128)

u′L = J′u′G + /L(/LO# + `AR)−1(uAN − uN + `ARiN). (2.129)

Similarly as it was done with (2.43) to give (2.44), (2.129) is reformulated to give

u′L = J′u′G +
√
'L(

′, (2.130)

allowing for the noise covariance matrix, defined as X′( = E
[
(′(′H

]
, to be in Watts.

2.3.2 Information Theoretic Model for the System without DMNs

After obtaining (2.129), the mapping from Circuit Theory to Information Theory

must keep the physical consistency of the latter. In order to do so, the mapping is made, again,

via the Transmit Power and on the Noise Covariance Matrix from the perspective of the circuit

theoretic model in Fig. 11. For this matter, (2.45) is used one more time, with the same variables

and bearing the same meaning.

Nevertheless, a prime is added to help distinguishing the new variables of the system

without DMNs from the variables of the system with DMNs,

y′ = N′x′ + .′. (2.131)

Not using decoupling and matching networks brings advantages, such as not being

susceptible to the limitations imposed by the network itself. However, the biggest disadvantage
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is the fact that the system without DMNs does never attain optimal behavior and operation. It

means that power matching, noise matching and the antennas’ ports decoupling don’t happen.

As explained in the Introduction, the real importance of the DMNs designed for

and operating in a communication system are not the networks themselves, but the capacity of

bringing physical consistency to classical information and signal theoretical modelling through

its decoupling and matching features.

2.3.2.1 Circuit Theoretic Transmit Power

The transmit power computation, as done before in (2.46) uses the # antennas

port-voltages and currents u′1 and i′1 of the Tx-UCA

%T = E

{
#∑
==1

Re
[
8′1,=
∗
D′1,=

]}
= E

{
Re

[
i′1

Hu′1

]}
=

1
2
E

[
i′1

Hu′1 + u
′
1
Hi′1

]
. (2.132)

Now u′1 = `ATi
′
1, from (2.116), and i′1 in terms of u′G, from (2.117), are plugged in

to further develop the transmit power equation

%T =
1
2
E

[
i′1

H(`AT + `H
AT) i

′
1

]
= E

[
i′1

HRe(`AT) i′1
]
,

%T = E
[
u′G

H(/GO# + `AT)−HRe(`AT) (/GO# + `AT)−1u′G

]
. (2.133)

The power coupling matrix H can be defined also for the system without DMNs

H′ = 4'G [(/GO# + `AT)−HRe(`AT) (/GO# + `AT)−1], (2.134)

As it can be seen, H′ is not an identity nor even a scaled identity matrix, in contrast

to the power coupling matrix in (2.74), where a decoupling and power matching network is

designed to guarantee this result, as in 2.2.3.1. The consequence of this on the transmit power

%T =
1

4'G
E

[
u′G

HH′u′G

]
, (2.135)

is that the transmit power is not equal to the available power, which is, for the system without

DMNs, computed using the definition given in 2.2.3.1
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%A =
1
2
E

[(
1

2'G
uG

)H (
1
2
uG

)
+

(
1
2
uG

)H (
1

2'G
uG

)]
=

1
4'G
E

[
‖uG‖22

]
, (2.136)

because this is the power delivered at the output of the HPAs when their output ports impedances

are power matched with their series impedances. Since H′ is not the identity matrix,

%A =
1

4'G
E

[
‖uG‖22

]
≠

1
4'G
E

[
u′G

HH′u′G

]
= %T, (2.137)

being this the mathematical result of what was expected: to have the available power of the HPAs

transferred to feed the transmit antennas and them to be radiated, an optimal decoupling and

matching strategy had to be used.

2.3.2.2 Circuit Theoretic Noise Covariance

For the computation of the noise covariance matrix, the statistical properties of the

noises in (2.12), (2.13), (2.14) and (2.15) are applied to solve the computations of the self- and

cross-correlations of the different noises. Although in the scope of the system with DMNs, the

computations exemplified in (2.54) and done in (2.52) are valid for the system without DMNs,

respecting the use of the pertinent variables due to the models’ differences.

For the noise as defined in (2.130)

(′ =
1
√
'L
/L(/LO" + `AR)−1(uAN − uN + `ARiN), (2.138)

the noise covariance matrix becomes

X′( =
|/L |2
'!
(/LO" + `AR)−1

[
4:)Δ 5 Re(`AR) + f2

D O"+

+ f2
8 `AR`

H
AR − 2fDf8 Re(d`H

AR)
]
(/LO" + `AR)−H.

(2.139)

Although the noise statistics being the same in both systems has led to the form of

X′( to be very similar to the form of X(, in (2.53), the noise covariance matrix here developed is

actually not equal to an identity nor to a scaled identity and is not even diagonal.
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Basically, this is a reflection of the system without DMNs not having any decoupling

of the receive antennas ports, since `AR is a full matrix, whereas in (2.53) `R can be designed to

be equal to a scaled identity and make LR Re(`AR)LH
R also equal to a scaled identity. Thus, X(

itself becomes equal to a scaled identity.

2.3.2.3 The Channel Matrix

These mathematical results demonstrate that, to consider the antennas decoupled in a

system which the transmitters see mutually-coupled antenna elements (e.g. the system without

DMNs), leads to physically inconsistent results when working with information theoretic models.

In addition, the lack of proper port-impedance matching reduces the energy efficiency and the

SNR of the system.

The last effects are unavoidable, but to make use of a physically consistent information

theoretic model, the mappings of the variables u′G and u′L (from (2.129)) to the variables x′ and

y′ (from (2.131)), respectively, are performed. The transmit variables mapping is done via the

transmit power

%T = E
[
‖x′‖22

]
=

1
4'G
E

[
u′G

HH′u′G

]
= E

[
1

4'G
u′G

HH′u′G

]
= E

[
1

4'G
u′G

HH′1/2H′H/2u′G

]
,

x′ =
1

2
√
'G

H′H/2u′G. (2.140)

The H′ matrix is positive semi-definite, because %T ≥ 0 W, ∀u′G ∈ R
#V. Thus, it

can be decomposed according to (LAAS et al., 2017), similarly to what is done in (2.57),

H′ = H′1/2H′H/2,

H′1/2 = 2
√
'G(/GO# + `AT)−H Re(`AT)H/2,

H′H/2 = 2
√
'G Re(`AT)1/2(/GO# + `AT)−1.

(2.141)

For the receive variables, the intermediate of the mapping is the noise covariance

matrix, which is plugged in by taking the statistical correlation of y′ when x′ = 0# and (2.131)

and (2.130) hold. The relation between y′ and u′L should be a linear mapping, such as it is for y

and uL in the system with DMNs in (2.59)

y′ = G′u′L = G′(J′u′G +
√
'L(

′) =⇒ G′J′u′G +
√
'LG

′(′ = N′x′ + .′, (2.142)
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Being H′ also Hermitian, the decomposition above results in H′H/2 being Hermitian

positive definite matrix, which, in its turn, makes x′ = 0# ⇐⇒ u′G = 0#V,

E
[
.′.′H

]
= E

[
y′y′H | x′ = 0#

]
⇐⇒ E

[
y′y′H

] ����
u′G=0 V

,

E
[
.′.′H

]
= 'LG

′E
[
(′(′H

]
G′H.

(2.143)

The noise sources have the same statistical properties of those in the system with

DMNs, and, hence, it is also assumed that they produce Gaussian noise. Over any linear

transformation G′, the Gaussian noise variable (′ becomes another Gaussian noise variable .′,

for which its noise covariance matrix is a scaled identity

E
[
.′.′H

]
= f2

. O" ,

G′X′(
1/2 =

f.√
'L

O" =⇒ G′ =
f.√
'L

X′(
−1/2, (2.144)

allowing for the physically consistent definition of y′ and .′ in terms of, respectively, u′L and (′

.′ = f.X
′
(
−1/2(′, (2.145)

y′ =

√
f2
.

'L
X′(
−1/2u′L, (2.146)

where, from the physical consistency of the noise powers sum, it holds again

E
[
.′H.′

]
= E

[
(′H(′

]
=⇒ f2

. =
Tr(X()
"

. (2.147)

To obtain X′(
−1/2, the noise covariance matrix X′( is decomposed in X′(

1/2X′(
H/2,

also according to (LAAS et al., 2017),

X′( =
|/L |2
'!
(/LO" + `AR)−1T′1/2T′H/2(/LO" + `AR)−H

T′ = 4:)Δ 5Re(`AR) + f2
D O" + f2

8 `AR`
H
AR − 2fDf8Re

(
d`H

AR

)
,

X′(
1/2 =

/L
'!
(/LO" + `AR)−1T′1/2.

(2.148)
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By the information theoretic equation (2.131), the physically consistent channel

matrix equation can be determined using the definitions of y′ (2.146), x′ (2.140) and .′ ((2.145)

√
f2
.

'L
X′(
−1/2u′L = N′

1
2
√
'G

H′H/2u′G + f.X
′
(
−1/2(′,√

f2
.

'L
X′(
−1/2J′u′G +

√
f2
.

'L
X′(
−1/2√'L(

′ = N′
1

2
√
'G

H′H/2u′G + f.X
′
(
−1/2(′,√

f2
.

'L
X′(
−1/2J′u′G =

1
2
√
'G

N′H′H/2u′G =⇒

√
f2
.

'L
X′(
−1/2J′ =

1
2
√
'G

N′H′H/2,

N′ = 2f.

√
'G
'L

X′(
−1/2J′H′−H/2. (2.149)

It is noticeable that both channel equations, with (2.66) and without (2.149) DMNs,

have the same quantities, in the same order and under the same operations. The difference is the

structure of these quantities and, consequently, the structures of the channel matrices (or vectors

for systems with single-antenna in one side of the link).

Equation (2.66), with perfect decoupling, power and noise matchings, results in the

product of the circuit theoretic model’s channel matrix `ART with scaled identities (X(
−1/2 and

H−H/2) by both sides and with a scalar (2f.

√
'G/'L). Thus, the statistical distribution of the

`ART elements remain unchanged.

Conversely, given that all of the matrix quantities in (2.149) are full matrices, N′

elements might not present the same distribution as `ART elements do, because only Gaussian

distributions remain Gaussian under any linear transformations.

2.4 Parasitics and Generalization

Although in possession of the physically consistent channel modelling of both

systems, there is space for improving the consistency with the introduction of parasitics: losses

and frequency dependency, in the systems’ elements. This allows for having fairer comparisons

between the use or the non-use of decoupling and matching strategies on the systems and have a

better comprehension of the extension of the advantages and disadvantages of both systems.

In non-ideal scenarios, thermal losses are present in the antenna elements as the

phenomenon known as skin effect and in the DMNs’ lumped reactive elements as parasitic

Ohmic losses, both causing dissipation of power that would, otherwise, be available for the

detection process. To model the former, resistors are connected in series with the antennas in
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their respective ports. Modelling the latter is also done by connecting parasitic resistors in series

to each of the reactive elements.

Including these parasitic resistances to the ideal models allows for the computation

of the voltage generators uG (or u′G for the systems without DMNs) as functions of variables

and quantities carrying these additional resistances in the system. Thus, more power needs to be

drawn from the generators to produce the same transmit power which would be produced had the

system been lossless.

How this is taken into account to evidence the impact of the losses is better explained

in Chapter 3, when computing the channel capacities in terms of the available power.

After the inclusion of the losses in the two models, the frequency dependency of

some of the elements is also included. This is a necessary step to make in order to be able to

analyse the achievable rates in frequency points rather distant from the center frequency, which is

needed for the case for wideband communications.

The proper description of the parasitics and their inclusion in the systems’ models

allows for the generalization of the systems’ equations to consider non-ideal (i.e. real) scenarios.

In the generalized equations it is possible to notice the intricate balance of the quantities and

variables in the equations when the HPAs and LNAs ports are decoupled and matched and when

they are not, whether due to the lack of DMNs, due to parasitics or due to both.

2.4.1 The Skin Effect

The alternating current density in a conductor is largest at the most superficial layers

and decreases exponentially as the more in depth the layers are in the conductor, constituting

the so-called skin effect. To proceed on incorporating the losses in an array of half-wavelength

dipoles, this phenomenon, which is responsible for the dissipated power in the antennas, must be

modelled.

For this end, classical theory of electrodynamics can be used to compute first the

electric resistance per unit of length of an infinitely long cylindrical wire made of a homogeneous

material. Considering a cylindrical wire of finite length with a very small width, compared to its

length, the aforementioned resistance can be used to compute an adequately approximated value

of the dissipated power in this finitely long wire.

We can also consider the wire to be a half-wave antenna with feeding point in the

center of its length and that, instead of power being dissipated throughout the length of the wire,
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the whole dissipated power is on the feeding point of the antenna. These approximations allow

for the modelling of the dissipated power as coming from a series resistance connected to the

lossless antenna port.

Figure 12 – Series dissipation resistances in the _/2-dipoles ports in the system with
DMNs.
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In Fig. 12, a dissipation resistance is connected to each of the _/2-dipoles, whose

value is calculated, according to the equation

'd =

√
22

4c 5c(F/2)2j2 Re

(
(F/2)

√
− 92c 5cj/(Y022)

2
J0(

√
− 92c 5cj/(Y022))

J1(
√
− 92c 5cj/(Y022))

)
, (2.150)

at the center frequency 5c, with 2 as the vacuum speed of light, j as the conductivity, F as the

_/2-dipole’s width and Y0 as the vacuum conductivity. Besides these parameters, there are also

the Bessel functions of first kind of zeroth J0 and first J1 order.

Although (2.150) uses the center frequency, instead of it other frequencies may be

plugged in. However, for the range of frequencies intended for this thesis, 'd does not change

considerably, which allows to use its value at 5c at all frequencies

'd( 5 ) ≈ 'd( 5c) = 'd, ∀ 5 . (2.151)
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This was similarly done in (VASCONCELOS et al., 2020), but for a ratio of the

dipole’s self-impedance, which actually results in 'd, simply put.

Since every antenna in the array is the same, then 'd,8 = 'd, ∀8. Thus, computing,

e.g. the Tx-UCA of _/2-dipoles impedance matrix with the thermal losses is done by adding to

the `AT impedance matrix a 'd scaled identity

`AT ← `AT + 'dO# =



(`AT)1,1 + 'd (`AT)1,2 · · · (`AT)1,#
(`AT)2,1 (`AT)2,2 + 'd · · · (`AT)2,#

...
...

...
...

(`AT)#,1 (`AT)#,2 · · · (`AT)#,# + 'd


, (2.152)

and the same is done for the receive array with `AR ← `AR + 'dO# . In the lossy model, the skin

effect affects only the antenna elements in the transmit and receive sides.

2.4.2 Thermal Losses in the Decoupling and Matching Networks

The theoretical values of the lumped elements’ impedances determined by the DMNs’

matrices (2.70) and (2.102) for a c-topology in (2.110), correspond to purely imaginary values,

meaning ideal reactances. However, real world reactive components, inductors and capacitors,

have parasitic Ohmic losses.

As shortly mentioned before, the modelling of these losses consists in adding to each

reactance in the network a series parasitic resistance. For a two-port in the c-topology, the Ohmic

losses’ circuit modelling in a simpler scenario of a single-antenna is illustrated in Fig. 13.

What is left, after the design of this model is to compute the value of the resistances.

For this end, in order to have a single parameter reasonably determining the value of all of the

resistances in terms of their respective reactances, the quality &-factor is adopted. For a specific

value of the &-factor, the value of the parasitic resistance 'p can be calculated as

'p =


(2c 5c�&)−1, if in series with a capacitor or

2c 5c!/&, if in series with an inductor.
(2.153)

Although the computation of the parasitic resistance 'p of each lumped reactance

might be simple, the addition of the Ohmic losses in the lossless `MT and `MR is not straight-
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Figure 13 – Single-antenna lossy matching network in c-topology
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forward, possessing intermediate steps. As mentioned before, one impedance matrix does not

correspond to only one topology, necessarily.

Even though it might be possible to find a simple rule to add losses in the impedance

matrix of a single antenna matching network (i.e. a two-port c-structure), for large numbers

of elements, the network becomes too intricate. Thus, the best way to insert the losses in the

impedance matrices is to, first, determine the values of the reactances via the admittance matrix.

After this step, the values of the parasitic resistances are calculated with the &-factor

for each of the reactive elements. Following this, the new admittance matrix of the lossy circuit is

calculated, which, by inversion, gives the lossy impedance matrix. This procedure is summarized

in the Algorithm 1, with the frequency dependency inclusion in the computation of the DMNs’

impedance matrices with parasitics.

2.4.3 Frequency Dependent Variables

As it was seen in section 2.1, the equations for the self- and mutual-impedances,

respectively (2.4) and (2.7), had the variable frequency (of the impinging or radiating waves)

encapsulated in the wavenumber : = 2c 5 /2. For the UCAs operating at any frequency, the

impedance matrices can be generalized by setting the wavenumber as a variable to compute the
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self- and mutual-impedances at the desired frequency

`array( 5 ) =



/1,1( 5 ) /1,2( 5 ) · · · /1,# ( 5 )

/2,1( 5 ) /2,2( 5 ) · · · /2,# ( 5 )
...

...
. . .

...

/#,1( 5 ) /#,2( 5 ) · · · /#,# ( 5 )


(2.154)

As to the DMNs, for the same reasons exposed before, to compute their impe-

dance matrices at other frequencies demands the determination of the networks’ topology and,

consequently, their reactance values determined at the center frequency. With the latter, their

admittances can be calculated at any frequency and, with the former, can also the whole impedance

matrix, according to the Algorithm 1.

2.4.4 Systems’ General Descriptions

The modelling of dissipative elements and frequency dependency, as explained

before, in the uniform circular arrays of _/2-dipoles is straight-forward. For the more involved

process of modelling these parasitics in the decoupling and matching networks, Algorithm 1

summarizes the whole process described in the previous subsections.

It takes the array of lumped capacitances and inductances �, the &-factor and the

new frequency 5 to compute the parasitic resistances 'p of each lumped element and the lossy

impedance matrix of the DMN at the desired frequency (`MT( 5 ) or `MR( 5 )). In the algorithm,

there is also the pertinent procedures to obtain the network’s admittance matrix _ from the

network’s lumped admittance array �, as in 2.2.3.3.

For a matter of keeping the mathematical notations concise, the presence of losses in

the variables is not displayed by any symbol, but can be implicitly noticed by the context. In

general, nevertheless, variables with ( 5 ) are also generalized with losses.

Different matrix quantities and variables susceptible to these parasitics are found

in the various equations of the systems with and without DMNs. First, the generalized circuit
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Algorithm 1: Generation of the DMN’s impedance matrix with parasitics
Input: Array containing the reactive elements’ admittances �, frequency 5 and the
quality factor &;

Output: Generalized admittance matrix of the DMN
_ ( 5 ), (_ ( 5 ))8, 9 = H8, 9 ∀8, 9 = 1, ..., 2# at frequency 5 and elements with &-factor;

W8, 9 ( 5c) = (�)8, 9 ( 5c), ∀8, 9 = 1, ..., 2#;

if − 9W8, 9 ( 5c) > 0: W8, 9 ( 5c) = 92c 5c�8, 9 , �8, 9 > 0 F, 5c > 0 Hz;

& =
1

2c 5c�8, 9'p
, 'p =

1
2c 5c�8, 9&

=
−1

9W8, 9 ( 5c)&
;

W8, 9 ( 5 ) =
1

'p + 1
92c 5c�8, 9

=
1

1
5 / 5c W8, 9 ( 5c) −

1
9W8, 9 ( 5c)&

=

=
W8, 9 ( 5c)
5 / 5c + 9/&

;

else-if − 9W8, 9 ( 5c) < 0: W8, 9 ( 5c) =
1

92c 5c!8, 9
, !8, 9 > 0 H, 5c > 0 Hz;

& =
2c 5c!8, 9
'p

, 'p =
2c 5c!8, 9
&

=
−1

9W8, 9 ( 5c)&
;

W8, 9 ( 5 ) =
1

'p + 92c 5 !8, 9
=

1
'p + 5

5c
92c 5c!8, 9

=

=
W8, 9 ( 5c)

5 / 5c − 9/&
;

end if

H8, 9 = −W8, 9 ( 5 ), 8 ≠ 9 ;

H8,8 = W8,8 +
∑2#
9=1 9≠8

W8, 9 ;

theoretic equations of the system with DMNs are written down.

`T( 5 ) = `MT1,1 ( 5 ) − `MT1,2 ( 5 ) (`AT( 5 ) + `MT2,2 ( 5 ))−1`MT2,1 ( 5 ),

`RT( 5 ) = LR( 5 )`ART( 5 ) (`AT( 5 ) + `MT2,2 ( 5 ))−1`MT2,1 ( 5 ),

`R( 5 ) = `MR1,1 ( 5 ) − LR( 5 )`MR2,1 ( 5 ),

LR( 5 ) = `MR1,2 ( 5 ) (`AR( 5 ) + `MR2,2 ( 5 ))−1,

(2.155)

Second, the generalized circuit theoretic multiport model equation relating the input
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voltage to the output voltage can also be determined with the previous multiport equations.

W( 5 ) = /L(/LO" + `R( 5 ))−1,

(( 5 ) = 1
√
'L

W( 5 ) (LR( 5 )uAN − uN + `R( 5 ) iN),

J ( 5 ) = /L(/LO" + `R( 5 ))−1`RT( 5 ) (/GO# + `T( 5 ))−1,

(2.156)

from which the output voltage equation is obtained

uL = J ( 5 )uG +
√
'L(( 5 ). (2.157)

The physical model of the propagation channel in the transimpedance `ART can be

defined to be frequency dependent, but this is not considered in this thesis, because the adopted

frequency independent model is used to keep consistency with other publications. It is defined in

details in Chapter 4. As to the information theoretic equations of the system with DMNs, the

power coupling matrix and the noise covariance matrix are written as follows

H( 5 ) = H( 5 )1/2H( 5 )H/2,

H( 5 )1/2 = 2
√
'G

[
(/GO# + `T( 5 ))−H`MT2,1 ( 5 )H

(`AT( 5 ) + `MT2,2 ( 5 ))−H

]
Re(`AT( 5 ))H/2,

(2.158)

X( ( 5 ) =
|/L |2
'!
(/LO" + `R( 5 ))−1T( 5 ) (/LO" + `R( 5 ))−H

T( 5 ) = 4:)Δ 5 LR( 5 ) Re(`AR( 5 ))LR( 5 )H + f2
D O"+

+ f2
8 `R( 5 )`R( 5 )H − 2fDf8 Re(d`R( 5 )H),

X( ( 5 )1/2 =
/L
'!
(/LO" + `R( 5 ))−1T( 5 )1/2.

(2.159)

While the H matrix was equal to an identity, the noise covariance matrix X( was

equal to a scaled identity when considering the ideal scenario of lossless elements operating

at the center frequency. Inserting the parasitics breaks the balances of the variables with the
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structure of the DMNs, losing, thus, the optimal decoupling and matching features. With these

quantities, the information theoretic variables can be determined

y( 5 ) = N( 5 )x( 5 ) + .( 5 ), with



x( 5 ) = 1
2
√
'G

H( 5 )H/2uG,

.( 5 ) = f.X( ( 5 )−1/2(,

y( 5 ) =

√
f2
.

'L
X( ( 5 )−1/2uL,

N( 5 ) = 2f.

√
'G
'L

X( ( 5 )−1/2J ( 5 )H( 5 )−H/2.

(2.160)

The same is done for the circuit theoretic equations of the system without DMNs

J′( 5 ) = /L(/LO" + `AR( 5 ))−1`ART( 5 ) (/GO# + `AT( 5 ))−1,

(′( 5 ) = /L√
'L
(/LO# + `AR( 5 ))−1(uAN − uN + `AR( 5 ) iN)

u′L = J′( 5 )u′G +
√
'L(

′( 5 ),

(2.161)

and the power coupling and noise covariance matrices

H′( 5 ) = H′( 5 )1/2H′( 5 )H/2,

H′( 5 )1/2 = 2
√
'G(/GO# + `AT( 5 ))−H Re(`AT( 5 ))H/2,

(2.162)

X′( =
|/L |2
'!
(/LO" + `AR( 5 ))−1T′( 5 ) (/LO" + `AR( 5 ))−H

T′( 5 ) = 4:)Δ 5Re(`AR( 5 )) + f2
D O"+

+ f2
8 `AR( 5 )`AR( 5 )H − 2fDf8Re

(
d`AR( 5 )H

)
,

X(
′( 5 )1/2 = /L

'!
(/LO" + `AR( 5 ))−1T′( 5 )1/2,

(2.163)
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to, finally, hold the set of generalized information theoretic equations

y′( 5 ) = N′( 5 )x′( 5 ) + .′( 5 ), with



x′( 5 ) = 1
2
√
'G

H′( 5 )H/2uG,

.′( 5 ) = f.X(
′( 5 )−1/2(,

y′( 5 ) =

√
f2
.

'L
X(
′( 5 )−1/2uL,

N′( 5 ) = 2f.

√
'G
'L

X(
′( 5 )−1/2J′( 5 )H′( 5 )−H/2.

(2.164)

With the generalized equations in hands, the achievable rates can be computed for

ideal and non-ideal systems in different multi-antenna scenarios. This is done in Chapter 3, in

which the problematic of the available and transmit powers on the capacity computations arises

and enables the visualization of the parasitics’ influence on power losses.
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3 MULTI-ANTENNA SYSTEMS’ RATES AND CAPACITY

The different multi-antenna systems explored in this thesis consider a single cell, i.e.

one BS establishing the communication link with mobile terminals around it. The number of

these users characterize the scenario as single-user (SU) or multi-user (MU).

From each of these two scenarios stem 3 configurations, classified based on the

number of antennas on the mobile(s), characterizing multiple-input-single-output (MISO), single-

input-multiple-output (SIMO) and multiple-input-multiple-output (MIMO) systems. The base

station is always equipped with an antenna array of the same number of elements in every scenario.

These antennas are used for both transmitting and receiving on the BS and on the mobiles.

In this chapter, capacity equations are presented for some of the scenarios aforemen-

tioned with their particularities, similarly to how it was previously done in the work of (LAAS

et al., 2018). As it was done in the publication just mentioned, in Chapter 4 the propagation

channel will be drawn from a statistical distribution and will be plugged into the expressions of

the information theoretic channels to, in the end, compute the rates and capacity values.

These values, obtained in each realization of the propagation channel, will be averaged

out of the number of times the channel was generated, yielding the ergodic rates and capacity

�erg = E`ART [�] . (3.1)

At the end of the chapter, the problem of computing the capacity using the available

power is investigated, allowing for the comprehension of how to perform the capacity evaluations

to obtain the results presented in Chapter 4.

3.1 Single-user Scenarios

For a single-user, the three input-output scenarios aforementioned are investigated.

The mobile may be equipped in two possible ways: with a single _/2-dipole or with a uniform

circular array of _/2-dipoles with fewer elements than in the BS’s UCA but with the same antenna

spacing. The dipoles in both cases have the same physical characteristics as those in the BS.

Having only one single-antenna mobile operating provides two of these configurations

based on the direction of the data transmission and reception: in the downlink, we have a MISO

system and in the uplink a SIMO. In the SU scenario with a _/2-dipole UCA at the mobile,
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both the downlink and the uplink form MIMO systems. Nevertheless, both directions are still

investigated because they differ in the number of antennas in the transmit and in the receive side.

3.1.1 Single-antenna Mobile Downlink: MISO

With only one antenna, on the receive side there is not an array impedance matrix,

but the dipole’s self impedance /AR ∈ CΩ. The BS’s antennas transmit a signal vector which

has its elements linearly combined in the propagation channel and the single-antenna receives

this combination as a scalar. Already, it is possible to verify, with the help of (2.11) and (2.114)

for uB and u′2 scalars, that the physical channel `
T
ART is a row vector in C1×#Ω.

Additionally, the Rx-DMN is only a 2-port network. Thus, its elements are scalars

instead of block matrices. One advantage of the MISO system is the fact that the receiver does

not require decoupling to obtain higher values of SNR. It needs only the noise matching strategy

to reduce the noise figure to the smallest value possible.

By observation of the variables’ and quantities’ dimensions corresponding to a MISO

system in (2.156) and in (2.161), it can be noticed that J ( 5 ), J′( 5 ) are vectors in C1×#

zT
RT( 5 ) =

/MR1,2 ( 5 )
(/AR( 5 ) + /MR2,2 ( 5 ))

zT
ART( 5 ) (`AT( 5 ) + `MT2,2 ( 5 ))−1`MT2,1 ( 5 ),

/R( 5 ) = /MR1,1 ( 5 ) −
/MR1,2 ( 5 )/MR2,1 ( 5 )
(/AR( 5 ) + /MR2,2 ( 5 ))

,

dT( 5 ) = /L( 5 )
(/L( 5 ) + /R( 5 ))

zT
RT( 5 ) (/G( 5 )O# + `T( 5 ))−1, (3.2)

d′T( 5 ) = /L( 5 )
(/L( 5 ) + /AR( 5 ))

zT
ART( 5 ) (/G( 5 )O# + `AT( 5 ))−1. (3.3)

As the receiver possesses only one port, the noise covariance is a scalar and, thus,

following (2.160) and (2.164), N( 5 ) and N′( 5 ) are also vectors. They have the same dimensions

of their respective d vectors composing them, i.e. they are in C1×#

hT( 5 ) = 2

√
f2
.

'[ ( 5 )

√
'G
'L

dT( 5 )H( 5 )−H/2, (3.4)

h′T( 5 ) = 2

√
f2
.

'[
′( 5 )

√
'G
'L

d′T( 5 )H′( 5 )−H/2. (3.5)

The single antenna can receive only one scalar symbol at a time, thus, x is the product

of the transmit symbol with a beamforming vector. The latter can be chosen to maximize the
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output rate of the system.

In (LAAS et al., 2018), the authors applied the linear precoder f =
hH

‖h‖2
to the

signal x = f B, in order to achieve capacity, where B ∼ NC (0
√

W, %T) is the random symbol

generated for a given transmit power %T. Then, the equation of the capacity holds, as it is in the

work of Laas et al.,

�SUMISO = log2

(
1 + %T

f2
.

‖h‖22
)
, (3.6)

where h can be the information theoretic channel vector of either system, with or without DMNs.

3.1.2 Single-antenna Mobile Uplink: SIMO

As mentioned before, the same BS’s and mobile’s antennas are used to transmit and

to receive. However, in order for the communication to work in both directions of the link, the

BS and the mobile must have two sets of RF-chains and amplifiers to switch from one to the other

when transmitting and when receiving. In the system with DMNs, transmit and receive DMNs

are connected to the appropriate sets of RF-chains and amplifiers of the BS and of the mobile.

In this manner, the mobile in the downlink receives the signal impinging on the

_/2-dipole and forwards it towards the LNA and, then, sends it through the receive RF-chain.

In the uplink, the mobile generates the transmit signal, passes it through the transmit RF-chain,

amplifies it with the HPA, to be further radiated by the same dipole. This transition with switches

occurs according to a time division duplex operation scheme.

For a communication system operating in a frequency division duplex scheme, the

two sets of RF-chain and the two DMNs are also necessary, in addition to 3-ports branching

filters to allow for transmission and reception to happen simultaneously and other strategies to

avoid interference of the stronger transmitting signals over the weaker receiving signals, such as

guard bands between the pair of carrier frequencies and strong RF-filters.

The single-antenna mobile in the uplink configures a SIMO system. As such, it

brings the advantage of decoupling transmit ports being unnecessary. Still, in order to grant

maximum power transfer from the output of the HPA to the dipole, power matching is needed.

Just like in the downlink, the single port in the uplink simplifies some expressions,

specifically those related to the transmit side, since there is only an antenna self impedance
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instead of a mutual impedance matrix and the physical channel, again, becomes a vector, as it

can be seen in (2.11) and (2.114) for uA and u′1 scalars.

/T( 5 ) = /MT1,1 ( 5 ) −
/MT1,2 ( 5 )/MT2,1 ( 5 )
(/AT( 5 ) + /MT2,2 ( 5 ))

,

`RT( 5 ) = `MR1,2 ( 5 ) (`AR( 5 ) + `MR2,2 ( 5 ))−1zART( 5 )
/MT2,1 ( 5 )

(/AT( 5 ) + /MT2,2 ( 5 ))
,

d( 5 ) = /L( 5 )
(/G( 5 ) + /T( 5 ))

(/L( 5 )O" + `R( 5 ))−1zRT( 5 ), (3.7)

d′( 5 ) = /L( 5 )
(/G( 5 ) + /AT( 5 ))

(/L( 5 )O" + `AR( 5 ))−1zART( 5 ). (3.8)

Now, with zART, zRT ∈ C#×1Ω, so are also d( 5 ), d′( 5 ) ∈ C#×1. Together with the

power coupling matrix, which is simply a scalar for this case, the following holds

h( 5 ) = 2f.

√
'G

�( 5 )∗'L
X[
−1/2( 5 )d( 5 )−H/2, (3.9)

h′( 5 ) = 2f.

√
'G

�′( 5 )∗'L
X[
′−1/2( 5 )d′( 5 )−H/2, (3.10)

(3.11)

resulting in the information theoretic channels as column vectors in C#×1.

The single-antenna can transmit but one symbol at a time and, since there is only one

antenna, it cannot generate any beamforming vector to precode the channel. The transmit signal

is, then, G = B, B ∼ NC (0
√

W, %T). With the radiation of the signal, the base station’s UCA of

half-wavelength dipoles receive the impinging signal and passes it through a receive filter.

As it was done in (LAAS et al., 2018) for the SIMO scenario, the capacity is achieved

for a matched received filter g =
h

‖h‖2
, that maximizes the SNR, and results in

�SUSIMO = log2

(
1 + %T

f2
.

‖h‖22
)
. (3.12)

3.1.3 Multi-antenna Mobile Link: MIMO

In this configuration, both directions of the communication link characterize MIMO

systems. If the number of antennas in the BS’s and mobile’s arrays is the same, down and uplink

represent essentially the same MIMO system, because the set of circuitry and antennas used on
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one side of the link for one transmission-reception direction has a similar set of elements on the

other side for the opposite direction.

However, for distinct numbers of antennas in the arrays, down and uplink have

different characteristics. The theoretical formulation of the capacity might be the same for these

two directions, but the performance might not be the same. This is basically due to the different

coupling intensities for different numbers of antennas in the array.

The larger the number of antennas, the larger the achievable rates are, according to

information theory. However, in the system without DMNs and in both systems with parasitics,

the disbalance of the elements’ interactions is larger, due to the lack of optimal decoupling and

matching. Then, the question arises of which coupling, power or noise, is less sensitive to the

increase of the antenna numbers and, thus, is worth to be stronger while still giving high rates.

In a SU-MIMO communication scenario, only one propagation channel is composed

of subchannels. The transmit power can, in that way, be optimally distributed among the

subchannels such as to yield the achievable rates of the system. According to (TELATAR, 1999)

and as it was done in (LAAS et al., 2017), capacity in this scenario is given by

�SUMIMO(%T) = log2
��O# + NHNXx

�� , (3.13)

where Xx = \	\H and Tr(	) = %T. The matrix \ is obtained via the eigenvalue decomposition

(EVD) NHN = \�\H and	 is the diagonal matrix which has in its diagonal entries the transmit

power distributed among the subchannels by the waterfilling method.

The two antenna arrays transmitting and receiving allow for the simultaneous

transmission of more than one symbol at a time. The symbols are modelled as the random

vectors s ∼ NC (0#
√

W,	). To achieve capacity, the transmit symbols must be precoded with

the matrix \, from the EVD, to yield the transmit signal x = \s.

3.2 Multiuser Scenarios

For this case of multiple non-collaborative users, two scenarios are explored: when

the mobiles are equipped with only one antenna and when the mobiles are equipped with antenna

arrays. Only the downlink is investigated, characterizing, then, MU-MISO and MU-MIMO

systems. In both cases, the total number of antennas on the mobiles is smaller than or equal to

the number of antennas on the base station.
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The physically consistent modelling of the multiuser system is similar to what has

been done until now regarding the downlink transmitter, the base station. The particularity now

is related to the modelling of the channel and of the mobiles on the receive side. To deal with

this, it is assumed that the users are sufficiently separated, such as to consider the coupling

between antennas of different users negligible. For each user, a different instance of the physical

propagation channel `ART is generated.

Assuming so, the first possibility is to consider the mobile terminals as part of a

single "large"receive system. Thus, the receive array impedance matrix `AR becomes a diagonal

matrix for multiuser, single-antenna mobiles or a block diagonal matrix for multi-antenna users.

The blocks stand for the array impedance matrices of each mobile. From there, accordingly,

other quantities such as the noise covariance become diagonal or block diagonal matrices.

All of the circuit and information theoretic equations are, thus, evaluated using `AR

structured in either of the diagonal fashions mentioned above. The propagation channels are

stacked corresponding to the organization of `AR in (2.11). The channels are, finally, computed

using (2.160) or (2.164), resulting in a matrix with the individual channels stacked in the same

manner as the propagation channels.

The second strategy, slightly different of the first idea, is to simply consider separate

MCT models (as in Figs. 3 and 11) for the mobile terminals and to compute all of the circuit

and information theoretic equations separately, including, finally, the users’ channels. The two

strategies have no difference regarding the efficiency and the possibility of including at the same

time users with and without DMNs.

Still, the problems of the interference between the non-collaborative users and of

how to distribute the transmit power among the channels and subchannels must be dealt with.

For this end, the efficient weighted sum rate algorithm proposed in (GUTHY et al., 2010)

was implemented to compute the sum rates in the two downlink scenarios: MU-MISO and

MU-MIMO.

The computation of capacity in multiuser scenarios require non-linear techniques,

such as dirty-paper coding (Costa, 1983). In this technique, these scenarios become equivalent,

in capacity computation terms, to interference free Gaussian channels, provided that the encoder

in the transmitter has information on the interfering random signals. However, these techniques,

including dirty paper, present high computational costs.

In this circumstance, the efficient weighted sum rate algorithm is adopted, because it
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gives rates close to capacity values with less computational cost.

The algorithm makes use of linear signal processing, specifically by the introduction

of zero forcing constraints, to nullify the interference between the streams of data transmitted in

different channels. Initially, it selects the user to whom the transmission of the first data stream

using the entire transmit power would give the best rate and computes a receive filter for it.

It, then, successively assigns data streams to the users which would increase the rate,

according to their respective channels. For each data stream assigned, the optimal receive filter of

the stream’s recipient channel, or subchannel, is kept for the next iterations. Following this, the

algorithm computes the channel gains and finally, in the sequence, the transmit power distribution

among the data streams is computed based on a waterfilling solution over the channel gains.

After running the algorithm, the rates can be calculated according to (GUTHY et al.,

2009), for the sum rate without weights

'(%T) =
3∑
9=1
(1 + k 9 Z2

9 ),

	 = diag(k1, k2, ..., k3), Tr(	) = %T.

(3.14)

where k 9 is the share of the transmit power allocated to the 9 th data stream, whose channel (or

subchannel) gain is Z 9 . The algorithm also computes the effective precoders of the assigned data

streams. The transmit signal x are the precoded symbols s ∼ NC (0#
√

W, �).

The weighted sum rate algorithm is an efficient and smart computational technique

that can also be used to compute the achievable rates in the single-user scenarios mentioned

previously. In any case, the MCT modelling is always necessary, because it gives the physically

consistent information theoretical channel equations used in the algorithm.

Before the simulations can be presented, it is necessary to discuss the problem of the

difference between available and transmit power.

3.3 Rates and Capacity and Available Power

When comparing the systems with and without DMNs in the different scenarios to

investigate the effects of optimal, suboptimal and no decoupling, the systems’ rates and capacity

are the figures of merit. The capacity equations, however, in the scenarios presented are all

computed with the transmit power, but they will be plot on the scale of the available power.
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Transmit power is, according to (2.46) or (2.132), computed using the antennas port

voltages and currents, even with the inclusion of the resistances in modelling the skin effect as in

Fig. 12.

For any determined value of the transmit power, these port variables, on their own,

essentially bring no information about the coupling and mismatch effects on the transmitters.

This information can only be found in the relation between the transmit power and the power that

could be drawn from the HPAs, a power efficiency ratio.

3.3.1 Available and Transmit Power Ratio

Including the power efficiency in the capacity equation consists in finding the ratio

between the available and the transmit powers and using it to compute the rates and capacity of

the systems with the same value of available power divided by their respective ratios instead of

the transmit power. Doing so, the rates and capacity will bear the information of how much of

the available power is being transmitted due to the intensity of coupling and mismatch.

The key to calculate this ratio is to, within the conditions the system is submitted

to, find the generators’ voltages necessary to produce the antennas’ currents which would be

produced if the transmitter had been under perfect decoupling and power matching. These

antennas’ currents are expressed, in their turn, in terms of the generators’ voltages of the system

under these perfect conditions

uG( 5 ) = ℎ1(iA( 5 )), iA( 5 ) = iA,

u′G( 5 ) = ℎ2(i′1( 5 )), i
′
1( 5 ) = iA,

iA = ℎ(uG) =⇒

uG( 5 ) = ℎ1(ℎ(uG)) = S ( 5 )H/2uG

u′G( 5 ) = ℎ2(ℎ(uG)) = S′( 5 )H/2uG.

(3.15)

To obtain ℎ(·), (2.22) and (2.30) are referred to, `T is expanded with (2.24) and the

quantities in the optimal Tx-DMN matrix are substituted for their identities according to the

DMN’s design in (2.70),
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iA = (`AT + `MT2,2)−1`MT2,1

[
/GO# + `MT1,1 − `MT1,2 (`AT + `MT2,2)−1`MT2,1

]−1
uG,

iA = Re(`AT)−1(− 9
√
'GRe(`AT)1/2)

1
2'G

uG,

iA = ℎ(uG) = − 9
1

2
√
'G

Re(`AT)−1/2uG. (3.16)

Now, to obtain SH/2 and S′H/2, circuit analysis of the models in Figs. 3 and 11

with the generalized variables are made. Finally, plugging ℎ(uG) in ℎ1(·) and ℎ2(·) yields

uG( 5 ) = S ( 5 )H/2uG,

S ( 5 )H/2 =
[
(/G( 5 )O# + `MT1,1 ( 5 ))`MT2,1 ( 5 )−1

(`AT( 5 ) + `MT2,2 ( 5 )) − `MT1,2 ( 5 )
] (
− 9 1

2
√
'G

Re(`AT)−1/2
)
, (3.17)

for the generalized system with DMNs, and for the generalized system without DMNs

u′G( 5 ) = S′( 5 )H/2uG = (/G( 5 )O# + `AT( 5 ))
(
− 9 1

2
√
'G

Re(`AT)−1/2
)
uG. (3.18)

It is worth to mention that the quantity Re(`AT) in both equations above does not

include losses and is not generalized as a function of frequency, because this is the reference for

the ideal situation at the center frequency 5c.

The ratios, finally, are calculated dividing the analysed systems’ available powers by

their transmit powers. Given that the generators’ voltages of the analysed systems produce the

transmit power that would have been produced under perfect decoupling and power matching,

this transmit power is equal to the available power (2.77) of the perfectly decoupled and power

matched system.

For the generalized system with DMNs, the powers ratio  ( 5 ) is

 ( 5 ) = %avail
%T

=
1/(4'G)E

[
uH

G( 5 )uG( 5 )
]

1/(4'G)E
[
uH

GuG
] =

E
[
uH

GS ( 5 )
1/2S ( 5 )H/2uG

]
E

[
uH

GuG
] ,

 ( 5 ) =
E

[
uH

GS ( 5 )uG
]

E
[
uH

GuG
] , (3.19)
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whereas for the generalized system without DMNs, the powers ratio  ′( 5 ) is

 ′( 5 ) = %avail
%T

=
1/(4'G)E

[
u′G

H( 5 )u′G( 5 )
]

1/(4'G)E
[
uGHuG

] =
E

[
uG

HS′( 5 )1/2S′( 5 )H/2uG
]

E
[
uGHuG

] ,

 ′( 5 ) =
E

[
uG

HS′( 5 )uG
]

E
[
uGHuG

] . (3.20)

A good intuition behind these fractions is: how large must the systems’ available

powers be in order to radiate the same power as the perfect system does, which radiates all of its

available power?

Following what was explained in the beginning of this chapter, related to the statistical

realizations of the propagation channel `ART and equation �erg = E`ART [�], in each realization,

the generators’ voltages uG and any other variable will have fixed values. Thus, the ratios in

the equations above will become Rayleigh quotients of the expressions inside the expectation

operators and will be plugged into the capacity equations dividing the available power

�erg = E`ART

[
�

(
%avail

 ( 5 )
��
`ART

)]
,

�′erg = E`ART

[
�′

(
%avail

 ′( 5 )
��
`ART

)]
.

(3.21)

The powers ratios ( 5 ) and ′( 5 ) are computed in each realization of the propagation

channel by computing the transmit signal x and then mapping it to the perfect system’s generators’

voltage uG by (2.56). Thus, uG also, in the end, depends on the channel realization

uG = 2
√
'GH

−H/2\s, (3.22)

since the signal x is the product of a precoder \ and randomly generated transmit symbols

s ∼ NC (0#
√

W, Ψ), Tr(Ψ) = %T. These two, for their parts, are computed and generated

according to the scenarios of the systems analysed, as explained in the previous section.

3.3.2 The Circular Dependency

Rates and capacity can be calculated by dividing the determined available power by

the powers ratios to yield the corresponding transmit power that is plugged into the capacity
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equations. However, in order to compute the ratios, the generators’ voltages uG must be calculated,

and they depend on the random generation of the symbols s and the precoders \, which depend

on the time-variant channel. The symbols are drawn from statistical distributions with variance

equal to the transmit power.

In short, transmit power is required to calculate the transmit power that will be

applied into the rates computations. In order to deal with this circular dependency, Algorithm 2

is designed to discover the possible transmit power by successive updates of the powers ratio.

The algorithm divides the predetermined available power successively by the updated

versions of the powers ratio and, when the transmit power (result of the division) of an iteration

does not change much from the transmit power of the previous iteration, then the algorithm has

converged and an approximate value of the proper powers ratio is obtained, allowing to insert the

approximately precise transmit power into the capacity equations.

Algorithm 2: Available and transmit power ratio determination
Input: Available power %avail, channel matrix N and noise covariance matrix X(;

Output: Transmit power %T, precoding matrix \ and power distribution matrix 	;

Initialization:  = 1, %T =
%avail
 

;

\ = 5\ (N, X(, %avail), 	 = 5	 (N, X(, %avail);
s ∼ NC (0#

√
W, 	), x = \s;

uG = 2
√
'GH

−H/2x,  =
uH

GSuG

uH
GuG

;

error = %T − %avail/ ;

while error > mark : %T =
%avail
 

;

\ = 5\ (N, X(, %T), 	 = 5	 (N, X(, %T);
s ∼ NC (0#

√
W, 	), x = \s;

uG = 2
√
'GH

−H/2x,  =
uH

GSuG

uH
GuG

;

error = %T − %avail/ ;
end while

With all of the theoretical background and mathematical formulations in hands, we

proceed to the simulation results of the scenarios exposed in two cases: narrow and wideband.



90

4 SIMULATIONS AND CASES

The performance of the systems with and without DMNs is based on their capacity

in the different cases and scenarios which the systems are submitted to. Their performance is

analysed in two cases: the narrowband and the wideband. In the narrowband, the system is

considered to operate in a relative band of 1% of the center frequency. For this width, the case

can be even further simplified to consider only the operation at exactly the center frequency.

In the narrowband case, the frequency bin is fixed and capacity in the different

scenarios is computed for crescent values of the available power. The aim is to investigate how the

decoupling and matching strategies increase the capacity when the power available at the output

of the high-power amplifiers is subject to a coupled or to a decoupled and matched multiport.

In the wideband case, the available power of the HPAs is kept constant for both

systems while the operation frequency is swept over the range of a wide frequency band. In

this case, the objective is to analyse the performance of the systems in the different scenarios,

considering the components’ impedances to be prone to frequency changes, thus changing the

balance of the intricate and sensible decoupling and matching design.

First, for all scenarios, capacity is computed at each frequency bin separately and,

then, the individual values of capacity are summed over crescent windows of the frequency band

in one scenario. This simulation configuration brings forth the width of the band, referred to as

the critical bandwidth, in which the two systems have the same total ergodic rates and the width in

which the difference between the total rates of the systems is the highest, the optimal bandwidth.

Finally, this same type of simulation is repeated for different values of the &-factor,

to generate curves of the critical and of the optimal bandwidths in terms of the &-factor, resulting

in the perception of how much the system with DMNs is degraded by the Ohmic losses inside the

multiport networks.

The Monte Carlo method is implemented for every simulation case. By repeatedly

drawing random realizations of the propagation channel `ART from a statistical distribution–e.g.,

a classical distribution with determined parameters and the QuaDRiGa model (JAECKEL et

al., 2014), as done in (LAAS et al., 2017)–and computing capacity in each realization, the final

ergodic capacity on each simulation bin is evaluated according to (3.21).

The achievable and ergodic rates and capacity are computed in bits per channel-use

(bpcu) for the simulations in terms of the available power and in terms of the frequency. For the

achievable and ergodic rates and capacity in frequency bands, they are computed in Gb/s.
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4.1 Systems’ Parameters

Many parameters of the systems have not yet been determined, but have been kept as

variables or abstract quantities for the sake of generality. Some characteristics, features and parts,

though, have been clearly chosen, such as the antennas type, the geometry of the arrays and the

DMNs’ architectures.

Nonetheless, even these can be changed or traded for something else, as long as the

motivations for their choices keep satisfied. For example, the _/2-dipoles can be substituted for

any other kind of antenna element, the choice being conditioned only to employing canonical

minimum scattering antennas to be able to compute the arrays’ impedance matrices as it was

described in this thesis.

For the non-determined parameters, they can be freely chosen to satisfy custom

requirements, such as the area occupied by the antenna array and the topology of the DMNs. In

this thesis, almost all parameters, including the above mentioned, have been chosen according

to the equivalent parameters in (VASCONCELOS et al., 2020). The main differences are the

number of antennas in the mobiles in multi-antenna scenarios and the bandwidth of the noise.

The latter entails other parameter changes and is covered in details in section 4.2.

In the publication, the authors approached only single-user scenarios and in the

SU-MIMO the number of antennas of the receiver was chosen equal to 9, whereas here a

smaller number is adopted, 3. It was decided so in order to maintain a consistent proportionality

between the results of the single and multiuser scenarios. The multiuser simulations consider 2

non-cooperative users.

The systems’ center frequency is 5c = 3 GHz. From this value, the spatial parameters

of the antennas and of the arrays can be exactly determined. By definition, given _c ≈ 10 cm, the

length of the half-wavelength dipoles’ arms is approximately equal to 2.5 cm. The width of the

dipoles is chosen to be equal to 1.5 mm and consist in a pair of copper wires, one wire for each

of the arms.

The UCA’s dimensions can be determined by, at least, two variables: the number of

elements and the antenna spacing or the UCA’s radius.

As mentioned previously in Section 2.1, the number of antenna elements on the

base station is 9. On the users is 1 for single-antenna or 3 for multi-antenna mobiles. The

arrays antennas spacing is chosen to be B = 0.35_c ≈ 3.5 cm, ensuring the value of the radius

Aarray ≈ 5 cm for the BS’s UCA and 2 cm for the multi-antenna terminals, calculated by (2.10).
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With these parameters in hand, it is possible to determine antennas’ self impedance

with (2.4) (for the single-antennas scenarios), mutual impedance (2.7) and an array’s impedance

matrix through completion of (2.11), using the two impedance equations just referenced (for the

multi-antennas scenarios). These allow further determinations of other quantities in equations,

statistics and, consequently, the DMNs’ structures.

The generators’ and load impedances, respectively /G and /L, of the models in

Figs. 3 and 11 are modelled as resistances equal to the real part of the half-wavelength dipoles’

self impedance computed at 5c, hence /G, /L and their real parts, 'G and 'L, fulfill

/G = /L = Re(/A( 5c)) = 'A( 5c),

'G = 'L = 'A( 5c).
(4.1)

As to the background radiation noise of the antennas, described in (2.14), the noise

bandwidth and the antennas’ absolute temperature are determined, respectively, as Δ 5 = 10 MHz

and ) = 290 K. Together with the Boltzmann constant : and the real part of the self impedances

of the antennas or of the impedance matrices of the arrays, the statistics can be fully calculated.

For the LNAs’ intrinsic noise statistics in the same ports in (2.13), the variance of

the voltage noise sources, the variance of the current noise sources and the cross-correlation of

the voltage and current sources are

f2
u = 2kTBRA, f

2
i = 2kTB

1
RA
, d = 0. (4.2)

The noise statistics between intrinsic noise sources in different ports in (2.12) and

between intrinsic and extrinsic noise sources in (2.15) are not altered from their definitions.

Using these values, originally proposed in (IVRLAČ; NOSSEK, 2016), the noise

figure becomes equal to 3 dB at the center frequency and the optimum impedance for noise

matching becomes equal to the real part of the half-wavelength dipoles’ self impedance /opt = 'A.

Consecutively, the impedance matrices of the transmit (2.70) and receive (2.102)

DMNs, whose architectures use these impedance quantities and noise statistics, can finally

be defined. Consequently, the physical realization of the DMNs is also possible with the

determination of the constituting reactive elements according to (2.109) and (2.112).
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Interestingly, in a time division duplex scheme, applying these determined values,

the transmit and receive matrices become equal for either single or multi-antenna cases

`MT = `MR =


0 − 9

√
'ARe(`)1/2

− 9
√
'ARe(`)1/2 − 9Im(`)

 ,
` = `AT = `AR or ` = /A and  = # or ",

(4.3)

meaning the same DMN can be used in both directions of the link: transmitting while aiming for

power matching and receiving while aiming for noise matching. Naturally, given the different

number of antennas, one DMN is designed for the base station and one for each mobile.

A very good outcome of this design is that the numbers of elements in (2.113) in the

transmit and receive DMNs reduce to, respectively, #2 + # and "2 + " , the theoretical lower

bound of the number of elements in a DMN, according to (NIE et al., 2014). This is due to the

0 block that correspond to the absence of elements in the according ports, after transforming

the impedance matrix into the admittance matrix and following the process in 2.2.3.3.

Regarding the losses of the system, parasitic resistances are added to the multiport

systems in order to model the power dissipative parts of the antenna elements and of the DMNs’

reactances. To obtain the dissipation resistance of the antennas, (2.150) is referred to, using the

width of the dipoles aforementioned, the center frequency and the conductivity of the dipoles,

equal to that of a copper wire. This results in the dissipation resistance 'd = 0.107Ω.

The parasitic resistances of the DMNs’ reactances are computed individually for each

element in terms of the &-factor, fixed for all elements. For most of the simulations, & = 150.

Through (2.153), the values of the parasitic resistances are computed, given the DMNs’ elements

and circuit layout determined by (4.3). For the simulations of the critical and optimal bandwidths

in terms of decreasing &-factors, the values are 150, 125, 100, 75 and 50.

The Monte Carlo simulations consist of 10000 realizations of the physical propa-

gation channel `ART, which is modelled as an independent and identically distributed (i.i.d.)

vector or matrix, whose elements are drawn from NC (0, f2
/
), where f2

/
= E[| (`ART)<,= |2] =

0.0190852Ω2∀<, =. This is equivalent to the mutual impedance between two _/2-dipoles 1000_c

spaced. The statistical nature of this model automatically introduces fading.

However, 1000 iterations were used for the computation of capacity in terms of the

frequency bands and 100 iterations for obtaining the critical and optimal bands. The reduced

numbers are due to these simulations’ very large computational demands.
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4.2 Narrowband Case

In this case, the systems with and without DMNs transmit and receive signals in

frequency bands so narrow that the systems’ behaviors inside this width can be reliably considered

to be constant around the center frequency. It means that the figure of merit, capacity, can be

computed solely at the center frequency and still provide a good estimate of the performance of

the systems at the other frequencies inside the narrowband.

It is assumed that systems operating in relative bandwidths smaller than or equal to

1% of the center frequency, i.e. 1% of 3 GHz = 30 MHz, have practically the same frequency

response, in terms of capacity, at all frequencies inside the band. It can be seen further, in section

4.3, that this assumption is satisfactory for calculating the achievable rates only at the center

frequency, since the rates change little at its vicinity.

The width of the band is chosen equal to 10 MHz, even narrower than the 1%

bandwidth, and, thus, so is the bandwidth of the noise models. In (VASCONCELOS et al.,

2020), the noise bandwidth was chosen equal 740 kHz following the noise parameters given in

(LEHMEYER et al., 2017), including the room temperature of the system on 290 K.

The main objective of the narrowband case is to analyse the ergodic rates of the

systems in situations in which they supply maximum capacity. At the center frequency, the

systems with and without DMNs have the _/2-dipoles and the DMNs operating exactly at the

frequency they were designed to, providing maximal performance. Ultimately, the narrowband

case analysis is the basis of the wideband case, as it will be verified in section 4.3.

Capacity is analysed, in this case, at the center frequency in terms of the total available

power of the high-power amplifiers, which varies from −88.7 to −53.7 dBW, at a step of −2.5 dB.

The results are rather straight-forward in which the increase of the total available power does

not introduce any unexpected behavior to the operation of the systems. Thus, it rather provides

comparisons of the systems’ spectral efficiency in different scenarios.

In (VASCONCELOS et al., 2020), the available power variation was between −100

and −65 dBW because there the noise model bandwidth was equal to 740 kHz. In order to keep

the results (curves shapes and values) consistent with the publication, it was decided to scale the

available power and, thus, the transmit power in
10 MHz
740 kHz

≈ 11.3 dB, in order to keep the same

SNR. In this way, e.g. −65 dBW in 740 kHz and −53.7 dBW in 10 MHz yield the same capacity.

In each Monte Carlo iteration, the same statistical realization of the propagation

channel is used to compute capacity on all available power points, in order to guarantee a fairer
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analysis of the performance enhancement with the available power increase. In the end of the

Monte Carlo method run, the achievable rates of the realizations are averaged out of the 10000

iterations to result in the ergodic capacity of the systems on every available power point.

The first system whose simulations’ results are analysed is the single-user MISO.

The scenario is equivalent of the downlink communication between the base station and a

single-antenna terminal. The plots of the ergodic capacity in bpcu is in Fig. 14.

Figure 14 – SU-MISO ergodic capacity and available power
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Source: The author.

As expected, Fig. 14 demonstrates that the system with DMNs has better performance

than the system without DMNs, even in the presence of losses. In the narrowband case, the

frequency dependency is not playing any role, and this is valid for all scenarios. Overall, capacity

in both systems increased as the total available power increased as well.

One interesting thing to be noticed already is that the curves of the lossless system

without DMNs and of the same system with losses overlap. The only source of power

dissipation in this system comes from the skin effect of the antennas. Thus, it is noticeable that

the losses in the antennas by themselves practically do not reduce capacity.

For the adopted parameters of the half-wavelength dipoles, the self impedance is

equal to 73.13Ω. Considering the value of the skin effect dissipation resistance 'd = 0.107Ω,
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in (2.152) it represents only 0.146% of the dipoles’ self impedance. This reinforces that the

inclusion of the skin effect on the capacity computations should not have great impact.

If this observation is brought to the system with DMNs, it can be noticed that the

majority of the losses in this system, creating the non-negligible separation between the lossless

and lossy curves, are caused by the power dissipation in the DMNs. Indeed, this is

a major source of power losses since the number of elements is rather large, e.g. the 18-ports

transmit decoupling and matching network: 90.

Moving on to the scenario equivalent to the uplink of the same base station and

single-antenna user setup, the simulations’ results are plotted in Fig. 15.

Figure 15 – SU-SIMO ergodic capacity and available power
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The general behavior is basically repeated: system with DMNs providing better

results than the system without. However, in Fig. 15, two key observations can be made about the

decoupling and matching strategies. The first one is regarding the curve of the lossless system

with DMNs: it presents the same values as the curve in the SU-MISO scenario, because both

curves in this parasitics-free situation grant perfect decoupling and matching effects.

The second key observation is related to the situations with non-optimal (either

suboptimal or completely absent) decoupling and matching effects. It happens suboptimally
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in the lossy system with DMNs and these effects are completely absent in the system without

DMNs. The non-optimal curves in Fig. 15 have higher capacity than their counterparts in the

MISO scenario.

As mentioned in subsections 3.1.1 and 3.1.3 and in section 3.2, the transmit vectors

x are the product of a randomly generated symbol B or vector of symbols s and a precoding

vector or matrix which matches the randomly generated channel. This procedure, thus, produces

a vector signal x subject to two random draws.

Finally, mapping (3.22) generates the HPAs’ voltage vector uG, a function of x, that

is used to compute the available and transmit power ratio, according to algorithm 2. The ratios

are, consequently, also random. Finally, they are included in the ergodic capacity computations

by (3.21) and, thus, the capacity values suffer fluctuations due to the random channel generation.

For the non-optimal systems in the SIMO scenario, the powers ratios are independent

of the random channel generation and, thus, suffer no fluctuation regarding how large the transmit

power is compared to the total available power. These same phenomenons are also present in the

other scenarios to be investigated.

The next scenario is that which corresponds to the SU-MIMO. Here, the base station

is equipped with 9 _/2-dipoles, whereas the mobile terminals only with 3 _/2-dipoles, both sets

arranged in UCAs with same antenna spacing. Only the downlink here is investigated.

Similar curves to what was obtained already are expected, regarding the same

behavior of capacity and the available power. The key observation is only to see how capacity

grows if the single-antenna of the receiver is replaced by an array of 3 _/2-dipoles.

This means that even the suboptimal use of decoupling and matching strategies

by lossy DMNs and antennas provides better results and scaling when increasing from 1 to 3

antennas on the terminal. However, it could be expected that, the larger the number of antennas,

the larger the losses in the system. Possibly, there is a sort of maximum value of capacity gain,

after which the losses might take over the capacity gains of the increased number of antennas.

The following scenarios in Figs. 17 and 18 move on to multiple users, specifically 2,

in the same cell, connected to the same base station. For them, the ergodic rates were computed.

Their ergodic rates computations required the weighted sum-rate maximization

algorithm exposed in Section 3.2 and the results are also straight-forward in the sense of what

would be expected: the same type of plot, a similar relation between the systems’ curves

and higher overall ergodic rates than the single-user counterparts because of more data being



98

Figure 16 – SU-MIMO ergodic capacity and available power
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transmitted, given enough available power, in data streams over the channels and subchannels.

Figure 17 – MU-MISO ergodic rates and available power
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Figure 18 – MU-MIMO ergodic rates and available power
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4.3 Wideband Case

In practice, narrowband communications are not as commonly used as wideband, the

latter being broadly employed in cellular mobile communications in a daily basis, for example.

Thus, not only is it interesting to delve into the decoupling and matching strategies in more

common situations, as it is necessary to investigate the behavior of systems with and without

DMNs at frequencies close or distant to the center frequency in a wideband transmission.

For this end, the bandwidth of the signals in the wideband case is equal to 400 MHz

around the center frequency, spanning from 2.8 to 3.2 GHz, and the total available power of the

HPAs is kept fixed. The frequency band is discretized along its width in 41 bins, with 10 MHz

spacing between them.

At each frequency bin, capacity is computed separately for a narrowband 10 MHz

wide as in the narrowband case, but now with the frequency band centered around a carrier

frequency equivalent to the respective bin value. The HPAs’ available power is kept constant on

−53.7 dBW for each of the 41 frequency bins (narrowbands), meaning a total available power of

−53.7 dBW + 10 log(41) dB ≈ −37.57 dBW uniformly distributed throughout the wideband.
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In the statistical Monte Carlo method, each propagation channel realization is used

for all of the frequency bins, individually, to compute the achievable rates of the systems with

and without DMNs at the respective bin. In the end, these achievable rates are averaged out of

the number of realizations, yielding the ergodic capacity correspondent to each frequency bin.

The main objective of the wideband case is to analyse how the two systems, with

and without DMNs, behave under the change of frequencies, from small to large changes. Their

designs can be expected to deliver the best performance at the center frequency and be susceptible

to increasing performance degradation the "farther"the operation frequency becomes from the

center frequency.

However, as the results of the simulations display, the ergodic capacities of the two

systems are not symmetrically decreasing curves centered on the highest valued capacity point

at the center frequency. The first simulations are executed in the SU-MISO scenario and the

lossless and lossy ergodic capacity curves are plotted in Fig. 19.

Figure 19 – SU-MISO ergodic capacity and frequency
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Indeed, as it could be expected, the lossless and lossy curves of the system with

DMNs have better capacity around the center frequency and worse capacity at bins more distant

from the center. In addition, as also expected, around the center frequency capacity is higher for
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the system with DMNs than for the system without DMN.

Nonetheless, capacity of the system without DMNs actually monotonically decreases

as the frequency increases in the band, presenting better performance on frequencies lower than

the center frequency. Albeit the bell-shaped like curves of the system with DMNs exposing the

performance degradation at bins farther from the center, the ergodic capacity is also higher at

lower frequencies than at higher frequencies.

The reason for this is that waves with lower frequencies have larger wavelength while

waves with higher frequencies have smaller. For the former, then, the antenna spacing of the

uniform circular arrays is relatively smaller than it is for the latter. The array is more compact at

lower frequencies and, consequently, the antenna elements are more coupled electromagnetically,

causing the systems at lower frequencies to have better ergodic capacity.

As it was the case for the losses in the narrowband simulations, the losses from the

DMNs are larger and more prominent than the losses due to the antenna elements, causing more

pronounced capacity reduction. This can be verified, as was also done in the narrowband case, in

the system without DMNs that practically has its two curves overlapping, and in which the only

source of losses are the antenna elements.

Similarly to the capacity values, the stronger coupling at lower frequencies also

enhances the impact of the losses in the capacity, making the lossless and lossy curves of each

system more different at lower frequencies than at higher frequencies.

Even with losses, the system with DMNs provides the largest capacity values around

the center frequency. This demonstrates the impact optimal and even suboptimal decoupling and

matching effects have in enhancing the performance of the system and, thus, in increasing the

ergodic rates. Decoupling and matching are considered suboptimal at the bins around the center

frequency at which capacity is larger than in the system without DMNs.

The following simulation plots the curves of the SU-SIMO scenario in Fig. 20. In

the wideband, the simulations in this scenario produce the same effect as that produced in

the narrowband case: the ergodic capacity is larger at every frequency bin for single antenna

transmitters and multi-antenna receivers than it is in the SU-MISO scenario.

The possible causes for this are the same as those presented in the narrowband case,

namely the larger sensibility of capacity to coupled transmit ports and power mismatches, the

influence of precoding the channel in the available and transmit power ratios.

In addition, the effects mentioned above for the SU-MISO scenario are also valid



102

Figure 20 – SU-SIMO ergodic capacity and frequency
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here, after all, the curves have similar shapes, only less accentuated. It is possible to conclude

that the systems behave similarly regarding the impact of frequencies distant and close to the

center and the comparisons between the ergodic rates in lower and in higher frequencies.

In the single-user MIMO case, the mobile-user is equipped with 3 antennas in an

UCA and the downlink is observed, whose simulations results are featured in Fig. 21. With the

presence of antenna arrays in both sides of the link, capacity considerably increases around the

center frequency in the system with DMNs and at the lower frequencies in the system without.

The larger number of antennas and of reactive DMNs’ elements in the whole system

with DMNsmakes it achieve very large ergodic rates, but at the cost of increasing the susceptibility

of the system to losses and to frequency changes, as it can be observed even on the lossless curve

with DMNs. The range of the capacity variation in both systems is accentuated with the curves

presenting faster decays and rises.

Finally, multiuser simulations are run to provide the results for both scenarios

MU-MISO and MU-MIMO in Figs. 22 and 23, in which the same effects explained before are

applicable. Again, for the multiuser scenarios, the weighted sum-rate maximization algorithm is

required due to the necessity of the non-collaborative users’ interference mitigation and optimal

power distribution among the channels.
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Figure 21 – SU-MIMO ergodic capacity and frequency
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Figure 22 – MU-MISO ergodic rates and frequency
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The MU-MIMO in Fig. 23 scenario presents a similar scaling, in terms of rapid
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Figure 23 – MU-MIMO ergodic rates and frequency
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variations of the curves, from the MU-MISO scenarios’ results as the scaling from MISO to

MIMO in single-user.

After the presentation of the ergodic capacity in bpcu as a function of frequency, the

next step is to compute the total rates in b/s in a certain bandwidth.

4.3.1 Critical and Optimal Bandwidths

In all of the scenarios, the bell-shaped curves of the system with DMNs display

limited bandwidths in which the system has better capacity than the system without. Depending

on the scenario and the presence or absence of losses, this bandwidth can be wider or narrower.

For example, the lossy curves of the system with DMNs in the MU-MISO scenario is only

of, approximately, 150 MHz, whereas in the SU-SIMO scenario it is of 220 MHz.

Albeit allowing for drawing some conclusions, it is not a robust measure of efficiency

for the decoupling and matching strategies in optimal and suboptimal states. After all, even in

regions of higher and lower frequencies, in which the system with DMNs has worse rates at some

bins than the system without, the sum of the rates values in the band, referenced to as total rates,

might be higher.
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Therefore, simulations to compute the total rates of the systems in some scenarios

are carried out in terms of crescent windows of frequency band. The step of the windows’ width

is of 20 MHz, starting with a 20 MHz width and widening the windows until 400 MHz, i.e. the

whole wideband considered in the thesis.

For this matter, the total rates are computed employing the trapezoidal rule to execute

numerical integrations of the capacity values inside the windows with pairs of trapezoids 10 MHz

"tall" around the center frequency. The total rates, since being computed in bandwidths in the

order of 100 MHz, reach the orders of Gigabit per second by integrating capacity in bpcu.

The lossy MU-MIMO system has been chosen as an example.

Figure 24 – MU-MIMO total ergodic capacity in crescent frequency bands
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As it can be seen in Fig. 24, the system with DMNs has superior total rates in a

bandwidth of, approximately, 350 MHz. The positive difference between the total capacities start

already in the 20 MHz, reach its maximum in a window 160 MHz wide and become zero in a

bandwidth of 350 MHz. For the lossy MU-MIMO scenario, this is the critical bandwidth and the

band of maximum difference is the optimal bandwidth.

In order to proceedwith the investigation of these two bandwidths, the same simulation

is done for the total rates in terms of the crescent bands is repeatedly carried out in every lossy
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scenario with different values of the&-factor equal to 150, 125, 100, 75 and 50. In this manner, the

critical and optimal bandwidths usability criteria become functions of the&-factor, consecutively,

the decoupling and matching effectiveness become a function of the networks’ components

quality.

The critical bandwidth is a good measure of the limits of the decoupling and matching

strategies to consider until which point to employ it is worth the complex DMNs’ design and

implementation and starting a which frequency band’s width systems without DMNs are better

choices due to their more simplified and straight-forward design and the total ergodic rates they

deliver. The simulations’ results are depicted in Fig. 25.

Figure 25 – Critical bandwidths and &-factors in every lossy scenario
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The optimal bandwidth might serve as an appropriate figure of merit to justify the

use of the decoupling and matching networks, considering that, for bands approximately as wide

as that, the system with DMNs delivers the best total rates compared to the system without.

These two simulations are important to raise awareness on how much can the quality

of the decoupling and matching networks’ components reduce or improve the performance of

the system. It is important to acknowledge that the simulations in wideband considered very

high-quality components, whose &-factor equal to 150, a value not common in industry. Hence,
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Figure 26 – Optimal bandwidths and &-factors in every lossy scenario
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more &-factors were necessary to address the usability of the DMNs.

Still, the critical and the optimal bandwidths cannot be considered as sufficient figures

of merit to fully decide on whether or not to use decoupling and matching strategies. First, even

in bands a little narrower than the critical bandwidth, it might not be justifiable the complexity of

the DMNs, as the system without them may already deliver high enough total ergodic rates.

Second, the optimal bandwidth does not make clear on how large the difference in

capacity between the two systems is to, again, justify the complexity of decoupling and matching

networks.

These hidden trade-off aspects not directly approached by the analysis of the critical

and optimal bandwidths do not rule out referring to them as figures of merit, as they are valid for,

at least, initial considerations, such as discarding or not the investigation of the DMNs’ effects in

communication systems, based on whether the desired bandwidth of operation is more similar to

the critical or to the optimal bandwidth.
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5 CONCLUSIONS

Optimal decoupling and matching strategies were designed for and employed in a

communication system model to achieve the rates which are predicted in information theory as

commonly done in the literature. However, the various simulations’ results have shown these

optimal effects to be restricted to very strict conditions.

The system for which the DMNswere specifically designed, considering the necessary

parameters, could only attain optimal decoupling and matching of its ports when the system was

operating only over a very narrow frequency band around the center frequency and when the

antenna elements and the DMNs’ reactances were considered lossless.

The first condition was actually relaxed to comprehend relative bands of 1%, which

brought forth the narrowband results. But even so, the presence of losses in the antennas and in

the DMNs considerably deteriorated the performance of the system, because of power dissipation

and of the unbalance in the equations created by modifying the impedance matrices, whose

original values were part of the decoupling and matching strategies’ designs.

Still, the narrowband simulations showed that the lossy system with DMNs has better

ergodic rates and capacity and good scaling from single to multi-antenna receivers than the

system without.

When considering the wideband communication case, the two systems were deeply

affected by frequency variations in the antennas’ and multiport networks’ impedances. The

system with DMNs reflected the frequency influence in its bell-shaped curves peaked at the

center frequency while the system without DMNs displayed the rather unexpected, approximately

monotonic descending rates and capacity curves following the frequency augmentation.

Mutual coupling, at this point, was not only visible in how it can deteriorate capacity

when not taken into account, but also in how both systems in the wideband case demonstrated

the similar behavior of having larger rates and capacity at lower frequencies than at higher

frequencies, due to the longer waves at lower frequencies perceiving the antenna spacing in the

arrays smaller, thus with stronger coupling between the antennas.

Although mutual coupling is often understood as an effect that must be confronted

and wiped out of the multi-antenna systems, the simulations show that the best strategy is to make

use of this intrinsically present phenomenon as an additional source for harvesting more capacity

from the antenna elements. Besides, ultimately, mutual coupling cannot be nullified, but, at best,

only its effects in the transmit and receive ports can, observing the appropriate conditions.
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The understanding of the underlying phenomenon of mutual coupling in multi-

antenna systems allow to predict which impacts, positives or negatives, it may cause in the

systems’ operations and how it may do so. Hence, good measures to advantageously use this

electromagnetic interaction should always be aimed for. For this end, the optimal decoupling and

matching strategies might seem the best decision.

Unfortunately, as already noticed in the simulations of rates and capacity in terms of

frequency, the DMNs actually introduce considerable bandwidth limitations. Nonetheless, with

the concept and demonstration of the critical and optimal bandwidths, it is confirmed that DMNs

are more efficient in narrow and moderately wide frequency bands, making more sense not to use

them in widebands such as the considered for the simulations (400 MHz).

Overall, for very large number of antenna elements, to design and implement DMNs

is, before anything, unfeasible due to the immense number of reactive elements required to

produce it and the complexity naturally involved in laying them connected. In addition, the more

elements, the higher the losses and the more sensible the DMNs become to frequency changes.

Consequently, the system with DMNs become even more band limited.

So, for a small or moderate number of antennas, the question of whether or not

using optimal decoupling and matching strategies becomes the matter of a trade-off between the

complexity of the DMNs’ realization and of the possible amount of gain in ergodic rates, always

considering the width of the desired frequency band. For the latter consideration, the critical and

optimal bandwidths become helpful figures of merit.

Finally, the most important message is that mutual coupling should always be taken

into account. The strategy chosen to deal with this effect bring along with its advantages also

disadvantages and limitations. Having complete knowledge on the strengths and weaknesses

of the decoupling and matching strategies in multi-antenna arrays lead to physically consistent

designs of multi-antenna models for practical realizations.

As possible future works, many open points can be considered as valuable candidates.

Some include: designing suboptimal decoupling and matching strategies and networks such that

the rates curves are flatter in widebands; investigating the increasing ergodic rates values at lower

frequencies in the system without DMNs; and implementing water-filling solution to optimally

distribute the total available power in the wideband, i.e. among the frequency bins.

In general, research involving the Multiport Communication Theory has much

potential in terms of a wide range of rich topics available.
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