IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 69, NO. 5, MAY 2022

1883

Comprehensive Analytical Comparison of Ring
Oscillators in FDSOI Technology: Current
Starving Versus Back-Bias Control

Maxime Schramme™, Graduate Student Member, IEEE, Léopold Van Brandt™,

Denis Flandre

Abstract— Back-bias control is a new degree of freedom
brought by fully-depleted silicon-on-insulator (FDSOI) CMOS
technologies, which can be used to control the oscillation
frequency of voltage-controlled ring oscillators (VCROs). The
resulting VCRO architecture is called a back-bias-controlled
oscillator (BBCO). This paper compares it with the conven-
tional current-starved ring oscillator (CSRO) topology in terms
of power consumption and phase noise figure-of-merit (FoM),
while taking practical design constraints of process-voltage-
temperature (PVT) robustness and frequency tuning range into
account. The proposed comprehensive analysis takes advantage
of relevant and compact analytical models, as well as extensive
pre-layout simulation results. The comparison is made at four
different target oscillation frequencies, which are representative
of frequency synthesis for WiFi/Bluetooth/LPWAN wireless com-
munications and of clock generation for smartphone/Internet-of-
Things processors: 300 MHz, 868 MHz, 2.45 GHz, and 5.18 GHz.
In 28-nm FDSOI technology, the results demonstrate that BBCOs
can intrinsically reach 1.69 to 4.63x lower minimum power
consumption and slightly better FoM values than CSROs.

Index Terms— Voltage-controlled ring oscillator (VCRO), cur-
rent starving, back-bias control, fully-depleted silicon-on-silicium
(FDSOI), ultralow power (ULP), phase noise.

I. INTRODUCTION

HE advent of the Internet-of-Things (IoT) imposes sev-

eral requirements on the design of its sensor nodes,
among which the necessity to operate at ultralow power (ULP)
and ultralow voltage (ULV) [1]. The challenge usually lies
in preserving similar performance levels while consuming
less power. Thanks to their simplicity, compactness, speed,
flexibility, and low power, ring oscillators (ROs) are widely
adopted [2]-[4], for instance inside phase-locked loops (PLLs)
for processor clock generation or wireless-communication
frequency synthesis. This is especially true for sub-GHz fre-
quencies, for which inductance-capacitance (LC) counterparts

Manuscript received December 7, 2021; accepted January 16, 2022. Date
of publication February 1, 2022; date of current version April 28, 2022. This
work was supported in part by the National Foundation for Scientific Research
of Belgium (FRS-FNRS), in part by the Fonds Européen de Développement
Régional (FEDER), and in part by the Wallonia within the Wallonie-2020.EU
Program. This article was recommended by Associate Editor A. Worapishet.
(Corresponding authors: Maxime Schramme; David Bol.)

The authors are with the ICTEAM Institute, Université Catholique
de Louvain (UCLouvain), 1348 Louvain-la-Neuve, Belgium (e-mail:
maxime.schramme @uclouvain.be; david.bol@uclouvain.be).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TCS1.2022.3144527.

Digital Object Identifier 10.1109/TCSI1.2022.3144527

, Senior Member, IEEE, and David Bol

, Senior Member, IEEE

cannot be efficiently integrated due to the large silicon area
required to achieve a high inductor value [4], [5].

To control the RO frequency and obtain a voltage-controlled
ring oscillator (VCRO), several techniques exist. For instance,
the frequency can be modified by tuning the supply voltage [6]
or the load capacitors [7]. However, the most conventional
technique is called current starving [3], [4] and is thus
investigated in this work. As its name suggests, this technique
controls the RO frequency by varying the current flowing in
the delay stages constituting the oscillator. In fully-depleted
silicon-on-insulator (FDSOI) CMOS technologies, back-gate
biasing is an interesting alternative to control the RO frequency
through the tuning of its transistors threshold voltage Vi,
as done in [8]-[10], for example. Also called back biasing,
back-gate biasing is the FDSOI counterpart of body biasing
in conventional bulk technologies, but is much more effective
to tune the transistor threshold voltage and has a larger voltage
span [11]-[13].

This paper compares back-bias-controlled oscillators
(BBCOs) to conventional current-starved ring oscillators
(CSROs), with a focus on the corresponding power
consumption and on the trade-off between power and
phase noise. The comprehensive analysis proposed here
relies on relevant and compact analytical models derived
from conventional RO theory, as well as extensive pre-layout
simulation results applied to the particular 28-nm FDSOI
technology node. Practical design constraints, such as process-
voltage-temperature (PVT) robustness and frequency tuning
range, are also taken into account. This work is structured
as follows. Section II introduces the RO architectures under
study and presents the hypotheses made in this paper. Then,
Section III explains our analysis methodology applied to
simple uncontrolled ROs, which are used as starting examples.
Section IV follows with a comparison of current starving
and back-bias control, for a target oscillation frequency
of 2.45 GHz. An extension to 300 MHz, 868 MHz, and
5.18 GHz target frequencies is also provided, to broaden the
discussion. These frequency values are representative of a
broad range of applications, ranging from frequency synthesis
for WiFi/Bluetooth/LPWAN wireless communications to
clock generation intended for smartphone/IoT processors. The
mathematical developments needed to support the proposed
analysis are gathered in the appendix.
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Fig. 1. (a) Schematics of a single-ended N-stage RO and three different kinds
of inverting stages in FDSOI technology using LVT flipped-well devices:
(b) uncontrolled, (c) current-starved, and (d) back-bias-controlled inverter.

II. RING OSCILLATOR ARCHITECTURES

This section presents the three RO architectures studied
in this paper and the corresponding hypotheses. The focus
is on simple single-ended ring architectures, but the analysis
described in this work could be extended to more sophisticated
topologies, such as differential and multi-path topologies.

As shown in Fig. 1, a simple single-ended inverter-based
N-stage RO is composed of an odd number N of
inverting delay elements with a supply voltage Vpp [2].
Different types of inverting cells result in different RO archi-
tectures. An uncontrolled RO is composed of simple invert-
ers [Fig. 1(b)], possibly loaded with additional capacitors.
A current-starved ring oscillator (CSRO) uses current-starved
inverters [Fig. 1(c)] and features two frequency control nodes,
FBN and FBP. Finally, a back-bias-controlled oscillator
(BBCO) is made of back-bias-controlled inverters [Fig. 1(d)]
and its two control voltages are the back-gate voltages, BBN
and BBP.

Each of these architectures has numerous design parameters
available (i.e. number of stages, transistor sizes, voltages). For
clarity in the subsequent analysis and for simulation efficiency,
several hypotheses are made in this work to decrease the
number of free parameters while enabling a fair objective
comparison.

As mentioned in the introduction, the RO comparison
presented in this paper uses pre-layout SPICE simulation
results. They are obtained with steady-state analysis (SST and
SSTNOISE) from Eldo simulator piloted by Matlab. In order
to have back-bias control capability, the 28-nm FDSOI CMOS
technology from STMicroelectronics is selected. Only low-Vyy
(LVT) flipped-well devices are used, to be able to scale
down the supply voltage more aggressively. Concerning the
sizes, the same gate length L is used for all the transistors
of a given VCRO, for layout regularity concern. The width
ratio W, /W, between PMOS and NMOS devices is set to
2.5 for matched rising/falling edges. The width of all NMOS
transistors W, is fixed to 200 nm. Instead of the transistor
width, the device multiplier M (equal to the number of devices
placed in parallel) is used to increase the inverter current. This
can be implemented at the layout level with multiple fingers.

Also, in practice, VCROs are usually controlled by only one
control node instead of two, which assumes a symmetrical
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biasing. For the CSRO topology, FBN is used as primary
control and FBP is defined as its symmetrical voltage with
respect to Vpp [14]:

FBP =Vpp — FBN. (1)

This can simply be generated with a current mirror branch
as in [15] for instance. Both FBN and FB P have a voltage
range comprised between 0 V and Vpp.

For BBCOs, BBN is the main control voltage and BB P
has an opposite value (symmetrical to BBN with respect to
the ground level):

BBP = —BBN. 2)

This means BB P is negative, and is usually generated with
on-chip charge pumps [8], [10]. The voltage range of BBN
(resp. BBP) goes from 0 V to +3 V (resp. from 0 V to
-3 V) [13].

With all these assumptions in hand, the number of degrees
of freedom for each RO architecture considered in this work
reduces to 6: the supply voltage Vpp, the number of stages N,
the optional added loading capacitor value Cy, the transistors
gate length L, the device multiplier M, and the control voltage
FBN or BBN.

A. VCROs Oscillation Frequency

The oscillation frequency fy of an N-stage VCRO can be
obtained as follows [16]:

1

P= NV ¥

where C denotes the total capacitance seen at the output of
each inverting stage (sum of the intrinsic parasitic capacitance
of the transistors and the added loading capacitor Cy,). Equa-
tion (3) assumes a perfect current matching between NMOS
and PMOS devices as well as a perfect capacitance matching
among the N inverting stages. Note that the device multiplier
M does not appear in (3) and does not affect the oscillation
frequency, because both / and C (in absence of loading
capacitors) are proportional to M. This is also discussed in
Section III-B.

The oscillation frequency of VCROs is tuned through the
variation of the delay element current /, which is a function
of FBN for CSROs and of BBN for BBCOs:

RO: I =8 (Vpp — Vth,0)2 ) “)
CSRO: I(FBN) = f (FBN — Vi)’ )
BBCO: I(BBN) = B (Vpp — Vino + beBN)Z- (6)

In Equations (4)-(6), the term f regroups the devices’
dimensions W and L, the mobility and the gate-oxide capac-
itance per unit of area, y, is the body factor parameter
which takes values around 70-85 mV/V in 22/28-nm FDSOI
technology [11], [13], [17], and V};, ¢ designates the zero-bias
threshold voltage. Second-order effects, such as V;j, roll-of,
drain-induced barrier lowering (DIBL), and velocity satura-
tion, are neglected in this work.

For both the CSRO and BBCO topologies, an increase of
their oscillation frequency is obtained through the increase
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Fig. 2. Simulated phase noise spectra for 3-stage ROs supplied at 1 V,

respectively oscillating at 2.2 GHz (L = 300 nm) and 35.1 GHz (L = 30 nm).
The 100-MHz offset frequency line, respectively, intersects these profiles in
their thermal and flicker noise regions.

of the stages’ current, resulting from the increase of their
respective control voltage. The main difference between both
architectures thus lies in the way the current increases with
the control voltage: CSROs act on the gate-to-source voltage
FBN of the header/footer transistors, while BBCOs act on
the decrease of the threshold voltage V;, = V0 — Yo BBN
of the inverting transistors by the use of forward back biasing
through BBN.

B. Phase Noise and Figure-of-Merit

The developments carried out in the next sections focus
particularly on the trade-off existing between power and phase
noise experienced by all kinds of oscillators [16], [18]-[22].
The following phase noise figure-of-merit (FoM) quantifies
this trade-off [22]:

FoM = L(Af) +20log, (%) + 101log;, (%) . (D

The quantity L(Af) is the oscillator phase noise value (in
dBc/Hz), taken in the thermal noise region, i.e. at a sufficiently
high offset frequency Af from the oscillation frequency fo.
The corresponding power consumption is P (in mW). The
lower the FoM value (in dBc/Hz), the better the oscillator
phase noise performance.

In this work, the offset frequency Af is fixed to 100 MHz,
to be well above the thermal/flicker-noise corner frequency
fe. Indeed, the FoM formula of (7) is only valid in the
1/f? region of the phase noise spectrum, resulting from the
up-conversion of thermal noise. Besides, the flicker noise
contribution can be filtered out when corresponding VCROs
are used within second-order PLLs with a sufficiently high
bandwidth [23], [24]. Fig. 2 represents two examples of RO
phase noise profiles, respectively obtained at 2.2 and 35.1 GHz
of oscillation frequencies. It shows that the chosen 100-MHz
offset frequency line respectively intersects the aforementioned
phase noise profiles in their thermal and flicker noise region.
For the frequencies targeted in this work, the FoM is computed
from the thermal region of corresponding phase noise spectra,
thanks to this choice of 100-MHz of offset frequency.
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It is interesting to see that the FoM cannot be infinitely
improved, some theoretical limits exist depending on the oscil-
lator architecture. For LC oscillators, the best achievable FoM,
which mostly depends on the inductor quality factor, can easily
achieve values lower than —180 dBc/Hz [22]. For single-ended
inverter-based ROs as the ones studied in this paper, the theo-
retical best achievable FoM value is —165 dBc/Hz [22] (also
demonstrated in Appendix A). One goal is thus to determine
which of the studied VCRO architecture goes closest to this
FoM limit.

IIT. RING OSCILLATOR ANALYSIS

This section presents an analysis of the uncontrolled RO
depicted in Fig. 1(b), in order to get more intuition about
the impact of its parameters on power consumption, phase
noise and corresponding FoM. The uncontrolled RO is used
as a preliminary example to describe the analysis framework
used in this work, which is then applied to the CSRO and
BBCO topologies in Section IV. With the hypotheses made
in Section II and as the uncontrolled RO has no control
voltage, only 5 degrees of freedom are left: the supply voltage
Vpp, the number of stages N, the load capacitor value
Cr, the transistor length L, and the device multiplier M.
All of them have an influence on the RO frequency, except
for M as shown with (3) and discussed in Section III-B.
It is thus useful to determine which of these parameters is
the best tuning knob to achieve a given target oscillation
frequency while minimizing the FoM value. This is explained
in Section III-A. The effect that the remaining parameter M
has on power consumption, phase noise, and FoM is studied
in Section III-B. Finally, the uncontrolled RO is optimized for
a target frequency of 2.45 GHz and the different steps of the
analysis are summarized in Section III-C.

A. Gate Length Scaling: The Best Way to Slow Down an RO

In the context of this paper, the fastest uncontrolled RO
is obtained at maximal supply voltage (Vpp = 1.0 V), with
minimal length value (L = 30 nm), with minimal number of
stages (N = 3), and without any additional loading capacitors
(C. = 0 fF). The corresponding oscillation frequency is
around 35 GHz and its FoM value is -158.4 dBc/Hz. This point
is highlighted in black in Fig. 3. From that point, by decreasing
Vpp or by increasing L, N or Cp, the oscillation frequency
can be lowered to the desired target frequency (300 MHz,
868 MHz, 2.45 GHz, or 5.18 GHz in this work). Fig. 3 shows
the evolution of the phase noise FoM value when slowing
down the RO with each of these parameters separately. The
theoretical FoM limit of —165 dBc/Hz is also added.

As shown in Appendix A, the FoM expression of a single-
ended inverter-based N-stage RO supplied by Vpp can be
written as:

29V, Vv 1
FoM=2000ksT (1+ —2/ PP ) o509 #E/ YD 1
Vop = Vino NL? Af
Thermal Flicker
)
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Fig. 3. Evolution of phase noise FoM with oscillation frequency. Each curve
represents a different way of slowing down a 3-stage RO with maximal supply
voltage, minimal transistor length and without loading capacitors.

where the FoM is in linear scale (unlike in (7)). The unknown
parameters of the formula are properly defined in the appendix.
Note that this formula does not take into account second order
effects (such as V;j, roll-off, DIBL, or velocity saturation),
assumes an operation in strong inversion, and supposes a
purely dynamic power consumption. Nonetheless, it can still
be useful to validate some observations made from the results
of Fig. 3.

At very high oscillation frequencies in Fig. 3 (right side),
the phase noise taken at a 100-MHz offset frequency is
dominated by flicker noise and the corresponding FoM value
decreases with Vpp or when increasing L or N. These trends
are confirmed by Eq. (8) (right term). At lower oscillation
frequencies in Fig. 3 (left side), around the target frequency
values of this work (300 MHz to 5.18 GHz), the phase
noise at 100-MHz offset is dominated by thermal noise. The
corresponding FoM stays relatively independent from L or
N, as can once again be predicted from Eq. (8) (left term).
The FoM plateau observed when decreasing Vpp cannot be
predicted by (8) as the strong inversion hypothesis might not
hold for Vpp values below 0.4 V.

The impact of the loading capacitor is also not well captured
in (8), because a Cr, increase slows down the stages’ transi-
tions and increases the time during which both the NMOS
and the PMOS transistors are on. A short circuit power thus
adds to the purely dynamic power consumption assumed to
develop (8) and this can only degrade the FoM. Using loading
capacitors to slow down an RO thus appears inefficient. This
is the reason why loading capacitors are totally avoided in
the remaining part of the paper (thus removing one degree
of freedom). This also means that any additional parasitic
capacitance (i.e. coming from interconnect routing) should
impact negatively both the oscillation frequency, the power,
and the corresponding FoM. Parasitic capacitances should thus
be minimized and their impact should be carefully assessed
with post-layout simulations. This falls out of the scope of
this work.

From Fig. 3, it is also clear that the most efficient way to
slow down an RO is by upsizing the length L, as it gives
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Fig. 4. Effect of the device multiplier M on the oscillation frequency, the

power consumption, the phase noise level and the corresponding FoM of a
2.45-GHz RO (3 stages, with gate lengths of 283 nm, and supplied at 1.0 V).

the most important FoM improvement which goes closer to
the theoretical limit. Consequently, in the remaining part of
the paper, the length L is used to fine tune the oscillation
frequency to the desired target value.

B. Impacts of the Device Multiplier M

In this part, the effect that the device multiplier M has
on power, phase noise and corresponding FoM is studied.
Intuitively, using M devices in parallel takes more area and
increases both the inverter stage current and parasitic capaci-
tances by a factor M. Consequently, the oscillation frequency
at the first order does not vary (as mentioned in Section II-A),
whereas the power increases with M. Moreover, spending
more power for the same oscillation frequency decreases the
phase noise by the same factor. Ultimately, the phase noise
FoM thus stays constant. These considerations are confirmed
in Fig. 4. The parameter M can thus be used to directly trade
phase noise for power and area at constant frequency and
FoM. It can thus be chosen a posteriori and is fixed (M = 1)
for the remaining part of this work, as we focus on reaching
the lowest power or best FoM at the target frequency.

C. Proposed Ring Oscillator Optimization Process

The uncontrolled RO is now left with only three free
parameters, namely the supply voltage Vpp, the numbers of
stages N, and the gate length L. This part optimizes the RO
for a target frequency of 2.45 GHz, for different number of
stages N and different supply voltage values Vpp. For each
configuration, the gate length L is adjusted to reach the desired
target frequency.

Fig. 5(a) shows the transistor gate length value required for
2.45-GHz operation, as a function of the supply voltage and
for different number of stages. Each point of the figure can be
seen as a different 2.45-GHz RO design. As can be expected,
to compensate for the speed decrease when decreasing the
supply voltage or increasing the number of stages, the required
length decreases as well. We show in Appendix B that the
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Fig. 5. Effect of the number of stages and the supply voltage on: (a) the
required gate length for 2.45-GHz operation, (b) the RO oscillation frequency,
and (c) the power consumption. Each point represents a different 2.45-GHz
RO design, characterized by a given number of stages N, a given supply
voltage Vpp, and a given transistor gate length L.

required L is inversely proportional to /N at a fixed supply
voltage Vpp, and proportional to (Vpp — Vix.0)/+/VpD at a
fixed N value. The results of Fig. 5(a) are in good agreement
with these predictions. As can be observed in Fig. 5(b), the cor-
responding oscillation frequency is well (yet coarsely) tuned
to the target frequency. The corresponding power consumption
is given in Fig. 5(c). It increases with both the supply voltage
and the number of stages. As shown again in Appendix B, the
power is })roportional to /N at a fixed supply voltage Vpp,
and to VD/;(VD p — Vin,0) at a fixed number of stages N.

Computing the FoM value for each of these different
2.45-GHz ROs, and relating it to the power consumption,
leads to Fig. 6. Each curve corresponds to a different number
of stages N, while each point on a curve corresponds to
a different supply voltage value Vpp. ROs with 3 stages
appear to be the best, as they can achieve lower power values
at fixed FoM, or better FoM values at fixed power level.
Two fundamental limits appearing in Fig. 6 characterize the
uncontrolled RO topology for 2.45 GHz operation: the lowest
achievable power Pnjin, and the best achievable power/phase
noise compromise FoMpn. As reported, power levels as low
as 2.03 W and FoM values as low as —163.6 dBc/Hz can
be reached.
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noise FoM of 2.45-GHz uncontrolled ROs. Each point represents a different
2.45-GHz RO design, characterized by a given number of stages N, a given
supply voltage Vpp, and a given transistor gate length L.

It is interesting to see that the analytical FoM expression
developed in Appendix A and recalled in (8) can also be used
to predict the FoM evolution of Fig. 6, with respect to N
and Vpp, respectively. For instance, increasing the number of
stages N only shifts the curves towards higher power values,
without impacting (at first order) the FoM value. Assuming
thermal noise only, the formula in (8) confirms this observation
as the FoM is in theory independent from N. In addition, if we
look for instance at the case N = 3 (red curve), moving from
0.5 Vto 1l V of Vpp improves the FoM by 2.5 dB (from
—161.1 to —163.6 dBc/Hz). Using (8) with thermal noise only
and assuming y = 2/3 and V0 = 0.35 V, the FoM reduction
can be estimated as follows and shows a good agreement with
the simulation results:

2y
AFoM ~ 10 log,, : O | — 251 dB. (9)
1 -
+ 0.5 = Vino

The general VCRO sizing methodology used in this section
is summarized in Fig. 7. For a set of chosen design parameters
values (i.e. supply voltage, number of stages), the oscillation
frequency is obtained from simulation as a function of gate
length values. Then, to reach a specific target frequency,
the required length value L is determined by interpolation.
This results in a single VCRO design point, properly sized
for the target frequency. In order to obtain its performance,
a second simulation is performed and extracts the oscillation
frequency, the power, and the phase noise value, from which
the corresponding FoM can be derived. The next section uses
this procedure with CSRO and BBCO topologies in order to
compare them fairly in terms of P, and FoMp;p.

IV. CURRENT STARVING VERSUS BACK-BIAS CONTROL

Compared to an uncontrolled RO, the CSRO and BBCO
architectures feature an additional degree of freedom: their
control voltage. This tuning knob allows to stay functional on
a broader range of operating conditions, thanks to a fine adjust-
ment of the frequency. In this work, we define the functionality
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Fig. 7. Sizing methodology used for the design of ROs in nominal conditions
(TT 25°C). Simulations of SST (steady-state) and SSTNOISE types are
performed with Eldo and piloted with Matlab. In practice, parallelism is used
to speed up the simulations.

of an RO as its ability to correctly generate the desired target
frequency. This section compares the design of CSROs and
BBCOs, taking into account the effect that process-voltage-
temperature (PVT) variations have on their functionality. Slow
NMOS/slow PMOS (SS) and fast NMOS/fast PMOS (FF)
are considered instead of typical NMOS/typical PMOS (TT)
process, with £5% supply voltage variation, and temperatures
ranging from 0 to +55°C. A brief comparison of the transfer
function of CSROs and BBCOs is provided in Section IV-A.
The effects of PVT variations on the VCROs functionality
are then studied in Section IV-B. A comparison of their
corresponding Ppin and FoMp, follows and is carried out at
2.45 GHz in Section I'V-C, before extending the methodology
to 300 MHz, 868 MHz, and 5.18 GHz in Section IV-D.

A. VCROs Transfer Functions: Gain, Range, and Linearity

The VCROs studied in this work differ by the type of control
they use. As described in Section II, CSROs are controlled
by the front-gate voltage FBN, while BBCOs are controlled
by the back-gate voltage BB N. Their corresponding transfer
functions, i.e. the oscillation frequency versus the control
voltage, thus possess significant differences. Intuitively, the
tuning of the CSRO’s frequency involves the gate-to-source
transconductance g;,, while for BBCOs it involves the body-
to-source transconductance g,,5. The link between these two
quantities is yp, the body factor of (6) whose value is small
and lies in the 70-to-85 mV/V range in 22/28-nm FDSOI
technology [11], [13], [17]:

&mb = Vb &m- (10)

We can thus expect a lower frequency gain for BBCOs.
Figures 8 and 9 respectively depict the transfer function
of a CSRO and a BBCO, both oscillating at 2.45 GHz.
They confirm the aforementioned expectation. Indeed, CSROs
can easily achieve frequency gain values of 8 GHz/V while
the BBCOs reach lower gains of around 400 MHz/V. The
analytical developments of Appendix C demonstrate that the

5 T T T T
4| Frequency range: 3.81 GHz 2.45-GHz target
¥ osp
9 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
° 2r
T @) / Linear region: 0.42 V
o . A A
0 0.2 0.4 0.6 0.8 1
10 T T T T
8.31 GHz/V
>
T
s o
<
(b)
0 L . . .
0 0.2 0.4 0.6 0.8 1
FBN [V]
Fig. 8. Characteristics of a 2.45-GHz CSRO with nominal control voltage
of FBN = 0.7 V: (a) transfer function and (b) frequency gain.
5 T T T T
. 2.45-GHz target
— Frequency range: 1.19 GHz
N 4}
N3
9,
—
1

% L 41 GHz/V J
5 08 °
o
(b)
0 L L L L L
0 0.5 1 1.5 2 25 3
BBN [V]
Fig. 9. Characteristics of a 2.45-GHz BBCO with nominal control voltage

of BBN = 1.5 V: (a) transfer function and (b) frequency gain.

BBCO gain is indeed at least 1/y, &~ 13x lower than the
CSRO counterpart. As a consequence, BBCOs have also a
lower frequency range than CSROs, despite the larger voltage
range of BBN (limited to +3 V) compared to FBN (limited
to Vpp).

Another observation that can be made from figures 8
and 9 concerns the linearity of the VCRO transfer functions.
Compared to BBCOs, the CSROs exhibit a highly non linear
transfer function. Appendix C again confirms this observation
using a Taylor series expansion of the oscillation frequency
formula. It is demonstrated that the first non-linear term is
1/y; ~ 169x lower for BBCOs with respect to CSROs.

Both the frequency gain and the linearity are important
points to consider for designers. For instance, the linearity in
the transfer function is important in the domain of RO-based
ADCs [17], [25], while a high and stable gain is necessary
when implementing PLLs.

B. Impacts of PVT Variations on the VCROs Frequency
Range

The choice of the nominal control voltage value is important
in the design of VCROs, as it impacts both the oscillator
frequency range and its PVT compensation capability.
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Fig. 10. Frequency range comparison of 3-stage CSROs (a) and BBCOs
(b) in typical conditions, as a function of their nominal control voltage. All
these VCROs are nominally designed for 2.45 GHz at 1.0 V supply voltage.

Fig. 10 shows the oscillation frequency of CSROs
[Fig. 10(a)] and BBCOs [Fig. 10(b)] as a function of their
nominal control voltage. All these oscillators feature 3 stages
and are sized for 2.45-GHz operation in nominal conditions
(TT 25°C) and at 1.0 V supply voltage following the procedure
of Fig. 7. Each point on the x-axis thus corresponds to a
different oscillator design (with a particular control voltage
and a particular gate length value). As can be seen in Fig. 10,
each of these oscillators has a 2.45-GHz nominal frequency
(green circles) when operated at the nominal control voltage
for which they have been designed for. Increasing (resp.
decreasing) the control voltage allows to speed up (resp.
slow down) the oscillators. The spread between maximal (red
triangles, obtained at maximal control voltage) and minimal
frequency (blue triangles, corresponding to minimal control
voltage) determines the VCROs frequency range. As discussed
in Section IV-A, the CSRO topology achieves a higher fre-
quency range thanks to a higher frequency gain with respect
to its BBCO counterpart.

With variations of the PVT conditions, the speed of the
VCROs is changed. As can be seen in Fig. 11, the nominal
frequency limits (dashed lines) of the VCROs are shifted
upwards or downwards, depending on the PVT conditions.
This impacts the VCROs functionality, as illustrated with the
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Fig. 11. Frequency range comparison of 3-stage CSROs (a) and BBCOs
(b) in PVT corners as a function of the nominal control voltage. All these
VCROs are nominally designed for 2.45 GHz at 1.0 V supply voltage. The
PVT variations reduce the range of available nominal control voltage values.

gray shaded areas. Indeed, an oscillator designed with a too
high nominal control voltage might not be able to compensate
the frequency decrease resulting from slow operating condi-
tions (SS, —5% Vpp). Similarly, a VCRO which has a too
low nominal control voltage might not be able to compensate
fast operating conditions (FF, +5% Vpp). The PVT variations
forces the use of control voltage values closer to mid-range
and limits the range of possible nominal control voltage values.
It is important to notice also that, due to temperature effect
inversion [26]—[28], the effect of temperature is not the same
at high or low supply voltage and depends also on the VCRO
topology (due to transistor stacking). That is why we consider
four extreme corners (instead of two). For information, in the
example shown in Fig. 11 for 1-V supply voltage, the two
limiting PVT corners are FF, +5% Vpp, 0°C (in dark blue)
and SS, —5% Vpp, +55°C (in dark red).

For the remaining part of this work, to verify the function-
ality of a given VCRO design under extreme PVT variations,
the methodology of Fig. 12 is followed. The design to verify
is put under fast conditions (FF, +5% Vpp) using minimum
control voltage. The corresponding oscillation frequencies
are obtained from simulations at two extreme temperatures
(0°C and +55°C), to be compared to the target. The same
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Single VCRO design point Perf.
VCRO v Control voltage fo
architecture D FBN/BBN P
L(Af)
FoM
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+ +
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Fig. 12.  Methodology used to verify the design of ROs under extreme
PVT variations. Simulations of SST (steady-state) type are performed with
Eldo and piloted with Matlab. In practice, parallelism is used to speed up the
simulations.

TABLE I

RANGE OF DESIGN PARAMETER VALUES USED FOR THE COMPARISON
OF FUNDAMENTAL LIMITS OF CSROS AND BBCOs

Parameters Units Min Max Resolution
Vbbb v 0.3 1.0 0.05
N — 3 17 prime numbers
L nm 30 500 1
FBN v 0 Vbp Vpp/30
BBN v 0 3 0.1

procedure is applied with slow conditions (SS, —5% Vpp)
and maximum control voltage. The VCRO is considered to
have robust PVT operation if its ability to generate the target
frequency is preserved under all four aforementioned PVT
conditions.

C. Comparison of CSROs and BBCOs at 2.45 GHz

In this part, using the sizing methodology of Fig. 7, several
CSROs and BBCOs are designed for 2.45 GHz, at several
supply voltage values and with different number of stages.
For each of these design points, the oscillator functionality is
verified under PVT variations with the procedure of Fig. 12.
Each design parameter is limited to a fixed range of values,
and swept with a fixed resolution, as shown in Table I.

Fig. 13 compares the obtained phase noise FoM and power
consumption. Performance in nominal (light crosses) and after
verification in extreme conditions (bold circles) are shown, for
both the CSRO [Fig. 13(a)] and BBCO topologies [Fig. 13(b)].
The two fundamental limits P i, and FoMp,, are highlighted,
for both nominal and non-nominal cases. As can be observed,
ensuring functionality under extreme PVT conditions tends
to degrade these limits. This is linked to the discussion of
Section IV-B that showed that PVT variations forces the use
of mid-range nominal control values.

Several conclusions can be drawn from this comparison
made at 2.45 GHz. In terms of lowest achievable power, P nip,

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 69, NO. 5, MAY 2022

- .
3
£
154 c 1
§ &
£ &
156F NN 1
2 8
N T ©
T g 3
@ 8 8
S S ~
2'160_ TR 1
o 1= £
- s 5
162 = 2 1
w w
-1ear =219 yW 1
| min
66| (@) CSROs L »P ., =181uW ]
10° 10° 102
- | —N=3—N=11 = TT 25°C
-154F € | —N=5—N=13-6=PVT |1
fanli| ——N=7——N=
§ E | N=7—N=17
156 F — = 1
N N |
£ I
w 2 @i
Y158 @ Q1 1
8 T 8 P 0.66 W
N =066y
S.e0f 3 3 | min 1
2 < iT
(g 1] n 1 X X
c c |
162 E E \ 1
= = ‘(
5] 5] 2
|18 w
64 A AL 1
|
(b) BBCOs
-166 | i i 1
10° 10 102
P [pW]
Fig. 13.  Comparison of 2.45-GHz CSROs (a) and BBCOs (b) in terms

of phase noise FoM and power consumption, in nominal conditions and
under PVT variations. All these oscillators differ by the number of stages N
(different curve colors), the nominal supply voltage Vpp (different curves),
and the nominal control voltage FBN/BBN (different points of a curve).
Corresponding oscillation frequency is tuned to 2.45 GHz using the transistor
gate length L.

BBCOs can go as low as 0.66 ¢ W, while CSROs are limited
to 2.19 uW (1.81 u'W if considering nominal conditions only).
In other words, BBCOs outperform CSROs by a factor 3.31 x.
This is explained by the fact that BBCO can operate at a
lower supply voltage (down to 0.3 V), as they avoid the
stacking of transistors and benefit from a threshold voltage
reduction through their back-bias control. BBCOs also benefit
from the lower number of devices they are made of, which
limits the number of noise sources and parasitics. In terms
of best achievable power/phase noise trade-off, FoMpy;,, both
architectures are very close (within 1 dB), with values around
—164 dBc/Hz. Compared to its CSRO counterpart, the BBCO
topology exhibits a lower vertical spread in its FoM levels,
which seem thus less sensitive to the choice of nominal control
voltage. This can be explained by the lower frequency gain
of BBCOs, as previously discussed in Section IV-A and in
Appendix C. For both architectures, the fundamental limits
Pmin and FoMp,ip, are respectively achieved with the lowest
number of stages (N = 3) and at the highest supply voltage
(Vbp=1V).

An additional way to compare both architectures is illus-
trated in Fig. 14, where only the optimum VCROs with robust
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TABLE II

COMPARISON OF FUNDAMENTAL LIMITS FOR CSROS AND BBCOs
AT FOUR DIFFERENT TARGET OSCILLATION FREQUENCIES
AND VALIDATED UNDER EXTREME PVT VARIATIONS
(FF/SS PROCESS, £5% VOLTAGE VARIATION, AND
0°C/+55°C TEMPERATURE). CORRESPONDING DESIGN
PARAMETERS (N, Vpp, FBN/BBN, L) AND PHASE
NOISE LEVELS (£ AT AN OFFSET FREQUENCY Af
OF 100 MHZ) ARE ALSO PROVIDED

Pmin FOMmi“
fo | Metrics Units CSRO | BBCO | CSRO | BBCO
P W 0.14 0.08 8.86 14.24
FoM | dBc/Hz | -160.84 | -160.98 | -163.15 | -163.84
« | £(Aaf) | aBe/Hz | 11260 | -110.63 | -133.06 | -13583
E N _ 3 3 11 11
s | Voo v 0.40 030 0.95 0.90
o FBN v 0.29 - 0.79 -
BBN ; 1.00 . 1.90
L nm 32 55 261 493
P W 0.63 0.24 21.65 34.69
FoM | dBc/Hz | -160.80 | -161.86 | -163.69 | -164.45
« | L(AF) | dBc/Hz | -110.03 | -10689 | -12826 | -131.10
E N - 3 3 13 1
2 | Voo v 0.50 030 1.00 1.00
*® FBN v 0.38 - 0.80 -
BBN . 1.30 . 1.80
L nm 38 45 122 287
P W 2.19 0.66 22.51 28.23
FoM | dBc/Hz | -161.16 | -162.51 | -163.44 | -164.23
« | £(Af) | aBe/Hz | -10673 | -103.06 | -11921 | -120.94
= N - 3 3 5 3
w [ Vop v 055 030 1.00 1.00
~ [TFBN v 042 0.80 :
BBN ; 1.80 : 1.80
L nm 31 39 116 344
P W 6.52 141 35.93 59.15
FoM | dBc/Hz | -161.18 | -16241 | -162.84 | -163.69
£ [[Z(Af) | dBc/Hz | -10506 | -99.66 | -114.15 | -117.09
° N _ 3 3 5 5
o Vbb \% 0.65 0.30 1.00 1.00
FBN v 050 ; 0.77 -
BBN - 2.00 . 1.80
L nm 31 31 60 147

PVT operation are kept to obtain Pareto-optimal fronts. This
figure clearly shows the advantages of the BBCO topology
over its CSRO counterpart, as at a fixed power level it achieves
better FoM values, and at a fixed FoM level it consumes less
power.

D. Extension of the Comparison to Other Target Frequencies

Table II summarizes the results obtained at 2.45 GHz, and
extends them to 300-MHz, 868-MHz, and 5.18-GHz target
frequencies. The CSRO and BBCO topologies are compared
in terms of the values of P, and FoMp, they can achieve,
and their corresponding design parameters are also provided.
Fig. 15 graphically shows the evolution of the fundamental
limits with respect to frequency.

The conclusions previously drawn at 2.45 GHz hold both at
higher and lower frequencies. BBCOs reach significantly lower
P min values. The power reductions range from a factor 1.69 x
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1891
160+ 3.31x ~9-CSRO |
reduction —-©-BBCO
-161F
N
I -162F
()
M
k=)
3 -163f
e
-164
Theoretical FoM limit
L o ey e s e B A 1
100 10' 102
P [uw]
Fig. 14.  Comparison of FoM Pareto-optimal fronts as a function of the

power consumption for 2.45-GHz CSROs and BBCOs whose functionality is
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Fig. 15. Comparison of CSROs and BBCOs in terms of (a) P, and
(b) FoMpyin fundamental limits, while ensuring PVT robustness.

at 300 MHz to a factor 4.63x at 5.18 GHz with respect to
CSRO counterparts [Fig. 15(a)]. In addition, BBCOs achieve
slightly better FoMp;i, values than CSROs (still within 1 dB)
[Fig. 15(b)]. Back biasing is thus an efficient frequency tuning
knob and is well suited for ULP/ULV applications.
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V. CONCLUSION

In this paper, extensive simulation results supported by com-
pact analytical models are used to analyze and compare two
types of VCROs: conventional CSROs and FDSOI-enabled
BBCOs. At fixed oscillation frequency, oscillators can be char-
acterized by two fundamental limits: the minimum achievable
power P, and the best power/phase noise trade-off FoMpi,
they can intrinsically achieve. In this paper, we objectively
characterize these fundamental limits for CSROs and BBCOs
built in 28-nm FDSOI technology and oscillating at four
different target frequencies: 300 MHz, 868 MHz, 2.45 GHz,
and 5.18 GHz. The chosen frequency values are representative
of frequency synthesis for WiFi/Bluetooth/LPWAN wireless
communications and of clock generation for smartphone/IoT
processors. The impact of PVT variations on the VCROs
functionality is also taken into account.

Compared to the conventional current starving technique,
a VCRO frequency tuning based on back biasing offers
many advantages: in 28-nm FDSOI technology, BBCOs reach
1.69 to 4.63x lower Ppi, than their CSRO counterparts
and offer slightly better FoMp, values. These improvements
are related to the low degree of transistor stacking, yield-
ing a lower device count and therefore reduced associated
noise/parasitics, as well as to the threshold voltage reduction
induced by forward back biasing. These features help the
BBCO topology to operate at lower supply voltages, and
thus lower power. Therefore, back-bias control appears to
be an excellent tuning knob for VCROs targeting ULP/ULV
applications, such as wake-up radios [29], for instance.

Despite the discussed advantages, the use of back biasing in
VCROs also raises some design challenges. For instance, if a
symmetrical biasing is used as assumed here, BBCOs need a
negative control voltage B B P, whose range can go down to
—3 V. It is usually generated on-chip with charge pumps as
in [8] and [10], whose power overheads and impacts on the
phase noise performance of the BBCOs should be carefully
evaluated, in comparison to current mirrors typically needed
for CSROs. The lower frequency gain value obtained with
BBCOs is also an important design metric to take into account,
for instance in PLL design. Let us mention that asymmetrical
control strategies could be chosen, for both current-starved
and back-bias techniques. They may lead to different benefits
and disadvantages at the system level, that must be properly
assessed in future works.

APPENDIX
MATHEMATICAL DEVELOPMENTS

This appendix gathers the mathematical developments
needed to support analytically the simulation-based observa-
tions made in this work. Appendix A gives an analytical
expression for the FoM of an RO. Appendix B derives for-
mulas for the oscillation frequency as well as for the power
consumption of ROs. Appendix C compares the linearity and
the frequency gains of CSROs with respect to BBCOs.

A. Phase Noise FoM of an Inverter-Based RO

As the focus of this work is on the phase noise FoM, it is
useful to obtain its analytical expression for a single-ended
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inverter-based RO topology. The FoM definition of (7) can be
rewritten in linear scale, as done here:

B AFN\>( P
FoM = L(Af) (%) (W)

with L£(Af) the phase noise level being this time expressed
in linear scale. Neglecting the static and short circuit power
contributions, the RO power is purely dynamic and is defined
as:

Y

P=NC foVip=1 Vpp, (12)

where I designates the charge/discharge current of an inverting
stage. Only one stage transitions at a time.

In [16], the phase noise spectrum induced by the thermal
noise of an N-stage inverter-based RO supplied by Vpp is

expressed as:
2kpT 2 1 2
b [ A }(ﬁ) L (13)
I | Vop—"Vio Vpop]\Af

with kp the Boltzmann constant, 7' the temperature in Kelvin,
and Vjj,0 the zero-bias threshold voltage of the devices. The
y coefficient is equal to 2/3 for long-channel devices in satu-
ration and takes higher values for short-channel devices [21].
Equation (13) assumes matched currents, threshold voltages,
and an equal noise contribution between NMOS and PMOS
devices.

The phase noise spectrum induced by flicker noise of an
N-stage RO is also obtained in [16] and expressed as:

AN

Af)°
where Sl.1 I’ (f) denotes the flicker noise current power spectral
density (PSD). For long-channel devices in saturation, it is

obtained from the flicker noise PSD referred to the gate voltage
Sl}/f (f) as follows:

ﬁwn(Af) =

s (af)

Lyr(Af) = SN2 i

(14)

Ufeey - _kr 1
S0 = e (15)
STy = g2 S ()

L3 f°

The parameter s is a process-dependent constant [22], C,,,
is the gate-oxide capacitance per unit of area, W and L are
the devices dimensions, and u designates the devices mobility.
Note that in FDSOI technology, the flicker noise current PSD
also has a 1/ L3 dependence, as verified with simulations and
confirmed in [30]. The conclusions drawn at the end of this
section thus hold for FDSOI as well.

The phase noise induced by the flicker noise of an RO

becomes:
Uouxy (S5
3 A = — — —_— .
LurAN =957 T2 (Af3

Equation (17) assumes matched parameters and equal flicker
noise current PSDs between NMOS and PMOS devices.

a7)
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The total phase noise is naturally obtained by summation of
thermal and flicker noise contributions:

LIAS) = Lon(Af) + Li/r(AS). (18)

Combining Equations (11)-(13), (17), and (18) results in the
following final FoM expression in linear scale:

29V \% 1
FoM=2000kT (1+ﬂ)+250 SR
pp — Vino NL Af
Thermal Flicker
(19)

Assuming that Vpp — Vipo = Vpp/2 and y = 2/3 as
done in [22], the theoretical best achievable FoM value for a
single-ended RO is thus —165 dBc/Hz at room temperature
and in absence of flicker noise.

Different dependences with respect to the RO parameters
are observed for Equation (19), depending on the noise
contribution considered. At the first order, the thermal noise
contribution in (19) is independent of the number of stages
N, the gate length L, and the capacitance C seen at the
output of each stage, but increases when decreasing the supply
voltage Vpp. The flicker noise contribution of (19) is at the
first order independent of C, and decreases with L, Vpp,
or when increasing N. These analytical trends are compared to
simulation results in Section III-A and Section III-C. A good
agreement between analytical and simulation data is generally
observed, despite the first order nature of Equation (19).

B. Oscillation Frequency and Power of an Inverter-Based RO

This section obtains analytical expressions for the oscilla-
tion frequency and for the power consumption of inverter-
based ROs.

Assuming a perfect current matching between NMOS and
PMOS devices as well as a perfect capacitance matching
among the inverting stages, the oscillation frequency fy of
an N-stage RO supplied by Vpp can be expressed as in [16]:

1
fo= N Vpp C’
where C denotes the total capacitance seen at the output of
each inverting stage. In absence of explicit loading capacitor
at the output of each inverting stage, it is proportional to W,
L,and C),:

(20)

CxC, WL. (21)
The stages’ current / taken in strong inversion equals:
2
I =8 (Vop — Vino)
1 , W 2
= 3 G (Vop—Vag) . @)

Plugging (21)-(22) into (20) yields the following relation:

2
fo o (Voo — Vino)
0% TN Vpp L2

The corresponding power consumption P, already defined
in (12), becomes:

(23)

1 , W 2
P=- ,uC(,xI (Voo — Vino)~ Vob. (24)

2
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In Section III-C, several ROs are built with different num-
bers of stages N and supplied at different supply voltage values
Vpp. Their gate length L is tuned to make them all oscillate
at a fixed frequency of 2.45 GHz. Equations (23)-(24) can
explain the evolution of the corresponding power consumption
when varying N at fixed Vpp or vice versa. As the com-
parison is made at a fixed oscillation frequency fy, we have
from (23):

1
At fixed Vpp: L o« ——, (25)
VN

Vpp — V,
At fixed N: L o /22— Vin0) (26)

~Vbp

In these conditions, the power of (24) becomes

At fixed Vpp: P « VN, (27)
At fixed N: P o< Vo2 (Vpp — Vino).  (28)

These trends are in good agreement with the results of
figures 5 and 6 in Section III-C.

C. Frequency Gain and Linearity of VCROs

This section compares the frequency gain values and the
linearity of the transfer functions of BBCOs and CSROs.

The RO oscillation frequency definition was given in (23).
It is recalled here for convenience and adapted to the case of
VCROs:

1(x)
N Vpp C’
where x designates the VCRO control voltage used to tune
the oscillation frequency through the variation of the stages’
current /. In the context of this work, x thus corresponds to
FBN for a CSRO and to BBN for a BBCO. Assuming a
strong inversion regime, the current / has thus the following
form:

folx) = (29)

2
1(VGs, Ves) = B (Vos — Vino + 7 Vas) ™, (30)

where f regroups the devices’ dimensions, the mobility and
the gate-oxide capacitance per unit of area, y, is the body
factor parameter with typical values ranging from 70 to
85 mV/V in 22/28-nm FDSOI technology [11], [13], [17],
and Vs and Vpg respectively designate the transistors’ gate-
to-source and body-to-source voltages.

Applying a Taylor series expansion of the second order
to (29) around a nominal control voltage x, yields to:

Fo(x) & folxe) +ki(x — xi) + ko (x — x:)°.

The parameter k; is the VCRO frequency gain while k» is
the first non-linear term. Their values depends on the type of
control that is chosen, and thus on the VCRO topology.

After derivation of (29) with respect to x, the resulting
frequency gain expressions for a CSRO and a BBCO are
respectively given by:

€1V

2
ki,csro = Wic (FBN — Vino) (32)
2 yp
ki,pco = #Di, (Vop — Vinyo) - (33)
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As can be observed, there is at least a factor 1/y, ~ 13x
of frequency gain decrease for BBCOs compared to CSROs.
Similar developments were conducted in [17] and lead to the
same observation.

A similar comparison can be made with the non-linear term
k>, which is obtained after a double derivation of (29). For
CSROs and BBCOs respectively, it can be shown that:

kz,csro = ﬁ, (34)
2
vy B
k> Bpco = m~ (35)

The ratio of these two quantities is equal to 1/ yb2 ~ 169,
which means that, all other things being similar, BBCOs have
a more linear transfer function than their CSRO counterparts.

These analytical developments confirm the observations
made in Section IV-A from the results of figures 8 and 9. The
conclusions also hold if weak inversion is assumed for (30)
instead of strong inversion.
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