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Resumen 

La red de seis puertos es una interesante arquitectura de radiofrecuencia que 

alberga múltiples posibilidades. Surgida en la década de los setenta como una 

alternativa a los analizadores de redes, en los últimos años se ha empleado en 

numerosas aplicaciones, tales como receptores homodinos, sistemas radar, detección 

de ángulos de llegada, UWB (Ultra-Wide-Band) o sistemas MIMO (Multiple Input 

Multiple Output). En la actualidad, se perfila como una de las mejores candidatas para 

implementar una Radio Definida por Software (SDR).  

En esta tesis se estudia en profundidad esta prometedora arquitectura, 

describiendo sus fundamentos teóricos y realizando un estudio del estado del arte. 

Además, se presenta el diseño y desarrollo de un prototipo de receptor de seis puertos 

de banda ancha (0.3-6 GHz) para SDR, implementado en tecnología convencional. El 

sistema será caracterizado experimentalmente y validado para la demodulación de 

señales de radio frecuencia. El estudio y análisis de la arquitectura de seis puertos se 

completa con su comparación, teórica y experimental, con otras arquitecturas de RF, 

desde el punto de vista de su posible aplicación para SDR. 

Varias son las aportaciones novedosas que se plantean en esta tesis. Dichas 

aportaciones se orientan en dos direcciones claras, que se corresponden con los 

actuales temas de interés en redes de seis puertos: desarrollo y optimización de técnicas 

de regeneración I-Q y algoritmos de calibración en tiempo real para redes multipuerto; 

y búsqueda de nuevas técnicas y tecnologías que contribuyan a la miniaturización de la 

arquitectura de seis puertos. En concreto, las contribuciones novedosas desarrolladas 

en esta tesis se resumen en: 

• Introducción de un nuevo método de auto-calibración en tiempo real para 

redes multipuerto y aplicaciones de banda ancha, basado en canalización digital. 

• Introducción de una nueva técnica de regeneración directa de componentes 

I-Q para receptores de cinco puertos. 
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• Contribución a la miniaturización de receptores de seis puertos mediante el 

uso de la tecnología multicapa LTCC (Low Temperature Cofired Ceramic). 

Desarrollo de un receptor de seis puertos en tecnología LTCC de banda ancha (0.3-

6 GHz) y tamaño reducido (30x30x1.25 mm). 

Los resultados y conclusiones derivados de los estudios desarrollados en esta 

tesis han sido muy satisfactorios. En consecuencia, varias son las publicaciones 

científicas relacionadas con esta tesis. En concreto, catorce suman el número de 

publicaciones entre revistas, congresos internacionales y congresos nacionales, más un 

artículo de revista adicional que se encuentra actualmente en proceso de revisión. 

 



 

Abstract 

Six-port network is an interesting radiofrequency architecture with multiple 

possibilities.  Since it was firstly introduced in the seventies as an alternative network 

analyzer, the six-port network has been used for many applications, such as homodyne 

receivers, radar systems, direction of arrival estimation, UWB (Ultra-Wide-Band), or 

MIMO (Multiple Input Multiple Output) systems.  Currently, it is considered as a one 

of the best candidates to implement a Software Defined Radio (SDR). 

This thesis comprises an exhaustive study of this promising architecture, where 

its fundamentals and the state-of-the-art are also included.  In addition, the design and 

development of a SDR 0.3-6 GHz six-port receiver prototype is presented in this thesis, 

which is implemented in conventional technology.  The system is experimentally 

characterized and validated for RF signal demodulation with good performance.  The 

analysis of the six-port architecture is complemented by a theoretical and experimental 

comparison with other radiofrequency architectures suitable for SDR. 

Some novel contributions are introduced in the present thesis.  Such novelties 

are in the direction of the highly topical issues on six-port technique: development and 

optimization of real-time I-Q regeneration techniques for multiport networks; and 

search of new techniques and technologies to contribute to the miniaturization of the 

six-port architecture.  In particular, the novel contributions of this thesis can be 

summarized as: 

• Introduction of a new real-time auto-calibration method for multiport 

receivers, particularly suitable for broadband designs and high data rate 

applications. 

• Introduction of a new direct baseband I-Q regeneration technique for five-

port receivers. 

• Contribution to the miniaturization of six-port receivers by the use of the 

multilayer LTCC (Low Temperature Cofired Ceramic) technology. 

Implementation of a compact (30x30x1.25 mm) broadband (0.3-6 GHz) six-port 

receiver in LTTC technology. 
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The results and conclusions derived from this thesis have been satisfactory, 

and quite fruitful in terms of publications.  A total of fourteen works have been 

published, considering international journals and conferences, and national 

conferences.  Aditionally, a paper has been submitted to an internationally recognized 

journal, which is currently under review. 
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Chapter 1 

1 INTRODUCTION 

1.1 OVERVIEW OF SOFTWARE DEFINED RADIO 
IMPLEMENTATION 

Information and telecommunication technologies are evolving towards a new 

concept of information society, where different communication standards are 

combined to form heterogeneous networks.  This is precisely the concept of 4G or 

Beyond 3G, since GSM and UMTS are combined with different access technologies, 

such us WLAN (Wireless Local Area Network) and WPAN (Wireless Personal Area 

Network).  Users are demanding to communicate using different services, from 

wherever and whenever they want.  However, the main problem derives from the 

incompatibility between the different standards and technologies.  

Software Defined Radio (SDR) is thought to play an important role in future 

communication systems, due to its reconfiguration and multi-mode operation 

capabilities.  These features enable to change the system functionality without any 

change in the hardware, providing a cost reduced solution to perform a multi-mode, 

multi-band, and multi-standard radio platform.  Following the SDR forum definition 

[1], a SDR is a “radio in which some or all the physical layer functions are software 

defined”.  SDR provides end-users a dynamic spectrum access, and the capability of 

communicating whatever, wherever and whenever they need.  The benefits of SDR 

technology are having a significant impact on the area of wireless and military 

communications, and this trend is expected to continue over the next years [2]-[4].  At 

present, SDR is increasingly implemented in both military and commercial networks in 

more modest ways: 3G base stations and their user equipments; military radios such as 

JTRS (Joint Tactical Radio Service) in EEUU [5]; terrestrial mobile radios, such as 
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Project 25 (APCO-P25) in EEUU [6] or Mesa Project in Europe [7]; satellite 

transceivers; etc. 

The original idea of a SDR hardware implementation, conceived by Mitola in 

1995 [8], consisted of placing the ADC (Analog to Digital Converter) just at the output 

of the antenna.  Digital processing is performed by software, using DSPs (Digital 

Signal Processors), FPGAs (Field Programmable Gate Array) o ASICs (Application 

Specific Integrated Circuits).  However, this implementation is currently impossible, 

due to the ADC limitations as for speed, dynamic range, jitter and power consumption 

[9].  For example, a 12 bit 11 Gsample/s ADC would be required to digitalize the 

frequency range from 800 MHz to 5.5 GHz, where all cellular communications and 

WLAN are located at present [10].  Obviously, such an ADC is currently impossible.  

But in the case it were possible, its power dissipation would be prohibitive.  The state 

of the art is nowadays around 16 bit 130 MS/s A/D conversion for commercial 

Mitola’s type SDRs.  In practice, the SDR hardware is composed of a reconfigurable 

baseband digital signal stage and a broadband radio frequency (RF) front-end. 

 

Fig.1.1: Ideal SDR implementation. 

Until now, conventional multi-band receivers have consisted of a different 

reception chain for each standard.  This solution is not cost efficient, as it requires 

specific circuits for each standard, which increase the volume of the radio terminal.  

On the contrary, a SDR is composed of a single broadband reception stage.  All 

channels are converted to digital domain with a high speed ADC, and channel selection 

is performed by software defined filters.  However, the design of a universal general-

purpose broadband RF front-end, with multi-mode and reconfiguration features, is not 

a simple matter.  Furthermore, the difficulty increases if other aspects such as volume 

or cost are also taken into account. 

Digital 
Processing

DAC

ADC
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- Frequency conversion
- Channel selection

 

Fig. 1.2: Comparison between (a) Conventional multimode radio, and (b) SDR. 

Superheterodyne architecture has been the classical configuration in 

radiocommunications, due to its selectivity and sensitivity characteristics.  However, 

superheterodyne receivers are complex and expensive, as they require a large number 

of external components, including bulky RF filters for image frequency rejection.  

Another problem is the difficulty of changing system parameters such as bandwidth, 

because RF and IF signals are processed by fixed narrowband analog components, 

which make difficult to achieve a broadband system with multimode operation.  

Consequently, heterodyne architecture is not the best option when a SDR hardware 

implementation is addressed. 

Two more suitable alternatives to implement a SDR are the direct frequency 

conversion architecture, also named homodyne or zero-IF, and the low-IF architecture 

[9]-[12].  Zero-IF and low-IF architectures have many advantages suitable for SDR, 

such as flexibility, reconfigurability, low-cost, simplicity, compact size, and high level 

of integration.  However, these architectures have some limitations.  In the case of 

zero-IF receivers, these limitations include DC-offset, 1/f noise, and second-order 

intermodulation distortion (IMD2).  Regarding to the low-IF configuration, the image 

frequency continues being the main problem.  Moreover, the trend towards high data 

rates services will require larger bandwidths, which become possible at high 

frequencies.  Nevertheless, I-Q mod/demodulators cannot operate in very large 

frequency ranges, so the use of zero-IF and low-IF architectures is limited by these 

devices. 

(b) 

ADC Ch 1Analog Digital

- Frequency Conversion
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ADCAnalog Digital

ADCAnalog Digital
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Six-port network is an innovative and interesting architecture that is nowadays 

emerging as a promising alternative, as it does not use I-Q mixers for the frequency 

conversion [13]-[16].  The main characteristic of the six-port architecture is its 

extremely large bandwidth, which involves multi-band and multi-mode capabilities.  

Six-port networks can operate at very high frequencies [17]-[20], being a serious 

alternative for millimetre-wave frequencies and large relative-bandwidth applications.  

Furthermore, the six-port architecture can perform high data rates.  A 200 Mbps data 

rate was estimated in 2008 [14], although recent publications have demonstrated the 

six-port capacity to demodulate 1.7 Gbps signals [21].  These and other advantages 

make this architecture to be considered a good candidate to implement a SDR. 

However, apart from well known problems of direct conversion architectures, 

there are some issues in six-port networks that need intensive research.  On one hand, 

six-port receivers require a calibration process to recover the original signal.  

Traditional physical calibration procedures, consisting on measuring the system using 

several external physical standards terminals, are impractical for a wireless receiver or 

a SDR, owing to their lack of dynamism and flexibility.  Moreover, the performance of 

current real-time calibration methods will diminish when dealing with high-speed 

signals.  On the other hand, the large dimensions of the passive six-port structure, 

especially for operating frequencies in the lower gigahertz region, could be prohibitive, 

for example, for mobile communication applications.  In fact, the miniaturization of 

six-port receivers is the focus of current work. 

1.2 MOTIVATION AND SCOPE OF THE THESIS 

The present thesis is mainly concerned with the investigation and optimization 

of RF architectures, in order to achieve a universal and flexible radio platform, with 

multi-mode and multi-band capabilities.  In particular, this thesis focuses on the study 

of a very promising RF architecture, the six-port architecture, and its possible 

application to SDR. 

Five main issues are addressed in this thesis: 

1. Development and validation of a broadband six-port receiver for SDR 

and high-speed applications.  Demonstration of the multi-band and 
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multi-mode operation capabilities of the six-port receiver in the 

demodulation of RF signals. 

2. Experimental comparison between six-port and conventional zero-IF 

and low-IF architectures. 

3. Research and development of new and efficient multi-port calibration 

methods for digital IQ regeneration. 

4. Investigation on new techniques for real-time analog I-Q regeneration. 

5. Contribution to the miniaturization of six-port receivers. 

The first two issues comprise an exhaustive study of the six-port architecture.  

The last three points are the main novel contributions of this thesis, as they are related 

to the topics that are currently having more intensive research in six-port networks. 

1.3 THESIS ORGANIZATION 

The thesis organization reflects the main directions of the research: 

• Chapter 2 reviews the fundamentals of the three RF architectures with more 

possibilities to implement a SDR, i.e., zero-IF, low-IF, and six-port network. 

• Chapter 3 addresses the design, development, and experimental characterization 

of an extremely large relative bandwidth six-port receiver. 

• Chapter 4 presents an experimental comparison between the six-port receiver, 

and conventional zero-IF/low-IF receivers. 

• Chapter 5 proposes two new I-Q regeneration techniques for six/five-port 

receivers.  The first one is a real-time multi-port auto-calibration method, suitable for 

broadband applications and high-speed signals.  The second technique is a direct 

baseband IQ recovery technique for five-port receivers, based on the use of a simple 

analog IQ regeneration circuit. 

• Chapter 6 explores the possibilities of the LTCC technology in the 

miniaturization of six-port receivers.  The design, development and characterization of 

a reduced LTCC six-port receiver are included in this chapter. 

• Chapter 7 exposes the conclusions and future work. 
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Chapter 2 

2 STUDY OF RADIO FREQUENCY 
ARCHITECTURES FOR SOFTWARE 
DEFINED RADIO 

2.1 INTRODUCTION 

This chapter presents the study of the three RF architectures with more 

possibilities to implement a SDR: zero-IF, low-IF, and six-port network.  Their 

fundamentals, as well as their main advantages and drawbacks, are described below.  

The state of the art in SDR applications is also presented for the three architectures. 

2.2 ZERO-IF 

2.2.1 Fundamentals of zero-IF 

The first circuit based on the homodyne principle was published by Colebrook 

in 1924 [22].  Thus, the homodyne architecture, also known as direct frequency 

conversion or zero-IF, is nearby as old as the superheterodyne, which was introduced 

in 1918 by E.H. Armstrong [23].  Thereafter, the homodyne principle aroused the 

scientific community interest [24].  However, no commercial applications appeared to 

be found for this architecture, which has been tried (and failed) many times.  The 

homodyne architecture reappeared with more strength in the 90s [25]-[27].  Due to the 

advances in IC (Integrated Circuit) technology and the possibilities of the digital 

domain, zero-IF receivers are no longer being considered impractical solutions.  

Nowadays, zero-IF transceivers are thought to be a serious alternative to classical 
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heterodyne systems for several applications, especially SDR, where high level of 

integration and low-cost solutions are required [9]-[12]. 

The typical configuration of a zero-IF receiver is represented in Fig. 2.1.  It is a 

simple structure, where the RF signal is directly down-converted to zero frequency by 

means of an I-Q demodulator and a local oscillator (LO) of the same frequency.  Next, 

the I-Q components are low-pass filtered and converted to digital domain with an 

ADC.  

 

Fig. 2.1: Block diagram of a zero-IF receiver. 

The direct conversion architecture comprises clear benefits with respect to the 

heterodyne.  On one hand, since IF is equal to zero, zero-IF receivers does not suffer 

from the image frequency problem.  Therefore, large costly image rejection filters and 

IF circuits can be eliminated.  On the other hand, main operations such as channel 

selection and amplification are baseband performed, where integration is much easier.  

Channel filtering can be performed either with a simple low-pass filter or in the digital 

domain, which raises the possibility of having a universal and multi-standard RF front-

end.  All these characteristics entail high level of integration, compact size, simplicity, 

low-power consumption, flexibility and system reconfigurability.  Consequently, the 

direct-conversion architecture is very attractive for integrated and reconfigurable RF 

receivers.  Nonetheless, it suffers from a number of problems that do not exist or are 

not as serious as in heterodyne receivers [26],[27].  This has been mainly the reason 

why homodyne receivers have not been as popular as heterodyne ones. 

A. DC-offset 

Since the downconverted spectrum is located around zero frequency, DC 

voltage can distort the signal and substantially degrade the bit-error probability.  
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Furthermore, this offset voltage must be removed in the analog domain prior to 

sampling, otherwise, it can saturate the baseband amplifiers and ADCs [28].  There are 

two types of DC-offsets: 

- Time-invariant DC-Offset.  It is caused by the inherent DC value in the analog 

circuits and, therefore, it does not vary with time.  Time-invariant offset is 

mainly generated in the LNA or the I-Q demodulator, due to drifts or 

mismatches in the analog circuits. 

- Time variant DC-Offset.  It consists in the phenomenon known as self-mixing.  

The self-mixing occurs when a strong, nearby signal mixes with itself, 

producing a DC component that appears as interference at the centre of the 

desired signal.  This situation may take place in the cases shown in Fig. 2.2.  

Due to the isolation between the LO port and the inputs of the mixer and the 

LNA is not perfect, the LO signal is leaked to the inputs of the LNA and the 

mixer, producing a DC component at the output of the mixer -Fig. 2.2(a)-.  The 

same effect happens when a strong interference leaks from the LNA or mixer 

input to the LO port and is multiplied by itself -Fig. 2.2(c)-.  Moreover, DC-

offset can be produced when the LO leakage signal in the LNA input is 

radiated from the antenna and reflected from external objects -Fig. 2.2(b)-.  

The amount of DC-offset coming from radiation is very difficult to predict, 

since its magnitude can change rapidly with the object movement, fading and 

multipath reception, etc. 

There are many methods for rejecting DC-offset in direct conversion receivers.  

The simplest solution is by high-pass filtering with a series capacitor (AC-coupling).  

However, this method is not always feasible.  The cut-off frequency of the high-pass 

filter (HPF) has to be very low for not corrupting the wanted signal, leading to large 

size capacitors with slow response to variations, in particular for narrow band signals.  

As for Razavi [27], simulations indicate that the corner frequency of the HPF must be 

less than 0.1% of the data rate for the signal degradation to be negligible.  Thus, for 

example, a data rate of 48.6 kb/s mandates a corner frequency less than 50 Hz.  Abidi 

[26] points that ‘simulations on a representative 200 kHz wide spectrum (150kbps, 

roll-off=0.35) suggest that at a target bit-error rate of 10-3, a 5 Hz notch at dc causes 

about 0.2 dB loss in receiver sensitivity, yet this notch need only widen to 20 Hz when 

the receiver will cease to function’.  One possible solution consists in minimizing the  
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Fig. 2.2: DC-offset mechanisms: (a) Self-mixing of LO (b)LO reradiation (c) Self-mixing of 
interferers (© 2005 IEEE [28]). 

signal energy around DC by choosing DC-free modulation schemes, such as BFSK 

(binary frequency shift keying) [29].  In such a case, a reasonable high-pass filtering 

can be performed, especially for wideband channels.  

Most of the proposed alternatives for the DC-offset rejection consist in 

improving the mixer characteristics.  This is useful not only for eliminating DC-offset, 

but also other typical zero-IF problems [30],[31].  Other methods are based on the use 

of either analogical [32],[33] or digital DC-offset cancelling loops, although the 

combination of both [34] is more effective.  In fact, the habitual procedure consists in 

combining both analogical and digital methods.  Therefore, it is usual to apply digital 

compensation, equalization or calibration techniques, together with some of the 

methods presented above [35]-[37]. 

B. I-Q imbalances 

The drifts in the nominally 90º phase shift and mismatches between the 

amplitudes of the I-Q signals distort the downconverted constellation, increasing the 

BER (bit error rate) [27].  While gain error simply appears as a non unity scale factor 

in the amplitude, phase imbalance corrupts one channel with a fraction of the data 
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pulses in the other channel, degrading the signal-to-noise ratio if the I and Q data 

streams are uncorrelated.  Consequently, I-Q demodulator becomes a key element in 

direct conversion receivers.  Nevertheless, I-Q mismatch is much less problematic in 

direct conversion schemes than in image-reject architectures. 

C. Flicker noise 

Flicker noise is characterized by presenting a power spectral density inversely 

proportional to the frequency.  That is the reason why it is also called 1/f noise.  Since 

1/f noise is predominant at low frequencies, the downconverted signal is considerable 

affected by flicker noise, as it is located around zero frequency.  Flicker noise, together 

with DC-offset, is a main issue in direct conversion receivers [38].  Most of the 

methods used for DC-offset cancelation are also useful for eliminating the 1/f noise 

components, especially those using mixers for low noise and high linearity [30]-

[31],[39]-[40]. 

D. Even-order intermodulation distortion 

While typical RF receivers only suffer from odd-order intermodulation effects, 

the even-order distortion is also a problem in direct conversion receivers, especially 

second-order intermodulation distortion (IMD2) [41],[42].  For example, let us 

consider the situation where two strong interferers, cos(2πf1t) and cos(2πf2t), separated 

in frequency an amount f2-f1=Δ less than the bandwidth of interest, are exposed to a 

second-order nonlinear behavior.  In such a case, undesirable baseband spectral 

components are generated.  These include a DC component and a baseband beat 

located at Δ Hz, within the downconversion band, which degrade the reception of the 

wanted signal.  The solution leads to implement linear mixers, with higher rejection to 

second-order intermodulation, as well as the use of calibration techniques [42]-[45]. 

E. LO leakage 

The leakage of the LO to the antenna and its subsequent radiation not only 

creates unwanted DC-offsets, but also interferences in the bands of other receivers.  

This problems arises because the LO is tuned exactly to the centre of the LNA and 

antenna pass-bands. 
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2.2.2 Zero-IF in software radio applications 

The problems commented above have been the reason why homodyne 

receivers have not been as popular as heterodyne ones.  Nevertheless, as different 

solutions have appeared in the last years, more and more zero-IF receivers for 

multimode applications have been proposed [46]-[47].  Moreover, new circuits and 

algorithmic techniques, along with higher levels of integration, have made zero-IF an 

acceptable choice for multi-standard reception.  At present, SDRs based on the zero-IF 

architecture are capable of covering all cellular and WLAN communications, that is, 

up to 6GHz [48]-[50].  In fact, practically all commercially available SDRs for wireless 

communications are based on the zero-IF architecture.  For example, Epic Solutions’ 

Matchstiq [51] is a 2.2”x4.6”x0.9” reconfigurable zero-IF transceiver with CPU/FPGA 

processing, which covers the 0.3-3.8 GHz frequency range and supports up to 28 MHz 

channel bandwidths (4500 $).  The FUNcube Dongle [52] (64-1700 MHz, 80 kHz 

quadrature sampling rate, 86x23x14 mm) uses an E4000 CMOS multiband tuner, 

which is based on a zero-IF architecture indeed.  Lime Microsystems commercializes 

the LMS6002 [53], a fully integrated (9x9 mm) 0.375-4 GHz zero-IF transceiver with 

programmable channel bandwidth from 1.5 to 28 MHz. 

The challenge for zero-IF SDRs is currently focused on the exploration of 

higher frequencies, such us millimetre waves, as the trend towards high data rate 

services demands.  The limit is determined by the I-Q mod/demodulator devices, 

thereby many efforts are being done in order to reach such a challenge [54].  Moreover, 

the development of broandband tunable RF filters, and wide band amplifiers is also 

having intensive research [TOEEJ 2008]. 

2.3 LOW-IF 

2.3.1 Fundamentals of low-IF 

In a low-IF receiver, the RF signal is down-converted to an IF closed to zero, 

thereby the name near zero-IF or low-IF.  The bock diagram of the low-IF receiver 

(Fig. 2.3) is similar to the zero-IF one, with the exception of low-pass filters, which are 

here substituted by band-pass filters.  The final downconversion to baseband is 

performed in the digital domain [55].  
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Fig. 2.3: Block diagram of a low-IF receiver. 

Low-IF receiver combines the advantages of zero-IF and heterodyne receivers.  

On one hand, low-IF has zero-IF advantages such as low-cost, compact size, 

reconfigurability, and high level of integration.  On the other hand, as IF is not located 

around DC, there are no DC-offset and flicker noise problems.  However, the main 

drawback of the low-IF architecture is the image frequency.  As the image frequency is 

located very closed to RF signal, no RF filters for image rejection can be used.  Typical 

image suppression techniques consist in using image rejection architectures, such as 

Hartley [56] or Weaver [57].  However, I-Q imbalances cause interference that can not 

be removed in later stages and so directly decrease the image-reject capabilities of the 

front-end.  For example, a relative voltage gain mismatch of 5% and a phase imbalance 

of 5º lead to an image rejection ratio (IRR) approximately equal to 26 dB.  The fact is 

that, in practice, these architectures can hardly achieve an IRR above 40 dB.  Digital 

signal processing can also be applied to eliminate the image components [58]-[60].  

However, the key point is that very strict I-Q balance requirements are demanded for 

low-IF receivers, making difficult its implementation, especially for broadband 

applications.  Furthermore, a low-IF receiver demands the double IF bandwidth 

compared with a zero-IF receiver, making the I-Q imbalance problem worse. 

2.3.2 Low-IF in software radio applications 

The number of publications regarding to low-IF SDRs are not as numerous as 

zero-IF SDRs.  Although many proposals have been published, the image frequency 

and the strict I-Q balance requirements are problems which are not completely solved 

at the moment.  Therefore, most of the manufacturers are going for zero-IF instead of 

low-IF to implement a SDR.  However, there are some SDRs in the literature based on 
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a low-IF architecture [61]-[62].  Moreover, it is also usual to find SDRs which use both 

low-IF and zero-IF schemes [63]-[65]. 

2.4 SIX-PORT ARCHITECTURE 

2.4.1 Fundamentals of six-port networks 

The origin of the six-port network dates from the seventies, when it was 

introduced by Engen and Hoer to measure complex voltage ratios, as an alternative 

network analyzer [66]-[69].  According to the classical six-port theory, the reflection 

coefficient of a DUT (device-under-test) connected to one of its ports can be 

determined by means of a certain set of remote independent observations, when an 

excitation is introduced into one of the other ports [70],[71]. 

1a

2b

2a

na
nb

3b
3a

-1na
-1nb

1b

 

Fig. 2.4: Multiport network for the measurement of complex voltage ratios. 

Let us consider the n-port network of Fig. 2.4, where the reflection coefficient 

of the DUT  wants to be determined.  Incident and reflected waves can be 

related by means of the scattering parameters as follows: 

2 2= /Γ a b

njaSb
n

k
kjkj ,...,2,1

1
== ∑

=

 (2-1) 

where jkS  are known complex parameters, and ja , jb  are, respectively, the complex 

envelopes of the incident and reflected waves, which are unknown parameters.  

Therefore, there are 2n unknowns. 

Assuming that the reflection coefficients in the last n-2 ports are known: 
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= · = 3,...,i i ia Γ b          i n  (2-2) 

by joining the expressions (2-1) and (2-2), and after algebraic manipulations, the next 

system of equations is obtained: 
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iα  and iβ  are known complex constants, since they depend on jkS

2 2/ b

 and .  A 

system of n-2 equations and two unknowns,  and , is obtained.  Then two 

observations, for example 3b  and , are sufficient to resolve the system of equations 

for  and , obtaining the reflection coefficient of the DUT .  Take into 

account that any pair 

iΓ

2a 2b

4b

2a 2b =Γ a

ja  and/or jb  could have been specified as unknowns in (2-3), 

instead of  and .  The main problem is that, in practice, it is not an easy matter to 

measure the reflected waves , being simpler to measure their powers: 

2a 2b

ib

21=
2i iP b  (2-4) 

Substituting (2-3) into (2-4), the next expression for the power of  is 

obtained: 

ib

( ) ( )

( )

2 *

2 2 2 2 2 2

2 22 2 * * * *
2 2 2 2 2 2

1 1= + = + · +
2 2

1= + + +
2

i i i i i i i

i i i i i i

P α a β b α a β b α a β b

α a β b α β a b α β a b

=
 (2-5) 

(2-5) is linear with 2

2a , 2

2b ,  and .  Hence, it is possible to determine 

 and  with four power readings, that is, n=6.  These four powers and the 

remaining two ports (DUT and local oscillator, LO) are the reason for the name “six-

port”.  The system of equations results in: 

*
2 2a b *

2 2a b

2a 2b
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which can be solved if M is not a singular matrix, i.e., |M|≠ 0.  Under this condition, 

the previous system is solved as follows: 
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where the complex constant parameters  and iα iβ  have to be determined in advance 

using an appropriate calibration technique.  It is worth to pointing out that determining 
2

2a , 2

2b , *  and  does not provide the absolute phases of  and .  In effect, 

as  is the complex conjugate of , both quantities lead to the determination of 

2 2a b *
2 2a b 2a 2b

*
2 2a b *

2a b2

2 2·ba , and ( ) ( )2 - arga 2barg .  With the help of 2

2a  and 2

2b , 2a  and 2b  can be 

calculated, but once again we have the term ( ) ( )2arg - arga b2 .  In practice, the habitual 

procedure consists of defining all the phases with respect to one reference port.  In any 

case, the reflection coefficient  is completely defined by 2 / b2Γ = a 2a , 2b  and 

( ) ( )2 2arga barg - . 

Moreover, 2

2a , 2

2b , *  and  are related to each other by 2 2a b *
2 2a b

2 2 * *
2 2 2 2 2 2· = ·a b a b a b  (2-8) 

Consequently, (2-5) can be rewritten as:  

( ) ( )2 22 2

2 2 2 2 2
1= + + · · · cos arg( ) - arg( ) + arg( ) - arg( )
2i i i i i i iP α a β b α β a b α β a b2  (2-9) 

reducing the problem to a system of three nonlinear equations and, therefore, to a five-

port network.  That means that multiport structures require at least three independent 

outputs to determine the reflection coefficient.  However, the even nature of the cosine 
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function leads to two solutions for ( ) ( )2arg - arga 2b .  Thus, the problem does not have 

unique solution for a five-port network, which means less accuracy in the 

measurements and a more complicated calibration process for the determination of  

and 

iα

iβ  [72].  This affirmation results evident from the six-port graphical interpretation, 

which will be presented below. 

2.4.1.1 Graphical interpretation 

It was shown that the power readings at the four detection ports of a six-port 

junction are: 

{ }2

2 2
1= + = 3,4,5,
2i i iP α a β b        i 6

ber 3, that is,  and 

 (2-10) 

When operating as an alternative network analyzer, the six-port reflectometer 

is usually designed in such a way that the response of one of the power detectors is 

proportional to |b2|2 [69].  It responds to a double purpose.  On one hand, |b2| 

represents directly one of the measurements of interests.  On the other hand, 

monitoring |b2| is useful to correct possible power instabilities in the signal source, and 

to ensure that the power levels at the output ports are maintained at some optimum 

values as the frequency is varied.  Then, the six-port comprises a reference port.  The 

port chosen for this role will be num 3 = 0α

2 2

3 3 2= ·P β b  (2-11) 

Thus, the powers of the remaining ports can be normalized by P3, leading to: 

{ }
2

2 2
2 2

3 3 2

+
= =

·
i ii α a β bP

,       i
P β b

4,5,6  (2-12) 

Defining the so-called qi-points as [69]: 

= - i
i

i

β
q

α
 (2-13) 

and by expressing  as , 2a 2 ·b Γ (2-12) can be rewritten in the form: 
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23
2
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= - = 4,5i
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i

αP
Γ q ,       i

P β
,6  (2-14) 

The above expression represents three circles, whose centres are the qi-points, 

and their radius are 

{ }3

3

= - = = 4,5,6i
i i

i

βP
R Γ q ,       i

P α
 (2-15) 

Then, Γ is given by the intersection of these three circles, as it can be seen in 

Fig. 2.5.  Six-port reflectometers are thus characterized by their qi-points, which can be 

directly calculated from the six-port scattering parameters: 

1

22 1 2 21

=
-
i

i
i i

s
q

s s s s
 (2-16) 

The determination of Γ could be also done by the intersection of only two 

circles, which would correspond to a five-port network.  It is worth highlighting that in 

such a case, represented in Fig. 2.6, there are two possible solutions for Γ, as the two 

circles intersect in a pair of points.  When the DUT is a passive device, Γ falls within 

the unit circle.  Therefore, if one of the two points is outside the unit circle, which is 

the situation in Fig. 2.6, it is possible to choose between the two solutions. 

In practice, due to measurement errors and detector noises, the circles do not 

intersect in the right position.  In the case of six-port networks, their intersection will 

comprise a triangular area, where Γ will be included.  As for five-port junctions, 

obviously, less accuracy in the determination of Γ is expected.  In fact, there is a high 

sensitivity to errors in the direction perpendicular to the line between q3 and q5, being 

less in the parallel direction.  In particular, if Γ is located around the perimeter of the 

unit circle, one can assume a considerable variation in the sensitivity to errors.  

Six-port reflectometers can be also designed without the requirement of α3=0.  

In such a case, the graphical solution leads again to the intersection of three circles 

(two in a five-port junction), but with different centres and radius [71].  In effect, the 

normalized powers would be: 
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Fig. 2.5: Determination of Γ from the intersection of three circles. 

 

Fig. 2.6: Determination of Γ from the intersection of two circles. 

{ }
2 2 2

2 2
2 2 2

3 3 2 3 2 3 3

+ -
=

+ -
i i i ii α a β b α Γ qP

= ,       i
P α a β b α Γ q

= 4,5,6  (2-17) 

The above equation is a circle equation indeed, so it can alternatively be 

written as follows: 

{ }22 = - = 4,5,6i iR Γ Q ,       i  (2-18) 
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The centre and radius of the circles are now: 
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being 
3

= i
i

P
k

P
, and 

3

= i
i

α
μ

α
. 

Notice that the central position of the circles, Qi, are now functions not only of 

the six-port junction, but also of the power readings in the Γ plane.  Moreover, these 

power readings are directly related to the load connected to the measuring port 2.  

Then, a six-port design with α3=0 is advantageous in order to eliminate the dependence 

of the Qi-points on the power readings and, therefore, on the load. 

2.4.1.2 Design considerations on six-port junctions 

The design criterion of a six-port junction consists of achieving a good 

distribution of the qi-points in the Γ plane [69].  By simple inspection of Fig. 2.5, it is 

evident that an ill-conditioned numerical situation results if |qi| is either too large or too 

small.  Thus, based on symmetrical configurations, the optimal position of the qi-

points should be located at the vertices of an equilateral triangle whose centre is at the 

origin.  This calls for |q4|=|q5|=|q6|, while the relative phase separations between qi are 

120º.  The optimum choice of |qi| may be expected to lie in the range 0.5-1.5.  

Nevertheless, the six-port network can provide good results even when the ratios of the 

magnitudes of qi are greater than 4, and their arguments differ an amount smaller than 

25º [73],[74].  In practice, most of the six-port junctions are quasi-optimal design 

approaches.  In general, the closer the magnitudes of qi, and the larger the differences 

between the arguments of qi, the better will be the performance of the circuit. 

Six-port junction topologies are based on the interconnection of several passive 

four- and/or three-port networks, such as couplers and power dividers.  Several 

examples of six-port networks are presented in Fig. 2.7.  In the existing art, the 



CHAPTER 2. STUDY OF RADIO FREQUENCY ARCHITECTURES FOR SOFTWARE DEFINED RADIO 
 

- 23 - 

implementation of a broadband optimal six-port circuit can not be accomplished.  In 

effect, a 120º phase shift is achieved with narrowband circuits, such as symmetrical 

five-port rings [75]—Fig. 2.7 (b)— or phase shifters based on delay lines [76]-[77].  

On the contrary, a quasi-optimal six-port design can be realized using only 3dB 

hybrids and/or power dividers, making ultra-broadband six-port designs feasible [78]-

[79].  For example, the topology represented in Fig. 2.7 (c) is the typical six-port 

configuration [13],[16], where a broadband 90º phase shift can be achieved using three 

3dB hybrids and one Wilkinson divider. 

A variety of different technologies have been used for six-port implementation.  

Several six-port network implementations are presented in Fig. 2.8-Fig. 2.12.  Along 

with conventional MIC (Microwave Integrated Circuits) technology, six-port networks 

can be implemented, for example, in SIW (Substrate Integrated Waveguide), MMIC 

(Monolithic Microwave Integrated Circuit), or multilayer substrate technologies. 

 

Fig. 2.7: Examples of six-port junction topologies. 
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Fig. 2.8 22-26 GHz six-port network in SIW technology (© 2006 IEEE [17]). 

 

Fig. 2.9 60 GHz six-port network in microstrip technology (© 2007 IEEE [19]). 

 

Fig. 2.10 23-31 GHz six-port network in microstrip technology (© 2001 IEEE [80]). 
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Fig. 2.11 Multilayer 3-5 GHz six-port network (© 2007 IEEE [81]). 

 

Fig. 2.12 1.3-3 GHz six-port network in MMIC technology (© 1997 IEEE [82]). 

 

2.4.2 Operation principle of six-port receivers 

Although the concept of six-port network was introduced in the seventies, it 

was twenty years later when it was firstly used as a communication receiver [83].  The 

principle of operation of the six-port receiver is based on the measurement of four 

independent powers, when the LO and RF signals are introduced into the remaining 

two ports [70].  The original I/Q components can be regenerated from these four power 

observations and some calibration constants, depending on system response.  The 

block diagram of a six-port receiver is presented in Fig. 2.13.  It is composed of a 

linear and passive six-port junction, where the RF and LO signals are combined using 

different relative phases.  A square law device and a low-pass filter are located at each 

output port. 
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Fig. 2.13: Block diagram of a six-port receiver 

In order to understand the six-port receiver behaviour, we will use the pass-

band representation of the next two input signals: 

( ) cos(2 )LO LO LOv t =V πf t  (2-21) 

( ) ( )cos(2 ) - ( )sin(2 )RF RF RFv t = I t πf t Q t πf t  (2-22) 

being VLO the LO amplitude, fL O the LO frequency, and fR F the frequency of the 

modulated useful signal.  ( ) ( ) ( )z t = I t + jQ t  represents the complex envelope of the 

modulated useful signal, that is: 

( ) ( ){ }  2 tfj
RF

RFetze=tv π⋅ℜ  (2-23) 

The six-port junction is a linear and passive circuit, therefore, the output 

signals are linear combinations of the input signals 

( ) cos(2 + ) [ ( )cos(2 + ) ( )sin(2 + )]-i i LO LO i i RF i RFs t = AV πf t φ + B I t πf t ψ Q t πf t ψi  (2-24) 

with i={3,…,6}.  Ai and φi are, respectively, the attenuation and phase shift of the six-

port circuit from the LO port, while Bi and ψ i correspond to the RF port.  The transfer 

characteristic of the power detector can be expressed by a Taylor series expansion 

( )[ ] ( )[ ] ( )[ ] ( )[ ]2 3
1 2 3= + +f x t K x t K x t K x t + ...  (2-25) 

where Kn are real constant values depending on the power detector characteristics.  The 

expressions of detectors outputs signals can be obtained by substituting (2-24) into (2-

25): 
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rectified wave/self-mixing

fundamental wave

difference frequency

sum frequency

higher order harmonics and intermodulation products

( ){ }
( ) ( ) ( ){ }

( ) ( ){ }
( )

2 2 2 2 2 2

1

2

2

( ) = + ( ) + ( ) +
2

+ cos 2 + + ( )cos 2 + + ( )sin 2 +

+ · · ( )cos 2 ( - ) + - + ( )sin 2 ( - ) + -

+ · · ( )cos 2 ( + ) + - - ( )s

i i

i i

i

i
i LO i

i i LO LO i i RF i RF

i i LO i LO RF i LO RF i

i i LO i LO RF i

K
t A V B I t Q t

K AV πf t φ B I t πf t ψ B Q t πf t ψ

K A V B I t π f f t φ ψ Q t π f f t φ ψ

K A V B I t π f f t φ ψ Q t ( ){ }in 2 ( + ) + -

+ ...
iLO RF iπ f f t φ ψ

 

(2-26) 

The typical six-port operation mode corresponds to a direct frequency 

conversion scheme, where fLO is equal to fRF.  Consequently, after ideal low-pass 

filtering the next signal is obtained: 

( ) ( )2 22 2 2 2 2
2= + [ ( ) + ( )]+ ( )cos + ( )sin +

2 2
i i

i i LO i i LO i i i i even

K K
v t A V B I t Q t K V A B I t Φ Q t Φ IMP  (2-27) 

being: 

= -i i iΦ φ ψ  (2-28) 

IMPeven represents the even-order intermodulation products mfLO-mfRF, with 

m>1.  Even order intermodulation products are the most important in direct conversion 

receivers, as they are located in baseband.  In the case of Kni ≈0 for n>2, the even-order 

intermodulation products can be neglected, resulting in: 

( ) ( )2 22 2 2 2 2
2= + [ ( ) + ( )]+ ( )cos + ( )sin

2 2
i i

i i LO i i LO i i i i

K K
v t A V B I t Q t K V A B I t Φ Q t Φ  (2-29) 

Each output signal vi(t) contains three terms: the self-mixing of the LO, 

K2i/2·Ai
2·VLO

2, which is a DC component; the self-mixing of the modulated signal, 

K2i/2·Bi
2·[I2(t)+Q2(t)], which comprises a DC component and a time variant 

component; and the wanted baseband signal components, 

K2i·VLO·Ai·Bi·[I(t)cosΦi+Q(t)sinΦi].  It is worth pointing out that vi(t) are baseband 

signals, therefore, a frequency conversion takes place without using I-Q demodulators.   

For the four output signals, the following system of equations can be written: 
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 (2-30) 

where: 

2 2=
2

i
i i

K
G A  (2-31) 

2 2=
2

i
i i

K
R B  (2-32) 

2=i i i i LS K A BV O  (2-33) 

The previous system can be solved by means of a matrix inversion,  
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 (2-34) 

leading to the general demodulation equations in six-port structures: 

∑
=

⋅=
6

3
)()(

i
ii tvhtI  (2-35) 

∑
=

⋅=
6

3
)()(

i
ii tvntQ  (2-36) 

Consequently, the original I/Q signals can be regenerated from the four output 

signals and eight constant parameters depending on system response.  In fact, hi and ni 

depend on the six-port junction parameters α i and β i, the detector parameter K2i, the 

low-pass filter response, etc.  Therefore, a six-port calibration process is required to 

calculate them.  That is the reason why hi and ni are commonly known as calibration 

constants. 
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The equivalence with classical six-port theory arises clear when the complex 

envelopes of the input signals vLO(t) and vRF(t) are considered: 

( )= ·expLO LO LOv V jφ  (2-37) 

= ( ) = ( ) + ( )RFv z t I t jQ t  (2-38) 

In this case, (2-29) can be rewritten as follows: 

( ) 2 - -2 2 2 2 * *[ | | + | | + + ]
2

i i i ii jφ jφ jφ jφ
i i LO i RF i i LO RF i i LO RF

K
A v B v A e B e v v A e B e v v  (2-39) 

Notice that the above equation coincides with the expression 

=v t

w

(2-5), excepting 

for the correction factor K2i.  Remind from the classical six-port theory that any t o 

variables ja  and/or jb  can be specified as the two unknowns of the system (2-3).  In 

this case, and following the nomenclature of Fig. 2.4, the two unknowns are 1a  and 2a , 

corresponding to LOv  and RFv , and the four power observations are P3, P4, P5 and P6.  

Let us consider now the case of a five-port receiver.  When the LO power level 

is known, which is reasonable in a receiver design, it can be removed from the 

unknown parameters in system (2-30).  Hence, the number of equations can be reduced 

from four to three as follows: 

(2-40) 

The system solution leads to: 

(2-41) 
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(2-42) 

Therefore, the demodulation equations will be: 
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3 4 5ˆ ˆ ˆ( ) = ( ) + ( ) + ( ) -I I I II t r v t s v t t v t  c (2-43) 

3 4 5ˆ ˆ ˆ( ) = ( ) + ( ) + ( ) -Q Q QQ t r v t s v t t v t c  Q

with: 

(2-44) 

( ) 2
3 4 5= + +I I I I LOc r G s G t G V  (2-45) 

( ) 2
3 4 5= + +Q Q Q Q LOc r G s G t G V  (2-46) 

However, even if the LO power is unknown, or so unstable that it can not be 

treated as a constant, the equation reduction can be done anyway by applying DC 

cancellation methods, as the LO self-mixing is a DC term.  This is indeed the habitual 

procedure in five-port receivers, either by analogical or digital methods.  The 

DC contribution in vi(t) comes from the self-mixing of the LO, and the self-mixing of 

the mo modulated signal comprises a DC 

component, dci, and a time variant component, n(t), that is: 

overall 

dulated signal.  The self-mixing of the 

2 2 2 2[ ( ) + ( )] = + · ( )
2

i
i i i

K
B I t Q t dc R n t  (2-47) 

Then, (2-29) can be rewritten as follows: 

( ) ( ),= + · ( ) + ( )cos + ( )sini dc i i i i iv t V R n t S I t Φ Q t Φ  

where 

(2-48) 

2
, = · +dc i i LO iV G V dc  represents the DC-offset of the output voltages.  After DC-

ancellation, the offset c system of equations reduces to: 
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(2-49) 
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( ) ( ) ,ˆ = -i i dc it v t V .  Therefore, in a five-port receiver the original I/Q signals can 

be recovered from the three output signals and six cali

v

bration constants: 

3 4 5ˆ ˆ ˆ( ) = ( ) + ( ) + ( )I I II t r v t s v t t v t  (2-50) 

3 4 5ˆ ˆ ˆ( ) = ( ) + ( ) + ( )Q Q QQ t r v t s v t t v t  (2-51) 

The equivalence with the classical five-port theory is also straightforward, just 

selecting the next expression for the RF input signal: 

( ) ( )( )cos 2 + ( )RF RF RF RFv t =V t πf t φ t  (2-52) 

In this case, (2-29) can be rewritten as follows: 

( ) ( )2 2 2 2 2 2 2
2[ + ( )]+ ( )cos - + ( )

2
i

i LO i RF i i i LO RF i i RFA V B V t K A B V V t φ ψ φ t  (2-53) 

which coincides with the classical five-port theory equation 

=i

K
v t

, six-port architecture responds to a direct conversion scheme, 

althoug

mely large 

bandwi

(2-9), excepting for the 

factor K2i. 

2.4.3 Advantages and drawbacks 

Typically

h it can operate as both homodyne and heterodyne receiver [70].  This means 

that it possess typical advantages of zero-IF such as no image frequency, no bulky IF 

components, low cost, flexibility, reconfigurability, etc.  Furthermore, since it consists 

of a linear passive network and some power detectors, frequency conversion takes 

place without using an I-Q mixer.  Therefore, it has the zero-IF advantages without I-Q 

mixer problems. 

The main characteristic of the six-port architecture is its extre

dth, which involves multi-band and multi-mode capabilities.  Moreover, six-

port networks can operate at very high frequencies, such us millimeter-wave 
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ications have demonstrated 

the six-

y, six-port networks can be 

implem

n 

where the detectors behave as square law devices.  Regarding to the sensitivity, it is a 

t 

sensitiv

ne receivers.  And this is a key point in a SDR implementation. 

frequencies.  Consequently, it is a good solution for large relative-bandwidth 

applications and high data rate services.  Six-port radios were estimated to perform 

data rates of at least 200 Mbps in 2008 [14], and recent publ

port gigabit demodulation capability [21]. 

One point that is worth emphasizing is that six-port receivers require lower LO 

power levels than conventional zero-IF receivers.  This feature not only entails less 

power consumption, but also other important advantages.  On one hand, better 

isolations can be achieved.  On the other hand, the LO self-mixing problem, which is 

fundamental in direct conversion schemes, can be reduced. 

Along with conventional MIC technolog

ented in MMIC or multilayer substrate technologies.  Reduced dimensions and 

low-cost high volume productions can then be obtained.  The higher the frequency, the 

smaller the passive circuit and the easier the integration in a MMIC design.  But for 

operating frequencies in the lower gigahertz region, a broadband design in 

conventional MIC technology leads to large dimensions, which could be prohibitive, 

for example, for mobile communication applications. 

All theses characteristics make six-port architecture to be considered a good 

candidate to implement a SDR.  However, some drawbacks have to be taken into 

account.  Firstly, a calibration process is needed for the regeneration of the original 

signal.  The quality of the demodulated signal depends on the accuracy of the 

calibration method.  Therefore, this is a key factor in six-port receivers.  Secondly, 

more baseband outputs are needed, thereby more low-pass filters, video amplifiers, 

ADCs, etc.).  Finally, the sensitivity and dynamic range of the system are determined 

by the detectors characteristics.  As for the dynamic range, it is related to the regio

trade-off to video bandwidth and input detector matching [84].  The problem is tha

ity, video bandwidth, and dynamic range are competitive parameters in a 

detector design.  In fact, the main limitation of multi-port architectures is that they do 

not present good behaviour as for dynamic range, compared with heterodyne and 

conventional homody
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2.4.4 Calibration methods and I-Q regeneration 

The aim of the six-port calibration is to determine the calibration constants 

and, along with the four/three power observation, to regenerate the I-Q components of 

the original signal.  There are two types of I-Q regeneration: analog regeneration, and 

digital regeneration. 

It is possible to analogically recover original I-Q components, provided that 

the six-port junction parameters are properly selected.  In conventional six-port 

structures –see Fig. 2.7 (c) –, the phase shifts between the LO and RF signals are 

selected multiples of π/2, while the amplitudes are selected equal.  It means that, 

ideally: Φ3=0, Φ4=π, Φ5=π/2, Φ6=-π/2; G3=G4=G5=G6=G; R3=R4=R5=R6=R; and 

S3=S4=S5=S6=S.  In such conditions, the system of equations (2-30) results in: 

( )2 2 2
3 ( ) = · + · ( ) + ( ) + · ( )LOv t G V R I t Q t S I t  (2-54) 

( )2 2 2
4 ( ) = · + · ( ) + ( ) - · ( )LOv t G V R I t Q t S I t  (2-55) 

( )2 2 2
5 ( ) = · + · ( ) + ( ) + · ( )LOv t G V R I t Q t S Q t  (2-56) 

( )2 2 2
6 ( ) = · + · ( ) + ( ) - · ( )LOv t G V R I t Q t S Q t  (2-57) 

By inspection, it can be found that I(t) and Q(t) can be easily obtained as 

follows: 

3 4( ) - ( )
( ) =

2
v t v t

I t
S

 (2-58) 

5 6( ) - ( )
( ) =

2
v t v t

Q t
S

 (2-59) 

Therefore, the reconstruction can be done in the analog domain by feeding 

each pair to a differential amplifier, as shown in Fig. 2.14.  The analog I-Q 

reconstruction has two clear advantages.  The first advantage is that the IQ signals can 

be reconstructed by a simple analog circuit.  The second one is that two baseband 

branches are eliminated and, consequently, two low-pass filters, two video amplifiers, 

two  ADCs,  etc.   Nevertheless,  the analog  regeneration  has  its  limitations.  On  one 
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Fig. 2.14: Six-port receiver with analog I-Q regeneration. 

 

Fig. 2.15: Six-port receiver with digital I-Q regeneration. 

hand, the quality of the demodulated signal strongly depends on hardware imbalances 

and tolerances, since a broadband device without impairments is not realizable in 

practice.  On the other hand, a perfect cancellation of the rectified wave component is 

required. 

In the digital I-Q regeneration, the six(five)-port receiver output signals are 

digitalized by means of an ADC, as represented in Fig. 2.15.  Original I-Q components 

are then recovered in the digital domain, from the four/three power readings and the 

calibration constants, which have to be calculated in advance.  It is advisable to 

previousl

most 

microwave applications, this drawback is acceptable because calibration of the front-

end is h

y eliminate DC components, since they can saturate next stages.  Moreover, 

in a direct conversion receiver DC-offsets can corrupt the downconverted signal, thus it 

is convenient to eliminate it one again in digital domain, to achieve a more accurate 

cancellation.  Digital I-Q regeneration enables calibrating the complete front-end and 

compensating circuit imperfections.  The disadvantage of digital reconstruction is the 

increased number of hardware components and higher power consumption.  For 

ighly recommended.  This option has certainly more sense in a SDR scenario. 
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ort calibration, instead of 

physical terminations.  The classical real-time auto-calibration method, simplifying the 

known training sequence at the beginning of each burst to auto-calibrate the system.  

The sim

 used as reference in the 

present thesis.  Hence we will explain it in more detail next. 

2.4.4.1 Auto-calibration method based on training 
sequence 

Well known auto-calibration techniques based on training sequences have been 

successfully applied to the calibration of six(five)-port receivers [91]-[92].  A known 

training sequence at the beginning of each burst is used to auto-calibrate the s  

Let us consider a training sequence of M symbols at the RF input port.  In such a case, 

demodulation equations (2-35) and (2-36) can be written as: 

(2-60) 

It remains to be seen how the six-port calibration is carried out.  First six-port 

calibration methods were based on precalibrated or physical calibration procedures, 

consisting on measuring the system using several external physical standards terminals 

[85]-[89].  Nevertheless, this kind of procedures is impractical for a wireless receiver 

or a SDR, owing to their lack of dynamism and flexibility.  In addition, they are subject 

to measurement errors, component mismatches, tolerances, thermal drifts, etc.  

Real-time calibration methods are more suitable, as they can be automatically 

performed while the system is operating.  A reference publication about automatic six-

port calibration is the dual-tone calibration method presented by Li et.al. in [90].  This 

method is based on the use of radio signals for the six-p

previous one, was proposed by Xu and Bosisio in [91].  It is based on the use of a 

plification of this method for five-port calibration is presented in [92].  

Training sequence based calibration methods are suitable for SDR, due to its dynamic, 

versatile and robust features.  Moreover, they can adapt to the signal and to the state of 

the system at every moment, eliminating the problems of tolerances, component drifts, 

and mismatches.  This is the calibration method that will be

ystem. 
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where  are the output signals of the six-port port receiver.  The calibration 

constants are determined using a deterministic least  (LMS) algori

follows: 

ing sequence, are 

recovered applying the calculated eight calibration constants in (2-35)-(2-36).  This 

easily 

implem

the case of a six-port receiver calibration, without loss of generality. 

2.4.5 Six-port in software radio applications 

Since the six-port network was firstly used as a communication receiver in 

1994 [83], this promising architecture has been used for many applications: radar 

systems [93]-[94], direction of arrival estimation [95]-[96], UWB (Ultra-Wide-Band) 

[14],[97], MIMO (Multiple Input Multiple Output) systems [98], etc.  But it is 

especially  interesting  its  possibilities for SDR implementation,  due to the advantages 
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I-Q components of the data sequence, received after the train

adaptive technique does not need high computational complexity and can be 

ented in a DSP.  Obviously, the method is extensible to any multi-port receiver.  

In the case of a five-port receiver [92], the average values of the output signals are 

previously subtracted, which is also advantageous for DC-offset rejection.  Then V 

reduces to an Mx3 matrix instead of Mx4, and six calibration constants would be 

obtained by solving the system.  Previous DC-offset cancelation can be also applied in 
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Fig. 2.16: Structure of a software defined radio six-port receiver. 

commented above.  Fig. 2.16 shows the structure of a SDR six-port receiver, which 

uses a real-time calibration algorithm based on training sequence. 

In the last years, several SDR multi-port receivers have appeared in the 

literature [14]-[18],[21],[78],[99]-[106].  These first results point six-port architecture 

in the right direction to be a good candidate for SDR implementation.  However, 

commercial six-port receivers are not available yet, being conventional zero-IF 

receivers the most extended architecture for SDR implementation.  Moreover, future 

communication systems will demand high bandwidths and high carrier frequencies, 

requirements that are difficult to handle for conventional homodyne and heterodyne 

receivers.  In this context, six-port can be a valid alternative.  Nowadays, the 

miniaturization of six-port receivers and its integration on a MMIC is the focus of 

current work. 

2.5 SUMMARY 

SDR puts new challenges on RF architectures capable of handling several 

standards and related software implementations.  Success depends on architectural 

innovation and optimization.  Here we have presented three RF architectures suitable 

for SDR implementation: zero-IF, low-IF, and six-port network.  Six-port technique is 

very promising and flexible architecture for the low-cost design of integrated 
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microwave, millimeter-wave, and photonic systems.  Competitive advantages such as 

broadband behaviour, low-cost, reconfigurability, low power consumption, etc., point 

to the six-port architecture as a good candidate to implement a SDR.  Furthermore, six-

port architecture shows high potential and advantages compared to conventional 

homodyne and heterodyne receivers for future communication systems, which will 

demand high bandwidths and high carrier frequencies. 

In addition to the theoretical study presented in this chapter, several 

comparative studies based on simulation analysis were carried out.  The conclusions 

extracted from these studies, although not directly presented in this thesis, resulted in a 

presentation in the SDR forum European Reconfigurable Radio Technologies 

Workshop and Product Exposition 2009 [SDRF 2009], and a presentation in the 

national conference Simposium Nacional de la Unión Científica Internacional de 

Radio URSI in 2008 [URSI 2008].  More details can be also found in [107].  Moreover, 

some investigations on bandwidth extension techniques for microwave amplifiers were 

carried out, which resulted in the publication of a paper in The Open Electrical and 

Electronic Engineering Journal [TOEEJ 2008]. 

 



 

Chapter 3 

3 EXPERIMENTAL VALIDATION OF THE 
SIX-PORT ARCHITECTURE AS A 
BROADBAND SDR RECEIVER 

3.1 INTRODUCTION 

Although the six-port receiver is said to be a good solution for the multi-band 

demodulation of high-speed signals, not many experimental demodulation results 

proving the two above characteristics have been published up to now.  This chapter 

presents the design and development of a SDR six-port receiver for broadband 

applications.  The work presented in this chapter demonstrates empirically and 

quantitatively the wideband behaviour of the six-port architecture, and the capability of 

performing high data rates. 

3.2 BLOCK DIAGRAM AND SYSTEM REQUERIMENTS 

Some parts of the work presented in this chapter have been developed under 

the framework of the TelMAX project [108].  TelMAX is a four-year research project 

funded by the Spanish Ministry of Science and Innovation, inside CENIT program.  

The objective of the TelMAX project is to research into a new concept of cellular 

communication system oriented to Public and Governmental Services.  The system 

must be capable of providing mobility, wide-band IP connectivity services, QoS 

(Quality of Service) management and a robust and reliable link for voice, video and 

data professional services.  The project is also expected to have a positive impact in 

other user environments, such as social services, teleassistance, telemedicine, or tele-

education.  However, the interconnection of Public and Governmental Services 

requires the interoperability between heterogeneous radio-communication networks.  

- 39 - 
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Since different professional services will have to be interconnected, a flexible and 

reconfigurable architecture is needed.  Our work was precisely focused on the 

investigation and optimization of RF architectures, with the objective of achieving 

such a universal and flexible radio platform, with multi-mode and multi-band 

capabilities. 

Our objective is thus to develop a reconfigurable radio front-end for broadband 

mobile applications.  Nowadays, the aim of a SDR for mobile applications can be 

reduced to receive every standard up to 6 GHz, as all cellular and WLAN 

communications are located in that frequency range.  In particular, TelMAX 

requirements impose three operating frequency bands: 698-862 MHz, 2500-2690 MHz, 

and 5725-5850 MHz.  Consequently, we have implemented a 698–5850 MHz (three–

octave) six–port receiver prototype.  The system can operate with broadband signals, 

from 1 MHz to 100 MHz–wide channels, and different modulation schemes. 

The block diagram of the proposed six-port receiver is that shown in Fig. 3.1.  

We have selected one of the most typical six–port topologies, composed of three 90-

degree hybrid couplers and a Wilkinson power divider [13],[80],[78].  The receiver 

includes a diode detector, a low-pass filter and a video amplifier at each six-port 

network output.  It is worth to mention that the low noise amplifier (LNA) and the 

automatic gain control (AGC) stage have not been included in the prototype, although 

these components would be necessary in a SDR front-end.  Another important issue in 

a SDR implementation is the RF filtering to eliminate the out-of-band interference 

signals.  But multi-band or tuneable RF filters are difficult to design over large 

frequency ranges.  Conventional multi-band filtering techniques have consisted of filter 

banks, with the disadvantage of the circuit size.  More advanced techniques are based 

on single circuits performing the multi-band filtering.  Some solutions of dual-, triple-, 

or quad-band filters have been proposed [109]-[113], and currently the efforts are 

focused on the design of multi-band filters with an arbitrary number of pass-bands 

[114].  Microelectromechanical systems (MEMS) devices have displayed remarkable 

characteristics as variable devices and have been applied as tuneable or reconfigurable 

multi–band RF circuits [115].  Anyway, the multi-band frequency-selective filtering is 

a wide research area and it would deserve a separate investigation, which is far from 

the objective of this thesis. 
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Fig. 3.1: Block diagram of the proposed broadband SDR six-port receiver. 

3.3 SIX-PORT RECIEVER DESIGN AND SIMULATION 

3.3.1 Six-port network 

The chosen six-port network topology comprises three 90-degree hybrid 

couplers and a Wilkinson power divider, as shown in Fig. 3.2.  In this configuration, 

the output six-port signals are combinations of the input RF and LO signals with 

different relative phase shifts of 0, π/2, –π/2, and π rad.  This is a typical six-port 

network configuration, not only because it can achieve very large relative bandwidths, 

but also because it is susceptible of analog IQ regeneration. 

 

Fig. 3.2: Six-port network topology. 

The system bandwidth is conditioned by the hybrid couplers, as they must 

ensure a frequency independent phase shift.  The greatest difficulty is to design a 3 dB 

coupler over the three octave operating bandwidth (698–5850 MHz).  Branch-line and 

rate-race couplers are suitable for obtaining tight coupling values, such as 3 dB.  
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However, these couplers are inherently narrowband circuits (<20% bandwidth).  The 

use of 3 dB Lange couplers enhances the bandwidth, but only up to one octave.  

Therefore, a solution has to be found for achieving a multi-octave tight coupler. 

The power divider is not as critical as the hybrid coupler, since the required 

bandwidth can be obtained by means of a multisection design.  In fact, there are some 

commercial products that cover the desired frequency band, thereby we will use a 

commercial power divider. 

Let us move on the detailed description of the 90-degree hybrid coupler and 

the power divider. 

3.3.1.1 90-degree hybrid coupler 

One alternative to obtain a tight coupler consists in connecting two couplers in 

tandem [116].  In a tandem connection, the direct and coupled ports of the first coupler 

are connected to the isolated and input ports of the second coupler, respectively, as 

shown in Fig. 3.3.  It can be demonstrated that the tandem connection of two 8.34 dB 

couplers leads to a 3 dB coupler [117].  Then, a three octave 3 dB coupler could be 

obtained from two 8.34 dB multisection couplers.  In addition, the isolation achieved 

by connecting two couplers in tandem is better than that obtained with one of the 

couplers separately. 

1Input 
Port

3

2

4

1'

3'

2'

4'

Direct 
Port

λ/4

Isolated 
Port

Coupled 
Port

 

Fig. 3.3: Schematic of a tandem coupler. 

Multisection tandem couplers are a good solution to implement ultra-large 

relative bandwidth tight couplers.  For example, in [118] Potter et.al. presented a 

multilayer 3dB tandem coupler, covering the frequency range from 750 MHz to 26.5 

GHz with 22 λ/4 sections.  This coupler was used to implement a reflection analyzer 

based on the six-port technique [79].  However, one of the main problems is that a very 

good accuracy is needed in the fabrication process, especially at high frequencies.  For 
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instance, Potter points that a 5 μm error corresponds to 5º quadrature distortion at 26.5 

GHz [118].  In our case, such high frequencies will not be reached, so accuracy 

requirements can be relaxed. 

The structure of an N-section symmetrical coupler is shown in Fig. 3.4.  Each 

section is a λ/4 length section at the central design frequency.  It is common to use an 

odd number of sections, thereby i-section is equal to (N+1-i)-section.  By choosing N 

odd, the phase behaviour of the coupler improves. 

λ/4λ/4λ/4

1

Input

3

Coupled

2

Direct

4

IsolatedZ0o,1

Z0e,1

i=1 i=N

Z0o,N

Z0e,N

i=(N+1)/2

λ/4 λ/4  

Fig. 3.4: N-section symmetrical directional coupler. 

The even- (Z0e) and odd-mode (Z0o) impedances of the ith section of the 

multisection coupler are related by 

2
0

0 ,
0 ,

=o i
e i

Z
Z

Z
 (3-1) 

where Z0 is the impedance terminating the ports of the directional coupler.  The 

coupling level of the ith section is given by 

0 , 0 ,

0 , 0 ,

-
=

+
e i o i

i
e i o i

Z Z
k

Z Z
 (3-2) 

which, expressed in decibels, results in 

= 20log( )i iC k  (3-3) 

The synthesis theory of symmetrical multisection directional couplers is 

described in [119]-[120].  Young and Cristal [119] compiled tables of designs for 

three-, five-, seven-, and nine-section symmetrical couplers.  The design tables are 

given for maximally flat and equal-ripple symmetrical couplers.  We will choose an 
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equal-ripple response, since larger bandwidths can be achieved.  The tables give the 

normalized even-mode impedances (Z0e/Z0) for different values of mean coupling, and 

maximum amplitude deviation from the mean coupling (δ).  Two bandwidth 

definitions for directional couplers are in common use, and both are presented in the 

design tables. 

• Fractional bandwidth: 

2 1

0

-
=

f f
ω

f
 (3-4) 

where f2 and f1 are, respectively, the upper and lower frequencies of the 

operating frequency range, and f0 is the central frequency. 

• Bandwidth ratio: 

2

1

=
f

B
f

 (3-5) 

In our case, a mean coupling of 8.34 dB and a bandwidth ratio of 

B=5850/698=8.38 are needed for the design of each 8.34dB coupler forming the 3dB 

tandem coupler.  From the design tables [119], we obtain that it is possible to cover the 

specified bandwidth with five λ/4 sections and a maximum deviation of 0.7 dB from 

the mean coupling.  With seven λ/4 sections it is possible to achieve a 0.3 dB 

maximum deviation, and a theoretical bandwidth ratio of B=8.4458.  In a good six-port 

network design it is convenient to minimise amplitude imbalance, so seven λ/4 sections 

are more appropriate.  An amplitude deviation of 0.35 dB will be selected in order to 

increase the bandwidth ratio to B=8.9622, and thus the margin of error.  In such a case, 

and for Z0=50 Ω, the parameters of the 8.34dB coupler are that compiled in Table 3.1.  

Note that the highest coupling level required by the design, which corresponds 

to the central section coupling, is 3.85 dB.  The problem is that edge-coupled structures 

do not provide coupling levels higher than 8 dB.  Therefore, a microstrip coupler 

design with edge-coupled type lines is dismissed.  Broadside-coupled lines are more 

suitable, as they achieve coupling levels up to 2 or 3 dB.  Consequently, we will 

implement a seven section 3 dB tandem coupler with broadside-coupled striplines. 
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Table 3.1  Parameters of a seven-section 8.34 dB coupler: δ=0.35 dB, B=8.9622. 

Section Z0e (Ω) Z0o (Ω) C (dB) 
1,7 52.0815 48.0017 27.79 
2,6 55.7975 44.8049 19.23 
3,5 64.628 38.6829 12.00 
4 107.022 23.3597 3.85 

 

 
(a)     (b) 

Fig. 3.5: Broadside-coupled striplines (a) Overlap coupled striplines (b) Offset coupled 
striplines. 

The decision of the substrate parameters is conditioned by the central section 

coupling level.  Coupling can be maximised by reducing the separation of the inner 

conductors, and increasing the distance to the ground planes.  A low dielectric constant 

substrate also maximises the highest coupling, as the ground plane separation will be 

large relative to the overlay separation.  However, this increases the circuit dimension.  

We have chosen a 2.17 Cu-Clad substrate, with 380 μm inner conductor separation, 

and 1143 μm ground separation.  The stripline structure is formed by joining three 

substrate layers, resulting in a 1143-380-1143 μm sandwich.  A theoretical 4 dB central 

section coupling is achieved with 50 Ω overlap broadside-coupled striplines, which is 

not exactly the required 3.85 dB coupling.  However, the other possibility is to use a 

254 μm substrate layer instead of a 380 μm one, leading to a 3 dB central section 

coupling with 50 Ω overlap broadside-coupled striplines.  The deviation from the 

required 3.85 dB coupling is larger in this latter case.  Moreover, the central section 

lines could be separated in order to achieve the 3.85 dB coupling.  However, if uniform 

coupled symmetrical lines were used, crossovers would be required in order to achieve 

proper interconnections between the couplers, making the coupler fabrication more 

difficult.  Then, the stripline structure parameters are: 
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where εr is the relative dielectric constant, b is the ground plane spacing, S is the 

spacing between lines, T is the conductor thickness, and tanδ is the dielectric loss 

tangent. 

Taking into account the parameters of Table 3.1, the conductor width, wi, and 

the conductor offset, W0i, of each λ/4 section would be the following 

= =

= = 2.776

= = 1.97

= = 0

1 1

2 2

3 3

4 4

w 2.105 mm;  W0 3.665 mm

w 2.06 mm;  W0  mm

w 1.87 mm;  W0  mm

w 1.37 mm;  W0  mm

 (3-7) 

However, the fact that only 4 dB of coupling can be achieved for the central 

section, instead of the required 3.85 dB, involves that the mean coupling of the 8.34 dB 

seven-section coupler is slightly lower than -8.34 dB, and the amplitude ripple is not 

perfectly constant over the frequency band.  Obviously, these deviations increase when 

the two 8.34 dB couplers are connected in tandem.  Therefore, the conductor line 

offsets will be modified in order to optimize the frequency response of the 3 dB 

tandem coupler.  The new conductor offsets are: 

=

= 2.905

= 2.025

= 0

1

2

3

4

W0 3.865 mm

 W0  mm

 W0  mm

W0  mm

 (3-8) 

ADS (Advanced Design System) software [121] has been used for the 

simulations.  The schematic of the stripline 3 dB tandem coupler is presented in Fig. 

3.6.  It includes the connection lines between the two 8.34 dB couplers, and the 

equivalent circuit elements for discontinuities.  The corresponding simulated amplitude 

and phase responses are plotted in Fig. 3.7 and Fig. 3.8, respectively. 



CHAPTER 3. EXPERIMENTAL VALIDATION OF THE SIX-PORT ARCHITECTURE AS A BROADBAND SDR RECEIVER 
 

- 47 - 

C1=-27.79 dB C2=-19.23 dB C3=-12 dB C4=-3.85 dB C5=-3.85 dB C6=-19.23 dB C7=-27.79 dB

C7=-27.79 dBC6=-19.23 dBC5=-3.85 dBC4=-3.85 dBC3=-12 dBC2=-19.23 dBC1=-27.79 dB

Port
P4

Port
P3

Port
P2

Port
P1

TL11

L=La
W=wo

TL12

L=La
W=wo

Bend2

M=0.6
Angle=90
W=wo

Bend3

M=0.6
Angle=90
W=wo

Bend4

M=0.6
Angle=90
W=wo

TL13

L=Ls
W=wo

CLin9

L=Lc1
S=0.38 mm
WO=W01
W=wc1

CLin7

L=Lc1
S=0.38 mm
WO=W01
W=wc1

Step47

W2=wc1
W1=wc2

Step46

W2=wc1
W1=wc2

Step50

W2=wc1
W1=wc2

Step48

W2=wc1
W1=wc2

CLin10

L=Lc
S=0.38 mm
WO=W02
W=wc2

CLin3

L=Lc
S=0.38 mm
WO=W03
W=wc3

Step56

W2=wc3
W1=wc2

Step57

W2=wc3
W1=wc2

CLin13

L=Lc
S=0.38 mm
WO=W02
W=wc2

Step13

W2=wc2
W1=wc1

Step37

W2=wc2
W1=wc1

Step59

W2=wc2
W1=wc1

Step58

W2=wc2
W1=wc1

CLin14

L=Lc1
S=0.38 mm
WO=W01
W=wc1

Bend1

M=0.6
Angle=90
W=wo

TL9

L=Ls
W=wo

CLin4

L=Lc
S=0.38 mm
WO=W04
W=wc4

CLin11

L=Lc
S=0.38 mm
WO=W03
W=wc3

Step39

W2=wc3
W1=wc2

Step38

W2=wc3
W1=wc2

CLin2

L=Lc
S=0.38 mm
WO=W02
W=wc2

TL8

L=La
W=wo

TL10

L=La
W=wo

CLin1

L=Lc1
S=0.38 mm
WO=W01
W=wc1

CLin12

L=Lc
S=0.38 mm
WO=W04
W=wc4

Step55

W2=wc4
W1=wc3

Step54

W2=wc4
W1=wc3

Step40

W2=wc4
W1=wc3

Step41

W2=wc4
W1=wc3

Step52

W2=wc3
W1=wc4

Step51

W2=wc2
W1=wc3

Step49

W2=wc2
W1=wc3

CLin6

L=Lc
S=0.38 mm
WO=W02
W=wc2

CLin5

L=Lc
S=0.38 mm
WO=W03
W=wc3

CLin8

L=Lc
S=0.38 mm
WO=W03
W=wc3

Step53

W2=wc3
W1=wc4

Step43

W2=wc3
W1=wc4

Step42

W2=wc3
W1=wc4

Ste¡p45

W2=wc2
W1=wc3

Step44

W2=wc2
W1=wc3

 

Fig. 3.6: Simulation schematic of the stripline 3dB tandem coupler. 
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Fig. 3.7: Simulated amplitude response of the stripline 3 dB tandem coupler (circuital 
simulation): (a) Coupling, (b) Input return loss and isolation. 
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Fig. 3.8: Simulated phase difference between coupled and direct ports of the stripline 3 dB 
tandem coupler (circuital simulation). 

A more accurate analysis of the coupler can be performed using 

electromagnetic (EM) simulations.  Then, additionally to circuital simulations, 2.5D 

EM simulations have been performed using Momentum [122].  The layout of the 3dB 

tandem coupler generated from Momentum appears in Fig. 3.9.  The upper conductor 

lines are represented in yellow, and the bottom ones in brown.  The dimensions of the 

designed coupler are 130x17 mm2.  The EM simulated amplitude and phase responses 

are presented in Fig. 3.10 and Fig. 3.11, respectively. According to EM simulations, 

the maximum amplitude imbalance between the direct and coupled ports is 1 dB, and 

the maximum phase imbalance is 1.6º.  The input return loss and isolation are below -

20dB up to 4 GHz, and below -15 dB from 4 GHz to 6 GHz. 

 

Fig. 3.9: Layout of the 3dB tandem coupler generated from Momentum. 
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Fig. 3.10: Simulated amplitude response of the stripline 3 dB tandem coupler (EM simulation): 
(a) Coupling, (b) Input return loss and isolation. 
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Fig. 3.11: Simulated phase difference between coupled and direct ports of the stripline 3 dB 
tandem coupler (EM simulation). 

3.3.1.2 Power divider 

A commercial power divider has been used to implement the six-port network.  

In particular, we have used the LYNX 111.A0214 power divider, whose characteristics 

are summarized following 

- Frequency range: 0.5 – 6 GHz 

- Insertion loss: 3.8 dB 

- Isolation: 18 dB 

- Input VSWR: 1.4 

- Output VSWR: 1.3  

- Amplitude balance: ±0.2 dB 

- Phase balance: ±3 º 

- Power handling: 30 W 
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3.3.1.3 Simulation of the six-port network response 

The next step is to simulate the frequency response of the overall six-port 

receiver.  The circuital schematic used for the simulation is shown in Fig. 3.12.  The 

power divider manufacturer does not provide the scattering parameters of the LYNX 

111.A0214 power divider.  Therefore, it has been modelled as an ADS divider element, 

whose parameters are constant in frequency an equal to the worst case values given by 

the manufacturer (see section 3.2.1.2).  That is: 

- Amplitude balance: +0.4 dB  |S21| = -3.6 dB; |S31| = -4 dB 

- Phase balance: +6 º  ΦS21 = -3 º; ΦS31= 3 º 

- |S32| = -18 dB 

- |S11| = -15.5 dB 

- |S22| = -17.7 dB 

The simulated amplitude response of the six-port network is presented in Fig. 

3.13-Fig. 3.16.  The simulated attenuations from the LO and RF ports to the output 

ports of the six-port network are plotted in Fig. 3.13, and Fig. 3.14, respectively.  Fig. 

3.15 represents the simulated input return loss and isolation, while Fig. 3.16 represents 

the output return loss.  

The attenuation from the LO port to the output ports 3 and 4 is -6.8±0.6 dB, 

and it is -7.2±0.6 dB to ports 5 and 6.  These additional attenuations of 0.8 dB and 1.2 

dB at ports 3/4 and 5/6, respectively, are due to the insertion loss and amplitude 

imbalance of the power divider.  The maximum attenuation deviation with respect to 

the ideal value from the RF port is 0.7 dB at port 3, 2 dB at port 4, 1 dB at port 5 and 

1.5 dB at port 6.  The input return loss at the RF port is better than 17.5 dB.  At the LO 

port, the input return loss is below -12 dB, since it is limited by the power divider input 

match.  A good isolation between the RF and LO ports is achieved, with values better 

than 23 dB.  As for the output return loss, in the worst case it is -14.4 dB at ports 3 and 

6, and -12.1 dB at ports 4 and 5. 

With regard to the six-port phase response, according to the six-port topology 

(Fig. 3.2) and taking port 3 as reference port, the phase shifts from the RF port to 

output ports 4, 5, and 6 are -90º, 0º, and 90º, respectively.  Moreover, the phase shifts 

from the LO port to output ports 4, 5, and 6 are 90º, 90º, and 0º.  That is, the output 

six–port signals are combinations of the input RF and LO signals with different relative 
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phase shifts of 0, π/2, –π/2, and π rad.  These phase relations must be kept over the 

whole operating frequency range to ensure proper six-port network behaviour.  The 

simulated phase shifts from the RF port to output ports are presented in Fig. 3.17.  The 

maximum simulated deviation from the ideal phase value is 5º at port 4, 3.4º at port 5, 

and 2.15º at port 6.  As for the phase shifts from the LO port, plotted in Fig. 3.18, a 

residual error of 6º can be appreciated in ports 5 and 6, due to the phase imbalance 

value introduced in the power divider model.  However, this value corresponds to the 

worst case, thus the real response may be different.  In this case, the maximum 

simulated phase shift error is 2.46º at port 4, 8.5º at port 5, and 6.4º at port 6. 
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Fig. 3.12: Simulation schematic of the six-port network. 
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Fig. 3.13: Simulated attenuation from LO port to output ports of the six-port network. 
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Fig. 3.14: Simulated attenuation from RF port to output ports of the six-port network. 
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Fig. 3.15: Simulated input return loss and isolation of the six-port network. 
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Fig. 3.16: Simulated output return loss. 
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Fig. 3.17: Simulated phase shift from RF port to output ports of the six-port network, 
considering Port 3 as reference port. 
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Fig. 3.18: Simulated phase shift from LO port to output ports of the six-port network, 
considering Port 3 as reference port. 

3.3.2 Power detectors 

3.3.2.1 Design considerations 

A typical video detector circuit is shown in Fig. 3.19 [84],[123].  At RF, the 

bypass capacitor (Cb) appears as a short circuit, and the input RF choke (RFC) appears 

as an open circuit.  Due to the nonlinearity of the diode, the video signal is extracted 

from the modulated RF signal and appears across the video load resistance RL.  At 

video frequencies, RFC acts as a short circuit, while Cb and the DC bias filter, 

consisting of LFC and Cc, appear as high impedances.  RFC also serves as a return 

path for the DC bias current. 
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Fig. 3.19: Basic detector circuit. 

The starting point in diode detector design is the small-signal equivalent circuit 

of the Schottky diode, which is shown in Fig. 3.20.  It consists of a biased-dependent 

junction resistance Rj and capacitance Cj, and a parasitic series resistor RS.  Lp and Cp 

represent the package inductance and capacitance, respectively. 

 

Fig. 3.20: Schottky diode equivalent circuit. 

The junction resistance Rj is given by: 

=
( + )j

B S

nkTR
q I I

 (3-9) 

where T is the temperature in ºK, q=1.6021917·10-19 C is the electron charge, 

k=1.38·10-23 Joule/K is the Boltzmann’s constant, IB is the externally applied bias 

current in amps, IS is the saturation current in amps, and n is the ideality factor. 

One characteristic parameter of detector diodes is the video resistance, RV.  In 

general, the lower the diode’s video impedance, the better the design.  RV consists of 

the sum of the diode’s series resistance and the junction resistance: 

= +V j SR R R  (3-10) 
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As for diode selection, one should consider that the small signal diode cut-off 

frequency should be large relative to the operating frequency.  The diode cut-off 

frequency is given by 

0

1=
2c

S j

f
πR C

 (3-11) 

being Cj0 the zero-volt junction capacitance.  Typically, a value fc>10·f would be used, 

corresponding to 

0
1=

20j
S

C
πR f

 (3-12) 

A small value of Cj0 would result in a high-Q diode hard to match over a broad 

bandwidth.  Thus, for broadband applications, diodes with a large Cj0 are often used.  

In addition, it is advisable to select a diode with low package parasitics in the desired 

bandwidth. 

The principal requirements for a video detector are distortionless recovery of 

the modulation signal, and maximum RF sensitivity.  However, these requirements are 

competitive, and result in the design being a good compromise between video 

bandwidth and RF sensitivity.  To obtain maximum sensitivity at any given frequency, 

most detector diodes must be forward DC biased.  Moreover, the addition of bias 

current is seen to reduce the variation in voltage sensitivity with frequency and 

temperature.  It also reduces the diode quality factor, which reduces the complexity of 

the RF matching circuit.  However, when bias current is used, there is a trade-off in 

sensitivity and square law dynamic range [124].  The dynamic range increment is 

achieved with high bias currents, while sensitivity is maximized at small values of bias 

current. 

The system specifications impose two strict requirements for the detector 

design: very large operating frequency range (698-5850 MHz), and wide video 

bandwidth (up to 50 MHz baseband channels).  The use of bias current involves some 

advantages especially suitable for our design.  On one hand, the reduction of the 

sensitivity variation with frequency and the simplification of the RF matching circuit 

are important advantages, taking into account the large operating frequency range.  On 

the other hand, the dynamic range extension due to bias current is particularly 
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F

F

advantageous for a SDR receiver, since different standards with different power levels 

have to be supported.  Consequently, the DC biased HSMS-286B Schottky diode will 

be used, whose parameters are presented below 

0
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 (3-13) 

Detector design is a compromise between several competing requirements, 

including operating frequency, video bandwidth, input RF impedance, sensitivity, 

square law dynamic range, and temperature extremes. 

3.3.2.1.1 Voltage sensitivity 

The detector voltage sensitivity, assuming a perfect lossless impedance match 

at the diode’s input, can be expressed as [84] 

2

0.5
= (

( + )·( + )·(1+ / )·[(1+ / ) + ( ) ]
    L

v
S B V L S j S j j S j

R
β V W

I I R R R R R R ωC R R
/ )  (3-14) 

This parameter specifies the slope of the output video voltage versus the input 

signal power of the diode, i.e.: 

= ·out v inV β P  (3-15) 

For a typical diode with no bias, the voltage sensitivity shows a strong 

dependence on frequency.  Biasing the diode reduces the variation in voltage 

sensitivity, as shown in Fig. 3.21, where the theoretical HSMS-286B diode voltage 

sensitivity is plotted for RL=100 KΩ.  However, it results in a sensitivity reduction at 

the lower frequencies. 
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Fig. 3.21: Theoretical detector diode voltage sensitivity, HSMS-286B. 

The voltage sensitivity is a parabolic-type function with IT = (IS + IB), whose 

maximum value at any particular frequency is given by 

, = (   j S
T opt

L

ωC R
)I A

α R
 (3-16) 

with .  For highest sensitivity, one requires R= /α q nkT S << Rj and RL >> Rj.  For 

currents greater than IP,opt, βv drops due to the reduced voltage across the diode 

junction.  For currents less than IP,opt, Rj gets large relative to RL, and the sensitivity is 

reduced due to the RL/(RL+RV) voltage divider.  For example, the measured data 

provided by the manufacturer (see Fig. 3.22) show an optimal bias current of 5 µA for 

the HSMS-286B diode at 2.45 GHz and a load resistance RL=100 KΩ. 

 

Fig. 3.22: Voltage sensitivity as a function of bias current at 2.45 GHz, HSMS-286. 
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The diode sensitivity also varies with temperature, due to the dependence of 

the junction resistance with temperature (see eq. (3-10)). Again, the addition of a bias 

current reduces this variation in voltage sensitivity. 

3.3.2.1.2 Tangential sensitivity 

A way to characterize a detector’s low-level performance is the tangential 

sensitivity (TSS), defined as the condition when the negative noise peaks riding on the 

detected voltage equal the noise peaks when no signal is present [84].  The detector 

TSS is a function of the bias current, RF frequency, video bandwidth, and video 

amplifier noise figure.  Biasing has the same effect on the TSS than in voltage 

sensitivity. For a given frequency, there is a bias current which maximizes TSS.  A 

small bias current generally provides the best TSS performance. 

3.3.2.1.3 Dynamic range 

The square law dynamic range is the range over which the output signal 

voltage is proportional to the input signal power, i.e., .  Deviation from 

square-law characteristic occurs when β

= ·out v inV β P

v departs from a constant value.  The dynamic 

range may be defined as the difference between the power input for 1 dB deviation 

from the ideal square law response (compression point), and the input power 

corresponding to the maximum TSS [124]. 

In addition to high sensitivity, video detectors are usually required to have a 

large dynamic range.  However, the conditions that assure maximum sensitivity do not 

provide the maximum value of the compression level. 

The compression level can be raised by reducing RL. Nevertheless, the 

degradation in TSS exceeds the improvement in compression, so there is no 

improvement in dynamic range.  Another possibility is to increase the bias current. 

This also degrades the TSS, but in this case the improvement in compression exceeds 

the sensitivity degradation, as shown in Fig. 3.23.  Therefore, when stating bias 

current, there is a trade-off in sensitivity and square law dynamic range. 
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Fig. 3.23: Dynamic range improvement with bias, HP 5082-2751 detector (© Hewlett-Packard 
App. Note 956-5 [124]). 

3.3.2.1.4 RF input matching 

One of the most difficult parts when dealing with a broadband detector circuit 

design is the input impedance matching network.  The loss in power delivered to the 

diode due to mismatch leads to a loss in sensitivity as follows 

( )2' = 1-v vβ β Γ  (3-17) 

being Γ the detector input reflection coefficient. 

The detector equivalent circuit at the video port is represented in Fig. 3.24.  To 

simplify input matching, the impedance of the diode can be reduced by using a DC 

bias.  This can be seen from Fig. 3.25, where the HSMS-286 diode input impedance is 

plotted for different values of bias current.  For broadband matching, the DC bias can 

be greater than would normally be required for maximum voltage sensitivity.  

Although there will be a reduction of sensitivity, nevertheless, the trade-off may be 

worthwhile in broadband systems. 
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Fig. 3.24: Detector equivalent circuit at the RF port. 
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Fig. 3.25: HSMS-286 diode input impedance. 

Wide-band detectors use to include a shunt 50 Ω resistor to give good input 

matching, but at the expense of detection sensitivity.  HP recommends a 60 Ω resistor 

value for the HSMS-286B diode.  In effect, by adding a shunt 60 Ω resistor input 

return loss clearly improves, as shown in Fig. 3.26. 

Once the bias current is stated, the last step is to introduce a matching network. 

freq (5.000MHz to 6.000GHz

Zi
n

Ib=0 A
Ib=50 uA
Ib=100 uA
Ib=200 uA  

Fig. 3.26: HSMS-286 diode input impedance with a 60 Ω shunt resistor. 
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3.3.2.1.5 Video bandwidth 

The detector equivalent circuit at the video port is represented in Fig. 3.27.  

The limit on the upper 3 dB cut-off frequency of this circuit is imposed by RV, RL and 

Cb as follows [123]: 

3
1=

2c dB
T b

f
πR C

 (3-18) 

where 

=
+

V L
T

V L

R R
R

R R
 (3-19) 

Conventional Schottky diode detectors use large load resistance and small bias 

current in order to maximize voltage sensitivity.  Under such conditions, nevertheless, 

it is not possible to achieve very wide video bandwidths.  It is clear from (3-18) that if 

video bandwidth is wanted to be maximized, a high load resistance will call for a high 

value of bias current to reduce RV and minimize RT.  Detector design is a compromise 

between video bandwidth and RF sensitivity. 

The video bandwidth can be increased by reducing all the element values 

within certain limits.  A severe reduction in the value of the RF bypass capacitance Cb 

will lead to poor RF/video isolation and a decrease in the signal level delivered to the 

diode.  The amount that RL can be reduced is often limited if voltage amplification is 

desired, since the output voltage of the detector is maximized by making RL large.  RV 

can be lowered by increasing the bias current. Although this results in reduced 

sensitivity, it may nevertheless be needed to achieve the required video bandwidth.  It 

is worth to mention that a high bias current extends the square law dynamic range.  On 

the contrary, reducing RL does not lead to an improvement in dynamic range.  

However, bias introduces shot and flicker noise in the diode. 

Cb RL

RV

eV

VIDEO 
OUT

 

Fig. 3.27: Detector equivalent circuit at the video port. 
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Moreover, at low RF frequencies and wide video bandwidths it is difficult to 

achieve, at the same time and with a single capacitor, short-impedance at RF and high 

impedance at video frequencies.  This situation occurs in our design, where the lowest 

RF frequency (698 MHz) calls for a bypass capacitance of at least Cb=100 pF, and the 

reactance of this capacitor is 31.8 Ω at the upper video frequency (50 MHz). In such a 

case, Cb can be replaced by a low pass filter structure, as shown in Fig. 3.28.  The 

pass-band loss is determined by the voltage divider RL/(RL+RV), thus one should 

choose RV<<RR

onents. 

L for loss minimization.  However, it has to be considered that the 

higher the load resistance, the higher the inductances and the lower the capacitances of 

the low-pass filter LC comp

 

Fig. 3.28: Low-pass video coupling structure. 

3.3.2.2 Wide video bandwidth and high dynamic range 
detector design 

Our system specifications impose large RF operation frequency range (698-

5850 GHz) and a wide video bandwidth (50 MHz).  Obviously, such a detector will not 

have high voltage sensitivity, since sensitivity and video bandwidth are competitive 

parameters.  A bias current higher than that required for maximum sensitivity will be 

needed to achieve the required video bandwidth.  However, it will be advantageous for 

RF input matching and dynamic range extension. 

Multiport architectures do not present good behaviour as for dynamic range, 

compared with heterodyne and conventional homodyne receivers.  The main reason is 

that most of the six-port implementations use zero-bias detector diodes, matched at 

narrow band and/or with small video bandwidth.  Consequently, no many experimental 

six-port demodulation results providing both multiband and high-data rate operation 

have been published up to now.  Therefore, since the maximization of sensitivity will 

not be possible due to the wide video bandwidth, a high bias current will be selected in 

order to extend the dynamic range.  The detector diode will be biased with bias current 
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Ib=1 mA. Such a high current will provoke large sensitivity degradation, whereby a 

video amplifier will be included. 

The decision of RL is determined by the pass-band insertion loss and the 

realizability of the low-pass filter structure (see Fig. 3.28).  For example, a 100 KΩ 3-

pole 50 MHz low-pass filter requires prohibitive values, such as two 318.3 µH 

inductors and one 63.6 fF capacitor.  By reducing RL to 1 KΩ, the capacitance value 

doubles, while the inductances values divide by two.  Therefore, if high load 

impedance is selected, large inductance values may lead to very large size circuits and 

high loss due to the low inductor quality factor.  On the other hand, pass-band insertion 

loss is minimized by choosing RV<<RL.  At 1 mA bias current, the diode junction 

resistance is RV=31.8 Ω.  For simplicity, a load impedance of 50 Ω has been selected, 

due to the numerous available commercial low-pass filters and amplifier devices.  

However, it is worth to emphasis that higher load impedance should have been more 

suitable for minimizing insertion loss, although it would have required a custom low-

pass filter design.  Many times, unfortunately, time restrictions lead to rapid solutions 

instead of optimum ones. 

The Minicircuits RLP-50+ low-pass filter has been selected for the design.  Its 

main characteristics are summarized below: 

• 3 dB cut-off frequency: 59 MHz. 

• Pass-band loss: < 2dB 

• Stop-band loss: >20 dB @78-91 MHz; >40 dB @91-1000 MHz. 

• VSWR: 1.1 

Minicircuits provides the .s2p file of the RLP-50+ low-pass filter scattering 

parameters up to 200 MHz, which can be imported by ADS for simulation purposes.   

The Minicircuits MAR8A+ model has been used for the video amplifier.  Its 

main characteristics are presented in Table 3.2.  These parameters will be introduced 

into an Amplifier2 type block in ADS for simulation purposes. 

The amplifier implementation responds to the recommended application circuit 

of Fig. 3.29, where the next values have been chosen: 

• Ibias= 36 mA: Vcc= 9 V, Rbias=143 Ω. 
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Table 3.2  MAR8A+amplifier electrical specifications at 25ºC and 36 mA. 

Parameter Min. Typ. Max. Units 
Frequency range DC  1 GHz 
Gain                                               f=0.1 GHz 

f=1GHz 
 

20 
31.5 
25  dB 

Input return loss                      f=DC to 1 GHz  15.5  dB 
Output return loss                   f=DC to 1 GHz  11  dB 
Output power @1dB compression    f=1GHz  12.5  dBm 
Output IP3                                        f=1 GHz  25  dBm 
Noise figure                                     f=1 GHz  3.1  dB 
Recommended operating current  36  mA 
Operating voltage 3.2 3.7 4.2 V 
Thermal resistance  119  ºC/W 

 

• Cblock= 1.5 µF. 

• Cbypass=100 nF and 10 µF in parallel connection. 

• RFC=10 µH. 

Remind that the six-port architecture is a direct frequency conversion scheme, 

which suffers from the DC-offset problem.  The simplest solution for DC-offset 

rejection is by high-pass filtering with a series capacitor (AC-coupling).  Then, the two 

block capacitors required for the video amplifier (Cblock) will be used for high-pass 

filtering.  The cut-off frequency of the HPF has to be very low for not corrupting the 

wanted signal.  As for Razavi [27], simulations indicate that the corner frequency of 

the HPF must be less than 0.1% of the data rate for the signal degradation to be 

negligible.  In our six-port receiver, baseband channels from 1 MHz to 50 MHz have to 

be supported, which mandates a 760 Hz cut-off frequency for a 0.35 roll-off.  This 

value is in agreement with the studies carried out previous to this thesis [107],[URSI 

2008],[SDRF 2009], where a cut-off frequency less than 1 kHz was deduced for no 

signal degradation. Consequently, a value of 1.5 µF has been selected for Cblock. 

The power detector will be implemented in microstrip technology, using a 2.17 

Cu–clad substrate.  The layout of the designed power detector is represented in Fig. 

3.30. 
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Fig. 3.29: Recommended application circuit for MAR8A+ implementation. 

 

Fig. 3.30: Layout of the power detector. 

3.3.3 Complete six-port receiver 

Finally, the complete six-port receiver will be simulated. The circuit schematic 

of the designed six-port receiver can be seen in Fig. 3.31. Harmonic balance 

simulations will be performed in ADS to characterize the system. 

Firstly, the four output voltage signals will be observed in the time domain.  

Note that the high-pass filter eliminates the DC component, thereby the received signal 

can not be analyzed at zero IF.  Therefore, two RF tones separated 5 MHz will be 

introduced into the LO and RF inputs.  The LO frequency will be set to the central 

frequency of the three specified frequency bands: 780 MHz, 2595 MHz, and 5786.5 

Hz.  The LO power will be 7.5 dBm, and the RF power will be -40 dBm.  Fig. 3.32 

presents the simulated four output voltages of the six-port receiver, for a 2595 MHz 

LO frequency.  Ideally, according to the chosen six-port topology (see Fig. 3.2), the 

six-port receiver output signals have the same amplitude, and a relative phase shift of 

90º, -90º, and 180º.  The simulated amplitude and phase relations between the six-port 

receiver output signals at the three frequency bands are compiled in Table 3.3.  
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Fig. 3.31: Schematic of the six-port receiver. 
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Fig. 3.32: Simulated output voltages of the six-port receiver: fLO=2595 MHz, fRF=2590 MHz, 
POL=7.5 dBm, PRF=-40 dBm. 

Table 3.3  Simulated amplitude and phase relations of the six-port receiver output signals. 

Freq. 
Band 

fLO  
(MHz) 

V4/V3 
(dB/º) 

V5/V3 
(dB/º) 

V6/V3 
(dB/º) 

1 780 -0.73/180.8 -0.77/101.2 -1.14/-86.5 
2 2595 0.15/172.5 0.09/89.5 0.86/-82.6 
3 5786.5 -2.0/182.9 -0.5/98.9 -1.7/-83.0 

(*) fLO - fRF=5 MHz, PLO=7.5 dBm, PRF=-40 dBm. 

 

Secondly, the IF response of the six-port receiver will be simulated.  In this 

case, the RF frequency will be swept 200 MHz around the LO frequency value.  The 

simulated six-port receiver IF response can be seen in Fig. 3.33.  From DC to 50 MHz, 

the simulated small signal gain is 12.6±1.1dB at 780 MHz, 11.5±0.9 dB at 2595 MHz, 

and 7.5±1 dB at 5786.5 MHz.  Moreover, the 3dB cut-off frequency is around 58.5 

MHz.  
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It is worth to mention that the value of gain strongly depends on the LO power, 

as it can be seen from Fig. 3.34.  The lower the LO power, the lower the six-port 

receiver gain.  Nevertheless, a low value of LO has a positive influence on the power 

consumption, the even-order intermodulation distortion reject, and the reduction of the 

LO self-mixing problem.  In fact, one of the advantages of the six-port architecture is 

that it can operate with low LO power values.  Take into account that no RF 

amplification has been included in the design, which would increase the overall system 

gain.  Therefore, in practice, it is advisable to reduce the LO power.  Typical LO power 

levels of around 0 dBm are used in six-port receivers. 
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Fig. 3.33: Simulated six-port receiver IF response (at output port 3): PLO=7.5 dBm, PRF=-40 
dBm. 
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Fig. 3.34: Simulated six-port receiver gain versus LO power (at output port 3): fLO - fRF=5 
MHz, PRF=-40 dBm. 

Next, the spurious signals reject will be analyzed.  In direct frequency 

conversion architectures, even-order intermodulation products are the most 

problematic, since they are located at baseband.  Obviously, the predominant 



CHAPTER 3. EXPERIMENTAL VALIDATION OF THE SIX-PORT ARCHITECTURE AS A BROADBAND SDR RECEIVER 
 

- 68 - 

intermodulation product will be the product 2·LO-2·RF.  However, as previously 

commented, the spurious signal reject depends on the LO power level.  This can be 

clearly seen from Fig. 3.35, where the power levels of the wanted signal (LO-RF) and 

the most significant even-order intermodulation product (2LO-2RF) are plotted for 

different values of LO power (PLO).  By selecting a LO power of 0 dBm instead of 7.5 

dBm, the spurious signal reject improves 14 dB at 780 MHz, 28 dB at 2595 MHz, and 

20 dB at 5786.5 MHz. 
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Fig. 3.35:  Simulated power of the even-order intermodulation product (at output port 3): 
PRF=-40 dBm, (a) fLO=780 MHz, (b) fLO=2595 MHz, (c) fLO=5786.5 MHz. 

Finally, the gain compression characteristic of the six-port receiver will be 

evaluated.  Once again, the LO and RF signals will be 5 MHz separated in frequency, 
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and the LO power will be set to 7.5 dBm.  The simulated gain compression curves, 

evaluated at port 3, are presented in Fig. 3.36.  The simulated results give an output 

one-dB compression point (P1dB) of 11.7 dBm at 780 MHz, 11.6 dBm at 2.595 GHz, 

and 9.2 dBm at 5.7865 GHz. 

To sum up, the simulated six-port receiver performance is summarized in 

Table 3.4. 
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Table 3.4  Simulate ceiver characteristics, PLO=7.5 dBm. 

 

Fig. 3.36: Simulated gain compression curve (at output port 3): fLO - fRF=5 MHz, PLO=7.5 
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3.4 IMPLEMENTATION AND EXPERIMENTAL 
CHARACTERIZATION 

In this section, the different fabricated circuits and their experimental 

characterization are presented.  The measured performance of the overall six-port 

receiver prototype is also included. 

3.4.1 90-degree hybrid coupler 

Fig. 3.37 illustrates a photograph of one of the three fabricated 3dB tandem 

couplers.  The stripline structure is composed of an 1143-380-1143 sandwich of 2.17 

Cu-Clad substrate, where metallization lines are printed on the top and bottom side of 

the central layer in order to reduce alignment errors.  The dimensions of the fabricated 

3dB tandem coupler are 130x17x2.6 mm3. 

 

Fig. 3.37: Photograph of the 3 dB tandem coupler in stripline technology. 

The three fabricated 3dB tandem couplers have been assembled over a metallic 

structure, as shown in Fig. 3.38, which allows us to measure the response of each 

coupler separately.  Later on the three tandem couplers will be interconnected by 

external coaxial cables to form the six-port network. 

The couplers have been characterized with good performance.  The figures Fig. 

3.39-Fig. 3.42 present both simulated and measured amplitude and phase frequency 

responses of the 3dB tandem coupler.  The results show a very good agreement 

between the simulated and measured responses.  Input return loss and isolation are 

better than 15 dB over the entire bandwidth.  The maximum phase imbalance is 4º, and 

the maximum amplitude imbalance is 1.2 dB. 
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Fig. 3.38: Assembly of the three tandem couplers (a) External appearance, (b) 3D view of the 
3dB tandem coupler, (c) Top view of the 3dB tandem coupler. 
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Fig. 3.39: Simulated and measured coupling of the stripline 3 dB tandem coupler. 
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Fig. 3.40: Simulated and measured input return loss of the stripline 3 dB tandem coupler. 
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Fig. 3.41: Simulated and measured isolation of the stripline 3 dB tandem coupler. 
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Fig. 3.42: Simulated and measured phase difference between coupled and direct ports of the 
stripline 3 dB tandem coupler. 

3.4.2 Power divider 

The photograph of the LYNX 111.A0214 power divider is shown in Fig. 3.43.  

Its measured response appears in Fig. 3.44, Fig. 3.45, and Fig. 3.46.  Note that the 

measured characteristic of the power divider is better to that provided by the 

manufacturer (see section 3.2.1.2).  In particular, the measured input return loss is 

below 20 dB, instead of the 15 dB stated by the manufacturer; the measured amplitude 

imbalance is better to the given 0.2 dB; and the maximum phase imbalance is only 3º.  

Taking into account that the power divider parameters given by the manufacturer were 

considered for the simulations, the measured response of the six-port network will be 

better to that envisaged in the simulations, as it will be seen in the next section. 
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Fig. 3.43: Photograph of the LYNX 111.A0214 power divider. 
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Fig. 3.44: Measured insertion loss of the power divider. 
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Fig. 3.45: Measured return loss of the power divider. 
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Fig. 3.46: Measured phase imbalance of the power divider. 

3.4.3 Six-port network 

The six-port network prototype can be seen in Fig. 3.47.  The three 3 dB 

couplers are interconnected by external coaxial cables, which must have the same 

length in order to preserve the six–port phase behaviour.  The power divider is 

connected to the couplers by two coaxial cables of the same length.  However, the two 

cables connecting the power divider to the couplers do not have to be identical in 

length to the cables interconnecting the couplers, since what it has to be maintained is 

the four relative phase shifts of 0, π/2, –π/2, and π rad.  It will only produce a linear 

variation with frequency of the absolute phases, which will be compensated by the 

calibration. 

 

Fig. 3.47: Six-port network physical realization. 

Fig. 3.48 illustrates both simulated and measured input return loss.  It can be 

seen that the measured return loss at the LO port are better to the simulated results, 

since the real return loss of the power divider resulted to be better than the specified 
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value in the simulations (see section 3.2.1.3).  The measured return loss at the RF port 

is below -20 dB up to 2.4 GHz, and below -16 dB from 2.4 GHz to 6 GHz.  Moreover, 

simulated and measured isolation curves, presented in Fig. 3.49, bear strong 

resemblance.  Measured isolation is better than 20 dB over the whole bandwidth. 

The attenuations from LO and RF ports to output ports are shown in Fig. 3.50, 

and Fig. 3.51, respectively.  Ideally, these attenuations are 6 dB.  The measured 

attenuation curves present a loss factor that increases with the increase of frequency, 

due to the interconnection coaxial cables and the power divider insertion loss.  These 

effects were not introduced into the simulations, thereby the additional losses observed 

in the measurement results with respect to Fig. 3.13 and Fig. 3.14. 

To analyse the six-port network phase behaviour, we will define the parameter 

ΔΦPi as the phase difference between Si1 and Si21, with i=3,…,6.  According to the 

chosen six-port topology, ΔΦPi parameters must be 180º, 90º and -90º phase shifted 

each other.  The phase shifts referred to ΔΦP3 are presented in Fig. 3.52.  Once again, 

the simulated and measured phase responses differ due to the difference between the 

specified and measured phase response of the power divider.  Measured results show a 

maximum error of 10º compared to the theoretical behaviour. 

Finally, the six-port performance will be analyzed in terms of the qi-points.  

Remember that the design criterion of a six-port junction consists of achieving a good 

distribution of the qi-points.  In general, the closer the magnitudes of qi, and the larger 

the differences between the arguments of qi, the better will be the performance of the 

circuit.  When the RF and LO input ports are completely isolated, the equivalent qi-

points of the six-port network can be expressed in terms of scattering parameters as 

[125]: 

1

2

= i
i

i

s
q

s
 (3-20) 

Ideally, in our six-port network topology the magnitudes of qi-points are equal to 1, 

and the arguments differ 90 degrees.  The measured qi-points of the developed six-port 

network satisfactorily fulfill these requirements, as it can be seen in Fig. 3.53.  Note 

that the measured arguments of qi are not absolute 0º, 180º, 90º, and -90º.  In fact, Fig. 

3.52 represents the arguments of qi with port 3 as reference port.  Remember that the 

two cables connecting the power divider to the couplers are not identical in length to 
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the cables interconnecting the couplers.  Therefore, a linear variation with frequency in 

the arguments of qi is observed.  However, as previously commented, this is not a 

problem, provided that a 90º relative phase shift between the arguments of qi is kept.  

It only produces an additive phase offset dependent on frequency, which will be 

compensated by the calibration.  The magnitudes of qi are in the range of 0.7 to 1.5 

from 500 MHz to 6 GHz, and the maximum error in the relative phase differences is 

10º over the theoretical 90º.  Therefore, according to [73]-[74], the operating frequency 

range of the six-port network could be enlarged, as the six-port network is said to 

provide good results even when the ratios of the magnitudes of qi are greater than 4, 

and their arguments differ an amount smaller than 25º. 
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Fig. 3.48: Simulated and measured input return loss of the six-port network. 
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Fig. 3.49: Simulated and measured isolation of the six-port network. 
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Fig. 3.50: Measured attenuation from LO port to output ports of the six-port network. 
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Fig. 3.51: Measured attenuation from RF port to output ports of the six-port network. 
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Fig. 3.52: Simulated and measured phase response of the six-port network. 
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Fig. 3.53: Simulated and measured qi-points of the six-port network (a) Magnitudes (b) Phases. 

3.4.4 Complete six-port receiver 

Fig. 3.54 illustrates the fabricated six-port receiver prototype.  The six-port 

receiver performance has been measured over the 0.5-6 GHz frequency band.  The 

measured results are compiled in Table 3.5. 

 

Fig. 3.54: Six-port receiver prototype. 
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Table 3.5  Measured six-port receiver characteristics, PLO=7.5 dBm. 

Parameter Condition 
(MHz) Value Units 

Max. Gain (1) 

DC-50 MHz 

780 
2595 

5786.5 

11 
7.4 
4 

dB 

fc3dB (1)
 

780 
2595 

5786.5 

42.1 
42.5 
42.3 

MHz 

Amplitude 
imbalance 
ΔA (2)

 

@ 5 MHz 
780 

2595 
5786.5 

Port 4 
-0.58 
-1.35 
-1.9 

Port 5 
-0.49 
-0.99 
0.38 

Port 6 
-0.16 
0.4 

0.15 

dB 
 

@ 10 MHz 
780 

2595 
5786.5 

Port 4 
-0.36 
0.17 
-1.4 

Port 5 
-0.36 
-0.48 
-0.15 

Port 6 
0.43 
0.4 

-0.46 
@ 20 MHz 

780 
2595 

5786.5 

Port 4 
-0.39 
-1.0 
-1.88 

Port 5 
-0.45 
-0.22 
0.46 

Port 6 
0.89 
0.76 
-0.89 

Phase difference 
ΔΦ (2)

 

@ 5 MHz 
780 

2595 
5786.5 

Port 4 
162 

160.2 
180 

Port 5 
85.6 
84.2 
70.5 

Port 6 
-99 

-100.8 
-98.6 

Deg. 
 

@ 10 MHz 
780 

2595 
5786.5 

Port 4 
168.4 
165.6 
183.6 

Port 5 
85.6 
80.6 
69.8 

Port 6 
-109.4 
-109.4 
-97.9 

@ 20 MHz 
780 

2595 
5786.5 

Port 4 
184.3 
175.7 
158.4 

Port 5 
86.4 
80.6 
61.9 

Port 6 
-96.5 
-100.8 
-92.1 

Output P1dB (3)
 

780 
2595 

5786.5 

10.2 
9.9 

10.15 
dBm 

Input IP3 (3)
 

780 
2595 

5786.5 

10.8 
15.2 

3 
dBm 

Spurious reject  
@-40 dBm 

780 
2595 

5786.5 

36 
54 
43 

dB 

(1) Measured at port 3. 
(2) With respect to reference port 3. 
(3) Measured at port 5. 
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3.5 SIX-PORT DEMODULATION PERFORMANCE 

This section presents the validation of the developed six-port receiver as RF 

demodulator.  The quality of the demodulated signal will be measured in terms of the 

Error Vector Magnitude (EVM).  The EVM is a common figure of merit in digital 

communications [126], defined as the root-mean-square value of the difference 

between the measured and ideal symbols.  The EVM expression is given by 
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∑
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QQII
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(3-21) 

where Ir, Qr are the I-Q components of the demodulated symbols; Ii, Qi are the ideal I-

Q components; and N is the number of symbols over which the EVM is calculated.  

The test bench that will be used for the measurements is shown in Fig. 3.55.  

The Agilent E4438C ESG Vector Signal Generator (VSG) generates the RF modulated 

signal.  The LO is the Agilent synthesized sweeper 83752A.  Both generators are phase 

locked.  The output signals of the six–port receiver are acquired by a four-channel 

oscilloscope (Agilent Infiniium), with an over–sampling ratio OSR=8.  It is worth to 

mention that the maximum symbol rate that can be obtained with the E4438C ESG 

VSG is 12.5 Msymbol/s for an OSR=8.  However, the six-port receiver demonstrator 

can operate with up to 100 MHz-wide signals, so it is expected to perform data rates of 

about 100 Msymbol/s.   

The calibration and I-Q regeneration software, implemented in Matlab, is 

applied in a personal computer, which calculates the EVM using (3-21).  The 

calibration method is a new and own real-time channelized auto-calibration algorithm 

based on training sequence, which has been developed for high-speed signal 

demodulation.  It will be described in detail in section 5.2.  In particular, we have 

applied the channelized auto-calibration method with N=4 filters and previous 

downsampling (downsampling ratio of 2).  The software does not include any diode 

linearization technique. 
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Fig. 3.55: Set-up of the six-port receiver test-bench. 

3.5.1 Multi-mode and multi-band behaviour 

With the purpose of demonstrating the multi-mode and multi-band 

characteristics of the SDR six-port receiver, we have measured the EVM for different 

modulation schemes and frequency bands.  We have selected several frequencies 

corresponding to communication standards, such as GSM (900 MHz, 1800 MHz), PCS 

(1900 MHz), Wi-Fi (2.45 GHz), or WiMAX (700 MHz, 3500 MHz, 5800 MHz).  The 

modulation schemes are QPSK, 16-QAM, and 64-QAM.  The LO power is fixed to 

PLO=0 dBm, and the input power is Pin= –20 dBm. For frequencies below 3 GHz, we 

have changed the VSG for the Agilent N5182A MXG, which can provide a symbol rate 

of 15.625 Msymbol/s for OSR=8.  Therefore, it is possible to achieve a bit rate of 

93.75 Mbps for a 64-QAM modulation.  In all cases, we have acquired a total of 1000 

symbols (8000 samples), which have been processed as bursts of length 200 symbols.  

The first 50 symbols of each burst are used for calibrating. 

The measured values of EVM are presented in Table 3.6.  These results show a 

good performance of the six–port receiver for high data rates over a four-octave 

frequency range.  For example, the typical minimum BER specification of 10-3 

corresponds to an EVM below 32.4 % for QPSK, 15 % for 16-QAM, and 7.5 % for 64-

QAM.  More strict specifications, such as those required for WiMAX reception, 

establishes a minimum BER of 10-6, which means an EVM below 21 % QPSK, 9.5 % 

for 16-QAM, and 4.7 % for 64-QAM.  The relation between BER and EVM can be 

seen in Fig. 3.57. 
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Table 3.6  Measured EVM, PLO=0 dBm, Pin=-20 dBm. 

Frequency 
(MHz) Modulation Bit Rate 

(Mbps) 
EVM 
(%) 

300 64-QAM 75 6.1
700 16-QAM 62.5 4.8
900 64-QAM 93.75 4.7

1800 QPSK 31.25 4.7
1900 16-QAM 62.5 4.6
2450 64-QAM 93.75 4.5
3500 16-QAM 50 4.4
4000 QPSK 25 4.5
5800 64-QAM 75 4.3
6000 QPSK 25 4.4

 

As it was previously stated in section 3.4.3, the operating frequency range of 

the six-port network could be enlarged due to its good frequency response.  In effect, 

the results shown in Table 3.6 demonstrate that the six-port operating range can be 

extended from 300 MHz to 6 GHz (4.32 octaves) with good performance, although it 

was designed to cover the frequencies from 698 MHz to 5850 MHz.  From theoretical 

analysis based on the measured six-port response, it is derived that the six-port 

operation could be extended also beyond 6 GHz.  However, it has not been 

experimentally demonstrated due to test equipment limitations. 

3.5.2 Operation with low LO power levels 

An important advantage of the six-port architecture is its operation with low 

LO power levels.  This means low power consumption, better RF-LO isolation, and 

reduction of the LO self-mixing, which is one of the main problems of zero-IF 

architectures.  On the contrary, mixers used in conventional zero-IF receivers require 

high LO powers. 

In order to demonstrate this characteristic, we have measured the EVM for 

different values of PLO, keeping the input power level at Pin=–20 dBm.  We use a 25 

Mbps QPSK modulated signal (α=0.3).  Again, the first 50 symbols of each data burst 

(length 200 symbols) are used to auto-calibrate the system and regenerate the I-Q 

components of the next 150 data symbols.  Fig. 3.56 shows the constellation diagrams 

of the demodulated signal for 700 MHz, 3 GHz, and 6 GHz.  The obtained values of 

EVM are compiled in Table 3.7.  These results prove that six-port receivers can 

operate for low LO power values. 
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Nevertheless, a suitable selection of the LO power level is required.  A study 

of the optimal LO power for maximizing the SNR at the baseband outputs is presented 

in [127].  When the phase noise contribution is not considered, thermal and shot noises 

are the dominant sources of distortion, and a maximum SNR of 33 dB is achieved for 

LO powers in the range of 3-7 dBm.  Considering the phase noise contribution, the 

maximum value of SNR, corresponding to a LO power range from –7 to –2 dBm, 

decreases 14 dB.  However, the maximum diode conversion efficiency is achieved for 

high LO power levels, around 13 dBm.  These figures are obtained from the simulation 

results of [127], although similar values would be obtained in our case.  The spurious 

signal rejection as a function of the LO power must also be considered.  
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Fig. 3.56: Constellation diagrams for 25 Mbps QPSK, Pin=–20 dBm (a) PLO=5 dBm (b) PLO=0 
dBm (c) PLO=–10 dBm (d) PLO=–20 dBm. 
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Table 3.7  Measured EVM versus PLO, 25 Mbps QPSK. 

EVM (%) Frequency 
700 MHz 3 GHz 6 GHz 

PLO=5 dBm 3.5 3.9 3.7 
PLO=0 dBm 4.5 3.8 4.7 
PLO=-10 dBm 7.6 4.1 8.8 
PLO=-20 dBm 18 5.2 26.3 

         (*) Calculated from 150 received symbols. 
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Fig. 3.57: Theoretical BER versus EVM curves. 

3.5.3 Comparison of multi-port demodulators 

To conclude, the comparison with other multi-port demodulators operating in 

the frequency range of interest is presented in Table 3.8.  As the quality of the 

demodulated signal is evaluated in terms of EVM or BER, we provide the theoretical 

BER versus EVM curves for QPSK, 16-QAM and 64-QAM modulation schemes in 

Fig. 3.57 [126]. 

The six-port receiver is said to be a good solution for the multi-band 

demodulation of high-speed signals, but no many experimental demodulation results 

proving both assumptions have been published up to now.  Some published works are 

not strictly multi-band [92],[104]; other are multi-band but only validate the 

demodulator for a single frequency [102],[106]; and other prove the multi-band 

behaviour but do not quantify the quality of the demodulated signal [101].  In 

[100],[105] the demodulation performance is quantified over the entire operating 

frequency range, but with data rates much lower than in our experiments.  Recently, a 
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six-port demodulator supporting a 1.67 Gbps data rate has been published [21].  

However, this is not a broadband design, as it only covers the range from 7 to 8 GHz.  

In addition, the measured EVM is quite high, even though the high LO power level (15 

dBm).  Our six-port receiver has been validated over a four octave bandwidth (0.3-6 

GHz), and for up to 93.75 Mbps data rates with low values of EVM.  It outperforms 

the other designs in terms of bandwidth and quality of the demodulated signal. 

Table 3.8  Comparison of multi-port demodulation performances. 

Ref. 
Operating 
freq. band 

(GHz) 

Measurement results 

Data signal PLO 
(dBm) 

Pin 
(dBm) 

Freq. 
(GHz) 

Quality of 
demodulated 

signal 
[100] 
(2003) 0.9-5 97.2 Kbps 

QPSK 0 -20 0.9-4 EVM<14 % 

[92] 
(2004) 2-3 200 Kbps 

QPSK 0 -62.5 2 BER=10-3
 

[101] 
(2006) 2-9.4 8PSK - 

-19 2.4 
Not quantified -27 5.8 

-31 9.4 
[102] 
(2006) 0.9-4 1 Mbps 

QPSK -10 -15 2.45 EVM=12 % 

[104] 
(2008) 3.1-4.8 1 Mbps 

QPSK -1.5 - 
3.432 EVM=5.5 % 
3.96 EVM=4 % 

4.488 EVM=6.3 % 

[105] 
(2009) 0.8-2.4 4 Mbps      

16-QAM -8.5 

-33.3 to -2.6 0.8 
BER<10-3

 -39.6 to -0.6 1.6 
-38 to -0.7 2.4 
≈ -32 1.6 BER=10-6

 

[106] 
(2010) 0.9-4 400 Kbps 

QPSK -10 -20 2.45 EVM=5.9 % 
-40 EVM=7.9 % 

[21] 
(2010) 7-8 1.67 Gbps 16 

QAM 15 -15 7.5 EVM=10.9 % 

This 
work 

(2011) 
0.3-6 

75 Mbps  64-
QAM 

0 -20 

0.3 EVM=6.1 % 

62.5 Mbps 
16-QAM 0.7 EVM=4.8 % 

93.75 Mbps 
64-QAM 2.45 EVM=4.5 % 

25 Mbps 
QPSK 

0 -20 6 EVM=4.4 % 
-20 1.8 EVM=6.3 % 
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3.6 SUMMARY 

The six-port architecture reemerges from the search of low-cost, multi-band 

and multi-standard transceivers.  Its inherent advantages, especially its broadband 

behavior, make this a structure a good candidate to implement a SDR.  

In this chapter, we have presented a SDR six-port receiver prototype for 

broadband and high data rates applications.  The system has been designed and 

measured with good performance.  The demodulation capabilities of the developed six-

port receiver have been demonstrated over the frequencies of the main communication 

standards, from 0.3 GHz to 6 GHz. The prototype has been validated for data rates of 

93.75 Mbps (limited by the test instruments), although it has been designed to operate 

with 100 MHz instantaneous bandwidth, so a bit rate of 600 Mbps for a 64-QAM 

modulation is foreseen. Our work demonstrates empirically and quantitatively the 

multi-band behaviour of the six-port architecture, and the capability of performing high 

data rates. 

The contents of this chapter have been published in several media. The design 

and measurement of the six-port network was presented in the IEEE 2010 European 

Microwave Conference [EuMC 2010].  The overall SDR six-port receiver and the 

demonstration of its multi-mode, multi-band, and high-speed demodulation capabilities 

were presented in the IEEE 2010 Military Communications Conference [MILCOM 

2010], and published in the Journal Progress in Electromagnetics Research [PIER 

2011]. 

 

 



 

Chapter 4 

4 COMPARISON BETWEEN SIX-PORT 
AND CONVENTIONAL RECEIVERS 

4.1 INTRODUCTION 

Chapter 2 expounded the main characteristic of three RF architectures suitable 

for SDR.  Nevertheless, a complete analysis of the studied RF architectures also entails 

an experimental comparison based on measured data.  It is the purpose of this chapter 

to compare, by means of experimental results, the performance of six-port, zero-IF, 

and low-IF techniques.  Consequently, a zero-IF/low-IF receiver prototype has been 

also implemented, which will be described below. 

First of all, to have a global picture of the homodyne, heterodyne and six-port 

techniques, let us see Table 4.1.  It gives a parameter-oriented comparison of 

performances for those architectures based on diode-enabling receivers [128].  It can 

be seen that the emerging multiport techniques are able to excel in many aspects, in 

particular, the low LO requirement in terms of power and frequency stability.  

However, multiport architectures do not present good behaviour as for dynamic range, 

compared with heterodyne and conventional homodyne receivers.  The main reason is 

that six-port implementations typically use zero-bias detector diodes, while the square-

law dynamic range is maximized by biasing the detector diode.  In our diode detector 

design, however, a high bias current was selected in order to extend the dynamic range.  

Then, a better dynamic range performance is expected in our six-port receiver 

prototype. 

 

- 87 - 
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Table 4.1  Performance comparison of heterodyne, homodyne and multi-port techniques (with 
reference to diode-based receiver architectures) © 2010 IEEE [128]. 

Parameter Heterodyne Homodyne Six-port 

Dynamic range Excellent Good Average 
LO power and freq. stability Average High Low 
Signal sensitivity Excellent Good Good 
Harmonic control Difficult Average Easy 
IP3 Average Good Excellent 
Port-to-port isolation Difficult to achieve Average Easy to achieve 
Conversion loss Good Good Excellent 
Noise figure Excellent Good Average 
Structure complexity High Low Average 
Wideband/multiband 
flexibility Average Good Excellent 

4.2 ZERO-IF/LOW-IF RECEIVER PROTOTYPE 

As the block diagrams of zero-IF and low-IF configurations are quite similar 

(see Fig. 2.1 and Fig. 2.3), a single receiver prototype for both architectures has been 

developed.  The zero-IF/low-IF receiver has been designed to cover the frequency 

range from 2500 MHz to 2690 MHz.  Channel bandwidth can be selected from 1 MHz 

to 20 MHz. 

The block diagram of the implemented prototype is shown in Fig. 4.1.  The RF 

signal is amplified by a LNA (Low Noise Amplifier), and then it is introduced into an I-

Q demodulator.  A low-pass filter, a video amplifier and a high-pass filter for DC-

offset cancellation are located at each output.  The RF band-pass filter has not been 

included in the prototype.  An automatic gain control (AGC) stage would be necessary 

in a SDR front-end as well. 

 

Fig. 4.1: Block diagram of the zero-IF/low-IF receiver. 
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The prototype, presented in Fig. 4.2, has been implemented in microstrip 

technology (εr=2.17 Cu-clad substrate).  The LNA is the Mini-Circuits PMA-545+ 

model, and the LT5575I-Q is used for the I-Q demodulator.  The bandwidth of the low-

pass filter, (SXLP-21.4+ Mini-Circuits) is 22 MHz.  Notice that for the zero-IF 

architecture, a 10 MHz low-pass filter is sufficient to receive 20 MHz-wide channels, 

but the low-IF receiver requires double bandwidth for the IF stage.  The video 

amplifier is the MAR-8A+.  DC-offset cancellation, needed for zero-IF, is achieved by 

means of high-pass filtering with a series capacitor (1 KHz cut-off frequency). 

 

Fig. 4.2: Zero-IF/low-IF receiver prototype. 

4.3 MEASUREMENT RESULTS 

The experimental comparison of the developed receiver prototypes will be 

presented in this section. The quality of the demodulated signal will be measured in 

terms of the EVM (see section 3.5).  

The configuration of the test-bench, represented in Fig. 4.3, is described next.  

The Agilent E4438C ESG Vector Signal Generator (VSG) generates the RF modulated 

signal.  The local oscillator is the Agilent synthesized sweeper 83752A.  Both 

generators are phase locked.  The output signals of the receiver are acquired by the 

Agilent Infiniium Oscilloscope with an over-sampling ratio OSR=8.  The software, 

implemented in Matlab, is applied in a personal computer to regenerate the I-Q 

components of the original signal.  For the six-port receiver calibration, it has been 

used the conventional six-port auto-calibration method based on training sequence, 

which is described in section 2.4.4.1.  In this case, we have not used our own 
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channelized auto-calibration method (see section 5.2), since it carries out a frequency 

channelization to maximize the quality of the demodulated signal and, therefore, the 

prototypes would have not been compared under the same conditions. 

 

Fig. 4.3: Set-up of the measurement test-bench. 

4.3.1 Performance comparison 

Firstly, the EVM will be measured and compared for the three architectures.  

As the six-port receiver prototype does not include a LNA, it has been bypassed in the 

zero-IF/low-IF prototype, in order to measure the architectures at the same conditions.  

A 2595 MHz signal with a filtered 64-QAM modulation (0.3 roll-off square-root-raised 

cosine filter) is used.  The LO power is PLO=0 dBm, and the RF power (Pin) varies 

from -45 to 0 dBm (take into account that the LNA is not included).  The LO 

frequency is 2595 MHz for zero-IF and six-port receivers; in the case of low-IF, it is 

selected to achieve a lower IF of 2 MHz.  EVM is calculated after the acquisition of 

1000 symbols (8000 samples, OSR=8). 

Fig. 4.4 shows the measured EVM for a symbol rate of 5 Msymbol/s (30 

Mbps).  On one hand, six-port receiver has larger dynamic range than the other 

architectures due to the high dynamic range detector design, with an EVM below 7.5% 

from -45 dBm to 0 dBm.  The measured values of EVM are bellow 7.5 % from -32 

dBm to -11.5 dBm for the low-IF receiver, and from -38.5 dBm to -3.5 dBm for the 

zero-IF receiver.  On the other hand, the minimum value of EVM is obtained with the 

low-IF architecture (2% for Pin=-20 dBm).  Zero-IF receiver has a minimum EVM of 

4.2 % for Pin=-20 dBm.  For the six-port receiver the minimum value of EVM is 3.8 %, 

obtained   with  Pin = -25 dBm.     These   results  are  as  we  expected,  as  the  low-IF  



CHAPTER 4  COMPARISON BETWEEN SIX-PORT AND CONVENTIONAL RECEIVERS 
 

- 91 - 

-45 -40 -35 -30 -25 -20 -15 -10 -5 0
0

5

10

15

20

25

30

Pin (dBm)

E
VM

 (%
)

Zero-IF
Low-IF
Six-port

 

Fig. 4.4: Measured EVM versus Pin: 2595 MHz, 30 Mbps 64-QAM, PLO=0dBm. 
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Fig. 4.5: Measured EVM versus Pin: 2595 MHz, 75 Mbps 64-QAM, PLO=0 dBm. 

architecture does not have DC-offset and flicker noise problems, whereas the 5 

Msymbol/s RF signal is down-converted to a 0-3.25 MHz IF in the direct conversion 

architectures. 

The measurement has been repeated for a wider RF signal.  The maximum 

symbol rate that can be obtained with the VSG is 12.5 Msymbol/s (75 Mbps) for an 

OSR=8, although the zero-IF/low-IF and the six-port receivers theoretically support 20 

MHz and 100 MHz channels, respectively.  The measured EVM for a data rate of 75 

Mbps is presented in Fig. 4.5.  In this case, low-IF presents worse results.  The reason 

is that the IF response curves of the zero-IF/low-IF prototype drop from 15 MHz, as it 

can be seen in Fig. 4.6, and the 12.5 Msymbol/s RF signal is down-converted between 

2 MHz and 18.25 MHz in low-IF configuration.  For the zero-IF and six-port receivers, 

where the signal is down-converted to a 0-8.125 MHz IF,   the values of EVM are very 
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Fig. 4.6: Measured IF response of the zero-IF/low-IF receiver. 
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Fig. 4.7: Constellation diagrams: 2595 MHz, 25 Mbps QPSK, Pin=-25 dBm, PLO=0 dBm. 

similar to that obtained with 5 Msymbol/s.  This proves that the low-IF architecture 

demands more bandwidth and stricter I-Q balance requirements than the direct 

conversion scheme.  Digital equalization and I-Q imbalance compensation techniques 

can be applied to solve these problems [58]-[60]. 

The receiver prototypes have been also validated for other types of modulation 

schemes with similar results.  Fig. 4.7 shows the constellation diagrams obtained after 

the demodulation of a 2595 MHz QPSK signal (0.3 roll-off square-root-raised cosine 

filter), with a symbol rate of 12.5 Msymbol/s.  The LO power is PLO=0 dBm, and the 

RF input power is Pin=-25 dBm. 

4.3.2 Influence of the image frequency in low-IF 

Secondly, the effects of the image frequency on the low-IF receiver will be 

analyzed.  The combination of a 2595 MHz 5 Msymbol/s 64-QAM signal and a 2584.5 

MHz tone are introduced in the low-IF receiver.  The LO power is PLO=0 dBm, and its 

frequency is fixed to 2589.75 MHz to achieve a lower IF of 2 MHz.  After the 

acquisition of 1000 symbols (8000 samples, OSR=8), the EVM is calculated for 
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different image attenuation values.  Measurements results are collected in Table 4.2.  

Signal quality degradation is low for image power levels below the desired signal 

power.  Degradation starts being significant for equal RF and image power levels.  

When the image signal power is higher than the desired signal power, the EVM rises to 

such high values as 10.7 % for an image attenuation of -10 dB.  I-Q imbalance 

compensation algorithms must be applied, as I-Q imbalances decrease the image-reject 

capabilities of the front-end [58]-[60]. 

Table 4.2  Influence of image frequency on low-IF. 

Image Attenuation 
(dB) 

EVM 
(%) 

-10 10.7 
0 2.9 

10 2.5 
20 2.4 
30 2.3 
40 2.1 

4.3.3 Influence of the LO power level 

Finally, the influence of the LO power will be studied.  Remind that one of the 

advantages of the six-port architecture is its operation with low LO powers.  In order to 

prove that characteristic, the EVM as a function of PLO will be measured for the three 

architectures.  In this case, a 2595 MHz QPSK modulated signal (0.3 roll-off square-

root-raised cosine filter) is used.  The symbol rate is 5 Msymbol/s (10 Mbps).  The 

input power level is kept at Pin=-20 dBm.  Fig. 4.8 shows the EVM curves for PLO 

values of 7, 0, -10, and -20 dBm.  EVM is calculated over 1000 demodulated symbols.  

The six-port receiver performance keeps more stable versus PLO variation, with an 

EVM increase of 0.6 points in percentage from 7 dBm to -20 dBm.  Signal quality 

degrades 3.7 points in percentage for the low-IF receiver and 4.6 points for the zero-IF 

receiver.  These results demonstrate that six-port receivers can operate with very low 

LO powers with good performance.  This is an important advantage for SDR, as it 

entails low power consumption and cost reduction.  In addition, problems derived from 

LO leakage and the self-mixing of LO, which are major drawbacks in direct 

conversion architectures, can be reduced. 
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Fig. 4.8: Measured EVM versus PLO: 2595 MHz, 10 Mbps QPSK, Pin=-20 dBm. 

4.3.4 Conclusions 

Interesting conclusions can be extracted from the previous results.  Low values 

of EVM can be obtained with the low-IF architecture for narrowband signals, as DC-

offset and flicker noise problems do not affect the quality of the signal.  However, this 

behaviour is not kept when wideband signals are demodulated.  More bandwidth and 

stricter I-Q balance specifications are required in the low-IF configuration, and the 

image frequency is a major problem that can not be easily solved. 

Direct frequency conversion is a promising alternative, as it does not have the 

image frequency problem.  The zero-IF receiver and the six-port receiver have been 

demonstrated to have better performance than the low-IF receiver for wideband 

signals.  However, the six-port receiver presents clear benefits over the other two 

architectures.  On one hand, it has been demonstrated that the six-port receiver has 

larger dynamic range than the other two architectures for the same LO power, due to 

the high dynamic range diode detector design.  All previous reported six-port receivers 

use zero-biased detector diodes, thereby multi-port receivers are said to have average 

dynamic range performance.  However, the work presented in this chapter 

demonstrates that the use of a bias current has significant benefits in the dynamic range 

extension.  On the other hand, the six-port receiver works whenever the LO power is 

very low.  This is an important advantage for SDR, as it entails low power 

consumption, low cost, and reduction of the problems derived from LO leakage and the 

self-mixing of LO, which are major drawbacks in direct conversion architectures.  But 

the main advantage is that the six-port receiver can operate over extremely large 

bandwidths, as it has been demonstrated in section 3.5.  The multi-band capability of 
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the six-port receiver has been proved from 300 MHz to 6 GHz with a good quality of 

the demodulated signal for high-data rates [PIER 2011],[MILCOM 2010]. 

4.4 OPERATION OF SIX-PORT AS DUAL ZERO-
IF/LOW-IF ARCHITECTURE 

Six-port receivers are typically direct frequency conversion architectures.  

Nevertheless, the operation principle of six-port networks as both homodyne and 

heterodyne receivers was analytically demonstrated in [70].  In spite of it, almost all 

previous reported six-port receivers have been homodyne ones. 

The first reported six-port network used as a heterodyne receiver was presented 

in [129].  The six-port architecture is used for down-converting the RF signal to an 

intermediate frequency of 900 MHz.  The second frequency conversion is performed 

by an analog IF module, composed of two differential amplifiers and a conventional IF 

demodulator.  However, the demodulation capability of the heterodyne six-port 

receiver is only demonstrated by means of simulation results.  In any case, the problem 

of heterodyne receivers is that they require a large number of external components, 

including bulky RF filters for image frequency rejection and IF circuits.  Another 

problem is the difficulty of changing system parameters, since the RF and IF signals 

are processed by fixed narrowband analog components.  Consequently, heterodyne 

architecture is not the best option when a SDR hardware implementation is addressed.  

It is known that low-IF combines the advantages of homodyne and heterodyne 

schemes.  On one hand, low-IF has typical advantages of homodyne configuration such 

as low-cost, flexibility, simplicity, compact size, reconfigurability, and high level of 

integration.  On the other hand, as the IF is not located around DC, there are no DC–

offset and flicker noise problems, like in homodyne receivers.  The main drawback of 

low-IF receivers is the image frequency.  As the image frequency is located very 

closed to RF signal, no RF filters for image rejection can be used.  On the contrary, 

zero-IF receivers do not have the image frequency problem.  Therefore, the most 

appropriate solution would be to take advantage of both zero-IF and low-IF benefits. 

The transformation of the developed SDR six-port receiver into a dual zero-

IF/low-IF SDR six-port receiver does not require any change in hardware.  In effect, 

the new block diagram only has changes in software, as it can be seen in Fig. 4.9.  In 
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the low-IF operation mode, the RF signal is down-converted to an IF closed to zero by 

properly selecting the value of the LO frequency, which could be controlled by 

software.  The final down-conversion to baseband is also performed in the digital 

domain.  In the zero-IF operation mode, the LO and RF frequencies are equal, hence 

the acquired signals are directly baseband signals and no additional frequency 

conversions are required.  Finally, the six-port calibration algorithm is applied to 

regenerate the original I-Q components. 

 

Fig. 4.9: Block diagram of the dual zero-IF/low-IF SDR six-port receiver. 

First of all, we will validate the six-port receiver in low-IF operation mode.  

The RF input signal will be a 2.5 GHz signal with a filtered 64-QAM modulation (roll-

off α=0.3) and a power level of -20 dBm.  The LO frequency will be fixed to achieve 

that the lowest IF is equal to 2 MHz, and the LO power level will be 0 dBm.  In such 

conditions, the constellation diagram is that presented in Fig. 4.10. 
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Fig. 4.10: Constellation diagram obtained from the six-port receiver in low-IF operation mode. 

The performance comparison of the six-port receiver operating in zero-IF and 

low-IF modes is presented in Table 4.3.  The lowest values of EVM are obtained in the 
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low-IF mode, as DC-offset and flicker noise problems do not affect the quality of the 

signal.  That is the reason why the low-IF improvement is more evident for narrow 

band signals, apart from the additional signal degradation in zero-IF due to the DC-

offset cancellation high-pass filter.  However, remind that this did not happen in the 

conventional zero-IF/low-IF receiver prototype, where low-IF was superior only for 

narrow band signals.  It was due to the I-Q imbalances, which are now compensated by 

the calibration method in the six-port receiver.  Nonetheless, it is worth to emphasis 

that the double baseband bandwidth is required in the low-IF mode, which means more 

complexity in the diode detector design and in the A/D conversion module. 

Furthermore, image frequency remains a major problem in low-IF mode.  

Analogously to proceed in section 4.3.2, a RF tone located at the image frequency is 

introduced in combination with the desired signal.  Table 4.4 shows the effect of the 

image frequency on the EVM.  Note that in this case the degradation of EVM is higher 

than that observed with the conventional low-IF receiver for the same image 

attenuation.  Take into account that the calibration constants are calculated from a 

training sequence within the received data frame.  Therefore, in the presence of an 

image frequency the six-port calibration may produce erroneous calibration constants 

values, leading to an inadequate IQ regeneration. 

To sum up, the six-port architecture is susceptible to operate as both zero-IF 

and low-IF down-conversion schemes without any hardware modification.  The system 

reconfigurability can be completely controlled via software.  Such flexibility is a very 

important advantage, since the system operation mode can be selected depending on, 

for example, the application, the environment conditions, etc.  For example, the low-IF 

operation mode can be selected for narrow band signals, since DC-offset and 1/f noise 

would not degrade the downconverted signal and the A/D conversion requirement 

would be reachable.  However, digital compensation techniques must be applied for 

image rejection.  Moreover, zero-IF mode is more suitable for high-speed signal 

demodulation, as half video bandwidth is demanded compared with low-IF. 

Table 4.3  Performance of the six-port receiver operating in zero-IF and low-IF modes. 

Symbol rate 
(Msymbol/s) 

Bit rate 
(Mbps) 

Six-port as zero-IF Six-port as low-IF 

IF (MHz) EVM (%) IF (MHz) EVM (%) 

1.9531 11.71 0-1.2695 6.37 2-4.539 3.05 
12.5 75 0-8.125 4.4 2-18.25 3.69 
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Table 4.4  Influence of image frequency on the six-port receiver in low-IF mode. 

Image Attenuation 
(dB) 

EVM 
(%) 

-10 36.73 
-5 31.45 
0 22.77 

10 13.15 
20 4.04 

4.5 SUMMARY 

An experimental performance comparison between the developed six-port 

receiver and a conventional zero-IF/low-IF receiver has been presented in this chapter.   

On one hand, low-IF architecture can achieve very low values of EVM for 

narrow band signals, as it is not affected by DC-offset and 1/f noise problems.  

However, direct conversion receivers seem to be the best option when dealing with 

broadband signals.  Low-IF requires the double bandwidth than direct conversion 

schemes, whereby it is more difficult to maintain proper I-Q balance, which is 

indispensable to achieve a good image frequency rejection.  Image frequency remains a 

major problem in low-IF receivers, as it can not be easily solved. 

On the other hand, the six-port technique shows benefits over conventional 

zero-IF and low-IF receivers.  It can operate with very low values of LO power such as 

-20 dBm, keeping good quality of the demodulated signal.  This is a very important 

advantage for SDR, as it entails low-cost and low power consumption, as well as a 

reduction of the LO self-mixing problem, troublesome in direct conversion 

architectures.  In addition, the six-port receiver presents larger dynamic range for a LO 

power around 0 dBm, due to the selection of a high bias current in the diode detector 

design.  Another key advantage is that six-port receivers can operate over extremely 

large frequency ranges.  The demodulation capability of the developed six-port 

receiver has been proved from 300 MHz to 6 GHz, which is a four-octave frequency 

range. 

Last but not least, we have demonstrated the capability of the six-port 

architecture to operate as both zero-IF and low-IF down-conversion schemes.  Six-port 

receivers are traditionally direct conversion architectures.  However, we have proposed 

a dual zero-IF/low-IF SDR six-port receiver, in order to take advantage of both 
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architectures.  Such dual operation mode does not require any change in hardware, 

since all signal processing is digitally performed. 

Considering all the factors mentioned above, it seems logical to go for six-port 

architecture as a strong candidate to implement a SDR. 

The contents of this chapter have been presented in the IEEE International 

Carnahan Conference on Security Technologies 2010 [ICCST 2010], and in the 

national conference Simposium Nacional de la Unión Científica Internacional de 

Radio URSI in 2010 [URSI 2010-2], and 2011 [URSI 2011].  More details can also be 

found in [130].  As commented in chapter 2, previous to the experimental results 

presented in this chapter, several comparative studies based on theoretical and 

simulation analysis were carried out [SDRF 2009],[URSI 2008],[107].  The results 

extracted from these studies were the starting point for the work presented in this 

chapter. 
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Chapter 5 

5 I-Q REGENERATION TECHNIQUES 
FOR SIX/FIVE-PORT RECEIVERS 

5.1 INTRODUCTION 

One of the key points of this thesis consists in the research and development of 

new real-time I-Q regeneration techniques for multi-port receivers.  In fact, this is a 

highly topical subject in six-port receivers.  Two new techniques are proposed in this 

chapter.  The first technique is a training-sequence-based auto-calibration method for 

multi-port receivers.  The second one is an analog direct baseband I-Q regeneration 

method for five-port receivers.  The detailed description of the two proposed 

techniques is presented below. 

5.2 CHANNELIZED AUTO-CALIBRATION METHOD 

5.2.1 Motivation 

As it was seen in section 2.4.2, and according to (2-35) and (2-36), in a six-port 

receiver the original I-Q components can be recovered from four power measurements 

and eight calibration constants depending on system response.  In the case of a five-

port receiver, three power observations are enough, thus six calibration constants are 

required.  However, six/eight constant values may be insufficient to characterize the 

system, especially for wide-band applications. 

Radio frequency architectures for SDR require broadband capabilities to 

operate in multiple bands with multiple standards.  Furthermore, future communication 

systems will operate with ultra-high-speed signals, which occupy very large 

bandwidths.  The problem is that broadband designs do not present a constant or flat 

response over their large bandwidth.  Reflections provoked by mismatches between the 
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components can produce a ripple over the response.  In the case of six-port receivers, 

such reflections are typically caused by diodes mismatches, as well as by the variations 

of the diodes coefficients.  Therefore, it seems clear that the regeneration of the I-Q 

components from eight/six calibration constants could not be accurate enough for high-

speed signals, as the calibration constants depend on frequency.  To solve this problem 

we propose an auto-calibration method based on a computational efficient sub-band 

division.  The method is specially suited for broadband communications and strict 

quality of service (QoS) requirements. 

5.2.2 Method description 

The proposed method is based on the use of a known training sequence at the 

beginning of each burst to auto-calibrate the system, as the classical real-time six-port 

auto-calibration method presented in section 2.4.4.1 [91]-[92].  In order to deal with 

the problem presented above, we propose a new auto-calibration method based on 

digital channelization.  The method consists of separating the signal in sub-bands in the 

digital domain, and calculating the calibration constants at each band separately and 

simultaneously.  Although the concept of digital channelization seems simple, 

however, in a communication system it must be done in real-time, so a computationally 

efficient filtering is needed. 

We have selected a particular family of FIR (Finite Impulse Response) type 

filters for this purpose.  The number of filters of the family, N, coincides with the order 

of each filter.  The coefficients, bk, of each filter, i, are: 

kN
2)1i(ji

k eN
1b

π−
=  (5-1) 

with k=0,…,N-1 and i=1,…,N.  Notice that the coefficients of the first filter, bk
1, are all 

one (corrected by a 1/N factor to normalize the filter gain), and the coefficients of the 

other filters are equal to bk
1 but with phase shifts that are integer multiples of 2π/N 

radians.  This means that the first filter is an Nth-order low-pass filter, and the other 

filters are equal to the first one but shifted an integer multiple of 2π/N rad/sample.  

Each filter has a null response at the central pulsation of the other filters.  Therefore, 

the spectrum is divided into N sub–bands using a small number of coefficients, so the 

required operations can be performed by the hardware in a real time processing.  Let us 



CHAPTER 5  I-Q REGENERATION TECHNIQUES FOR SIX/FIVE-PORT RECEIVERS 
 

- 103 - 

consider the family of four filters, whose frequency response is shown in Fig. 5.1.  The 

coefficients of the four filters are: 

[ ]1111b1k =  (5-2) 

2
kb =[1 +j -1 -j]  (5-3) 

[ ]1111b3k −−=  (5-4) 

[ ]j1j1b4k −−=  (5-5) 

In this case, central digital pulsations are 0, ±π/2 and ±π rad/sample; and the 

coefficients are equal to bk
1 but shifted ±π/2 and ±π rad.  This characteristic is 

especially interesting, as it means that multiplications are not necessary.  The required 

operations reduce just to sums and subtractions, speeding up the signal processing.  

Indeed, a ±π rad phase shift means just to subtract the sample, and a ±π/2 rad phase 

shift means to exchange the real part for the imaginary part and to sum/subtract. 

-2/N -1/N 0 1/N 2/N
0

0.5

1

Digital Frequency

(M
ag

)

 

Fig. 5.1: Frequency response of the family of N=4 filters. 

It can be demonstrated that the sum of every filter response forms a flat all-

pass filter.  Then, the I-Q components of every sub–band can be added up to obtain the 

overall I-Q components of the original signal.  Therefore, signals coming from the four 

six-port receiver outputs are filtered, and the calibration constants of every sub-band 

are simultaneously calculated from (2-62)-(2-63).  I-Q components at each sub-band 

are obtained applying the corresponding calibration constants into (2-35)-(2-36).  
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Finally, adding the I-Q components of every sub–band, the I-Q components of the 

original signal are obtained.  Fig. 5.2 represents the scheme of the channelized auto-

calibration method for N=4.  The proposed method can be also combined with adjacent 

channel rejection techniques, as that described in [92]. 

 

Fig. 5.2: Scheme of the channelized auto-calibration method. 

5.2.3 Method validation 

The test bench corresponds to that presented in Fig. 3.55.  The Agilent E4438C 

ESG Vector Signal Generator (VSG) generates the RF modulated signal.  The LO is 

the Agilent synthesized sweeper 83752A.  Both generators are phase locked.  The 

output signals of the six-port receiver are acquired by a four-channel oscilloscope 

(Agilent Infiniium), with an over-sampling ratio OSR=8.  The auto-calibration and I-Q 

regeneration software, implemented in Matlab, is applied in a personal computer, and 

the EVM is calculated.  We use a 2.45 GHz RF signal with a filtered 64-QAM 

modulation (α=0.3 roll-off square-root-raised cosine filter).  The six-port receiver 

demonstrator can operate with up to 100 MHz-wide signals, so it is expected to 

perform symbol rates of about 100 Msymbols/s.  However, the Agilent E4438C VSG 

limits the symbol rate to 12.5 Msymbols/s (75 Mbps) for OSR=8.  The LO power is 

PLO=0 dBm, and the RF power (Pin) varies from –45 to –5 dBm.  After the acquisition 

of 9200 symbols (73600 samples, OSR=8), we process the data as bursts of length 200 

symbols.  We use the first 50 symbols to auto-calibrate the system at each burst, and 

then we demodulate the data sequence of length 150 symbols. 
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It is advisable to use families with few filters, as it entails few coefficients and 

thus filtering operations can be real-time performed by the hardware.  A lower number 

of filters can be used by means of previous downsampling.  We have used a 

downsampling ratio of 2, so downsampling and filtering with N filters is similar to use 

2N filters without downsampling, except for a slight worsening for low input powers 

due to the noise aliasing provoked by the downsampling.  Nevertheless, this could be 

solved by applying a simple anti-aliasing pre-filtering technique, consisting of forming 

a decimated version of the signal summing the samples of the original sequence in 

twos (presumming technique).  This is equivalent to use a low-pass second-order FIR 

filter whose coefficients are equal to one followed by a downsampling with a ratio of 

2. 

We have compared the EVM obtained from the conventional auto-calibration 

method (Conventional AM), with no sub-band division [91],[92], to that obtained from 

our proposed channelized auto-calibration method (Channelized AM), with and 

without downsampling.  Fig. 5.3 (a) shows the measured EVM as a function of Pin.  

Take into account that neither a LNA nor an AGC have been included in the receiver.  

EVM curves show quality degradation for high levels of Pin due to the rectified wave, 

a baseband term superposed to the desired signal that increases quadratically with the 

signal power and, therefore, produces more degradation for high power levels [70].  

The results show significant EVM improvements, up to 0.3 percentage points with 

respect to conventional AM for N=8 filters or N=4 with downsampling.  For a 

Gaussian noise model and a number of received symbols greater than the alphabet 

length, EVM and signal to noise ratio (SNR) are related by the expression [126]: 

2EVM
1SNR ≈  (5-6) 

From (5-6), we can obtain the BER (Bit Error Ratio) curves represented in Fig. 

5.3 (b).  A maximum BER improvement of about one order of magnitude is achieved 

with N=8 filters or N=4 with downsampling.  The channelized auto-calibration method 

is specially suited for broadband communications and strict QoS requirements, but it is 

not useful for reducing the sensitivity.  The BER reduction is significant with few 

filters, but if best results are desired, there will be a trade-off between BER reduction 

and computational efficiency.  The use of the proposed channelized auto-calibration 
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method with only four filters introduces an improvement of 8dB in the dynamic range 

of a receiver subject to a BER=10-6 specification.  This is an important advantage of 

the method, as multi–port schemes do not present good dynamic range behaviour 

[128]. 
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Fig. 5.3: Validation of the channelized auto-calibration method: 75 Mbps 64-QAM, 2.45 GHz 
(a) Measured EVM versus Pin (b) BER calculated from EVM. 

Obviously, the benefits of the auto-calibration method will be more significant 

for wideband signals and strong system imbalances, although we can not 

experimentally prove it because of the test instruments limitations (max. 12.5 

Msymbol/s).  To demonstrate it, we have simulated the performance of a six-port 

receiver composed of a six-port network, four power detectors and four low-pass 



CHAPTER 5  I-Q REGENERATION TECHNIQUES FOR SIX/FIVE-PORT RECEIVERS 
 

- 107 - 

filters.  The input signal is the complex envelope of a 64-QAM modulated signal 

(α=0.3) with a bit rate of 420 Mbit/s, combined with an additive white Gaussian noise 

(AWGN).  The OSR is 8.  The LO power is 0 dBm, and the RF power varies from –70 

to –10 dBm.  Power detectors present square law behaviour and the low–pass filters 

have ideal responses.  The six-port network topology is that shown in Fig. 3.2.  We 

have introduced different ripples over the nominally magnitude and phase parameters 

of each output port: between 2.5 and 3 dB in magnitude, and 1º and 6º in phase.  These 

ripples have been modelled as sine type functions with a fast frequency variation, in 

order to validate the auto–method under critical conditions.  The simulated BER curves 

versus SNR are presented in Fig. 5.4.  It is worth noting that simulated BER curves 

respond to the real curves tendency observed in Fig. 5.3.  On one hand, no significant 

BER improvements are achieved for low values of SNR.  The effect of the noise 

aliasing when the downsampling is applied can clearly be appreciated in Fig. 5.4.  On 

the other hand, it can be seen the increase in BER for high input power levels due to 

the rectified wave.  And finally, the BER improvement is maximized when the 

dominant source of distortion responds to system imbalances (SNR=40 dB).  As it 

happened in the experimental validation, BER improvements of about one order of 

magnitude are achieved with N=8 filters or N=4 with downsampling.  Using N=16 

filters or N=8 with downsampling, a BER below 10-6 is reached, since the original 

BER value of 10-3 obtained with the conventional AM. 
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Fig. 5.4: Simulated BER versus SNR for a 420 Mbps 64-QAM signal and strong si port 
frequency response variations. 

x-



CHAPTER 5. I-Q REGENERATION TECHNIQUES FOR SIX/FIVE-PORT RECEIVERS 
 

- 108 - 

5. D 
FOR FIVE-PORT RECEIVERS 

The main characteristic of the six(five)-port architecture is its extremely large 

and and multi-mode capabilities.  Six(five)-port 

networks can operate at very hig

 circuit, eliminating two baseband branches and the calibration process (see 

section 

without adding complexity to the original circuit.  The proposed method solves the 

3 DIRECT BASEBAND I/Q REGENERATION METHO

5.3.1 Motivation 

bandwidth, which involves multi-b

h frequencies, being a serious alternative for 

millimeter-wave frequencies and high data rate applications.  Nevertheless, as it 

happens with the conventional zero-IF architecture, DC-offset, 1/f noise and second-

order intermodulation distortion (IMD2) are primordial drawbacks.  In addition, a 

calibration process is required in order to recover the original I-Q signals, and more 

baseband outputs are needed (hence more low-pass filters, video amplifiers, ADCs, 

etc.). 

The typical six-port topology admits analog I/Q regeneration by means of a 

simple

2.4.4).  This is possible due to the particular characteristics of this six-port 

topology: the LO and RF signals are combined with equal amplitudes, and relative 

phase shifts of 0, π/2, -π/2, and π rad.  However, the habitual procedure in five-port 

receivers is to digitalize the three output signals and apply a calibration algorithm 

[15],[92],[131].  Some first approaches of analog I-Q regeneration in five-port 

receivers used the above mentioned six-port topology with one port reduction.  From 

these particular five-port parameters, a formulation is derived and an analog circuit is 

proposed to recover the original I/Q components.  However, the particular conditions 

from which the analog circuit is derived in [133], cannot be extended to a general five-

port network.  For example, the design criterion of an optimal five-port network 

imposes relative phase shifts of 0º, 120º, and -120º.  Here we propose a new, general, 

and simple method to recover the original I/Q signals in five-port architectures, without 

using any calibration process.  It is based on the use of an analog I/Q regeneration 

circuit [132], whose structure is derived from a mathematical formulation, which is 

valid for any kind of five-port topology fulfilling simple necessary conditions.  In fact, 

it will be demonstrated that the work presented in [133] responds to a particular case of 

the proposed method.  The analog I/Q regeneration circuit can be easily integrated 
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sed on the assumption that there is a 

plitudes of the output signals in 

fts with respect to the signal in port 4 

have to

above-mentioned six(five)-port architecture drawbacks, as it eliminates one baseband 

output and the calibration algorithm without any reduction in the operating frequency 

band.  Moreover, the method allows not only to recover the original I-Q signals, but 

also to reduce the DC-offset and IMD2.  Consequently, the dynamic range can be 

extended due to the lower output voltages, as a consequence of the DC-offset and 

IMD2 reduction. 

5.3.2 Method description 

The present I/Q regeneration method is ba

symmetry axis in port 4 [132].  That means that the am

ports 3 and 5 have to be equal, and their phase shi

 be complementary.  Therefore, the next two symmetry conditions have to be 

fulfilled: 

(I) Amplitude symmetry condition: 

5235353 K=K,B=B,A=A 2  (5-7) 

(II) Phase symmetry condition: 

-3 0 4 0 5 0θ = C +γ ,θ = C ,θ = C γ  (5-8) 

To simplify the expressions, we will choose C0= 0, which will only cause a 

rotation of the constellation.  This rotation can be easily compensated  

equalization process.  Under amplitude and phase symmetry conditions, the system of 

equatio

by an

ns (2-49) reduces to: 

( )
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⎢
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γSγS
S  (5-9) 

Consequently, the calibration constants result in: 

( )-
-I

3 α βcos γ
β1r =

2S
 (5-10) 
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( )-
-I

3

1 1s =
S α βcos γ

 (5-11) 

I It = r  (5-12) 

( )-Q
3

1 1r =
2S sin γ

 (5-13) 

Qs = 0  (5-14) 

-Q Qt = r  (5-15) 

with 
3

4

R
R=β , and 

3

4

S
S=α . 

Substituting (5-10)-(5-15) into (2-50)-(2-51), we obtain: 

( ) ( ) ( ) ( ) dcIII Vμtvtv
β

+tvμ=tI +−− ]2[ 543  (5-16) 

( ) ( ) ( ) dcQQQ Vμtvtvμ=tQ -][ 53 −  (5-17) 

being 

( )γβα
β=μI cos2S

1

3 −
 (5-18) 

( )
( )
( ) IQ μ
γβα

γβ=
γ

=μ ⋅
− cos

sin
sin

1
2S
1

3

 (5-19) 

5,4,3,
2

dcdcdcdcI VVVV −+−=
β

 (5-20) 

05,3, =− dcdcdcQ VV=V  (5-21) 

Note that the amplitude symmetry condition (5-7) involves that the DC 

component in the Q-path, VdcQ, is null, since Vdc,3 s equal to Vdc,5. The two expr

given by (5-16) and (5-17) can be easily performed by a low-cost operational-

amplifier-based circuit, as that shown in Fig. 5.5. The output voltages v3(t), v5(t), and  

 i essions 
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Fig. 5.5: Structure of the analog I/Q regeneration circuit. 

v4(t), are injected into the input ports 1, 2 and 3, respectively. The first operational 

amplifier performs the subtraction of v3(t) and v5(t). The other two amplifiers perform 

the sum of v5(t) and v3(t), and the subtraction of twice the voltage v4(t) divided by β. 

This provides the inal I/Q signals,  Iout(t) and Qout(t) signals, which are equal to the orig

excepting for the factors 1/μI and 1/μQ: 

( ) ( ) ( ) ( ) dcI
I

out V
μ
I(t)=tvtvtv=tI −−+− 543

2
β

 (5-22) 

( ) ( ) ( )
Qμ

Q(t)=tv5−  (5-23) 

The expression of the Iout/Qout signals regenerated from the proposed technique 

can be obtained by substituting the values of the three output signals given by (2-48) 

into (5-22)-(5-23): 

out tv=tQ 3
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where 

)coscos  ,  coscosS2cos( 5533554433 φφφφ
β

φ SSS+SaI −−−=
r  (5-25) 
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β
φ SSS+SaQ
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543 R2 R+R=RI −−
β

 (5-27) 

053 =− RR=RQ  (5-28) 

The amplitude symmetry condition (5-7) involves that the terms VdcQ, and RQ 

are null. Therefore, the DC component and the rectified wave, RQ·n(t), will not appear 

in the regenerated Qout(t) signal. If we consider, in addition to symmetry of ports 3 and 

5, that the three outputs are amplitude balanced, that is, α=1 and β=1, the expressions 

(5-16) and (5-17) are reduced to 

( ) ( ) ( ) ( )]2v[ 543 tvt+tvμ=tI I −−  (5-29) 

( ) ( ) ( )][ 53 tvtvμ=tQ Q −  (5-30) 

where 

( )γ=μI cos1
1

2S
1

3 −
 (5-31) 

IQ μγ=μ ⋅⎟
⎠
⎞

⎜
⎝
⎛

2
tan  (5-32) 

In this case, VdcI, and RI are null, hence dcI and RI·n(t) will be also elim  

in the regenerated Iout(t) signal. In any case, the DC components could be eliminated 

from the recovered Iout/Qout signals with analog high-pass filters, or in the digital 

domain by simply removing the average. On the contrary, the rectified wav

cannot be eliminated from Iout/Qout, as it is a baseband term superposed to the desired 

signal. 

V inated

e, n(t), 

The rectified wave increases quadratically with the signal power and, therefore, 

produces degradation for high power levels. 

5.3.2.1 Orthogonality of the Regenerated I/Q Signals 

Ia
r and Qa

r  form a vector base relating the I/Q signals and the Iout/Qou t signals.  

Therefore, the orthogonality of the Iout/Qout signals is determined by the vector base 

orthogonality.  This means that the scalar product of Ia
r and Qa

r  must be zero: 
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( )

( ) 0sinsinsisinSsin 5533554433 =SSS+S+ φφφφ
β

φ

β

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

⎠⎝  (5-33) 
n2

coscoscoscosScos 5533554433 SSS+S=aa QI φφφφφ

⋅

−⋅⎟⎟⎜⎜ −−⋅

Assuming amplitude symmetry in ports 3 and 5 (5-7), the scalar product results 

in: 

2 ⎞⎛rr

( ) ( )54434343 cosS2cosS2 φφ
β

φφ
β

−−−⋅ SS=aa QI
rr  (5-34) 

which is equal to zero if: 

3 4 4 5- = -Φ Φ Φ Φ  (5-35) 

This above expression corresponds precisely to the phase symmetry con

(5-8).  Consequently, the orthogonality of the received Iout/Qout signals is ensured 

under the am mmetry conditions expressed in (5-7)-(5-8).  This 

means that a symmetrical 3-way RF circuit with respect to port 4 is needed, that is, 

with symmetry between ports 3 and 5.  And most of the five-port circuits in the 

literatur

nality degradation due to lack of symmetry. The degradation 

coming

dition 

plitude and phase sy

e satisfy this condition. 

The orthogonality of the regenerated IQ signals does not depend on the value 

of γ, provided that the amplitude and phase symmetry conditions are fulfilled. 

Nonetheless, when the five-port circuit response deviates from the symmetrical 

behavior, the selection of γ can be important. To illustrate this situation, we have 

simulated the orthogo

 from lack of phase symmetry has been evaluated by introducing a phase error 

into port 5, that is: Φ3=γ, Φ4=C0=0, Φ5=-γ-ΔФ, where ΔФ represents the phase 

deviation from symmetry. To evaluate the degradation due to lack of amplitude, v5(t) 

has been divided by a factor α, which represents the amplitude error. The results are 

plotted in Fig. 5.6. The conclusion is that the orthogonality is more vulnerable to phase 

errors as γ separates from 90º. For example, a ±10º phase error leads to a maximum IQ 

phase imbalance of 5º for γ=50º and γ=130º; 2.3º for γ=70º and γ=110º; and 0.5º for 

γ=90º. Moreover, a ±10º IQ phase imbalance can be obtained with amplitude errors of 

±3 dB. 
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. 5.6: Orthogonality degradation due to lack of symmetry. 

5.3.2.2 

The regenerated Iout(t) and Qout(t) signals differ from the original I(t) and Q(t) 

signals by the factors 1/μI and 1/μQ (5-22)-(5-23), respectively.  Moreover, μI and μQ 

depend on γ as n of γ does not 

have influence in the fulfilment of condition (5-8) and, therefore, in the Iout/Qout 

s will be 

differen

ering the typical value of S3=0.5.  As it can be seen, the 

original

Fig

Amplitude of the Regenerated I/Q Signals 

for (5-31)-(5-32).  This means that, although the selectio

orthogonality, the amplitude of the regenerated Iout(t) and Qout(t) signal

t depending on γ. 

Let us consider, for simplicity, a fully symmetrical five-port circuit, that is, 

α=1 and β=1.  As it can be derived from (5-32), the relation between the amplitudes of 

Iout(t) and Qout(t) responds to μQ/μI=tan(γ/2).  Therefore, the I-Q amplitude imbalance 

will be determined by tan(γ/2).  Fig 5.7 represents the values of 1/μI, 1/μQ, and tan(γ/2) 

as a function of γ, consid

 I/Q signals can be directly recovered from Iout(t) and Qout(t) if γ=90º, and no 

amplitude imbalance is observed in this case.  The amplitude imbalance increases as γ 

separates from 90º, so either analog or digital amplitude imbalance correction is 

required.  Around γ=90º, 1/μQ keeps a constant value of 1, and 1/μI is equal to tan(γ/2), 

which presents a linear tendency.  An analog amplitude compensation could be easily 

performed by means of a variable gain block in the I-channel, as the correction can be 

directly obtained from the received Qout(t) signal.  Amplitude imbalance can be also 

digitally compensated. 

The work presented in [133] responds to the particular situation of a five-port 

circuit with γ=90º, and the same amplitude response in the three ports.  The authors 
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 optimal five-port network imposes γ=120º.  We have 

demons

extract the equations describing the I/Q regeneration circuit behavior from these 

specific conditions, but they do not consider a general five-port junction.  However, the 

design criterion of an

trated that the proposed I/Q regeneration technique can be extended to any 

five-port structure, as long as it fulfils the amplitude and phase symmetry conditions 

just in ports 3 and 5 (5-7)-(5-8). 

50 60 70 80 90 100 110 120 130
0.2

0.6

1

1.4

1.8

2.2  

tan(γ/2)

1/μQ

γ (º)

 
1/μI

 

Fig 5.7: Variation of 1/μI, 1/μQ, and tan(γ/2) with γ. 

5.3.2.3 DC-offset and IMD2 suppression 

The term K2·[x(t)]2 in (2-25) represents a second-order nonlinearity, which 

generates undesired baseband beats affecting the performance of direct conversion 

receivers [27],[42]. ented as Vdc,i and 

Ri·n(t) in (2-48).  Moreover, in the presence of strong interfering signals, other 

on occurs, for example, 

when a

  These undesired distortion terms are repres

undesirable distortion products can be generated.  This situati

n adjacent channel is located within the bandwidth of the receiver’s RF filter.  

In this case, the RF input signal would be: 

( ) ( )[ ] ( ){ }tfj
adj

tfj
RF

adjRF etzetjQtIe=tv ππ 22  )( ⋅+⋅+ℜ  (5-36) 

where fadj and zadj(t)=Iadj(t)+jQadj(t) represent, respectively, the frequency and the 

complex envelope of the adjacent channel signals.  If |fadj - fLO| is greater than the cut-

off frequency of the low pass filter, the output vi(t) signals will be: 

( ) ( ){ }
( )

2 22 2 2 2 2 2 2 2
,( ) = + ( ) + ( ) + ( ) + ( )

2 2

+ ( )cos + ( )sin

adj

i i
i i LO i f i adj adj

i i i

K K
v t A V B I t Q t B I t Q t

S I t Φ Q t Φ

 (5-37) 



CHAPTER 5. I-Q REGENERATION TECHNIQUES FOR SIX/FIVE-PORT RECEIVERS 
 

- 116 - 

 Qadj(t).  (5-37) can 

rewritten as follows 

with Bfadj, i the five-port circuit attenuation from the RF port at fadj.  Therefore, not only 

the self-mixing of the LO and useful signals will appear, but also the self-mixing of the 

adjacent channels, which occupy twice the bandwidth of Iadj(t) or

( ) ( ) ( ) ( ) ( )[ ]tQ+tIS+tnRtnRdcV=tv iiiadjiiiidci φφ sincos'', +++  (5-38) 

where 2
,

2

2
' if

i
i adj

BK=R . dci’ and nadj(t) are, respectively, the DC and time variant 

components of the self-mixing of the adjacent channel.  Now the expression of Iout/Qout 

will be: 

( )
( )

( )
( ) ( ) ( ) ⎥

⎦

⎤
⎢
⎣

⎡
+⋅⎥

⎦

⎤
⎢
⎣

⎡
+⋅⎥

⎦

⎤
⎢
⎣

⎡
+⎥

⎦

⎤
⎢
⎣

⎡
⋅⎥

⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡

dcQ

dcI
adj

Q

I

Q

I

Q

I

out

out

V
V

tn
R
R

tn
R
R

tQ
tI

a
a

=
tQ
tI

'
'

r

r

 (5-39) 

Where 543
2'' +R=R I −
β

'R' R− , and 0''' 53 =−RR=R Q . 

On one hand, the amplitude symmetry condition between ports 3 and 5 

involves that the terms VdcQ, RQ and R’Q are null.  Hence, no DC-offset and IMD2 will 

appear in the Q-path.  On the other hand, if the same amplitude response is presented 

in port 4, VdcI, RI and R’I will be null, and the DC-offset and IMD2 terms will be also 

eliminated in the I-path. 

Another possible situation that results in the generation of undesirable 

baseband com

tween ports 3 and 5 ensures distortion rejection in 

the Q-signal; considering the same attenuation in port 4, the distortion can be also 

ponents is the following.  Consider two strong signals, cos(2πf1t) and 

cos(2πf2t), separated in frequency an amount f2-f1=Δ, less than the bandwidth of 

interest.  When these signals are exposed to a second-order nonlinear behavior, a 

baseband beat is generated at Δ Hz: 

( ) )2cos(')(sin)(cos
1

iiii

n=  (5-40) 

where S’

)(')()(
2

,,,

tStQtIS

tnRtnRVtv nadjniiidci

ΔπΦΦ +++

⋅+⋅+= ∑

i=K2i·Bf1,i·Bf2,i, and Bf1 and Bf2 are the five-port circuit attenuations from the 

RF port at frequencies f1 and f2.  The same conclusions can be extracted in this case: 

the amplitude symmetry condition be
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eliminated in the I-path.  Consequently, the IMD2 and the DC-offset can be eliminated 

in the regenerated I/Q signals if there is the same attenuation in three output port

5.3.3 Method validation 

s. 

A five-port receiver prototype has been developed in order to validate the 

proposed I/Q regeneration method.  The block diagram of the fabricated five-port 

receiver is shown in Fig. 5.8.  It is composed of a five-port demodulator circuit and an 

analogical I/Q regeneration circuit. 

 

Fig. 5.8: Block diagram of the developed five-port receiver. 

 

Fig. 5.9: Fabricated five-port circuit. 

 

Fig. uit.  5.10: Fabricated I/Q regeneration circ
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Fig. 5.9 illustrates a photograph of the fabricated five-port circuit, using MIC 

(Microwave Integrated Circuits) technology.  It is composed of a five-port junction and 

three power detectors.  The five-port interferometer is a microstrip ring designed for a 

2.1 GHz central frequency, using a FR4 substrate (εr=4.7, h=1.59 mm).  It is designed 

under amplitude and phase conditions (5-7)-(5-8), with γ=120º.  The power detectors 

are implemented using the Agilent HSMS2850 Schottky diode. 

Fig. 5.10 shows the fabricated I/Q regeneration circuit, which responds to the 

configu

e imbalance 

lacement are introduced 

into the RF and LO input ports.  These signals come from two Agilent E8267D signal 

=0 

dBm, a

ct to signal v4(t) (Φ3-Φ4, Φ4-Φ5).  As it can 

be seen, the c

ration represented in Fig. 5.5, with β=1.  The values of R1 and R2 have been 

selected to achieve a voltage gain of 30.  Therefore, in order to ensure equal and high 

load impedance at the three detectors outputs, a simple circuit composed of three 

followers has been added before the I/Q regeneration circuit. 

5.3.3.1 Measured I/Q phase and amplitud

According to the theory presented above, the orthogonality of the regenerated 

I/Q signals is ensured when both amplitude and phase symmetry conditions (5-7)-(5-8) 

are maintained.  Consequently, the first step is to verify if the developed five-port 

circuit fulfils these symmetry conditions. 

Two sinusoidal signals with a 10 kHz frequency disp

generators, which have been phase locked.  The LO power level is fixed to PLO

nd the RF power to PRF= -35 dBm.  The three output signals of the five-port 

circuit are introduced into the Agilent 54622A oscilloscope.  Fig. 5.11 represents the 

measured amplitudes of the three output signals (V3, V4, V5), and the measured phase 

shifts of signals v3(t) and v5(t) with respe

ircuit keeps phase symmetry in a very large frequency range, from 0.5 to 

2.5 GHz.  However, the amplitude balance between ports 3 and 5 is only maintained 

around the central frequency, 2.1 GHz, as five-port rings typically cover less than 20% 

bandwidth.  A ±3.5 dB amplitude imbalance between ports 3 and 5 is observed from 

0.5 to 2.5 GHz.  Therefore, from Fig. 5.6, a maximum IQ phase imbalance of 11.5º is 

foreseen. 
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Fig. 5.11: Measured amplitude and phase shift of the five-port circuit outp gnals (PRF=-35 
dBm, PLO=0 dBm, Δf= 10 KHz), and simulated IQ phase diffe ce. 
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Fig. 5.12: Measured amplitude and phase of the received I/ RF=  dBm, PLO=0 
dBm, Δf= 10 KHz), and simulated I/Q phase difference. 
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Fig. 5.13: Comparison between the measured phase shift of the five-port circuit output signals 
and the value of γ calculated from the measured IQ amplitudes. 
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Next, the I/Q regeneration circuit is connected to the five-port circuit, and the 

received I/Q signals are introduced into the Agilent 54622A oscilloscope.  The 

measured amplitudes and phase difference of the received I/Q signals are presented in 

Fig. 5.12.  The simulated IQ phase imbalance, calculated from the measured five-port 

circuit response (Fig. 5.11), is also plotted in Fig. 5.12.  On one hand, a constant phase 

difference around 90º is maintained from 0.5 to 2.3 GHz, although there is not 

amplitude symmetry in this frequency range.  The maximum phase imbalance is 10º.  

Therefore, it seems that the phase symmetry condition has more influence in the I/Q 

orthogonality than the amplitude symmetry condition.  Consequently, the proposed 

t

the other hand, as it was demonstrated in section III.B, the relation between the 

amplitu

 

tly measured at the three five-port circuit 

  

After, w

echnique permits to increase the operating frequency of the five-port demodulator.  On 

des of the regenerated I/Q signals is given by the term tan(γ/2).  Therefore, the 

value of γ can be calculated from the measured I/Q amplitudes.  The comparison 

between the calculated value of γ, and the measured phase shift of the five-port circuit 

output signals is presented in Fig. 5.13.  The system follows the theoretical behavior 

from 1.8 GHz to 2.5 GHz, although there is not perfect amplitude symmetry between 

ports 3 and 5 (Fig. 5.11). 

5.3.3.2 Measured DC-offset and IMD2 suppression 

As it was demonstrated before, the IMD2 and the DC-offset can be eliminated 

in the received I/Q signals if there is the same attenuation in three output ports.  The 

first experiment to prove this affirmation will be carried out without the presence of 

adjacent channel signals, in order to evaluate just the DC-offset suppression 

performance.  Two sinusoidal signals, coming from two Agilent E8267D generators 

and separated 10 kHz in frequency, are introduced into the RF and LO input ports. 

The RF power is PRF=-35 dBm.  Since the I/Q regeneration circuit has a voltage gain 

of 30, the relation between the DC-voltage and the amplitude of the received signal 

will be evaluated.  This relation will be firs

outputs, using the Agilent 54622A oscilloscope.  It corresponds to the case of using a 

typical five-port receiver configuration, where the three outputs are directly digitalized.

e will connect the analog I/Q regeneration circuit between the five-port circuit 

and the oscilloscope, and the relation will be measured at the I and Q outputs.  Setting 

the LO power to PLO=0 dBm and varying the frequency, the measured results are that 
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presented in Fig. 5.14.  The ratio DC-voltage/Amplitude is effectively lower in the I/Q 

signals for all the measured frequency range.  This ratio approximates to zero around 

the central frequency of the five-port circuit, since there is amplitude symmetry and the 

DC-voltage tends to be null.  Fig. 5.15 shows the ratios DC-voltage/Amplitude as a 

function of the LO power, fixing a frequency of 2.1 GHz.  Once again, the ratio is 

lower in the I/Q signals for all the values of PLO.  In addition, the DC-offset is 

completely cancelled for values of PLO around -4 and -3 dBm. 
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Fig. 5.14: DC-offset suppression performance versus frequency, PLO=0 dBm. 
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Fig. 5.15: DC-offset suppression performance versus LO power, f=2.1 GHz. 

Secondly, the IMD2 suppression performance will be evaluated in the presence 

of strong interfering signals.  We have considered the two situations expounded in 

section III.C: one interfering adjacent channel signal, and two interfering signals.  In 

the first situation, both wanted and interfering signals are 100 kbps QPSK modulated 

signals,  located  at  fRF=2.1  GHz  and  fadj=2 GHz,  respectively.   The  LO  power  is 
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Fig. 5.16: IMD2 suppression performance versus adjacent channel power, Padj (a) One 
interfering adjacent channel signal (b) Two interfering signals. 

PLO=-3 dBm, and the wanted signal power is PRF=-39.8 dBm.  The interference power 

(Padj) will be swept from -30 to 10 dBm.  First, we introduce the wanted signal into the 

input of the five- port circuit.  Using a spectrum analyzer, we measure the power 

concentrated into the baseband signal bandwidth (0-50 kHz), which will be called 

useful signal power (PUS).  This power comprises the contribution of the desired signal, 

and its self-mixing.  Next, we introduce the interfering signal and repeat the same 

measurement.  In this case, the measured power corresponds to the self-mixing of the 

interfering signal (PIMD2).  The measured relation between PUS and PIMD2 for different 

values of Padj is shown in Fig. 5.16 (a).  The quadratic behavior of the self-mixing 

terms can be clearly appreciated in the curves corresponding to Vi.  The IMD2 reject 

improvement with respect to a conventional five-port receiver is evident.  PUS is lower 

than PIMD2 at the five-port circuit outputs, while the opposite situation happens when 

the I/Q regeneration circuit is used.  The proposed five-port demo  

increment in the relation PUS-PIMD2 between 26 and 45 dB. 

dulator achieves an
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ed 

with the wanted signal, which is LO .1 GHz.  The 

pling ratio is OSR=8.  The 

format 

In the second situation, two tones separated 200 kHz at 2 GHz are combin

a tone separated 10 kHz from the f =2

LO power is PLO=-3 dBm, and the wanted signal power is PRF=-39.8 dBm.  Now PUS 

will be the power of the received tone at 10 kHz, and PIMD2 will be the power of the 

interferences beat at 200 kHz.  Fig. 5.16 (b) collects the measured results, where Padj is 

the power of each interfering tone.  In this case, the IMD2 term is linear with the 

power, as expected from (5-40).  Once again, the improvement in the IMD2 reject is 

significant, around 15 dB better in the output I, and 23 dB in the output Q. 

5.3.3.3 Demodulation results 

In this section, we will verify the demodulation capacity of the developed five-

port receiver.  The test bench is shown in Fig. 5.17.  Two Agilent E8267D signal 

generators are used as LO and RF QPSK-modulated signals.  Both generators are 

phase locked.  The I/Q output signals of the five-port demodulator are sampled by an 

acquisition card (PCI-6110E National Instruments), using an 800 kHz sampling 

frequency.  The symbol rate is 100 kbps, thus the over-sam

of the data burst is in conformity with Fig. 5.18.  It consists of a training 

sequence (TS) and a data sequence.  The TS is used to perform the symbol 

synchronization and the equalization process based on the Minimum Mean Square 

Error Zero Forcing (MMSE) algorithm, which compensates the amplitude imbalance 

of the regenerated I/Q signals.  The TS is composed of 13 symbols, which correspond 

to the 26 bits of the GSM TSC1 training sequence.  The data sequence is made up of 

64 symbols (128 bits). 

 

 

 
 

Fig. 5.17: Set-up of the five-port receiver test bench. 
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Fig. 5.18: Structure of the transmitted data burst. 

Fig. 5.19 shows an example of the QPSK constellation diagrams recovered by 

our circuit at 1 GHz, 1.5 GHz, and 2 GHz.  The represented constellations include all 

the acquired data (grey traces), and the recovered symbols after synchronization (black 

points).  We observe correct equalization performance, since constellation diagrams 

are normalized and centred.  In addition, the symbol synchronization is good, as the 

recovered symbols are located close to their ideal position.  The variation of the Error 

Vector Magnitude (EVM) with frequency is also presented in Fig. 5.20.  The value of 

EVM is quite high, due to the slight rotation that can be observed in the constellations.  

This rotation comes from the difference between the real behavior of the circuits, and 

the theoretical I/Q ly compensated in 

the digital domain.  Furthermore, an EVM of 14 % is enough to demodulate a QPSK 

signal without errors.  In any case, the importance of these results is that they 

demonstrate the demodulation capacity of the system in a large frequency range, even 

if not perfect five-port symmetry is achieved. 

Finally, we have measured the sensitivity of our receiver, defined as the RF 

input po

regeneration equations.  However, it can be easi

wer to ensure a BER of 10-3.  The following figure represents the BER versus 

the power of QPSK modulated signal.  We obtain a sensitivity of –65.4 dBm for the 

developed five port receiver, without using a low noise amplifier.  The sensitivity 

improves around 3 dB with respect to digital I/Q regeneration [92], as a consequence 

of the DC-offset cancelation.  Furthermore, a BER improvement will be also observed 

when handing high power levels, or in the presence of interfering signals, due to the 

IMD2 suppression. 
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Fig. 5.19: Received constellations, PRF= -35 dBm, PLO=-3 dBm. 
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Fig. 5.20: Measured EVM versus frequency, PLO= -3 dBm, PRF=-35 dBm. 
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Fig. 5.21: Measured BER versus RF power of the QPSK modulated signal, f= 2.1 GHz, PLO=-3 
dBm. 
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5.4 SUMMARY 

Two new real time I-Q regeneration techniques for six(five)-port receivers 

have been proposed in this chapter. 

The first technique is a new auto-calibration method based on a computational 

efficient sub-band division.  The method is specially suited for broadband 

communications and strict QoS requirements.  The proposed FIR filters are easy to 

implement and have few coefficients, so operations can be real-time performed by the 

hardware.  In addition, operations can be reduced to sums and subtractions using four 

filters, speeding up the signal processing.  Measurement results show a significant 

BER improvement, above one order of magnitude with respect to conventional auto-

calibration method. 

The second technique is a direct baseband I/Q regeneration method applicable 

to five-port architectures.  It is based on the property that the five-port circuit has an 

axis of symmetry, which can be easily satisfied by five-port and three-phase circuits.  

The validity of the method has been satisfactorily proved in an experimental five-port 

receiver.  The proposed method meets some typical drawbacks of five-port receivers.  

On one hand, it eliminates one baseband output and the calibration algorithm without 

any reduction in the operating frequency band.  On the other hand, it improves the DC-

offset and IMD2 rejection, which are main problems in direct conversion architectures. 

The proposed channelized auto-calibration method has been published in the 

Journal Progress in Electromagnetics Research [PIER 2011], and presented in the 

national conference XXIV Simposium Nacional de la Unión Científica Internacional de 

Radio URSI 2009 [URSI 2009]. 

Regarding to the regeneration method for five-port receivers, it was developed 

in collaboration with Prof. Bernard Huyart, during a research internship in the Telecom 

ParisTech (Paris, France) in 2011.  Currently, we have an accepted paper for 

publication in the IEEE Trans. Microwave Theory and Techniques [MTT 2012-1]. 

 



 

Cha

6 

CTION

cy electronics, and digital components on one 

multilay

nts, 

being very attractive for integrated packaging solutions. 

Our objective is to study the contribution of LTCC to the miniaturization of the 

six-port architecture.  Consequently, and continuing our previous work, we have 

developed a new version of the six-port receiver based on LTCC technology.  In the 

pter 6 

SIX-PORT RECEIVER IN LTCC 
TECHNOLOGY 

6.1 INTRODU  

The main advantage of the six-port architecture is its extremely large 

bandwidth, which involves multi-band and multi-mode capabilities.  However, an 

important problem is the large dimensions of the passive six-port structure.  The higher 

the frequency, the smaller the passive circuit and the easier the integration in a MMIC 

design.  But for operating frequencies in the lower gigahertz region, a broadband 

design leads to large dimensions, which could be prohibitive, for example, for mobile 

communication applications.  Therefore, new technologies must be explored in order to 

achieve compact size and low-cost productions for configurable radio terminals 

Low-Temperature Cofired Ceramic (LTCC) is a cost-effective substrate 

technology which enables to develop compact microwave and millimeter wave 

modules [134].  It makes possible to integrate passive and active microwave circuits, 

antenna structures, low-frequen

er substrate.  Owing to low conductor loss, low dielectric loss, and up to fifty 

laminated layers, LTCC provides a suitable approach for embedded microwave and 

millimetre-wave passive components and accessories including antennas.  In addition, 

LTCC substrate materials possess a wide range of thermal expansion coefficie
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first place, the LTCC 90-degree hybrid coupler was designed and fabricated, since it is 

the most critical component of the six-port network.  Once proved the viability of the 

e LTCC six-port receiver was developed and characterized. 

6.2 VALIDATION OF THE TECHNOLOGY: LTCC 90º 
HYBRID COUPLER DEVELOPMENT 

nsequently, in order to prove the feasibility and 

performance of the LTCC technology, we have firstly developed the 90-degree hybrid 

coupler.  It will be implemented by the tandem connection of two symmetrical 

technology, the complet

The critical element of the six-port network is the 90-degree hybrid coupler, as 

it determines the system bandwidth.  Co

multisection 8.34-dB couplers. 

The LTCC layer structure, represented in Fig. 6.1, is composed of eight 

DuPont-951 substrate layers (εr=7.8, tgδ=0.006 @3GHz).  It is worth to point out that 

our research group (Microwave and Radar Group, GMR) was participating in a 

research project funded by the Spanish National Board of Scientific and Technological 

Research (CICYT) for 3D integration of microwave and millimetre wave circuits using 

LTCC technology (TEC2008-02148).  Therefore, the substrate and layer distribution 

were imposed by the project, since other circuits were included in the same LTCC 

wafer, hence no modifications were admitted. 

 

Fig. 6.1: LTCC layer structure using DuPont-951 substrate. 

The highest coupling level required in a multisection coupler design, which 

corresponds to the central section coupling level, will limit the bandwidth.  From the 

design tables [119], for a ±0.05-dB ripple 8.34-dB coupler, the central section coupling 

level is 6.28 dB for three λ/4-sections, 5.18 dB for five sections, and 4.47 dB for seven 

sections.  Higher ripple levels provide wider bandwidths, but it leads to higher 
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ne 

structure composed of layers L1-L6 (930 μm).  The ripple could be increased until ±0.2 

 the separation of the 

inner co

 increase the bandwidth. 

ection1 Section2 

coupling levels.  Considering a 930 μm substrate height, the theoretical coupling level 

achieved with two 50 Ω λ/4 broadside-coupled striplines with a 130 μm separation is 

5.89 dB.  This reduces the possibilities to use a three-section design, with a stripli

dB, achieving a theoretical bandwidth of B=f2/f1=3.18211, which means that the 

1838.4-5850 MHz frequency range could theoretically be covered.  If a larger 

bandwidth is required, coupling can be maximized by reducing

nductors, and increasing the distance to the ground planes.  A low dielectric 

constant substrate also maximizes the highest coupling, as the ground plane separation 

will be large relative to the overlay separation, although this increases the circuit 

dimension.   However, our design has to adapt to the fixed layer structure, and no 

modifications can be realized to

The even and odd impedances for a symmetrical 3-section, ±0.2-dB ripple 

level, 8.34-dB coupler are compiled in Table 6.1.  Central section coupled lines will be 

placed on top of layers L2 and L3.  Sections 1 and 3 will be synthesized with offset-

broadside-coupled lines over layers L2 and L4.  They will be interconnected to the 

central section by means of vias.  The cross section of the three-section 8.34-dB 

coupler is presented in Fig. 6.2.  The coupler dimensions are also given in Table 6.1.  

Table 6.1  Three-section 8.34-dB coupler characteristics, DuPont-951 substrate. 

Parameter S
Zoe (Ω) 54.32 87.43 
Zoo (Ω) 46.02 28.59 
Line width (µm) 210 150 
Line spacing (µm) 618 0 

 

 

Fig. 6.2: Cross section of the LTCC 8.34-dB coupler, DuPont-951 substrate. 

Two 8.34-dB couplers are connected in tandem to form the 3-dB coupler.  Fig. 

6.3 shows the top view of the LTCC 3-dB tandem coupler, whose dimensions are 
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20x4.7 mm.  The simulated frequency response will be presented in Fig. 6.5-Fig. 6.7, 

together with the measurement results. All the simulations have been realized using the 

EMPIRE XCel 3D-EM field simulator from the IMST GMbH [134]. 

 

Fig. 6.3: Top-view of the LTCC 3-dB tandem coupler, DuPont-951 substrate. 

The photograph of the constructed LTCC 3-dB tandem coupler is shown in 

Fig. 6.4

o 

98 bet

.  The circuit has been measured with good performance.  Measured return loss 

and isolation, plotted in Fig. 6.5, are better than 20 dB from 1 to 7 GHz.  Simulated and 

measured insertion losses are quite similar, as shown in Fig. 6.6, excepting for an 

additional 0.8 dB loss in the coupling level.  Simulated and measured imbalances are 

presented in Fig. 6.7.  Measured amplitude imbalance is below 2 dB from 1.5 to 6.5 

GHz.  Measured phase difference between direct and coupled ports varies from 91º t

ween 1.5-6.5 GHz. 

 

Fig. 6.4: Fabricated LTCC 3-dB tandem coupler, DuPont-951 substrate. 
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Fig. 6.5: Input return loss and isolation of the LTCC 3-dB tandem coupler, DuPont-951 
substrate. 
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Fig. 6.6: Insertion loss of the LTCC 3-dB tandem coupler, DuPont-951 substrate. 
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Fig. 6.7: Amplitude and phase imbalances of the LTCC 3-dB tandem coupler, DuPont-951 
substrate. 
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6.3 LTCC SIX-PORT RECEIVER DESIGN AND 
SIMULATION 

Once the viability of the technology was proved, the design of the complete 

LTCC six-port receiver was carried out.  However, for this second realization, a new 

substrate with lower loss has been selected: the DuPont-943 (εr=7.4, 

tgδ=0.001@3GHz).  DuPont-943 admits narrower layers than DuPont-951, being 42 

µm the minimum layer thickness.  Then, a wider bandwidth than that obtained with the 

DuPont-951 substrate could be achieved, since it is determined by the central section 

cou

The new layer structure is represented in Fig. 6.8.  With this new layer 

structure, the three sections composing the 3-dB tandem coupler could be synthesized 

with offset-broadside-coupled lines over layers L3 and L5, avoiding the use of 

interconnection vias (see Fig. 6.2).  A five-section coupler design could be also 

affordable, with the consequent bandwidth increment.  Nevertheless, it would result in 

a larger size circuit, thereby a three-section coupler design will be maintained. 

pling level of the 3-dB tandem coupler. 

 

Fig. 6.8: LTCC layer structure using DuPont-943 subst

The detailed description of the different circuits composing th TCC six-port 

receiver is presented below. 

6.3.1 3-dB tandem coupler 

The new stripline structure has a height of 934 μm.  Then, the maximum 

theoretical coupling level  

striplines, with a 84 μm separation, is 4.58 dB.  It means that a five-section coupler 

rate. 

e L

achieved with two overlapped 50 Ω λ/4 broadside-coupled
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B) [119].  Nevertheless, with five-section couplers the 

complete six-port receiver would result in a large size circuit, as three couplers and one 

power d

e of interconnection vias in the previous 

design (

Table 6.2  Three-section 8.34-dB coupler characteristics, DuPont-943 substrate. 

Parameter Section1 Section2 

design could be also affordable, with the consequent bandwidth increment 

(B=f2/f1=6.35 for δ=0.35 d

ivider must be included. 

Alternatively, if the three-section coupler design is maintained, the bandwidth 

can be extended by increasing the amplitude ripple.  For example, a theoretical 

B=4.665 bandwidth can be obtained for δ=0.55 dB, leading to a 1254-5850 MHz 

operating frequency range.  In addition, with the new layer structure, the three sections 

composing the 3-dB tandem coupler can be synthesized with offset-broadside-coupled 

lines over layers L3 and L5, avoiding the us

see Fig. 6.2).  Consequently, we will opt for a three-section coupler design. 

The even and odd impedances for a symmetrical 3-section, ± 0.55 dB ripple 

level, 8.34-dB coupler are compiled in Table 6.2, together with the coupler dimensions.  

The lines of the three sections will be placed on top of layers L3 and L5, as shown in 

Fig. 6.9. 

Zoe (Ω) 55.95 91.21 
Zoo (Ω) 44.67 27.4 
Line width (µm) 250 145 
Line spacing (µm) 645 130 

 

   

 

Fig. 6.9: Cross section of the LTCC 8.34-dB coupler, DuPont-943 substrate. 

Fig. 6.10 shows the top view of the LTCC 3-dB tandem coupler, composed of 

two 8.34-dB couplers connected in tandem.  Its simulated frequency response is 

presented in Fig. 6.11-Fig. 6.12.  The simulated input return loss and isolation are 
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better than 20 dB from 0.5 to 6.5 GHz.  The simulated insertion loss is 3 ± 0.5 dB from 

1.22-5.88 GHz.  The amplitude imbalance is below 2 dB from 1 to 6 GHz, while the 

phase difference between direct and coupled ports varies from 89.8º to 92 between 0.5-

6.5 GHz. 

 

Fig. 6.10: Top-view of the LTCC 3-dB tandem coupler, DuPont-943 substrate. 
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Fig. 6.11: Simulated frequency response of e LTCC 3-dB tandem coupler, DuPont-943 
substrate. 
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Fig. 6.12: Simulated amplitude and phase imbalances of the LTCC 3-dB tandem coupler, 
DuPont-943 substrate. 
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[135], and setting an input return loss better than 20 dB, we obtain that three 

sections are required to cover the operating frequency range.  The Wilkinson divider 

will be implemented in microstrip using layers L1 and L2.  The parameters of the 3-

section Wilkinson divider are given in Table 6.3.  The layout of the circuit and the EM 

simulated response (using EMPIRE) are presented in Fig. 6.13 and Fig. 6.14, 

respectively. 

Table 6.3  Wilkinson divider characteristics, DuPont-943 substrate. 

Design Parameters Section1 Section2 Section3 

6.3.2 Wilkinson power divider 

A multisection Wilkinson divider design is needed to cover the design 

frequency range of the 3-dB tandem coupler (1254-5850 MHz).  From the design 

equations 

Zo (Ω) 57.77 70.71 86.54 
R (Ω) 371.41 207.66 108.64 

Implementation Section1 Section2 Section3 
Line width (µm) 285 185 100 

R (Ω) 365 205 100 

 

Fig. 6.13: Layout of the LTCC Wilkinson divider, DuPont-943 substrate. 
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Fig. 6.14: Simulated frequency response of the LTCC Wilkinson divider. 
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inson divider and with the outputs.  For the interconnection between the 

LO input port and the Wilkinson divider, a microstrip-to-microstrip transition design 

has been also developed x30x1.254 

mm.  Our purpose e o C li velop a complete 

LTCC six-port receiver. , the fre ver ee s will be used to 

locate the four power detectors and the lo quency components.  Furthermore, there 

is a central free space above the Wilkins vider pying rs L3 to L8, which 

can be used, for example, to locate a RF filter. 

The EM simulated response of the LTCC six-port network will be presented in 

section 6.4.1, together with the measurement results. 

6.3.3 LTCC six-port network 

For the design of the six-port network, three 3dB tandem couplers and a 

Wilkinson divider have been connected according to the well known topology of Fig. 

3.2.  The top view of the LTCC six-port network, along with the scheme of the 

circuits’ distribution in the layer structure, are presented in Fig. 6.15 (the ground metal 

located over layers L2 and L8 has been removed in the figure).  The inputs and outputs 

of the six-port network are implemented in microstrip using layers L9 and L10.  The 

design of a microstrip-to-stripline transition has been required to connect the couplers 

with the Wilk

.  The dimensions of the six-port network are 30

 is to t antagake adv f the LT C i possib t eies to d
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w-fre
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Fig. 6.15: Top-view of the LTCC six-port network. 



CHAPTER 6. SIX-PORT RECEIVER IN LTCC TECHNOLOGY 
 

- 137 - 

 receiver 

B cut-off frequency (77 MHz), 

thereby wider channels could be supported (154 MHz-wide RF channels).  However, 

as seen in Fig. 6.17(a), the LFCV-45+ filter does not provide a good short circuit 

around 1.1 GHz.  To solve this problem, a 33 pF shunt capacitor has been placed 

before the low-pass filter, achieving the response plotted in Fig. 6.17(b). 

The rest of the low-frequency components, i.e., the video amplifier and the 

high-pass filter for DC-offset cancellation, are the same than that used in the first six-

port receiver prototype (see section 3.3.2.2). 

The 3D view of the final LTCC six-port receiver is represented in Fig. 6.18.  

The dimensions of the LTCC six-port receiver are 30x30x1.254 mm.  It is worth to 

mention that there is a free area of 238 mm2 above the Wilkinson divider in layers L3-

L8, which may still be occupied.  One of the possibilities could be, for example, to 

locate a RF filter. 

6.3.4 Complete LTCC six-port

Here we present the final design of the complete LTCC six-port receiver.  The 

distribution scheme of the six-port receiver components can be seen in Fig. 6.16.  The 

3dB tandem couplers will be implemented in stripline using layers L1 to L8.  The 

Wilkinson divider will be implemented in microstrip using the lower layers L1 and L2.  

The microstrip structure composed of the two upper layers L9 and L10 will be used to 

place the four power detectors, the low-frequency components, and the input/output 

access ports.  The interconnection between the different layers will be made by means 

of vias (diameter=175 µm).  These vias will be also used to build electrical walls in 

order to isolate the circuits composing the receiver. 

Regarding to the power detectors, the same design considerations than in the 

previous six-port receiver has been followed (see section 3.3.2.2).  A wide video 

bandwidth and high dynamic range detector design has been carried out, which leads to 

a high bias current.  However, in this case a lower bias current has been selected in 

order to reduce the sensitivity degradation.  A current value of Ib=0.5 mA will be used, 

instead of the previous 1 mA.   

The low-pass filter has been substituted by a more compact device: the 

Minicircuits LFCV-45+.  This filter has higher 3d
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Fig. 6.16: Distribution of the six-port receiver circuits in the 10 layer LTCC structure. 
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Fig. 6.17: Frequency response of the LFCV-45+ low-pass filter (a) without and (b) with a 33 
pF capacitor. 
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(b) 

 
(c) 

Fig. 6.18: 3D-view of the LTCC six-port receiver (a) top (b) layers L1-L8 (c) bottom. 

6.4 IMPLEMENTATION AND EXPERIMENTAL 
CHARACTERIZATION 

Completed the LTCC six-port receiver design, the circuit was fabricated by the 

IMST GMbH [134].  The photograph of the fabricated circuit is shown in Fig. 6.19, 

whose dimensions are 30x30x1.25 mm.  A detail of the Wilkinson divider is presented 

in Fig. 6.20. 
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(a) (b) 

Fig. 6.19: Fabricated LTCC six-port receiver (a) Top view (b) Bottom view. 

 

Fig. 6.20: Detail of the fabricated LTCC Wilkinson divider. 

 

6.4.1 LTCC six-port network 

Firstly, the scattering parameters of the LTCC six-port network will be 

measured.  The measurement will be performed using a probe station, as shown in Fig. 

6.21.  The development of a test-platfor omposed of a metallic test-box a

acce .22.  

In addition, the four output microstrip lines of the six-port network have not been 

een made, the four output lines will be 

joined t

m c nd two 

ss circuits has been required for the measurement, which can be seen in Fig. 6

joined to the detector diodes, and two ground patches have been placed at every output 

port for probe positioning.  The detail of one output port can be seen in Fig. 6.23.  

Once the six-port network measurement has b

o the detector diodes.  For this first measurement, only the 50 Ω resistor and the 

Wilkinson resistors need to be soldered. 
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Fig. 6.21: Test-bench for the measurement of the six-port scattering parameters. 

 

Fig. 6.22: Fabricated circuit test platform for the measurement of the six-port scattering 
parameters. 

 

Fig. 6.23: Detail of one output port with ground patches for probe positioning. 

The measured and simulated response of the LTCC six-port network is 

presented below.  The responses of the additional elements required for the 

measurement, such as microstrip access circuits, probes, etc., have been removed by 

means of deembedding techniques.  Fig. 6.24 shows the simulated and measured return 

loss and isolation of the six-port network.  The measured return loss at the LO port, 

which is conditioned by the Wilkinson input reflexion, is in accordance with the 
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simulation results, with a value below 10 dB from 1GHz to 6 GHz.  On the contrary, 

the measured return loss at RF port differs from the simulations, with worse values 

than expected.  As for the measured RF-LO isolation, it is better than 20 dB up to 6.5 

GHz. 

Fig. 6.25 and Fig. 6.26 present, respectively, the simulated and measured 

attenuations from the LO and the RF ports.  The simulated and measured curves 

present the same tendency, although additional losses are observed in the coupling 

levels, which can vary from 1 dB to 2 dB.  Anyway, what is important is to maintain a 

good d des of 

qi-points are equal to 1, and the arguments differ 90 degrees.  Fig. 6.27 shows the 

simulated and measured magnitudes of the qi-points, while their phases are plotted in 

Fig. 6.28.  The measured magnitudes of qi are in the range of 0.5 to 1.8 from 1 GHz to 

6 GHz.  The behaviour of the curves below 1 GHz and above 6 GHz show that the 

operation range of the LTCC six-port receiver may be enlarged, as it happened with the 

first developed six-port receiver prototype.  Regarding to the phase of the qi-points, the 

maximum error in the relative phase differences is 20º over the theoretical value.  This 

value may seem quite high; however, this deviation will be compensated by the 

calibration algorithm, as it will be seen in section 6.5. 

istribution of the qi-points.  Ideally, in this six-port topology the magnitu
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Fig. 6.24: Measured (solid line) and simulated (dashed line) input return loss and isolation. 
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Fig. 6.25: Measured (solid line) and simulated (dashed line) attenuations from the LO port. 
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Fig. 6.26: Measured (solid line) and simulated (dashed line) attenuations from the RF port. 
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Fig. 6.27: Measured (solid line) and simulated (dashed line) magnitude of the qi-points. 
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Fig. 6.28: Measured (solid line) and simulated (dashed line) phase of the qi-points. 

6.4.2 Complete LTCC six-port receiver 
prototype 

Finally, after measuring the six-port network scattering parameters, the rest of 

the components were soldered to the LTCC circuit.  The circuit was introduced into a 

metallic box, resulting in the final LTCC six-port receiver prototype.  Its photograph 

can be seen in Fig. 6.29. 

 

Fig. 6.29: Fabricated LTCC six-port receiver prototype. 

The measured IF response of the fabricated LTCC six-port receiver (measured 

at port 3) is presented in Fig. 6.30.  The value selected for the LO power level is 0 

dBm.  Fig. 6.31 shows the measured gain at the four output ports as a function of 

frequency, keeping fLO-fRF=5 MHz, while Fig. 6.32 shows the phase differences.  

Several problems appear clear: first, the measured gain at port 4 is larger than at the 

other ports; second, there is an undesirable attenuation at ports 3 and 5 for f=3GHz; 

and he 

worst case.  This would be a problem if the IQ regeneration were made analogically.  

 finally, the deviation of the phases from the ideal behaviour reaches to 40 º in t
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In our case, however, such errors will be compensated by the calibration in the digital 

domain, as it will be seen in section 6.5.   

Table 6.4 summarizes the characteristics of the fabricated LTCC six-port 

receiver, measured for a LO power of 0 dBm. 
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Fig. 6.30: Measured IF response of the LTCC six-port receiver (at Port 3). 
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Fig. 6.31: Measured gain at the four output ports, fLO - fRF= 5 MHz.  
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Fig. 6.32: Measured phase difference between output ports (Port 3 as reference port), fLO - 
f = 5 MHz. RF
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Table 6.4  Measured LTCC six-port receiver characteristics, PLO=0 dBm. 

Parameter Condition 
(MHz) Value Units 

Max. Gain (1) 

700 
1500 
2500 

7.3 
9.7 

DC-50 MHz 3500 
4500 
5500 

7.1 
4.8 
4.5 
1.5 

dB 

fc3dB (1)
 

1500 
3500 
5500 

74.9 
76 

63.6 
MHz 

Amplitude 
imbalance 
ΔA (2)

 

@ 5 MHz 
1500 
3500 
5500 

Port 4 
4 

1.8 
5.5 

Port 5 
0.2 
-0.1 
1.6 

Port 6 
0.71 
-2.3 
5.8 

dB 
 

Phase difference 
ΔΦ (2)

 

@ 5 MHz 
500 

1500 
3500 

Port 4 
186.94 
180.5 
185.9 

Port 5 
91.2 
100 

105.4 

Port 6 
-104.3 
-82.
-74.

Deg. 
82.6 

5500 178.1 129 -70 

6 
7 

Output P1dB (1)
 

1500 
3500 
5500 

5.6 
3.4 
5.6 

dBm 

700 7.8 

Spurious reject  
@-40 dBm 

700 
1500 
2500 
3500 
4500 
5500 

25.4 
32.2 
34.3 
35.4 
32.4 
33 

dB 

(1) Measured at port 3. 
(2) With respect to reference port 3. 

6.5 LTCC SIX-PORT DEMODULATION PERFORMANCE 

Finally, the demodulation capability of the fabricated LTCC six-port receiver 

will be evaluated.  The scheme of the test-bench is shown in Fig. 6.33.  The Agilent 

E4438C ESG and N5182A MXG Vector Signal Generators (VSG) will be used for 

generating the RF modulated signal.  The LO will be generated by the Agilent 

synthesized sweeper 83752A.  The LO and RF signal generators will be phase locked.  

The output signals of the six-port receiver will be acquired by a four-channel 

oscilloscope (Agilent Infiniium), with an over-sampling ratio OSR=8.  The calibration 

and I-Q regeneration software, implemented in Matlab, will be applied in a personal 

computer.  The software does not include any diode linearization technique.  The 

photograph of the test bench is presented in Fig. 6.34. 
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It ned with 

the E4438  is 1 ol/s for an OS he Agilent N  MXG 

can provide 15.625 Msymbol/s for OSR=8, but it only operates up to 3 GHz.  

However, easured  cut-off frequenc ee Table 6.4), at least 127 

Msymbol rforme

The LO power will be set to PLO=0 dBm.  After the acquisition of 1000 

symbols (80 ples, OSR=8), the data will be processed as bursts of length 200 

symbols.  The first 50 symbols of each burst will be used to auto-calibrate the system, 

and then th ence of  150 sym ls will emo uality of 

the demodula nal will be ated in s of EVM. 

 is worth to mention that the maximum symbol rate that can be obtai

C ESG VSG 2.5 Msymb R=8.  T 5182A

 from the m  3dB y (s

/s could be pe d. 

00 sam

e data sequ length bo  be d dulated.  The q
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Fig. 6.33: Set-up of the LTCC six-port receiver test bench. 

 

Fig. 6.34: Test bench for the measurement of the LTCC six-port receiver. 
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ps, has been demodulated.  These results show a good 

perform

ance, as it was expected.  

The measured EVM is below 5.75 % from 300 MHz to 6 GHz. 

Fig. 6.35 shows the received constellation diagrams at 2.4 GHz and 15.625 

Msymbol/s for different modulation schemes: 64-QAM, 16-QAM and QPSK.  The 

measured EVM is around 3.7 % for the three cases.  Fig. 6.36 plots the measured EVM 

as a function of the frequency.  In this case, a -20 dBm 64-QAM signal at 12.5 

Msymbols/s, i.e., data rate 75 Mb

ance of the LTCC six-port receiver.  The measured EVM is below 3.8 % from 

700 MHz to 5.5 GHz, using the proposed channelized auto-calibration (AM) method 

with downsampling and four FIR filters.  Moreover, the demodulation results 

demonstrate that the operating range of the LTCC six-port receiver can be extended 

from 300MHz to 6 GHz (4.32 octaves) with good perform

64-QAM
16-QAM

QPSK

 

Fig. 6.35: Received constellations: 15.625 Msymbol/s, PLO=0 dBm, Pin=-25 dBm, f=2.4 GHz. 
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Fig. 6.36: Measured EVM versus frequency:  Mbps 64-QAM, PLO=0 dBm, Pin=-20 dBm. 75
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ore significant than in 

the first six-port receiver (see Fig. 5.3), as the variation of the six-port parameters with 

frequency is stronger. 

Fig. 6.37 shows the measured EVM as a function of Pin at 2.5 GHz.  EVM 

curves show quality degradation for high levels of Pin due to nonlinear behaviour of 

the diodes and to the rectified wave, a baseband term superposed to the desired signal 

that increases quadratically with the signal power and, therefore, produces more 

degradation for high power levels.  The results show significant EVM improvements, 

up to 0.5 percentage points with respect to conventional AM for N=8 filters or N=4 

with downsampling.  The measured EVM curve for a more extended range of Pin is 

plotted in Fig. 6.38, corresponding to the case downsampling and channelized AM 

with N=4.  Fig. 6.39 presents the corresponding BER curves calculated from the 

measured EVM using (5-6).  Note than in this case the EVM/BER improvement due to 

the use of the proposed channelized auto-calibration method is m
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Fig. 6.37: Measured EVM versus Pin: 75 Mbps 64-QAM, PLO=0 dBm, f=2.5 GHz. 
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Fig. 6.38: Measured EVM versus Pin: 75 Mbps 64QAM, PLO=0 dBm, f=2.5 GHz, 
Downsampling and Channelized AM, N=4. 
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(b) 

Fig. 6.39: BER calculated from measured EVM: 75 Mbps 64-QAM, PLO=0 dBm, f=2.5 GHz   
(a) Pin from -45 dBm to -5 dBm, (a) Pin from -70 dBm to 5 dBm. 

By defining the sensitivity as the RF input power to ensure a BER of 10-3, we 

obtain a sensitivity value of -56.5 dBm at 2.5 GHz.  Take into account that the LNA 

and the AGC stages have not been included in the receiver prototype.  In addition, the 

dynamic range is 58 dB at BER<=10-3.  This is a high dynamic range compared with 

six-port receivers based on zero-biase 3 dB 

dynamic range at 2.4 t the response of the 

d detector diodes.  For example, a 37.

GHz is measured in [105], despite tha
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detectors has been linearized using software techniques.  On the contrary, we do not 

use any diode linearization technique. 

Finally, the EVM has been measured for different LO power levels.  Fig. 6.40 

presents the measured EVM at 700 MHz, 3.5 GHz, and 5.8 GHz, using the channelized 

auto-calibration method with downsampling and four FIR filters.  These results clearly 

demonstrate the capacity of the six-port receiver to operate with low values of LO 

power.  This is an important advantage for SDR, as it entails low power consumption 

and cost reduction.  In addition, problems derived from LO leakage and the self-mixing 

of LO, which are major drawbacks in direct conversion architectures, can be reduced. 
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Fig. 6.40: Measured EVM versus PLO: 25 Mbps QPSK, Pin=-20 dBm. 

To conclude, the comparison with other multi-port demodulators operating in 

the frequency range of interest is presented in Table 6.5.  Once again, we include the 

theoretical BER versus EVM curves for QPSK, 16-QAM and 64-QAM modulation 

schemes in Fig. 6.41 [126].  As it was previously commented in section 3.5.3, although 

the six-port receiver is said to be a good solution for the multi-band demodulation of 

high-speed signals, no many experim l demodulation results provi  both 

assumptions have been published up to now.  Some published works are not strictly 

m

single frequency [102],[106]; and other prove the multi-band behaviour but do not 

quantify

enta ng

ulti-band [92],[104]; other are multi-band but only validate the demodulator for a 

 the quality of the demodulated signal [101].  In [100],[105] the demodulation 

performance is quantified over the entire operating frequency range, but with data rates 

much lower than in our experiments.  A six-port demodulator supporting a 1.67 Gbps 

data rate was published in [21].  However, this is not a broadband design, as it only 

covers the range from 7 to 8 GHz.  In addition, the measured EVM is quite high, even 
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ceivers in terms of bandwidth, dynamic range, 

and qua

 

experimental demodulation results. 

though the high LO power level (15 dBm).  The two six-port receivers presented in this 

thesis outperform the other six-port re

lity of the demodulated signal.  They have been validated over a four octave 

bandwidth (0.3-6 GHz), and for up to 93.75 Mbps data rates with very low values of 

EVM.  However, the proposed LTCC six-port receiver not only outperforms the other 

receivers in these aspects, but also in terms of size: 30x30x1.25 mm.  Other multilayer 

six-port designs have appeared in the literature [81],[136]-[137].  Nonetheless, they do 

achieve neither such a reduced size nor such large frequency range than the proposed 

LTCC six-port receiver.  In addition, these publications do not provide any
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Fig. 6.41: Theoretical BER versus EVM curves. 
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Table 6.5  Comparison of six-port demodulators. 

Ref. 
Freq. 
band 

(GHz) 

Measurement results 

Data 
signal 

PLO 
(dBm) 

Pin 
(dBm) 

Freq. 
(GHz) 

Quality of 
demodulated 

signal 
[100] 

(2003) 0.9-5 97.2 Kbps 
QPSK 0 -20 0.9-4 EVM < 14 % 

[92] 
(2004) 2-3 200 Kbps 

QPSK 0 -62.5 2 BER = 10-3
 

[101] 
(2006) 2-9.4 8PSK - 

-19 2.4 
Not quantified -27 5.8 

-31 9.4 
[102] 

(2006) 0.9-4 1 Mbps 
QPSK -10 -15 2.45 EVM = 12 % 

[104] 1 Mbps 
(2008) 3.1-4.8 QPSK -1.5 - 

3.432 EVM = 5.5 % 
3.96 EVM = 4 % 

4.488 EVM = 6.3 % 

[105] 
(2009) 0.8-2.4 4 Mbps      

16-QAM -8.5 

-33.3 to -2.6 0.8 
BER < 10-3

 -39.6 to -0.6 1.6 
-38 to -0.7 2.4 
≈ -32 1.6 BER = 10-6

 

[106] 
(2010) 0.9-4 400 Kbps 

QPSK -10 
-20 

2.45 
EVM = 5.9 % 

-40 EVM = 7.9 % 
[21] 

(2010) 7-8 1.67 Gbps  
16-QAM 15 -15 7.5 EVM = 10.9 % 

First work 
[PIER 2011] 

(2011) 
0.3-6 

75 Mbps    
64-QAM 

0 -20 

0.3 EVM = 6.1 % 

62.5 Mbps 
16-QAM 0.7 EVM = 4.8 % 

93.75 Mbps 
64-QAM 2.45 EVM = 4.5 % 

25 Mbps 
QPSK 6 EVM = 4.4 % 

25 Mbps EVM = 6.3 % QPSK -20 -20 1.8 

LTCC 
6-port 

re iver 
(2012) 

0.3-6 

75 Mbps    
64-QAM 0 

-20 
0.7-5.5 EVM < 3.8 % 

ce

0.3-6 EVM < 5.75 % 
-56.5 to 1.5 2.5 BER<10-3

 

25 Mbps    
QPSK -20 to +5 -20 

 EVM 
0.7 5.75 - 3.6 % 
3.5 7.3 - 3.7 % 
5.8 10.1 - 3.3 % 

15.625 
Msymbol/s 
64-QAM 
16-QAM 

QPSK 

0 -25 2.4 EVM = 3.7 % 
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6.6 SUMMAR

 cha e cu ation o e thesi  on new 

version of the broadband ix-p iver en d d bas LTCC 

technology.  The new LTCC six-port r cov he sam r o idth 

(0.3-6 GHz) than the first conventional technolo -port r iver. , the 

size has been reduced to 30x30x1.25 mm in this ne ersion. s work demonstrates 

empir nd titatively he multi-band beh ur of t  

and the capabilit erf  high  rates.  demo on 625 

Msym QAM, has been ct ed, 

with a red EVM val 3.7 % verthele , the LT x-port receiver can 

theoretically operate with at least 127 MHz instantaneous bandwidth, so a bit rate of 

762 M r a M on rese demodulation results show a 

good quality of the demodulated signal, with r value f EV ose 

publis fore  lite   Onc in, the fits of t opo zed 

auto-c ion od n e rimentally proved in the LTCC six-port 

receiver.  By using the proposed channelized auto-calibration tho FIR 

filters and previous dow , an EVM below 3.8 % is a ved Hz 

to 5 d below m 300 MHz to Hz.  Furthermore, an important 

enhan  of the six-port receiver dynamic range has been achieved due to the use 

of biased detector diodes.  It is worth to mention that we do not to use any  

linearization technique, wh uld e d the dynamic range  hig ls. 

The contents of t r ha  been pre ted in t ro ve 

Conference 2011 [EuMC 2011], and in the Sim iona  la U

Internacional de Radio U [URSI 2010-1]  additio pape  the 

six-port network design and characterization has been accepted for ium 

Nacional de la Unión Científica Internacional de Radio URSI 2012 [URSI 2012]. 

Recently, a paper describ ompl  LTCC ort rece  has tted 

to the IEEE Trans. Microwave Theory and Techniques [MTT 2012-2]. 
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Chapter 7 

CONCLUSIONS AND PERSPECTIVE 

7.1 CONCLUSIONS 

This thesis is focused on the investigation and optimization of RF architectures 

for SDR implementation.  Three RF architectures have been studied in detail in this 

thesis: zero-IF, low-IF, and six-port architecture.  The six-port architecture shows high 

potential and advantages compared to conventional homodyne and heterodyne 

receivers for future communication systems, which will demand high bandwidths and 

high carrier frequencies.  Therefore, this work has particularly focused on the study of 

this promising architecture. 

The first contribution of this thesis is given in Chapter 3.  It presents the 

experimental demonstration of the six-port architecture capabilities to implement a 

broadband SDR receiver.  A SDR four-octave (0.3-6GHz) six-port receiver prototype 

7 

has bee

high data rates, 

outperforming previous results published by other authors. 

Chapter 4 presents an experimental comparison between the three studied RF 

architectures.  A zero-IF/low-IF receiver prototype has been developed for this 

purpose.  The six-port receiver presents clear benefits over the other two architectures.  

n developed in conventional technology.  The six-port receiver has been 

measured with good performance over the frequencies of the main communication 

standards up to 6 GHz. The prototype has been validated for data rates of 93.75 Mbps 

(limited by the test instruments), although it has been designed to operate with 100 

MHz instantaneous bandwidth, so a bit rate of 600 Mbps for a 64-QAM modulation is 

foreseen.  This work demonstrates empirically and quantitatively the multi-band 

behaviour of the six-port architecture, and the capability of performing 

- 155 - 
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On one hand, it can operate with very lower values of LO power, keeping good quality 

of the demodulated signal.  This is an important advantage for SDR, as it entails low 

cost, and reduction of the problems derived from LO leakage 

f LO, which are major drawbacks in direct conversion 

architectures.  On the other hand, the six-port receiver clearly outperforms the 

conventional zero-IF and low-IF receivers in terms of operating frequency range, and 

-speed signal handling.  The above six-port advantages have be ntally 

esting 

conclusions are extracted from this work. 

itecture to operate as both zero-IF and 

onstrated.  The operation principle of six-port networks 

as both 

, and an OSR=2, four 200 

MSamp

46 dB.  The dynamic range can be extended by increasing the resolution, at the 

power consumption, low 

and the self-mixing o

high en experime

demonstrated, although they were well known.  However, two new and inter

First, the capability of the six-port arch

low-IF receivers has been dem

homodyne and heterodyne receivers is known from theory, although almost all 

six-port receiver implementations are direct frequency conversion architectures.  Some 

heterodyne six-port receivers have been reported and demonstrated from simulations.  

However, heterodyne architecture is not a good option when a SDR hardware 

implementation is addressed.  Here we have experimentally demonstrated that the 

advantages of both low-IF and zero-IF principles can be combined in a unique six-port 

receiver. 

The second novelty is that the six-port receiver achieves larger dynamic range 

than the zero-IF/low-IF receiver.  Multi-port architectures are said to present worse 

behaviour as for dynamic range compared to conventional homodyne and heterodyne 

architectures, as a consequence of the detector diode limitations.  The reason is that 

six-port implementations typically use zero-bias detector diodes.  On the contrary, we 

have biased the diodes in order to extend the square-law region.  We have 

demonstrated that the use of a bias current has significant benefits in the dynamic 

range extension.  The six-port receiver dynamic range has been extended to 58 dB.  

Therefore, we are not very far from the state-of-the-art high-speed ADCs, although 

more research must be done. 

In effect, considering the 50 MHz video bandwidth

les/s ADCs would be required.  Table 7.1 shows several examples of 

commercial 200 MSamples/s ADCs.  The 8-bit ADCs, while being the cheapest 

solution (from 30.68$ to 85$ for the four ADCs), do not achieve dynamic ranges above 
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mmercial 200 MSPS ADCs. 

Manufac
Sample Dynamic Power 

expense of the increment in cost and power consumption.  A dynamic range similar to 

that obtained with our six-port receiver is achieved with 10-bit resolution (59-60 dB), 

with a prize between 100$ and 150$ for the four ADCs, and a power consumption 

from 1.3W to 2.3 W.  The maximum dynamic range that can be obtained is around 74 

dB by using 16-bit ADCs.  However, for a SDR this solution is too expensive (400$) 

and requires a very high power consumption (5-8.6 W).  Therefore, intensive research 

is needed not only in the analog front-end, but also in the digital part. 

Table 7.1  Examples of co

turer Part number Bits Rate 
(MSPS) 

Input 
channels range 

(dB) 
consump. 

(mW) 

Prize 
(US$) 

Texas 
Instruments 

[138]

ADC08B200 8 200 1 45 543 16.5 

 

ADC08200 8 200 1 46 210 7.67 
ADC10DV200 10 200 2 59.8 450 50 
ADS58B18 11 200 1 67 310 27.4 
ADS5517 11 200 1 66 1230 41.15 
ADC11DV200 11 200 2 62.3 473 56 
ADS58C28 11 200 2 66.6 505 63.95 
ADS62C17 11 200 2 66.9 1081 66 
ADS58C48 11 200 4 66.6 900 111.95 
ADS5485 16 200 1 73.7 2160 98.95 
AD9054A-200 8 200 1 43 781 21.22 

Analog 
Devic

 

es 
[139]

AD9211-250 10 200 1 59.4 353 39.47 
AD9211-200 10 200 1 59.5 333 32.38 

 

AD9601-200 10 200 1 59.5 344 32.38 
AD9230-11 11 200 1 62.8 373 36.43 
AD6657 11 200 4 66.3 1300 129.71 
AD9467-200 16 200 1 74.3 1240 100.3 

Linear 
Technology 

[140]

LTC2241-10 10 210 1 60.5 585 32 
LTC2241-12 12 210 1 65.4 585 32 
LTC2156-12 12 210 2 68.4 592 55.43 
LTC2151-14 14 210 1 69.9 316 32.61 
LTC2156-14 14 210 2 69.9 605 55.43 

 

Chapter 5 deals with a very important topic in multi-port receivers: the 

regeneration of the original IQ signals.  Two new IQ regeneration techniques are 

introduced and validated.  The first one is a real-time training-sequence-based 

channelized auto-calibration method for multi-port receivers.  The channelized auto-

calibration method is specially suited for broadband communications and strict 

requirements in the quality of service.  Measurement results show a significant BER 

improvement, between one and two orders of magnitude with respect to conventional 
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T resents promising 

advantages and benefits.  However, on ant problem pe the large 
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Chapte nts th ulm n of  thesi ere  red

version of the eiver vel in LT  techn .  Du the u

the LTCC technology, the dime six-p t receiv ave b educ
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These promis may  to architecture 

alternative for the lower gigahertz region, he e for ile unication 

applications. 

7.2 FUTU AR  W K 

auto-calibration methods.  The second technique is an analog IQ regeneration 

technique for five-port receivers, based on the use of a simple IQ recovery circuit.  

This technique overcomes some typical drawbacks of five-port receivers.  On one 

hand, it eliminates the calibration constants calculation (which entails a matrix 

inversion), and one baseband output, without any reduction in the operating frequency 

band.  On the other hand, it improves the DC-offset and IMD2 rejection, which are 

main problems in direct conversion architectures. 

he above contributions prove that the six-port receiver p

e import

h requir

 was still 

F fron

nding: 

nd for SDsize of six-po circuits.  The ndwi ents of a  force 
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ing results lead  reconsider the six-port as an 

nc  mob comm

RE RESE CH OR

One of the interesting research subjects for future work refers to the RF 

filtering.  In a SDR implementation, multi-band or tuneable RF filters are needed to 

cover very large frequency ranges.  Conventional multi-band filtering techniques have 

consisted of filter banks, with the disadvantage of the circuit size.  Currently, the 

efforts are focused on the design of multi-band filters with an arbitrary number of pass-

bands.  Furthermore, microelectromechanical systems (MEMS) devices have displayed 

remarkable characteristics as variable devices, and have been applied as tuneable or 
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de linearization techniques, in order 

to exten

me auto-calibration methods for 

multi-p

nclude, other possible future research lines could be focused on the 

digital part.  Without going far from the RF framework, since digital signal processing 

oint would be, for example, the 

investigation on carrier recovery algorithms, which can make use of the extra amount 

of infor

 

reconfigurable multi-band RF circuits.  A very interesting work would be to integrate 

multi-band or MEMS tuneable filters on LTCC substrates. 

One key topic in six-port architectures that needs intensive research is the 

extension of the dynamic range.  In fact, this is a key drawback of broadband 

architectures.  In this thesis we have proposed a high dynamic range detector design 

based on the use of a bias current.  The detector design, however, can be further 

optimized.  Another possibility is to investigate dio

d the square-law behaviour of the detectors.  It would be very interesting to 

integrate a diode linearization technique into the calibration algorithm.  Some diode 

linearization techniques have been reported.  An exhaustive study of these linearization 

techniques is planned, as well as possible improvements and new solutions.  Moreover, 

the investigation on DC-offset and IMD2 suppression techniques can be also 

interesting for dynamic range extension. 

The investigation on new and improved real-ti

ort receivers is also a future research work.  The optimization of the proposed 

channelized auto-calibration method is one of our future objectives.  On one hand, it is 

worth studying new families of filters, in order to improve the calibration performance.  

For example, we could think of a family with more selective filters.  On the other hand, 

it would be interesting to develop an FPGA implementation of the channelized auto-

calibration algorithm.  The analysis of several parameters, such as run-time resource 

consumption, execution time, etc. would be interesting. 

To co

is an extremely wide field, one interesting p

mation available in the four output ports. 
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