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Abstract 

Andrey Martchovsky 

OSCILLATOR REGENERATION DEVICE 

Rotary Traveling Wave Oscillators (RTWO) use a transmission line connected as a 

closed loop as their resonant element. This allows the use of spatial degrees of freedom, 

not available in typical L-C oscillator topologies, in the design of the amplifier needed 

to sustain the oscillating mode. Here we present a novel amplifier design that takes 

advantage of this extra degree of freedom to improve performance of RTWOs in two 

ways. If no precautions are taken then the oscillation mode can start in either a 

clockwise or anti-clockwise direction. The Phased Amplifier, introduced here, forces 

one direction of oscillation with a measured probability of reverse oscillation of less 

than 0.43ppm with a confidence level of 99%. No reverse oscillations were observed 

in 107 trials. This is accomplished by adding additional phase dependent degeneration 

transistors and phase shifting the various amplifier inputs by taking them from different 

locations on the transmission line. Additionally this amplifier design reduces the phase 

noise by reducing the amplifier noise during the time that the oscillator is most sensitive 

to phase perturbation, resulting in a 1.2dB reduction in phase noise measured at 1MHz 

and a 2.9dB improvement in the figure of merit compared to a gate-offset amplifier 

topology. 
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1. Introduction 

1.1  Motivation 

The insatiable end-user appetite for bandwidth, combined with providers demanding 

more functionality and lower cost of ownership, ensures a constant stream of challenges 

for the designers of telecommunications systems. In order to achieve higher bandwidth, 

systems have to be pushed to higher frequencies and higher parallelism, this translates 

to more difficult signal to noise and channel isolation specs. At the other end, to meet 

the providers’ requirements for functionality and cost of ownership, telecom systems 

have to be programmable, at similar or lower power consumption compared to previous 

generations of equipment, and with a lower bill of materials—all of which necessitate 

the use of deep submicron CMOS processes at lower supply voltages and the 

integration of more system components in the same package or on the same silicon die, 

the consequence of which is lower signal to noise and more signal interference.  

In the context of oscillators and frequency synthesizers, these conflicting requirements 

present great challenges. Oscillators are inherently analog circuits, and as such, include 

some fixed analog overhead such as on-chip low-dropout regulators as necessitated by 

design topology, integration requirements, and aggressor isolation. While in a 2.5V 

Integrated Circuit (IC), the supply might be regulated down to 2.0V for the oscillator, 

moving a design to the next lithography generation would reduce the IC supply voltage 

to 1.8V and the oscillator to 1.2V. That is a 4dB reduction in signal swing, so to 

maintain a similar performance, noise would have to be reduced by the same amount. 
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Given that noise is a fundamental material property, attaining that reduction is not as 

straightforward and often requires novel circuit topologies or a change in the overall 

architecture of the system, or both. 

1.2  Summary of Research 

The research carried out in this thesis presents a new regeneration amplifier topology 

for use in Rotary Traveling Wave Oscillators (RTWO), which includes time domain 

noise shaping and strongly favors a single direction of oscillation in an RTWO. A test-

chip was fabricated in 0.18µm bulk CMOS on an IBM process to demonstrate this 

design. The test-chip included a control experiment—a standard regeneration 

amplifier, in order to validate the noise shaping properties, and was targeted to meet 

LTE base-station phase-noise mask at sub 30mW power consumption levels. 

1.3  Thesis Organization 

Chapter 2 presents a brief background on the operation of RTWOs including the origin 

of the “direction” of oscillation, as well as an overview of the concept of Impulse 

Sensitivity Function (ISF). 

Chapter 3 describes the new regenerative amplifier and presents a simulation based 

analysis of its operation. While an analytical analysis for such a strongly non-linear 

system may be possible, it is of dubious design insight value and outside the scope of 

this Masters Thesis. 

Chapter 4 presents the measurement results from the test-chip. 
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Chapter 5 is the conclusion of the work.  
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2. Background 

2.1   RTWO 

An RTWO is a differential transmission line as depicted by Figure 1a, terminated on 

itself to form a single conducting loop. The termination, shown in Figure 1b, connects 

ports B to A’ and B’ to A, establishing a periodic boundary condition 𝑉(𝑥, 𝑡) = 𝑉(𝑥 +

𝐿, 𝑡), where 𝑥 is physical position along the length of the transmission line, 𝑡 is time, 

and ℓ is the total transmission line length. For the sake of simplicity, we will assume 

the transmission line to be lossless, and from the telegrapher’s equations we can derive 

the simple system dynamics, 

 𝜕2𝑉

𝜕𝑥2
=

1

𝛾2

𝜕2𝑉

𝜕𝑡2
 . ( 1 ) 

The solution to Equation 1 takes the form of a Fourier series thanks to the periodic 

boundary condition from the self-termination, but only once we apply a boundary 

condition for differentiality 𝑉(𝑥, 𝑡) =  −𝑉(𝑥 + 𝐿/2, 𝑡), do we end up selecting all odd 

modes necessary for a stable traveling wave oscillation 

 𝑉(𝑥, 𝑡) = ∑ 𝐴𝑛 cos (2𝜋𝑛 (𝑓0𝑡 +
𝑥

𝐿
) + 𝜙𝑛) ,

𝑛∈𝑜𝑑𝑑 ℕ

 ( 2 ) 

where 𝑓0 =
1

√𝐿𝑡𝑜𝑡∙𝐶𝑡𝑜𝑡
. 
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In reality, the boundary conditions are more complex and we also have to consider 

transmission line losses and gain stage non-linearity. However, those contribute to 

second-order effects and the above solution still holds as a good approximation. For a 

more in-depth analysis of these second order effects, the reader should refer to Chen 

[1] and Groszkowski [2]. 

 

Figure 1   a) A differential transmission line, b) connected to form a resonator, c) folded in with distributed 

regeneration stages. 

 

2.2  Direction of Oscillation 

The direction of oscillation in an RTWO is a phenomenon seldom observed in other 

tank based oscillators. In order to understand its origin, it is necessary to examine the 

4-port mixed-mode S-Parameters of a resonant tank, or transmission line segment in 

the case of an RTWO. 

Applying an even and odd-mode conversion matrix 
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𝑀 =
1

√2
[

1 0 −1 0
0 1 0 −1
1 0 1 0
0 1 0 1

] , ( 3 ) 

we can re-partition the scattering matrix into components that are easier to work with 

and analyze qualitatively. The result is the mixed-mode S-Parameter matrix  

 
𝑆𝑚𝑚 = [

𝑆𝑑𝑑 𝑆𝑑𝑐

𝑆𝑐𝑑 𝑆𝑐𝑐
] = 𝑀 ∙ 𝑆 ∙ 𝑀−1

= [

𝑆𝑑1𝑑1 𝑆𝑑1𝑑2 𝑆𝑑1𝑐1 𝑆𝑑1𝑐2

𝑆𝑑2𝑑1 𝑆𝑑2𝑑2 𝑆𝑑2𝑐1 𝑆𝑑2𝑐2

𝑆𝑐1𝑑1 𝑆𝑐1𝑑2 𝑆𝑐1𝑐1 𝑆𝑐1𝑐2

𝑆𝑐2𝑑1 𝑆𝑐2𝑑2 𝑆𝑐2𝑐1 𝑆𝑐2𝑐2

] 

( 4 ) 

where 𝑆𝑑𝑑 is the scattering matrix for purely differential signals applied to a port pair 

1-3 and a pair 2-4. As long as the DUT segment is composed of passive circuit 

elements, the 𝑆𝑑𝑑 submatrix will be reciprocal and symmetric. The transmission 

parameters (𝑆𝑑1𝑑2, 𝑆𝑑2𝑑1) yield no directional insight, since they are equivalent. 

However, the differential reflection parameters (𝑆𝑑1𝑑1, 𝑆𝑑2𝑑2) can be different and 

provide insight into the natural direction of oscillation of an RTWO. 
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Figure 2   3D graphical representation of a 4-port transmission line corner twist, showing transmission line 

conductors in an upper thick metal, a cross-over in a thinner metal, and a ground shield in a low metal layer. 

In a planar silicon process, a twist in a transmission line (as depicted in Figure 2), 

always requires a break in the thick primary transmission line conductor, and a short 

connection in a different conductor layer, which often tends to be thinner and at a 

different distance from the substrate. This jumper introduces an impedance 

discontinuity, and an asymmetry in the transmission line segment. 
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Figure 3   Mixed-mode S-Parameters for a passive corner twist, showing different energy losses dependent on 

the direction of the injected differential signal. 

This asymmetry in the reflection parameters manifest as different energy losses for a 

forward traveling versus a reverse traveling waves. 

 

2.3  ISF 

The nonlinearity in oscillators presents various issues in their analysis that are not well 

accounted for by classic linear time invariant (LTI) theory like Leeson’s model [3] for 

LC tanks. To address some of those shortcomings, we turn to linear time variant (LTV) 

models [4], [5], that can more accurately handle strong circuit nonlinearity and the 

added complexity of RTWOs. While Hajimiri’s LTV model [5] provides 

comprehensible and intuitive results, it is important to note that there are some issues 
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regarding the universal applicability of that theoretical analysis1 [6], [7]. As such, the 

de-facto analysis in commercial simulators is based on Demir and Kaertner’s 

application of Floquet Theory to oscillator sensitivity [4], [8]. However, their rigorous 

mathematical analysis offers little in terms of design insight and practical 

understanding for engineers. For that reason we will use the portion of Hajimiri’s 

theory involving the ISF, because it still provides insightful results, and can be shown 

as equivalent to the Perturbation Projection Vector (PPV) from Demir. 

The premise behind the ISF is that an oscillator responds differently to an injected 

charge, depending on where the oscillator is within its oscillation cycle, as shown in 

Figure 4. Evaluating an oscillator in this manner provides additional information for 

circuit designers—when to time the activity of noise sources such that they contribute 

minimal phase-noise. Figure 4 provides a simplistic example of the temporal sensitivity 

of a resonator to injected noise. 

                                                 

1 The issue arises from some of Hajimiri’s assumptions that lead him into postulating that any 

perturbation orthogonal to the state-space trajectory (i.e. AM noise during the amplitude limiting phase 

of an oscillator) will not result in a phase disturbance. Demir shows that is not necessarily the case, and 

that the non-phase-contributing perturbation resides in an oblique basis instead of in an orthogonal basis. 

This issue is present only in the purely mathematical calculation of ISF in Hajimiri’s theory. In the 

SPICE based calculation of the ISF, the injected charge perturbs the circuit in a manner that captures all 

relevant effects. However, the SPICE based calculation is computationally inefficient. 
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Figure 4   Time dependent oscillator phase sensitivity to an injected charge [9] 
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3. Phased Amplifier 

3.1  Gate Displacement 

The phased amplifier is a variation on gate displacement intended to improve 

selectivity of the rotational direction of oscillation and to provide an improvement in 

phase noise by reducing the amplifier noise during the time that the oscillator is most 

sensitive to phase perturbations. Before introducing the Phased Amplifier we will first 

present the effect of gate offset on RTWO operation. The gate-offset amplifier shown 

in Figure 5, was first mentioned by Wood [10] and later described by Chen [1]. While 

both authors turned to the gate displacement technique for different reasons, the 

underlying operation is still the same—the introduced temporal offset of the input is 

chosen to match the carrier transit time through the amplifier transistors, this boosts the 

effective gain of the amplifier and reduces the current that the amplifier needs to supply 

to the oscillator. The gate offset amplifier also provides improved directional selectivity 

and reduced phase noise. Figure 6 shows simulation results for a gate offset style 

amplifier driving a 20Ω transmission line, where the input is driven by a signal with a 

variable phase 𝜙𝑖𝑛 = 2𝜋 ∙ Δt ∙ 𝑓 relative to input, and attenuated by 0.09dB to match 

the estimated resistive losses of the transmission line driving the inverter output. 
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Figure 5   Gate displacement in an RTWO as used to realize the gate-offset amplifier is shown in a). Part b) 

shows the equivalent circuit of one of the inverter amplifiers in which there is a source driving the output to 

simulate the signal on the transmission line and the timing of the input can be varied. 

The contours are constant small signal gain relative to both frequency and gate offset 

time shift, this shows that once a gate (or output) displacement is introduced, the 

amplifier gain is direction-of-travel dependent. In this case, for an input gate 

displacement of +2ps, where the input gate sees an edge 2ps before the output of the 

amplifier, a forward traveling wave experiences gain up to 200GHz or the 𝑓𝑚𝑎𝑥 of the 

process. However, a reverse traveling wave would experience gain only up to 30GHz, 

and with no offset, would see gain up to 50GHz. 
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Figure 6   Contours of constant small-signal gain over frequency and timing offset. A positive 𝛥𝑡 means that 

the signal is presented to the amplifier input 𝛥𝑡 before that signal arrives at the output via the transmission 

line.To simulate the wave arrival at the output, a signal source is used at the output which is a replica of the 

input signal attenuated by -0.09dB. 

This set simulations leads to some practical implications and limitations. By adding a 

means to boost the bandwidth of the regenerative amplifier, the waveforms on the 

transmission line are expected to be squarer, and following the ISF theory, are expected 

to lead to a lower noise sensitivity, though a greater noise integration bandwidth. 

Conversely, there is still gain at lower frequencies regardless of displacement, so it is 

still possible for a reverse traveling wave to be established on the RTWO. However, 

such a reverse traveling wave will experience lower unity gain bandwidth, resulting in 

less square waveforms and a higher noise sensitivity. Lab measurements from various 

RTWOs, have uncovered a 0.1-0.5% likelihood of an RTWO to power up in a reverse 

traveling state, despite the presence of gate offset. The inference of a reverse traveling 

wave is based on: a higher measured oscillator noise, assumed to be due to a less square 

traveling wave on the oscillator; and a slight shift in operating frequency for the same 
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analog control voltage, assumed to be due to the difference between forward and 

reverse traveling gain coupled with the second order effect gain has on tank resonant 

frequency [11], [2]. 

Figure 7 is a log histogram of the measured oscillation frequency of an RTWO, which 

contained a modest amount of gate offset, over 100,000+ power cycles. Verifying this 

in simulation is especially difficult when the two oscillation frequencies are close 

together, as RF Harmonic Balance simulators tend to jump to the lowest energy 

oscillation solution. 

 

Figure 7   Histogram of a Gate Offset RTWO Oscillation frequency observed while turning an RTWO off and 

on 100,000 times.  When running in the reverse direction the oscillation frequency is lower, and occurs much 

less often. 

In the presence of high non-linearity, Chen derived the dependence of oscillation 

frequency on amplifier gain [1]: 
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𝜔0 =

2𝜋

2√𝐿𝐶
∙ [1 −

1

𝜋2
∙ 𝑅𝑔1 +

2𝑅

𝜋2𝐿
(𝐿𝑔1 − 𝑅𝐶)]

1
2⁄  

→
2𝜋

2√𝐿𝐶
[1 +

𝑅

𝜋2
∙ 𝑔1 −

2𝑅

𝜋2
∙

𝑅

𝑍0
2]

1/2

 . 

 

( 5 ) 

Under the assumption that the frequency difference observed between the forward and 

reverse traveling waves is primarily the result of differences in the amplifier gain, we 

can then reduce Equation 5 to the following relationship between oscillation frequency 

and gain. 

 𝜔𝑓
2 − 𝜔𝑟

2

𝜔𝑓
2 =

𝑔𝑓 − 𝑔𝑟

𝑔𝑓 +
𝜋2

𝑅 −
2𝑅
𝑍0

2

~
Δ𝜔

𝜔𝑓
=

 𝑔𝑓 − 𝑔𝑟

2𝜋2/𝑅
 

( 6 ) 

Using simulation results for the forward and reverse current gain of the amplifier used 

in the RTWO of Figure 7, Equation 6 yields quantitative agreement with the frequency 

difference observed in lab measurements. 
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3.2  Directional Gating 

The basic idea of the Phased Amplifier is to augment the simple inverter amplifier with 

an extra gain control that takes direction of wave travel into consideration. As with the 

Gate-Offset amplifier we will exploit the extra degree of freedom of the distributed 

resonator relative to a lumped L-C oscillator in its realization. To do this, we can look 

at the inverter in its class-AB format and recognize that a simple way to control gain is 

to add source degeneration (Figure 8b). The source degeneration will have to be 

variable and actively controlled based on the direction of oscillation. In addition, the 

active control needs to run at the oscillator frequency in order to improve the startup 

likelihood of the RTWO. Taking all these considerations in mind, the simplest active 

circuit that can provide a variable resistance at RF to microwave frequencies is a 

transistor (Figure 8c). From here on, we will refer to the inner transistors of the stack 

in Figure 8c as the trigger devices, and the outer transistors as the pre-charge devices. 
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Figure 8   a) simple class-AB amplifier; b) class-AB stage with added degeneration; c) practical realization of 

the variable source degeneration used in the phased amplifier. 

To explore the gain difference dependence on the relative input timings and for design 

guidance, a set of small signal simulation sweeps was ran on a phased amplifier over 

the parameters Δ𝑝 and Δ𝑡. This allows a visualization of the valid solution space of 

time differences between the three ports. The results are displayed in Figure 10a and b, 

where the red surface is the unity gain boundary for the amplifier. We can see that the 

trigger devices behave similarly to the inverter in Figure 6, where a modest amount of 

gate offset (Δ𝑡) can significantly extend amplifier gain bandwidth. We also observe an 

interference pattern between the trigger and pre-charge devices, where for certain Δ𝑡 

and Δ𝑝 values, the signals through the pre-charge and trigger device paths sum 

destructively, causing the periodic peaks in the unity gain boundary in Figure 10. 
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Figure 9   Simulation approach for the Phased Amplifier, similar to that used for the gate offset Amplifier 

above. a) shows the schematic of the back-to-back phased amplifiers and the RTWO transmission lines, in b) 

circuit used to simulate the small signal gain is shown. 

 

 

Figure 10   a) Small signal unity gain frequency surface of the phased amplifier, the 𝛥𝑡 axis varies the gate 

offset and the 𝛥𝑝 axis shows the effect of the time shift of the precharge input.  
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Figure 10   b) Alternate projection of the gain and frequency behavior of the phased amplifier as a function of 

the gate offset and pre-charge input timing. 

Figure 10 reaffirms the idea outlined earlier in this section—with a phased amplifier as 

depicted in Figure 8c, it is possible to design the time delays between pre-charge, gate, 

and output in such a way that gain can only be realized in a single direction of 

oscillation. This fact is easier to see in Figure 11 and Figure 12, which are horizontal 

cross sections of Figure 10 at practical oscillation frequencies. The amplifier gain for 

the forward and reverse traveling waves is projected through the origin (Δ𝑡 = 0, Δ𝑝 =

0). 
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Figure 11   Phased Amplifier small signal gain at 5.5GHz, a horizontal slice of the volume in Figure 10. 

Operating points are circled in both the forward (positive 𝛥𝑡 and 𝛥𝑝) and reverse traveling mode (negative 𝛥𝑡 

and 𝛥𝑝). 

 

 

Figure 12   Third harmonic gain for the same amplifier as in Figure 11. 
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3.3  Phase Noise and Time Domain Behavior 

ISF theory provides a useful way to examine noise behavior in an RTWO in the phase 

domain of the oscillation. To gain insight into the behavior of the different amplifiers 

with regard to their ISFs, we will start from an idealized RTWO, and add circuit 

complexity. It is important to note, that the final circuit complexity is such that it makes 

thorough ISF simulations computationally impractical, so some simplifications are 

made to enable such simulations. While commercial simulators are the tool of choice 

for design verification, the methods used and described herein offer insight that aids 

design decisions. 

The methodology used to simulate the ISFs is based on the ideas described by Hajimiri 

[5] and is summarized below. 

1. An initial transient simulation is run, where simulation parameters are adjusted 

until a Periodic Steady State (PSS) is reached, following, the last simulation 

data point is saved and used as Circuit Initial Conditions (CIC) for subsequent 

transient simulations. 

Let 𝑣𝑜𝑠𝑐 be oscillator voltage at the node for PSS. 

Define windowed average function: 

𝑋𝑘
�̅̅�̅̅ =

1

𝑝
∙ ∑ 𝑋𝑚𝑘

𝑀−1

𝑚=𝑀−𝑝

 

Define rolling average function: 
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𝒜(𝑣𝑛𝑜𝑑𝑒 , 𝑘, 𝑝, 𝑡) =
1

𝜏𝑘
�̅̅�̅

∫ 𝑣𝑛𝑜𝑑𝑒 ∙ 𝑑𝑡

𝑡

𝑡− 𝜏
𝑘
�̅̅̅�̅

 ∀ 𝑡 ∈ [ 𝑡𝑘 𝑁−𝑝+1, 𝑡𝑘 𝑁] 

a) Calculate an initial slice point as the mean oscillation node voltage 

𝑤0 = 〈𝑣𝑜𝑠𝑐〉  

b) Calculate a set of time crossings 𝑡0 𝑛 = 𝑡 @ (𝑣𝑜𝑠𝑐 == 𝑤0) 

c) Calculate a set of periods as 𝜏0 𝑚 = 𝑡0 𝑛 − 𝑡0 𝑛−1 

d) Calculate LMS linear trend-line (𝑎 ∙ 𝑘 + 𝑏) for 𝜏0 𝑀−𝑘, 𝑘 ∈ [0,9] 

If 10 ∙
𝑎

𝑏
> 𝑟𝑒𝑙𝑡𝑜𝑙, continue running settling transient and repeat from 

step a). 

e) Update slice point 𝑤𝑘 =  〈𝒜(𝑣𝑜𝑠𝑐, 𝑘 − 1, 10, 𝑡)〉 

f) Update time crossings 𝑡𝑘 𝑛 = 𝑡 @ (𝑣𝑜𝑠𝑐 == 𝑤𝑘) 

g) Calculate max circuit error  

𝑒𝑟𝑟𝑘 = max (𝑉𝑎𝑟(𝒜(𝑣𝑛𝑜𝑑𝑒 , 𝑘, 𝑝, 𝑡))) ∀𝑛𝑜𝑑𝑒 ∈ 𝑐𝑖𝑟𝑐𝑢𝑖𝑡. 

If 𝑒𝑟𝑟𝑘 > 𝑎𝑏𝑠𝑡𝑜𝑙, then update simulation tolerances, run transient, and 

repeat from step d). 

h) Save CIC. 

2. Using the CIC, an ensemble of transient simulations are run, where the circuit 

is perturbed by a current pulse at various points distributed along an oscillation 

period, along with a baseline unperturbed simulation. The perturbation 

simulations are run until the circuit recovers to a steady state and meets the 

same PSS criteria as the initial transient. Each of the perturbation simulations 
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is run to the maximum time required to reach PSS among all the ensemble 

members. 

3. The final phase difference between each perturbed simulation and an 

unperturbed baseline is then normalized and taken as the impulse sensitivity 

function of the oscillator node. 

4. Using the unperturbed baseline simulation, the circuit operating point is saved 

at a time coinciding with the middle of each perturbation current pulse. These 

operating points are then forced during small signal noise simulations, to 

produce the cyclostationary noise of the circuit. 

The first circuit run using this methodology was an RTWO with idealized gain stages 

modeled by a linear plus cubic transfer function 𝑖𝑜𝑢𝑡 = −𝑔𝑚1𝑉 + 𝑔𝑚3𝑉3. It is 

important to use nonlinear gain stages as they provide harmonic intermodulation and 

amplitude limiting. The RTWO includes an odd number of asymmetric cross segments, 

and a number of symmetric segments distributed between the asymmetric crosses as in 

Figure 13. This will serve to provide a baseline ISF and sanity check for later 

simulations. 
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Figure 13   Ideal RTWO for initial simulations, the simplified drawing shows lumped element models for the 

transmission line segments including the line loss and gain blocks. One asymmetric and one symmetric 

segment is shown here. 

The simulated oscillation waveform and ISF are presented in Figure 14, included is the 

estimate for the ISF using the methods described by Hajimiri [5], [9], and the simulated 

PPV based on Demir’s method [4]. There is a discrepancy between the ISF/PPV and 

the estimate (
𝑑𝑉

𝑑𝜙
) from Hajimiri [5], [9], which has previously been shown to be invalid 

by Demir [7]. However, the SPICE calculated ISF and PPV are identical to within 

simulation tolerances. 
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Figure 14   Oscillation waveform and ISF of ideal RTWO. 

Expanding the simulation study to include back-to-back inverter amplifiers with gate-

offset, we observe little change to the oscillation waveform and respective impulse 

sensitivity functions, the primary difference being that the transistor designs are more 

non-linear than the ideal gain element and have better amplitude limiting capabilities. 

In adding the phased amplifiers, we observe a smearing of the ISF due to the switching 

of the gating devices, but no significant difference to the oscillation waveform as shown 

in Figure 15. 
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Figure 15   Waveform and ISF comparison between the various RTWO amplifier configurations in the study. 

From Figure 15, we observe that the different amplifier configurations have increasing 

ISF Mean Square (MS) values relative to the ideal RTWO, and summarized in Table 

1. 

 Back-to-back 

Inverter Amplifier 

Gate-Offset 

Amplifier 

Phased 

Amplifier 

1

Γ𝑅𝑀𝑆_𝑖𝑑𝑒𝑎𝑙
2 ∙ ∫ Γ2 ∙ 𝑑𝜙

2𝜋

0

 1.25 1.20 1.65 

Table 1   Ratio of the ISF mean square values to the ISF mean square value of an ideal −𝑔𝑚 gain stage 

RTWO. 

However, this does not allow a direct comparison of the expected phase noise 

performance of these approaches because the cyclostationary noise modulating 

function for each amplifier configuration is significantly different. We can decompose 

the cyclostationary noise into a stationary noise process and a modulating function [5]: 
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 𝑖𝑛(𝜙) = 𝑖𝑛0 ∙ 𝛼(𝜙) . ( 7 ) 

Once we take the time dependence of the noise source into account, and absorb the 

noise modulating function 𝛼(𝜙) into an effective ISF: 

 Γ𝑒𝑓𝑓(𝜙) = Γ(𝜙) ∙ 𝛼(𝜙) , ( 8 ) 

the noise advantage of the phased amplifiers becomes clear, as seen in Figure 16. 

 

Figure 16   Effective ISF for each RTWO amplifier configuration showing the effect of the inclusion of the 

different cyclostationary noise modulating functions for each. 
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The dips observed in the noise modulating function for the phased amplifier design are 

due to a gating effect where the PMOS device stack is in a non-conducting state during 

a falling edge, and the NMOS device stack is in a non-conducting state during the rising 

edge. This effectively eliminates any short-circuit current within the amplifier during 

an edge transition and reduces the amount of available noise injected into the oscillator 

during the peaks of the ISF.  

 
Back-to-back 

Inverter Amplifier 

Gate-Offset 

Amplifier 

Phased 

Amplifier 

1

Γ𝑒𝑓𝑓_𝑅𝑀𝑆_𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟
2 ∙ ∫ Γeff

2 ∙ 𝑑𝜙
2𝜋

0

 1 0.96 0.75 

Table 2   Integrated mean square values of the effective ISFs relative to the back-to-back Inverter amplifier 

implementation. This shows the improved performance for the phased amplifier when its cyclostationary noise 

contribution is taken into account. 
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4. Measurement Results 

Validation of the ideas presented in this thesis was carried out on a test-chip fabricated 

in IBM 7RF 0.18µm bulk CMOS process The RTWOs were designed for 

interchangeable amplifiers, in order to test out the relative performance of the different 

amplifier implementations on several permutations. Figure 17 is a die micrograph of 

one such RTWO permutation, in total there were 5 variations, distributed between two 

die: 

 Baseline – Control experiment RTWO using inverters as amplifiers and with a 

modest amount of gate offset. 

 w1_p1 – Main variant for the phased amplifier, nominal amplifier width and 

nominal Δ𝑝. 

 w1_p2 – Alternate variant for phased amplifier, nominal amplifier width and 

doubled Δ𝑝. 

 w2_p1 – Alternate variant for phased amplifier, doubled amplifier width and 

nominal Δ𝑝. 

 w2_p2 – Alternate variant for phased amplifier, doubled amplifier width and 

doubled Δ𝑝. 
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Figure 17   Silicon micrograph of one of the RTWOs on the fabricated test chip. 

 

4.1  Directionality 

RTWO directionality is inferred from a time series of measured oscillation frequency 

after a complete power reset. During the measurements, the device under test (DUT) 

was placed inside a temperature chamber to isolate the DUT from daily and weekly lab 

temperature fluctuations. DUT temperature was measured via a thermocouple attached 

to the reverse side of the ground paddle on the DUT board. DUT supply power was 

provided by an HP6624A regulated source, and separately measured at the DUT via a 

K34461A multi-meter. Frequency was measured with an A53132A universal 

frequency counter. 

The dependence of oscillation frequency on temperature and supply voltage was de-

embedded via a linear regression model. 
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 𝑓𝑐𝑜𝑚𝑝[𝑛] = 𝑓[𝑛] − 𝑎1(𝑇𝐷𝑈𝑇[𝑛] − 𝑇𝐷𝑈𝑇
̅̅ ̅̅ ̅̅ ) − 𝑎2(𝑣𝑑𝑑[𝑛] − 𝑣𝑑𝑑̅̅ ̅̅ ̅)

− 𝑎3(𝑇𝐷𝑈𝑇[𝑛] − 𝑇𝐷𝑈𝑇
̅̅ ̅̅ ̅̅ )(𝑣𝑑𝑑[𝑛] − 𝑣𝑑𝑑̅̅ ̅̅ ̅) 

( 9 ) 

The resulting correlations for the baseline RTWO, having only gate offset, are 

presented in Table 3, and a log-histogram of the compensated frequency measurements 

was shown in Figure 7, above. The frequency difference observed between the two 

oscillation modes in Figure 7, coincides very closely to the predicted difference of 

13.9MHz from eq. 4 and simulations of the gate offset amplifier gain. 

Correlation 𝑇𝑟𝑜𝑜𝑚 𝑇𝐷𝑈𝑇 𝑣𝑑𝑑 𝑓 𝑓𝑐𝑜𝑚𝑝 

𝑇𝑟𝑜𝑜𝑚  -0.0007 0.1659 0.0054 0.0316 

𝑇𝐷𝑈𝑇 -0.0007  -0.3160 -0.9785 0 

𝑣𝑑𝑑 0.1659 -0.3160  0.1695 0 

𝑓 0.0054 -0.9785 0.1695   

𝑓𝑐𝑜𝑚𝑝 0.0316 0 0   

Table 3   Parameter correlation matrix for baseline RTWO, these correlations were used to correct the frequency data to 

account for environmental variation during the measurement. 

For the RTWOs with the phased amplifiers, the phasing was chosen such that a reverse 

oscillation would not have enough amplifier gain to overcome conductor losses. As 

such, a reverse oscillation is not expected but verifying that is impossible. What is 

possible is running the directionality measurement long enough to show that a reverse 

oscillation is practically non-existent. Running the measurement long enough for a 

meaningful statistic exposes us to oscillator wander, aging, and environmental effects 

of both the DUT and the measurement instruments, so additional data filtering was 

required to isolate possible reverse oscillations. 
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The measurement was carried out in the same manner as that for the baseline RTWO, 

the main difference being that the runtime was orders of magnitude longer, in order to 

collect a sizable statistic. Over the course of the 4 month measurement period, there 

were two laboratory events that produced a significant frequency change. However, 

using Equation 7 sufficiently accounted for the large frequency change. The data was 

further filtered against a 30 minute moving average window of the measured frequency. 

The raw and filtered frequency data is presented in Figure 19, and a histogram of the 

measured frequencies in Figure 18. The measured frequency range and standard 

deviation after temperature and supply compensation was 370kHz and 51.5kHz, 

respectively; after compensation for wander, the range and standard deviation were 

reduced to 130kHz and 10.5kHz, respectively. In both cases, the range was 

significantly below the expected frequency delta of -16.5MHz for a reverse traveling 

wave. Since this is a finite data-set of a Bernoulli trial, we can conclude with 99% 

confidence that the probability of a reverse oscillation is less than 0.43ppm2.  

                                                 

2 Calculated via an expansion of a binomial distribution for 𝑁 ≫ 106, 𝑘 = 0, 𝑝 → 0. 
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Figure 18   Frequency distribution of phased amplifier RTWO after compensation for temperature, supply, and 

wander. 

 

 

Figure 19   Top: raw frequency and temperature measurement data; bottom: frequency data compensated for 

temperature; additionally filtered frequency data to take out long-term wander and drift. 
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4.2  Phase Noise Performance and Figure of Merit 

The phased amplifier designs demonstrated both an absolute phase noise and FOM 

improvement over the baseline RTWO using a gate-offset amplifier. Table 4 contains 

a summary of the measurement results. The measured phase noise difference for 

thermal noise between the baseline RTWO and the w1_p1 phased amplifier RTWO is 

in line with our estimated effective ISF RMS values from Table 2.  

Variant 𝑓𝑟𝑡𝑤𝑜 𝐼𝐷𝐷 

Phase Noise 

ℒ{𝛥𝑓 = 1𝑀𝐻𝑧} FOM 

Expected 

𝛥ℒ 

Baseline 3.6GHz 18.1mA -127.6dBc/Hz -183.6dBF  

w1_p1 3.2GHz 12.0mA -129.8dBc/Hz -186.5dBF -1.0dBc 

w1_p2 3.2GHz 12.3mA -129.6dBc/Hz -186.2dBF  

w2_p1 2.8GHz 19.3mA -131.5dBc/Hz -185.0dBF  

w2_p2 2.8GHz 20.0mA -131.5dBc/Hz -184.8dBF  

Table 4   Summary of Phase Noise measurements. 

 
𝐹𝑂𝑀 = ℒ{Δ𝑓} − 20 ∗ log10 (

𝑓𝑟𝑡𝑤𝑜

Δ𝑓
) + 10 ∗ log10 (

𝐼𝐷𝐷 ∙ 1.8𝑉

1𝑚𝑊
) ( 10 ) 

Figure 20 is a spectrum analyzer trace for the nominal phased amplifier RTWO 

(w1_p1), and the measurements from all variants including the control experiment are 

combined in Figure 21 and normalized to the output frequency for the nominal phased 

amplifier RTWO. 
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Figure 20   Measured Phase-Noise for w1_p1 phased amplifier RTWO. 

 



36 

 

Figure 21   Measured phase noise for all RTWO variants. 

For clarity over Figure 21, Figure 22 presents the residue difference between each of 

the phase amplifier RTWO variants, and the baseline RTWO, showing a consistent 

phase noise improvement over the baseline gate-offset RTWO. We observe similar 

noise behavior between each of the Δ𝑝 and 2 × Δ𝑝 variant pairs, suggesting that once 

there is enough pre-charge phase for the gating transistors in the amplifier, additional 

pre-charge phase does not degrade oscillator startup or noise performance. We also 

observe that for each pre-charge phase, doubling the device width of each phased 

amplifier transistor does not adversely affect noise performance as expected from an 

increase in 𝑔𝑚 and the short circuit current present in inverter and gate-offset style 
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RTWOs. At high frequency offsets (>20MHz), we observe the distribution noise floor 

begin to dominate over RTWO noise. 

 

Figure 22   Residue between each Phased Amp variant and the baseline RTWO. 
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5. Conclusion 

This work presented a new type of RTWO amplifier with improved directionality 

selection and phase noise. In sections 3.1 and 3.2, we investigated the effects of RTWO 

amplifier timing on amplifier gain, and directional preference. Section 3.3 details a 

simulation driven comparison between different RTWO amplifiers, including an 

idealized gain stage, and shows that while a phased amplifier does a have a slightly 

higher ISF RMS value, the phasing affects the amplifier noise sources in a way that it 

reduces the overall effective ISF RMS value. 

An RTWO was designed and fabricated with several amplifier flavors and phasings, to 

validate the phased amplifier concept. The measurement results are included in chapter 

4, and show both an absolute phase noise improvement, better directionality selection, 

a power reduction, and overall figure of merit improvement for a phased amplifier 

compared to a gate-offset amplifier. 

Based on the results presented herein, this new amplifier topology provides a good a 

starting point for RTWO designs that require well behaved multi-phase outputs and a 

high figure of merit. 
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