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Abstract— Ring oscillators (ROs) are popular due to their small
area, modest power, wide tuning range, and ease of scaling with
process technology. However, their use in many applications is
limited due to poor phase noise and jitter performance. Thermal
noise and flicker noise contribute jitter that decreases inversely
with oscillation frequency. This paper describes a frequencyboost technique to reduce jitter in ROs. We boost the internal
oscillation frequency and introduce a frequency divider following
the oscillator to maintain the desired output frequency. This
approach offers reduced jitter as well as the opportunity to
trade off output jitter with power for dynamic performance
management. The oscillator has 32 operating modes, corresponding to different values for the ring size and frequency division.
In a 0.5-µm CMOS process, the highest oscillation frequency
achieved is 25 MHz with a root-mean-square period jitter of 54 ps
and a power consumption of 817 µW at 5 V supply. A jitter
model for current-starved oscillators was derived and verified by
measurement; a direct relationship between oscillation frequency
and jitter was derived and measured. Compared with other
oscillators, this design achieves the highest performance in terms
of jitter per unit interval and figure-of-merit. The performance is
expected to improve in more advanced technologies. The results
are summarized to offer design guidance based on the frequencyboost technique.
Index Terms— 1/f noise, clock generation, frequency
divider (FD), jitter model, jitter reduction, ring oscillators (ROs),
thermal noise, timing jitter, voltage-controlled oscillators (VCOs).

I. I NTRODUCTION
OLTAGE-CONTROLLED oscillators (VCOs) are
fundamental building blocks for many VLSI systems
and are widely used in many timing applications [1]–[3].
Current-starved ring oscillators (ROs) are popular as they
offer a reasonable balance between area, power, and phase
noise, in addition to having the widest tuning range [4], [5].
In comparison with other popular VCO architectures, such as
the LC-tank oscillator, the compact design and easy integration
of ROs make them attractive, especially in monolithic
VLSI systems [6]. Furthermore, these benefits of ROs scale
with technology, making them even more attractive in
advanced technologies [7]. However, ROs are generally
considered to have poor phase noise and jitter performance that
adversely affect the system performance. This paper presents
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a jitter reduction technique to allow more VLSI systems to
utilize ROs, which in turn should provide better performance
for monolithic systems.
Most of the existing techniques to reduce jitter and phase
noise in ROs involve putting an RO in a phase-locked
loop (PLL) and relying on the PLL to correct and confine
timing and phase error. These techniques focus on minimizing
the RO-induced noise in the loop but not on reducing the
intrinsic noise. A slew rate balancing circuit equalizes the
rising and falling slew rate of the oscillator and, thus, improves
the symmetry of the output waveform, so that the up-converted
flicker (1/f) noise is minimized [6]. A dual control VCO and a
fourth-order PLL were used to stabilize VCO gain over process
variations and frequency shifts, which in turn maintained the
PLL bandwidth to improve jitter performance [8]. Similarly,
the dual control technique was used to minimize VCO gain
and maximize loop bandwidth to reduce jitter while maintaining a wide frequency range [9], [10]. However, use of a
PLL requires a reference signal, which may not be available
in all systems. There are other techniques that do not require
a PLL, but can potentially be incorporated into a PLL to
further improve jitter performance. One such method is a
phase-aligning technique that periodically realigns the output
to a clean reference, so that the jitter does not accumulate
over a long period [11]. Another approach maximizing the
output amplitude of the oscillator was found useful to improve
phase noise and suppress noise current [12]. A similar study
showed that fast rail-to-rail switching reduces phase noise [13].
Jitter can also be reduced by minimizing the number of active
devices so as to minimize noise sources [14]. Supply regulation is also important for ROs, because supply noise modulates
directly into ROs and induces timing error [9], [15], [16].
Design parameters can be optimized to reduce the intrinsic
noise-induced jitter by understanding their governing relationships [17]–[19].
This paper describes a novel frequency-boost technique to
reduce jitter in ROs. Following the last set of techniques
above, we have observed that both thermal noise and flicker
noise-induced jitters are inversely proportional to oscillation
frequency [18], [19]. The fundamental concept of this technique is that boosting the oscillation frequency achieves low
jitter in conjunction with a frequency divider (FD) that adjusts
the RO output to the desired output frequency. An oscillator
followed by an FD is widely used but rarely are they designed
as one unit and their overall performance reported. The FD has
to be carefully designed to add minimal jitter to ensure that
the overall jitter performance is better than that of a comparable non-frequency-boosted design. Expected performance
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has been confirmed using theoretical analysis [18], [19] and
verified with measurement results.
This paper is organized as follows. Section II explains
the theoretical basis of the frequency-boost technique and its
mechanism of jitter reduction as well as the effect of frequency
division on jitter. Section III describes the prototype circuit
and discusses frequency sensitivity in its bias generation.
Section IV presents the measurement results of frequency
sensitivity, jitter, power, and a power- and frequencynormalized jitter figure-of-merit (FOM). In Section V, we
discuss design guidance based on the measurement results and
the jitter model, how technology influences the performance
of current-starved ROs, and applications of this technique.
Section VI summarizes this paper. The derivations of
jitter and FOM for the current-starved RO are given in the
Appendix. The main contributions of this paper are the novel
frequency-boost jitter reduction technique, its theoretical and
experimental verification, an improved jitter model for the
current-starved RO, and the presentation of the direct relationship between oscillation frequency and jitter for ROs. For the
purposes of lowering jitter (or increasing FOM), this technique
can be applied to any oscillator whose dominant jitter variance
is inversely proportional to oscillation frequency (oscillation
frequency squared).
II. F REQUENCY-B OOST T ECHNIQUE
A. Jitter in ROs
We briefly summarize Abidi’s model [18] for jitter and
phase noise in ROs and introduce the theory underlying the
frequency-boost technique. The oscillation frequency f osc in
an RO can be estimated as [18], [20]
1
IINV
=
(1)
fosc =
2N · td
N · VSW · Ceff
where N is the number of inverter stages in the RO, td is
the mean delay for one stage, IINV is the controlled current
in inverters, VSW is the peak-to-peak swing amplitude in
the RO, and Ceff is the effective loading capacitance for each
inverter. This equation is valid under the assumption that the
swing is centered within the rails and that currents remain at
constant IINV during both charging and discharging. Assuming
that VSW and Ceff only depend weakly on IINV , IINV is
approximately linearly proportional to f osc .
For thermal noise-induced jitter, the timing delay
uncertainty in one inverter stage Jd,w is
 td
1
Jd,w =
i w (t)dt
(2)
IINV 0
where i w (t) is the thermal noise current. This integral can
be converted into a convolution of i w (t) and a rectangular
unit window of width td . The power spectral density (PSD)
of Jd,w can be found accordingly, then the variance of Jd,w
can be found using the Wiener–Khinchine theorem as
 ∞
td Siw ( f )
2
S Jd,w ( f )d f =
(3)
Jd,w =
2
2 IINV
0
where S Jd,w ( f ) and Siw ( f ) are the PSDs of Jd,w and i w (t),
respectively. The period jitter of the RO of Jw is the summation
of 2N independent Jd,w . The thermal noise current PSD of a

transistor is proportional to its transconductance gm , which
is proportional to the square root of the transistor current.
From this short derivation, the effect of frequency boost can be
summarized. First, increasing the oscillation frequency linearly
decreases the width of the integration window td as in (1).
Therefore, less noise is accumulated over a shorter integration
period as can be seen from (2). This is also reflected in (3).
Second, increasing the oscillation frequency (equivalent to
increasing current in the RO) increases the signal-to-noise
ratio of the current as can be seen from the term after the
second equal sign in (3), because the PSD of Siw ( f ) only has
a square root current dependence. The td term introduces an
inverse dependence, the Siw ( f ) term introduces a square root
dependence, and the IINV term introduces an inverse square
dependence on the oscillation frequency. As a result, the
variance of thermal noise-induced jitter is proportional to the
oscillation frequency to the −2.5th power. Phase noise can be
3 / f 2 [18].
inferred from jitter noise and f osc : L w ( f ) = Jw2 · f osc
Note that we have neglected jitter contribution from
kT/C thermal noise, where k is the Boltzmann constant, T
is the absolute temperature, and C is the node capacitance.
This term is inversely proportional to the oscillation frequency
squared and will later be shown to be negligible compared with
the thermal noise current.
Flicker noise-induced jitter is derived differently, because
an integral similar to (3) cannot be integrated analytically.
An alternative method is to find the frequency sensitivity to
noise sources, and then phase noise PSD of L f ( f ) from the
frequency sensitivity according to
ki2f
Lf(f) =
Si ( f )
(4)
4f2 f
where ki f ( f ) is the frequency sensitivity and is equal
to f osc /(2N IINV ) and Si f ( f ) is the PSD of flicker noise
current i f (t) in one inverter in the RO. The net phase
noise PSD is simply the summation of all individual phase
noise PSDs, because they are uncorrelated. Si f ( f ) is found
using an empirical flicker noise model and is linearly
proportional to current (equivalent to oscillation frequency).
The variance of flicker noise-induced period jitter J 2f is found
from the relationship of jitter and phase noise for flicker noise
suggested in [19] and [21]
f3
J 2f = 25L f ( f ) 4 .
(5)
f osc
The L f ( f ) term introduces a linear dependence and the
f osc term introduces an inverse quartic dependence on the
oscillation frequency. As a result, variance of flicker noiseinduced jitter is proportional to oscillation frequency to
the −3rd power.
In summary, the variances of period jitter due to
thermal noise Jw2 and flicker noise J 2f in a voltage-controlled
RO are derived from a jitter model for a simple inverter
RO as [18], [19]
ηw1
ηw2
Jw2 = 2.5 + 2
(6)
f osc
fosc
ηf
J 2f = 3 .
(7)
fosc
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Fig. 1. System diagram of the current-starved RO (top) and FD (bottom). Switches are introduced as shown to enable reconfigurability. Three sequential
inverters on the left sharpen the signal edge of the oscillator to ensure that the DB2 circuit works properly. A resampling DFF is used at the output to minimize
the jitter introduced by the FD.

These two equations are the simplified versions in order to
focus on the frequency dependence. For detailed derivations,
equations, and definitions of ηw1 , ηw2 , and η f , see the
Appendix. From (6) and (7), increasing f osc decreases jitter
when other design parameters are held fixed.
B. Jitter in FDs
When the oscillation frequency is boosted, an FD is required
to adjust the RO output to the desired output frequency.
However, this frequency division has a negative effect on
overall jitter performance. In order to estimate the period
jitter, we consider the period uncertainty for two adjacent
rising edges in the frequency signal. The effect of frequency
division is that instead of two adjacent rising edges, we
consider two rising edges that are farther away. If the
frequency is divided by A, we have to account for period jitters
over A cycles. Treating period jitter as a random variable,
this is equivalent to the summation of A independent and
identically distributed random variables. Therefore, if the jitter
2 , the jitter variance at the
variance at the oscillator output is Josc
2
2
FD output is Jout = A · Josc , which was observed in N-cycle
jitter measurements [21], [22].
C. Jitter in RO Plus FD
The effect of total jitter performance of the RO and the
FD after division by a factor of A is summarized as
ηf 1
ηw1 1
ηw2 1
2
+ 3 2
Jout
= 2.5 1.5 + 2
(8)
Fout A
Fout A
Fout A
where Fout is the desired output frequency and equals f osc /A.
It is clear that the higher the frequency division A (the
higher the oscillation frequency f osc ), the better the jitter
performance.
III. C IRCUIT D ESCRIPTION
The circuit consists of a current-starved VCO, followed by
an FD, as shown in Fig. 1. The oscillator structure is a singleended current-starved RO with nine stages of gated currentstarved inverters (GCSINVs), which can be reconfigured

Fig. 2.
(a) GCSINV has an nMOS to ground to enable this stage.
W /L indicates the width over length for the transistors. (b) Schematic of
the circuit that generates the bias voltage for the GCSINVs. The two dummy
transistors at the bottom with their gate connected to VDD are used to match
the gated inverters. The body of pMOSs is tied to VDD and nMOSs to ground.

to three, five, and seven stages. The FD has a cascade of seven
divide-by-2 (DB2) circuits. The output can be selected from
the oscillator or any of the DB2 circuits. The resulting output
frequency is the frequency of the oscillator divided by two to
the power of the number of DB2 stages, zero to seven.
A. Current-Starved Ring Oscillator
1) Gated Current-Starved Inverters: The RO consists of
nine stages of current-starved inverters. Each inverter has an
nMOS switch to ground at the bottom to turn it ON or OFF, as
shown in Fig. 2(a). Unused components are disabled to ensure
they do not consume power and contribute additional noise to
the rest of the circuit.
2) Bias Generation: In this design, we use a pMOS input
transistor for converting control input voltage to current [see
Fig. 2(b)]. A source-degeneration resistor is used to increase
the linearity of the input voltage to control current. pMOS has
the potential to achieve lower frequency sensitivity to power
supply voltage compared with nMOS. The converted current
is



1
2Vx
1
R
(9)
+
+
ICSI = Vx +
βp R
βp R
(β p R)2
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where Vx is defined as VDD − Vin − Vtp , Vtp is the threshold
voltage of the input pMOS, and β P is the transconductance
parameter of the input pMOS. Inserting (9) into (1), we obtain
the oscillation frequency. The frequency sensitivity to supply
voltage is defined as S p = (∂ f osc /∂ VDD )/ f osc and can be
expressed as



√ 
VSW β R2√ε + 1 − δ V X + β p1R + ε
p

SP =
(10)
√ 
VSW V X + β p1R + ε
where ε is defined as 2Vx /β p R + 1/(β p R)2 and δ is defined
as d VSW /d VDD . In (9), we have neglected the dependence
of Vtp on VDD due to body effect for simplicity.
For most cases, the oscillator switches rail to rail and
thus, VSW equals VDD . Following the method above, the
frequency sensitivity to supply voltage using an nMOS input
transistor SN is −1/VDD. Comparing the absolute values of
these two sensitivities, S P is lower than SN when Vin is less
than VDD /2−Vtp and absolute S p is the lowest when Vin is 0 V.
Thus, the frequency sensitivity can be reduced using a pMOS
as an input transistor. The frequency-boost technique benefits
from this reduced frequency sensitivity, because it tends to
make the oscillation frequency higher, which is equivalent to a
higher current and a lower Vin using a pMOS input. Therefore,
the oscillators will mostly operate in a low sensitivity region
using the frequency-boost technique. If jitter is found from
frequency sensitivity using the jitter derivation for flicker
noise, this lower frequency sensitivity to supply translates to
lower jitter due to supply noise. All the derivations above
assumed that Vin is a ground-referenced control. If a supplyreferenced control (Vin shifts with VDD ) is used, the frequency
sensitivities found for the two different input transistors are
opposite of that derived above.
B. Frequency Dividers
The DB2 circuit is a transmission gate-based D-flipflop (DFF) with its inverted output connected to its D input
and using CLK and Q as input and output, respectively. The
DFF has an nMOS switch to ground to enable it. The FD yields
the output frequency Fout = 2−M · f osc , where M is the number
of DB2 stages. At the end of the FD is a resynchronizing DFF.
It resamples the divided signal based on the oscillator signal
to minimize the jitter contribution of the divider [23].
C. Control Generator and Switching Circuit
The control generation circuit uses digital logic gates.
Control signals are generated based on two controls, N and M.
N has two bits and controls the number of stages used
in the RO; M has three bits and controls the number of
DB2 stages used in the FD. As a result, the circuit has a
total of 32 modes with the number of inverter stages and the
number of DB2 stages varying. The mapping between N, M,
and internal signals is listed in Tables I and II, respectively.
Switches are used to reconfigure the circuit based on the
control signal. The 7-1 switch has seven 1-1 switches, each
controlled by one bit of Sm . In combination with the power

TABLE I
C ONTROL G ENERATION FOR V OLTAGE -C ONTROLLED RO

TABLE II
C ONTROL G ENERATION FOR FD

Fig. 3.

Chip photomicrograph.

gating technique, this approach ensures that unnecessary
switching does not occur, and unused components do not
consume power.
IV. M EASUREMENT R ESULTS
The circuit was fabricated using a commercially available
0.5-μm 2P3M CMOS technology. The nominal operating
voltage is 5 V. A chip photo is shown in Fig. 3. The active area
is 0.15 mm2 . The jitter was measured as the difference between
the ideal transition time and the observed 50% transition time
using a Tektronix MSO4034B oscilloscope. The phase noise
was measured using an HP 4396B spectrum analyzer.
A. Frequency Versus Vin
We measured the output frequency as a function of Vin
for several modes at 5 V supply, as shown in Fig. 4. The
upper four traces are output frequencies measured from the
RO output without frequency division. The lower four traces
are output frequencies measured after seven DB2 stages, which
results in a division by 128. In general,the output frequency
is linearly proportional to Vin from 0 up to 3.2 V. After that,
it is no longer linear, because the nonlinear terms in (9) start
to dominate.
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Frequency sensitivity to V

Fig. 5.

Fig. 6. Jitter for selected modes as a function of output frequency. The mode
is represented by a combination of line style and markers.

Frequency sensitivity vs. Vin
40

DD

(% / V)

Fig. 4. Measurement results of the output frequency versus Vin with all
four values for N control and two values for M control.

5

30

20

N=3
N=5
N=7
N=9
TheoryP1
TheoryP2
TheoryN
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2

Observed frequency sensitivity compared with theoretical analysis.

B. Frequency Sensitivity to Supply Voltage
We measured output frequencies directly from the RO under
supply voltages of 4.5, 5, and 5.5 V. Fig. 5 shows the observed
frequency sensitivity to supply voltage as compared with
the expected values from (10). TheoryP1 was calculated by
assuming VSW equals VDD . TheoryP2 assumes VSW is less
than VDD by 0.5 V and δ is 1.1. TheoryN is calculated based on
the assumption of an nMOS input transistor. The overall measurement agrees with theory very well. For N = 3 and low Vin ,
the data match with TheoryP2 better; because under such
conditions, the oscillator has very high frequency and does
not swing rail to rail. As expected from (10), the lowest S p
is 3.5%, which was measured when N = 3 and Vin = 0 V.
Furthermore, S p < Sn when Vin < VDD /2 − Vtp ≈ 1.5 V.
However, a regulated supply [9], [15], [16] is still required for
systems with strict requirements for power supply noise.
The decreased oscillation amplitude would have a negative
effect on the phase noise due to decreased carrier power. This
happens when the ring size is small and current (proportional
to frequency) is high. This equivalent effect can be observed
from our jitter model, (A15) and (A16), which exhibits an
inverse relationship to VDD . However, using this design as a
specific example, the amplitude starts to decrease from VDD
(5 V) when Vin is less than 1.8 V and N = 3 (see curve
with blue circles in Fig. 5). When the current reaches the
highest (Vin = 0 V), the amplitude becomes 4.5 V (decreases

Fig. 7. Jitter for four modes showing theoretical model with fitted thermal
noise coefficients plotted alongside measured data.

10%) as predicted by TheoryP2. However, when Vin changes
from 1.8 to 0 V, the oscillation frequency increases by more
than two times and it allows a frequency division by at
least two. The overall effect is that the shrinkage of amplitude
is negligible.
C. Jitter
1) Measurement Results: We measured jitter in units of
picosecond at different output frequencies. A total of 99 data
points across 28 modes were collected. No data were collected
for modes (5, 6), (5, 7), (7, 6), and (7, 7) [modes are represented with the format of (N, M)]. Data for selected modes
are shown in Fig. 6 (data points represented by markers). Due
to the limitation of testing equipment, the lowest jitter points
(indicated by solid markers) experienced flooring as discussed
in supplemental information. Therefore, the circuit has the
potential to achieve even lower jitter performance. We did not
measure jitter at the highest frequency for some modes, so we
have extended the curve based on the slope of the data in
order to estimate the performance. All modes have a slope
between −1 and −1.5, which agrees with (6) and (7). The
average slope is −1.26, which indicates that the thermal noise
of transistors in the inverter (A12) dominates the jitter.
2) Model Verification: To verify the modified jitter model
in (A12)–(A14), we have plotted jitter for four modes
alongside their theoretical values in Fig. 7. The four modes
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Jitter (ps)
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1.5e2

600
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Jitter (ps)

5 MHz

Fig. 8. Power for selected modes as a function of output frequency. The mode
is represented by a combination of line style and markers.

are (3, 0), (5, 0), (7, 0), and (9, 0). These modes were
selected because the oscillator output goes directly to the
circuit output without frequency division, so we can eliminate
any uncertainty introduced by the FD.
We observe that the jitter is dominated by the thermal noise
of (A12), as suggested by the −1.26 slope in Fig. 6. The flicker
noise corner (defined as the output frequency where flicker
and thermal noise-induced jitters are equal) is ∼7 KHz with
SPICE process parameters [24] and L N = 1 μm, W N /L N = 1,
βC = 1, N = 9, βl = 3, and W N,CS /L N,CS = 5; so at lower
frequencies, we expect the 1/f noise of (A14) to be dominant.
We have also observed that this model underestimates the
jitter if we take the thermal noise coefficients, γ N and γ P ,
to be 2/3 (assuming the MOSFETs are in saturation).
This underestimation of thermal noise has been reported in
the literature and results from short-channel effects in the
MOSFET [25], [26] as well as excess noise effects [25], [27].
We additionally attribute this underestimation to a couple of
factors. First, we assumed that the conducting MOSFET in
the previous stage remains in saturation but it would be in the
linear region for some part of the transient. The thermal noise
coefficient for the linear region is 1 instead of 2/3. Second,
we have considered the GCSINVs as simple inverters in the
derivation, while we have also accounted for noise contributions from M1 to M4. However, M1, M4, and M5 contribute
resistance to the sources of M2 and M3, and previous work
has suggested that the source/drain resistance has a significant
effect on thermal noise and can enhance the thermal noise
by a factor of 3 [25]. In addition, we overestimate the gate
capacitance by assuming that the MOSFETs in the next stage
remain in the linear or cutoff region and neglect M1, M4,
and M5 in the GCSINVs. If M1 and M4 contribute capacitance to the sources of M2 and M3, respectively, this
reduces the effective capacitance. This leads to an overestimation of βC and, in turn, an underestimation of thermal
noise.
D. Power
Measured power consumption for selected modes as a
function of output frequency is shown in Fig. 8. For most

2e2

jitter
power

800
600

1e2

400
M= 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
N=
5
9
3
7
Mode

Fig. 9.

Power (µW)

400
1e3

Power (µW)

700

Power (µW)

200 KHz

1e4

Jitter (ps)

6

Jitter and power for three fixed output frequencies.

cases, the power increases as the output frequency increases.
This is due to increasing internal frequency, causing more
power consumption for most components. However, when the
internal frequency is so low that the switching is slow, the
inverters conduct short-circuit current during switching and
consume a large amount of power.
E. Jitter, Power, and FOM
1) Measurement Results for Fixed Output Frequencies:
We measured power and jitter for all modes at three fixed
output frequencies: 200 KHz, 1 MHz, and 5 MHz (see Fig. 9).
At each mode, we have adjusted the input voltage so the
output frequency matched the desired value. There are no
data points for a few modes because under those modes, the
circuit cannot reach the desired output frequency. Data points
on the same curve correspond to modes with the same N
(the same number of inverter stages) and, from left to right,
adjacent points represent different values of M starting from
zero. Therefore, the internal oscillator frequency increases by a
factor of 2 from the left to the next point, starting from the set
frequency. For most cases, the power increases as the number
of DB2 stages increases. However, when the internal frequency
is low, the inverters conduct short-circuit current. This phenomenon can be seen for the lowest number of DB2 stages
at 200 KHz; the power does not increase monotonically. These
results clearly demonstrate that the jitter can be reduced by
using the frequency-boost technique at the cost of power.
To further compare the overall performance of the oscillator
under different conditions, we used an FOM that is defined
as [10], [28]–[31]
FOM =

s 2 Hz W
·
·
J 2 Fout P

(11)

where J 2 is the root-mean-square (rms) jitter at the output
and P is the total power. FOM is usually in units of decibel,
and higher FOM represents better performance. The FOM is
shown in Fig. 10. In all cases, higher N and M are favored
with a preference for higher internal oscillation frequency over
larger rings, i.e., higher M is better than higher N. As seen
in Table VII, FOM is usually higher for (N, M + 1) than
(N + 2, M) in the reported implementation. This further
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Fig. 10.

FOM for three fixed output frequencies.

Fig. 11.

Jitter and power for fixed input voltage.

demonstrates that the frequency-boost technique not only
reduces jitter but improves overall performance of the RO.
2) Measurement Results for Fixed Vin : We measured the
jitter and power for N = 3 and M = 0–7 with Vin fixed. The
results are shown in Fig. 11. This experiment investigates how
the FD affects the overall performance, because the RO signal
should remain the same with N and Vin fixed. From the left
to the next point, M increases by 1, and the output frequency
decreases by a factor of 2. As the number of DB2 stages
increases, the jitter increases exponentially, because the
accumulation period increases as discussed in Section II
2 = A · J 2 while A = 2 M ). The period jitter theoretically
( Jout
osc
increases by a factor of 20.5M (1.41 M ), which agrees with
the factor of 1.54 M found from the data in Fig. 11 and one
other similar set of data with N = 9 (we discarded jitter
measurements that might have experienced flooring).
The resampling DFF consumes the most power
(Section III-B), and power is proportional to operating
frequency. This results in a huge increase in power at the
second mode, because the DFF is disabled in the first mode.
From modes M = 1 to M = 7, the power decreases, because
the operating frequency of the DFF decreases as the number
of DB2 stages increases.
3) FOM Measurement Results: A total of 99 data points
across 28 modes were collected. FOMs for selected modes as a
function of output frequencies are shown in Fig. 12. The same
trend was found as for the FOM at fixed output frequency:

7

Fig. 12. FOM for selected modes as a function of output frequency. The mode
is represented by a combination of line style and markers.

Fig. 13. Phase noise measured at two conditions. Traces are an average
of 16 measurements.

higher N and M are favored with a priority for M. Modes
with nine inverters outperform other modes until they reach
the maximum output frequency. From low-to-high frequency,
the best mode changes from M = 7 to M = 0.
F. Phase Noise
We have measured phase noise under two modes: (3, 0) at
25 MHz and (9, 2) at 1 MHz. The measurements are shown
in Fig. 13. Mode (3, 0) has a phase noise of −108.1 dBc/Hz
at 1-MHz offset; this corresponds to 31.5-ps rms jitter, assuming that the phase noise is dominated by thermal noise [18].
The measured rms jitter was 54 ps; but this measurement
experienced equipment flooring, and the predicted real jitter
as in the supplemental information was ∼30 ps, which agrees
with the phase noise converted jitter. Mode (9, 2) has a phase
noise of −112.6 dBc/Hz at 100-KHz offset. Its converted
jitter is 235.4 ps, which agrees with the jitter measurement
of 229 ps.
G. Performance Summary and Comparison
Performance of this design (at two operating conditions)
is compared with other reported works for timing signal
generation in Table III. The two reported performances
are under modes (3, 0) (25 MHz) and (9, 2) (1 MHz),
respectively. FOM defined in (11) is used for comparison.
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TABLE III
C OMPARISON OF R EPORTED W ORKS

Among these designs, the frequency-boost design achieves one
of the lowest jitter in unit interval (UI) as well as highest
FOM for the second condition. To further understand how
lowering supply voltage affects the performance, we measured
the performance of the frequency-boost design under a 3 V
supply. One operating condition [(N, M) = (3, 0) and Vin =
0 V] yielded an output frequency of 19 MHz. The power
consumption and jitter were 186 μW (62 μA) and 66 ps,
respectively, which corresponds to an FOM of 168.1 dB.

TABLE IV
D ESIGN S CENARIO FOR M INIMUM J ITTER

V. D ISCUSSION
A. Improvement of the New Jitter Model
The new jitter model (A15)–(A20) improves upon the
prior model (A1) and (A2). In the old model, the design
parameters cannot be varied arbitrarily; parameters IINV , L N ,
VDD , and f osc have a relationship similar to the currentstarved RO as in (A10), which introduces constraints among
these parameters. The new model introduces an approximation of effective loading capacitance for the inverters in
the RO and imposes this as a constraint to determine the
relationship among these parameters. Parameter ICSI is then
replaced with the other three parameters. Thus, the design
parameters in the new model can be varied arbitrarily unless
the corresponding ICSI is physically impossible to achieve.
This yields a more intuitive and straightforward model. As a
result, the model is a function of fosc , VDD , noise coefficients,
design geometry (N, W N , and L N ), and constants. The model
predicts jitter accurately over the entire operating range of the
circuit (Fig. 7).
B. Design Guidance for Current-Starved RO Design
The exploration of design space allows us to draw some
conclusions and offer design guidance for current-starved ROs.
Figs. 6 and 7 suggest that, to minimize jitter without power
constraints, higher values of N and M corresponding to more

inverter stages and DB2 stages (higher fosc ) are generally
better at a fixed output frequency. However, in that case,
the maximum output frequency is strictly limited. This is
consistent with the jitter model (A15)–(A20). The model
suggests that in order to minimize jitter at a fixed output
frequency, we need to have higher N, M, VDD , W N /L N ,
and L, but lower W N,CS /L N,CS (this noise source vanishes
when W N,CS /L N,CS = 0). Equation (A18) (the dominant jitter
contribution term) suggests that, as long as the desired output
frequency can be achieved, the circuit should be configured to
the highest N and M with a priority for M, given the stronger
dependence on M than N. Table IV summarizes the N and
M values that minimize jitter from measurements at different output frequencies. We also use (A18) to predict which
(N, M) combinations minimize jitter as a function of
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TABLE V

TABLE VII

D ESIGN G UIDANCE FOR M INIMUM J ITTER AT F IXED Fout

D ESIGN G UIDANCE FOR M AXIMUM FOM AT F IXED Fout

TABLE VI
D ESIGN S CENARIO FOR M AXIMUM FOM

FOM FOR D IFFERENT T ECHNOLOGIES

TABLE VIII

of the circuit being dominated by the FD, such that adding
an additional DB2 increases the power more than it decreases
the jitter.
frequency (labeled Theory in Table IV). The measured optimal
values were determined using linear regression in the log
domain to approximate the data for each mode (average slope
was used for modes with only one data point) at specific frequencies. The order matches the theoretical model. The model
also predicts some modes as optimal, which were not found in
the measurements; these modes are generally associated with
lower N or M values. We attribute this mismatch to not having
enough data points for some modes, so the regression models
used to determine the optimal modes are not precise. For
fixed output frequencies (Fig. 9), we summarize the tradeoffs
between N and M in Table V: to minimize jitter, bigger N
and M are better; increasing M by 1 is better than N by 2;
increasing N by 4 is better than M by 1; increasing M by 2
is better than N by 6.
When power is also an important design consideration, the
FOM is a more relevant performance metric. To maximize
FOM, more inverter stages are generally beneficial, but the
optimal number of DB2 stages will depend on the output
frequency, as shown in Fig. 12. The model suggests that in
order to maximize FOM at a fixed output frequency, we need
to increase N, M, and L while lowering VDD . This agrees
with the guidance for the number of inverter stages and the
number of DB2 stages suggested by our measurements. The
optimal N and M for maximum FOM from measurements at
different output frequencies are summarized in Table VI. The
optimal values were determined by using the second degree
polynomial regression in the log domain to approximate the
data for each mode and estimating the optimal mode at specific
frequencies. For FOMs at fixed output frequencies (Fig. 10),
we summarize the tradeoffs between N and M in Table VII.
In general, the design choices follow those suggested by
minimizing jitter. However, the priority for M decreases as
the output frequency increases. We attribute this to the power

C. Technology Dependence
Detailed derivation for the FOM of an RO may be found
in the Appendix. The power of auxiliary circuits, such as the
PLL or FD, was not considered. The three contributions to
FOM (A26)–(A28) and FOM (A25) are listed in Table VI.
The process parameters used here were from SPICE models
released by the foundry [24]. In the calculation, we assume
that both thermal and flicker noise coefficients are constant
across technologies.
To understand more precisely the effects of technology
scaling, variations in noise coefficients need to be considered.
Studies have demonstrated that thermal noise coefficients,
γ N and γ P , are relatively insensitive to technology [25], [36]
but increase for short channel devices [25]. However, the
coefficients increase by less than 2× from channel lengths
of 500 to 40 nm [25], by less than 1.5× from 240 to
100 nm [27], and less than 20% from 2 μm to 200 nm [37].
On the other hand, flicker noise coefficients, K f N and K f P ,
are insensitive to channel length but depend on technology.
However, they vary less than 50% across 0.35-, 0.25-,
and 0.18-μm technologies [36]. Noise scales linearly with
these noise coefficients, so they do not significantly change the
trend in Table VIII. Although the benefits of more advanced
technologies are modest in Table VIII, there is greater opportunity for frequency boosting and associated FOM improvement
due to higher transition frequencies. One additional DB2 stage
brings a 1.5- and 3-dB increase to FOMw1 and FOM f ,
respectively. Therefore, we believe that the frequency-boost
technique will offer additional benefits when implemented
in more advanced technologies. While the experimental
validation has been carried out with a relatively long channel
technology, the benefits are expected to be even greater when
this technique is used in smaller feature size technologies.
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D. Applications of Frequency-Boost Technique
The frequency-boost technique generally applies to standalone ROs or ROs incorporated into PLLs. However, when
incorporated into a PLL, special attention should be paid to the
overall PLL stability performance, because frequency division
is equivalent to scaling the VCO gain; loop characteristics
should be adjusted accordingly to optimize stability. For the
purposes of lowering thermal and flicker noise-induced jitter
in standalone ROs, this technique is valid for ROs meeting
these two conditions: 1) maximum oscillation frequency is
higher than the targeted output frequency, so there is room to
allow frequency division and 2) the dominant jitter variance
is inversely proportional to the oscillation frequency raised
to a power greater than one. The benefit of this technique
is greater if the frequency dependence is stronger. For the
purpose of achieving better FOM, the first condition still holds
while the second condition becomes stricter. The dominant
jitter variance should be inversely proportional to the oscillation frequency raised to a power greater than two under
the assumption that power scales linearly with oscillation
frequency.
This technique also presents an opportunity to tradeoff
between power and jitter performance. It can be potentially used for dynamic clock scaling in dynamic system
management to achieve modest jitter with low power and
high efficiency, or lower jitter with increased power and
reduced efficiency, in analogy to dynamic voltage frequency
scaling (DVFS) in VLSI systems [38]. DVFS adjusts supply
voltage and operating frequency to tradeoff performance and
power while this design can potentially adjust clock quality
to tradeoff performance and power; when the system requirements are relaxed, a lower quality clock can be used to save
power and vice versa.
VI. C ONCLUSION
We have presented a frequency-boost technique to reduce
jitter. The frequency and current in the ROs are intrinsically
proportional, so we could, alternatively, name it a currentboost technique. However, it is more intuitive to understand
this technique from a frequency perspective, since the FD was
intended for achieving higher internal oscillation frequencies.
While this technique has been developed and demonstrated
here for an RO, it can apply to any oscillator whose jitter
variance is inversely proportional to the oscillation frequency
raised to a power greater than one and two for the purposes
of decreasing jitter and increasing FOM, respectively. The
reported design consists of a current-starved RO, followed
by an FD with reconfigurability for 32 operating modes. A
modification to the conventional bias generation was made to
improve frequency sensitivity to supply voltage; analysis was
also provided. We further derive and verify new models for
jitter and FOM. Jitter reduction was verified by measurement
results for a chip fabricated in a 0.5-μm CMOS process. Compared with other reported timing signal generators, this design
achieved the lowest jitter as quantified by unit interval and
the highest FOM. The performance advantages are expected
to readily extend to more advanced technologies.

A PPENDIX
The thermal and flicker noise-induced jitter variances in an
RO consisting of simple inverters are, respectively [18], [19]
Jw2 =
J 2f =

2k B T
IINV · fosc

1
1
(γ N + γ P ) +
VDD − Vt
VDD
μN K f N

25
8N I INV ·

L 2N

2
fosc

+

μP K f P

(A1)
(A2)

L 2P

where k B is Boltzmann’s constant, T is the absolute temperature, IINV is the current of the inverters, and Vt is the
threshold voltage of MOSFET (assuming Vt is the same
for nMOS and pMOS). Parameters γ N , μ N , K f N , and L N
are thermal noise coefficient, carrier mobility, flicker noise
coefficient, and channel length for nMOS, respectively; γ P ,
μ P , K f P , and L P are for pMOS. γ N and γ P depend on
the operation region and are generally taken to be 2/3 for
saturation region and 1 for linear region. K f N and K f P are
empirically chosen to be 10−24 [18]. For an RO consisting of
current-starved inverters, the jitter model has to be modified.
The transconductance gm is different for the two types of ROs.
For simple inverters gm = 2IINV /(VDD − Vt ), whereas for
current-starved inverters, gm = (2β N ICSI )0.5 , where β N is
the transconductance parameter of an nMOS transistor M2
(see Fig. 2) and ICSI is the average current-starved inverter
current (the same for charging and discharging). The other
difference is that we included the noise contributions from
M1 to M4 (but ignored M5 for simplicity), and still assume
that noise from all transistors is uncorrelated. These modifications do not change the shape of noise PSDs or the
frequency sensitivity used in the derivations for flicker noise.
Furthermore, the assumption of wide-sense stationary process
for thermal noise still holds. Therefore, the derivations used
in Abidi’s model are still valid. The resulting PSDs of thermal
noise current and flicker noise current in the nMOS transistors
are, respectively
Siw,N ( f ) = 4k B T γ N 2ICSI ( β N +
Si f,N ( f ) =

2ICSI μ N k f N
f

L 2N

1+

β N,CS )

1
β L2

(A3)
(A4)

where subscript CS stands for current-starved transistors and
β L = L N,CS /L N . PSDs for the pMOSs (charging phase) can
be found using the same method. The resulting jitter variances
are
√
β N + β N,CS
2k B T
1
2
(A5)
(γ N +γ P ) +
Jw =
√
ICSI · fosc
VDD
2ICSI
J 2f =

25
8N I INV ·

2
f osc

1+

1
β L2

μP K f P
μN K f N
+
2
LN
L 2P

.
(A6)

In the derivation, we have assumed equal transconductance parameters for both types of corresponding MOSFETs
(β N = β P and β N,CS = β P,CS ), which is reasonable, because
most designs would impose this condition by adjusting the
device sizes in order to make the threshold voltage of the
RO equal to VDD /2 and minimize phase noise.
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Next, we replace ICSI with other design parameters, so that
the frequency dependence in the jitter model can be isolated.
According to (1), the effective capacitance is
Ceff =

ICSI
VDD · N · f osc

(A7)

assuming VSW = VDD . On the other hand, assuming the effective capacitance is mainly contributed by the gate capacitance
that

(W P L P + W N L N )
Ceff = βC Cox

(A8)

where βC depends on the operating region of the MOSFETs of
 is oxide capacitance per area, and W is the chaninterest, Cox
P
nel width for pMOS. Here, we have considered the GCSINV
as a simple inverter with only M2 and M3 (see Fig. 2).
The previous stage contributes no capacitance, assuming the
conducting MOSFET is in saturation and the complementary
MOSFET is OFF. Then, the effective capacitance only depends
on the next stage; βC is 1 for MOSFETs in a linear and cutoff
region and is 2/3 for a saturation region [39]. In this paper,
we have treated βC as a constant, assuming the operation does
not vary dramatically across ROs. Furthermore, we assume
L P = L N and due to the matched transconductance parameters, (W N /L N )/(W P /L P ) = k p /kn , where k p and kn are
process transconductance for pMOS and nMOS, respectively.
Equation (A8) then becomes

L 2N η
Ceff = βC Cox

where β1 , β2 , and β3 are the parameters that do not vary with
technology and can be expressed as


−1.5
√
WN
W N,CS
−1 −1.5 W N
+
β1 = 2k B T εox βC
LN
LN
L N,CS
−2.5
× N −1.5 2−1.5M Fout

where η =
+ 1 and
W N /L N , which is also
the same for all ROs.
a constant assuming that
From (A7) and (A9), we have obtained

ICSI = βC Cox
L 2N ηVDD N fosc .

β3 =

25 −1 −1
ε β
8 ox C

(A12)
(A13)

2 is jitter contributed by thermal noise current from
where Jw1
2 is jitter contributed by KTC thermal
the transistors and Jw2
noise. Substituting (A10) into (A6), we have

ηw1 =

J 2f =

1
β L2

(A14)

If we consider the effects of FD, as discussed in Section II
(with A = 2 M ) and replace variables with fundamental process
parameters and design parameters, we have
2
Jw1

=

−1.5 0.5
β1 VDD
μN

−2
2
Jw2
= β2 VDD

J 2f

= β3

μN
+1
μP

μN
+1
μP

μN
+1
μP

−1

−1

−1.5

+ γP )

tox L −2
N

tox L −4
N (μ N K f N

(A15)
(A16)

+ μP K f P )

(A17)

1
β L2

(A19)

−3
.
N −2 2−2M Fout

−1.5

N −1.5 · · ·

μN
+1
μP

−1.5 0.5
μN
2−1.5M VDD

−1.5

tox L −3
N (γ N + γ P )
(A21)

−2
×N −1 2−M VDD

ηf =

WN
LN

25 −1 −1
ε β
8 ox C
μN
+1
μP

−1

−1

WN
LN

−1 −1
βC
ηw2 = 2k B T εox

μN
+1
μP
−1

1+

−1

tox L −2
N

1
β L2

(A22)

N −2 2−2M · · ·

tox L −4
N (μ N K f N + μ P K f P ).

(A23)

To investigate how technology affects the overall performance
of the oscillator, we derive the theoretical FOM, as defined
in (11). Here, we assumed that the total power consumption
is dominated by the RO. RO power is taken to be 2 · ICSI · VDD
(where 2 accounts for the current bias generation and RO),
and, thus
FOM = 

Jw2

+

J 2f



1
.
· Fout · ICSI · VDD

(A24)

Substituting (A10), (A11), and (A15)–(A20) into (A24),
we have
−1
1
1
1
+
+
FOMw1
FOMw2
FOM f

μ
n
−0.5 −0.5
= β4 VDD
μn
+ 1L N (γ N + γ P )−1
μp
= β5

FOM =
FOMw1

tox L −3
N (γ N

1+

√
−1 −1.5 W N
2k B T εox
βC
LN


WN
W N,CS
×
+
LN
L N,CS




μN K f N + μ P K f P


.
3 N 2 L 4 β  C  ηV
8 f osc
DD
N
C ox

25 1 +

−1

WN
LN

−2
N −1 2−M Fout

The coefficients in the simplified jitter (6) and (7) are

Then, substituting (A10) into (A5), we have
(A11)

(A18)
−1

(A20)

(A10)

2
2
Jw2 = Jw1
+ Jw2
√
√
2k B T ( β N + β N,CS )(γ N + γ P )
2
Jw1 =

1.5
2.5 β  C  L 2 ηV
f osc
DD N
C ox N

−1
2
−2  
2
βC Cox L 2N ηVDD
= 2k B T f osc
N
Jw2

WN
LN

−1 −1
β2 = 2k B T εox
βC

(A9)

βC is βC ·
W N /L N is

kn /k p

11

FOMw2

−2 2
FOM f = β6 VDD
L N (μn K f N + μ p K f P )−1

(A25)
(A26)
(A27)
(A28)

where FOMw1 and FOMw2 are contributed by thermal noise,
FOM f is contributed by flicker noise, and β4 , β5 , and β6
are parameters that do not vary with technology and can be
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expressed as



β4 =

−1
2−1.5 k −1
B T

×
β5 =
β6 =

√ √ M
N 2

−1
2−2 k −1
B T

1
4
1+ 2
25
βL

βC

WN
LN

Fout


WN
+
LN

W N,CS
L N,CS

−1

(A29)
(A30)

−1

N2 M Fout .

(A31)
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