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Abstract—A programmable phase-locked-loop (PLL)-based
frequency synthesizer, capable of automatically adjusting the
nominal center frequency of the voltage-controlled oscillator
(VCO) to an optimum value is described. In fully integrated
PLLs, the VCO output frequency should be tunable over a wide
range of frequencies, covering the desired range of the synthesizer
output frequencies, for all processing variations and operating
conditions. A wide tuning range realized by making the VCO gain

large has the unwanted effect of increasing the phase noise at
the output of the VCO, and hence the PLL as well. In this work,
the wide tuning range is realized by digital control, with process
variability managed through self-calibration. The PLL is only
required to pull the oscillator output frequency to account for the
digital quantization, temperature variations, and some margin.
This allows the to be small, with better noise performance
resulting. The prototype self-calibrating frequency synthesizer,
capable of operating from 80 MHz to 1 GHz, demonstrates a
measured absolute jitter of 20-ps rms at 480-MHz operating
frequency. The prototype IC is fabricated in a 0.35- m 3-V digital
CMOS process.

Index Terms—Frequency synthesizer, low jitter, phase-locked
loop.

I. INTRODUCTION

T HIS PAPER describes a self-calibration concept applied
to an integrated frequency synthesizer. As in most other

ICs that are mixed-signal in nature, integrated frequency syn-
thesizers operate over a wide range of process and temperature
variations, as well as a large range of input and output condi-
tions. Often, one accepts a degraded noise performance, in ex-
change for ensuring operation over a larger range of operating
conditions. The self-calibration concept allows for designing
low-noise frequency synthesizers, while not compromising the
frequency range over which the synthesizer can operate.

This concept is best understood when seen from the viewpoint
of how noise is generated, accumulated, and filtered within a
phase-locked loop (PLL). While it is common knowledge that
a typical PLL acts as a low-pass filter for noise present on the
input clock, it is less well articulated that a PLL is a high-pass
filter for noise generated within the oscillator. Reviewing some
basic theory allows an understanding of how the self-calibration
concept can result in lower noise in frequency synthesizers. This
is presented in Section II of this paper.

For noise, the most sensitive block in a frequency synthesizer
is the oscillator, typically in the form of a voltage-controlled
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oscillator (VCO). The output frequency of an oscillator must
typically cover a wide range of frequencies for a limited range
of input control voltage, implying a high gain. In Section III,
we introduce a digitally programmable VCO which allows us
to cover a very wide range of output frequencies, while simulta-
neously keeping a very low control voltage to output frequency
gain (oscillator gain).

The digital word required by our VCO is generated by the
PLL during a self-calibration cycle. By running a digital al-
gorithm, described in Section IV, as part of the standard fre-
quency and phase-lock acquisition process, the output free-run-
ning center frequency of the oscillator can be adjusted to be very
close to the desired PLL output frequency. This minimizes the
frequency pulling required of the feedback loop, allowing for a
very low input voltage to output frequency gain. The oscillator
pull-range has to be adequate to cover the frequency quantiza-
tion in the digitally controlled VCO, as well as the frequency
variation of the oscillator with temperature and power-supply
voltage. However, all process variations are compensated for by
the self-calibration technique.

Section V of this paper presents the measurements of our pro-
totype IC, at several operating frequencies, and in Section VI we
offer some conclusions about the self-calibrating concept as ap-
plied to PLLs and frequency synthesizers.

II. NOISE TRANSFERFUNCTIONS IN PLLS

A. Classical Analysis of a Closed-Loop PLL

The following sections review the classical frequency domain
analysis of noise transfer functions in PLLs. This fundamental
material is included for review in order to demonstrate how the
self-calibration concept can be used to design lower noise PLLs.
In the following discussions, we will refer to Fig. 1.

As shown in the figure, four distinct transfer functions may be
developed, the first being the input-to-output jitter transfer func-
tion and the remaining three corresponding to the intermediate
nodes where input noise sources may be modeled. While it is
certainly possible to combine noise sources into equivalents, as
in [8], we chose to consider three noise inputs to better illustrate
the noise-related benefits of the self-calibration concept. In ad-
dition, to keep the mathematics simple, we neglect the parasitic
capacitance shunting the loop filter to ground, and the parasitic
pole(s) found in the VCO.

The closed-loop transfer function of Fig. 1 can be found as

(1)
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Fig. 1. Small-signal analysis block diagram.

Fig. 2. Classical frequency-domain PLL noise analysis.

where loop-filter transfer function and combined effective
phase-detector gain are

and and

consistent with a seriesRC loop filter used in a typical
charge-pump PLL [5] with charge-pump current ( is a
constant for a given system).

This can be compared to the classical two-pole system
transfer function

(2)

where the accounts for the desired frequency multiplication
and and . This is
shown graphically in Fig. 2(a) for a slightly overdamped system
( with two closely separated real poles). For an over-
damped system, the3-dB bandwidth, , is ap-
proximately the second pole of the transfer function .

B. Transfer Functions for Various Equivalent Noise Sources

The transfer functions from various input nodes shown in
Fig. 1 may be derived to yield

(3)

(4)

(5)

These transfer functions are plotted for closely separated poles
in Fig. 2(b)–(d). (Note please, the plots incorporate a third pole
within the PLL, commonly associated with the loop-filter ripple
bypass capacitor.)

It is reasonable to assume that the equivalent noise sources at
the loop filter voltage and the charge pump current
are white and Gaussian. Practical causes of these noises sources
might include the thermal noise in the current which is sampled
to the output of the charge pump, as well as the thermal noise
of the loop filter resistor. Also, any thermal noise sources in the
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circuitry used to bias the ring oscillator can be scaled back to
an equivalent noise voltage at the input to the oscillator. Also,
equivalent to the noise source , noise sourced at the VCO
output has power spectrum1 proportional to . The
assumptions employed here particularly ignore the noise
that is often a significant source of noise in CMOS PLLs. Each
of these noise sources are then scaled by their respective transfer
functions (magnitude squared), when referred to the output as
power spectral density of the phase noise resulting from each
particular noise source.

C. Discussion

When the noise power spectral density is multiplied by the
power gain and integrated over frequency, we obtain the power
of the output jitter. If we assume that bothand are white
Gaussian noise and the VCO phase noise , the
power of the output phase noise due to, , and is given
by

(6)

(7)

(8)

where , , and are only dimensionless functions of.
One of the most well-known techniques to reduce the PLL

output phase noise is to increase the loop bandwidthby in-
creasing the value of . It can be seen from (6) to (8) that when

and are increased by the same factor, the phase noise
transferred from , , and is reduced. As seen from (1),
the jitter present at the input clock is low-pass filtered. This indi-
cates that more phase noise from the input clock will transfer to
the output with larger loop bandwidth. Fortunately, however, it
does not cause a problem when the input is a clean clock source
with negligible phase noise.

On the other hand, the3-dB loop bandwidth cannot be in-
creased indefinitely. The maximum loop bandwidth is restricted
by the update rate of the phase detector. In general, it has ap-
proximately to be less than of the phase detector update
rate to avoid instability. The loop bandwidth has to be further
limited when there is significant phase noise in the input clock
that needs to be attenuated. In that case, an optimal loop band-
width is desirable to minimize the total output phase noise. Once
the 3-dB loop bandwidth is fixed in the design, any increase
in has to be balanced with a reduction in .

Reducing makes the VCO less sensitive to the noise at
the control port. However, it may not affect the amount of noise

1More detailed discussions elsewhere [2], [3] show that the output-referred
phase noise� (s) is Lorentzian.

Fig. 3. Digitally programmable VCO.

generated within the oscillator, nor does it necessarily improve
the power supply and substrate noise rejection internal to the
VCO. Therefore, a low-noise oscillator with good power supply
and substrate noise rejection is a prerequisite to low-noise PLL
design. Commonly, voltage regulators and separate supply rails
with off-chip filtering are used, and such considerations are be-
yond the scope of this paper. In the designs where a large fre-
quency tuning range is required for the PLL, the VCO has to
operate with a wide range of bias current. In general, a low bias
current causes degradation of the oscillator phase noise perfor-
mance. This makes the optimal design of the PLL loop parame-
ters more crucial. In our design, the PLL loop bandwidth is max-
imized for all operating frequencies. Hence, the phase noise due
to sources internal of the PLL is reduced to the largest extent.

Finally, it should be noted that reducing in combination
with increasing loop filter component (keeping constant
bandwidth) will also reduce the phase modulation of any
systematic ripple present on the loop filter voltage due to
sources such as power supply noise. However, the phase
modulation from the ripple in the loop filter voltage caused
by static phase offset [8] is not affected by this and
combination for constant bandwidth. This assumes that the
dominant causes of static phase offset can be modeled as a
leakage current at the output of the charge pump. Well-designed
phase/frequency detectors introduce little static phase offset,
and for a well-designed charge pump, the up and down currents
match extremely well compared to displacement currents
resulting from charging and discharging the parasitic and gate
capacitances as the up and down currents are turned on and off.
These displacement currents deliver a fixed amount of charge
per cycle of the reference clock to the loop filter, and may
be modeled as a leakage current. Thus, only increasing,
combined with lowering for constant loop bandwidth, will
reduce the phase modulation resulting from static phase offset.

III. D ESIGN OFOSCILLATOR AND PLL

This section describes a CMOS ring oscillator which has a
large frequency range and generates very little phase noise. It
also describes in general terms the rest of the components com-
prising the PLL core.

A. Oscillator Design

The VCO is made up of a voltage-to-current converter (V–I),
current multiplier (IX), and current-controlled oscillator (ICO),
asshown inFig.3.TheVCOs-bitprogrammability iscontained
within the current multiplier, which equivalently operates as a
weighted current mirror, and as a pedestal current (dc) within the
V–I converter. The programmability may be distributed over all
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Fig. 4. 2 operating modes of VCO.

three blocks, and extending the programmability to the ICO may
be considered, especially if an inherently smaller tuning-range
structure is used for the oscillator, as in [11]. Previous efforts [1],
[10] used either a fixed control word or a dual-loop structure to
achieve similarly programmable ring oscillators at much lower
frequencies. Our structure requires no externally provided con-
trol word, and we tune the VCO directly to avoid the interference
resulting from a second oscillator running at a slightly offset fre-
quency from the desired one, as in [10].

The VCO as a whole can simply be viewed as a block which
has operating modes. This is illustrated in Fig. 4. Depending
on the process variation and desired operating frequency, one of
the operating modes may be chosen by the-bit digital con-
trol. When an appropriate operating mode is selected for the
normal operation, the net result is the input control voltage to
output frequency transfer function small enough for low sensi-
tivity to noise, and large enough to compensate for temperature
and power supply variations that are relatively small in com-
parison to process variation, as well as the quantization error
between adjacent modes.

Note that the transfer function need not be linear nor mono-
tonic. As long as the magnitude of the frequency steps controlled
by the -bits are relatively small in comparison to the continu-
ously tunable range of frequencies from the loop-filter control
voltage, the calibration algorithm, described in the following
section, will find the desired operating mode, and the oscillator
will have enough pull-range to acquire phase lock. Shown in
Fig. 5 is the measured transfer function of the overall VCO with
the input of theV–I converter set to mid-level yielding the os-
cillator center frequency for that trim setting. Observe that the
resulting output frequency of the VCO with respect to the-bit
( in this implementation) control word is neither linear
nor monotonic. The available set of discrete frequencies are suf-
ficient for our needs and intended by design.

In our implementation, a wide-frequency-range ICO is used
[7]. This was chosen because of some nice tunability and sensi-
tivity behaviors of the ICO. Shown in Fig. 6 are the details of the
circuit. As described in [7], the diode-tied MOSFET in parallel
with the current source provides a nice symmetrical load for the
differential pair devices in the delay cells. This symmetric load
maintains a relatively steady signal swing that has reduced sen-

Fig. 5. Measured VCO frequency versusL-bit control (input to VCO at
nominal/mid-level).

sitivity to process and temperature variations and a wide range
of operating frequencies.

B. PLL Core

As seen in the block diagram in Fig. 9, we have implemented a
conventional charge-pump PLL in a frequency synthesizer con-
figuration. The input divider is 3 bits, the feedback divider is
8 bits, and there is a prescalar (not shown). Synchronous
custom dividers were implemented using a polycell approach
to minimize noise contributions which are described in [4]. The
phase-frequency detector (PFD) is a conventional type-IV, with
a keep-alive circuit [9] to linearize the response in the dead zone.

The schematic of the charge pump is shown in Fig. 7. Cur-
rent sources and are switched in response to the
output of the PFD. Transistors M1 and M2 are cascode devices
to minimize any feed-through on to the loop filter. The output
voltage can swing to about 2 from either supply rail. This
large swing helps again to reduce the of the oscillator.

A single-ended on-chip loop filter is used to avoid noise cou-
pling inherent in bringing the loop filter voltage off-chip, and to
eliminate the need for any components external to our macro-
cell.

In order to reduce the sensitivity of the loop gain to resistance
variations, theV–I converter is implemented incorporating a re-
sistor that is matched to the resistor that is used in the loop filter
[6]. The schematic is shown in Fig. 8. The n-channel differen-
tial pair (M1–M2) has a linear range for voltages ranging from

to . Similarly, the p-channel pair (M3–M4) has
a range that includes ground. One side of each of the differ-
ential pairs is connected to a reference voltage which is
typically equal to half the supply voltage. The other transistor’s
gate is connected to or the loop filter voltage , based
on the output of the comparator. For example, if is larger
than , then is connected to M1, and both the tran-
sistors in the p-channel pair are connected to . Thus the
n-channel pair provides a current proportional to while
the p-channel pair puts out a constant current. The roles of the
p- and n-channel pairs reverse for less than . The



WILSON et al.: CMOS SELF-CALIBRATING FREQUENCY SYNTHESIZER 1441

Fig. 6. Current-controlled oscillator.

Fig. 7. Charge pump.

current from the two pairs are finally added and applied to the
ICO. Any mismatch or offset in the pairs can cause a disconti-
nuity in the transfer characteristic. This could result in excessive
jitter. Therefore, a small amount of hysteresis is introduced into
the comparator. This will insure that the output current is a con-
tinuous function of the voltage for a sufficient region around any
lock-in voltage on the loop filter.

IV. SELF-CALIBRATION ALGORITHM AND IMPLEMENTATION

As described, Fig. 9 shows the block diagram of the
charge-pump PLL. This figure contains an extra set of blocks
in parallel starting from the input of the PFD. The output of this
upper parallel path is an-bit word controlling the VCO. The
lower path is just a portion of the ordinary PLL with additional
switches SW1 and SW2. As described in the figure, the only
programmable block is the VCO. The switches SW1 and SW2
are used to break the normal operating loop of the PLL when
calibration takes place.

At power-up, a power-up detect circuit (not shown) will send
a reset/calibrate signal to this PLL block. The upper parallel
path only responds to this signal and starts the calibration with

-bits initialized to zero, and stops when optimum setting (of

the -bit word) is reached. If self-calibration is to be repeated
after the IC is powered up, if for example, the values of the
dividers and are changed, then the reset/calibrate signal
is also asserted. During calibration, SW2 is closed and SW1 is
opened in order to place a fixed reference voltage (mid-level)
to the input of the VCO. According to the-bit control to the
VCO, the open-loop VCO will produce a free-running center
frequency at the output, and corresponding divided frequency
at node V at the output of the feedback divider (by). Given
a desired input reference frequency and the input divider (by

), the frequency at node R reflects what we would like the
frequency at node V to match. By stepping through the values
of -bit control word to the VCO, and measuring whether the
frequency at node V is greater or less than frequency at node R,
a desired optimum operating mode of the VCO may be selected.

In this prototype IC, the upper calibration path is simply a set
of two counters put to a race side by side. If the node R counts
faster and finishes the race before the node V, the-bit control is
incremented to speed up the VCO. Naturally, the counter length
determines the limited accuracy of the frequency comparison.
The initial phase offset between R and V will have a minimal
influence on the accuracy of the comparison provided that the
length of the counters is long enough. Once the node V wins the
race, the -bits are frozen for the normal operation of the PLL
and the calibration circuit is disabled until the reset/calibrate is
reactivated by power-up or the alternate single-bit digital con-
trol. The complete self-calibration algorithm is illustrated in the
flowchart of Fig. 10.

A modified version of the algorithm also exists. The same
counters for R and V are used. However, once the node V wins
the race, a comparison will be made between the VCO center
frequency with the current control word setting and the previous
setting. A decision will be made so that the center frequency
closer to the desired value is chosen. We have successfully im-
plemented this modified version in other PLLs.

The calibration algorithm described above employs asequen-
tial search, and the frequency difference between nodes V and
R aretruncatedto a single bit (high or low). It is not difficult
to implement abinary search to speed up the total calibration
time. Also, a wide variety of circuits to perform frequency com-
parison exist, including the PFD and charge pump inside the
main PLL loop, in addition to the frequency detector and dig-
ital accumulator shown in the figure. We found the simplified
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Fig. 8. V–I converter.

Fig. 9. Self-calibrating PLL.

algorithm to be more than sufficient in accuracy and speed for
the targeted applications in mind, without adding any perfor-
mance-degrading load to the sensitive analog loop filter.

V. MEASUREMENTRESULTS

The die photo of the prototype IC is shown in Fig. 11. The
main PLL structure is in the middle of the die, composed ofV–I,
the PFD/charge pump and the loop filter. The ring oscillator is
located in the upper left, and the autotrim logic and high-speed
dividers are in the upper right corner. In the lower portion are
low-noise voltage and bias current generators.

Measurements show that this frequency synthesizer operates
from 80 MHz to 1 GHz. The PLL 3-dB loop bandwidth was
measured to be 420 kHz with a 4.86-MHz phase-frequency up-
date rate and 311-MHz operating frequency.

Shown in Fig. 12 is the jitter measurement for 560-MHz op-
erating frequency with phase-frequency update rate of 40 MHz.
The plot displays 26.8-ps rms ofabsolute2 jitter (from the ref-
erence input clock to the oscillator output clock). At the oper-

2Approximateabsolutejitter is obtained in measurement by triggering off the
low-jitter crystal oscillator reference input to PLL, and collecting a histogram of
the PLL output clock edges. The true absolute jitter is bound (always smaller)
by this measurement.

Fig. 10. Flowchart for self-calibration algorithm.

ating frequency of 480 MHz, with phase-frequency update rate
of 40 MHz, the measured absolute jitter rms is less than 20 ps
and the commonly quoted self-triggered measurement ofperiod
jitter is less than 4-ps rms (deduced from a longer time-delay
measurement).

Next, multiple absolute jitter measurements were taken for
operating frequencies of 220, 330, and 440 MHz, while
varying phase-frequency update rate (this is proportional to loop
bandwidth). The control word from the self-calibration logic
was held constant for all measurements at each particular output
frequency to hold constant. The inversely proportional ab-
solute jitter relationship to the square root of loop bandwidth
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Fig. 11. Die photograph of the prototype IC.

Fig. 12. Measured rms jitter atf = 560 MHz.

is clearly observed in Fig. 13. The dashed line in the figure is
the ideal curve for rms jitter that is inversely proportional to the
square root of loop bandwidth (1/ bandwidth.

Our final jitter measurements were made by increasing the
value of the charge pump current and the adjusting oscillator
gain to keep the loop bandwidth contstant. The charge pump
current was increased by a factor of 2 by increasing the bias
current generated in our biassing section using an integrated
trimming circuit. (A copy of the bias current is measurable
off-chip.) This bias current feeds the oscillator as well as

Fig. 13. Measured absolute jitter versus phase-frequency update rate (f ).

TABLE I
MEASUREDJITTER RESULTS

the charge pump. Referring to Fig. 3, the pedestal current
generated in theV–I converter has now been doubled. Holding
the control bits driving theV–I converter constant, we manually
adjusted the remaining control bits to exactly halve the gain
of the current multiplier. This restores the original amount of
current into the ICO maintaining the same oscillator frequency
operating point and small-signal oscillator gain. Please note
that the gain of theV–I is nominally unaffected by the value
of the pedestal current, which is set by the current source ICF
(center frequency) in Fig. 8. Thus, the only change to the overall
VCO gain is the gain of the current multiplier, which has been
exactly halved. This combines with the doubling of the charge
pump current to leave our PLL bandwidth unchanged. The
measured absolute jitter was reduced from 23.5-ps rms for the
low-charge-pump-current high-oscillator-gain case to 16.0-ps
rms for the high-charge-pump-current low-oscillator-gain
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case.3 The input frequency was 40 MHz and the oscillator
frequency was 240 MHz. This 32% reduction in absolute jitter
demonstrates that reducing and increasing to maintain a
constant loop bandwidth lowers the absolute jitter in our PLL.

Our measured jitter results are summarized in Table I.

VI. CONCLUSION

A self-calibration technique that may be used in any PLL
structure has been demonstrated in the prototype IC fabricated
in a 0.35- m 3-V digital CMOS technology. The automatic
self-calibration of the VCO initiated at the device power-up al-
lows a robust and optimized PLL design which is able to over-
come a significant amount of process variation. Additionly, a
self-calibrating VCO can have a lower value of than would
otherwise be allowed, and this can result in lower jitter in appli-
cations where the PLL loop bandwidth is either fixed or maxi-
mized. If the PLL jitter is dominated by internal device noise,
as opposed to power-supply noise, the amount of jitter reduction
from self-calibration of the VCO is significant. We have chosen
a simpler form of self-calibration algorithm and a better-known
VCO structure in this prototype IC, but this self-calibrating and
reconfigurable PLL concept is adaptable to all PLLs or tunable
oscillator structures.
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