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ABSTRACT

Signal generation at high frequency has become increasingly important in numerous wireline
and wireless applications. In many gigahertz and millimeter-wave frequency ranges, conventional
frequency generation techniques have encountered several design challenges in terms of frequency
tuning range, phase noise, and power consumption. Recently, injection locking has been a popular
technique to solve these design challenges for frequency generation. However, the narrow locking
range of the injection locking techniques limits their use. Furthermore, they suffer from significant

reference spur issues.

This dissertation presents novel frequency generation techniques based on envelope detection
for low-phase-noise signal generation using injection-locked frequency multipliers (ILFMs).
Several calibration techniques using envelope detection are introduced to solve conventional
problems in injection locking. The proposed topologies are demonstrated with 0.13um CMOS

technology for the following injection-locked frequency generators.

First, a mixed-mode injection-frequency locked loop (IFLL) is presented for calibrating
locking range and phase noise of an injection-locked oscillator (ILO). The IFLL autonomously
tracks the injection frequency by processing the AM modulated envelope signal bearing a
frequency difference between injection frequency and ILO free-running frequency in digital
feedback.



Second, a quadrature injection-locked frequency tripler using third-harmonic phase shifters is
proposed. Two capacitively-degenerated differential pairs are utilized for quadrature injection

signals, thereby increasing injection-locking range and reducing phase error.

Next, an injection-locked clock multiplier using an envelope-based frequency tracking loop
is presented for a low phase noise signal and low reference spur. In the proposed technique, an
envelope detector constantly monitors the VCQO’s output waveform distortion caused by frequency
difference between the VCO frequency and reference frequency. Therefore, the proposed

techniques can compensate for frequency variation of the VCO due to PVT variations.

Finally, this dissertation presents a subharmonically injection-locked PLL (SILPLL), which
is cascaded with a quadrature ILO. The proposed SILPLL adopts an envelope-detection based
injection-timing calibration for synchronous reference pulse injection into a VCO. With one of the
largest frequency division ratios (N=80) reported so far, the SILPLL can achieve low RMS jitter

and reference spur.
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GENERAL AUDIENCE ABSTRACT

Signal generation at high frequency has become increasingly important in numerous wireline
and wireless applications. In many gigahertz and millimeter-wave frequency ranges, conventional
frequency generation techniques have encountered several design challenges in terms of frequency
tuning range, phase noise, and power consumption. Recently, injection locking which
synchronizes a signal frequency has been a popular technique to solve these design challenges for
frequency generation. However, narrow operation ranges of the injection locking techniques limit

their use. Furthermore, they suffer from significant noise degradation.

This dissertation presents studies of frequency generation techniques based on envelope
detection (amplitude modulation) for low-phase-noise signal generation using injection-locked
frequency multipliers. Several calibration techniques using envelope detection are introduced to

solve conventional problems in injection locking.

First, a mixed-mode injection-frequency locked loop is presented for calibrating locking range
and phase noise of an injection-locked oscillator. Second, a quadrature injection-locked frequency
tripler using third-harmonic phase shifters is proposed to increase injection-locking range and
reduce phase error. Third, an injection-locked frequency multiplier using an envelope-based
frequency tracking loop is presented for a low phase noise signal and low noise degradation.

Finally, this dissertation presents a subharmonically injection-locked PLL with a novel injection-



timing calibration circuit, which is connected to a quadrature frequency multiplier. The proposed

designs are demonstrated with 0.13um CMQOS technology.
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Chapter 1.

Introduction

1.1 Motivation

A phase-locked loop (PLL) is widely used in several wireline and wireless applications.
In general, the PLL is used to generate a local signal which has low phase noise at a precise
frequency. In the PLL, the output signal is synchronized to the phase of a low-frequency
signal provided by a crystal oscillator. The design of the PLL considers several key
performance specifications such as phase noise, power consumption, jitter, reference spur,
and area. Typical RF transceivers require the PLL system for pure signal generation.
Nowadays, they work optimally with full integration of the RF front-end on a single chip
with CMOS technology for low cost and power consumption, compared to the more
expensive bipolar technology. However, the unity current gain frequency, f;, of the transistor
in CMOS technology limits the operating frequencies in high frequency synthesizers. A
voltage-controlled oscillator (VCO) and first-stage frequency divider which operate at the
highest frequency are responsible for most power consumption in the high frequency
synthesizer. In general, as the operating frequency increases in frequency synthesizers, the
total power consumption normally increases to achieve a low phase noise signal. To alleviate
this problem, currently, an injection-locked oscillator is a good alternative with low phase
noise generation. Recently, many research works on injection locking aim to have a good
figure of merit (FOM) between jitter and power consumption. Several sub-harmonically

injection-locked frequency generators are proposed for very low-jitter integer-N frequency



generation based on either ring [1-1]-[1-3] or LC VCOs [1-4]-[1-9]. In this dissertation, the

injection locking techniques based on LC VCOs are mainly analyzed and designed.

1.2 Overview of Injection Locking

The basic principle of injection locking is to synchronize an oscillatory system with an
injection signal. If the frequency of the injection signal is very close to that of the oscillator
frequency, the oscillator is locked by the injection frequency and the phase noise close to the
output signal is shaped by the injection signal. This technique allows for circuit operation at

high frequencies (such as millimeter waves) with low power consumption.

The injection-locked frequency generators are designed based on an injection-locked
oscillator (ILO). The typical ILO is conceptually expressed as shown in Figure 1-1, which
consists of an LC tank, an NMOS transistor, an inverter and a current source [1-10]. The
resonance frequency without injection is wout = 1/(LC)*?, where L and C are inductance and
capacitance of the LC-tank. laank through the LC tank equals losc passing through the NMOS
transistor. Hence, there is no phase shift in the LC-tank. When the injection current, liyj, IS
injected into the oscillator, lank equals the vector-sum of linj and losc. Fig. 1.2(a) shows that
linj leads to the phase a between lwank and losc in the LC-tank. As shown in Fig. 1-2(b), for

injection locking, mout is shifted away from mo due to the phase shift of a. If wout IS not equal

@out

lIOSC
linj @ @@inj

Fig. 1-1. Conceptual oscillator using injection locking.



to winj, the phase shift in the LC-tank is continuously changed to track winj. Finally, the ILO

becomes stable when a specific phase shift of a is produced, which makes @out equal to ®in;.

In general, the oscillator is unlocked and distorted by the injection signal when the
injection frequency deviates from the injection-locking range. It is called injection pulling.
Injection pulling in an oscillator is usually undesirable in most of applications. For example
Fig. 1-3 shows undesirable injection pulling in direct-conversion transmitters. Since the PA
has very large output power, the local oscillator would be coupled to a fraction of the PA
output. Recently, the system uses a 2mLo local oscillator with a frequency divider to avoid

the injection pulling at wLo. In general, this occurs when the injection frequency is less than

H]
|tank

|osc (oo a)out

) &\ )
linj 9} \(o

(a) (b)

Fig. 1-2. (a) Phasor diagram and (b) open-loop characteristics.

| —>( : ———— 1 Injection
VCO E%—)ﬁ A_}

e—(X)

Fig. 1-3. Injection pulling example in a direct-conversion transmitter.
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Fig. 1-4. (a) Injection-pulled condition and (b) spectrum of an injection-pulled oscillator.

the frequency difference between free-running frequency of a slave oscillator and its
injection locking range, wr, as shown in Fig. 1-4. Injection pulling causes frequency
modulation of the slave oscillator where the modulation frequency is defined as b = |®inj -

wo| [1-10].

1.3 Use of Injection Locking

1.3.1 Multiphase Generation

Recently, multiphase signals play a key role in a variety of applications, such as image-
reject receivers [1-11], half-rate clock-and-data recovery circuits [1-12] and phased arrays
[1-13]. There are typical ways to generate multiphase signals: frequency divider [1-14],
poly-phase filter [1-15] and multiphase ring oscillator. The frequency divider for multiphase
signals has the advantage of easy design but several drawbacks of high phase noise,
frequency limitation and poor phase accuracy. Likewise, the poly-phase filter suffers from
poor phase accuracy due to device mismatch and process variation. Thus, the multiphase

ring oscillator is more desirable for signal generation at millimeter waves.
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Fig. 1-5. Schematic of multiphase ring LC oscillator.

|B\as

In general, a ring LC oscillator is widely used for multiphase signal generation at a high
frequency. The injection locking concept is used to create phase relations between the
multiphase signals. For example, Fig. 1-5 shows a schematic of a conventional N coupled
LC oscillator. Each oscillator has an active transconductor to compensate for the parallel
resistance of the LC tank. The N-stage LC tanks are connected in a ring topology by injecting
an (n-1)th tank current into the nth tank. Therefore, the oscillators can generate N-phase
signals. In general, a coupling differential pair is used to inject the adjacent phase into each
LC tank. Since the coupled pair causes a phase shift of the LC tank, its effective quality
factor (Q) is reduced. Therefore, the cross-coupled multiphase oscillator increases phase
noise and is not efficient in both power consumption and phase noise performance, compared

to a standalone oscillator.

To reduce an increase of phase noise due to the reduced Q, an in-phase coupling network
is proposed for a quadrature VCO (QVCO) as shown in Fig. 1-6(a) [1-16]. The QVCO uses

the 2"%-harmonic of the outputs to couple each oscillator by implementing an inductive
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Fig. 1-6. (a) Quadrature VCO and (b) six-phase VCO using super-harmonic coupling.

coupling network at two tail nodes. Two AC currents (it and it2) have opposite direction,
which means in-phase coupling. Therefore, the QVCO achieves quadrature signal generation
without any increase in phase noise and power consumption. Also, the inductive coupling
network can be used to generate six-phase signals as shown in Fig. 1-6(b) [1-17]. In
Appendix I, the six-phase VCO using super-harmonic coupling will be introduced.

1.3.2 Frequency Multiplication

A sub-harmonically injection-locked oscillator (ILO) is usually used to achieve a low
phase noise signal at millimeter waves. It is very easy to implement the ILO. For example,
let us assume that a master oscillator generates an finj signal, and then the signal is injected
into a slave oscillator which has the natural frequency of fo as shown in Fig. 1-2. If fo
approximates N times finj and the slave oscillator is injection-locked, it will output an exact
N-finj signal and its phase noise will increase only 20logio(N) than that of finj as shown in Fig.
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Fig. 1-7. (a) Injection-locked oscillator and (b) phase noise simulation.

1-7(a). There is an example of the phase noise simulation results in Fig. 1-7(b). The
simulation results are performed with 0.13um CMOS technology. The master oscillator
generates a 10-GHz signal which is injected into the slave oscillator. After being injection-
locked, the slave oscillator outputs a 30-GHz signal whose phase noise is -101.3 dBc/Hz at
1-MHz offset. The phase noise difference between the injection and output signals is 9.6 dB

within all offset frequencies which is approximately 20logio(3).
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Fig. 1-8. (a) Block diagram of SILPLL and (b) its phase noise.

However, the operation of the sub-harmonic ILO depends on its injection locking

range. In [1-10], the locking range, Aw, with weak injection is defined as

|
Aw = Dpse inj 1 . (1-1)
2Q IOSC 1_(Iinj/|osc)

where ansc and losc are the resonant frequency and current of the LC tank, respectively, Q is
the quality factor of the LC tank and ainj and linj are the frequency and current of the injection
signal, respectively. Although the locking range can increase with a decrease of Q and losc,
it causes a very small swing of the output. Also, enhancing the harmonic current for wide
locking range is very limited. That is, it has difficulty in increasing the injection locking

range by adjusting the parameters in (1-1).

In general, the sub-harmonic ILO has very narrow locking range. Therefore, it has
difficulty in use for wide range applications. To solve this locking range issue, a frequency
calibration circuit has been recently proposed in [1-18]. The calibration circuit corrects the
free-running frequency of the ILO by detecting a phase difference between the free-running

frequency and injection frequency. Also, another calibration circuit, an injection frequency-



locked loop is proposed in [1-19] to track injection frequency. In Chapter 2, the injection

frequency-locked loop will be explained in detail.

A sub-harmonically injection-locked PLL (SILPLL) is a very popular choice to reduce
in-band phase noise of PLL. Unlike a sub-harmonic ILO, the SILPLL does not suffer from
the narrow injection locking range issue because the PLL already matched the N""-harmonic
of the injection signal with the VCO frequency (in Fig. 1-8(a)). However, the locking range
affects phase noise shape of SILPLL output as shown in Fig. 1-8(b). When the locking range
oL is greater than PLL loop bandwidth msw, in-band phase noise can be reduced as the
reference phase noise plus 20logio(N). However, the SILPLL suffers from an injection
timing issue [1-20]. If the injection pulse is not aligned with the optimal injection position,
it may cause a significant reference spur and no phase noise reduction. Also, as the frequency
ratio N increases, the locking range rapidly decreases. Once the locking range is less than
the PLL loop bandwidth, the SILPLL has the same phase noise shape as typical PLLs,
without improving phase noise performance. Therefore, an injection timing aligner is

required. In Chapter 4 and 5, two novel injection timing aligners are presented.

1.3.3 Frequency Division

When an ILO is locked by a super-harmonic input, it can act as a frequency divider
which is known as an injection-locked frequency divider (ILFD). In general, static and
current-mode logic (CML) frequency dividers are widely used as pre-scalars in frequency
synthesizers. However, they have a speed limitation according to process technology and
significant power consumption at high frequencies. The ILFD is very useful in millimeter-
wave frequency synthesizers because the ILFD has inherent advantages in both speed and
power dissipation compared to the static and CML dividers.

However, the ILFDs have disadvantages of a limited locking range and less flexible
division ratios. Unlike static or CML frequency dividers, the ILFD can generate a frequency-
divided signal only when the injection frequency is within the locking range. Furthermore,
division ratio programming in the ILFD is obviously more difficult compared to its digital

counterparts, which is partly due to its limited locking range for certain division ratios.



1.4 Challenges for Injection-Locked Frequency

Generators

Sub-harmonically injection-locked frequency generators are widely used for low phase
noise signal generation with easy frequency multiplication. However, they usually suffer
from very limited locking range which causes unlocking without any phase noise reduction.
In (1-1), the injection locking range can be increased as each parameter is maximized or
minimized. However, their locking range is very limited with N™-harmonic injection.
Therefore, several frequency calibration circuits are presented in [1-2]-[1-6], [1-18]. In [1-
18], the calibration circuit is very similar to PLL operation. However, it does not
continuously track the frequency variation and has very large power consumption and area
even through it provides exact frequency calibration. Also, in [1-5], the frequency tracking
loops based on delay-locked loop are proposed. They can continuously track the frequency
variation with slightly increased power consumption and area. However, the techniques

cannot exactly correct phase error due to phase offset of their detectors at higher frequencies.
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1.5 Dissertation Organization

The main objective of this dissertation is to study frequency locking techniques based
on envelope detection for injection-locked signal sources in CMOS technology. As
mentioned in Chapter 1.4, it is very difficult to utilize injection locking to frequency
generators because of its very limited locking range. In order to solve the problem, three
frequency locking techniques based on envelope detection are mainly presented in this
dissertation. The techniques developed in this dissertation are designed and tested with 0.13-
um CMOS technology at operating frequencies from 5 to 30 GHz. However, the architecture
and techniques can be easily extended to any application where a low phase noise signal in

frequency synthesizers is required.

In Chapter 2, a mixed-mode injection frequency-locked loop (IFLL) is presented for
calibrating locking range and phase noise of an ILO. A brief understanding of the behavior
of injection pulling is provided. The overall operation of the IFLL using envelope detection
is explained. Also, the measurement results of the proposed IFLL are provided to prove its

operation.

In Chapter 3, a quadrature injection-locked frequency tripler (ILFT) using third
harmonic phase shifters is presented and analyzed. Characteristics of the proposed ILFT are
compared to conventional quadrature ILFTs using single-phase differential injection. The
mathematical models are provided to prove less injection loss of the proposed ILFT due to

third harmonic phase shifters.

Chapter 4 presents a novel frequency tracking loop for a sub-harmonic ILO using
envelope wave when a reference pulse is injected. First, the basic concept of the proposed
phase detection is described, and the behavior of the VCO envelope wave with pulse
injection is explained. Then, the overall operation of the proposed frequency tracking loop

is presented in detail.

Chapter 5 presents an envelope detection-based reference pulse injection time control

circuit for low VCO phase noise. Particularly, an envelope detector in an ILPLL is

11



introduced to constantly monitor waveform distortion of the VCQO’s output caused by the
injection pulse timing mismatch. Also, an injection time calibration method that uses the

information from the envelope detector is presented.

Finally, Chapter 6 concludes with a summary of this work and points to some future

research directions.

Additionally, in Appendix I, a six-phase VCO using super-harmonic coupling is
presented as an example of a multiphase oscillator based on injection locking. The detailed
explanation of an inductive coupling network for six-phase signal generation is provided,
and its electromagnetic (EM) simulation results are included. The proposed VCO is
fabricated with a 32-nm SOl CMOS technology.
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Chapter 2.

A Mixed-Mode Injection Frequency-Locked Loop
for Self-Calibration of Injection Locking Range
and Phase Noise in 0.13um CMOS

2.1 Introduction

Recently, an nth-harmonic injection-locked oscillator (ILO) has been widely used in
several millimeter-wave applications [2-1]-[2-2]. The conventional frequency synthesizer
usually requires the implementation of the high-frequency divider like an injection-locked
frequency divider [2-3] or Miller divider [2-4]. However, at high frequencies, multiple
dividers may be required because their division ratio is very low. In addition, their
narrowband characteristic demands higher injection power from the VCO. The extra buffer
between the VCO and the divider is required to achieve a wider locking range for the divider.
Thus, the power consumption would be increased. On the other hand, the nth-harmonic ILO
has nothing with which to implement the high frequency divider since the VCO output, one-
nth frequency of ILO output, can be directly connected to the CML or digital dividers with

wide operating range and low power consumption.

In general, it is very difficult for a design of differential or quadrature VCO for a
frequency synthesizer to attain a low phase noise performance. This is because the quality

factor of varctors degrades as the desired frequency increases. On the other hand, an nth-
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Fig. 2-1. Three approaches for QILO: (a) quadrature injection using PPF, (b) single-sided
injection, and (c) quadrature injection using QVCO.

harmonic ILO can generate a low phase noise signal. In the frequency synthesizer using the
ILO, a low frequency injection signal is generated by a differential or quadrature VCO
having low phase noise with a high quality factor of its varactor. When the nth-harmonic of
the injection signal is applied to the ILO and then it is locked, the ILO has the phase noise
of the injection signal degraded by 20logio(n). In the case of quadrature ILO, it consists of
injection transistors and two LC tanks that are cross-coupled each other. In general, the
QILO has low phase noise following that of injection signal. However, it has very narrow
locking range, and its phase accuracy depends on phase accuracy of injection signals. There
are three typical approaches available when it comes to generating injection signals for QILO
as shown in Fig. 2-1. The first approach would be to use an 1/Q poly-phase filter (PPF),
where a differential VCO is connected in Fig. 2-1(a). For example, in a 60-GHz third-
harmonic QILO [2-5], the QILO adopts I/Q PPF to generate quadrature signals for injection
locking. These signals are injected into each cell of the tripler. Hence, with 20-GHz injection

17



X3 QILO

fref
—¢>| PLL | >

Control ¢—>| +N P> |Logic|«{ +N

\4

(D: Injection mode
() Calibration mode

> X2 P

Frequency Calibration Circuit

Fig. 2-2. Prior frequency calibration circuit for QILO.

signals, the QILO generates 60-GHz quadrature signals. Since the QILO uses quadrature
injection signals, low quality factor of the tank and very low oscillation current for wide
injection locking, it can achieve a wide locking range, from 56 to 65 GHz. However, the
phase error between injection 1/Q signals leads to serious phase error between 1/Q signals of

the tripler. Moreover, its small output power requires large conversion gain buffer.

In order to reduce phase error due to injection signals, another approach for the QILO
is proposed in [2-6]. Differential outputs of VCO are injected into only one of the LC tanks
in the QILO as shown in Fig. 2-1(b). The single injection could eliminate the drawbacks of
QILO using the PPF. Generally, since the locking range of single injection becomes smaller
than that of multiple signal injection, the QILO uses a dual injection scheme of the LC tank.
However, even the dual injection scheme cannot achieve wider injection locking range than
that of multiple signal injection. The last approach is to apply quadrature signals of a QVCO
into a QILO. Although it may cause area and power consumption to increase, it may be the

best way to have low phase noise and phase accuracy at the same time.
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In spite of many efforts to improve the locking range of ILOs, their locking ranges are
still very narrow. In order to achieve a wider locking range, an ILO frequency calibration
circuit is proposed in [2-7]. The calibration circuit contains a frequency doubler, a mixer,
two dividers, and a digital control circuit as shown in Fig 2-2. The doubler outputs a signal
with twice the frequency of the injection signal. Then, it is mixed with a free-running signal
of the ILO. The output of the mixer passed through a divider is compared to the injection
signal divided by N. If a phase difference exists, the calibration circuit carries out an
operation to match the free-running frequency of the ILO with three times the frequency of
the injection signal. Hence, the ILO is injection-locked by tracking the injection frequency.
However, the calibration circuit must have design complexity and large area to achieve a
wide locking range. Furthermore, it requires an external control signal and long locking time

to complete the calibration.

In order to achieve a wide locking range without the large burden of a conventional
calibration circuit, this paper proposes a novel calibration technique. It carries out exact self-
calibration without the extra control signals and time. With a simpler calibration method, it
occupies a small area. In addition, in our work, a dual coupled QVCO is used to achieve low
phase noise and phase accuracy. This contribution is organized as follows. Chapter 2.2
introduces overall architecture of the LO signal generator. Chapter 2.3 describes the
proposed injection frequency-locked loop in detail. Lastly, Chapter 2.4 presents the

experimental results.

2.2 Overall Architecture

Fig. 2-3 shows the block diagram of the proposed QVCO and QILO with injection
frequency-locked loop (IFLL). The QVCO generates 8.8-10 GHz quadrature signals and
injects them into the QILO which is third-harmonically locked and outputs 26.4-30 GHz
quadrature signals. The QVCO generally generates low phase noise signal because the QILO
follows the phase noise of the QVCO. The IFLL calibrates the injection-locking range of the
QILO.
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Fig. 2-3. Block diagram of the proposed QVCO and QILO with injection frequency-locked loop.

As shown in Fig. 2-4, the QILO employs two identical oscillators that consist of
coupling transistors, 5-bit switched-C array, LC tank and injection transistors. Quadrature
signals are utilized for injection locking to achieve wide injection-locking range compared
to single-side injection. Therefore, the bit number of switched-C array can be optimized for
wide frequency calibration and 1/Q phase accuracy can be improved. The QILO utilizes the
third-harmonic of the injection current to establish frequency locking with injection-locking
range typically less than 3% due to a relatively small injection power of the third-harmonic
compared with that of the fundamental. For calibration of the injection-locking range, the
IFLL outputs the 5-bit control signals after locking status detection. These control signals
are applied to the 5-bit switched-C array of each core cell in the QILO to adjust free-running
frequency of the QILO. The current consumption of each core cell is 8 mA with a supply
voltage of 1.3 V.
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For quadrature outputs of the QILO, the VCO in the frequency synthesizer usually
provides quadrature injection signals to QILO. In this work, a dual coupled QVCO is adopted
to provide lower phase noise with less 1/Q phase error as shown in Fig. 2-5(a). The dual
coupled QVCO employs a super-harmonic inductive coupling (SHC) [2-8] and symmetric
in-phase injection-coupling (IPIC) [2-9]. Although the SHC requires additional area for the
tail transformer, it can achieve low phase noise compared with other coupling types.
However, it may have poor phase accuracy due to mismatch between two LC tanks.
Moreover, it usually requires an auxiliary coupling network to provide directivity to the
quadrature phase relations. The auxiliary network may cause the phase noise of the QVCO
to be degraded. However, in the QILO, I/Q directivity of injection signals is very important
for injection locking because uncertain 1/Q directivity causes the QILO to fail to lock even
at an injection frequency equal to the QILO free-running frequency. On the other hand, an

IPIC has good phase accuracy, but there is a tradeoff between phase accuracy and phase
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Fig. 2-5. QVCO: (a) schematic and (b) simulation results.

noise. Consequently, the use of a dual coupled QVCO maximizes the merits of both SHC-
and IPIC- QVCOs. Fig. 2-5(b) shows the simulated phase noise and phase error of a dual
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coupled QVCO with 0.2% tank mismatch according to coupling strength, m (Mcp/Msw). Like
the property of IPIC, as the coupling strength increases, the phase noise becomes worse,
while the phase error decreases. Using an SHC, it has lower phase noise by approximately
2dB than when using a standalone IPIC-QVCO. In our design, the coupling strength is
chosen as 0.35 to ensure lower phase noise and reasonable phase error. Each LC tank

consumes 8 mA with a supply voltage of 0.9 V.

2.3 Proposed Injection Frequency-Locked Loop

In general, the output signal of an ILO incurs fluctuation of phase and amplitude of the
output signals under injection-pulling. The proposed IFLL utilizes the amplitude fluctuation
to detect injection-locking status. Then, it calibrates the free-running frequency of a QILO
by extracting an envelope wave of unlocked signal due to the injection-pulling. Fig.2-6
shows an overall block diagram of the mixed-mode IFLL for the injection-locking range
calibration of the QILO. The calibration of the locking range primarily relies on the
frequency detection or FM-to-AM conversion capability of the QILO [2-10]: when the third-
harmonic of the injection signal, 3finj, deviates out of the intrinsic locking range from the
free-running frequency of the QILO, the QILO starts to loose lock and produces an AM and
PM modulated signal of which AM modulation frequency (fawm) is proportional to [2-111]

\/( fosc +3 finj )2 _[A;L j (2'1)

where fosc IS the free-running frequency of the QILO and Af. is the locking range of the

QILO. In the IFLL, the AM modulated signal is demodulated using the envelope detector
followed by rail-to-rail amplification through the five-stage feedback-inverter amplifier
chain to generate a pulse signal.

The pulse signal is then fed to both the lock detector and update-controller to be
processed further in a digital domain and to create a feedback signal that controls the amount
of capacitance in the switched-C array such that the QILO can track the injection frequency,
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calibrating locking range and therefore limiting the locking range only by the tuning range
of the QILO. When unlocked, the lock detector after counting 8 consecutive pulses enables
the upper path of the update-controller. Consequently, the 5-bit counter increases the LC
tank capacitance by 1-LSB capacitance (AC) in the switched-C array, decreasing the free-
running frequency of the QILO by Af corresponding to the AC change. When locked, the
lock detector outputs a lock signal which disables the update path. When locked at the edge
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of the locking range, the phase noise degradation of QILO is significant. Thus, as a final step
in the calibration, the lower path in the update-controller creates one more pulse to increase
the LC tank capacitance by 1-LSB AC more, thereby preventing the phase noise degradation
at the edge of the locking range. The flowchart of overall calibration procedure is shown in
Fig. 2-7. By using the envelope wave of output signals as a control signal for the calibration
circuit, the proposed calibration scheme does not require externally or internally generated

signals to control its operation.

When the output of the QVCO, finj is 9.43 GHz and initial free-running frequency of the
QILO, fosc is 30.1 GHz, Fig. 2-8 shows typical transient simulation results at each designated
node of the IFLL. The envelope magnitude is a nonlinear function of fam and due to the far
distance between 3finj and fosc, the QILO is unlocked and output envelope magnitude is small
(less than 50 mVyp) at the beginning of the calibration, <20 ns in Fig. 2-9 (1) and (2).
However, the limiter produces rail-to-rail pulses due to a large gain, more than 60 dB at
fam=1.8 GHz, in Fig. 2-8 (3) and initiates the frequency calibration, decreasing fosc to 28.3
GHz (3finj) progressively in a nonlinear fashion as the switched-C array code is being
updated per every eight clock cycle of fam in Fig. 2-8 (5). When fosc approaches toward the
edge of the locking range (300 MHz) at around 130 ns, the AM-modulation effect in the
QILO output becomes more prominent in the sub window in Fig. 2-8 (1) and after eight
pulses the feedback counter updates the switched-C array code to 01100, locking the QILO
to the QVCO at the edge of the locking range. Subsequently, after locking the Q-pump starts
to charge C; creating a lock signal which pushes one more LSB code up to 01101 at around
175 ns in Fig. 2-8 (4) and (5), pushing fosc closer to 28.3 GHz to calibrate phase noise in Fig.
2-8 (1). Note that the 8-bit SR acts as a pulse filter, requiring eight consecutive pulses to
drive the Q-pump; for instance, due to a brief transient waveform uncertainty there are bursts

of irregular pulses after locking, which are however ignored by the pulse filter.
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Fig. 2-8. Typical transient simulation results at each designated node of the IFLL.
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2.3.1 Phase Noise Calibration

As mentioned earlier, a typical third-harmonic ILO should have phase noise more than
9.5 dB as much as that of injection signals. However, the phase noise at the edges of the
locking range becomes more degraded because the phase noise from the self-oscillating
signal of the ILO is dominant in total phase noise. Therefore, its effective locking range
becomes narrow due to this degradation. Considering the trade-off between output swings
and locking range of the ILO, the effective locking range is generally approximately 0.6 of
the typical locking range as reported in [2-6]. In order to avoid the phase noise degradation
at the edges, the proposed IFLL has utilized a control method that makes the free-running
frequency of the ILO, fosc, move into the center of the effective locking range. For example,
let us assume that the QILO is unlocked and the injection-locking range, Af., approximately
equals to 3-LSB of the switched-C array as shown in Fig. 2-9(a). Starting the calibration
circuit, fosc can be moved close to 3finj in the locking range due to a change of capacitance
of the QILO. As shown in Fig. 2-9(b), in the worst case, the QILO may be locked at the edge
of locking range, which has lots of degradation of phase noise so much more than 9.5dB
when there is phase noise degradation within 40% of Af_.. The maximum amount of the
degradation in phase noise would be the same as the phase noise difference between fin; and
fosc. TO avoid such degradation, that is, to lock within the effective locking range, the update
controller carries out one more LSB update of the switched-C array after injection locking
due to IFLL. Consequently, fosc can move into the effective Af. and the QILO no longer
incur the degradation of phase noise more than 9.5 dB as shown in Fig. 2-9(c). In order to
utilize this method in our work, the relation between Af_ and 1-LSB (Af) of the switched-C
array should meet the following conditions. Fig. 2-10 shows two failure cases of phase noise
calibration when the frequency resolution Af is smaller or larger than the requirement. In the
case of Af < 0.2AfL + fammin, where fammin is the minimum detectable frequency of the
envelope detector and limiter, the phase noise after frequency calibration is degraded more

than 9.5 dB even though extra one Af is shifted to avoid the phase noise degradation at the
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edge of Af_ as shown in Fig. 2-10(a). Also, when Af > 0.5(0.8AfL + fammin) in Fig. 2-10(b),
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the phase noise degradation more than 9.5 dB would be incurred despite the additional one

Af pushing. Thus, based on two cases, the Af of switched-C array can be expressed as
fa o + 0.2-Af < AF <0.5(f,, \un +0.8-Af). (2-2)

In this work, setting Af with (2-2), the QILO is locked within the effective locking range

(~0.6-AfL) despite its slight variation in natural frequency, process, temperature, etc.
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Fig. 2-12. Peak-to-peak amplitude of envelope wave according to injection frequency.

2.3.2 Envelope Wave under Injection Pulling

To determine the gain of the envelope detector and limiter, the envelope wave of the ILO
output should be mathematically calculated. Referring to [2-11] for brief analysis, let us
suppose that the oscillator is under injection and the envelope wave would be limited by

feeding amplifier, as shown in Fig 2-11. First, a signal, Vx can be written as

Vy =V, Cosay t+V,. cos (a)im.t + 9) _ (2-3)
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After passing through transfer function, H(w), Vout can be expressed as a cosine with a

phase shift
d49
Vout |n1 p H (a)lnj ) cos C()injt +Vosc 0 H ( m] p )COS(a)injt + 9)
PV, TV, COSO
= cos(w t+y + )
cosy ( - TV ¢) (2-4)
B \/a ose.p + '”J p T 20V Vosc,p COSO Cos(a)injt +‘//+¢)
O=y+¢, a=H(o,+ ) B=H(awy),

where aV sm9

osc, p

tany = :
PNViip + NV, COSO

In [2-11], @is expressed as

tangz o L Y

Wpse — a)inj Wpsc — a)inj 2

(2-5)

2
2
where w, =27-Af 12 and o, :\/(a)osc _a)inj) —-a .

Considering the amplitude variation of Vout due to 6, the envelope wave can be calculated

from (2-4). The peak amplitude of the output, Venv,p Can be written as

Ve \/a op T 2V|;p+2aﬁvmjp OSCpCOSH. (2-6)

If wosc IS very close to winj and d&/dt=0, the ILO will be locked and Venv,p has constant
value. On the other hand, if wosc IS Near winj and dé/dt + 0, it will be unlocked (called quasi-
lock) and Venv,p Will be affected by impedance variation of the LC tank. Therefore, « varies
with the frequency variation from wosc+wL t0 winj. Considering that the maximum and
minimum impedance in [2-11] occur at approximately wosc and wosct+wr, respectively, a

peak-to-peak amplitude of envelope wave from (2-6) can be approximated as
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Voo * (1-a) Vo + (1+a)- PVijio- (2-7)

On the other hand, as winj deviates farther from wosc, wp approximates wosc—winj. Since
the frequency of Vout approximates free-running frequency, wosc, the Venv,p is mainly affected
by @which equals wb. Therefore, from (2-6), minimum and maximum values of Venvp due
to 6. can be calculated. By subtracting minimum Veny,p from maximum Venyp, the peak-to-

peak amplitude can be calculated and simply expressed as
Venv,pp ~ 2ﬂvinj,p . (2'8)

The amplitudes of the envelope wave from simulation and equation are plotted in Fig.
2-12 when Q =10, L =100 pH, C = 280 fF, and Af_ = 0.38 GHz.

2.3.3 Locking Time Analysis of IFLL

The previous calibration circuit in [2-7] requires several microseconds to complete the
frequency calibration loop because loop update frequency is 2.4 MHz, that is, its update
period is approximately 410 ns. Therefore, the additional time for frequency calibration
should be allocated in the frequency synthesizer. On the other hand, the proposed IFLL
requires less than 300 ns to complete the calibration. In this chapter, the locking time of the

proposed scheme will be estimated by two loop models (transient and linear models).

Fig. 2-13 shows a loop model of the IFLL to estimate total locking time. The envelope
detector outputs frequency modulation of the QILO due to injection-pulling. Based on the
operational principle of the IFLL, the frequency of the envelope wave determines loop
update period during the calibration. The frequency of n-th envelope wave, famn is expressed

as

fAM,n = \/( fosc -3 finj +(1_n)'Af )2 _(OSAfL)Z . (2'9)

One LSB of the switched-C array, Af, is subtracted from the free-running frequency of
QILO, fosc, every M-times envelope period (M/fam,n) until the calibration finishes, where M

IS a number of division to filter out some irregular pules (in this work, M is set to 8). By
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Fig. 2-14. Minimum and maximum locking time based on Fig. 2-13.

accumulating every M-times envelope period, the total locking time can be defined by the
following equation:

M
(fosc -3 finj +(1_k)Af )2 —(05Af|_)2 ’

k=N
tIocking = tdisch + Z \/
k=1

(2-10)

f . —(3-f +05 Af
N= 0sC ( inj L) +1
Af
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where tgisch 1S a discharging time of the Q-pump due to the injection-unlocked signal and N
is a number of IFLL update. From (2-10), minimum and maximum locking time of the IFLL
can be estimated as shown in Fig. 2-14. For minimum locking time, the IFLL should update
only 1-LSB of the switched-C array from injection-pulling, where first fam should be as high
as possible, and then perform 1-LSB update more for phase noise calibration. When the
initial fosc = 30 GHz, tgisch =20 ns, Af. = 300 MHz, Af = 142 MHz and 3finj= 29.71 GHz, the
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estimated minimum locking time is 52 ns. For minimum locking time, the last fam should be
low as possible. On the other hand, when 3finj = 26.14 GHz, the estimated maximum locking
time is 285 ns. As a result, the IFLL locking time from (2-10) absolutely depends on a period
of fam at the last step of the loop.

Also, the locking time can be calculated by analyzing another loop model of the IFLL
for linearization as shown in Fig. 2-15. First, the step frequency Af of the switched-C array

can be expressed as

Af =F,  —e""F,, (2-11)

0osc

where g = M/Fawm. Since e %% = 1 — 51,4, (2-11) can be linearized as

. M
Af :Fosc(]'_e Sd):Fosc's_- (2-12)
FAM
By substituting Fosc - Finj into Fam,
M
Fosc - I:inj = Fosc ’ S_f . (2-13)
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By rearranging (2-13), the transfer function between injection and free-running frequency is

derived as

1 1

M B 1+87,
Af

H (S) — I:OSC —
inj  1+s

(2-14)

where aFL is M/Af. Let us suppose that the injection signal, finj, has a unit step function to
express turn-on/off of the IFLL. By solving (2-14) in time domain, the output frequency of

the QILO can be expressed as

t

fosc (t) = fosc,init - ( fosc,init -3 finj )(1_ e_TIFLL ) (2-15)

where fosc,init 1S the initial free-running frequency of the QILO. As a result, from (2-15) the
division ratio of the update-controller and the step frequency of the switched-C array
absolutely determine loop-locking time regardless of the difference between the initial free-
running frequency and injection frequency. Fig. 2-16(a) shows that zir.c determines the
settling time regardless of the injection frequency. Also, as M increases, the settling time
increases as shown in Fig. 2-16(b). The results of transient model analysis, linear model
analysis, and SPECTRE simulation for injection-locking procedure are shown in Fig. 2-17.
When fosc= 30.1 GHz, 3finj = 28.3 GHz, M = 8, and Af = 142 MHz, every result shows a
locking time of about 175ns. Therefore, the calculated equations (2-10), (2-15) are confirmed

by the simulation result.

2.3.4 Building Blocks of IFLL

2.3.4.1 Envelope Detector & Limiter

Fig. 2-18 shows the schematic of an envelope detector and a limiter. The quadrature
signals of the QILO are applied to an envelope detector, which consists of a source follower,
load capacitor Cep, and a current source. The envelope wave is held at the load capacitor

where the discharge time constant depends on the impedance of the active load and bias
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Fig. 2-18. Schematic of an envelope detector and a limiter.

circuit. The output signal of the envelope detector would be a constant DC value under
injection-locked condition, while it would output a sinusoidal signal directly correlated with
(1) when injection-unlocked. Since the envelope wave under unlocked condition has a very
small swing (less than 50 mV), the limiter is implemented next to the envelope detector to
convert the wave to rail-to-rail pulse. The limiter is composed of five AC-coupled CMOS
inverters and fully swinging inverters. After amplifying the small envelope wave, the
inverters generate rail-to-rail pulses with reference voltage, Vrer. To filter out very low
frequency envelope waves when the envelope detector senses quasi-lock or prevent false
pulses due to switching noise of the switched-C array, the overall gain response in the
limiting amplifiers is band-pass shaped by leveraging node poles and zeroes created by
transistor parasitics, Cep, Cp and Ry. The operation range of the IFLL is generally determined
by that of the limiter which is controlled by its poles and zeros. As shown in Fig. 2-19, each
AC-coupled inverter-amplifier can be expressed as the equivalent model. From the
equivalent model, the transfer function, Hrimiter(S), Of the five-stage limiting amplifiers can

be calculated as

H Limiter (S) = [V_X \/Oij ~ ( S/ fpl ; Gm Ro ) (1+ S/ fz)J (2'16)

Ve Vi 1+s/f, 1+s/f,,
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Fig 20 shows the gain response of the five-stage limiting amplifier chain in simulation. The
first pole determines the minimum detectable frequency of the IFLL, while the maximum
detectable frequency is restricted by the zero and second pole. Since the swing of the
envelope wave becomes smaller as the frequency difference between fosc and 3finj increases,
higher bands in the limiter require higher gain than low bands. In simulations, the minimum
detectable frequency (fammin) is around 60 MHz, about 20 dB gain crossing point in the
gain response. On the other hand, the maximum detectable frequency requires more than 40

dB gain at 6 GHz to amplify a very small envelope wave (2/Vinjp).

2.3.4.2 Lock Detector

The proposed IFLL performs phase noise calibration to avoid phase noise degradation at
the edge of the locking range. For this operation, it requires a lock signal to judge lock status
of the QILO. Fig. 2-20 shows the schematic and timing diagram of the lock detector. It
consists of an 8-bit shift register and a Q-pump. When unlocked, pulses from the limiter are
applied to the lock detector. The shift register and AND gate produce pulses after counting
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Fig. 2-20. Schematic and timing diagram of the lock detector.

eight consecutive pulses and drive the Q-pump that discharges the C, (2pF) progressively.
Then, the lock signal becomes ‘Low’ and enables the envelope pulse path of the update-
controller. Since the limiter may generate irregular pulses due to minute changes of small
signals during settling time, the shift register prevents the operation of the IFLL until eight
pulse signals are enabled. After calibration, there is no envelope signal and then the Q-pump
charges the C,. Hence the lock signal transits from ‘Low’ to ‘High’. The lock signal is
enabled in the update-controller for 1-LSB code shift after calibration. The charging and
discharging totally depend on time constants, 7 and = due to the sizes of the NMOS and
PMOS transistors in the Q-pump. To ensure the functioning of the Q-pump, z and z should

meet the following conditions:

0.7z, < ——, 0.77

2 fAM ,max AM ,min

Q

(2-17)
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In this work, for an fam,min Of about 60 MHz, it requires about 17 ns to charge the C, as much
as the logic threshold of the inverter. Also, less than 83 ps is required for discharging the

time of fam max regardless of its duty cycle.

2.3.4.3 Update-Controller and Counter

Fig. 2-21 shows the update-controller and the 5-bit counter. When the lock signal is
‘Low’ under unlocked condition, the pulse signal, fam, passes through the envelope pulse
path and then is divided by eight to filter out unwanted pulses when switching codes of the
QILO. After that, it drives the 5-bit up-counter to update 1-LSB of the switched-C array in
the QILO every eight-pulse signal. Once the lock signal goes to ‘High’ after completing
frequency calibration, any pulse signal would not be applied to the counter and the update
controller generates a short pulse signal by using the transition from ‘Low’ to ‘High’. This
additional pulse signal causes the free-running frequency of the QILO to move closer to the
center of the effective range as shown in Fig. 2-9(c). Then, the operation of locking range

calibration is completed.
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2.4 Experimental Results

The chip photograph of the proposed IFLL with QVCO and QILO manufactured in a
0.13um CMOS process is shown in Fig. 2-22. The IFLL is characterized with on-wafer
testing using GSSG probes for RF signal transition at the VCO outputs. Since all digital
circuits are driven autonomously by the envelope pulse, no external control clock is required.
After injection-locking with the IFLL, the output power spectrum of the QILO is shown in
Fig. 2-23. The measured peak output power at third harmonic is -23 dBm at 26.5 GHz with
some power loss from cable and probe. The injection signal of 8.85 GHz is suppressed by
more than 40 dB below the third harmonic. The measured typical phase noise of the QVCO
at 8.84 GHz is-117.2 dBc/Hz and -129.6 dBc/Hz at 1 MHz and 10 MHz offset, respectively,
as shown in Fig. 2-24(a). When the QILO is third-harmonically locked by the QVCO, the
phase noise degradation is consistently about 10.5 dB at both 20 dB-rolloff and flat regions,
resulting in a phase noise of -106.8 dBc/Hz and -118.9 dBc/Hz at 1 MHz and 10 MHz offsets,
respectively, at 26.54 GHz in Fig. 2-24(b). More comprehensive frequency measurement

JUooltlool) |
1%

1mm

Fig. 2-22. Chip photograph.
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Fig. 2-23. Output power spectrum of the QILO after IFLL.

results are shown in Fig. 2-25. The measured QVCO phase noise at 5 MHz offset ranges
from -130 dBc/Hz at 8.8 GHz to -115 dBc/Hz at 9.9 GHz as shown in Fig. 2-25 (©. With the
IFLL disabled and by decreasing the QVCO finj from 9.9 to 9.8 GHz, the QILO can maintain
locking from 29.7 to 29.4 GHz (4f.= 300 MHz, QILO free-running fosc= 29.55 GHz) but the
phase noise degrades by 18-20.5 dB at the edges of the Af. from the minimum of -107.5
dBc/Hz as shown in Fig. 2-25 . Thus, a more effective locking range claiming only 10-
10.5 dB phase noise degradation from the QVCO phase noise is from 29.48 to 29.66 GHz
(180 MHz), which is 60% of Af_ as shown in Fig. 2-25 3 and @®. However, when the IFLL
is enabled, the QILO can track the QVCO injection frequencies and exhibit consistent 9-10
dB phase noise degradation with +1 dB error for the entire measurement range from 26.4 to

29.7 GHz as shown in Fig. 2-25 (3.
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Fig. 2-24. Measured phase noise of (a) QVCO and (b) QILO after IFLL.

43



— -80 — —__»-80

z . : utw/o IFLL (3fy i : 1

S o0 [T @ T4 01®@

= . ~@- : Injection Signal (fuy) : : -

~ 100 - : | 100 4

= ] ' 3

wn - -

2110 rl 110

2 . : — Ve, W

3 -120 : W E -120 ’

21304 @ 777 130 S

2 - \\ -

& 140 e “140 —
26 27 28 29 30 293 294 295 296 297 2938
(8.67) ) (9.33) (9.67) (10) 0.77) (9.8) (9.83) (9.87) (9.9) (9.93)

3finj (finj) Frequency [GHz] 3finj (finj) Frequency | GHz]

— 30 _»30

=] _l,--

N Y ORI (O

E 20 - i : 20 -

s . :

g 15 | bl 15 -

2 | i

E 5 4 o \\\“5 -

& 0 T T T T T T T 0 T T T T T T T T T
26 27 28 29 30 29.3 294 29.5 29.6 29.7 29.8
(8.67) © (933 (9.67) (10) (9.77) (9.8) (9.83) (9.87) (9.9) (9.93)

3finj (finy) Frequency [GHz] 3finj (finy) Frequency [GHz]

Fig. 2-25. More comprehensive frequency measurement results.

To verify the functional effect of phase noise calibration, its on/off modes were
externally controlled. Fig. 2-26 shows output spectrum with and without 1-LSB pushing
when quasi-locked out of locking range within fammin. When fosc is 29.7 GHz and 3fiyj is
26.548 GHz, the QILO without phase noise calibration still suffers from injection-pulling in
spite of the frequency calibration of the IFLL as shown in Fig. 2-26(a). The offset frequency
from the edge of locking range can be approximated as the frequency difference between
each spectrum tone. It shows 23.9MHz. On the other hand, when phase noise calibration is
turned on, the QILO is injection-locked after 1-LSB pushing as shown in Fig. 2-26(b).

Fig. 2-27(a) shows the power consumption comparison of the proposed scheme. The
QVCO and QILO, excluding the buffer stage, consume 14.4 mW and 20.8 mW at a supply

voltage of 0.9 V and 1.3 V, respectively. The power consumption in the calibration circuits
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Fig. 2-26. Output spectrum (a) with and (b) without 1-LSB pushing when quasi-locked out of locking
range within fammin.

is 2.4 mW, where most of the power consumption comes from the static current of the
envelope detector and the limiter. In terms of area, comparing the QVCO and QILO in the
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Fig. 2-27. (a) Power consumption and (b) area breakdown.

chip size of 1x1Imm? including pads, the area penalty by the auxiliary calibration circuits is

negligible as can be seen in Fig. 2-27(b).

Table 2.1 shows the performance summary of the proposed IFLL and comparison with
prior works. The proposed calibration circuit implemented autonomous feedback calibration
and simplified its structure by using an envelope detector and digital feedback circuit.
Therefore, it achieved 27 times less power consumption, 63 times smaller area and 142 times
faster locking time than previous work [2-7] while achieving equivalent locking range
(11.4%). Also, the phase noise performance of this LO generator is on a par with other state-

of-the-art designs when the frequency is scaled to similar range as shown in Table 2.2.

2.5 Summary

This work presents a mixed-mode injection-frequency locked loop (IFLL) for
calibrating locking range and phase noise of an injection-locked oscillator (ILO). The IFLL
autonomously tracks the injection frequency by processing the AM modulated envelope
signal bearing the frequency difference between injection frequency and ILO free-running
frequency using digital feedback. This self-calibration technique results in a compact, fast-
locking and power-efficient IFLL, demonstrated in 130nm CMOS at 26.5-29.7GHz with less

than 300ns locking time and 2.4mW power consumption in the calibration circuits.
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TABLE 2.1. CALIBRATION CIRCUIT COMPARISON

Locking Range  \/pp Power Area Locking

Tech Feature (%) 2 ; Operation
(w/o Calibration) (V) (mW) (mm©) Time
65nm PLL+Mixer 112 M ocx Externally
[2-7] CMOS +Doulber (0.5) 12 65 0.95 <42.7us Controlled
This  130nm Envelope 11.4 o
Work CMOS  Detector (1) 1.3 24 0.015 < **300ns Autonomous
*Estimation based on chip photograph. **Estimation based on simulations.
TABLE 2.2. COMPARISON WITH PRIOR STATE-OF-THE-ART WORKS
Phase Noise ;
Freq. VDD Power Chip Area
Tech Phase dBc/Hz@1MH Feature
GHz) (v) (mw) ¢ oﬁfft) 2 (mmd)
2-12] 0N i 279 g5 (\/1000 -1036 1.93 SICMOs
SiGe 378 @32.9GHz ‘ Cross-coupled
only) Pair VCO
65nm 67.2- -95 0.8 PLL+QILO
[2-6]  cpos Quad: 477 12 68 @60GHz  (QILOonly) w/ Dual Injection
PLL+QILO
65nm -96 T
[2-7] CMOS Quad. 58.1-65 1.2 137 @61.5GHz 3.8 +Ca!|bra}t|on
Circuit
This  1300m g 285 g 386 -106.8 . QVCO+QILO
Work  CMOS © 297 < ?9.7 @26.5GHz +Cg!|bra}:|on
ircui

*Without VCO output buffers.
**With including VCO output buffers for measurement with 50-Q instruments.
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Chapter 3.

A 24-GHz Quadrature Injection-Locked Frequency
Tripler Using Capacitively-Degenerated

Differential Pairs for Quadrature Injection

3.1 Introduction

Recently, injection-locked frequency multipliers (ILFMs) are becoming widely used to
generate local oscillator signals for millimeter-wave applications [3-1]-[3-5]. There are two
main reasons why the ILFM is preferred over a typical standalone VCO in a millimeter-
wave frequency synthesizer. Firstly, a conventional frequency synthesizer usually requires
a high-frequency divider such as an injection-locked frequency divider [3-6]-[2-7] or Miller
divider [3-8]-[3-9]. However, multiple stages of these dividers may be required because their
division ratio is very low. In addition, their narrowband characteristic demands higher
injection power from the VCO or a frequency calibration circuit [3-10]. Also, additional
buffers are necessary to couple output signals from the VCO to the divider without any loss
for a wider locking range of the divider. Hence, the overall power consumption of the
frequency synthesizer can be quite high. On the other hand, the nth-harmonic ILFM does
not require the high frequency divider since the output of the VCO, one-nth frequency of
ILFM output, is directly connected to CML or digital dividers. Therefore, the injection-
locked frequency synthesizer can optimize hardware complexity and achieve low power

consumption. Secondly, a typical frequency synthesizer requires a low phase noise
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differential or quadrature VCO. However, in the millimeter-wave band, it is very difficult to
design the low phase noise VCO at the desired fundamental frequency because a quality

factor of varactors degrades as tuning frequency increases.

The sub-harmonic ILFM is an alternative to achieve low phase noise VCO outputs at
millimeter-wave frequencies [3-11]-[3-13]. Since high varactor quality factor can be attained
at low frequency, in the injection-locked frequency synthesizer the low phase noise signal
(injection signal) generated by a lower frequency VCO can be injected into a sub-harmonic
ILFM. When the nth-harmonic of the injection signal is applied to the ILFM and it becomes
locked, the ILFM has the phase noise of the injection signal degraded by 20logio(n).
However, the phase noise degradation may be increased beyond 20logio(n) as the locked
frequency moves closer to the edge of the locking range. Therefore, the most important

design consideration for the ILFM is injection-locking range.

In general, the injection-locking range, Aw, has been defined by Razavi [3-14] as

Wose I inj 1

S 2Q 1, 1_(|inj/|osc)2

Aw

(3-1)

where ansc and losc are the resonant frequency and current of the LC tank, respectively, Q is
the quality factor of the LC tank and ainj and linj are the frequency and current of the injection
signal, respectively. (3-1) implies that for wide locking range, the Q and losc of the LC tank
should be decreased and the linj should be increased. However, lower Q and losc may cause
start-up of an oscillator to fail. Moreover, increasing the linj results in higher power
consumption. In the case of a multiphase ILFM, the locking range can be widened when
multiple signals are injected. However, a phase mismatch among multiple injection signals

causes degradation of the locking range [3-15].

In this work, the characteristics of conventional quadrature injection-locked frequency
triplers (ILFT) are analyzed, and are compared to the proposed quadrature ILFT using
capacitively-degenerated differential pairs. This paper is organized as follows. Chapter 3.2
introduces previous and novel ways to design a quadrature ILFT with single-phase

differential injection signal. In Chapter 3.3, the implementation of the proposed ILFT using
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third harmonic phase shifter is described in detail. The experimental results are presented in

Chapter 3.4. Finally, Chapter 3.5 provides a chapter summary.

3.2 Quadrature Injection-Locked Frequency Triplers

with Differential Injection

A typical quadrature ILFT consists of a frequency pre-generator for third harmonic
generation and two LC tanks which self-oscillate near the third harmonic of the injection
signal. Undesired harmonic frequencies from the frequency pre-generator are eliminated by
the LC tanks. In general, the locking range of ILFT is proportional to the number of injection
signals [3-15] under the assumption that there is no phase error between injection signals.
Considering [3-15] and injection loss, o (0< o0 <1), due to the pre-frequency generators, the

locking range of (3-1) in weak multiple injection can be rewritten as

A= aN P lni (32
2Q o

where N is the number of injection signals. In the case of quadrature ILFT, quadrature
injection signals are required to maximize injection-locking range and achieve good phase
accuracy. However, it is challenging to design an external quadrature signal generator and
LO distribution system. Therefore, conventional quadrature ILFTs have tried to improve the
injection-locking range and phase accuracy, using single-phase differential injection signals
[3-16].

There are two conventional approaches for differential signal injection in ILFTs as
shown in Fig. 3-1. The first approach is single-sided injection (SSI) as shown in Fig. 3-1(a).
One core cell of the ILFT is injected directly with an external single-phase differential signal.
Another core cell is connected to a dummy source impedance having the same value as the
injection source to maintain symmetry. Although the SSI-ILFT can be easily implemented,
it has very narrow locking range compared to quadrature injection and its phase error

significantly increases as the injection frequency deviates from free-running frequency of
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Fig. 3-1. Previous quadrature ILFTs: (a) single-sided injection type and (b) quadrate injection type
using PPF.

the ILFT (within the injection-locking range). In order to improve the injection-locking
range of SSI-ILFT, dual injection of one core cell was proposed in [3-16]. However, even
this dual injection scheme could not achieve wider injection-locking range compared to
quadrature injection. Also, a substantial 1/Q error still exists within the injection-locking
range. If the free-running frequency of the ILFT exactly matches with third harmonic of the
injection signal, this drawback could be mitigated. To track third harmonic frequency, a
frequency calibration circuit of the ILFT is implemented in [3-17]. However, the calibration

circuit has significant design complexity and a large area.
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A second typical approach is the use of a quadrature poly-phase filter (PPF) [3-18]-[3-
19]. The external differential injection signals are applied to the PPF to generate quadrature
signals for injection locking as shown in Fig. 3-1(b). The outputs of the PPF are directly
injected into each core cell of the ILFT via a frequency pre-generator. Hence, the ILFT
outputs 3X the injection frequency under the locked situation. As the quadrature signals are
used for injection locking, this approach can achieve wider injection-locking range and better
phase accuracy than the SSI-ILFT. However, typical PPFs entail injection loss and phase
mismatch at the injection frequency due to frequency variation, loading effects and
component mismatches. The injection signals due to the PPF suffer from a considerable
amount of amplitude loss at third harmonic via the frequency pre-generator because the
amplitude of the third harmonic is proportional to the cube of injection amplitude.
Specifically, the injection loss is 3X in dB terms when injected to the ILFT. Likewise, an
amplitude mismatch, AA, between quadrature signals of the PPF would be amplified as much
as (A4)3. In addition, the phase error, A®prr, would be 3X (3A®per) via the frequency pre-
generator [3-16]. The amplitude loss and phase mismatch may cause degradation of the

injection-locking range.
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TABLE 3.1. COMPARISON BETWEEN DIFFERENT QUADRATURE FREQUENCY TRIPERS

SSI-ILFT PPF-ILFT HPS-ILFT

UQEMOr  (4ye10 miamatch) M&‘ie;?te %Aoz)d
Injection Loss No (OLPPF)3 OlHPS
Locking Range 0.5Aw; (ocppp)3 ‘Ao OlHps* A

Complexity Good Poor Moderate

* Awji= intrinsic locking range of ILO, ** o = 1- (Injection loss)

In order to optimize injection-locking range and reduce phase error between quadrature
output signals, this paper proposes an ILFT using two third harmonic phase shifters as shown
in Fig. 3-2. Conceptually, the phase shifters are located between a frequency pre-generator
and a quadrature frequency tripler. Each generates a different phase shift, @; and @&,
respectively, at the third harmonic, such that the phase difference between @ and @ is 90°
for quadrature injection. The proposed scheme can achieve lower injection loss and phase
error than the PPF-ILFT since the injection loss and phase error are not amplified via the
frequency pre-generator. In general, the injection loss, anps, and the phase error, A@wps, due

to the third harmonic phase shift are approximately similar to arpr and A®ppr, respectively
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(further detailed analyses of anps and A®ups are given in Chapter 3.3.3). Table 3.1 briefly
summarizes the merits and drawbacks of each ILFT approach in terms of 1/Q error, injection-
locking range, injection loss and complexity. It is expected that an ILFT using the third
harmonic phase shifter (HPS-ILFT) would result in significantly better performance
compared to previously considered injection types. The simulated injection locking ranges
of injection types according to injection amplitude are presented in Fig. 3-3. Let us assume
that three different quadrature ILFTs have the same Q, linj/losc, and fosc where Q =5, linj/losc
= 0.15, and fosc = 24 GHz. Also, let us assume the PPF has 6 dB fundamental loss and the
HPS has 3 dB injection loss. The simulation results show that the HPS-ILFT has wider
locking range than others as expected in Table 3.1. (Note that since the injection mismatch
is not completely optimized, the SSI-ILFT has a considerable difference between simulated
and calculated locking ranges.) However, the HPS-ILFT performance is critically dependent
on the design of the third harmonic phase shifter. A detailed description of the design of the

phase shifter for the quadrature ILFT is given in the following.

3.3 Proposed Frequency Tripler

Fig. 3-4 shows the block diagram of the proposed quadrature ILFT. Two identical core
cells are connected in series to generate quadrature signals. External differential injection
signals are applied to two phase shifters which comprise capacitively-degenerated
differential pairs to create phase shifts of third harmonic. The two phase shifters have
different source degeneration capacitance and resistance for two different phase shifts (&1,
@,). The phase shifters provide differential injection signals to their corresponding core cell.
The capacitively-degenerated differential pair suppresses the second harmonic of the
injection signal and causes phase shift of the fundamental and third harmonic signals. The
fundamental component is strongly filtered out by the core cell. The third harmonic is
injected into the core cell, where the relative phase difference between the third harmonic
signals should be 90° through selection of Ri, Rz, C: and Cz. The quadrature injection
currents from two phase shifters are directly applied to the two core cells. If the free-running

frequency of the coupled core cells is close to the third harmonic of injection signals (@inj),
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Fig. 3-4. Proposed frequency tripler using capacitive-degenerated differential pair.

the tripler is injection-locked and then outputs 3ainj quadrature signals, where its phase noise
would be degraded by 20logio(3) from that of the injection signal. The proposed ILFT is
designed in 130-nm CMOS technology.

3.3.1 Core Cell of ILFT

The core cell of the ILFT is presented in Fig. 3-5. Each core cell consists of an LC tank,
a 3-bit switched capacitor array, two coupling transistors and a negative resistance cell. The
injection currents are directly connected with the output nodes of the core cell. The coupling
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transistors (M1, M2) are placed in parallel with the cross-coupled transistors (M3, M4),
thereby reducing phase and amplitude errors [3-20]. These transistors are designed with the
same length and width. The tank inductance is 130 pH and the switched capacitance is
determined by the desired resonance frequency (about 24 GHz), considering a phase shift
due to quadrature coupling. By externally controlling the 3-bit capacitor array, the free-
running frequency of each core cell can be changed from 22.9 GHz to 24.5 GHz. In order to
avoid an unlocked situation of the ILFT, the LSB of the switched capacitor array should
correspond to a frequency step less than the injection-locking range. The current

consumption of the core cell is 2 mA with 1.3 V supply.

3.3.2 Capacitive-Degenerated Pair at Third Harmonic

The capacitively-degenerated pair has been widely used in QVCOs [3-21]-[3-22] to
provide phase shift to coupling transistors, thereby reducing the quality factor degradation
of the LC tank. However, in these cases the phase shift is considered at only the fundamental
frequency. In the proposed ILFT, only the third harmonic is considered because the
fundamental and other harmonics are filtered out by the LC tank. In this paper, a

capacitively-degenerated differential pair is adopted to create the phase difference of 90°
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schematic of frequency pre-generator, (b) gain response at third harmonic frequency and (c) its phase
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between the two differential injection signals. In this chapter, an amplitude and a phase shift

of the harmonics due to the capacitive degeneration are analyzed.

Let us consider the simple schematic of the capacitively-degenerated pair as shown in

Fig. 3-6. In general, the injection current has nonlinear characteristics due to the degenerated

pair. Therefore, the injection current, linj, can be expressed as a polynomial such as

Iinj =a,+ aivinj + a2V2 + a’a’vir?j +.. (3-3)

inj
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where an is the nth coefficient of the polynomial series. From the schematic in Fig. 3-6(a),

the relation between the injection voltage and current can be written as

Vinis =Vas1 = Zsls =Viy =V, (3-4)

inj+ inj—
With respect to injection current, (3-4) can be substituted with

Vinj _ZSIinj+ +Zglps = W (\/TH \/T) (3-5)
L

C
zﬂn ox

where Is = linj+ - Ips, Vinj = Vinj+ - Vinj- and Zs = (R||C). Each coefficient, an, of (3-3) can be
calculated by differentiating (3-5) with respect to Vin;.

alinj 1 182'”1]
LY “Z 2/ 27| T
inj |y, _ st/ g, v, =0
1a3|,nl 1
3-6
% = aav,; 2(ZS+2/gm)4ng§S (3-6)

Using (3-6), when Vinj = Acos(ainj), the injection current of (3-3) through the phase shifter

can be approximated as

liy = 8 + G Ac0s(w,t) + G, A’ cos(3m, t) (3-7)

inj

where Gmi= (a1+3a3A?/4) and Gms= as/4. As indicated in (3-6), the second harmonic of the
injection signal is suppressed by the differential pair. Since only the third harmonic is
considered in the ILFT, the Gm1 would be neglected as well. The Gms would predominantly
decide the amplitude and phase shift of third harmonic injection current. From asz of (3-6),

Gma3 can be expressed as

4
1 g, (RCs +1)
G, = | —Im _
TN (RCS+1+ng/2j' (3-8)

As shown in Fig. 3-6(b) and (c), the gain and the phase diagrams can be expressed in two
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cases of

Ly = Gt ACOS(e9,t) + Gy A’ COS(30,t) (3-9)

inj

liz = Gui2 ACOS(@yt) + G,y , A COS(3, 1)

inj2 inj

where R2C> >> R:1Cs. In order to generate quadrature injection signals at the third harmonic,

the phase difference between two phase shifters should be

£Gyy—ZGpay| . =90°. (3-10)

3wl nj

Simply, to achieve 90° phase difference around the third harmonic, one of the two phase
shifters creates approximately 90° phase shift due to R> and C> and the other then should not
create any phase shift due to Ry and Cs. This is the easiest way to create 90° phase shift at
the third harmonic. However, the third harmonic phase shifter still entails some injection
loss due to R2. Therefore, Ry of the second phase shifter should be selected to minimize
injection mismatch among quadrature injection signals. From (3-8), the injection loss can be
determined by calculating the ratio of |Gma 1| at 3@inj to maximum |Gma |-

|Gm3'1|a)=3a)mj 1

= 3-11
w=max (1+ gm1R1 / 2)4 ( )

Injection Loss =
|Gm3,1|

where 1/(R1C1) should be determined greater than 3ainj to have no phase shift at 3winj. In

other words, the injection loss can be only determined by gmi and R1.

3.3.3 Implementation of 90° Phase Shifter

In practice, 90° phase shifter at third harmonic frequency (~24 GHz) can be
implemented by determining each parameter of the capacitive-degenerated pair based on
Table 3.2. Ro and C> is set to generate 90° phase shift at third harmonic. Since there is
amplitude loss due to R> and C, another phase shifter should be set to R1 and C1, thereby
having no phase shift and the same amplitude loss as the 90° phase shifter. Based on these
parameters, Fig. 3-7 shows the plots of amplitude loss (injection loss) and phase shift of third

harmonic due to two different capacitive-degenerated pairs. As aforementioned, the
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TABLE 3.2. DESIGN PARAMETERS OF THE PROPOSED THIRD HARMONIC PHASE SHIFTERS

Parameter R Ci, R, Co Omi&Om2
Value 10Q O50fF 2KQ 150fF 20mS
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Fig. 3-7. Amplitude loss and phase shift due to two different capacitively-degenerated pairs.

proposed scheme has less injection loss and 1/Q phase mismatch than the PPF-ILFT, which
is indicated by the simulation results. Two phase shifts cause 90° phase difference with 3.3
dB injection loss at 24.4 GHz. Also, the phase error would be less than +/- 10° and the
injection loss would approximately range from 2.8 dB to 4 dB when it comes to +/-10 %
frequency variation. Fig. 3-8 shows the transient simulation result in the case of two

standalone ILFTs without any quadrature coupling. As shown in the schematic, the

62



Vpp Vop

3bit-Cap.

3bit-Cap.
Array

Array

1.7
16
15

V]

13
12
11
1.0
0.9

Amplitude

Time [ps]
(b)

Fig. 3-8. Case of two standalone triplers without quadrature coupling: (a) schematic and (b) transient
simulation results.

differential injection signal is individually injected into two ILFTs whose phase shifters
result in different phase shifts (&1, @7). The simulated waveforms shows 90° phase

difference among four signals with slight amplitude mismatch. Therefore, this simulation
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result shows that two ILFTs can create quadrature output signals without quadrature
coupling just by using two capacitive-degenerated pairs at third harmonic. Note that the
quadrature coupling is usually used to minimize phase error and amplitude mismatch of

ILFT outputs due to them of the injection signals.

3.4 Experimental Results

The proposed quadrature ILFT using capacitive degeneration has been implemented in
a 130 nm CMOS process, and its chip photograph is shown in Fig. 3-9. The core chip area
without the pads is 0.5 x 0.25 mm?. The ILFT was characterized with on-wafer testing using
GSSG probes for RF signal measurement. A signal generator (R&S SMF100A) and a
spectrum analyzer (R&S FSWG67) were used for the injection signal, and for the output

spectrum and phase noise measurement, respectively.

Fig. 3-9. Chip microphotograph of the proposed ILFT.
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The measured output spectra of the ILFT under free-running, injection-unlocked and
whole spectrum by 8.149 GHz injection signal are shown in Fig. 3-10, excluding cable and
probe loss calibration. Fig. 3-10(a) shows the free-running spectrum at 24.44 GHz with about
-22 dBm output power. When injecting the signal of 8.149 GHz, which is one-third of free-
running frequency, Fig. 3-10(b) shows that the output phase noise of the ILFT under
injection-locking is appreciably improved compared to that under free-running condition.
As shown in Fig. 3-10(c), the output power of the third harmonic is approximately -21 dBm,
while the fundamental is suppressed by more than 27 dB with an input power of 0 dBm. The
measured phase noise performance of the output signal, when the injection signal is 8.149
GHz and the ILFT is injection-locked to about 24.45 GHz, is shown in Fig. 3-11. The phase
noise of output signal has -110 dBc/Hz at 100 kHz offset when that of the injection signal is
-120 dBc/Hz. The phase noise difference is consistently about 10 dB below 300 kHz offset,
which approximates to the expected theoretical value of 20logio(3). However, the output
phase noise becomes degraded above 300 kHz offset because phase noise of the free-running

frequency tripler dominates the output phase noise.
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Fig. 3-13. Phase noise of injection signals and ILFT outputs and phase noise degradation within
locking range.

The measured phase noise at free-running frequencies of the ILFT according to coarse

tuning codes is shown in Fig. 3-12. The output signals range from 22.8 GHz to 24.4 GHz
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according to 3-bit codes of the switched capacitor array. Their measured phase noise ranges
from -90 dBc/Hz to -107 dBc/Hz and from -110 dBc¢/Hz to -120 dBc/Hz at 3 MHz and 10
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TABLE 3.3. PERFORMANCE COMPARISON WITH PRIOR QUADRATURE ILFTS

[3-16] [3-17] [3-18] [3-23] [3-24]  This Work

CMOS Process 65 nm 65 nm 90 nm 130 nm 40 nm 130nm
Injection Type SSI SSI PPF Qvco 1/Q Inj. HPS
Frequency (GHz) 67.4 60 60 29.7 60 24
Locking Range (%) 0.7% 0.63 13.3 1% 35 33

Input Signal (dBmorV) 0dBm -2 dBm 0dBm - 650 mVp, 0dBm
Output Power (dBm) -48 -8? 279 -22 -24 -17
VDD (V) 1.2 1.2 1 13 1.3 1.3

Y prelayout simulation result on [3-16] ? Calibrated output power
% With about 20 dB gain of output buffer ¥ Without locking range calibration circuit

MHz offsets, respectively. When the injection signals, having phase noise at 100 kHz offset
from -120 dBc/Hz to -122 at 8.1 GHz to 8.25 GHz, are applied to the ILFT, the measured
phase noise of the ILFT ranges from -100 dBc/Hz to -112 dBc/Hz at 23.9 GHz to 24.74
GHz, as shown in Fig. 3-13. Since theoretical phase noise degradation is about 9.6 dB, the
effective locking range of the ILFT is from 24.05 GHz to 24.6 GHz (about 550 MHZz), which
is 65.5 % of the injection-locking range. Fig. 3-14 shows the measured phase noise of
injection signals and ILFT outputs and phase noise degradation within the coarse frequency
tuning range. The ILFT outputs show consistent 9 to 10 dB phase noise degradation to that

of the injection signals.

The measured locking ranges of the ILFT versus input injection power are shown in
Fig. 3-15. The measured injection-locking ranges versus 2-bit LSB codes of the switched
capacitor array are from 100 MHz to 850 MHz, while the input injection power varies from
-9 to 0 dBm.

Table 3.3 compares the proposed quadrature ILFT with prior works according to
injection types. Although the locking range can be widened by very small output power as
in [3-18], the proposed injection type has maximized the locking range of 3.3% and output
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power of -17 dBm. The locking range is on a par with the 1/Q injection type presented in [3-
24]. Also, the proposed scheme has improved locking range compared to SSI and QVCO

approaches.

3.5 Summary

A quadrature ILFT using third harmonic phase shifters has been proposed and analyzed.
Characteristics of the proposed ILFT have been compared to conventional quadrature ILFTs
using single-phase differential injection. The proposed ILFT produces less injection loss due
to third harmonic phase shifters, maximizing the injection-locking range. To verify
performance of the proposed ILFT, a test chip was been designed and fabricated using 130
nm CMOS technology. The prototype ILFT can achieve the injection-locking range of 3.3%
at 23.6 GHz with 0 dBm input injection power. The locking range of the proposed IFLT is

on a par with that of conventional IFLTs using quadrature injection.

Although a quadrature ILFT using single-phase differential injection has a narrower
injection-locking range than one of using quadrature injection, it is still an attractive solution
because of the challenging design of a quadrature injection signal generator and quadrature
LO distribution system in the conventional approaches. Therefore, the proposed ILFT
provides great potential for low-phase noise quadrature signal generation in millimeter-wave

frequency synthesizers.
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Chapter 4.

An Injection-Locked Clock Multiplier Using

Envelope-Based Frequency Tracking Loop

4.1 Introduction

Recently, a sub-harmonically injection-locked clock multiplier (ILCM) has been an
effective way of sup-pressing phase noise of an LC-VCO due to periodic injection locking
of the VCO from a clean reference source. When injection locked, phase noise of the VCO
becomes 20logioN more than that of the reference source, where N is the number of
frequency multiplication. However, in practice, a typical ILCM suffers from phase noise
degradation and reference spur increase due to existing frequency mismatch between the
VCO’s free-running frequency and the target frequency. To minimize the frequency
mismatch, several techniques are proposed. First, an injection-locked PLL (ILPLL) is a
common approach to correcting the frequency mismatch as the PLL makes the free-running
frequency of the VCO close to N-times reference frequency [4-1]. However, since the pulse
injection almost completely resets the accumulated phase difference, the PLL under the
injection has difficulty in detecting the frequency drift due to temperature and voltage
variations. Also, the ILPLL requires an injection timing calibration circuit [4-2] to minimize
the timing error between the injection pulse and the VCO zero-crossing point, which causes

a significant reference spur.
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In the ILCM, use of a replica VCO can alleviate the drawbacks of ILPLL [4-3]. The
ILCM uses two identical VCOs whose frequencies are controlled by the same control
voltage. The main VCO is injection-locked by the reference pulse and the other VCO is
controlled by a frequency-locked loop. Conceptually, the frequencies of two VCOs have to
be the same under any process and temperature variations. However, a frequency difference
between the two VCOs due to the inevitable mismatch in physical mismatch still results in
performance degradation of the ILCM. Also, the two VCOs double both power and area.
Another approach uses a pulse gating technique for a continuous FTL [4-4]. When the
injection pulse is periodically disabled, the FTL detects and corrects the accumulated phase
error. However, this technique still has some undetectable phase error due to finite width of

the injection pulse.

In this work, we present a new continuous FTL for an ILCM. The proposed FTL is
based on an envelope detector to continuously sense the frequency error. The envelope
detection method can provide phase error detection under the injection. Therefore, it can
minimize the phase error at PVT variation. This paper is organized as follows. Chapter 4.2
presents the proposed ILCM with the FTL. Then, experimental results are shown in Chapter

4.3 and the conclusions are given in Chapter 4.4.

4.2 Proposed ILCM with Envelope-Based FTL

4.2.1 Basic Concept of the Proposed Phase Detection

In general, pulse injection into an oscillator leads to perturbation of both amplitude and
phase of the oscillator. Since the pulse injection causes difficulty in sensing an exact phase
error, detecting the amplitude fluctuation can be considered as an optimal way to sense the
phase error information previous to the pulse injection. As shown in Fig. 4-1, the proposed
phase error detection method is based on an envelope detection technique. Due to the pulse
injection, the envelope amplitude of the VCO output varies with the pulse position. An

envelope-to-pulse convertor (EPC) is used to immediately detect and amplify the envelope
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Fig. 4-1. (a) Conceptual diagram of the proposed envelope-based phase detection. (b) Timing
diagram.

wave for a rail-to-rail pulse signal. Then, the pulse signal (PENV) has a finite pulse width
(Tw) which is proportional to the injection pulse width (T4) and the absolute phase error (A¢)
between the injection pulse and the crossing point of the VCO outputs. In order to utilize
this pulse width for phase compensation, the phase directivity is required, which can be
easily detected by a sub-sampling bang-bang phase detector (BBPD). Conceptually, the
phase error can be cancelled out by applying the phase information to a charge pump like a
typical CP-PLL. As a result, the free-running frequency of the LC-VCO is matched with N-
times reference frequency. Furthermore, with the minimum allowable injection pulse width,

reduction of the phase error can minimize the reference spur due to the pulse injection.

4.2.2 Envelope Wave of VCO with an Injection Pulse

When the reference pulse is injected into the LC-VCO, the initial phase error (¢in)
between the injection pulse and a crossing point of oscillator outputs is changed to the phase
shift (¢out) after the pulse injection as shown in Fig. 4-2. Also, the amplitude of the VCO

outputs is distorted by the pulse injection. In order to mathematically calculate the initial

76



- AV=0

Before
injection

szllRP

NN N AV

After
injection

Ve=Vosin(wot+®in)

(a) (b)
Fig. 4-2. (a) Simplified half circuit of an LC-VCO with a pulse injection and (b) its phase relations

before and after the injection.

phase error from the amplitude variation (4V), a simplified half circuit of an LC-VCO with
an injection transistor is used as shown in Fig. 4-2(b). The injection transistor is modeled in
its on-resistance (Ron) state. Assume that RP is much greater than Ron, where RP is a parallel
resistance of the LC tank. Initially, the voltage on the capacitor can be expressed as
Vosin(aot+¢in), where Vo is the amplitude of the LC tank and @ is the free-running
frequency of the LC-VCO. After the pulse injection with a short pulse width of D, the

capacitor voltage is degraded by a factor of
y _1_g (PRnC) (4-1)
Due to the pulse injection, the injection voltage (Vinj) on the LC tank can be expressed as
Vi =Vrsin(g,). 4-2)
From the voltage phasor diagram in Fig. 4-3, the distorted amplitude (Vo) due to the pulse

injection can be calculated by

VE = (Veos(d,)) +(V (1-7)sin(g,))
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Fig. 4-3. Voltage phasor diagram over the input phase error and transfer curves of the amplitude
variation and input phase error with y = 0.2, 0.4, 0.6, and 0.8.

Vv, :V\/c032(¢ﬁm) +(1—;/)2 sin®(4,) - (4-3)

Fig. 4-3 shows the transfer curve of the amplitude variation (4V=1-Vo/V) using (4-3) when
y=0.2,0.4, 0.6, and 0.8. The curves in Fig. 4-3 indicate that AV increases as either y or the
absolute phase error increases. For example, when y = 0.4, AV exponentially increases with
the absolute phase error increase and then reaches 0.4 at ¢in = -n/2 and w/2. Also, as y
increases, a maximum AV follows a factor of y. However, as mentioned before, for the phase
error correction, the directivity of the phase error is required to apply this amplitude

information.
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4.2.3 Overall ILCM Structure

Fig. 4-4 shows the overall block diagram of the proposed ILCM. It consists of an
injection pulse generator, FTL, and injection-locked LC-VCO. The LC-VCO is composed
of a conventional cross-coupled oscillator, varactor, 3bit-switched capacitor, and injection
transistor. The operation of the proposed scheme is the same as typical CP-PLLs. First, the
coarse frequency tuning in the LC-VCO is performed to be close to N times the reference
frequency and within the lock-in range by controlling the 3bit-switched capacitor. Although
the pulse injection immediately corrects the phase error (or the frequency mismatch) due to
the coarse frequency tuning, the remaining phase error causes the reference spur and phase
noise degradation [4-4]. In order to minimize this phase error, the FTL continuously corrects
it by using the envelope detection method. The EPC consists of an envelope detector and
limiter as shown in Fig. 4-5 [4-5]. Once the reference pulse is injected into the LC-VCO, the
envelope detector, which is a source follower type, extracts the envelope wave of the
distorted VCO outputs due to the phase error. The envelope wave is converted into a pulse
signal by the limiter to detect the phase error from its pulse width. The limiter is comprised
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Fig. 4-5. Schematic of the envelope-to-phase convertor.

of two-stage AC-coupled CMOS inverter amplifiers and a comparator. The amplified
envelope wave is compared with the reference voltage (Vrer) to determine the pulse width
(Tw). Assume that a total conversion gain of the EPC is K.. Therefore, Tw is proportional to
the absolute phase error by a factor of Kv.

In order to decide the directivity of calibration, a sub-sampling BBPD is required [4-6].
As shown in Fig. 4-6(a), the sampling signal (Samp) applied to the BBPD senses voltage
difference between differential outputs of the LC-VCO, where the sampling signal is the
reference injection clock delayed by Ta/2. When V+ is greater than V-, the BBPD outputs an
up signal and when V- is greater than V+, it generates a down signal. Since the sampling
signal is generated by extracting the signal at the middle of a delay line for the injection
pulse width, its rising edge is always located at the center of the injection pulse, regardless
of PVT variation. Fig. 4-6 (b) shows the transfer curves of the EPC and the up/dn convertor.
The transfer curve of the EPC always has plus amounts of pulse width over plus and minus
phase errors. It has the same curve as that of Fig. 4-3, which repeats every = period. Also,
it has to have a minimum pulse width (Twmin) Which is caused by a finite injection pulse
width (i.e. >30ps at 0.13um CMOS technology). In the up/dn generator, Twmin Can be
cancelled out by adding a replica delay of Tr to avoid the dead zone of the EPC like that of
a typical PFD. The phase difference and its directivity are applied to the up/dn generator to
generate up and down signals that then drive the charge pump to compensate for the phase
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error by controlling Vet in the LC-VCO. As a result, the free-running frequency of the LC-

VVCO becomes N times the reference frequency.
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Fig. 4-7. Linear noise model of the proposed ILCM with FTL.

4.2.4 Phase Noise Analysis

Fig. 4-7 shows the linear noise model of the proposed ILCM with FTL, where @t is the
phase noise of the reference clock, & is that of the VCO, 6 is that of the EPC and charge
pump, and Gyt is that of the output. Hip(S) is a transfer function of the second-order passive
loop filter, Kvco is the VCO gain, and Kp is the gain of the EPC. Hyp(s) and Hrn(s) represent
the transfer function for the reference and VCO phase noise under pulse injection,
respectively. From [4-7], Hup(S) and Hri(S) can be expressed as

Hyp(lo)=N-a(jo) H,(jo)=1-a(jo)

where

—ja)Tr—Ef T
a(jo)=—— e 7 sinc| 0
1+ (y-1)e "™ 2

(4-4)
In (4-4), the output phase noise caused by the reference signal has the transfer function of a
low-pass filter while that caused by the VCO has the transfer function of a high-pass filter,

where 3-dB bandwidth is determined by 1.
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Fig. 4-8. Die photograph.

4.3 Measurement Results

The chip photograph of the proposed ILCM with FTL fabricated in 130 nm CMOS
process is shown in Fig. 4-8. The active chip sizes of the ILCM and FTL are 0.3 x 0.6 mm?.
The total power consumption is 6 mW at a supply of 1.3 V. The ILCM is characterized with
on-wafer testing using GSSG probes for RF signal transition at the VCO outputs.

The ILCM is locked to 5.15 GHz using a 5.15 MHz reference clock, with phase noise
contributions shown in Fig. 4-9. The measured phase noise of the reference clock is around
-156 dBc/Hz at 1 MHz offset. Once the reference clock is injected into the LC-VCO, the
measured phase noise of the ILCM is -113 dBc/Hz at 1 MHz offset. It is observed that the
phase noise degradation up to around 1 MHz offset is around 40 dB from the reference
clock’s phase noise level, consistent with the phase noise scaling by the frequency division
factor of 100. The RMS jitter integrated from 1 kHz to 30 MHz is 201 fs. The measured
output spectrum of ILCM with FTL at 5.15 GHz is shown in Fig. 4-10, where the measured
reference spur magnitude is around -52 dBc.

Table 4.1 shows the performance summary of the proposed ILCM and comparison with
prior injection-locked frequency multipliers. The proposed architecture achieves excellent
jitter and spurious performance even with a large multiplication factor of 100. Compared to
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Fig. 4-9. Measured phase noise of the reference clock and the proposed ILFM.
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Fig. 4-10. Measured output spectrum of the proposed ILCM at 5.15GHz.

prior works, which rely on phase detection, the proposed FTL is based on a simple and
accurate envelope detection technique that ensures robust operation across PVT variations.
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TABLE 4.1. PERFORMANCE COMPARISON WITH PREVIOUS WORKS

. Div. Ref. PN Chip
Architecture D&zﬁézn -(I;frfg ('gaqz') Ratio Izr?]\'\\;\(;)r Spur | @1MHz | RMS litter (ot) | Area E(?E',\?
(N) (dBc) | (dBc/Hz) (mm?)
Phase 90 110fs
[4-1] | LC-ILCM Detection |CMOS 20 20 38 -46 -113 (50k~80MH?z) 0.455 | -243
Phase 180 145fs
[4-2] | LC-ILPLL Detection |CMOS 24 16 | 12.6 -39 -129 (1k~40MHz) 0.64 | -246
Phase 65 188fs
[4-5] | LC-ILPLL Detection |CMOS 24 16 5.2 -49 -126 (1k~44MHz) 0.25 | -247
Phase 65 | 6.75- 190fs
[4-6] | LC-ILCM Detection |CMOS!| 825 64 | 2.25 -42 -114.5 (10k~100MHz) 0.25 | -251
This Envelope 130 201fs
work | MM petection |cmos| 310 | 100 | 6 2 113 (1k~30MHz) 0.18 | -246

* FOM = 20log(ct/1s) + 10log(Pdis/ImW)

4.4 Summary

This chapter presents an ILCM using envelope-based frequency tracking loop for a low

phase noise signal. In the proposed technique, an envelope detector constantly monitors the

VCQO’s output waveform distortion caused by frequency difference between the VCO

frequency and reference frequency. Therefore, the proposed techniques can compensate for

frequency variation of the VCO due to PVT variations.
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Chapter 5.

A Sub-harmonically Injection-Locked PLL with
130 fs RMS Jitter at 24 GHz Using Synchronous
Reference Pulse Injection from Nonlinear VCO

Envelope Feedback

5.1 Introduction

Periodic injection locking of a VCO by a clean reference source in a sub-harmonically
injection-locked PLL (SILPLL) is an effective way of suppressing the VCO phase noise.
However, timing mismatch between the injection pulse and the VCO zero-crossing point
can cause significant reference spurs. An open-loop injection timing alignment approach
with a fixed delay in [5-1] is sensitive to PVT variations. The closed-loop technique in [5-
2] detects the phase difference between reference clock and VCO-divided clock at the PFD
input to generate an injection timing control signal, but poses a time offset (Ter) issue caused
by the divider delay (Tqiv) plus finite injection pulse width (Tq) as shown in Fig. 5-1. Ter is
also sensitive to PVT variations and could be a significant fraction of the VCO half clock
period, potentially generating a large spur, particularly at microwave and mm-wave
frequencies. Fundamentally, the reference spur is the result of an amplitude modulation

(AM) effect due to the time-mismatched reference pulse.
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Fig. 5-1. Conventional SILPLL with injection timing calibration circuit.

In this work, a feedback injection-timing aligner as shown in Fig. 5-2 is proposed. An
envelope detector (ED) similar to that in [5-3] is used here to detect optimal injection timing
(in [5-3] the ED is used for injection-locking detection). The ED directly monitors VCO
output envelope and senses the envelope’s AM disturbance caused by injection pulse timing
mismatch. Subsequently, the comparator following the ED output drives counters which
control the amount of delay in a digitally controlled delay line (DCDL), controlling the pulse
injection time in a closed-loop fashion at every rising and falling edge of the reference clock
cycle. Therefore, the ED detects the optimal injection timing exactly regardless of the
detection restrictions imposed by operation frequency, Tdiv, T, Or any delays in digital

control circuitry.

5.2 Proposed Frequency Multiplier

In Fig. 5-2, an integer-N PLL establishes frequency locking of the VCO to 8 GHz (feLL)
using a 100-MHz reference clock (N=80). To generate 24-GHz quadrature outputs, the 8-
GHz PLL output is directly fed to a third-harmonic quadrature injection-locked oscillator
(QILO). The QILO employs RC phasing networks (®; and ®;) to set the phase difference
of the 8 GHz PLL outputs to 30°, resulting in a 90° phase difference in the third-harmonic

injection currents.
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Fig. 5-2. Proposed envelope-detection based self-calibrated SILPLL with QILO.

5.2.1 Injection Timing Aligner

Fig. 5-3 shows the detailed schematic of the injection timing aligner. If an injection
pulse is not optimally aligned with a zero-crossing point of the VCO outputs, it will instantly
distort the VCO outputs and create an envelope variation whose amplitude is dependent on
the injection time mismatch. The ED extracts the envelope distortion and amplifies it via a
two-stage AC-coupled CMOS inverter amplifier. If the magnitude of the amplified AM
signal (Vpew) is greater than the comparator’s predetermined threshold point set by
AVTrR=VENV-VREF, the comparator generates an enabling pulse which drives a 4-bit counter
pair for every high and low level of the reference clock. Consequently, the counters increase
the capacitance of the 4-bit DCDL by 1 LSB, equivalently delaying the injection pulses to
the VCO by a corresponding 1 LSB time delay (AT). The control loop completes the
calibration when each injection pulse is located sufficiently closer to the zero-crossing of the

VCO outputs so that Vpew is smaller than AV+r, disabling the comparator.

90



1.3V

50

"LC-VCO with dual injections”

Vclrl
[

fpLLt

Al

Array

»—|IZC+TEZII—<

4hit-Cap.

fpLL-

Finj

=)

Rinj

3mA

XF*F*

Envelope Detector 13y

forH

0.5mA

HpLi-
Cob [ Ri | Co [ Rt [ Cp

l Cep

S =
AC-Coupled CMOS Inverter

Comparator

Temperature

Dependent

Bias Circuit

AVTR= VENV VRer

frer

/

4 | 4bit- I
) Counter _C"LTQ‘_.

4 [ abie
i DCDL & Pulse Gen Counter T F———
a
Before Calibration After Calibration
fpLLt /\
Ui feuL- U
CorEn [ - Towl2
RmJ or Flnj _>|‘:-|:<_ Rinj Of Finj H <ZL-||:,24
Injection timing error, Ter Ter~0
Injection-Timing Calibration
Envelope Detector Comparator Delayed Inj. Signal
— Veny >iTaie
AVTR Counter
VpEw -\ /-
N Ve ‘ | L dPees ‘%;
Tenv Tenv AT"5®5“
(b)

Fig. 5-3. (a) Schematic and (b) operation principle of the proposed injection timing aligner, which
senses VCO envelope distortion caused by reference pulse injection timing mismatch.

5.2.2

Temperature Dependence of Vpew

In the envelope feedback aligner, the accuracy of the injection pulse position is

dependent on the comparator threshold AVtr. Given the nonlinear nature of the envelope
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Fig. 5-4. Simulation results of peak magnitude of envelope distortion, Ve ew across process corners
at T=-20/20/80°C.

distortion, the optimum AV+r is obtained by a process corner-based analysis. Tq of the
injection pulse generator in Fig. 5-3 is ~40 ps, mainly limited by the inverter speed of the
given 130 nm CMOS process. With the nominal gain setting of 20 dB for the 2-stage
inverter-amplifier in the ED, the simulations over a full range of process variation reveal

the minima of Vpew spread over a Texr=0+5 ps span and vary by 150-t0-420 mV over a -20-
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Fig. 5-5. Temperature-dependent AVtr generation: (a) temperature dependency of Vepew at SS
process corner, (b) schematic of temperature-dependent bias circuit, (c) simulated temperature
dependencies of AV+r (solid) and Ve ew (circle).

t0-80 °C temperature range as shown in Fig. 5-4. For a fixed temperature, the slow-slow
(SS) corner exhibits the highest Vp,ew over other corner models. Thus, AVTr is set based on
the SS corner and the simulation results are shown in Fig. 5-5(a). The minimum of Vpegw
decreases progressively as temperature increases, from 420 mV at -20°C to 230 mV at 80°C.
To track the Vpew temperature dependency, AVTr is generated using a temperature
dependent bias circuit (as shown in Fig. 5-5(b)) leveraging an inverse temperature coefficient
(TC) relation between a high-resistance polysilicon resistor (Rp) and an N+ diffusion resistor
(Rn). In the given process, Rr and Rn have a negative and positive TCs, respectively,
resulting in an overall negative TC of AVtr=Vpp(Rr-Rn)/(Rr+RnN). Through temperature

simulations, Rp and Ry are set to 5 kQ and 3.8 kQ, respectively, creating AVtr= 370 mV at
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Fig. 5-6. (a) Schematic of QILO adopting 30° phase shifter, and (b) QILO locking range comparison.

T=20°C. The optimal comparator threshold gradient determined by Rp and R is OAVTr/AT
~-1.8 mV/°C (line in Fig. 5-5(c)) which tracks well with the Vp ew temperature dependency
shown in Fig. 5 (a) at -20/20/80 °C (circles in Fig. 5-5(c)).

5.2.3 QILO with 30° Phase Shifter

In the RC-CR networks shown in Fig. 5-6(a), to achieve a maximum locking range by
minimizing the voltage transfer loss, it is desirable to use a minimum time constant (trc) in
the low-pass path since the loss increases as increasing trc. Consequently, the phase lag by
the low-pass R»-C, and the phase lead by the high-pass Ci-R; are set to -15° and +15°,
respectively, at 8 GHz, resulting in

RC 75

RC, tanl5’ 1)

At the third-harmonic band, the amount of phase shift increases proportionally by the factor
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Fig. 5-7. Simulation results of QILOs using 30°- and 90°-phase shifters.

of the harmonic order, resulting in a quadrature phase difference at 24 GHz. Fig. 5-6(b)
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compares the injection locking range between the proposed 30° and conventional 90° phase-
shift [5-4] RC-CR networks. The excess phase delay by the 90° phasing circuit is 270° at 24
GHz, which narrows the locking range compared to the case with the minimum phase delay;
i.e., the locking range of 30°-phase shifter is x1.5 to x2.5 wider than that of the 90°-phase

shifter depending on the injection amplitude as shown in Fig. 5-6(b).

Fig. 5-8. Chip photograph of the SILPLL and QILO (chip size: 1x1.2 mm? including pads).

5.3 Measurement Result

The chip photograph of the proposed SILPLL with QILO fabricated in 130 nm CMOS
process is shown in Fig. 5-8. The core chip sizes of the SILPLL and QILO are 0.5 x 0.45
mm? and 0.5 x 0.35 mm?, respectively. The SILPLL is locked to 8.06 GHz with 300 kHz
PLL BW using a 100.75 MHz reference clock, with phase noise contributions shown in Fig.
5-9. The measured phase noise of the reference clock is -160 dBc/Hz at 1 MHz offset. Once
the reference clock is injected into the VCO, the measured phase noise of the SILPLL is -
114 dBc/Hz at 1 MHz offset and its RMS jitter integrated from 1 kHz to 100 MHz is 124 fs.
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Fig. 5-9. Measured phase noise spectrum at fPLL= 8.06 GHz and fout= 24.18 GHz (fref= 100.75
MHz).

It is observed that the phase noise degradation around ~10’s kHz offset is 38 dB from the
reference clock’s phase noise level, consistent with the phase noise scaling by the frequency
division factor. The phase noise at the output of QILO increases by ~10 dB, resulting in -
104 dBc/Hz at 24.18 GHz with 1 MHz offset, as shown in Fig. 5-9. The measured RMS jitter
at the QILO output is 130 fs with 1 kHz-to-100 MHz phase noise integration interval. The
measured reference spur magnitude when the LCVCO output is 8.06 GHz is -49.3 dBc as
shown in Fig. 5-10. For a fixed switched-C in the VCO, the PLL lock-in range is limited to
120 MHz because of Kvco =120 MHz/V and 1-V headroom at the loop filter output.

Therefore, the SILPLL’s phase noise remains around -115+1 dBc/Hz from 8 GHz to 8.12
GHz at 1 MHz offset, as shown in Fig. 11. The SILPLL VCO holds a locked state due to the
injected reference pulse in the vicinity of the lock-in range, and then gradually loses lock as

the output frequency deviates further, increasing the phase noise. The effective locking range
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Fig. 5-11. Measured locking range of the QILO.

of the QILO is about 24.03-t0-24.3 GHz (270 MHz, QILO free-running fosc: 24.18 GHz)
defined by where phase noise degrades by ~10 dB (Fig. 5-9). The SILPLL and QILO
consume 23 mW and 14.3 mW, respectively. Compared with the prior published phase
detection techniques in Table 5.1, the envelope-detection based timing calibration can
regulate an optimal injection time, as evidenced by the low reference spur, with one of the

largest frequency division factors, while achieving one of highest FOMs reported so far.
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TABLE 5.1. PERFORMANCE COMPARISON WITH PREVIOUS WORKS

Architecture D'\it;ﬁ(i)?jn -(I;?;]r)] (lgﬁlqz.) II?(D%O Z?]V\ﬁ)r grijzr) gil\?:zz) RMS litter (cy) (%:%g) lz(?é\;l

51 | oe | NA |ouogl 20 |20 | 38 | 46 | -113 (50&%3'42) 0.455| -243
[5-2] ITA D;Zf‘:;eon ci/lggs 2.4 |16 [12.6| -39 | -129 (1k~1:(;sl]\chz) 0.64 | -246
[5-5] E)it%r:al Deptr;?:iieon cﬁgs 32164286 6?:.9 127 (0.1k1-34(g§/|Hz) 0.4 |-243
[5-6] ITA D;Ziffon C,\%S 0.432] 16 | 6.9 || -123 (1kf4‘éﬁsz) 0.03 | -224
[5-7] D:;%igseAr _ D;Ziffon C,SI%S 24|16 |52 |-49 | -126 (1k~1§fﬁHz) 0.25 | -247
This Qv:lll_oo A |atectionjcmos| 8 | 8 | 28 |495| 124 (1k~11%)g\s}le) 0225145
Work Q‘I"I’_/O ITA+QILO [E)z;’:c'ggf] cﬁgs 24 |240|37.3| - | -104 (1k~11?6%‘;\5/|HZ) 0.4 |-242

* ITA : injection timing aligner

**FOM = 20log(ow/1s) + 10log(Pgis/ImW)
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5.4 Summary

This chapter presents an envelope detection-based reference pulse injection time control
circuit for a low VCO phase noise. In the proposed technique, an envelope detector
constantly monitors the VCO’s output waveform distortion caused by the injection pulse
timing mismatch and initiates the injection time calibration loop upon detection of the VCO
waveform distortion. Since the control loop seamlessly corrects injection timing until the
VCO exhibits a negligible AM distortion, the proposed technique can achieve an optimal

injection time regardless of any delays in the digital control circuits.
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Chapter 6.

Conclusions and Future Work

6.1 Conclusions

In summary, this dissertation presented frequency locking techniques based on envelope
detection. Each chapter introduced issues and solutions of several injection locking
applications including a frequency multiplier, multiphase generator, and injection-locked

PLL within 5-30 GHz frequency range.

In chapter 2, a mixed-mode injection-frequency locked loop (IFLL) was presented for
calibrating locking range and phase noise of an injection-locked oscillator (ILO). The IFLL
adjusts free-running frequency of ILO to track the injection frequency by processing the AM
modulated envelope signal bearing the frequency difference between injection frequency
and ILO free-running frequency using digital feedback. This self-calibration technique
resulted in a compact, fast-locking and power-efficient IFLL, demonstrated in 130nm
CMOS at 26.5-29.7GHz with less than 300ns locking time and 2.4mW power consumption

in the calibration circuits.
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Chapter 3 presented a quadrature injection-locked tripler using third-harmonic phase
shifter. The capacitive-degenerated pair was utilized to implement the third-harmonic phase
shifter which generates 90° phase shift at the third-harmonic. This injection technique
resulted in maximizing injection locking range compared to prior injection schemes. It
demonstrated in 130nm CMOS at 24GHz with 3.3% locking range and 10.4mW power

consumption.

Chapter 4 presented an ILCM using envelope-based frequency tracking loop for a low
phase noise signal. In the proposed technique, an envelope detector constantly monitors the
VCO’s output waveform distortion caused by frequency difference between the VCO
frequency and reference frequency. Therefore, the proposed techniques can compensate for
frequency variation of the VCO due to PVT variations. It was fabricated in a 0.13um CMOS
process. When the reference clock of 51.5 MHz was injected, the measured phase noise of
the ILCM was -114 dBc/Hz at 1 MHz offset. The RMS jitter integrated from 1 KHz to 30

MHz was ~201 fs at 5.15 GHz.

In Chapter 5, the proposed frequency multiplier was presented using self-aligned
SILPLL and wide locking range QILO. The injection timing aligner was based on envelope
detector due to injection spur. Also, the QILO using 30° phase shifters was proposed to
generate 24 GHz quadrature signals and achieve a wide locking range and good phase
accuracy. It was fabricated in a 0.13um CMOS process. When the reference clock of 100.75
MHz was injected into the VCO, the measured phase noise of the SILPLL at 8.06 GHz was
-114 dBc/Hz at 1 MHz offset, and its rms jitter integrated from 1 kHz to 100 MHz was 124

fs. When the SILPLL output was third-harmonically locked by the QILO, its phase noise

103



increased by ~10 dB, resulting in -104 dBc/Hz at 1 MHz offset, at 24.18 GHz. The measured

RMS jitter of the QILO output was 130fs.

Additionally, in Appendix I, a six-phase VCO was presented as one example of
multiphase signal generators based on injection locking. In the six-phase VCO, three VCOs
were coupled by an inductive network in their tail nodes to generate six-phase outputs. This
network also served as a tail noise filter in each VCO. Therefore, the proposed six-phase
VCO could achieve better phase noise performance than typical multiphase topologies. The
proposed VCO was implemented in 32nm SOl CMOS process with core area of
0.6x0.5mm?. The VCO could be tuned from 29.24GHz to 31.56GHz, a frequency tuning
range of 7.6% at 0.6V supply. With the power consumption of 4.56mW, the measured phase

noise was -128dBc/Hz at 10 MHz offset when output frequency was 31.43GHz.

6.2 Future Work

The development of deep-submicron CMOS technology allows wireline and wireless
applications to increase the operating frequency. However, conventional frequency
generators may not be suitable for high frequency application. The proposed techniques can
become a good alternative to injection-locked frequency generators at millimeter waves with

less reference spur and phase noise, and low power consumption.

Another opportunity for future research is to develop the envelope detection technique
in order to sense the frequency information for blocker (or interferer) frequency detection.

As mentioned in Chapter 2, the envelope wave under injection unlocking has a frequency
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which is the difference between the injection frequency and ILO’s free-running frequency.
Therefore, the proposed technique can be applied to a blocker detector by detecting the

envelope frequency.
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Appendix.

A 0.6-V, 30-GHz Six-Phase VCO with
Superharmonic Coupling in 32-nm SOl CMOS
Technology

A.1. Introduction

Multi-phasing techniques have been widely used to improve system performance in a
variety of applications, such as image-rejection receivers, multi-rate clock-and-data recovery
circuits, phased arrays, and more recently N-path filters, to name a few. The phasing
techniques are also useful in increasing carrier modulation speed in mixer arrays for
millimeter-wave applications [A-1]. Fig. A-1 shows an example of mixer array that utilizes
six phase differential signal to reduce a carrier frequency by a factor of three, which is
particularly useful for far high end of millimeter-wave band (e.g. > ~100’s GHz) where
VCOs would exhibit very limited phase noise performance and output power capability

because of inadequate active device speed combined with unacceptable level of device noise.

There are several ways to generate multiphase signals: frequency dividers [A-2],
polyphase filters [A-3] and multiphase ring oscillators [A-4]. The frequency divider for
multiphase signals has an advantage of simple design but suffers from frequency limitation
not suitable for millimeter-wave systems. The polyphase filters are susceptible to phase
inaccuracy due to device mismatches and process variations. Also, the multiphase ring type
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Fig. A-1. (a) Fundamental mixer with fo single VCO and (b) time-interleaved mixer array with fo/3
six-phase VCOs [A-1].

oscillators have a phase noise penalty caused by signal coupling active devices that take
extra DC power as well. In order to minimize the phase noise penalty with no extra power
dissipation, a superharmonic coupling is adopted in this paper to create required phase shift
for multiphase generation [A-5]. The proposed technique is basically pure passive and non-
contact inductive 2""harmonic coupling technique, free from the noise penalty in the
cascaded signal coupling to generate six-phase outputs. The coupled inductors at a 2™

harmonic frequency can be integrated compactly at millimeter-wave.

A.2. Six-Phase VCO with Superharmonic Coupling

A.2.1. Proposed Architecture

Fig. A-2 shows the schematic of the proposed six-phase VCO which uses a
superharmonic coupling to generate six phases. The circuit consists of three separate VCOs
and individual VCQO’s tail node (Vr1, V12, and V73) is dual-coupled with other VCOs through
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Superharmonic
Coupling

Fig. A-2. Proposed six-phase VCO with super-harmonic coupling.

a 2"%-harmonic coupling network. The coupling network is basically cascaded ring of three
identical transformers which forces the three VCOs to be coupled tightly with an equal
mutual coupling factor (k=0.8). DC and even harmonic currents of VCO will flow the VCO
tail and dominant harmonic current will be the 2" harmonic of the oscillation frequency
(wo). Because of the closed-loop ring structure, the phases of coupled signal will be equally
distributed in the 2x phase space, resulting in 120 degree of relative phase difference among
the 2" harmonic voltages at individual VCO’s tail node. This generates equi-spaced six
differential phases at the VCOs outputs. The coupling network is designed to resonate
parasitic capacitance at 2wo, forming a second harmonic resonant coupling. This will

maximize the 2" harmonic impedance at the tail node, improving the 2wo-noise filtering and
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Amplitude [V]

Fig. A-3. Simulated waveforms of the output voltages and the tail voltages at 0.6V supply voltage.

thereby achieving better phase noise performance. The high impedance at 2wo also prevents
the transistors in triode region from loading the resonator at large VCO output swing,
preserving the LC tank quality factor over the entire VCO period. Fig. A-3 shows the
simulated waveforms of six-phase output voltages (V1~Vs) and three tail voltages (V11, V2,
and Vr3). The tail voltages align well with the minima of each differential VCO outputs,
telling that the second harmonic impedance at the tail node is optimally maximized. The
simulated phase noise at 31 GHz is -109 dBc/Hz @1-MHz offset, which is about 5 dB
improvement compared with the case without the second harmonic tail resonance in

simulation.

A.2.2. Analysis of Superharmonic Coupling Network

Fig. A.I-4 shows the general model of the coupling network from one VCO. Let us
assume 1=/ |,=17el?" and 15=I11e!*"’3) as the tail currents of the coupled VCOs and
all coupled inductors have the same inductance, L, and coupling coefficient, k. A complete
coupling model in the VCO is shown in Fig. A-4(a) where Cpar series with Rc represents a
parasitic capacitance with a finite Q at each tail node. Since the tail node in first VCO is
coupled with two coils that are excited by I and I3, respectively, the tail voltage, V1, can be

expressed as
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Fig. A-4. Analysis of coupling network: (a) coupling model from first VCO, (b) its equivalent
circuit, and (c) simulated results when L=107 pH, Cpa=23.5 fF, R.=6 Q, Rc=2 Q, and k=0.8.
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Vo, =2R |, + jo2Ll, — joMI, — joMI,

: I, (A-1)
= 2R 1, + jo2L(l,+k =)

where M=k-L and RL represents parasitic series resistance. From (A-1), the coupling
network can be simplified to LC tank shown in Fig. A-4(b). Therefore, the resonance

frequency of the coupling network can be approximated to

a)res = 1
J2(+0.5K)LC,,

(A-2)

Consequently, the inductance (L) of the coupled coils should be chosen such that the wres
becomes twice the oscillation frequency of VCOs. Fig. A-4(c) shows simulation results of
the tail impedance for two cases, complete coupled model in Fig. A-4(a) and its equivalent
model in Fig. A-4(b), when L is set to resonate at 60 GHz. Both are well matched, validating

the equivalence of the models.

Metal MB

1.2um ’

¢1.6ym <

Metal MA | 1.2um

Fig. A-5. 3-D layout view of superharmonic coupling network.
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A.2.3. Implementation of Superharmonic Coupling Network

Fig. A-5 presents the layout of the superharmonic coupling network implemented in the
32S0I back-end. In order to maintain symmetry amongst the tail current paths, three
identical inductors are used in the coupling network and they are cross-coupled with each
other. Each stacked coupled inductors is implemented by using top two copper layers (MB
and MA, thickness=1.2 um). The outer diameter of the coupled coil is 70 um with a line
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fla ]| = = Secondary 1
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S 0.1 1 * v -1 1 1
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Fig. A-6. Simulated coupling network: (a) self-inductance of each inductor, (b) coupling coefficient,
k, of coupled inductor, and (c) equivalent self-inductance of cascade of two coupled-inductors at

each tail branch, not including mutual inductance.
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width of 6 pum. The self-inductance and coupling coefficient of the inductors are
characterized with EM simulation including layout parasitics (Sonnet Software). The
primary and secondary inductances of the transformer are about 91 pH with the self-resonant
frequencies over 300 GHz (Fig. A-6(a)), and coupling coefficient, k, is 0.81 at 60 GHz (Fig.
A-6(b)). When including layout routing inductance (~44 pH), equivalent net self-inductance
in each tail branch becomes ~0.23 nH (Fig. A-6(c)). However, when taking mutual
inductance by the coupling factor into account, the total inductance becomes ~0.3 nH that
resonates ~23.5 fF of parasitic capacitance at 60 GHz (2wo).

A.3. Measurement Results

The proposed six-phase VCO was fabricated in IBM 32 nm SOI CMOS technology.
The die photograph is shown in Fig. A-7. The VCO core area is about 0.6x0.5 mm2. Fig. A-
8 shows the measured frequency tuning range versus varactor control voltage. The six-phase
VCO can be tuned from 29.24 GHz to 31.56 GHz (frequency tuning range: 7.6%). The phase
noise and the output spectrum were measured by using R&S FSUG67 spectrum analyzer. Fig.
A-9 shows that the measured phase noise is -107.55 dBc/Hz and -128 dBc/Hz at 1 MHz and
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Fig. A-7. Chip photograph.
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Fig. A-8. Measured frequency tuning range (Vop=0.6V).

10MHz offset, respectively, when VCO output frequency is 31.43 GHz. The phase noise
measurement is close to simulation result. With the power consumption of 4.56 mW from
0.6 V supply voltage, the figure-of-merit (FOM) and FOMT (FOM including tuning range)
are -190.9 dBc/Hz and -188.5 dBc/Hz, respectively.

Table A.1 provides measured performance summary of the proposed six-phase VCO
and comparison with recent state-of-the-art differential and quadrature VCOs in CMOS
technology. In the proposed VVCO, the required phase shifting to generate multiphase outputs
can be obtained through a cascade of coupled inductors, a pure passive and non-contact
approach that does not degrade phase noise performance with no extra power dissipation,
compared with other ring type cascade structure using active transistors. This results in an
exceptional low power dissipation of 1.52 mW/VCO with a good phase noise performance,
achieving one of best FOMs. The size of the harmonic coupled inductors will be compact at

millimeter-wave.
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Fig. A-9. Measured phase noise at 31.43GHz oscillation frequency.

TABLE A.1l. PERFORMANCE SUMMARY AND COMPARISON

JSSC ESSCIRC RFIC CICC This

2013 2012 2014 2012 Work
Tech 65nm 65nm 65nm 32nm 32nm
CMOS CMOS CMOS SOl SOl
Phase Diff. Quad. Diff. Diff.  Six-Phase
Frequency 57.5 48.8 87.1 20 29.24
(GH2) -90.1 -62.3 -91.7 -27 -31.56
VDD (V) 1.2 1.2 1 1.3 0.6
Power (mW)  8.4-10.8 15.6-30 11 24 4.56
Phase Noise ~ -105 ~ -90/-94  -1083 -1259©®  -128
(dBc/Hz) @10MHz @1MHz @10MHz @10MHz @10MHz
Area (mm?) 0.03 0.112 0.013  0.45@ 0.3
FOM
(dBc/Hz) -172 -173/-176  -176.9 N.A. -190.9
FOM+
(dBc/H2) -184.2 -181/-184 -171.1 N.A. -188.5
(1): @ maximum frequency, (2): with PLL, (3): @23.4GHz
FOM =PN—20Iog[Z—‘;]+10Iog[1E{;Vj FOM, =PN -20log (Af—‘;lgf; J+10 IOg(erﬁj
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A.4. Summary

This chapter presented a six-phase VCO. In the proposed multiphase VCO, three
individual VCOs are effective cascaded by a coupled inductors network that creates required
phase shift of 120 degree amongst the unit VCOs. The chip is implemented in a 32 nm SOI
CMOS process. With six-phase outputs, the VCO has 7.6% tuning range from 29.24 GHz to
31.56 GHz. The proposed phase shifting and phase coupling technique is pure passive
approach, not incurring any extra power dissipation or phase noise penalty by the phase
generation circuits. This results in a very low power dissipation, 1.52 mW per each VCO
(4.56 mW total), with -128 dBc/Hz of phase noise at 10MHz offset, leading to one of highest

FOMs of ~-191 dBc/Hz.
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