PHASE NOISE REDUCTION TECHNIQUES FOR RF
SIGNAL GENERATOR

Sawat Bunnjaweht

Submitted for the degree of
Doctor of Philosophy
from the

University of Surrey

UniS

Microwave Systems Research Group

School of Electronics and Physical Sciences, University of Surrey,

Guildford, Surrey GU2 7XH, UK

March 2005



Summary

Nowadays, the demand for more communication channels and higher data rate in
digital transmission systems has established a need for lower timing jitter or phase
noise. Timing jitter 1s the unwelcome companion of all communication systems that
use voltage transitions to represent timing information. In the frequency domain,
phase noise or sideband noise of the local oscillator degrades the dynamic range of the
radio receivers. This research investigates and introduces new techniques to reduce

the unwelcome etfects of the phase noise and timing jitter.

In the frequency domain sideband noise reduction techniques, such as transposed gain
amplifiers and the transposed gain oscillator are investigated and studied in detail. It
was found that the convolving of the primary local oscillator and 1ts re-generated
offset frequency make the phase noise reduction possible. From studies, 1t 1s shown
that the oscillating waveforms play an important role in the noise modulation
sensitivity of the oscillator. A new structure of the transposed gain amplifier 1s also
introduced. It has a low pass frequency response and the transposed gain oscillator
based on this amplifier can have, in theory, the LO noise suppression performance

down to system noise floor without path delay difficulties.

The novel jitter reduction circuit based on time domain averaging techniques 1is

introduced. The timing variation of the signal 1s converted into the zero crossing jitter
and integrated by analog integrators. The novel technique employs the averaging on
both leading and trailing edges. This new jitter reduction shows 6dB per octave
attenuation of the signal’s sideband frequency and does not depend on the type of
analog integrator being used. The structure of the circuit is cascadable for higher

sideband noise reduction. It i1s possible to implement this technique using integrated

circult technologies.
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Chapter 1

Introduction

The recent exponential growth in wire and especially wireless communication has
increased the demand for more available channels and higher data rate 1n
communication systems. This demand has dictated higher phase noise performance of
the local oscillator circuits. In the digital communication systems, lower jitter clock
generators are required. The importance of low noise signal generation 1s easy to
understand when one realises that 1t 1s phase noise that degrades the quality of data
transmission, limits the precision of the GPS systems, degrades the picture quality of
the television, reduces the operating range of radar. The importance of phase noise in
signal generators has made 1t one of the most extensively studied subjects in
electronics. Phase and frequency fluctuations have therefore been the subject of
numerous studies [1.1-1.9]. During the last four decades, there are many analysis
models and design methods concerning frequency instability of the oscillator or its

phase noise.

1.1 Frequency Instability

Any practical oscillator has fluctuations 1n its amplitude and frequency. Frequency
instabilities and amplitude fluctuations of an electrical oscillator are mainly due to
noise and interference sources. Thermal, shot and flicker noise in electronics devices
are sources of the first group. Power supply noise, substrate noise (integrated circuits)
and electromagnetic interference are examples of the second group. The frequency
instabilities can be characterised in different ways. Jitter and phase noise are the most

commonly used parameters for quantifying frequency instabilities.

1.1.1 Instability in the Frequency Domain

An ideal oscillator should give output as V,,(f) = V,cosfw,t + ¢,], where the

amplitude V,, the frequency w, and phase reference ¢, are all constants. The one side

spectrum of an 1deal oscillator with no random fluctuations consists of an impulse at



@, as shown in Figure 1.1. But, the output of a practical oscillator is more generally

given by:-

V() =V, [1+ A(0)] /oyt + ¢(2)] (1.1)

where ¢(f) and A(f) are functions of time, V, 1s the maximum output voltage and fis a

periodic function which represents the shape of the steady-state output waveform of

the oscillator.

The output signal has a power spectrum with harmonics of @, if the waveform fis not
sinusoidal. The fluctuations represented by ¢) and A(r) give rise to sidebands close

to the frequency of oscillation, @, and its harmonics. These sidebands are generally

called phase noise sidebands.

Ideal
@
@,
Actual
0,
@, 20, F A,

Figure 1.1 Spectrum of an 1deal and practical oscillator.

The adverse effect of phase noise can be seen in the front-end of a superheterodyne -
receiver. Figure 1.2 shows a typical front-end block diagram, consisting of a low
noise amplifier (LNA), a mixer and a local oscillator (LO). Suppose the receiver tunes
to a weak signal in the present of a strong signal in an adjacent channel. If the LO has
large phase noise, as shown in Figure 1.3, some down conversion of the interfering
signal into the same IF (intermediate frequency) as that of the desired signal will

occur as shown in Figure 1.3. The resulting interference greatly degrades the dynamic



range of the receiver. Therefore, improving the phase noise ot the oscillator clearly

improves the signal-to-noise ratio of the desired signal.

R

LO

Figure 1.2 Typical front-end block diagram.

RF DE-!SII‘ECI
Strong Adjacent Signal

Channel ~ /

G)RF ),
LLO
h),
LO &
Interference
1K Signal

/ Desired

| / Signal
a)]F Q)

Figure 1.3 Effect of phase noise in presence of adjacent strong signal.

1.1.2 Instability 1n the Time Domain

From the time domain viewpoint, the spacing between clock signal transitions is
ideally constant. In reality, however, the transition spacing will be variable due to
fluctuation in ). This uncertainty 1s known as timing jitter, which 1s shown in
Figure 1.4(b). In synchronous digital circuits such as a microprocessor or data

transmission systems, there are clock signals that control the operation of different



logic blocks. The importance of timing jitter can be seen from a simple flip-flop
circuit in Figure 1.4(a). If the clock signal has zero timing jitter as shown with the

solid line in Figure 1.4(b), the data needs to be stable only for /s, + f4,s. However, if

the clock line shows a peak-to-peak zero crossing deviation of 1.y, then the data

needs to be stable for a period of fenp + fhoid + 2Tmax. This decrease in the timing

margins will reduce the maximum operating speed of a microprocessor circuit.

D Flhip-Flop

tsetup th{:nh.:l

<>
Clock ‘ v
(b) tmax+ =
/_ ) |
Data

Figure 1.4 Flip-flop in a digital circuit (a) and the effect of timing jitter in a digital
system (b).

Another example of the destructive effect of clock jitter can be seen in a data
acquisition system. Figure 1.5 shows a sample-and-hold circuit, in which the accuracy
of the sampling process 1s aftected by jitter in the clock signal. The uncertainty in

sampling time is translated directly to uncertainty in the sampled value of output

signal.

[n practical situations, both amplitude A4(¢) and phase ¢(r) disturbances are physical

noise. The primary characteristic of noise 1s i1ts randomness, this is due to the physical



mechanisms which generate it. Three leading types of noise are to be found in all
electronics systems. They are; 1) thermal noise: random motion of the carriers in the
conductor 2) shot noise: random flow of the carriers through a potential barrier 3)
flicker noise: its origin is not well characterised, however it seems to come from the
macroscopic defects of the material. To characterise these noise sources, one must
refer to the theory of random variables and stochastic processes. The mathematical

tools will be simplified by making assumptions according to the statistical properties

of the disturbances.

i~ -

-

Timing Jitter 1 Samplingt

Error
—O\T
Input .
CHuld
i t

Timing Jitter

Figure 1.5 Sampling error due to timing jitter.

1.2 Novel Work

The main objective of this work 1s to reduce the effect of @r), the phase noise
disturbance, 1n both time and frequency domains. In this research, two noise reduction
methods are undertaken. The techniques are transposed gain oscillators and the jitter
reduction circuits. The transposed gain oscillator offers a unique method of noise
reduction of 1t primary LO (local oscillator). Low noise microwave oscillators can be

implemented using a low frequency amplifier based on silicon devices.

[t 1s the convolution process in the transposed gain oscillator that made possible the
LO sideband noise reduction mechanism. The LO phase noise suppression
mechanism has been quantitatively characterised in this research. The research also
shows that the usage of the upper sideband signal of the transposed gain oscillator as

an output signal with the LO noise suppressed is feasible. This feature enhances the



utility of the oscillator since it can give an output signal at a frequency higher than the

pumped LO signal.

The DC (direct current) response transposed gain amplifier and oscillator are
introduced. The LO amplifier has a low pass characteristic even though the main
amplifier 1s a band pass response amplifier. In theory, the transposed gain oscillator
using a new transposed gain amplifier can give suppression of the LO sideband noise

down to the system noise floor without sutfering from a delay mismatch difficulty.

A novel jitter reduction circuit 1s introduced and its jitter suppression performance 1s
characterised 1n this research. This technique uses a simple time domain averaging
method. The jitter reduction circuit behaves like an integrator to the sideband off set
frequency. Although the suppression response depends on the number of average
times », a new jitter reduction circuit is cascadable. The integrator using the stop band
characteristic of band pass network i1s presented. An integrator based on an active
inductor network 1s mvestigated and used successfully 1in the simulated jitter reduction

circuit.

1.3 Structure of this Thesis

Chapter 2 describes the review of phase noise analysis models. In this chapter, both
linear time invariant and linear time variant models are considered. The design of
amplifiers based on an optimum waveform of the linear time invariant model 1s
employed in this research. The present noise reduction techniques are also reviewed.
In Chapter 3, the amplifier design methodology based on the optimum oscillator
waveform is presented. The conventional and the novel low pass response transposed
gain amplifiers are presented in Chapter 3. Chapter 4 presents an analysis of the LO
noise reduction mechanism in transposed gain oscillators. An expression for carrier to
noise ratio is derived. A novel jitter reduction technique 1s presented in Chapter 5. The
jitter reduction performance 1s characterised by 1ts sideband noise suppression
capability. Chapter 6 concludes the work and the contribution of this thesis. The areas

of future work are also i1dentified.



Chapter 2

Phase Noise Analysis Models and Phase Noise Reduction

Techniques

The qualitative behaviour of phase noise is well known. An oscillator’s output

spectrum consists of a peak at the carrier angular frequency @y surrounded by the
symmetrical noise sideband. It does not matter how the oscillator circuits are
implemented, the noise skirt shows the following characteristics. Firstly, the output
noise spectral density of the oscillators is inversely proportional to the square of the
frequency offset from the carrier signal, except very close to the carrier frequency. At
this region, the intluence of the up-converted flicker noise dominants. This same noise
appears 1n the time domain as jitter around the oscillation’s zero crossing points. This
jitter can only be explained as noise in the phase of the oscillation, rather than noise
that 1S superimposed on the signal waveform. Thus, oscillator noise 1s usually
mentioned as phase noise. The postulation of phase noise implies that the sideband

spectrum above and below the carrier are equal 1n amplitude and opposite in phase

2.1].

2.1 Phase Noise Characterisation

There are many phase noise analysis models that have been developed tfor different
types of oscillator, but each of these models makes a restrictive assumption that
makes it applicable only to a limited class of oscillators. A signal’s short-term
instabilities are usually characterised in terms of the single sideband noise spectral

density. It has units of decibel below the carrier per hertz (dBc/Hz) and 1s defined as
12.2]:-

L

total

(
P
{ACD} — 10 10g< szdebana’(wOJrAa),le)}

F carrier

(2.1)



where Pgigepanad (0 + Aw, 1 Hz) represents the single sideband power at a frequency
offset, Aw, from the carrier in a measurement bandwidth of 1Hz as shown in Figure
2.1, and P4vier 1S the total power under the power spectrum curve. The definition in

(2.1) includes the effect of both amplitude and phase fluctuations, 4(f) and ¢ (7).

f

Figure 2.1 Typical plot of phase noise of an oscillator versus offset from carrier.

However, equation (2.1) shows the sum of both amplitude and phase variations. It

does not show them separately. In most practical oscillators L ,,/{Aw} 1s dominated

by its phase variation L5 { A}, which will be simply denoted as L{Aw}. The effect

of amplitude noise can be reduced by amplitude limiting while the phase noise cannot

be reduced 1n the same way.
2.2 Phase Noise 1in the Resonator Based Oscillators

A typical resonator-based oscillator 1s shown in Figure 2.2 in which the oscillation

frequency is determined by 1/22VLC . A transconductance amplifier G,, with

positive feedback provides a negative resistance to cancel the loss in the LC tank

circuit and R, 1s a total loss resistance in the circuit including load.

The classic semi-empirical model proposed by Cutler and Leeson [2.3-2.4], which is

based on the LTI (Linear Time Invariance) assumption, for tuned tank oscillators,

predicts the following behaviour for L{Aw}:-



out

Figure 2.2 Resonator-based oscillator.

(2.2)

b P 2FKT | 1 “ \21 1 “1

S

where [ 1s an empirical parameter called excess noise number, £ is Boltzmann’s

constant, 7" 1s the absolute temperature, P; i1s the average power dissipation in the

resistive part of the tank circuit (R, ), wy 1s the oscillation frequency, Q; i1s the effective

quality factor of the tank with all the loadings in place ( also known as loaded Q), Aw

is the offset frequency from the carrier and @, s 1s the frequency of corner between

the 1/ and 1/ f* regions. In order to design low phase noise oscillators, from

equation (2.2), there are two variables that have rto maximised ( P;, (;) and two
variables that have to minimised (F/, 7"). The cross over frequency between phase and
additive noise and indeed its very existence have been confirmed by experiments
[2.1]. There are more phase noise analysis techniques, which are based on a linearised

oscillator model [2.5 - 2.9]. All LTI approaches give a familiar form of results.

Until now, the Leeson method has continued to be the principal analysis model for
oscillator designs ranging from conventional LC resonator to advanced sapphire disk
dielectric resonator. There are optimised oscillator design techniques based on the
linearised oscillator model [2.10-2.12]. The definition of P, in equation (2.2) may give
somewhat different results, however the generalised formula and the optimum Q; has
been introduced by Everard in [2.12].

The linearised phase noise models have some limitations. It 1s generally difficult to
calculate F, the noise factor, a priori. There are some reasons behind these

difficulties. Firstly, much of the noise in a practical oscillator arises from periodically



varying processes and then some noise sources in the oscillator circuit are
cyclostationary instead of the assumed static sources. This is the usual case when the
active device 1s driven at large signal and then the operating point is shifted. It has

been reported that phase modulation noise is not a monotonic function of the input

signal level of amplifiers [2.13].

2.3 Time-Variant Phase Noise Model

The theory that treats the generation of phase noise in oscillators as a linear, time
varying process was introduced by Hajimiri and Lee in 1998. Successful design based
on this technique has been reported [2.14]. A key result of the more general theory is
the introduction of the impulse sensitivity function (ISF), a periodic function that
describes the sensitivity of oscillator phase and amplitude perturbations (or jitter) due
to fluctuations produced by noise in the oscillator circuit. The noise sources in an
oscillator circuit generally affect both the amplitude and phase of the carrier signal. A
pair of equivalent systems, one for the amplitude response and one for the phase
response due to a perturbation noise source, can be defined [2.15]. Each system can
be considered as a single-input, single-output system as shown in Figure 2.3. The

input of each system 1s a perturbation current or voltage and the outputs are the excess
amplitude, 4(¢), and excess phase, ¢(f), as defined by equation (1.1). Both systems 1n
Figure 2.3 are time-variant.

A(1)
i(1)

¢ (t)
i()

(b)

Figure 2.3 Equivalent systems for (a) amplitude and (b) phase response due to noise

perturbation.
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The example of time variant phase noise analysis model of an ideal LC parallel
oscillator 1s shown in Figure 2.4. The oscillator has a maximum voltage of Vmax and
the oscillation 1s sustained by the negative conductance —Gm. If an impulse (noise) 1s
Injected at the voltage maximum, the voltage across the resonator changes. There 1s

no effect on the current through the inductor. So, the tank voltage changes

Instantaneously, as shown 1n Figure 2.5 (a). If the impulse 1s applied at the maximum
voltage across the capacitor, there will be no phase shift and only an amplitude

change will result. Conversely, 1f this impulse 1s 1njected at the zero crossing, 1t has

maximum effect on the excess phase, @), and minimum effect on the amplitude, as

shown 1n Figure 2.5 (b).

-Gm

i(t) | S(t-t )

i(1)

T [

Figure 2.4 Impulse injected parallel LC oscillator.

(b)

Figure 2.5 (a) Impulse response of a parallel LC oscillator, impulse is injected at

maximum voltage and (b) at the zero crossing of oscillating voltage.
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In practical oscillators, there is some form of amplitude restoring mechanism. Then,
this results in an important difference between amplitude and phase responses of
practical oscillators. After it passes through some transient behaviour, the excess
amplitude finally converges to zero. But, fluctuations in the excess phase are not put
out by any restoring or limiting mechanism and hence live on. From this concept,
Hajimir1 and Lee define impulse sensitivity function (ISF), the sensitivity of the

oscillator to a disturbance impulsive input, as:-

AV Aq

%

A¢5 = F(a)or) = F(a)o’[)

max q max

(2.3)

where V,. 1S the voltage swing across the capacitor and gmux = Chrode Vimax 1S the

maximum charge swing on the interested node.

The function /{x) or ISF is a periodic, dimensionless, frequency- and amplitude-
independent function. The ISF depends on particular the oscillator. Figure 2.6 shows
the block diagram of time-variant phase noise generation process. The variables ¢y, ¢,

to ¢, are real value Fourier coefficients of the oscillator’s ISF.

0

— 0 Phase Modulation
¢ (1)

Tmax g‘ I e coslwqgt + ¢ ()]

i(t) C] COS(C()0I+(91

CFZ COS'(?’ZCL)Ot + 9}11)

. ' X J

Figure 2.6 Block diagram of time-variant phase noise generation process.

12



[n the steady state operation, the oscillators operate in the strong nonlinear mode. The
small signal class A operating point of the amplifiers is changed to class C operation
or higher. Nonlinearity in the steady state oscillation forces the oscillator to perform
mixing and modulating functions at the same time. The mixing process downconverts

the thermal noise at frequencies close to the oscillator’s harmonics to a low frequency
baseband signal as shown in Figure 2.7. Baseband noise spectral density Syw) is
given by the sum of phase noise contributions from device noise in the vicinity of the
integer multiple of @, , weighted by the coefficients ¢,. Low frequency noise, such as

flicker noise, 1s weighted by the coefficient ¢y and gives rise to the 1/ /° region of the

phase noise spectrum. White noise components are weighted by other ¢, coefficients

and produce a 1/ /* phase noise region. The total sideband noise power is the sum of

the individual terms, as depicted by the dark line in Figure 2.7. These sidebands
become close-1n phase noise in the oscillator output spectrum S,( @) through the phase

modulation process.
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Figure 2.7 Conversion of noise to phase fluctuation and phase noise sideband.
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tor the Hajimiri and Lee linear time variant model, the total single-sideband phase

noise spectral density due to one noise source at an offset frequency Aw is given by

the sum of the powers of the accentuated components in Figure 2.7. The single-

sideband spectral density in the 1/ f* region of the phase noise spectrum, £ {Aw}, is

defined by [2.15]:-

LiAw! = 10 log
(4e) 4qmaA0” | (2.4)

2
where ¢, / Af s an input white noise power spectral density. From equation (1.17),

I, 1s the peak amplitude, so that, 1,? /2 = lf /Af for At =1 Hz.

In terms of impulse sensitivity function, ISF, the single-side band phase noise spectral

density in dB below the carrier per unit bandwidth due to the source on one node at an

offset frequency Aw 1s expressed by:-

—

12\ i2/ar
2

\ Ymax / 2A602J

i e

L{Aa)} = 10 log

(2.5)

where 7, 1s the rms value of impulse sensitivity function, /{x).

The expression for phase noise in the 1/ /° portion of phase noise spectrum 1s given

by:-

D f
Aw (2.6)

/)
[,{Aa)} = 10 log ( 23 | i’%/Af
\ Imax 2Aw*

\ /

The phase noise 1/ f° corner, @ 1s the frequency where the sideband power due to

1/ /37
the white noise defined by (2.5) 1s equal to the sideband power that has come up from

the 1/ f noise given by (2.6). The relation between 1/ f noise corner frequency and

1/ £ corner frequency can be shown by:-

14



( cé (CO )2
a)l/f3 I/ f \ 2 1/ f o (2.7)

From equation (2.7), we can see that the 1/’ phase noise corner due to the internal

noise source is not equal to the 1/ device noise corner, but 1s smaller by a factor of

2
C
( - & J , where ¢y 1s the DC value of the ISF. This 1s the most important aspect of

rms

the time-variant phase noise analysis model.

2.4 Present Techniques for Sideband Noise Reduction

Feedback and feedforward are two general noise reduction techniques that have been
used with amplifiers and oscillators. Both techniques are employed in the transistor
level and the circuit level. Certain techniques have been used on the transistor level

amplifier to achieve very low residual noise but have not been used in oscillators.

2.4.1 Transistor Level Active Feedback Noise Reduction

The device noise can be sensed and reduced with negative feedback [2.16-2.17]
Figure 2.8 shows a bipolar junction transistor in the common emitter configuration.
Current fluctuations in the transistor contribute to phase and amplitude noise. An
undecoupling emitter resistor gives a local feedback noise reduction. Further noise

reduction is achieved by sensing the emitter current and feeding back a signal to the

base terminal.
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Qutput

Input
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Re
R

R4 Ce
Amplifier/filter I

bias
Figure 2.8 Noise reduction technique using active transistor feedback.

2.4.2 Feedforward Noise Reduction

Figure 2.9 shows a feedforward amplifier. Feedtorward operation 1s as tfollows [2.17]:

Noise and IMD (intermodulation distortion) generated by the main amplifier 1s

sampled and compared to the input signal at a subtracting junction 77,. This produces a

signal at the input to an auxiliary amplifier. At the 7, junction only the carrier 1s
removed, however the input signal of the auxiliary amplitier contains noise and IMD
generated in the main amplifier. This signal is amplitied by the auxiliary amplifier to

a level comparable with the main amplifier’s output signal. With the appropriate
phase and amplitude match at the output directional coupler, the main amplitier’s

noise and IMD product can be removed by vector subtraction. The noise reduction
bandwidth of the feedforward amplifier 1s inherently wide, and often set by delay
matching [2.17]. The noise tloor of the feedforward amplifier approaches the thermal

noise limit set by the auxiliary amplifier noise figure and the input signal loss due to

directional coupler 7.
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Main amplifier

Delay
Directional coupler Ou{put
-
UE 7y

Y =Phase / amplitude
adjust

Interferometer -

7
Input &
1,

— Auxiliary amplifier

Figure 2.9 Feedforward amplifier block diagram.

2.4.3 Transposed Gain Amplifier
Figure 2.10 shows the block diagram of a transposed gain amplifier [2.17]. Using a

local oscillator the input microwave signal 1s downconverted to the IF signal, where a
low phase noise silicon BJT amplifier can be employed to perform the amplification
function. The IF signal 1s then upconverted to the input frequency by the same local
oscillator. The local oscillator phase noise can introduce phase modulation to an
output signal due to IF and LO signal paths group delay mismatch. This problem 1s

solved by introducing a delay line with the same group delay characteristic of the

amplifier in between the local oscillator and the mixer 2 [3.2].

IF amplifier

LJ Power divider
Local
oscillator

Figure 2.10 Transposed-gain amplifier.
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2.4.4 RF Detection and LF Cancellation Technique

Galani [2.25], Driscoll and Weiner [2.18] developed a technique which detected the
noise at the input and the output of a GaAs amplifier and applied LF (low frequency)
cancellation via a voltage controlled variable phase shifter [2.12], [2.17]. This
technique is depicted in Figure 2.11. The flicker noise levels exhibited in the loop

phase comparator constitutes the primary limitation in noise reduction capability.

VYoltage
controlled phase
shifter Power divider 2 Output

Power divider | I

GaAs amplfier

la)

Phase

."‘ comparator

A

Input

Cl

Amplifier/filter
R3

Figure 2.11 Wide bandwidth GaAs amplifier phase noise reduction feedback
technique.

2.4.5 High-Q Cavity: External Discriminator

Figure 2.12 shows an oscillator noise reduction technique using the external
discriminator [2.17]. The frequency discriminator 1s formed by comparing the signals
transmitted and reflected from a resonant cavity. The phase-frequency relationship ot
the cavity converts frequency tluctuations from the VCO (voltage controlied
oscillator) into phase fluctuations and the phase comparator converts these into

voltage. This voltage 1s then amplified and locks the VCO frequency to the cavity

resonance.

[



YCO Circulator Resonant cavity

Amplifier/filter

Figure 2.12 External frequency discriminator noise reduction technique.

2.4.6 High-Q Cavity: Internal Discriminator

Figure 2.13 shows one of the internal discriminator techniques [2.17], [2.25-2.26].
The frequency discriminator formed by the cavity resonator and phase bridge converts
frequency fluctuations to voltage fluctuations. This noise voltage is injected into the
oscillator loop via a voltage controlled phase shifter. The phase noise of the oscillator
1s reduced from the free running condition to the limits set by loop gain and

discriminator noise floor.

Sustaining amphifier

Voltage-controlled | |
phase shifter Directional coupler
>
i Quiput

Resonant cavity Circulator Directional coupler

SO
o] |

II Phase comparator

Amplifier / filter

Figure 2.13 Internal frequency discriminator noise reduction technique.

2.4.7 Interferometric Carrier Suppression

The noise floor of the two previous techniques is determined by the noise of the phase

comparator, which is most often a double-balanced mixer. In order to overcome the
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noise floor imposed by mixer-based phase comparator, the introducing of a preceding

amplifier is desirable. Figure 2.14 shows the interferometric carrier suppression

[2.17], [2.19], [2.20].

Sustaining amplifier

Yoltage-controlled
phase shifter Directional coupler
- - o
ﬂ ‘i Output

A

Circulator —

Directional coupler
D—@— — A AR
Resonant cavity % I

Interferometer

Y =Phase / amplitude
adjust

Microwave
amplifier

L Amplifier / filter

—

Figure 2.14 Oscillator with reduced phase noise based on a Carrier Suppression

Phase
comparator

Interterometer.

2.4.8 Feedforward Amplifier as a Sustaining Amplifier

The feedforward amplifier was used as a sustaining amplifier by Broomfield and
Everard [2.12], [2.21]. It was shown that the feedforward amplifier technique could be
used to reduce the upconverted flicker noise 1in an amplifier similar to the way it

reduces IMD and thermal noise. Figure 2.15 shows the low noise oscillator driven by

the feedforward amplifier.

o Feedforward amplifier
Limiter

. ’ Directional coupler

Output

Transmission line
resonator

Figure 2.15 Block diagram of the feedforward oscillator.
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2.4.9 Anti Jitter Circuit

T'he AJC or anti jitter circuit was patented by M. J. Underhill and has been described
in various EFTF papers [2.22-2.24], UFFC journal papers [2.27] and recently in FCS
papers [2.28]. The Anti-Jitter Circuit (AJC) is a direct carrier phase noise and jitter
reduction technique. Figure 2.16 shows the block diagram and principle of operation

wavetorm of the anti jitter circuit.

Input Input DC
Monostable Removal Integrator Comparator

{
M
Jitter
-

Qutput

Output
Monostable

L
ol

B -

{constant
Figure 2.16 Block diagram of the ant1 jitter circuit and 1ts noise reduction principle

[2.23].
The AJC noise reduction technique operates in the time domain. The circuit operates
as follows; the sinusoidal input signal 1s first converted into a square wave in order to
drive the input monostable circuit. Then the integrator converts the pulse train, with
its DC component removed, into a sawtooth wavetform. This sawtooth waveform has
a constant ramp and 1ts amplitude 1s modulated by the FM (PM) noise of the input
signal. The comparator reference voltage 1s equal to the average value ot the sawtooth
waveform, the output pulse train of the comparator is re-timed by the output
monostable to reduce the residual leading (or trailing) edge jitter. There are five
processes in an AJC :- 1) Formation of pulse train of constant area input pulses from a
pulse forming network. 2) DC removal by feedback, feedtorward, AC coupling, or by
a combination of these. 3) Integration of the input pulse train to give a sawtooth
waveform. 4) Comparator Switching at approximately the mean level of the sawtooth

voltage. 5) Formation of new output pulses of chosen length triggered from a fixed

level on the integrator sawtooth low jitter slope.
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2.5 Conclusions

In this chapter, the phase noise characterisation and the analysis models are
presented. The analysis models comprise the classical linear time invariant and the
linear time variant model. From the linear time variant model, 1t has been shown that
the oscillating waveform plays an important role in the noise modulation mechanism.
In addition to optimisation of the loaded Q) and minimising the amplifier noise figure,
using the optimum wavetorm to minimise ISF 1s supposed to achieve the low noise

operation of the oscillators.

The present noise reduction techniques are reviewed in section 2.4. The purpose of
this research 1s to investigate and employ new methods to implement low noise RE
signal generating circuits. In this research, the transposed gain and the anti jitter
circuit techniques have been adopted. These techniques can be implemented using the
conventional electronics circuitry without using special components and are possible

to implement as an integrated circuit.

The implementation of the transposed gain oscillator building blocks 1s based on
minimum impulse sensitivity function, which is previously mentioned. How the
oscillator waveform affects the noise modulation sensitivity is investigated by time
domain simulations. The LO sideband noise suppression mechanism is analysed and

evaluated in Chapter 4. In Chapter 5, a novel jitter reduction circuit based on AJC

operation 1s introduced and evaluated.
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Chapter 3

T'’he Transposed Gain Amplifier

The amplification of the input high frequency REF or microwave signals by low
frequency amplifiers 1s made possible by the transposed gain method. This technique
was used 1n 1971 by Seidel to produce a low noise auxiliary amplifier in a two-stage
feedforward system [3.1]. Using a local oscillator the input microwave signal 1s
down-converted to the IF signal, where a high performance low frequency amplifier
can be used to perform the desire amplification. The signal 1s then up-converted to the
input frequency by the same LO signal. Figure 3.1 shows the block diagram of the

transposed gain amplification technique |3.1].

| |
| Mixer 1 Mixer 2 |
| |
| |

"“ » "“ O utput

Input

Local oscillator

Figure 3.1 Transposed gain amplifier.

Recently, the transposed gain amplifier has been used as an oscillation
sustaining amplifier in microwave oscillators [3.2-3.4]. The noise floor and tlicker
noise corner of the mixers sets the phase noise limit of the amplifier. These can be

made low as silicon devices can be used.
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3.1 Transposed Gain Amplifier Performance

The characteristics of the transposed gain amplifier or TGA are nonlinear in nature
since 1t gives two output signals, one of these has a different frequency from the input
signal. This unwanted sideband can be suppressed to a certain degree by an external
band pass filter. The filter’s bandwidth is determined by the IF amplifier bandwidth.
T'he performances of the transposed gain amplifier depend on two key components, an
RF amplifier and two mixers. In the following sections, the desired characteristics of

these elements are described.

3.1.1 RF Amplifiers Waveform

The mixer operation and technology should be the limiting factor of the transposed
gain amplifier. Thus, the RF (IF) amplifiers have to be designed for the optimum
performance. Since the signal waveforms play an important role in the transformation
of 1/f and the other sources of low-frequency noise into an oscillator's phase noise
spectrum [3.5-3.6], designing schemes based on minimum noise modulation
sensitivity are supposed to give good performances. There are certain waveforms that
have zero average value of ISF [3.7], one of the waveforms of this class is the half-
wave symmetric co-sinusoids signal which contains only odd harmonics {3.8]. In this

case, the slopes of the rising and falling edges are opposite and equal. This waveform

can be described as:-

f(t) = i a_ cos(nwt+06) (3.1)

n=1,3,5...

where a, 1s an arbitrary amplitude and &, 1s the phase shift.

The signal waveforms that are described by equation (3.1) have an additional
advantage, there 1s no DC term 1n 1ts Fourier components. There are high
performance balanced mixers using active baluns, which have frequency response
down to low frequency [3.9-3.10], theretore the DC component due to amplifier’s
distortion seriously affects the mixer operation. The LO to RF/IF isolations are

deteriorated. In case of low Q transposed gain oscillator, the output signal is impaired.
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There are amplifiers, for example push-pull and differential amplifiers, which produce
an output signal according to (3.1) [3.11]. A typical transfer characteristic of these

amplifiers shown in Figure 3.2 and its voltage transfer characteristic can be expressed

dS.=

r— m—y

A(v.+v )

| 1 Ol :
v =V, tanh i i (3.2)

where A4 1s a small signal gain, Vs 1s the magnitude of maximum voltage of controlled

voltage source, V,5 1s the input offset voltage, i, 1s the output current and R, 1s the

output resistance of an amplifier.

_15 IITI]TTI_TIIIIII_IIIIITIT‘IIII|II1II_'|III
| | O O = = N
D — — D v v ’ - -
- O o) O n O
O N - U
Volt

Figure 3.2 (a) Amplifier model and (b) its transfer characteristic.
Figure 3.2 (b) shows a typical plot of output open circuit voltage versus Input voltage

(A4 = 10, Vs = 12, Vo = 0). The over driven output voltage 1s limited to Vs and it
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contains only odd harmonics as shown by equation (3.1). The offset or unbalance in
the transfer characteristic give rise to a DC component in the frequency domain. In
consequence, the DC component is multiplied with the local oscillator signal and
produces more LO signal leakage. If the amplifier with a transfer characteristic shown
iIn Figure 3.2 has a small offset of 0.1V, then the output signal in the frequency
domain due to input signal of 150 MHz at 0 dBm input power is shown in Figure 3.3.

As can be seen, a considerable amount of DC component 1s produced.

dBm

SR O 50 0.2 0.3 04 0D 0.6 0.7 0.8 019 L0
Frequency (GHz)

Figure 3.3 Distorted signal in the frequency domain.

3.1.2 RF Amplifier Design

The RF amplifiers must give enough power gain without introducing excessive noise
modulation. The noise modulation characteristic changes drastically from small signal
operation to large signal operation when the amplifier is driven into a saturation level.
The noise modulation behaviour is changed from additive to multiplicative, which
introduces excess phase noise in the output signal [3.5]. At saturated power level, the
amplifiers behave differently from their small signal conditions. Also, the feedback
parasitic capacitor, Ccp, in case of bipolar transistors or Cgg for FETs, induce a strong

AM to PM noise modulation at high-level signal. However, there are ways to
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minimize this effect. Some previous works show that some circuit topologies have
minimum noise modulation [3.6], [3.12], [3.13]. Based on these studies, common base
and cascode configuration, which is shown in Figure 3.4, is the circuit of choice.
According to the conditions for minimum noise modulation sensitivity [3.6-3.7] and
equation (3.1), a push-pull structure is chosen. Figure 3.5 shows the block diagram of

the RF amplifier used for the transposed gain amplifier’s performance investigation.

<

4
C
+
= Qutput
]nput Vbias —
.

Figure 3.4 Cascode amplifier.

The push-pull amplifier in Figure 3.5 comprises two feedback cascode amplifiers and
two baluns. The mput balun, trifilar wound 1:1 transformer, provides the anti phase
signals for push-pull operation [3.14-3.15]. The output transformer converts the two
ant1 phase signals, which are amplified by the feedback cascode amplifiers, into a
single ended output and also performs impedance matching. The combination of
feedback cascode amplifier and push-pull operation gives extremely low even order

distortion provided that both amplifiers have 1dentical performance. Thus, the desired

output signal according to equation (3.1) can be achieved.
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Feedback cascode amplifier

Figure 3.5 Push-pull cascode amplifier.

3.1.3 Push-Pull Feedback Cascode Amplifiers

The basic cascode amplifier 1s shown 1n Figure 3.4. It has the properties of a unilateral
device [3.16]. Since there 1s virtually no reverse transmission because the parasitic

feedback element, C.; (Q2), is shunted to ground, then Q1 and Q2 determine the input
and output impedance of the circuit respectively. The circuit has wideband frequency

response due to the common base characteristic of Q2. At low frequency, 1f the base

resistance r, 1S neglected, the input resistance is simply », of Q1, which 1s defined as

[3.17]:-

PokT
- qlc

. (3.3)

7T

where f; is a DC current gain , £ = 1.38 x 10> J/K is Boltzmann's constant,

g=1.6x 10" C is the electronic charge and Ic is the Q1 collector current.

The output resistance ot the basic cascode circuit 1s given by:-
R, = Poror (3.4)

where 7., is a output resistance of Q2. The cascode circuit thus displays a very high

output resistance. The intrinsic voltage gain of the cascode circuit is defined by:-
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A, =G, R; (3.5)

where G,, = g,,; = gl / kT is the transconductance of Q1 and R, is the load resistance.

The mnput resistance of the common base circuit, Q2, is 1/gm, so the voltage gain
of QI 1s unity. The common base circuit has current gain less than unity. Then, the
current amplification of the cascode circuit comes from Q1 when Q2 provides voltage
gain. The small-signal low frequency two-port equivalent circuit at low frequency

without the energy storage element of the cascode circuit is shown in Figure 3.6

3.17-3.18].

- ®

M +
+

In Vi I Out

.

Figure 3.6 Two-port small-signal equivalent for the bipolar cascode circuit.

Equations (3.4)-(3.5) show that in order to utilize the cascode circuit as an RF
amplifier in Figure 3.5, the modification of its input and output resistance 1s needed.

Since there are three variables to modify, then at least two feedback loops are

required.

Figure 3.7 shows the simultaneous use of shunt and series feedback, compound

feedback, which gives rise to wideband resistive input-output impedances.
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Figure 3.7 The small-signal equivalent circuit for the compound feedback amplifier.

The series teedback eftects make the effective common emitter input impedance

higher than Rg. Also, Rp 1in equation (3.4) 1s very large compared to R;. If r; 1s
neglected the output resistance of common base circuit, the input resistance, output

resistance and the voltage gain of the feedback cascode amplifier can be approximated

as follows:-

R. :ﬂ_:w (3.6)
S £ Gm(R, +R;)+]1 |

r Vi _ GmR{(Ry +Rs)+R, +R; 57
° 1, Gm(R¢ +R;)+1 |

yo oV TR mR)OmR, AR, 3.8)
v v, GmR (R; +R,)+R, +R,

The amplifier is implemented by discrete components and the feedback resisters

are chosen after the Gm i1s defined. The Phili<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>