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RESUMEN

TÍTULO:

Osciladores CMOS de cuadratura con amplio rango de entonado para circuitos de de-

splazamiento de fase en frecuencias altas.

AUTOR:1 Clara Iliana Mart́ınez Gómez

PALABRAS CLAVE:

Oscilador de cuadratura; circuito de corrimiento de fase; RF; comunicaciones inalámbricas.

DESCRIPCIÓN:

El uso de señales en cuadratura, es decir señales desfasadas una respecto a la otra

por 90 grados, es una práctica común en áreas tales como los sistemas de comunicación

inalámbrica y el procesamiento digital. Entre las bondades de la cuadratura se encuen-

tran su elegante representación matemática de baja complejidad aśı como el hecho de

que al realizar convoluciones con estas señales la componente de imagen o banda lateral

inferior desaparece realizando simples operaciones aritméticas entre ellas.

Algunas técnicas sofisticadas de recepción inalámbrica, como los arreglos multi-fase de

formación de haz (beamforming phased arrays), requieren seales de alta frecuencia (RF)

con múltiples fases para cancelar interferencias. Una posibilidad para la generación de

corrimientos de fase de señales senoidales de RF es la suma o resta de señales en

cuadratura con diferentes amplitudes. La precisión del corrimiento de fase realizado de

este modo es sensible a la exactitud de la cuadratura, por lo que el error de ésta debe

ser bajo (< 3%).

En la investigación desarrollada se analizaron diversas técnicas para la generación de

señales en cuadratura de alta precisión y amplio rango de entonado en frecuencias al-

tas (GHz). El estudio reveló que aquellas que reúnen las mejores caracteŕısticas son

las basadas en acoplamiento de osciladores de primer orden, espećıficamente los os-

1Departamento de Electrónica. Diseño de circuitos integrados.
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ciladores de dos integradores. A partir de estos hallazgos, se diseñó un oscilador CMOS

de cuadratura de dos integradores controlado por voltaje (Q-VCTIO por sus siglas en

inglés) en tecnoloǵıa UMC mixed-mode/RF de 180nm cuyos resultados de simulación

incluyen: frecuencia central de 2.445GHz; ancho de banda de 570MHz; ruido de fase de

-115dB y error de fase de 0.008grados.

A su vez, con el oscilador propuesto se verificó, a nivel simulación, que es posible generar

140 diferentes corrimientos de fase, entre 4 y 345 grados con incrementos de 0.6grados,

aproximadamente, controlados digitalmente por un palabra de 8 bits. Dichos corrim-

ientos se pueden realizar en un rango de frecuencias comprendido entre los 2.12GHz y

los 2.49GHz. Por lo tanto, el trabajo realizado introduce una novedosa arquitectura

CMOS para realizar corrimientos de fase con una ancho de banda de 370MHz a una

frecuencia central de 2.305GHz.
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SUMMARY

TITLE:

Wide tuning range CMOS quadrature oscillators for high frequency phase shifter cir-

cuits.

AUTHOR:2 Clara Iliana Mart́ınez Gómez

KEY WORDS:

Quadrature oscillator; phase shifter circuit; RF; wireless communications.

DESCRIPTION:

The use of quadrature signals, i.e. signals out of phase by 90 degrees with respect

each other, is a common practice in areas such as wireless communications and digital

signal processing. Quadrature signals are easy to deal with and they do possess the

convenient feature of filterless image cancellation by simple arithmetic manipulation.

Some sophisticated radio-receiver technologies, such as the phased array antennas, de-

mand multi-phase high-frequency signals for interference cancellation. One possibility

for generating phase shifts at RF frequencies is by fadding up quadrature signals. The

accuracy of the phase shift realized in this way is sensitive to quadrature mismatch,

thus a quadrature error < 3% must be guaranteed.

Diverse approaches for producing high-precision quadrature waveforms are discussed in

this Thesis. From those, the ones with wide tuning range behavior at high frequencies

are based on the use of coupled first order oscillators. The synthesis and design in

UMC mixed-mode/RF 180nm CMOS technology of a wide tuning range quadrature

voltage-controlled two-integrator oscillator (Q-VCTIO) is presented. Some important

simulation results include: a center frequency of 2.445GHz; a bandwidth of 570MHz; a

phase noise of -115dB; and a phase error of 0.008 degrees.

Finally, with the proposed Q-VCTIO, the design of an 8-bit digitally controlled phase

2INAOE. Electronics Department. Integrated circuits design.
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shifter circuit with 140 phase steps ranging from 4 to 345 degrees is realized. The

proposed phase shifter has a frequency of operation from 2.12GHz to 2.49GHz. There-

fore, a wide tuning range high frequency phase shifter circuit based on a Q-VCTIO is

introduced.
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Chapter 1

Introduction

1.1 Quadrature Signals

Nowadays, many wireless communications use quadrature signal (I/Q) processing. Tech-

nologies such as Wi-Fi, UWB and WCDMA employ the Zero-IF transceiver (TRX) ar-

chitecture [1]. Zero-IF CMOS TRXs exploit the I/Q processing advantage of avoiding

the image problem with a high-integrable low-cost solution [2]. The main drawback of

these TRXs is their high sensitivity to low-frequency interference and 1/f noise [3].

One of the key building blocks of Zero-IF CMOS TRXs is the oscillator that produces

the quadrature waveforms which make possible the I/Q processing. However, before

inquiring about the oscillator some background about quadrature signals is needed to

establish a starting point. The purpose of this section is to provide the big picture

about the complex signals representation. References [4]- [11] describe the topic in

more detail.

Figure 1.1 shows a continuous complex signal (red) in time domain with its in-phase

(black), I, and quadrature (blue), Q, components. Mathematically, the quadrature is

expressed by the identity of Euler:

Aej2πf0t = Acos(2πf0t) + jAsen(2πf0t) (1.1)

where A and f0, are the amplitude and frequency of the signal, respectively; j is the

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Aej2πf0t continuous complex signal in time domain.

imaginary number
√
−1.

From a 3-D perspective with time, I and Q as the axes, continuous quadrature

signals follow a corkscrew path. The amplitude of the twist depends on the amplitude of

both the in-phase and quadrature components meanwhile the turn speed is determined

by the frequency f0. In case the quadrature component is positive, then the spin

direction is counter clockwise; on the other hand, if the Q component is negative, then

the spin direction is clockwise.

Another way to look at the complex signal is from the outlook of phasors. Since

the I and Q components are sinusoidal functions, these have a magnitude and a phase

that produce a new phasor (the phasor of the complex signal) when added up. Figure

1.2 depicts this representation. It can be seen that for a given instant of time the built
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Figure 1.2: Aej2πf0t as a phasor.

complex phasor is highlighted. The advantage of the phasor representation in the time

domain is the ease of the mathematical handling [4].

Finally, the frequency domain representation of a complex signal is illustrated in Fig-

ure 1.3. The bandwidth of the in-phase and the quadrature components are combined

to generate the bandwidth of the complex signal. As in the real signals case, complex

signals have positive and negative frequency components. However, for quadrature

signals the negative frequency parts are in counter phase whereas positive frequency

components are aligned.

To appreciate the advantage of frequency properties of complex signals Figure 1.4

depicts the process of quadrature sampling by means of I/Q demodulation. As can

be seen, frequency translation to base band is performed by mixing quadrature signals
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Figure 1.3: Representation of quadrature signal in frequency domain.

with the bandpass signal, Xbp. The bandwidth of Xbp is centered at frequency fc and

then down-converted by the in-phase, cos(2πfct), component as well as the quadrature,

sin(2πfct), component into two different signal paths. By subtracting the I/Q signals

at the end of the chains, the attained spectrum corresponds to a single signal with the

bandwidth of Xbp but centered at DC.

In sum, due to the ease of complex signal representation quadrature signals pro-

cessing is very useful to accomplish operations such as frequency translation and com-

bination/separation of signals. This features are specially advantageous in wireless

communications where upconversion and downconversion of information is performed.

1.2 Complex Signal Processing in Electronics and

Telecommunications

As mentioned earlier, I/Q processing is used in many wireless communications. In

addition, some other signal processing applications take advantage of the I/Q pro-
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Figure 1.4: Quadrature-sampling block diagram and spectra.

cessing. Figure 1.5 illustrates some of these systems, which include [1], [4], [12]- [17]:

digital communications systems, radar systems, time difference of arrival processing in

radio direction finding schemes, coherent pulse measurement systems, antenna beam-

forming applications, single sideband modulators, image-reject mixers, low-intermediate

frequency transceivers, complex filters, synchronous filtering, polyphase filter, phase-

locked loops and arbitrary waveform generators, among others.

The application of interest in this Thesis is within the scope of wideband, wide

tuning range CMOS quadrature oscillators. By generating I/Q signals capable of being
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Figure 1.5: Complex signal processing in electronics and telecommunications.

tuned in a large frequency range, the possibility to extend the use of signal processing

commonly confined to the low frequency domain to the RF realm is open.

1.3 Motivation and Thesis Outline

Phase shifter circuits have several applications in different systems such as phased array

antennas [18], PSK modulators/demodulators [19], and distortion cancellation produced

by nonlinear circuits with a combination of multi-paths and polyphase signals [20], to

name a few. There are two fundamental demands for phase shifters: to preserve a

constant phase versus frequency and to exhibit a linear phase versus frequency. Since

low cost and high integration are preferable, an intense research has focused in many

different approaches for high-frequency phase shifter circuits in CMOS technology [21].

To overcome the lack of implementations that make available a broad range of phase

control combined with low complexity, a wide range phase shifter based on the concept



1.3. MOTIVATION AND THESIS OUTLINE 7

Figure 1.6: Block diagram of the phase shifter solution proposed in [22].

of vector projection has been proposed in [22]. One of the key building blocks of this

solution is the orthogonalizer, whose function is to shift 90 degrees the input signal to,

subsequently, modify the in-phase and quadrature components which are added at the

end to produce the phase shift; like depicted in Figure 1.6.

Instead of using an all-pass filter as the orthogonalizer block, like in [22], it may be

more convenient to employ a quadrature signal generator since a larger bandwidth is

exhibited by quadrature oscillators. Thus, the Thesis is focused on the synthesis and

design of sideband, wide tuning range CMOS quadrature oscillators. The manuscript

is organized as follows: chapter two delves into the diverse techniques for complex

signal generation; later, in chapter three, the two alternatives explored, a new two-

integrator oscillator topology and the known two-integrator oscillator improved with

programmable current mirrors, with their corresponding simulation results are reported;

finally, conclusion is drawn in chapter 4 along with directions along which to take future

research.
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Chapter 2

Complex Signal Generation

2.1 Quadrature Oscillators Basics

Oscillators are key building blocks in diverse electronic systems such as clock and data

recovery [24], wired and wireless transceivers [25], timing reference in digital signal

processing [26], and high speed data converters [27], among others. The basic function

of an oscillator is to generate a periodic signal with certain properties. An ideal oscillator

generates a signal that only has wanted properties. The signal waveform can have any

form and any number of harmonics. Figure 2.1 depicts four types of commonly used

oscillators.

The output voltage of an ideal harmonic oscillator with angular frequency ωosc in

radians per second and peak amplitude Vpeak in Volts, can be written as [23]

Vout(t) = Vpeakcos(ωosct+ φ0) (2.1)

where φ0 is the initial phase of Vout(t) at t = 0. In the frequency domain, this is

equivalent to a discrete spectral line with amplitude Vpeak at angular frequency ωosc.

This means that all carrier power is located in an infinitely small bandwidth around

ωosc. This is the kind of oscillator illustrated in Figure 2.1 (a).

On the other hand, the output signal of tunable harmonic oscillator can be repre-

sented by [23]

9
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Figure 2.1: (a) harmonic oscillator, (b) harmonic VCO, (c) square wave oscillator, (d)
I/Q oscillator.

Vout(t) = Vpeakcos(2π(KV COVtune + fcenter)t+ φ0) (2.2)

Frequency ωosc1 and ωosc2 in Figure 2.1 (b) represent the minimum and maximum

frequency of the oscillator. Tuning voltage Vtune controls the frequency, and tuning

constant KV CO in Hz/V determines the tuning slope. fcenter is the oscillation frequency

with a zero tuning voltage. As the tuning input is a voltage, the oscillator in Figure

2.1(b) is a Voltage Controlled Oscillator (VCO). In the case of a Current Controlled

Oscillator(CCO), the tuning constant KV CO will have the units Hz/A.

Another possibility is an oscillator which produces a square wave instead a sinusoid

at its output port, like in the case depicted in Figure 2.1 (c). The most common

way to produce square waves in CMOS technology is by means of ring oscillators [3].

Digital systems, data converters and some transceiver arquitectures employ this kind

of oscillator.

Instead of generating one output signal, an oscillator can generate several output

signals with different phases. A special case of a multi-phase oscillator is an oscillator,

which generates a sine and a cosine, see Figure 2.1 (d). Many modern transceiver
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Figure 2.2: Block diagram of a linear feedback model for analyzing oscillation condi-
tions.

architectures require these so-called I/Q signals in their signal-processing component.

It is crucial to predict whether the oscillator under design is properly dimensioned,

so that the oscillator will start and produce a periodic signal. All oscillators in Figure

2.1 are feedback systems and in most instances feedback modeling is used to assess the

oscillation conditions.

Figure 2.2 shows a general block diagram of a linear feedback system with trans-

fer functions H(jw) and β(jw). The conditions needed for oscillation are most easily

analyzed using linear models. For many practical oscillators, linear analysis of the oscil-

lation conditions provides sufficiently qualitative and quantitative insight for oscillator

design. The transfer function Yout/ Xin of the linear system in Figure 2.2 is the general

equation for a feedback system

Yout(jw)

Xin(jw)
=

H(jw)

1 +H(jw)β(jw)
(2.3)

The necessary conditions for steady-state oscillation are known as the Barkhausen

conditions. The first condition is called the gain condition and specifies that the open-

loop gain must be unity. The gain condition for steady state oscillation states [23]

|H(jw)β(jw)| = 1 (2.4)

The second condition for oscillation is referred to as the phase condition, which is

expressed as [23]

∠H(jw)β(jw) = (2m+ 1)180◦ (2.5)
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This phase condition states that the total open-loop phase shift must be (2m + 1)

times 180 degrees, where m is an integer value including zero.

Additionally, once an oscillator has started there must be a mechanism that reduces

the loop gain αOL=|H(jw)β(jw)| effectively to unity, since this is a necessary condition

for steady state oscillation. There are two mechanisms, automatic gain control and

self-limiting, which reduce αOL to one after start-up and stabilize the amplitude.

One option for amplitude stabilization, called self-limiting, is to use the nonlinear

characteristic of an active element in the oscillator. Since this method does not need

additional circuitry, it is often used in high-frequency oscillators. In the literature the

simplest self-limiting oscillator is often referred to as the Van der Pol oscillator.

A second method for amplitude stabilization is to use an Automatic Gain Control

(AGC), where the oscillation amplitude is measured and used in a negative feedback

control loop that stabilizes the oscillator amplitude to a set value after start-up. Main

reasons to use AGC are: fast and reliable start-up; combining optimum biasing for

noise with reliable start-up; obtaining a well-defined output level; power dissipation

reduction.

For many practical oscillators, including the quadrature oscillators, linear analysis

of the oscillation conditions provides sufficiently qualitative and quantitative insight for

oscillator design. However, an oscillator may well operate in the weakly or strongly

nonlinear region making linear modeling inadequate for capturing the full behavior of

these oscillators. The least a designer should do is see how well application of the linear

oscillation conditions compares with transient simulations, which reveals the influence

of nonlinearities in the oscillator.

2.2 Requirements for Quadrature Oscillators

The design space of an oscillator can be visualized by an N-dimensional hyper-cube,

in which each oscillator property is assigned to a separate axis [23]. Figure 2.3 depicts

the design space for quadrature oscillators. It can be appreciated that it consists of an
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Figure 2.3: Design space for Quadrature Oscillators.

hexagon whose edges include: tuning range, frequency, phase noise, power consumption,

chip area and waveform aspect (distortion).

Frequency and tuning range are important specifications that can have a significant

impact on the level of difficulty when designing an oscillator. In general, the higher

the center frequency of an application, the more difficult it is to design an oscillator

for this application. For some applications only the center frequency is specified, but

most oscillators need to cover a band of interest around a center frequency. As for any

specification, the tuning range specification must be met under worst case conditions.

Therefore frequency deviations due to temperatura changes, process spread and power

supply variations should be added to the tuning range.

In practice, every oscillator generates some power at other frequencies than the

fundamental frequency desired. Due to nonlinearities in the oscillator, harmonics of the

fundamental frequency will be generated. These harmonics are specified in dB relative

to the carrier (dBc). In many cases, nonlinear operation of an oscillator improves the

phase noise, but also generates harmonics.

An oscillator normally is part of a larger system with a restricted power budget.

Low power design is important, especially for portable applications. Minimum power

dissipation also is important for applications that are connected to the mains, since the
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whole system has to fit into a cheap package with a certain termal resistance. In such

a case, low power means the possibility of a higher degree of integration. The power

budget of an oscillator is usually specified in milli-watts, or by the available current

given by a supply voltage. The attainable phase noise L(fm) levels in an oscillator are

directly related to the power dissipation.

The technology plays an important role in the performance and cost of an oscillator.

For example, the inductor quality is much better on high-ohmic substrates compared

to low-ohmic substrates. It is therefore much easier to realize high-performance LC

oscillators on high-ohmic substrates. However, one of the most salient problems with

LC oscillator is the area consumption of the inductors. If chip area minimization is

important, the use of a large number of large planar coils should be avoided. Ring

oscillators usually are much more compact than LC oscillators, but also are much

noisier (as a rough rule of thumb, approx. Q2 times) at comparable power dissipation

levels.

Figure 2.4 illustrates the definition of phase noise, L(fm). As shown, Psignal is the

result of an integration of the power spectral density of the output waveform, Svout ,

around fosc. Provided that the integration interval is large enough to capture about

99%, Psignal, is a good approximation of total signal power. Clearly a high Psignal, and

thus a large Vpeak is desired for a small L(fm). Commonly, 10log(L(fm)) is specified

and its units are dBc/Hz, indicating that the phase noise is measured relative to the

carrier and in an 1 Hz bandwidth.

Design solutions always are inside the fundamental boundaries and practical bound-

aries. The area inside the practical limits can be regarded as designable space [23].

Fundamental limits refer to limits imposed by nature as we know it, for example the

speed of light, c, or the charge of an electron, q. All the limits set by nature impose

fundamental limits on the oscillator performance. Practical limits are imposed by the

design resources, like technology. The IC technology used for oscillator implementation

has non-ideal devices and properties, such as finite transition frequencies, interconnect

capacitance, etcetera. These non-ideal elements limit practical oscillator performance.
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Figure 2.4: Phase noise definition.

At the beginning of an oscillator design, the functional specifications and design

resources must be completely clear. Deriving a well understood and complete set of

oscillator specifications from the application in which the oscillator will be used, can

be a challenging task in itself. In any case, time spent on this task in the beginning

of the design process is worth the effort, since it is difficult to ”hit a moving target”

(specification). Therefore, it is recommended to write the design specification of a

certain oscillator property as [23]: design specification equals nominal specifications

plus technology margin plus safety margin.

2.3 Quadrature Signal Generation

Quadrature signals can be generated in many ways. Some of the most employed ap-

proaches are depicted in Figures 2.5 and 2.6 with their most salient properties [23], [28].

Both advantages and disadvantages are highlighted.

As stated in section 1.3, the quadrature oscillator pursuit in this Thesis is intended

for being employed in the phase shifter circuit based on vector projection. Since such

phase shifter is desired to be suitable for RF applications [22], then the quadrature

oscillator must exhibit high frequency operation, large tuning range, and very accurate

quadrature.

From the many approaches detailed in Figures 2.5 and 2.6, those who present the

adequate features for the application of interest are the even-stage ring oscillator and
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Figure 2.5: Different approaches for quadrature signal generation (I).
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Figure 2.6: Different approaches for quadrature signal generation (II).

the quadrature coupling of first order oscillators. However, the former solution has

two significant drawbacks: poor L(fm) and output waveform. Typically, ring oscillator

produce square waves. Unfortunately, the phase shift technique based on vector pro-

jection is effective only in sinusoidal signals. Thus, additional circuitry like resonators

or bandpass filters must be employed with ring oscillators to have sine waves, which

adds up complexity, noise and chip area.
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On the other hand, the plus of the quadrature coupling of first order oscillators

is its design flexibility since the features of the quadrature oscillator depend on the

behavior of the occupied first order oscillator [32]. Quadrature coupling of first order

oscillators is based on injection locking. It is possible to derive a stable pulse from a

first-order oscillator by observing the integrator output signal by means of a comparator

and compare it to a reference level (Figure 2.6). In that case the two oscillators run in

quadrature [33]. From each of the two oscillators a pulse is derived that is injected in

the other one to force a transition. The result is a much more stable first-order oscillator

system that additionally produces quadrature signals with a high quality phase relation.

Some choices to implement this injection locked system include: relaxation oscillators,

LC-oscillators and two-integrator oscillators [34].

2.4 Quadrature Coupling of First Order Oscillators

This section summarizes the most salient features of quadrature coupling of: relaxation

oscillators, LC-oscillators and two-integrator oscillators.

2.4.1 Quadrature Relaxation Oscillator

Figure 2.7 shows the circuit implementation with bipolar devices of a quadrature relax-

ation oscillator (named cross-coupled relaxation oscillator). The cross-coupled relax-

ation oscillator is implemented with two relaxation oscillators, which are cross-coupled

using, as coupling blocks (soft-limiters), differential pairs that sense the capacitor volt-

age and have the differential output connected to the other oscillator [29]. The soft-

limiter output is a differential current, which is added at the collector nodes. The effect

of this current is to change the input switching levels of the Schmitt-trigger. Thus, this

is equivalent to adding a voltage signal at the Schmitt-trigger input.

Each of the coupled oscillators in Figure 2.7 can be studied as a relaxation oscillator

with two extra current sources, which are responsible for the coupling action. For

instance, the two current sources iSL1 and iSL2 are provided by the soft-limiter circuit
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Figure 2.7: Cross-coupled relaxation oscillator.

driven by the second oscillator, i.e., one oscillator is synchronously switched (triggered)

by the other oscillator.

We assume that there are no mismatches between the two oscillators and that

the switching occurs instantly when there is a transition of the capacitor voltages by

zero. The transistors are assumed to act as switches, which is a good approximation

for bipolar transistors; this is also valid for MOS implementations (with high W/L

transistors). The waveforms are shown in Figure 2.8.

It can be proved that the oscillation frequency is expressed as [29]

f0 =
1

T
=

1

2RI2

C

C1C2

I1CI1D

(I1C + I1D)

I2CI2D

I2C + I2D

(2.6)

where I1D = I1C = I2D = I2C = I.

Likewise, it can be verified that the L(fm) is given by [29]
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Figure 2.8: Waveforms in a symmetric quadrature oscillator (without mismatches).

L(fm) = 2α
4S(vn)

2V 2

(
f0

fm

)2

(2.7)

where S(vn) is the spectral density of the equivalent noise voltage, V is the Schmitt-

trigger difference of threshold voltages, fm is the frequency of a sinusoidal signal which

represents the phase noise [29], and
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α =
Bc

2f0

(2.8)

Bc is the bandwidth for which there is significant noise conversion. This depends on

the circuit implementation.

Some other aspects of the cross-coupled relaxation oscillator are discussed in sub-

section 2.4.4.

2.4.2 Quadrature LC Oscillator

The simplest and most used implementation of the LC oscillator uses transistors to

generate the negative conductance [30]. The implementation in Figure 2.9 couples

two equal LC oscillators, expecting to inherit the good phase noise performance of the

individual oscillators. The coupling block is implemented, as in the relaxation oscillator,

with a differential pair that senses the voltage at one oscillator output and injects a

current in the second oscillator, in order to trigger it.

It has been demonstrated [30] that the oscillation frequency, f0, of the circuit in

Figure 1.5 is given by

f0 = 2πfLC −
gmc
2C

(2.9)

where fLC is the resonance frequency of the LC tank and gmc is the transconductance

of the differential pair (MSL devices).

The quality factor of the circuit, Q, which is other important parameter of LC

oscillators [23], can be expressed as [30]

Q = πfLC

∣∣∣∣∣ LRP (CLω2 + 1)

C2L2R2
Pω

4 − 2CLR2
Pω

2 + L2ω2 +RP

∣∣∣∣∣ (2.10)

where RP is the equivalent resistance of the cross-coupled pair (M devices) and ω the

frequency.

Output waveform of quadrature LC oscillator are sinusoids, like those illustrated in
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Figure 2.9: Quadrature LC oscillator.

Figure 2.10. Spectral purity of these signals depend on Q.

Finally, the L(fm) for this oscillator is provided by [30]

L(fm) = 10log

[
2KT

Pcarrier

( πfLC
Q2πfm

)]
(2.11)

where K is the constant of Boltzmann, T the temperature, Pcarrier the power of the

output waveform, and fm is the frequency of a sinusoidal signal which represents the

phase noise [30].

Again, other aspects of the quadrature LC oscillator are discussed in subsection

2.4.4.
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Figure 2.10: Waveforms in a quadrature LC oscillator.

2.4.3 Two-Integrator Oscillator

In the previous subsections the most salient features of the quadrature relaxation os-

cillator, which is strongly non-linear, and the quadrature LC oscillator, which is quasi-

linear, were summarized. Both relaxation and LC oscillators have a limited tuning

range, which is below one decade (typically lower than 20%) [28]. A third type of os-

cillator that exhibits either a non-linear behavior or a quasi-linear nature with a higher

oscillation frequency and wide tuning range is the two-integrator oscillator (TIO).

The block diagram of a TIO is shown in Figure 2.11. As can be seen, it is composed

of two integrators and two limiters that implement the sign function, connected in

a feedback loop. Each integrator output determines the input polarity of the other

integrator [32]. The oscillation frequency is proportional to the constant of integration

and depends on the oscillator amplitude.

Depending on the non-linear nature of the limiters it is possible to have a non-linear

behavior or a quasi-linear conduct. If the limiters are hard-limiters, then triangular

waveforms are available at the output meanwhile sinusoids are feasible in case the

limiters are soft-limiters. Moreover, if the integration constant is different in each inte-
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Figure 2.11: Block diagram of a two-integrator oscillator.

grator, the amplitudes of the output waveforms will differ but the quadrature condition

will remain. Figures 2.12 and 2.13 depicts these two types of possible output waveforms.

For the hard-limiter case, the oscillation frequency considering different integration

constants, Ki1 and Ki2, is given by [31]

f0 =
1

4
(
VINT1

Ki1
+ VINT2

Ki2

) (2.12)

where VINT1 and VINT2 are the initial values.

The integrator output amplitudes are dependent on the initial conditions of the

two-integrators and on their integration constants, i.e. [31]

VOUT1 = 2
(
VINT1 +

Ki1

Ki2

VINT2

)
(2.13)

VOUT2 = 2
(
VINT2 +

Ki2

Ki1

VINT1

)
(2.14)

On the other hand, for the soft-limiter case, the oscillation frequency is expressed

as [31]

f0 =

√
Ki1Ki2

2π
(2.15)

where K1 and K2 are the gains of the first and second integrators in cascade with their
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Figure 2.12: Triangular output waveforms of a two-integrator oscillator.

Figure 2.13: Sinusoid output waveforms of a two-integrator oscillator.

corresponding limiters.

For this case, the output waveform amplitudes are defined by the soft-limiter satu-

ration levels. It is important to point out that in the presence of mismatches, ampli-

tudes of both hard-limiter and soft-limiter cases change as the oscillation frequency is

tuned [31].

Considering that hard-limiters are critical blocks because it is difficult to design

them for high frequencies, at such frequencies quasi-linear behavior is easier to attain.
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Figure 2.14: Two-integrator oscillator implementation.

A TIO circuit is presented in Figure 2.14 [28]. Each integrator is realized by a

differential pair (transistors M) and a capacitor (C1,2). The oscillator frequency is

controlled by Itune. There is an additional differential pair (transistors ML ), with the

output cross-coupled to the inputs, which performs two related functions: compensation

of the losses due to R to make the oscillation possible (a negative resistance is created

in parallel with C); and amplitude stabilization, due to the non-linearity (the current

source Ilevel controls the amplitude).

It should be noted that the correspondence between the circuit of Figure 2.14 and the

block diagram in Figure 2.11 is conceptual and not topological. It is easy to demonstrate

that the oscillation frequency of circuit in Figure 2.14 is given by [31]

f0 =
gm

2πC
(2.16)
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where gm is the transconductance of the differential pair (ML devices).

From equation (2.16) we can conclude that the oscillator frequency varies by chang-

ing either the capacitance or the transconductance. In a practical circuit we can use

varactors to change the capacitance or, most commonly, we can change the tuning cur-

rent and therefore the transconductance. With the second approach, if the transcon-

ductances are implemented by bipolar transistors the frequency changes linearly with

the tail current. If the transconductances are implemented with MOS transistors the

frequency will be proportional to the square root of the tail current. Since we can change

the transconductance in a wide range, these oscillations have wide tuning range.

The circuit of Figure 2.14 can work in two different modes: (1) If we over-compensate

the losses by increasing Ilevel, the performance is nonlinear and resembles that of the

block diagram in Figure 2.11. With a strong non-linear performance (the transistors

operate as switches) the waveforms are approximately triangular. In this case the

oscillator amplitude is:

VOUT = IlevelR (2.17)

and thus, the oscillation frequency is given by [31]

f0 =
Itune

2CVOUT
(2.18)

In this case the oscillator has a behavior similar to that of a relaxation oscillator.

(2) If we compensate the losses only to the amount necessary for the oscillations to

start, the transistors in the circuit of Figure 2.14 work in the linear region, and the

outputs are close to sinusoidal with the amplitude that satisfies the condition [31]:

1

gmL
= R (2.19)

Since linear operation has been assumed, the currents in the transistors of the

differential pair do not reach the value of the source current Ilevel. However, it has

been found that in practice the output amplitude can be approximated as [31]
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VOUT = IlevelR (2.20)

Finally, the two-integrator oscillator phase-noise is [31]

L(fm) = 10log

[
4KT

RI2
rms

( f0

fm

)2
]

(2.21)

where K is the constant of Boltzmann, T the temperature, fm is the frequency of a

sinusoidal signal which represents the phase noise [31], and Irms is the rms current at

the output of transconductance gm.

In section 2.4.4 a discussion about the three reviewed coupled oscillators is provided.

2.4.4 Comparisons

Table 2.1 provides a comparison among the three quadrature coupling of first order

oscillators discussed in the previous subsections. It can be seen that the three ap-

proaches exhibit the mixing function. However, only quadrature relaxation and two

integrator oscillators possess very accurate quadrature. From these, L(fm) is good in

the relaxation oscillator and variant in the TIO. The most distinctive benefits of the

TIO architecture are the availability of both sinusoid and triangular waveforms, and its

wide tuning range.

In addition to the disadvantages pointed out in Table 2.1, the quadrature relaxation

oscillator presents the inconvenient that only square waves are available. Unfortunately,

the application of interest (the phase shift technique based on vector projection) is

effective only in sinusoidal signals. Thus, additional circuitry like resonators or bandpass

filters must be employed with relaxation oscillators to have sine waves, which adds up

complexity, noise and chip area.

On the other hand, the quadrature LC oscillator approach is not a good candidate

for the application of interest since it has a narrow bandwidth. A wide tuning range is

required by the application of interest aiming to a large bandwidth phase shifter. Thus,

narrow bandwidth oscillators are not handy.
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Table 2.1: Comparison among the quadrature coupling of first order oscillators.

Architecture Advantages Drawbacks

• Reduction in L(fm) • Quadrature errors

Quadrature relaxation oscillator • Mixing function • Power consumption

• Good L(fm) • Narrow bandwidth

Quadrature LC oscillator • Good spectral purity • Chip area

• Mixing function • L(fm) degradation

• Sinusoid and triangular waveforms

Two integrator oscillator • Wide tuning range • Mismatches affect amplitude

• Very accurate quadrature • L(fm) depends on the circuit employed

• Mixing function

2.5 Possibilities for Contribution

According to the study of quadrature oscillators in the previous section, the TIO is

the approach which shows the more convenient characteristics for the application of

interest. There is only one TIO reported in the literature [31]. This oscillator circuit

possesses a large tuning range (≈ a decade) at Gigahertz frequencies and a good L(fm)

(≈ −100dB/Hz). However, its tuneability is a nonlinear function of the tail current of

the differential pairs which conform the circuit. Moreover, the output swing is rather

narrow (a few mili volts). Thus, areas of opportunity for contribution regarding the

known implementation of the TIO are: linear tuneability control and a larger output

swing.

Another alternative to push the state-art in high frequency two-integrator oscillators

is to synthesize a brand new circuit topology. Such new TIO may feature a voltage

controlled quadrature oscillator instead a current controlled solution, a cross-coupled

free circuit, and, perhaps, a waveform generator orientation, i.e. to produce waveforms

other than sinusoids, like triangular, sawtooth and square waves.

It seems that by choosing the synthesis of a new TIO circuit, there is more room

for contribution in the topic. Chapter 3, presents the proposed solutions.
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Chapter 3

CMOS Two-Integrator Oscillator

3.1 The proposed Two-Integrator Oscillator

Based on the block diagram of a TIO depicted in Figure 2.11, which is compound of

two integrators in cascade within a feedback loop, the schematic of Figure 3.1 has been

devised. As can be appreciated, it consists of two transconductance based integrators

in a fully differential fashion. The center frequency, f0, is established by the values

of capacitors CL1+, CL1−, CL2+ and CL2− along with the transconductances gm1 and

gm2. For simplicity, we will assume CL1+ = CL1− and CL2+ = CL2−. By modifying the

values of gm1 and gm2 f0 can be tuned. Thus, the key for high frequency operation

is to employ a broad bandwidth transconductor. A simple transconductor topology

with a minimum number of internal nodes and consequently with a high frequency

operation was proposed by Bram Nauta in [35]. Even though its major drawback of

drawing transient currents from the power supply, which increases the potential of signal

coupling between stages [36] as well as exhibiting a considerable power consumption at

very high frequencies, with more than 300 citations, papers and patents included, the

circuit has proved to be a very useful building block. The Nauta transconductor is the

elementary unit used herein for the proposed TIO.

At glance, the Q-VCO in Figure 3.1 resembles a two-stages ring oscillator (TSRO).

However, most of the reported TSROs make use of building blocks other than the

31
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Figure 3.1: Schematic of the proposed Q-VCO.

Nauta transconductor, for instance, differential stages with cross coupled pairs [37] or

composite loads [38], Maneatis delay cells [39]- [40], varactor based LC tanks [41]- [42],

or simple inverter gates [43]- [44]. In addition, the pursuit of TSORs focuses mainly on

a good performance in terms of tuning range and phase noise [45]. On the other hand,

the purpose of this Thesis is to design a wide tuning range CMOS TIO with accurate

quadrature waveforms at high frequencies.

3.2 The Nauta Transconductor

Figure 3.2 shows the Nauta transconductor built up with CMOS devices. As can be

appreciated, it consists of a fully-differential amplifier based on six inverter gates, i.e.

six PMOS (MP1,...,P6) and six NMOS (MN1,...,N6) transistors. Since inverter gates are

the key building block of the circuit, the design of the transconductor is performed

as follows: a symmetrical threshold gate is desired, thus, depending on the threshold

voltages of the CMOS devices, VTHP and VTHN , PMOS transistor must be three or

more times larger than the NMOS transistor; in addition, since there is an equivalent

RC circuit formed by the ohmic value of the devices and the capacitive load at the

output of the gate, transistors must be sized such as the time constant is low enough

to be capable of processing the fastest possible signal at the input port. The design

equations are reduced to the following expressions:
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Figure 3.2: Fully differential Nauta transconductor: (a) symbol; (b) CMOS schematic.

(
W

L

)
N1,...,N2

=
CLVdd

µnCOX(Vdd − VTHN)2tpHL
(3.1)

(
W

L

)
P1,...,P6

=
CLVdd

µpCOX(−Vdd − |VTHP |)2tpLH
(3.2)

where Vdd is the bias voltage; CL is the effective output capacitance of the inverter

gate; COX is the oxide capacitance of the MOS technology; µn is the mobility of the

electrons and µp the mobility of the holes;
(W
L

)
P1,...,P6

and
(W
L

)
N1,...,N6

are the aspect

ratio of PMOS and NMOS devices, respectively, whereas VTHP and VTHN are their

corresponding threshold voltages; tpLH and tpHL are the propagation delays of the

inverter gate [46], these must be chosen such as their value are a small fraction of the

period of the fastest signal which is intended to be processed.

Table 3.1 highlights the most salient features of the Nauta transconductor [47].

Important parameters such as low frequency gain, quality factor (for filtering purposes),

noise factor, distortion, signal swing available, dissipation and frequency limitations are

listed. Design trade-offs among all of them are discussed deeply in [47].
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Table 3.1: Transconductor properties.

Parameter Expression

Transconductance gm = (Vdd − VTHN + VTHP )
√
KNKP

Small-signal DC-gain A0 =
gmd

δgm

Quallity factor
1

Qint(ωT )
=
δgm
gmd

Noise factor F = Cinv
gmi

gmd
> 4Cinv

Distortion
C3

C1
≈ − θn + θp

8(Vdd − VTHN + VTHP )

Maximal signal Vmax ∼

√
8(Vdd − VTHN + VTHP )

θn + θp

Dissipation per gm
3

4
(Vdd − VTHN + VTHP )Vdd

Maximal resonance frequency ωmax ≈
µn

8L2
n

(Vdd − VTHN + VTHP )

Table 3.2: Design detail of the Nauta transconductor.

Transistor Aspect ratio (W/L)

MN1,MN2,MN3,MN4,MN5,MN6 45µm/0.18µm

MP1,MP2,MP3,MP4,MP5,MP6 135µm/0.18µm

Table 3.3: Performance characteristics of the designed Nauta transconductor.

Parameter Value

Supply voltage 1.8V

Power consumption ≈ 56mW

DC gain ≈ 29dB

BW @ CL = 0.3pF 124.4MHz

GBW @ CL = 0.3pF 3.5GHz

CMRR 35.2dB

Output swing 1.27Vpp (≈ 70%Vdd)

Slew-rate +, Slew-rate - 365.44KV/sec, 287.27KV/sec

Settling time 1µsec

PSRR @ DC, 100MHz 35dB

Input common mode voltage 900mV
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By means of equations (3.1) and (3.2) and considering a frequency of operation

around the 3.5GHz, the sizes of the devices of the transconductor in Table 3.2 were

determined. Parameters of the CMOS/mixed-mode/RF 0.18µm technology from UMC

foundry were employed. An output capacitance, CL, of 300fF was considered. This

value was estimated taking into account parasitic self load of the transconductor.

Finally, Table 3.3 shows some of the most important characteristics of the designed

Nauta transconductor. Those are simulated results obtained in Mentor Graphicsr IC

studio 2008.2b. As can be seen, there is a good trade-off between GBW and DC-gain.

Unfortunately, power consumption is large due to the nature of the circuit to draw

transient currents from the power supply in combination with the fact that the aspect

ratio, (W/L), of the involved transistors is large to exhibit high frequency operation.

Figure 3.3 (a) shows the magnitude response of the transconductor versus frequency

whereas Figure 3.3 (b) depicts the transconductance of the circuits for diverse Vdd values.

It can be appreciated that for one third variation of the highest Vdd value (1.8V) an

approximate of 20mA/V transconductance tuning is achieved. With both, the high

frequency benefits and the transconductance tuning capability exhibited by the circuit,

a wide tuning range TIO at high frequency is expected.

3.3 CMOS Quadrature Voltage Controlled Two In-

tegrator Oscillator

Figure 3.4 depicts the schematic of the Quadrature Voltage Controlled Two-Integrator

Oscillator (Q-VCTIO) with CMOS devices. Since the Nauta transconductor designed

in the previous section is the key building block of the oscillator, it is quite straight

forward assembling the Q-VCTIO by cascading two of these transconductors within a

feedback loop as indicated in Figure 3.1. There are two output ports in the circuit

given by the output differential voltages (Vout1+ − Vout1−) and (Vout2+ − Vout2−), who

are in quadrature with respect each other. The capacitance values CL1+, CL1−, CL2+

and CL2− are parasitic self-loads of the transconductor. The tuning of the oscillation
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(a)

(b)

Figure 3.3: (a) Frequency response (magnitude) of the designed Nauta transconductor and
(b) Transconductance versus differential input voltage for diverse Vdd values.
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Figure 3.4: Proposed CMOS Q-VCTIO.

frequency, f0, is performed by means of V ∗dd.

The design of the Q-VCTIO was made with the CMOS/mixed-mode/RF 0.18µm

technology from UMC foundry. Figure 3.5 shows the layout realized in Mentor Graph-

icsr IC studio 2008.2b. Characterization of the oscillator was also performed in the

same program, Table 3.4 summarizes the most noticeable aspects of the proposed Q-

VCTIO and a comparison with some other quadrature oscillators in CMOS 0.18µm

technology reported in diverse journals. Some of the performance parameters are not

possible to compare since these are not reported in the examined papers, such is the case

of the output voltage swing and the total harmonic distortion (THD). For the proposed

circuit, the average voltage swing obtained between the output ports was 67% of 2Vdd,

which is the largest possible swing in case of rail-to-rail operation. 67% corresponds

to ≈ 2.4V pp, which is a good number considering that the bias is 1.8V, which by the

way, is among the largest values of voltage supply employed for biasing the circuit.

On the other hand, the purity of the sinusoids at the output is given by the THD. A

3% THD value may be on the limit of harmonic voltage allowed but that depends on

the system where the oscillator is going to be employed. However, considering the fact

that inductors are not present in the circuit and, consequently, the quality factor of the

oscillator is not high, 3% THD is acceptable.
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Table 3.4: Comparison among the proposed TIO and diverse reported Q-VCOs in
0.18µm CMOS technology.
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Figure 3.5: Layout in the CMOS/mixed-mode/RF 0.18µm technology from UMC foundry
of the designed Q-VCTIO.

There are some drawbacks of the proposed Q-VCTIO when compared to the other

proposals: it is power hungry as expected since power consumption of the Nauta

transconductor is high; the phase noise is not as low as in the other oscillators, which

was anticipated in chapter 2; and both Figures of Merit, FOMPN and FOMPN+FTR,

are not the lowest neither. The suffixes PN and PN + FTR refer to Phase Noise and

Frequency Tuning Range, correspondingly. FOMPN and FOMPN+FTR are respectively

given by [58]

FOMPN = −L{fm}+ 20log

(
Fcenter
fm

)
− 10log

(
PDC

1mW

)
(3.3)

FOMPN+FTR = FOMPN + 20log

(
FTR

10

)
(3.4)

where L(fm) is the phase noise at the offset frequency (fm), Fcenter is the center os-
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Figure 3.6: Output waveforms of the Q-VCTIO at 2.445GHz.

Figure 3.7: Kvco of the Q-VCTIO.

cillation frequency and PDC is the power consumption of the circuit. Since L(fm) is

rather a low value and PDC is high, the FOMs are damaged. Nevertheless, compact-
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Figure 3.8: Phase noise of the Q-VCTIO @ 1MHz fm.

ness (Area), bandwidth (BW ), tuning constant (KV CO), FTR and Phase error are the

brightest characteristics of the proposed Q-VCTIO. This elements outline the oscil-

lator for small-form-factor/high-quadrature-precision/wide-tuning-range applications,

such as phase shifter circuits. In terms of Fcenter the oscillator is ranked in the middle

compared to the other approaches.

Figure 3.6, depicts the output waveforms of the proposed Q-VCTIO at 2.445GHz.

As can be seen, there is not delay time for having an steady output swing. On the other

hand, Figure 3.7 details the KV CO of the oscillator. It can be appreciated that KV CO

is a nonlinear function of the tuning voltage V ∗dd. Finally, the L(fm) of the circuit is

sketched in Figure 3.8 for an fm=1MHz.
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Chapter 4

A Q-VCTIO Based Wideband

Phase Shifter Circuit

4.1 Phase Shifter Circuits

Phase shifter circuits have several applications in different systems such as phased array

antennas [60], [61], radar applications [62], image rejection in low-IF receivers [63], PSK

modulators/demodulators [19], phase correction in multiple clocking circuits in high-

speed I/O applications [64], and distortion cancellation produced by non-linear circuits

with a combination of multi-paths and polyphase signals [65], to name a few. The main

function of a phase shifter is to produce at its output port a replica of the signal fed

at its input port, but with a modified phase. Depending on the nature of the insertion

phase, i.e., whether switchable continuously or in discrete steps, phase shifters are

further classified into analog and digital, respectively [66], [67], [68]. There are two

fundamental demands for phase shifters: to preserve a constant phase versus frequency

and to exhibit a linear phase versus frequency.

In the RF area, the constant phase designs are typically implemented by means

of switched networks, whereas the linear phase designs are predominantly synthesized

using switched delay lines [63]. Another approach to the design of phase shifters in the

analog domain is the use of polyphase (complex) filters, which produce nonsymmetric

43
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gain responses with regard to the positive and negative frequencies [69], [70]. There

are various procedures to implement complex filters, some of those include the Hilbert

transform, which adds up a shift on the position of the poles and zeros of the transfer

function of a real filter, and the employment of passive RC ladders with multiple inputs

for realizing the complex coefficients of the transfer function in the linear network. The

last, presents an important rotational symmetry property concerning to the rotation

conversion of the input ports, and consequently, is referred as linear rotational symmetry

(LRS) network. That symmetry property can be extended to active polyphase circuits

[65]. Nevertheless, the phase shifts attained by such circuits are fixed multiples of a

given phase value, and thus, even if the interconnection of the cascaded networks is

changed, the range of possible shifts is bounded. This is inconvenient in applications

where a wide phase shift range is required, e.g. the multipath polyphase linearization

technique, where a large phase control range is necessary in order to provide a large

linear control range [20].

Unfortunately, despite of the many available approaches for phase shifters, there is

a lack of architectures which exhibit a wideband with a broad range of phase control.

In the present chapter, a solution that satisfies those features based on the use of the

proposed Q-VCTIO is introduced.

4.2 Wide Range Phase Shifter Circuit Based on

Vector Projection

Figure 4.1 depicts the projection in a plane, <2, of vector A along vector β, with

β 6=©. The result of such projection is the vector αβ, where α is an scalar defined as

the component of A along β [59]. It is possible to generate a vector perpendicularly

orientated with respect to β, by subtracting A and αβ. As a result, A can be redefined

as the sum of the linearly dependent vector αβ plus the orthogonal vector A-αβ. If the

magnitudes of the linearly dependent and the orthogonal vectors are chosen properly,

then the resultant vector has the same magnitude of vector β but with a different
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Figure 4.1: The projection of vector A along vector β.

orientation, i.e. β is virtually rotated. The angle, θ, of the rotated vector can be

computed in terms of the magnitudes of the orthogonal and the linearly dependent

vectors as

θ = arctan

(
‖A− αβ‖
‖αβ‖

)
(4.1)

Note that owing to the fact that A0 and αB0 are amplitudes of signals with either

polarity, positive (with an initial phase of 0 degrees) or negative (with an initial phase

of 180 degrees), the argument of the arctangent function is not restricted to positive

numbers. Thus, the range of the resultant phase mathematically lies within −90 < θ <

90. However, because of the polarity property of the cosine signal and its orthogonal

sine, the phase shift achieved covers almost entirely a period, i.e. 360 degrees. Thus, if

both signals have a positive polarity, the phase shift lies within 0 ≤ θ < 90; nevertheless,

if αB0 has a negative polarity and A0 a positive one, then the phase shift lies within

90 < θ < 180; on the other hand, if both signals have a negative polarity, the phase

shift lies within 180 < θ < 270; but if A0 has a negative polarity whereas the polarity

of αB0 is positive, then the phase shift lies within 270 < θ < 360. In this way, the

phase shift can be expressed as
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θ =



arctan

(
A0

αB0

)
if ϕA = 0o, ϕB = 0o

180− arctan

(
A0

αB0

)
if ϕA = 0o, ϕB = 180o

180 + arctan

(
A0

αB0

)
if ϕA = 180o, ϕB = 180o

360− arctan

(
A0

αB0

)
if ϕA = 180o, ϕB = 0o

where ϕA and ϕB are the initial phases of the sine and cosine waveforms, respectively.

Therefore, the insertion phase for a single-tone signal can be done by adding to the

waveform previously modified in amplitude and polarity, its orthogonal counterpart,

also modified in amplitude and polarity. A low-frequency prototype based on the vector

projection technique has been reported in [22]. The presented results demonstrate the

feasibility of the technique for generating phase shifts. However, the problems with the

circuit employed in [22] are: the orthogonalizer block, built up with a first order all-

pass network, exhibits a very narrow bandwidth; the fact that the circuit was realized

with low frequency elements such as op amps. Thus, the design of a wide tuning range

phase shifter based on the vector projection approach at high frequencies needs to be

addressed.

4.3 Digitally Controlled Programmable Phase Shifter

Circuit

Figure 4.2 illustrates the proposal for insertion phase. Unlike the circuit in [22], the

new topology differs from the original in the way in which quadrature is accomplished.

The proposed circuit makes use of the quadrature Voltage-Controlled Two-Integrator

Oscillator (Q-VCTIO) to produce quadrature signals in a wideband range at high fre-

quencies. Since the input is a DC control signal that tunes the frequency of operation

of the quadrature oscillations which are further programmatically attenuated by an

8-bit word to be subsequently added-up, the system may be considered a wideband

high-frequency signal generator with programmable phase.
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Vcontrol

Q-VCTIOAcos(2πf0t) Asin(2πf0t)

Programmable

Attenuator

Programmable

Attenuator

Control byte
b0(LSB)

...

b7(MSB)

αAcos(2πf0t) kAsin(2πf0t)+

Acos(2πf0t+ θ)

Figure 4.2: Block diagram of the proposed Q-VCTIO based Phase Shifter Circuit.

Figure 4.3 depicts the schematic of the proposed CMOS Q-VCTIO based Phase

Shifter Circuit. Relating Figures 4.2 and 4.3, it can be seen that the programmable

attenuation is done by means of R − 2R networks which in turn are driven by analog

multiplexers built-up with transmission and inverter gates. The attenuation factors, α

and k, are given by

α, k =
N−1∑
i=0

Si2
i−N (4.2)

where Si is the i-th switch in the R − 2R ladder whose logic value is ”0” or ”1” in

function of the interconnection of the switch to either ground or the corresponding

2R resistor, respectively. N is the number of bits (NOB) employed for controlling the

attenuation. An N = 8 is proposed, from those half a byte is for attenuating the Q

signal and the other half the I signal. By doing this, an effective attenuation factor

between 0.0625 and 0.9375 with non-monotonic steps is achieved. The output signals

from the R− 2R ladders are in current mode.

The addition of the attenuated signals from the R− 2R ladders is done by means of

the flipped voltage followers compound by devices MN1,MN2, . . .MN6. The flipped volt-



48 CHAPTER 4. A Q-VCTIO BASED WIDEBAND PHASE SHIFTER CIRCUIT

Vbias

MN1

MN2

Vdd

Ibias

Vdd

RL+

MN3

Vbias

MN4

MN5

Vdd

Ibias

Vdd

RL−

MN6

+ −V03

− +V04

Vbias

MN1

MN2

Vdd

Ibias

Vdd

RL+

MN3

Vbias

MN4

MN5

Vdd

Ibias

Vdd

RL−

MN6

+ −V01

− +V02

LSB b0Q b1Q b2Q b3QMSB MSB b0I b1I b2I b3ILSB

LSB b0Q b1Q b2Q b3QMSB MSB b0I b1I b2I b3ILSB

2R

R

2R

R

2R

R

2R 2R2R

R

2R

R

2R

R

2R 2R

Vout1−

Vout1+

Vout2+

Vout2−

CL2+

CL2−

gm1

+

− +

−

CL1−

CL1+

gm2

+

− +

−

2R

R

2R

R

2R

R

2R 2R2R

R

2R

R

2R

R

2R 2R

Figure 4.3: Schematic of the proposed Q-VCTIO based Phase Shifter Circuit.
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Table 4.1: Design detail of the proposed Phase shifter circuit.

Q-VCTIO
Transistor Aspect ratio (W/L)

MN1,MN2,MN3,MN4,MN5,MN6 45µm/0.18µm

MP1,MP2,MP3,MP4,MP5,MP6 135µm/0.18µm

R− 2R ladder

R 100KΩ

2R 200KΩ

Transmission gates
Transistor Aspect ratio (W/L)

MNT ,MNI ,MPT 4.86µm/0.18µm

MPI 14.58µm/0.18µm

Flipped voltage follower

MN1,MN3,MN4,MN6 169.74µm/0.18µm

MN2,MN5 174.6µm/0.18µm

age follower blocks are employed since a low-impedance node is available between the

source terminal of transistorMN2(MN5) and the drain terminal of transistorMN1(MN4),

which favors the sink of external currents with very few modification of the output

impedance of the sources from which the currents are delivered [84]. Finally, once the

currents have been added-up these are mirrored and converted once more to voltage-

mode signals to produce the differential outputs V01, V02, V03 and V04. These correspond

to the phase shifted signals in the first (1-90o), second (91-180o), third (181-270o) and

fourth (271-360o) quadrants of the I/Q plane, respectively.

Table 4.1. shows the design details of the phase shifter circuit of Figure 4.3. The

aspect of ratio of the transistors of the Q-VCTIO were already disclosed in the previous

chapter. These sizes were obtained with the design procedure in [47]. The value of the

resistors of the R − 2R network were chosen trying to keep a balance among noise,

the load seen by the transconductors of the Q-VCTIO and area. On one hand, the

load seen by the transconductors must be the highest possible since, theoretically, the

Nauta transconductor has an infinite differential output impedance. On the other hand,
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noise and area increase conforming the value of R rises. Again, the transmission gates

were sized trying to maintain a good trade-off between compactness and a low resistive

value. This is easy since the 2R value is relatively large and in a series connection

with the resistive value of the switch it prevails. Moreover, the transmission gates

does not operate dynamically and, consequently, there is not a processing rate that

imposes large sizes for the switches. Finally, even though the flipped voltage follower

is typically a low-frequency building block, it has been also employed for realizing RF

circuitry [85]. Herein, the design was focused on preserving the low impedance node (a

few Ω) between the source terminal of transistor MN2(MN5) and the drain terminal of

transistor MN1(MN4).

4.4 Simulation results

The simulation of the Q-VCTIO based phase shifter was done with Mentor Graphicsr

IC studio 2008.2b. Table 4.2 summarizes the most remarkable aspects of the proposed

phase shifter circuit and a comparison with some other analogous in CMOS technology.

Power consumption is difficult to compare since there is only a few papers who reported

it. However, compared to those references, the suggested architecture is one of the most

power hungry. In terms of frequency range, the designed circuit has a bandwidth of

370MHz ranging from 2.12GHz to 2.49GHz. In contrast with the other approaches, the

frequency of operation is one the smallest, but the bandwidth is in a medium term.

The best features of the proposed solution are its large phase range and its small phase

error. The latter is an important characteristics if high precision is required.

It is important to mention that the 328o phase range is covered with 140 phase

steps controlled digitally by the 8-bit word, i.e. the proposed solution has ∼ 0.6o phase

shift step. For each quadrant in the I/Q plane, there is 82o of effective phase shift.

Thus, in the first quadrant the phase shift goes from 4o to 86o, in the second from 94o

to 176o, in the third from 184o to 276o, and in the fourth from 274o to 354o. There

are some reported works [81–83] where the phase shifts are accomplished as follows:
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Table 4.2: Comparison among the proposed Q-VCTIO based phase shifter circuit and
diverse reported phase shifters in CMOS technology.
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Figure 4.4: Insertion phase per quadrant of the proposed phase shifter as a function of the
number of digital combinations.

within a certain bandwidth a fixed phase shift is realized by vector-sum and then by

a digital control the phase shift is step-down or step-up. In this way, a reduced set of

phase shifts with coarse phase step is achieved. On the other hand, with the proposed

solution, a better resolution is reached due to the two-degree-of-freedom incorporated to

the circuit, i.e. a DC voltage for tuning the frequency and a digital control to produce

the phase shift. An 8-bit control is recommended for fine phase shift steps. Increasing

the number the of bits beyond does not reduce significantly the phase shift step. For

coarse shift steps, a reduced number of bits, till 4, is better.

Figure 4.4 shows, in black, the insertion phase per quadrant of the proposed phase

shifter as a function of the number of digital combinations. In red, a linearized version

is depicted. As can be appreciated, they are quite similar. Thus, we can conclude that

the phase step of the proposed phase shifter is quasi-linear.

Figure 4.5 shows some of the different phase shifts attained by the suggested archi-
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Figure 4.5: Different phase shifts in the four quadrants of the I/Q plane.

tecture at 2.305GHz. It can be seen that the resultant output swing varies depending

on the phase shift. However, the smallest swing is around 300mV.

Finally, some important tasks are left to do before coming to a realization and char-

acterization of a prototype of the proposed CMOS phase shifter circuit. For instance,

post-layout simulation of the complete phase shifter circuit to assess in a more complete

way its functionality and process corners characterization to evaluate how PVT varia-

tions affects the proposed circuit and, if necessary, compensate them. These and other

activities are part of the future work, which will be described in the next chapter.
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Chapter 5

Conclusion

5.1 Summary and Conclusions

Many electronics and telecommunication systems have benefited from the quadrature

processing. On-chip high frequency profitable phase shifters can be realized with

quadrature signals if these are combined for producing insertion phase with CMOS

circuits. Some CMOS phase shifters have been reported in the literature. However,

only a few present a good trade-off among frequency of operation, bandwidth and

phase range. In this Thesis, the synthesis and design of a CMOS phase shifter solu-

tion with 370MHz bandwidth ranging from 2.12GHz to 2.49GHz is proposed. Phase

shifts within an extent of ∼ 82o per quadrant in 140 phase steps controlled by an 8-bit

word are exhibited by the suggested solution. However, the circuit has a high power

consumption which makes it impractical for battery-biased applications. Yet, for those

systems where power consumption is not an issue, the recommended circuit still is an

option.

5.2 Original contributions

The original contributions derived from the Thesis include:

• An alternative for achieving wide range phase shifter circuits has been proposed
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with the combination of the vector projection approach and the use of quadrature

voltage controlled oscillators.

• A compact (0.0024mm2), cross-coupled pair free, Q-VCTIO based on the Nauta

transconductor with very low phase error (0.008o), large output swing (2.4Vpp),

large frequency tuning range (FTR = 23.3%) and large gain (KV CO = 712.15MHz/V )

has been introduced.

• The synthesis and design in CMOS technology of a digitally programmable wide

tuning range (370MHz) phase shifter circuit aiming at high-frequency operation

(2.12GHz-to-2.39GHz) has been presented.

5.3 Future work

Future work involves two categories:

Near future work

• Post-layout simulation of the complete phase shifter circuit to assess in a more

complete way its functionality.

• Process corners characterization to evaluate how PVT variations affects the pro-

posed circuit and, if necessary, compensate them.

• Fabrication and characterization of a prototype.

Medium-term future work

• Debugging of the proposed Q-VCTIO by focusing in alleviating the power con-

sumption.

• To extend the functionality of the proposed Q-VCTIO to present its inherent both

linear and quasi-linear behavior.

• To explore the possibility of broadening the tuning range of the proposed Q-

VCTIO.
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• To verify the chance of insertion phase in waveforms other than sinusoidal signals.

5.4 Recommendations

Some recommendations for a proper use of the proposed phase shifter circuit are listed

below:

• If power consumption matters, then it is not recommended to use the proposed

solution since it is power hungry.

• An 8-bit control is recommended for fine phase shift steps. Increasing the number

the of bits beyond does not reduce significantly the phase shift step. On the other

hand, for coarse shift steps, it is recommended to reduce the number of bits till

4.

• The proposed phase shifter only works for sinusoidal signals. If a different wave-

form needs to be shifted in the time-domain, then it is recommended to use true

time delay cells instead.
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