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Abstract

Abstract
The ever-growing mobile data traffic drives continuous innovations in wireless
communications, and the development of new generation mobile network is expected to
provide ultra-high data rates. However, the use of spectrally efficient high-order
modulations sets stringent phase-noise requirements to frequency synthesizers in the
network infrastructure.
In this framework, this thesis addresses the challenge of achieving a remarkable
advance in the state-of-the-art phase-noise performance of silicon oscillators. First it
recognized that given the supply voltage, the phase noise in LC oscillators is reduced by
scaling down the inductance and increasing power consumption. However, the Q
degradation with too small inductors sets a lower bound on phase noise. To overcome this
limit, oscillators evolved from a single core to multi-core, with N oscillators coupled to
scale down phase noise ideally by 10 log(N). In this dissertation, two different coupling
techniques are compared: active-coupling (i.e., by means of transconductors) and
resistive-coupling (i.e., by means of resistors), that is the two most promising topologies
to implement a reconfigurable solution by turning on/off oscillators and the coupling
stages to scale noise and power consumption. A theoretical analysis of dual-core
oscillators examines the mechanism of phase-noise scaling with specific focus on the
degradation caused by resonant frequency mismatches between the LC-tanks, proving
that resistive-coupling is the more robust coupling technique. The extension to N
oscillators, with N >2, is then considered, demonstrating the existing tradeoff between
increasing the number N of coupled oscillators and the locking capability, together with
the phase noise penalty in presence of resonant frequency mismatches. Closed-form
formulas of the locking range and the statistical phase noise degradation, provide deep
understanding of the coupling requirements and useful insights on coupled oscillators
design.
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Test-chips of a 20 GHz 16-core class-C VCO are fabricated in 55nm SiGe BiCMOS
technology. Measurements demonstrate a record phase noise as low as -130 dBc/Hz at
1MHz offset, at least 8dB lower than state-of -the-art. Power consumption is 840mW,
corresponding to 186.6 dBc/Hz Figure of Merit (FoM), while the tuning range is 17.4%.
A reconfigurable version of the multi-core oscillator is realized exploiting DC-biased
diode-connected bipolar transistors as switches to couple oscillators. Measurements at
1MHz offset from the 19.2GHz carrier show -120dBc/Hz phase noise in dual-core
configuration which can be lowered down to -128.8dBc/Hz turning on two-by-two up to
16 resonators. Meanwhile, the power dissipated from the 2.4V supply ranges between
105mW to 948mW.
A different approach is finally introduced in this thesis: a technique which breaks the
phase noise barrier of conventional LC oscillators. By exploiting the series resonance of
a tank, an unprecedent phase noise reduction in a single-core oscillator is experimentally
demonstrated. Realized in a 55nm-BiCMOS technology, the series-resonance VCO
proves -138dBc/Hz phase noise at 1MHz offset from 10GHz, with 600mW power
consumption from 1.2V supply, corresponding to a state-of-the-art 190dBc/Hz FoM. This
phase noise is at least 10dB lower than what reported in silicon so far.
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Introduction

Introduction

The mobile network witnesses a tremendous growth in the data traffic, the amount of
user equipment, the diversity of applications, and the polymorphism of service scenarios.
This progress is driving continuous innovation in wireless communications, and nextgeneration mobile networks are expected to provide several Gbps user data rate. One of
the prominent enablers to the exponentially increasing mobile data traffic, is network
densification, as confirmed by the trend of the last twenty years.
The Base Station (BS) density increase rises the complexity of the network, and the
backhaul infrastructure, i.e., the set of links connecting the BS to the network core, is
emerging as a crucial part in future-generation mobile networks. To push forward with
the network evolution, mmWave wideband wireless links, are emerging as a promising
technique and, in this framework, fully integrated BS transceivers in CMOS or BiCMOS
technology can reduce the cost of backhaul equipment. These emerging paths create new
opportunities in mmWave integrated circuit design.
Since mmWave links employ high-order modulations to maximize the channel
capacity, challenging specifications for integrated transceivers are required, especially
concerning power-amplifier (PA) linearity and local-oscillator (LO) phase noise.
In this work, LO phase noise requirements are addressed, proposing novel solutions to
achieve ultra-low phase noise. In particular, multi-core oscillators are studied in depth to
provide useful insights in the design of 16-core VCO, introduced as the key block of the
frequency synthesizer. A reconfigurable version of the VCO is then design allowing
power-efficient noise scaling according to the system requirements. A different approach
is finally introduced breaking the phase noise barrier of conventional LC oscillators by
exploiting the series resonance of a tank. Prototypes are realized in BiCMOS 55nm
technology demonstrating, in all three VCOs, record performance compared to State-ofthe-Art.
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The dissertation is structured as follows:
In Chapter 1, an overview of new generation mobile networks is provided. The
motivation for mmWave backhaul deployment is examined; propagation characteristics
and trade-off are briefly outlined.
In Chapter 2, phase noise specifications for E-Band LO generators are derived. Next,
considerations on the most suitable topology to adopt in order to decrease phase noise are
presented together with the phase-noise-scaling technique leveraging inductor shrinking.
Finally, a performance overview of the State-of-the-Art to identify possible
improvements.
In Chapter 3, the use of multi-core oscillator systems is investigated to overcome the
phase noise limits of a single-core oscillator and to perform power-efficient noise scaling.
An analytical study of the phase noise in dual-core active-coupling oscillators is
presented, deriving a closed-form equation for phase-noise degradation due to
mismatches between the tank resonance frequencies. The active-coupling technique is
then compared with the resistive-coupling, proving that also at the maximum coupling
strength, active coupling is less robust to phase-noise degradation caused by oscillator
mismatches. Then, the extension to N cores is addressed, deriving formulas about the
coupling strength, to prove the challenge of coupling an increasing number of oscillators.
In Chapter 4 the results and hints from the previous chapter are exploited to design a
multicore VCO for ultra-low phase noise. First the design of a non-reconfigurable 16core VCO is presented. Later, diode-coupling is proposed as innovative coupling
technique compatible with high-voltage swing of bipolar oscillators. A theoretical model
investigates design trade-off and provides useful insights for the implementation of a 16core reconfigurable VCO. In conclusion, measurement results are presented for both
oscillators.
In Chapter 5, a circuit topology which breaks the phase noise barrier of conventional
oscillators is proposed. By exploiting the series resonance of a tank, an extremely low
phase noise is demonstrated with a single-core oscillator, as confirmed by measurement
results.
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Chapter 1
mmWave links for wireless
backhaul
1.1 A wireless world
Wireless technology nowadays plays a pervasive role in our everyday lives: from
making a simple phone call, to video conferencing, streaming media, online purchases or
even telemedicine, wireless communication proves crucial in all aspects of modern
society. Mobile communication systems witnesses, in past years, an unceasing evolution,
from GSM, 3G, LTE and WiFi to the new emerging wireless technologies, such as 5G,
the Internet of Things (IoT), and vehicle-to-everything (V2X) communications for selfdriving cars among others. In order to appreciate the size of the wireless industry, it is
worthwhile to look at some statistics.

Figure 1.1. Mobile subscription by technology in billions [1].
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Figure 1.2. Global mobile network data traffic in EB per month [1].

According to the recently published mobility report by Ericsson [1], there are currently
8.1 billion mobile subscribers worldwide (Figure 1.1). This is an astonishing number
given that the Earth’s population is estimated to 8 billion, which proves the ongoing
challenge to connect everyone and everything, everywhere. 6.3 billion of these
subscriptions belong to smartphone users which make up 77.8% of all mobile subscribers
globally, and this number is projected to increase to 86% by 2027.
An interesting aspect of this wireless revolution is the sheer amount of data transmitted
(Figure 1.2). Smartphone usage and video streaming are the main drivers of mobile data
traffic, with the average smartphone user consuming 11.4 GB per month in 2021 and is
forecast to reach 41 GB/month by 2027. On a global scale, approximately 65 EB/month
(”exa-bytes” 1018) are transmitted over the air, with smartphones accounting for almost
97% of total mobile data traffic. This number is projected to grow by a factor of around
4.4 to reach 288 EB/month in 2027. Including the traffic generated by fixed wireless
access (FWA), this takes the current total mobile network traffic to around 80 EB/month,
370EB/month expected by the end of 2027.
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Such large numbers require major innovations both at the backbone network as well
as the user mobile terminal.

1.2 Backhaul challenges
To satisfy the exponentially increasing mobile data traffic, wireless networks rely in
particular on three enablers: 1) the introduction of mmWave frequencies, 2) massive
multiple-input-multiple-output (mMIMO) systems and directional beams, 3) ultra-dense
network structures. Network densification, for instance, is one of the prominent
techniques that can be used to increase the capacity of wireless networks, and it is an
integral part of the 5G architecture [2], [3]. The main concept of network densification
(Figure 1.3) is to deploy a large number of small cells with low power to complement the
macro cell functionality in areas with poor signal quality, such as indoor environments

Figure 1.3. Example of network densification.
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and urban areas with tall buildings [4], [5]. The term small-cell covers a variety of cell
types such as micro-cells, pico-cells, femto-cells. Wireless coverage at the street level is
a strategic solution in urban areas where the access points are placed on poles and walls
[6], [7].
While indoor small-cell backhauling is normally based on wired technologies, outdoor
small cells backhauling is mostly accomplished through wireless technologies, which
may increase the macro cell base station (BS) backhauling traffic rate to several gigabit/s
(Gbps) [8]. Although existing fiber infrastructure provides reliable and large capacity
communications with ultra-high data rates, installing new fiber infrastructure has
limitations such as the high installation and maintenance cost, considerable installation
time, and trenching might be impossible in some areas. Consequently, high dense small
cells with wireless backhauling, are widely considered to bypass the wired solutions
limitations. The main advantages of wireless over wired backhauling are the scalability,
flexibility, cost efficiency, and low-complexity maintenance process. To reduce the
traffic load on the macro-BS, wireless mesh backhauling is indispensable, and is
considered an essential technology of the current 5G, future sixth generation (6G) and
6G+ cellular communication networks [6], [7]. Moreover, wireless backhauling is the
strategic enabler for the integrated access and backhauling (IAB) technology, which is a
promising approach to reduce the deployment cost in ultra-dense network by utilizing a
portion of the available radio resources for wireless backhauling [9], [10].
However, wireless backhauling suffers from some limitations as compared to optical
fiber, particularly the relatively low capacity, disruptive interference, and severe signal
attenuation at high frequencies. Therefore, an extensive research activity is focusing on
transmission schemes and technologies to overcome one or more of the wireless
backhauling limitations. Examples for such solutions include millimeter-wave
(mmWave) transmission [11], [12], interference management protocols [13], [14], and
massive multiple-input-multiple-output (mMIMO) [15], [16].
Interestingly, these technologies are not only compatible and congruent but also
represent prerequisites for each other.
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1.3 mmWave wireless Point-to Point links
Exploiting the mostly unused spectrum of mmWave (frequencies between 30 to
300GHz) is essential to increase the communication bandwidth and provide enough
channel capacity for next-generation networks. Although lightly licensed, several portion
of the spectrum are considered by mobile operators. Above the increasingly used FR2
spectrum (24-52 GHz) there are also various other alternatives such as V-band (57-64 and
64-71 GHz), E-band (71-76 and 81-86 GHz), and D-band (110-170 GHz).
From a theoretical point of view, higher frequencies deliver high throughput due to
their generous spectrum, but their use is not without challenges. As shown in Figure 1.4,
for example, V-band suffers from severe oxygen absorption, E-band is affected by heavy
rainfall, and D-band has relatively high atmospheric attenuation [17].

Figure 1.4. Atmospheric attenuation in the mmWave spectrum.
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Figure 1.5. Adaptive modulation according to weather conditions in PtP radio service
[19].
To compensate high free-space path loss (FSPL) at mmWaves, high-directivity links
should be employed. Fortunately, the small mmWave wavelength is naturally prone to
exploit MIMO techniques, yielding high beamforming gains. Moreover, mmWave links
widely benefit from network densification. Indeed, as cells are shrinked path losses
become less detrimental, Line-of-Sight (LoS) links become more likely, and the set of
users to be covered scales down, thus reducing the complexity of the beamformer. Finally,
as mmWave links are mostly noise-limited, rather than interference-limited, the Signalto-Interference-and-Noise Ratio (SINR) efficiently scale with cell area shrinking [18].
Furthermore, in order to always achieve the maximum available channel capacity,
Point to Point (PtP) mmWave standards employ adaptive-modulation techniques,
changing the modulation order according to channel conditions [19], [20] as shown in
Figure 1.5. When high Signal to Noise Ratio (SNR) is received, spectrally-eﬃcient
modulations like 256QAM and beyond are employed. Instead, if the received SNR is poor
(e.g. during heavy rain outage), simpler modulations such as QPSK are used.
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1.4 Conclusions
Point-to-Point links in the E-Band can provide Gbps, km-range wireless
communication, suitable for small-cell backhaul infrastructure. Such easily deployable,
high capacity backhaul links are expected to be a fundamental enabler for the evolution
of mobile networks. To achieve the required capacity, high-order modulations are
employed when needed to maximize spectral eﬃciency. On the other hand, atmospheric
attenuation produces wide variations in the channel conditions. To guarantee good quality
of service in varying environmental conditions, adaptive-modulation techniques are used.
Development of mmWave transceivers in integrated technology can help reducing
cost, weight, and volume of small cells. To cope with the demanding requirements of
backhaul links, more eﬀorts must be done to improve the performance of analog building
blocks, especially PAs and frequency generators. In the following, the design of
frequency-synthesis building blocks is addressed.
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Chapter 2
Phase Noise in Oscillators
In this chapter, system-level considerations on the design of frequency synthesizers
for mmWave backhaul applications are presented. First, the eﬀect of the local oscillator
phase noise on Signal-to-Noise Ratio (SNR) degradation is outlined to set VCO noise
speciﬁcations for M-QAM communications in the E-Band. Next, considerations on the
most suitable topology to adopt in order to decrease phase noise are presented together
with the phase-noise-scaling technique leveraging inductor shrinking. Finally, a
performance overview of the State-of-the-Art to identify possible improvements.

2.1 Basic and Metrics
A complete review of phase noise theory is beyond the scope of this dissertation, and
extended literature has been made available in recent years. However, it is useful to
introduce here some basic concepts that will be widely used in the following.
It is well known that every physical oscillator system is aﬀected by phase noise, i.e.,
random ﬂuctuations in the phase of the generated waveform. Phase noise is quantiﬁed as
ℒ(𝑓) = 𝑣𝑛2 (𝑓)/𝑃𝑠𝑖𝑔 , where 𝑣𝑛2 (𝑓) is the noise power spectral density (PSD) at an oﬀset
𝑓 from the carrier, and Psig is the carrier signal power.
It has been ﬁrst shown by Leeson in 1966 through experiments [21], and later verified
in formal terms, that phase noise close to the carrier in LC-tank harmonic oscillators may
be expressed as
4𝑘𝐵 𝑇𝑅𝑇 𝑓𝑜𝑠𝑐 2
𝐾
(
) (1 + )]
ℒ(𝑓) = 10 log [𝐹
2
𝑓
𝑉𝑡𝑎𝑛𝑘 2𝑄𝑓

(2.1)

where f is the frequency oﬀset from the carrier, fosc is the oscillation frequency, kB is
Boltzmann’s constant, T is the absolute temperature, Q is the tank’s quality factor, 𝑉𝑡𝑎𝑛𝑘
is the diﬀerential oscillation swing, RT is the tank’s parallel resistance, F and K are
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parameters taking into account additional thermal and ﬂicker noise, respectively,
produced by noise sources other than the tank resistor (e.g., active transconductor).
The performance of an oscillator is usually assessed through a ﬁgure of merit (FoM)
that normalizes phase noise to frequency and power consumption PDC:
𝑓 2
𝑃𝐷𝐶
) ] + 10 log [
FoM = ℒ(𝑓) + 10 log [(
]
𝑓𝑜𝑠𝑐
1mW

(2.2)

Finally, it was noticed that the FoM in (2.2) does not consider a metric which is
fundamental when designing voltage-controlled oscillators (VCO): the frequency tuning
range (TR). Therefore, another ﬁgure was introduced to take into account noise, power
and tuning range:
FoMT = FoM − 20 log [

TR
]
10

(2.3)

As tuning range and tank quality factor are usually correlated, FoMT is sometimes a fairer
metric to compare VCO performance.

2.2 Impact of Phase Noise
In mmWave transceivers, where linearity constraints are more relaxed than in RF
counterparts, phase noise requirements for the Local Oscillator are usually set by SNR
degradation concerns [22]. Indeed, as shown in Figure 2.1, phase noise in the LO
produces a random rotation of the received constellation, degrading SNR.
In even-order M-QAM modulations, the Bit-Error Rate (BER) is linked to the SNR at
the detector (SNRDET) by the formula [23]:
BER ≈

4
1
3
(1 −
) 𝑄 [√
𝑆𝑁𝑅𝐷𝐸𝑇 ]
log 2 𝑀
𝑀−1
√𝑀

(2.4)

where Q is the well-known Q-function.
The impact of phase noise on the performance of a communication system employing
M-QAM modulation has been studied in depth, leading to rather complex analytical
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Figure 2.1. 16QAM (on the left) and 64QAM (on the right) constellations in presence of phase
noise in the Local Oscillator.

models [24]. However, in [25] a simpliﬁed model to quantitatively estimate the eﬀect of
phase noise on signal integrity degradation is presented. SNRDET is calculated through
(2.4) as the minimum SNR requirement for BER=10-6 with the corresponding
modulation. SNR of the local oscillator SNRLO = [∫ ℒ(𝑓) 𝑑𝑓]−1 is set 10dB higher than
SNRDET to guarantee negligible noise degradation (i.e., < 0.5dB). As a result, [25]
estimates the required phase noise at 1MHz offset from 80GHz carrier for negligible

Phase Noise

Phase Noise

@ 1MHz from 80GHz

@ 1MHz from 20GHz

QPSK

-90dBc/Hz

-102dBc/Hz

16-QAM

-96dBc/Hz

-108dBc/Hz

64-QAM

-102dBc/Hz

-114dBc/Hz

256-QAM

-108dBc/Hz

-120dBc/Hz

1024-QAM

-114dBc/Hz

-126dBc/Hz

4096-QAM

-120dBc/Hz

-132dBc/Hz

Modulation

Table 2.1 VCO Phase noise requirements simulated in [25] for different modulations.
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EVM degradation, assuming a phase noise integration bandwidth from 750kHz (set by
the baseband carrier-tracking-loop bandwidth) and 250MHz (channel bandwidth).
Results for different modulations are listed in Table 2.1, reporting also the calculated
equivalent phase noise at 1MHz offset from 20GHz carrier.
The phase-noise specifications for 256-QAM and beyond are challenging for
mmWave synthesizers and require to burn a significant fraction of the transceiver power
in LO generation. Furthermore, since the VCO noise spectrum below carrier-trackingloop bandwidth is high-pass filtered by the tracking loop, the design of the oscillator has
to focus on minimizing phase noise above 1 MHz offset, while keeping the flicker corner
below the bandwidth where the tracking loop is effective.

2.3 Low phase noise VCO design
VCOs operating above 20 GHz suffer from severe phase-noise degradations due to the
poor quality factor of integrated capacitors at mmWave [26], [27]. Indeed, inductive

Figure 2.2. Simulated quality factor for integrated inductor, switched capacitor element and
equivalent tank in 55nm BiCMOS technology.
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quality factor rises with frequency, but it saturates above 20-30 GHz because of skin
effect losses [28]. Conversely, capacitive Q decreases while frequency increases, and
becomes the main source of losses at mmWave. As a result, as shown in Figure 2.2 the
overall quality factor of the LC Tank starts to significantly drop above 20 GHz, resulting
in a phase-noise penalty. A possible solution, therefore, for a mmWave frequency
synthesizer, features a ~20GHz VCO to leverage the better Q of passive components,
followed by a frequency multiplier. This solution offers other additional advantages. First,
a 20 GHz layout considerably lowers the sensitivity to parasitics, resulting in a wider
VCO tuning range. Also, one or more power-hungry pre-scaler stages can be avoided in
the PLL chain, compensating the additional power required by the frequency multiplier.
Finally, employing a subharmonic VCO allows to reduce the multiplication factor of the
PLL, resulting in less in-band noise amplification.
2.3.1

Tank scaling

As far as phase-noise minimization is concerned, given the quality factor Q which
depends on the technology and the amplitude 𝑉𝑡𝑎𝑛𝑘 limited by the supply, by looking at
the Leeson’s formula reported in (2.1), it is clear that two strategies are left: minimizing
F, e.g. through topology selection and optimal biasing conditions, and minimizing RT by
shrinking the tank inductor LT (and rising the tank capacitance for constant fosc).
It was showed in [29] that rearranging Leeson’s formula, omitting for simplicity the
flicker noise contribution, yield:
ℒ(𝑓) = 10 log [𝐹

2𝜋𝑓𝑜𝑠𝑐 𝑘𝐵 𝑇 𝐿𝑇 𝑓𝑜𝑠𝑐 2
(
) ]
2
𝑄 𝑓
𝑉𝑡𝑎𝑛𝑘

(2.5)

Therefore, phase noise is reduced by scaling the tank inductor, as long as the LT/Q ratio
can be decreased. As demonstrated in [29] however, when the tank inductor is reduced
below a certain size the inductive Q starts to drop because of negative magnetic coupling
between the two halves of the coil. The optimum design, concerning phase noise
performance, deploys therefore the inductance that leads to the lowest LT/Q ratio. The
minimum LT/Q, set by technology, in 55nm BiCMOS for a 20GHz VCO is ~4pH
corresponding to ~90pH tank inductance (Figure 2.3).
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Figure 2.3. Inductor shrinking and simulated LT/Q as function of LT in 55nm BiCMOS technology
[29].

2.3.2

Class-C topology

Comparing different oscillator topologies for phase noise minimization is beyond the
scope of this dissertation. Several papers in literature demonstrates state-of-the-art phasenoise performance deploying both Colpitts [30], [31], and Class-B [32], oscillators.
Nevertheless, Class-C oscillators are among the most popular in low phase-noise VCO
designs thanks to a superior DC-to-RF current conversion efficiency [33] [34]. Regarding
CMOS versus BJT implementation the latter has to be preferred due to the intrinsically
lower shot noise in the BJT collector current (for large enough devices) versus the thermal
noise in the MOS channel, advantage that is maintained also when power supply is
increased. Furthermore, a BJT implementation has the advantage of a very low flicker
noise corner frequency, therefore relaxing the design on the low-frequency Phase-Noise
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LT
T

B

B

E

E
bias

P

P

Ibias

tail

Figure 2.4. Class-C VCO circuit schematic.

requirements.
Figure 2.4 shows the circuit schematic of a VCO based on bipolar devices operating
in Class-C. Class-C operation is guaranteed by proper biasing to prevent transistors from
entering saturation and by means of a large capacitor Ctail shunting the current source,
allowing a pulsed current injected into the resonator. Essentially two important design
parameters deserve great attention: 1) the capacitive feedback attenuation N=CB/(CP+CB).
If too low the tank voltage swing is too large when fed to the transistors base, and it drives
the device in saturation. If it is too high to attenuate the signal at base input, device shot
noise is boosted. 2) the emitter area AE of bipolar devices. A tradeoff exists between large
AE to reduce extrinsic base resistance which is an important phase-noise contributor [35],
and tuning range penalization.
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2.4 VCO State of the Art
In the last twenty years much effort have been spent to improve VCO performance
both in CMOS and BiCMOS technologies. Concerning absolute phase noise
performance, Figure 2.5 shows the distribution of the absolute phase-noise performance
in the range of oscillation frequency 1GHz to 100GHz. For fair comparison, the
equivalent phase noise at 1MHz offset is derived for each oscillator. It is evident from the
comparison that despite decades of efforts, a huge gap ( >7dB) divides silicon oscillators
from the phase-noise performance of commercial devices implemented in expensive
technologies like InGaP/GaAs [36]. Such a gap is impossible to be compensated by
inductor shrinking. If we consider the 20GHz Class-C VCO in [29], fabricated in 55nm
SiGe BiCMOS technology, it proved best-in-class phase noise performance designing the
tank for the minimum LT/Q (hence minimum phase noise). 10 dB phase noise scaling
would require 10 times inductor shrinking at constant Q, down to less than 10pH:

1 M z dBc

115
1 0

P

z

110

1 5

1 5
1 0

140

1

10

Frequency

100

z

Figure 2.5. Phase Noise at 1MHz offset as a function of the oscillation frequency for state-ofthe-art silicon oscillators.
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unfeasible for a 20GHz LC-tank. To overcome this limit, a different technique should be
exploited, that is coupling of multiple tanks. Indeed, multi-core VCO [32], [37] allow to
arbitrarily reduce the tank impedance while keeping individual-core tanks optimized for
maximum Q.
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Chapter 3
Multi-core oscillators for Phase
Noise scaling
In this chapter, the use of multi-core oscillator systems is investigated to overcome the
phase noise limits of a single-core oscillator and perform power-efficient noise scaling
and tunability, suitable for adaptive-modulation transceivers. First, basic concepts of
noise scaling are introduced, then an analytical study of the phase noise in dual-core
active-coupling oscillators is presented, deriving a closed-form equation for phase-noise
degradation due to mismatches between the tank resonance frequencies. The analysis is
validated against circuit simulations and provides useful design insights for optimal
design. The active-coupling technique is then compared with the resistive-coupling,

Figure 3.1. Multi-tank (a) and multi-core noise scalable oscillators.
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proving that also at the maximum coupling strength, active coupling is less robust to
phase-noise degradation caused by oscillator mismatches. Then, the extension to N cores
is addressed, deriving formulas about the coupling strength, that prove the challenge of
coupling an increasing number of oscillators.

3.1 Multi-Core VCOs
As shown in Section 2.3.1, oscillator phase noise can be reduced by scaling the tank
inductance LT as long as the LT/Q ratio can be decreased. Shrinking the inductor has a
limit, set by technology, below which reducing the tank inductance the quality factor is
compromised. To overcome this limit the whole tank impedance, could be scaled down
connecting an additional LC tank to the main one, as illustrated in Figure 3.1(a). When
the switches are turned on, the tank impedance is halved and, provided IDC is doubled to
keep the oscillation amplitude A0 constant, phase noise is reduced by 3 dB. The main
drawback of this solution is that the oscillators loop gain drops when the tank impedance
is reduced, leading to potential start-up issues unless the loop gain is widely oversized. A
solution, depicted in Figure 3.1(b), is to replicate the cross-coupled pair together with the
LC tank. The idea can be extended by coupling more cores to arbitrarily reduce the tank
impedance while keeping individual-core tanks optimized for maximum Q. As a result,
an in-phase-coupled multi-core oscillator is obtained, potentially lowering the phase noise
down to:
ℒ𝑚𝑢𝑙𝑡𝑖−𝑐𝑜𝑟𝑒 = ℒ𝑠𝑖𝑛𝑔𝑙𝑒−𝑐𝑜𝑟𝑒 − 10 𝑙𝑜𝑔 𝑁

(3.1)

where N is the number of coupled cores. Of course, dissipating N times the power, the
FoM stays constant moving from single- to multi-core VCO. However, connecting the
resonators through switches, cores may be selectively turned on and off, thus trading
phase noise and power efficiently.
3.1.1

Coupling techniques

The multi-core approach has first spread in the field of microwave circuits [38], [39],
[40] and later become popular also in the framework of silicon integrated circuits, where
solutions have been proposed employing capacitive [41], magnetic [42], [43], resistive
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(a)

(b)

mc

mc

mc

Figure 3.2. Block diagram of (a) resistive-coupling multi-core oscillator and (b) active-coupling
multi-core oscillator.

[25], [44] and active coupling [45], [46]. Ideally, regardless the coupling mechanism,
when N oscillators are synchronized in-phase, the phase noise is decreased by a factor N,
dissipating N-times the power. However, the type of coupling has influence on other
factors such as stability of the in-phase mode, excess noise from the coupling devices and
area. Moreover, mismatches between nominally identical oscillators may result into a
remarkable phase noise penalty, compromising the advantage of coupling. With a too
large mismatch, oscillators may also lose synchronization [47].
The impact of mismatches among the resonance frequencies of the LC tanks has first
been analyzed in [25] for resistive-coupling oscillators (Figure 3.2(a)). The problem is
studied for two oscillators, and the results are extended to derive insights useful to design
an arbitrary number of coupled oscillators. Still, it shows that coupling within a ring, as
drawn in Figure 3.2, is the preferable choice considering practical layout issues and
robustness to mismatches.
In [46] active-coupling oscillators (i.e., coupled by means of transconductors) have
been proposed for phase noise reduction. Among the two coupling schemes in [46],
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quadrature coupling penalizes phase noise but in-phase coupling, illustrated in Figure
3.2(b), yields potentially N-time phase noise reduction. This technique, together with
resistive coupling, is the most promising to implement a reconfigurable solution by
turning on/off oscillators and the coupling stages to scale noise and power consumption.
On the other hand, a study of the impact of mismatches among active-coupling oscillators
on the 1/f2 phase noise is missing.
Next section analyzes the mechanism of phase-noise scaling with specific focus on the
degradation caused by resonant frequency mismatches between the LC-tanks in activecoupling oscillators. A closed-form symbolic phase noise expression is derived for two
coupled oscillators, giving useful design guidelines valid also for a larger number of
oscillators. The robustness to mismatches is the foremost benchmark to compare different
coupling techniques, and it is employed to prove that active coupling yields better locking

Iosc,1

mc

Icpl,

T,1

Icpl,1

Iosc,

T,

IT,1

IT,
mc

T,1

T,

m

m

Figure 3.3. Block schematic of the active-coupling dual-core oscillator.

T,

IT,

Iosc,
Icpl,

IT,1
T

T1

Icpl,1 Iosc,1

T,1

Figure 3.4. Voltage and current phasors in the coupled oscillators of Figure 3.3.
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capability but leads to higher phase noise degradation with respect to resistive coupling.

3.2 Active-Coupling dual-core VCO
Figure 3.3 shows two oscillators coupled by means of transconductors Gmc which
inject in each resonator a current proportional to the oscillating voltage on the other
resonator. Treated as in-phase coupling, the circuit analysis in [46] has been performed
only in the ideal case of perfectly matched tank resonant-frequencies. However, the
unavoidable presence of tank component mismatches1, layout asymmetries and parasitic
(electrical/magnetical) coupling result into a difference between the resonance
frequencies of the LC-tanks that may severely affect the phase-noise performance or even
prevent the synchronization between the oscillators.
The analysis here is carried out assuming the two tanks have almost equal parallel
resistance RT, quality factors Q, but slightly different resonance frequencies f01 and f02.
With identical resonators, that is f01 = f02 = f0, at steady state the oscillators are perfectly
in phase. But in presence of a mismatch, f01≠f02, provided that the oscillators are still
locked and oscillate at a common frequency fosc, each tank contributes a phase shift
(Figure 3.4). Thus, the tank voltage VT1,2 and the tank current IT1,2 are rotated by ∠YT1,2,
where the tank admittance YT1,2 is given by
YT1,2 =

1

+j

Q

T

T

(

fosc f01,2
1
) ≈
(1+jk1,2 )
f01,2 fosc
T

(3.2)

with
k1,2 =2Q∙

fosc -f1,2
fosc

=2Q

∆f1,2

(3.3)

fosc

pplying Kirchhoff’s current law at each LC tank, the oscillators are described by the
system of two complex equations:
IT,1 = Iosc,1 + Icpl,2 = VT,1YT,1

(3.4)

IT,2 = Iosc,2 + Icpl,1 = VT,2YT,2

(3.5)

1
Confirmed by simulations, mismatches on the transconductances and bias currents have negligible effect compared to mismatches
on the tank component.
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where Iosc,1,2 and Icpl,1,2 are the currents injected by the transconductors Gm and by the
coupling transconductors Gmc.
|𝐼

|

Replacing (3.2), (3.3) in (3.4),(3.5) and defining 𝑚 = |𝐼𝑜𝑠𝑐|, real solutions of (3.4)(3.5) are

a)1

found (i.e. oscillators are locked) if k < 1/m or equivalently:

1

𝑐𝑝𝑙

a)

b)

Figure 3.5. (a) Phase shift between tank voltages and (b) amplitude reduction in a dual core
active-coupling oscillator with Q = 20 as a function of the frequency mismatch, for different m=
|Iosc| / |Icpl|. Comparison among (3.8) (3.9) (solid lines), and simulations (dots).
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∆f
1
<
fosc 2𝑄 𝑚

(3.6)

As illustrated in Figure 3.4, in presence of a frequency mismatch, the solution of (3.4)(3.5) implies that ∠YT1 = -∠YT2, which combined with (3.2) leads to:
fosc = (f01 + f02)/2

(3.7)

i.e., the oscillation frequency is the mean of the two-tank resonance frequency, and it is
independent of Gm and Gmc. Moreover, since the currents Iosc,1,2 and Icpl,1,2 remain in
phase with VT1,2, in order to compensate the phase ∠YT1,2 of the tanks, the two voltages
VT1 and VT2 must be separated by an angle θ that can be calculated solving (3.4)-(3.5) for
phase:
𝜃 = sin−1 [

𝑚𝑘 + 𝑘√1 + 𝑘 2 (1 − 𝑚2 )
]
1 + 𝑘2

(3.8)

Likewise, solving (3.4)-(3.5) for magnitude infers that |VT1 YT1|=|VT2 YT2|, and
consequently:
|𝑉𝑇1 | = |𝑉𝑇2 | = 𝑅𝑇 (|𝐼𝑜𝑠𝑐 | + |𝐼𝑐𝑝𝑙 |) ∙

𝑚 + cos 𝜃
= 𝐴0 ∙ 𝑎
𝑚 + 1

(3.9)

where A0=RT(|Iosc|+|Icpl|) is the oscillation amplitude, maximum when the oscillators are
identical, and a ≤ 1 highlights the oscillation amplitude reduction resulting from resonant
frequency mismatches.
The analysis so far is validated against simulations of the circuit in Figure 3.3
implemented as two differential pair oscillators with f0 = 20GHz, C=490fF, L=130pH,
Q=20 and biased with a current IB,osc. The oscillators are coupled through differential
pairs biased with IB,cpl. The transistors are sized such that differential pairs operate in the
hard-switching regime. In this way, Iosc=(2/)IB,osc, Icpl=(2/)IB,cpl and thus m=IB,osc/IB,cpl
is changed by varying the bias currents of the differential pairs but maintaining the total
DC current IB,osc+IB,cpl constant at 5mA. A difference between the capacitances of the two
tanks is introduced to force a resonance frequency mismatch, f. Simulation results are
compared with values from (3.8) and (3.9) for different frequency mismatches in Figure
3.5, showing a very good agreement. It is noteworthy that, in accordance with (3.8) and
(3.9), the phase shift θ between the tanks is null and the oscillation amplitude is maximum
(i.e., a=1) only for a null frequency mismatch, that is k=0. For a given frequency
mismatch, θ is minimized and the amplitude is maximized by selecting m=0 i.e. allocating
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the whole DC current to the coupling transconductors Gmc in Figure 3.3. Notably, (3.6)
proves that with m=0 the active-coupling oscillators are locked regardless of the
resonance frequency mismatch, a remarkable feature of the active-coupling topology.

3.2.1

1/f2 Time variant phase noise analysis

For 1/f2 phase noise analysis we follow the approach proposed in [48] for quadrature
oscillators, based on Kärtner’s theory [49]. First, we calculate the tank impulse sensitivity
function (ISF) [50]. Considering the circuit in Figure 3.3, the state variables are VC1,2 , the
voltages across the capacitors C1,2, and IL1,2 , the currents in the inductors L1,2. The
oscillator is therefore described by the following set of differential equations:
𝑉̇𝐶1 =

1
𝑉𝐶1
[−
− 𝐼𝐿1 + 𝐼𝐺𝑚,1 (𝑉𝐶1 ) + 𝐼𝑐𝑝𝑙,2 (𝑉𝐶2 )]
𝐶1
𝑅𝑇

(3.10)

̇ =
𝐼𝐿1

𝑉𝐶1
𝐿1

(3.11)

𝑉̇𝐶2 =

1
𝑉𝐶2
[−
− 𝐼𝐿2 + 𝐼𝐺𝑚,2 (𝑉𝐶2 ) + 𝐼𝑐𝑝𝑙,1 (𝑉𝐶1 )]
𝐶2
𝑅𝑇

(3.12)

̇ =
𝐼𝐿2

𝑉𝐶2
𝐿2

(3.13)

For a high enough Q of the tanks, at steady state the solution of the system can be derived
from (3.8) and (3.9), yielding
𝑉𝐶1 = 𝑎𝐴0 sin(2𝜋𝑓𝑜𝑠𝑐 𝑡)

(3.14)

𝑉𝐶2 = 𝑎𝐴0 sin(2𝜋𝑓𝑜𝑠𝑐 𝑡 + 𝜃)

(3.15)

whereas currents IL1,2 can be calculated by integrating (3.11) and (3.13). Therefore, guess
solutions for the ISF on the two tanks, confirmed by simulations, are:
Γ1 = 𝐵1 cos(2𝜋𝑓𝑜𝑠𝑐 𝑡 + 𝜓1 )

(3.16)

Γ2 = 𝐵2 cos(2𝜋𝑓𝑜𝑠𝑐 𝑡 + 𝜃 + 𝜓2 )

(3.17)

with 𝐵1,2 and 𝜓1,2 which are dependent on the frequency mismatch. It is verified, in the
same manner as [48], that (3.16) and (3.17) solve the Kärtner’s equations, and the
resulting solutions for 𝐵1,2 and 𝜓1,2 are:
𝜓1,2 = tan−1(𝑘1,2 )

(3.18)
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𝐵1,2 =

1

(3.19)

2 cos(𝜓1,2 )

Considering (3.3) it is straightforward to recognize that 𝜓1 = −𝜓2 and 𝐵1 = 𝐵2 , which
means that with resonant frequency mismatches the ISFs of the two tanks are no more in
quadrature with the tank voltages and experience opposite-polarity phase shift with
respect to the voltage waveforms. Referring to [33], each contribution to phase noise, is
calculated as
NL =

i2n,i 2
1 T0 ̅̅̅
∫
Γ 𝑑𝑡
T0 0 𝛿f i

(3.20)

where 𝑇0 = 1/𝑓𝑜𝑠𝑐 . The tank parallel resistance contribution to phase noise is derived
substituting 4kBT/RT to the power spectral density in (3.20), yielding
NL,R =

kB T

(1+k2 )

(3.21)

T

where kB is the Boltzmann’s constant and T the absolute temperature. Similarly, the
phase-noise contributed by the core and coupling transconductors Gm and Gmc is
calculated solving the integral in (3.20) with the noise power spectral densities (PSDs) as
in [33]:
2
i̅̅̅̅̅̅
n,Gm
= 4kB T𝛾Gm (𝑡)
𝛿f

(3.22)

̅̅̅̅̅̅̅
i2n,Gmc
= 4kB T𝛾Gmc (𝑡)
𝛿f

(3.23)

Since the time-variant transconductances yield cyclo-stationary noise PSDs, the
calculation of the effective noise is quite complex. A closed form expression may be
easily found assuming hard-switching. In this case, the transconductance may be written
in terms of Dirac’s delta, as shown in [48]:

Gm (𝑡) =

2𝐼𝐵,𝑜𝑠𝑐
T0
[𝛿(𝑡) + 𝛿 (𝑡 − )]
2𝜋𝑓𝑜𝑠𝑐 𝑎𝐴0
2

Gmc (𝑡) =

(3.24)

2𝐼𝐵,𝑐𝑝𝑙
𝜃
𝜃
T0
) + 𝛿 (𝑡 +
[𝛿 (𝑡 +
− )]
2𝜋𝑓𝑜𝑠𝑐 𝑎𝐴0
2𝜋𝑓𝑜𝑠𝑐
2𝜋𝑓𝑜𝑠𝑐 2

(3.25)

Replacing (3.24)-(3.25) in (3.22)-(3.23) and solving the integral in (3.20) yields
𝑁𝐿,𝐺𝑚 =

𝑘𝐵 𝑇
𝑚
𝛾
2𝑅𝑇 𝑚 + cos 𝜃

(3.26)
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NL,Gmc =

𝑘𝐵 𝑇 (cos 𝜃 + 𝑘 sin 𝜃)2
𝛾
2𝑅𝑇
𝑚 + cos 𝜃

(3.27)

where 𝛾 is the MOS channel noise factor. The phase noise of the dual-core activecoupling oscillator can be finally calculated as [48]:
ℒ(𝑓) = 10 log [

1 2(𝑁𝐿,𝑅 + 𝑁𝐿,𝐺𝑚 + 𝑁𝐿,𝐺𝑚𝑐 )
]=
2𝑓 2
𝐴2 𝐶 2

2𝑘𝐵 𝑇𝑅𝑇 𝑓𝑜𝑠𝑐 2
𝑚 + (cos 𝜃 + 𝑘 sin 𝜃)2 1
2
(
)
= 10 log [
(1
+
𝑘
+
𝛾
) 2]
2𝑄𝑓
𝑚 + cos 𝜃
𝑎
𝐴0 2

(3.28)

Notably, for a null frequency mismatch, that is k=0, θ=0, a=1, (3.28) shows that the phase
noise is independent from m. In this case the ratio between the noise contribution of the
transconductors and the tank is (𝑁𝐿,𝐺𝑚 + 𝑁𝐿,𝐺𝑚𝑐 )/(𝑁𝐿,𝑅 ) = 𝛾, and the phase noise is 3dB
lower than in a single differential-pair oscillator [51]. With resonant frequency
mismatches the phase noise is degraded, because of the larger noise contributions (k≠0,
θ≠0 in (3.21),(3.26)(3.27)) and the reduction of the oscillation amplitude (a<1 in (3.28)).
With a too large mismatch the phase noise can become even worse than in a single
oscillator. The phase noise penalty due to mismatches can be calculated normalizing
(3.28) to the phase noise in the ideal case of k=0. Assuming small mismatches (f/fosc<<1
hence k<<1, 𝜃<<1) and considering (3.9), a simplified but more meaningful expression
of the phase-noise degradation can be derived:
𝑃𝑁𝑝𝑒𝑛 ≅ 10 log[(1 + 𝑘 2 )(1 + 𝑘 2 + 𝑚𝑘 2 )]

(3.29)

Equation (3.29) proves that the phase noise penalty due to mismatches is reduced by
minimizing the parameter m, which means increasing the strength of the coupling. The
limit case of m=0 needs only the coupling transconductors Gmc to be implemented.
However, while in this case the oscillators are locked regardless of f (see eq. (3.6)), the
phase noise penalty is reduced but not completely removed.
The phase noise analysis is finally validated in Figure 3.6 where the phase noise
penalty computed with (3.28) and (3.29) is compared with simulations for different
frequency mismatches. The simulation setup is the same previously introduced in Section
3.2. Figure 3.6 shows a very good agreement with both (3.28) and (3.29) and confirms
that m=0 is the optimal design choice to minimize the phase noise degradation. The phase
noise is considered at 10MHz offset from the carrier, where it is dominated by thermal
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Figure 3.6. 1/f2 phase noise degradation in a dual core active-coupling oscillator with Q = 20 as
a function the frequency mismatch, for different m= |Iosc| / |Icpl|. Comparison among results
derived from (3.28) (solid lines), the approximation in (3.29) and simulations (dots).

noise sources. In fact, up-conversion of flicker noise takes place with mismatches in
active-coupling if m≠0. [46]. This phenomenon, negligible in a bipolar process, may be
a serious issue in scaled CMOS [52]. However, with m=0 active-coupling oscillators
become insensitive to the flicker-noise up-conversion issue [46]. In this situation the
phase noise is dominated by thermal noise and it is well predicted by (3.28) and (3.29)
also at low offset from the carrier.

3.3 Comparison between active- and resistive-coupling
The result of the phase noise analysis in the previous section is useful to compare
active-coupling oscillators with the resistive-coupling alternative in Figure 3.2,
previously analyzed in [25]. The benchmarks to be considered are the phase noise penalty
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for a given mismatch and the maximum mismatch for which the oscillators lose
synchronization. With resistive coupling, the most important design parameter introduced
in [25], corresponding to the parameter m for active coupling, is the ratio between the
coupling resistance and the tank parallel resistance, r=RC /RT. With m=0, equation (3.6) is
satisfied regardless of the frequency mismatch, meaning that active-coupling oscillators
are always synchronized. From [25], the same happens with resistive coupling if r=0.

a)

b)

T

mc

T

T

B osc

T

B osc

B cpl

Figure 3.7. Schematic of (a) resistive- and (b) active-coupling differentia-pair CMOS oscillators.

The phase noise penalty due to mismatches in active-coupling oscillators is given by
(3.29), where the frequency mismatch is encoded in k, defined by (3.3). Keeping the same
definition of k, an approximate expression for the phase noise penalty in resistivecoupling oscillators is [25]:
𝑃𝑁𝑝𝑒𝑛 ≅ 30 log [

1
]
1 − 𝑟𝑘 2

(3.30)

In active-coupling oscillators (3.29) proves that the phase noise penalty is minimized
with m=0, but it is not eliminated. On the opposite, from (3.30), with r=0 in resistivecoupling oscillators there is no phase noise penalty regardless of the frequency mismatch.
Therefore, in the strongest coupling conditions resistive coupling enjoys the potential of
being more robust than active coupling to frequency mismatches. However, m=0 can be
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easily established, in active-coupling oscillators, implementing only the coupling
transconductors. In resistive-coupling oscillators r=0 requires the resonators of different
oscillators to be perfectly shorted, a condition that cannot be practically met, particularly
if the coupling paths are realized with MOS switches, as in [25], to keep the possibility
of scaling phase noise and power dissipation in a multi-core design.

Figure 3.8. Simulated phase noise penalty at 1MHz offset in dual-core oscillators as function of
the resonance frequency mismatch. Comparison among resistive-coupling (for different
r=RC/RT) and active-coupling (m=0), also accounting the noise of the coupling transistors.

The two solutions are finally compared with numerical simulations in a 55nm CMOS
technology. The circuit topologies of resistive- and active-coupling oscillators are shown
in Figure 3.7. The resonators are the same and tuned at f0=20GHz nominal frequency with
Q=20. A difference between the tank capacitances is introduced to force a resonance
frequency mismatch, f. All the NMOS transistors are identical and supplied through the
center tap of the inductor at 1.2V, with a total bias current in each oscillator of 6.5mA.
Figure 3.8 shows the simulated phase noise penalty at 1MHz offset for two active- and
resistive-coupling oscillators. In both cases, phase noise is determined by thermal noise
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Figure 3.9. Probability density function from Monte Carlo simulations of 1/f2 phase noise
degradation in four coupled oscillators. Comparison among active-coupling (for m=0) and
resistive-coupling (for r=RC/RT=0.25).

and the spectrum profile around 1MHz follows the 1/f2 shape. For the resistive-coupling
case simulations are performed with r=0.25-1 by changing the value of the coupling
resistance, RC. The two active-coupling oscillators are considered only in the optimal
design situation of m=0, achieved by setting IB,osc=0 in Figure 3.7b such that the crosscoupled differential pair (drawn in gray) is disabled. Looking at the curves in Figure 3.8,
the active-coupling implementation shows the same sensitivity to resonant frequency
mismatch of the resistive-coupling implementation with r=1 (i.e., RC=RT). In this case, a
mismatch of 1.5% leads to 3dB phase noise penalty, compromising completely the phase
noise reduction expected from coupling. Reducing RC in the resistive-coupling case limits
further the impact of frequency mismatches, confirming the superior robustness of the
resistive-coupling technique. With RC=0.25RT, still a practical value, the phase noise
penalty at the maximum mismatch considered is reduced to ~0.5dB.
The extension to four coupled oscillator cores is finally evaluated. A ring with four of
the oscillators in Figure 3.7 is simulated considering m=0 and r=0.25 for the active- and
resistive-coupling case, respectively. Monte Carlo phase noise simulation have been
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performed applying to the four tanks a random frequency mismatch, uniformly distributed
within ±1.5%. Looking at the normalized histograms of the phase noise penalty at 1MHz
offset, plotted in Figure 3.9, resistive coupling yields a lower mean value and variance
than active coupling, confirming its higher robustness to resonant frequency mismatches.

3.4 Challenge of coupling N-oscillators
Coupling an increasing number N of resonators apparently seems a straightforward
and easily scalable solution to reduce the phase noise by a factor 10log(N). However,
many mathematical studies modeling very different phenomena as multimode lasers,
vortex dynamics in fluids, and biological information processes [53], [54], [55], have
pointed out, in order to ensure synchronization, the need to strengthen the coupling as the
number of oscillator increases.
With the aim of extending the analysis to integrated circuit, we considered a chain of
resistive-coupling N-core oscillator in the nearest-neighbor configuration as illustrated in
Figure 3.10. The resonator in each oscillator is implemented as a LC parallel tank with
quality factor Q=20, coupled to the neighbors by means of the resistance RC. Oscillation
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Figure 3.10. Block schematic of the resistive-coupling multi-core oscillator.
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in each core is sustained by an ideal current-saturated transconductor in positive feedback.

a)
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Figure 3.11. a) Simulated locking probability as function of the coupling parameter r=RC/RT for
different numbers N of nearest-neighbor resistive-coupling oscillators implemented with Q=20
and ±1.5% maximum mismatch among the resonance frequencies of the resonators. b)
Simulated probability density function of phase noise degradation at 1MHz offset, for different
N, with r=0.01.
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To gain quantitatively insight on the issues arising from increasing the number of cores,
Monte Carlo simulations are performed introducing a random variation on the tank
capacitances, with uniform distribution, to have a random resonance frequency mismatch
among the cores within a range of ±1.5% around 20 GHz. Simulations are performed
changing the coupling parameter r=RC/RT, i.e., the coupling resistance normalized to the
equivalent tank resistance at resonance. Simulations results for a different number of
coupled oscillators are reported in Figure 3.11. First, it may happen that with some
distributions of the mismatches among the cores, the N oscillators are not mutually
synchronized (locked). In this situation, the output spectrum contains multiple beating
tones and must be avoided in practice. Figure 3.11a shows the locking probability, i.e.,
the percentage of simulations (or, equivalently, mismatch distributions among the cores)
which results in oscillators synchronization. It appears evident that for a given maximum
mismatch and for a fixed coupling resistance RC, the locking probability drops drastically
when increasing the number of cores. In other terms, increasing N, to keep 100%
synchronization among the oscillators, the coupling strength must be increased reducing
the coupling resistance. As a numerical example, with N=4 RC/RT≈0.8 is sufficient to
ensure synchronization, but if N is increased to 32, RC/RT≈0.02 is required, i.e., for fixed
tank resistance, the coupling resistance must be reduced by ~40 times.
Furthermore, the penalty on the locking probability with increasing N is linked to the
phase noise performance. Ideally, the phase noise of the multi-core oscillator should be
improved by 10log(N) with respect to the phase noise of a single oscillator. However,
provided the oscillators are synchronized, the presence of mismatches among resonators
impairs the phase noise, with a similar connection with N as the locking probability i.e.,
the higher N the more is the phase noise penalty. To gain quantitatively insight, Monte
Carlo phase noise simulations have been performed, for a different number of cores, at
fixed value of r=0.01 which ensures 100% locking with up to 32 oscillators. Figure 3.11b
shows the probability density function of phase noise degradation at 1MHz offset.
Increasing the number of resonators yields both a higher mean value of phase noise
penalty and larger variance i.e., situations with a large phase noise penalty are more
likelihood.
From the analysis so far, increasing the number of coupled oscillators for phase noise
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scaling requires careful consideration on the coupling parameter. With inevitable
mismatches among the cores, even if the oscillators are connected through a metal line,
the finite metal resistivity sets a limit to the maximum number of oscillators it is worth to
couple without incurring into a significant phase noise penalty or even loss of
synchronization.
The issue is even more critical if each oscillator is designed with a low equivalent tank
resistance for minimum phase noise. Indeed, minimizing the L/Q ratio of the tank
translates on the one hand in to a phase noise minimization for a single core oscillator,
but on the other hand the reduced equivalent impedance RT decreases the maximum
coupling resistance RC available for a constant coupling parameter r=RC/RT in a coupled
oscillator array.
Finally, it is worth to remark that the phase noise degradation in the multi-core
oscillator depends on the distribution of mismatches among the different resonators. But,
since both the maximum mismatch (either random or systematic) and the actual
distribution are difficult to predict with good confidence, a prudent and rational design
requirement is that in the worst case the N coupled oscillators maintain synchronization.
The issue is quantitatively analyzed in the next section.

3.4.1

Locking Range of N-core oscillator

Considering the multi-core oscillator block diagram in Figure 3.10, the condition for
synchronization in the worst-case distribution of resonant frequency mismatches is
studied in this section. The analysis is carried out assuming all the tanks have almost equal
parallel resistance RT and quality factors Q, but random resonance frequencies f1, f2, …,
fN, uniformly distributed between f0-Δfmax and f0+Δfmax. It has been amply demonstrated
[25] that if the oscillators are mutually synchronized, the oscillation frequency fosc is the
arithmetic mean of the tank resonance frequencies:
𝑁

𝑓𝑜𝑠𝑐

1
= ∑ 𝑓𝑖
𝑁

(3.31)

𝑖=1

Looking at Figure 3.10, with identical resonators, that is fi = fj ∀i,j ∈ [1, N], at steady
state the oscillators are perfectly in phase and no current flows through the coupling
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resistance RC, i.e. IC,i = 0. But in presence of mismatches, provided that the oscillators are
locked each tank is operated at frequency slightly different than the resonance and
contributes a phase shift between voltage and current. Thus, the tank voltage VT,i and the
tank current IT,i are rotated by ∠YT,i, where the tank admittance YT,i is given by
1

YT,i =

+j

T

Q fosc fi
1
(1+jki )
( - ) ≈
fi fosc
T
T

(3.32)

with
ki = Q∙

fosc -fi
fi

(3.33)

pplying Kirchhoff’s current law at each LC tank, the oscillators are described by the
system of N complex equations in the form:
IT,i = Iosc,i + IC,i - IC,i-1 = VT,iYT,i

i = 1, 2, ..., N

(3.34)

IC,i = (VT,i+1 - VT,i ) / RC

i = 1, 2, ..., N

(3.35)

where Iosc,i is the current injected by each transconductor, Gm, implementing the negative
resistance, into the corresponding tank. Assuming equal transconductors, the magnitude
of the current

|𝐼𝑜𝑠𝑐,𝑖 | = |𝐼𝑜𝑠𝑐 |

∀i ∈ [1, N]. Moreover, since the first and last oscillator have

just one neighbor by construction, we must consider null coupling current at the
boundaries, i.e. IC,0 = 0 and IC,N = 0. Now, defining the phase shift between two
consecutive resonators as 𝜃𝑖 =∠YT,i+1 - ∠YT,i, (3.34) and (3.35) can be combined and
rewritten in terms of amplitude and phase, yielding
YT,i Ai

= |𝐼𝑜𝑠𝑐 | +

1
𝑅𝐶

(𝐴𝑖+1 𝑒𝑗𝜃𝑖 + 𝐴𝑖−1 𝑒−𝑗𝜃𝑖−1 − 2𝐴𝑖−1 )

i = 1, 2, ..., N

(3.36)

where Ai=|VT,i|. To solve the system in a closed form, we made the simplifying
assumption, confirmed by simulations, of almost equal oscillation amplitude across all
the resonators, that is Ai=A ∀i ∈ [1, N]. Under this condition, substituting (3.32) in (3.36)
yields
𝐴

𝐴(1+jki ) = |𝐼𝑜𝑠𝑐 |𝑅𝑇 + 𝑟 ( 𝑒𝑗𝜃𝑖 + 𝑒−𝑗𝜃𝑖−1 − 2)

i = 1, 2, ..., N

(3.37)

where r=RC/RT is the coupling parameter. Then, considering the imaginary part of (3.37),
a set of N real equations is derived:
sin 𝜃𝑖 − sin 𝜃𝑖−1 = 𝑟𝑘𝑖

i = 1, 2, ..., N

(3.38)

Noting that by construction 𝜃0 = 0 and 𝜃𝑁 = 0, (3.38) can be rewritten in matrix form,
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Figure 3.12. N-coupled nearest-neighbor oscillators in weakest coupling conditions.

yielding:
sin 𝜃1
1
sin 𝜃2
1
[
] = 𝑟[
⋮
⋮
sin 𝜃𝑁−1
1

0
1
⋮
1

⋯
⋯
⋱
⋯

𝑘1
0
𝑘
0
][ 2 ]
⋮
⋮
1 𝑘𝑁−1

(3.39)

The oscillators are synchronized if real solutions to (3.39) exist, that implies |sin 𝜃𝑖 |<1 ∀i
∈ [1, N]. This condition sets the fundamental limit to the phase locking among all the
oscillators. The different 𝜃𝑖 in (3.39) are function of the coupling parameter r, the number
of oscillators N, and the actual distribution of resonant frequency mismatches among the
cores. The worst-case situation is when the phase difference among two consecutive cores
in the chain is maximized. For a given maximum deviation of the resonant frequency
(Δfmax), this case occurs when two clusters exist, each one consisting of N/2 oscillators
(assuming N even) with resonance frequency at f0+Δfmax and f0-Δfmax respectively. The
situation is depicted in Figure 3.12. This condition produces the maximum phase shift
between the oscillators that connect the two clusters, i.e., 𝜃𝑁/2 as illustrated in Figure
3.12. Thus, considering (3.39), it follows that
𝑁/2

(3.40)

sin 𝜃𝑁/2 = 𝑟 ∑ 𝑖 𝑘𝑖
𝑖=1

With the mismatch distribution assumed in Figure 3.12, the oscillation frequency,
according to (3.31), is fosc=f0 and by using (3.33) leads to 𝑘1 = 𝑘2 = ⋯ = 𝑘𝑁/2 ≅
2𝑄 Δ𝑓𝑚𝑎𝑥 /𝑓0 = 𝑘𝑚𝑎𝑥 . Equation (3.40) can be therefore easily solved:
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𝑁/2

sin 𝜃𝑁/2 = 𝑟𝑘𝑚𝑎𝑥 ∑ 𝑖 = 𝑟𝑘𝑚𝑎𝑥 (𝑁 2 + 2𝑁)/8

(3.41)

𝑖=1

Consequently, the condition for synchronization of the N oscillators can be directly
calculated imposing |sin 𝜃𝑁/2 |<1, yielding:
Δ𝑓𝑚𝑎𝑥
4
|
|<
𝑓0
𝑄 ∙ 𝑟 ∙ (𝑁 2 + 2𝑁)

(3.42)

Equation (3.42) proves that for a fixed maximum mismatch among the resonance
frequencies of the resonators, increasing the number N of oscillators the coupling strength
must increase as N2 that means the coupling resistance RC must be reduced by N2. The
analysis is validated against simulations of the circuit in Figure 3.10, implemented with
f0 = 20GHz, Q=20, and Δ𝑓𝑚𝑎𝑥 /𝑓0 = ±1.5%. Figure 3.13 shows that (3.42) perfectly
matches simulations proving the square dependence between the number of oscillators
and the conditions that assure 100% synchronization.

Figure 3.13. Coupling strength r=RC/RT to guarantee 100% locking among N nearest-neighbor
resistive-coupling oscillators with ±1.5% maximum mismatch among the resonance
frequencies of the resonators. Comparison between simulations (markers) and (3.42) (solid
line).
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Chapter 4
Multicore VCO design for ultra-low
phase noise
The results and hints from the previous chapter are exploited here to design a multicore
VCO for ultra-low phase noise. First the design of a non-reconfigurable 16-core VCO is
presented. Later, diode-coupling is proposed as innovative coupling technique compatible
with high-voltage swing of bipolar oscillators. A theoretical model investigates design
trade-off and provides useful insights for the implementation of a 16-core reconfigurable
VCO. In conclusion, measurement results are presented for both oscillators.

4.1 Multicore VCO design
With the purpose of implementing an ultra-low phase noise multi-core oscillator, two
different strategies are possible. A first option is to design each core for minimum phase
noise, thus minimizing the number of cores to be coupled. In this case, the issue is that
each tank shows a very low equivalent resistance (RT) requiring a corresponding reduction
of RC to satisfy (3.42) with a sufficiently low coupling parameter, for a maximum
tolerable mismatch. As an alternative, each oscillator can be designed with higher tank
resistance (and higher phase noise) to improve the coupling parameter (at given RC) but
requiring a larger number of coupled cores. As an example, if each core is designed with
twice the tank resistance than in the first option, for a given RC the coupling parameter, r,
is halved. On the other hand, the number of coupled cores must be doubled to reach the
same phase noise target, and, from (3.42) more than a fourfold reduction of r necessary
to ensure synchronization. Therefore, the first design option has to be followed, i.e., each
core must be carefully designed and optimized for minimum phase noise.
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Figure 4.1. Class-C VCO core schematic. In grey the equivalent parallel resistance of the tank. In
red the coupling resistance and in blue the inductance associated to the coupling line.

4.1.1

Single-core Design

The complete schematic of the single core 20GHz VCO is shown in Figure 4.1. A
Class-C topology based on bipolar devices in the core is selected because of its very good
performance in terms of phase noise and figure of merit. Class-C operation is guaranteed
by proper biasing to prevent transistors from entering saturation and by means of a large
capacitor shunting the current source, allowing a pulsed current injected into the
resonator. The total capacitance at the common-emitter node is 1.9pF, of which 1.2pF is
realized with an explicit MOM capacitor Ctail. Thick-oxide NMOS transistors are used
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for tail current sources, giving better matching of the current over the long array of a
multi-core oscillators, although simulations show that mismatches on the transistors and
bias currents have negligible effect, compared to mismatches on the tank components.
The capacitive divider ratio, achieved adjusting the value of CB, is set to 0.6 which allows
the minimum phase noise although slightly penalizing the power efficiency.
Ultimately, the minimum achievable phase noise is determined by the minimum
feasible inductor, still showing the highest Q value offered in the process. A set of EM
simulations has been performed to scale the inductor down to a diameter still large enough
so that magnetic flux around the circular shape does not cancel destructively, and the
length of the connection to the capacitor bank is not excessively long, therefore preserving
the Q. A combination of a 5-bit switched capacitor bank and a varactor is employed to
allow around 20% oscillation frequency tuning. The tank has a quality factor Q≈15,
mostly dominated by the inductor, and exhibits roughly 150 Ω equivalent differential
parallel resistance (i.e., the corresponding resistance in the block diagram in Figure 3.10
is RT ≈75 Ω.). With 50 mW power consumption from .4

supply, the simulated phase

noise at 1MHz offset ranges from -117dBc/Hz to -119dBc/Hz, aligned with the best-inclass oscillators.
4.1.2

Multi-core implementation

As widely stressed in previous sections, the challenge of coupling a large number of
oscillators is due to the increasingly stringent requirement on the coupling resistance to
keep synchronization and a low phase noise degradation.
The challenge of closing the performance gap compared to commercial VCOs
implemented in expensive technologies like InGaP/GaAs or GaN [36], which take benefit
from a remarkably higher supply voltage and better quality factor of passive components,
would require more than 10dB reduction of the single-core phase noise. Consequently,
the number of coupled resonators is set to N=16, in order to achieve down to
10log(16)=12dB phase-noise decrease, in ideal conditions.
Once N is defined and given the quality factor Q of the tank, the required coupling
parameter r, according to (3.42), is only determined by the maximum frequency mismatch
among the resonators Δ𝑓𝑚𝑎𝑥 /𝑓0 . Although a precise value of Δ𝑓𝑚𝑎𝑥 is not straightforward,
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many considerations can be suggested to estimate some mismatch boundaries. While
process variations, of course, cannot be included as source of frequency deviation among
resonators inside the same chip, the impact of device mismatches has to be considered.
Luckily, Monte Carlo simulations prove good matching for the considered technology,
with the standard deviation of the frequency mismatch σ= 4k z for the entire 0

z

VCO. Any layout asymmetry, on the other hand, must be avoided, consistent with
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Figure 4.2. a) EM simulated resonator array to evaluate b) resonance frequency deviation due
to magnetic coupling when different number of identical resonators are simultaneously excited.
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technology layout rules, or carefully compensated. However, except in a perfectly
symmetrical structure, different IR drops among the cores are still possible and
particularly dangerous if affect the varactor tuning voltage or the supply voltage. In the
first case the voltage drop is converted into frequency mismatch through the VCO gain
KVCO, in the second case through the VCO frequency pushing. Simulations of the single
core oscillator show that the maximum gain, in the center of the tuning curve, is
approximately KVCO ≈

0 M z , while the supply sensitivity is roughly

KVcc≈200MHz/V. It is reasonable to assume maximum 50mV voltage drop on the supply
and 10mV on the tuning voltage, which result in 12MHz maximum frequency mismatch
due to these two contributions. Another important source of mismatch is the frequency
drift due to temperature variations. Simulations show roughly -2MHz/°C of temperature
sensitivity, which can produce up to 60MHz frequency mismatch, especially in a
reconfigurable array where some resonators are always on, while others may be activated
only if necessary. Eventually, the main source of frequency mismatch is the inductive
coupling among the coils. Although some precaution can be taken, as surrounding each
inductor with a metal ring, magnetic coupling is unavoidable and becomes more severe
as the number of resonators increases. With the aim of estimating the effect of coupling
among several resonators, 8 tanks are lined up in a row, as shown in Figure 4.2a, separated
one from the other and kept at a sufficient distance to neglect direct capacitive coupling,
and then simulated all together in a unique EM simulation. Then the resonance frequency
of each tank is evaluated exciting the resonators with an AC current and calculating the
zero-crossing of the differential voltage phase. When the resonators are excited one at a
time, as illustrated in Figure 4.2b, they exhibit the same resonance frequency since are
identical. If, however, multiple resonators are excited simultaneously, is observed both a
frequency deviation from the original resonance frequency and among the excited tanks.
This systematic mismatch is in the order of 200 MHz (1% of the resonance frequency 𝑓0 )
and is emphasized as the number of resonators increases.
Considering therefore all the sources of mismatches described so far, and including
possible additional pulling mechanism, a maximum frequency mismatch of Δ𝑓𝑚𝑎𝑥 /
𝑓0 =1.5% is considered for the array design. Hence, exploiting (3.42), the coupling
parameter required for 100% locking of 16 cores, is finally calculated to be r<0.062,
which considering the tank impedance RT≈ 5Ω results in a coupling resistance RC <4.6Ω.
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Figure 4.3. Possible practical layout of N-core coupled oscillator: a) one row array and b) twoflipped rows array.

4.1.3

Layout and performances

In general, as already mentioned, a practical layout of the circuit should minimize any
kind of mismatch among the resonators. However, due to technology-dependent
limitations, the most symmetrical solution, that is to arrange the oscillators at the vertices
of a regular polygon is not feasible for N > 4. As shown in Figure 4.3 two possible layouts
are easily scalable to a large number of oscillators: one row array, with all the resonators
lined up one by one, and two-flipped rows array, with two mirrored lines of N/2
resonators. In both cases the distance between two neighbors in the horizontal axis is
constant, hence fixing the length of the connection line to 400μm in this case. Therefore,
only the width of metal tracks (as shown in Figure 4.4a is a free parameter to tune the
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a)

b)

c)

Figure 4.4. a) Cross-section of the connection line. b) Simulated coupling resistance, tuning
range, and c) coupling inductance of a multi-core 20GHz oscillator varying the width of the
400μm long connection line.

resistance of the connections. However, practical lines also exhibit a capacitance to
ground that goes in parallel to the tank, impairing the frequency tuning range. Figure 4.4b
illustrates this tradeoff between the connecting resistance and the tuning-range
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degradation due to capacitive parasitics, both plotted versus the width of the line.
In this framework, the configuration in Figure 4.3b, is to be preferred. Considering
indeed that each couple of mirrored tanks has identical EM boundary conditions the
frequency mismatch of resonators coupled in the vertical axis is minimum. Additionally,
the vertical connections can be made shorter, therefore, in the limit, the 16-core array
behaves like an 8-core array with two tanks in parallel. According to (3.42) the coupling
parameter for an octa-core VCO must be r < 0.22 to be calculated with half of the tank
impedance RT /

≈

.5 Ω. It follows that the coupling resistance must be RC < 8. Ω,

relaxing the requirements about the width of the connection line. Some margin still has
to be taken since vertical connection are not ideal, thus the final width of the lines is set
to 4μm, which in simulations assures phase noise degradation always lower than 1dB and
more than 17% tuning range.
Obviously, the lines not only exhibit a series resistance and capacitance to ground but
also a series inductance, that creates an opposition to the coupling current flow. Although
finding a mathematical solution for inductive coupling is not straightforward, (3.35) and
(3.37) suggest that the new coupling parameter to be considered instead of being r =
RC/RT, would be l = πfoscLC /RT = LC/QLT. This means that the coupling inductance LC
must be compared with Q times the tank inductance LT, allowing more relaxed
requirements. Additionally, simulations demonstrate that the phase noise degradation due
to inductive coupling is definitely less significant than the resistive counterpart even for
comparable coupling parameter. Coupling lines, however, are implemented as two
differential lines (Figure 4.4a) kept at minimum distance (5μm), thus exploiting magnetic
coupling to reduce the overall inductance as illustrated in Figure 4.4c.
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4.2 Diode-Coupling for reconfigurable arrays
The implementation of a reconfigurable array to trade efficiently phase noise and
power by turning on/off cores, must meet, of course, all the requirements described in
previous sections. However, the most traditional and straightforward solution for the
switch implementation, i.e., the use of MOSFET devices, is not practicable. To achieve a
sufficiently small coupling resistance (RC < 8. Ω) indeed, large MOSFET switches
should be used, which results in high parasitic capacitances that significantly impact on
tuning range. Moreover, to take advantage of the high voltage oscillation swing allowed
by bipolar class-C VCOs, thick-oxide MOSFET devices must be employed, demanding
larger areas for the same on-resistance. The solution proposed in this work exploits

a)

b)

Figure 4.5. a) Schematic of dual-core diode-coupled oscillator system, and b) voltage (gray) and
current (black) phasors in the dual-core system under locking condition.
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purposely DC-biased diodes to allow the coupling among oscillator cores. To gain insight,
a dual-core single-ended oscillator system is considered, as shown in Figure 4.5a. The
two situations corresponding to the diode in on-and off state are analyzed in the following
sections.
4.2.1

Diode ON: dual core analysis

The diode is turned on with Idc >0, coupling the two oscillators. The analysis is carried
out assuming (a) the capacitance Cb is an AC short, (b) the two tanks have equal parallel
resistance and quality factors Q1 ~ Q2 = Q, (c) equal magnitude of the currents |IGm1| =
|IGm2| = |IGm|.
As already shown in Section 3.4.1, if the resonance frequency of the two LC tanks are
the same, that is f01 = f02 = f0, at steady state the oscillators are perfectly in phase, no
current flows in the coupling path, and the oscillation amplitude across the two LC
resonators is A0= IGmRT where RT is the tank’s parallel resistance. In presence of a
mismatch Δf0 (assuming Δf0 << f01 , f02) the two oscillators may still be locked and
oscillate at a frequency fosc = ( f01 + f02)/2 but the oscillation amplitudes decrease and
phase noise is penalized. Off-resonance, each tank contributes non-zero phase shift, thus
the tank voltage VT1,2 and the tank current IT1,2 are rotated by ∠YT1,2, where the tank
admittance YT1,2 is given by (3.32). As shown in Figure 4.5b, IGm remains in phase with
VT, while a coupling current IC flows through the diode because of the phase shift θ
between the tank voltages VT1 and VT2. The oscillators are described, rearranging (3.34),
by the two complex equations:
IT1 = IGm1 + IC = VT1YT1

(4.1)

IT2 = IGm2 − IC = VT2YT2

(4.2)

It follows that ∠YT1 = −∠YT2, hence fosc = ( f01 + f02) / 2, and |VT1 YT1| = |VT2 YT2|, which
combined with (3.32) lead to:
|VT1| = |VT2| = A = aA0

(4.3)

where a, the amplitude reduction compared to perfect matching of the resonance
frequencies, plays an important role since in [25] it has been proven that the phase noise
penalty with a frequency mismatch Δf0 is 10log(a3). To derive a as a function of circuit
parameters, first we must find an expression for the component at fosc of the coupling
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diode current IC1. The diode voltage is the sum of a DC component VD, set by the current
Idc, and a sinusoidal component Vd(t) given by the difference VT2 − VT1. Thus, IC is:
𝐼𝐶 (𝜑 = 2𝜋fosc 𝑡) = 𝐼𝑠 𝑒

𝑉𝐷 +𝑉𝑑 cos 𝜑
𝑉𝑡

(4.4)

where Is is the diode saturation current and Vt is the thermal voltage. The mean value of
(4.4) is equal to Idc:
𝜋

𝐼𝑑𝑐

𝑉𝐷 +𝑉𝑑 cos 𝜑
1
𝑉𝑡
=
∫ 𝐼𝑠 𝑒
d𝜑
2𝜋

(4.5)

−𝜋

while the first harmonic IC1 of the coupling current IC(𝜑) is:
π

VD + Vd cos 𝜑
1
Vt
I 1 = ∫ Is e
cos(𝜑) d𝜑
π

(4.6)

π

Combining (4.5) and (4.6) and resorting to the Bessel function notation as in [56], the
coupling current IC1 becomes:
I 1 = Idc ∙

B1 (
B0 (

d

t)

d

t)

(4.7)

where B0(x) and B1(x) are the modified Bessel functions of the first kind of order zero
and one, respectively. The steady state solution for the two locked oscillators can be found
replacing (4.7) in (4.1)(4.2) and solving for the amplitude and phase of VT1,VT2, thus
obtaining θ and a. However, Vd in (4.7) depends on both a and θ, thus a solution may be

Figure 4.6. Coupling current IC of the dual-core diode-coupled 20GHz oscillator with Q = 15, for
different frequency mismatches: Δf0 / f0=1.5% (gray curve) and Δf0 / f0=6% (black curve).

found only in a recursive numerical manner. Nevertheless, as shown in Figure 4.6 two
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distinct operation regimes can be easily identified and examined. At give diode bias
current Idc, small frequency mismatch Δf0 leads to small values of θ and a sinusoidal
coupling current IC(t). In this small-signal condition, valid for small Vd /Vt, (4.7) can be
simplified to |IC1|= 2Idc(aA0/Vt)·sin(θ/2) and the solution for a, determining the phase
noise penalty, is:
1

𝑎 = (1+ −

√1 − (k )

1

(4.8)

)

where k = 2Q(Δf0 / f0) as defined in (3.33), and r, the coupling parameter, is now defined
as r = Vt / (IdcRT). Conversely, still shown in Figure 4.6, large values of the frequency
mismatch Δf0 lead to large values of θ, and the coupling current IC(t) looks like a train of
tall and narrow pulses. In this large-signal condition, valid for large Vd / Vt, (4.7) can be
simplified to |IC1|=2Idc and the calculated solution for a is:
𝑎=

√1 + L − 2 √𝐿

(4.9)

1+k

where L = ℎ2 + 𝑘 2 (ℎ2 − 1) and h = 2Idc / |IGm|. Solution exists provided L > 0, yielding
the condition for which the two diode-coupling oscillators are locked with no beatings:

Figure 4.7. 1/f2 phase noise penalty in a dual core diode-coupled oscillator as a function of Idc /
|IGm|. Comparison among results derived from (4.8) (solid lines), (4.9) (dashed lines) and
simulations (squares).
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Δf0 <

f0

√
Q

4Idc

(4.10)

|Igm | − 4Idc

The schematic in Figure 4.5a, with f0 = 20GHz, Q = 15, was simulated in Cadence
Virtuoso to confirm the analysis developed so far. A difference between the two tank
capacitances was introduced to force a resonance mismatch Δf0. In Figure 4.7. 1/f2 phase
noise penalty in a dual core diode-coupled oscillator as a function of Idc / |IGm|.
Comparison among results derived from (4.8) (solid lines), (4.9) (dashed lines) and
simulations (squares). the simulated phase noise penalty versus Idc/IGm, the most
important design parameter, is compared against calculation, -10log(a3), with a given by
(4.8) and (4.9). Simulations are in good agreement with calculations in the small- and
large-signal regimes for different values of mismatch.

4.2.1

Diode OFF: single core analysis

With Idc=0 in Figure 4.5a, the diode is turned off. The active core of the left oscillator
can be disabled, leaving only the right oscillator. In this case the power consumption is
nearly halved with theoretically 3 dB higher phase noise. In off-state the junction
capacitance of the diode, CJ, (negligible in on-state) limits the isolation between the two
resonators and if too large may be responsible for a phase noise increase by more than
3dB for the active oscillator. Due to CJ the two resonators remain weakly coupled also
when Idc=0. Following the analysis in [57], the resonance frequency of the impedance
seen across the right resonator (hence the oscillation frequency) is fosc1,off ≈ f0 /√1 + Kc
with Kc the capacitive coupling defined as:
Kc =

J
J

+

(4.11)
T

The equivalent parallel resistance RT1,off and quality factor Q1,off of the right resonator in
Figure 4.5a at fosc1,off can be approximated as:
RT1,off ≈

T1

(1 − (QKc)2 )

(4.12)

Q1,off ≈ Q (1 − (QKc)2 )

(4.13)
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Figure 4.8. Equivalent quality factor of one resonator and 1/f2 phase-noise penalty for different
values of CJ, in the dual-core diode-coupled oscillator in single-core configuration with Q=15.
Comparison among calculations (solid lines), and simulations (squares).

Given IGm1, the reduction of both the equivalent resonator impedance and Q predicted by
(4.12)-(4.13) is responsible for phase noise increasing more than 3dB, with respect to the
case of diode-on and two active cores. By using (4.12)-(4.13) the phase noise penalty is
10log[(1+Kc)(1– Q2Kc2)(1– 2Q2Kc2)2]. As a proof, Figure 4.8 plots the simulated and
calculated quality factor degradation and phase noise penalty for different values of
CJ/Ctank, showing good agreement. In summary, the area of the diode must be carefully
selected such that the junction capacitance is very small, compared to the tank
capacitance, to avoid phase noise penalty when a single core is active.

4.2.2

Multi-core implementation

The dual-core analysis of diode coupling provides useful insights on the design of the
16-core reconfigurable VCO, to be combined with the results of Section 4.1. First, the
configuration in Figure 4.3b is adopted, with fixed vertical connections of the oscillators
in the same column. Therefore, oscillators in the same column will be turned on/off
simultaneously, leading to a 2-by-2 reconfiguration. To maximize layout and load
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up

Rup
b

Idc
Figure 4.9. Schematic diagram of the connection implemented as two mirrored switches. Each
switch consists of a DC-biased diode-connected HBT.

symmetries all the connections of the 8 dual-cores are implemented as two mirrored
switches, each one designed as in Figure 4.9. A diode-connected HBT is DC-biased with
a programmable current Idc to close the switch and regulate the coupling strength. When
Idc=0, a pullup resistance Rup=20kΩ keeps the diode reverse biased, thus opening the
switch. Considering Figure 4.1, the single core design is adapted to the power down mode,
hence the tail current IB can be disabled, the base voltage VB and the supply Vcc fed to the
center tap of the tank inductor can be grounded. The voltage Vup (in Figure 4.9) is set to
0.8V to maintain reverse biased the diode-connected HBT (base-collector grounded
through the tank inductor), without exceeding the emitter-base breakdown voltage which
for the considered technology is BVEBO =1.8V.
To accomplish the coupling resistance RC < 8. Ω calculated in Section 4.1.3 the bias
current Idc is carefully selected to achieve the needed on-resistance of the switch.
Supposing indeed that the diode is operating in small-signal conditions, i.e., the coupling
current is sinusoidal (Figure 4.6), the on-resistance can be approximated as Ron=Vt /Idc. At
room temperature, Idc ≈ 2mA guarantees Ron ≈ 12.5 Ω per diode, to be added to the
resistance of the 4μm metal line Rmetal ≈ 4 Ω. Since there are now two lines in parallel
connecting each single-ended branch (Figure 4.9), the coupling resistance can be
calculated as RC = (Ron + Rmetal) / 2 ≈ 8.25 Ω. The area of the diode (basically the emitter
area of the transistor AE) is 4.5μm2 small enough to keep CJ lower than 1% of the tank
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capacitance and avoid tuning-range or phase-noise penalty when the diode is off.
According to the design rule manual, the maximum current allowed for the selected area
is much higher than 2mA nominal value for Idc.

4.3 Measurement results
Non-reconfigurable
Unitary
Core

Reconfigurable
Unitary
Core

iv y

iv y
Buf - and

Buf - and

rray

rray

Buf

Buf - and

- and

Figure 4.10. Chip micrograph of the 16-core 20 GHz VCOs.

Prototypes were fabricated in 55-nm STMicroelectronics BiCMOS technology. The
micrograph of the die is shown in Figure 4.10. The core area of the non-reconfigurable
VCO is 1 50 x 680 μm2 while the core area of the reconfigurable VCO is 1250 x 780
μm2. The base DC voltage (VB) is set to 1.1V. The K-band output is fed to a divider by
two for measurement purposes.
The 16-core non reconfigurable VCO consumes 840mW power from the 2.4V supply.
Figure 4.11 plots the minimum phase noise measured in the tuning-range after the divider
output. The phase noise at 1MHz offset varies from -136dBc/Hz at 9.84GHz to 133.8dBc/Hz at 11.55GHz. Measurements are performed with a spectrum analyzer, and
at low offset frequency (<100kHz) are likely impacted by the random-walk noise of the
oscillator in free-run. The VCO oscillation frequency ranges from 19.4GHz to 23.1GHz
yielding a tuning range of 17.4%, and the variation of the spot phase noise at 1MHz offset
across the tuning range is ≈ 2dB as reported in Figure 4.12. The FoM in the same plot,
excluding the power consumption of the divider, ranges from 186.6dBc/Hz to
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Figure 4.11. Phase noise spectrum measured after divider by two.

185.5dBc/Hz.
The 2-by-2 reconfigurable VCO power consumption from the 2.4V supply ranges
from 105mW in dual-core mode (when all the switches are off) to 948mW in 16-core
configuration. Figure 4.11 plots the phase noise spectrum measured in different
configurations: the phase noise at 1MHz offset varies from -134.8dBc/Hz at 9.608GHz
in 16-core mode to -126dBc/Hz in dual-core configuration, achieving 8.8dB out of
theoretical 9dB noise scaling. The minimum phase noise is 1.2dB higher than in the non-
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Figure 4.12. Phase noise at 1 MHz offset and FoM versus oscillation frequency.

reconfigurable array, basically because of larger coupling resistance. Due to the extra
capacitance of the connections and to the non-ideal isolation of the open switches, the
VCO oscillation frequency is slightly shifted down with respect to the non-reconfigurable
VCO and the tuning range is reduced as well. Considering the range of frequency where
all the configurations overlap, 12.5% of useful tuning range is achieved as shown in
Figure 4.12. The FoM is 1.9dB worse than in the non-reconfigurable VCO, but follows
the same trend and is constant among all the configurations, except for the dual core mode
which exhibits slightly better FoM because of null power consumption of the switches.
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Diode D current m
Figure 4.13. Phase noise at 1 MHz offset versus diode bias current IDC in the reconfigurable VCO
in 16-core configuration.
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Figure 4.14. Phase Noise at 1MHz offset as a function of the oscillation frequency for state-ofthe-art silicon oscillators.

To validate further the theory developed so far, the bias current IDC of the diode is
swept to change the coupling resistance. Figure 4.14 shows that for small values of the
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current, i.e., large coupling resistance, the oscillators are un-locked and spectrum contains
multiple beating tones. When IDC >1.2mA, oscillators are locked and the phase noise is
reduced as the current is increased. Nevertheless, there is a tradeoff between the benefit
of increasing the current for reducing the coupling resistance and the extra noise of the
current source (which should never enter triode region). Therefore, the measured phase
noise reaches a minimum and then starts increasing slowly, as reported in Figure 4.13.
An extensive comparison with sate of the art silicon oscillators is shown in Figure
4.14, where phase noise at 1MHz offset is plotted versus the oscillation frequency. The
proposed VCOs features up to 8dB better phase noise.
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Chapter 5
Series-resonance oscillator
A circuit topology which breaks the phase noise barrier of conventional oscillators is
proposed in this chapter. By exploiting the series resonance of a tank, an extremely low
phase noise is demonstrated with a single-core oscillator. Realized in a 55nm-BiCMOS
technology the series-resonance VCO proves -138dBc/Hz phase noise at 1MHz offset
from 10GHz, with 1.2V supply and -190dBc/Hz FoM. The measured phase noise is 10dB
lower than what demonstrated by silicon oscillators at similar frequency.

5.1 Series-resonance oscillator concept

Figure 5.1. Comparison of parallel-tank and series-tank oscillators.

The conceptual advantage of a series-tank oscillator to reach ultra-low phase noise is
demonstrated by a comparison with the popular parallel-tank oscillator in Figure 5.1. In
both cases, the supply voltage Vcc sets an upper bound on the tank voltage swing, Vmax.
The phase noise at offset  from the oscillation frequency o is given by:
ℒ(𝛥𝜔) = 10 𝑙𝑜𝑔 [

2𝐹𝑘𝑇 𝜔0 2
(
) ]
𝑃
2𝑄𝛥𝜔

(5.1)
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Assuming the same noise factor for the active circuits, F, and the same LC-tank with
quality factor Q, the phase noise of the two oscillators is determined by the active power
dissipated on the resonators, P. The equivalent resistance at resonance of the series tank,
RS, is Q2 times lower than that of the parallel tank, RP. Therefore, assuming Vmax=Vcc in
both oscillators (being  a proportionality constant), Pseries is Q2 times higher than Pparallel:
𝑃𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝑃𝑠𝑒𝑟𝑖𝑒𝑠 =

2
2
𝑉𝑚𝑎𝑥
𝑉𝑚𝑎𝑥
=
2𝑅𝑃
2𝜔0 𝐿𝑄

(5.2)

2
2
𝑉𝑚𝑎𝑥
𝑄𝑉𝑚𝑎𝑥
=
= 𝑄 2 𝑃𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
2𝑅𝑠
2𝜔0 𝐿

(5.3)

Therefore, the phase noise of the series-tank oscillator is Q2 times lower than with the
parallel-tank:
ℒ𝑠𝑒𝑟𝑖𝑒𝑠 = ℒ𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 − 10 𝑙𝑜𝑔[𝑄 2 ]

(5.4)

This remarkable feature was observed also from a theoretical phase noise study in a four-

Figure 5.2. Negative resistance suitable to drive a series-tank oscillator.
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stage ring oscillator [58] but not yet proved experimentally.
5.1.1

Active core requirements

To exploit the potential for high spectral purity of the series resonator it is necessary
to devise an active circuit suitable to drive it properly. The cross-coupled differential pair,
commonly employed in parallel-tank oscillators, shows a negative conductance at the
equilibrium point and current saturation at large signal. The series tank needs an active
circuit with the dual functionality, i.e., negative resistance at the equilibrium point and
voltage saturation at large signal. The conceptual schematic of the proposed circuit
implementation is shown in Figure 5.2. The series tank must be connected to the emitters
of Q1-Q2, where the circuit provides the Vx-Ix characteristic drawn on the right side. The

Figure 5.3. Schematic of the 10GHz series-resonance VCO.
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batteries Vos represent a bias circuit which shifts down the base voltages such that Q1-Q2
operate away from saturation. Q1-Q2 work as a differential emitter follower, forcing Vx to
be equal to -V*, the differential voltage at the collectors. At the equilibrium point (Ix=0),
the same current flows through the load resistors, R/2, V* is zero and the two diodes DPDN are off. The positive feedback established by cross-coupling Q1-Q2 determines a
negative resistance at the emitters nearly equal to the differential load resistance,
dVx/dIx≈-R. Oscillations built-up if |R|>Rs (Rs is the tank resistance at the series
resonance). If |Ix| grows, the differential voltage drop on the load resistors rises, in
magnitude, until one diode turns on (DP if Ix>0, DN if Ix<0) saturating V* and hence Vx to
±VD (the diode voltage drop) when |Ix| > VD/R.

5.2 10GHz series-resonance VCO design
The final schematic of the series-resonance VCO with the negative resistance adapted
for operation at 10GHz is reported in Figure 5.3. To minimize the noise sources the bias
currents for Q1-Q2 are sustained by inductors LT and, instead of using resistors, the biasing
voltages (VB1,VB2) are applied through large but compact inductors LB1, LB2 (implemented
as multiturn spirals with a trace of narrow width). Diode-connected HBTs implement
DP,DN. A small and low-Q inductor LP (~60pH) feeds the supply voltage to Q1-Q2 and
resonates at 10GHz with parasitic capacitances, leading to a resistive impedance at the
collectors (R, drawn in grey). The series tank, implemented with LS~0.9nH and CS~280fF
has Q~20. The differential voltage at the collectors of Q1-Q2, V*, is ideally a square wave
with amplitude limited by DN-DP to VD. The tank voltage follows V* with some
attenuation,  introduced by the coupling capacitors CC and CB-EQ, the equivalent
capacitance at the base of Q1-Q2. The fundamental component of the voltage across the
tank is relatively low, Vtank=(/)VD, but the voltage on the capacitor CS is Q-times Vtank
and reaches over 15V. Therefore, to avoid reliability issues CS is implemented with four
MOM capacitors and two thick-oxide A-MOS varactors in series, such that the maximum
voltage on each capacitor is less than 3V. To have a sinusoidal current in the series tank
with amplitude Itank=Vtank/RS the DC bias current in each branch, IB, is set by VB1 to
250mA. The minimum supply voltage is VD+Vce-sat (Vce-sat is the minimum collector-to63
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emitter voltage of Q1-Q2 to operate in active region) thus Vcc=1.2V is used. A differential
buffer (not shown) senses the oscillator signal at the collectors of Q1-Q2.

5.3 Measurement results

Figure 5.4. Chip micrograph.

Realized in 55nm-BiCMOS technology, the micrograph of the chip is shown in Figure
5.4. Figure 5.5 plots the minimum and maximum phase noise measured in the tuningrange. The phase noise at 1MHz offset varies from -138dBc/Hz at 9.96GHz to 135.3dBc/Hz at 10.2GHz. Measurements are performed with a spectrum analyzer, and at
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Figure 5.5. Minimum and maximum measured phase noise.

Figure 5.6. Phase noise at 1MHz and FoM versus oscillation frequency (top) and tuning
characteristic (bottom).
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low offset frequency (< ~100kHz) are slightly impaired by the random-walk noise of the
oscillator in free-run. The variation of the spot phase noise at 1MHz offset across the
tuning range is reported in the top plot in Figure 5.6. The FoM, in the same plot, ranges
from -190.2dBc/Hz to -188dBc/Hz. The bottom plot shows the tuning characteristic. The
oscillation frequency covers 9.96GHz to 10.9GHz with Vtune from 0V to 3.5V and
maximum Kvco of 400MHz/V. The supply pushing (measured but not shown) is
53MHz/V.
An overview and comparison with sate of the art silicon oscillators is reported in Table
5.1. In Figure 5.7 is shown an extensive comparison of the phase noise performance,
plotted at 1MHz offset versus the oscillation frequency. The series-tank VCO features
approximately 10dB better phase noise.
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BiCMOS
55 nm

BiCMOS
55 nm

BiCMOS
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CMOS
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BiCMOS
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BiCMOS
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BiCMOS
130nm

BiCMOS
55nm

N. Cores

1

16

2-16

8

4

4

1

1

f0 [GHz]

10

19.7

19.2

10.7

15

20

20

19.5

TR[%]

9

17.4

12.5

27

16

15

18
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-120.6

-121.9

-118.5

-119.9

-119.5

Eq. PN
@ 1MHz
from 20GHz

-120
-132

-130

to
-128.8

[dBc/Hz]
Vdd [V]

1.2

2.4

2.4

1,1

3

1.2

3.3

2.5

Pdc[mW]

600

840

105-948

173

72

50

122

56

FoM

-190

-186.6

-184.7

-184

-189

-187.5

-185

-187.5

FoMT

-189.3

-191.4

-189.5

-192.6

-193

-191

-190.1

-193.1

0.6

0.85

0.98

3

1

0.6

0.09

0.05

2

Area [mm ]

Table 5.1 Silicon oscillators performance overview and comparison.
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Figure 5.7. Phase Noise at 1MHz offset as a function of the oscillation frequency for state-ofthe-art silicon oscillators.
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Conclusions
Point-to-point mmWave wireless links can provide high-data-rate, easily-deployable,
cheap and ﬂexible backhaul solutions, important enablers for the mobile network
evolution. The development of CMOS/BiCMOS integrated transceivers for mmWave
backhaul applications can help reducing the cost and footprint of the equipment, but
presents design challenges, mostly related to the use of spectrally-eﬃcient high-order
modulations.
In this dissertation, LO generation requirements for E-Band backhaul applications was
addressed. First, phase-noise speciﬁcations for the frequency synthesizer were identiﬁed,
with their dependence on the modulation order. Second, phase noise reduction strategies
were investigated and particularly inductor shrinking. Multi-core approach was studied
in depth analyzing different coupling techniques and providing analytical models to
highlight system performance in presence of mismatches and design tradeoff.
Test-chips of a 20 GHz 16-core class-C VCO were fabricated in 55nm SiGe BiCMOS
technology. Measurements demonstrated a record phase noise as low as -130 dBc/Hz at
1MHz offset, at least 8dB lower than state-of-the-art. Power consumption is 840mW,
corresponding to 186.6 dBc/Hz Figure of Merit (FoM), while the tuning range is 17.4%.
A reconfigurable version of the multi-core oscillator was realized exploiting DC-biased
diode-connected bipolar transistors as switches to couple oscillators. Measurements at
1MHz offset from the 19.2GHz carrier show -120dBc/Hz phase noise in dual-core
configuration which can be lowered down to -128.8dBc/Hz turning on two-by-two up to
16 resonators. Meanwhile, the power dissipated from the 2.4V supply ranges between
105mW to 948mW.
A different approach was finally introduced in this thesis: a technique which breaks
the phase noise barrier of conventional LC oscillators. By exploiting the series resonance
of a tank, an unprecedent phase noise reduction in a single-core oscillator is
experimentally demonstrated. Realized in a 55nm-BiCMOS technology, the seriesresonance VCO proves -138dBc/Hz phase noise at 1MHz offset from 10GHz, with
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600mW power consumption from 1.2V supply, corresponding to a state-of-the-art
190dBc/Hz FoM. This phase noise is at least 10dB lower than what reported in silicon so
far.
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