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Abstract— This paper presents a fractional-N digital
phase-locked loop (PLL) that achieves low in-band phase
noise. Phase detection is carried out by a proposed 10-bit,
0.8 ps resolution time-to-digital converter (TDC) using a charge
pump and a successive-approximation-register analog-to-digital
converter (SAR-ADC) with low power and small area. The
latency of the TDC is addressed by the designed building blocks.
The fractional spurs are reduced by dual-loop least-mean-
square (LMS) calibration. A ��-less and MOS varactor-less
LC digitally-controlled oscillator (DCO) is proposed whose
frequency resolution is enhanced to 7 kHz (or a unit variable
capacitance of 2.6 aF) using a bridging capacitor technique.
A prototype chip is fabricated using a 65 nm CMOS process,
occupying an active area of 0.38 mm2 and consuming a power
of 9.7 mW at a reference frequency of 50 MHz. The measured
in-band phase noise is 107.8 dBc/Hz to 110.0 dBc/Hz with a
loop bandwidth of 1 to 5 MHz.

Index Terms— digital phase-locked-loop (PLL), frequency
synthesizer, time-to-digital converter (TDC), successive-
approximation-register analog-to-digital converter (SAR-ADC),
sub-picosecond resolution; digitally controlled oscillator (DCO),
least-mean-square (LMS), CMOS.

I. INTRODUCTION

THE last decade has witnessed the transition from analog
phase-locked loops (PLLs) to digital PLLs, which are

imperative building blocks in wireless/wireline transceivers
and systems-on-chip (SoCs). Compared with their analog
counterparts, digital PLLs have advantages such as a small
and configurable loop filter, gear-shifted fast settling, and
portability to other process technologies.

Fractional-N PLLs provide higher frequency resolution,
which facilitates frequency planning with a single reference
input clock. A conventional analog charge-pump fractional-N
PLL is realized using a delta-sigma (��) modulator that
dithers a divider to generate a fractionally divided frequency.
By doing so, the �� modulator contributes the out-band
phase noise of the PLL [1] and also modulates charge
pump’s mismatches, increasing in-band phase noise and incur-
ring fractional spurs [2]. Although ��-noise cancellation
assisted by a digital-to-analog converter (DAC) has been
proposed[2]–[9], the gain mismatch between the DAC and
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the charge pump undermines the cancellation. While a narrow
loop bandwidth (BW) can be set to lower overall root-mean-
square (RMS) noise, doing so leads to a higher power budget
for a low-noise oscillator, slows down the loop settling,
reduces noise suppression from the power supply to the
oscillator, and results in a large area of the analog loop filter,
thus increasing the die cost. A digital PLL, on the other hand,
offers a more straightforward fractional-N operation [10]–[26].
The divider-based architecture cancels ��-noise in digital
domain, while the counter-based architecture enables phase-
domain operation without using a ��-modulator. Both avoid
the mismatch issue between the DAC and the charge pump in
analog PLLs. Thus, digital PLLs also enable wider loop BW
to suppress the noise from the oscillator. In addition, the loop
BW in a digital PLL can be set more flexibly by changing
the coefficients in the digital loop filter. Furthermore, digital
circuits of filtering and cancellation scale down with more
advanced technologies, enabling even smaller area and lower
power consumption in the future.

Despite these advantages, unlike analog phase detectors,
digital phase detectors realized with time-to-digital convert-
ers (TDCs) suffer from quantization noise that contributes
in-band phase noise. Hence, in previous studies, efforts have
been made to enhance the resolution of TDCs with the
proposals of Vernier [27], [28], noise shaping [29], and time
amplification [30], for example. In these TDCs, since delay
chains are generally still used as core quantizers, complex and
delicate timing control is typically needed in order to enhance
the resolution. This timing control can be vulnerable due to
the inability to store time, leakage, and power supply variation.
Moreover, achieving high dynamic range (DR) is challenging
due to intrinsic jitter and nonlinearity, which is generally
traded off with signal bandwidth, power consumption, and area
occupation. While an alternative solution for high DR involves
the use of a high-resolution short-range TDC with a digital-to-
time converter (DTC) for phase shifting [25], [31], [32], a DTC
may cause the timing increment in each reference cycle to be
different from the nominated one, resulting in the deviation of
the synthesized frequency. Consequently, more calibration is
needed among the TDC, the DTC, and the �� modulator (or
the reference phase generator).

In this paper, we present a 3.6 GHz low-noise fractional-N
digital PLL [33] with a 0.8 ps resolution and 10-bit TDC
featuring less complexity, low power, and small area [34] [35].
An equation manifesting the trade-off between quantization
noise and thermal noise is derived, offering the insight into
this type of TDCs for PLLs. To accommodate the TDC
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Fig. 1. Effective resolution and calculated in-band phase noise and dynamic
range of the TDC. The reference and output frequencies are 50 MHz and
3.6 GHz, respectively.

to the PLL, building blocks addressing the latency and the
gain mismatch are designed. The capacitor banks of the LC
digitally-controlled-oscillator (DCO) is implemented with only
MOM capacitors, where a bridging capacitor technique is
proposed to enhance the frequency resolution [36]. Section
II describes the principle and characteristics of the proposed
TDC. Section III discusses architecture-level considerations
on accommodating the TDC into the digital PLL. Section IV
describes circuit design of building blocks. Section V shows
and discusses the measurement results, and Section VI draws
the conclusion.

II. PROPOSED TDC

The in-band phase noise contributed by a TDC is calculated
with

P Nin = (2πσtdc fv )2

fre f
, (1)

based on the calculation in a previous study [37], where fref
and fv are the reference and output frequencies, respectively,
and σtdc is the effective resolution of the TDC, defined as

σ =
√

t2
res

12
+ σ 2

t in, (2)

where tres is the nominal time resolution, and σtin is the lumped
input-referred jitter due to intrinsic noise. The DR of a TDC
in this context is defined as log2(Trange/σtdc), where Trange is
the nominal conversion range. Fig. 1 shows the in-band phase
noise and required DR versus σtdc for the case of a reference
frequency of 50 MHz and an output frequency of 3.6 GHz,
and Trange is equal to one period of the oscillator’s output.
It can be seen from the figure that, for an in-band phase noise
of 110 dBc/Hz, an effective resolution of less than 1 ps and a
DR of more than 8 bits are required.

Since a high-resolution core quantizer is crucial to the
overall performance, instead of using a delay chain, we address
time quantization in voltage domain where several advantages
are provided, compared with a delay chain. First, a voltage-
domain time quantizer generates less quantization noise.

Fig. 2. Concept of a time quantizer realized by a delay cell and voltage-
domain digitization.

Fig. 3. Block diagram of the proposed TDC.

As shown in Fig. 2, the time resolution of a delay chain is the
output rise time of one delay cell, td, which is proportional
to the transistor’s channel length, Lg. Since minimum Lg is
limited by the process technology, the resolution in a delay
chain is also limited. On the other hand, in a voltage-domain
time quantizer, finer resolution is always possible by using
more current due to tres = CVlsb/I . Here, tres and Vlsb
represent the time resolution and the minimum resolvable
voltage of an analog-to-digital converter (ADC), respectively.
Fig. 3 shows our proposed TDC [34], where EOC indicates the
end of one conversion. The PFD and the charge pump translate
time difference to voltage on the capacitive DAC (CDAC)
of the SAR-ADC. Bottom-plate sampling is employed to
reduce the charge injection in the switches of charge pump
and SAR-ADC.

The second advantage of the proposed TDC over a delay
chain is the less jitter generation. The jitter of an inverter is
calculated with [38]

σ 2
tall = 4kTγ

Vdd − Vt

td
IN

+ kT

Vdd/2

td
IN

, (3)

where IN is inverter’s nominal charging current. Similarly, the
input-referred jitter of the proposed TDC can be calculated as

σ 2
t in_cp = 4kTγ

Vgs − Vt

tres

Icp
+ kT

Vlsb

tres

Icp
, (4)
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where Vgs is the gate bias voltage of a current source, and
Icp is charge pump’s current. For fair comparison, we assume
td = tres. Since Icp is determined for sufficient dynamic range,
it is significantly greater than IN. Although Vlsb is far less than
Vdd, the second terms of (3) and (4) are comparable but the
first term in (4) is much smaller. Therefore, the proposed TDC
contributes less jitter than a delay chain does.

Third, the proposed TDC has better power efficiency for the
same level of jitter. To hold the same level of jitter, IN should
be set closed to Icp. Note that IN is the current of only one
inverter. For n-bit range, the total power consumption can be
2n times higher than Icp. Additionally, the AD conversion
involves only one CDAC, one dynamic comparator, and a
small amount of logic circuits. For this reason, a SAR-ADC
is believed to consume the lowest power and occupies the
smallest area among other types of ADCs.

The detail analysis of σtin in (2) was done in a previous
study [35]. The derived maximum (full-range) input-referred
jitter is calculated as follows:

σ 2
t in =

[
4kTγ

C

gm

I

1

Vre f

(
1 + 4Td

Trange

)
+ 4kT

C

2

V 2
re f

]
· T 2

range,

(5)

where gm/I is a constant for transistor sizing, Vref is the
reference voltage of the ADC, Td is the feedback delay in
the PFD to avoid dead zone, Trange is the conversion range of
the TDC, and n is the resolution of the ADC. To analyze the
effect of quantization noise, tres should be bounded by

tres = Trange

2n
. (6)

Substituting (5) and (6) to (2), (2) is rewritten as

σ = Trange
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(7)

Fig. 4 shows the plot of (7) in the case that Trange = 3/ fv (due
to implementation consideration), gm/Id = 8, Vref = 0.8, and
Td = 120 ps. This figure quantitatively shows how to deter-
mine the specification of the charge pump and the SAR-ADC
to satisfy with the PLL’s required phase noise. It can be
also seen from the figure that 1) a higher-resolution ADC
reduces quantization noise, and 2) larger sampling capacitance
suppresses thermal noise but requires proportionally larger
current to maintain the same conversion range.

According to Fig. 4, with a charging current of 0.5 mA, a
CDAC of 0.5 pF, and a 10-bit SAR-ADC, the proposed TDC
was measured with a resolution of 0.8 ps and an LSB single-
shot precision of less than 1. The latency of the SAR-ADC
is approximately 12 ns, enabling a conversion rate of up
to 83 MS/s, which is sufficient in the present study because
the reference frequency is 50 MHz. At this frequency, with
a 1 V power supply, the power consumption of the TDC is
less than 3 mW. The active area of the TDC in the 65 nm
CMOS technology is only 0.018 mm2.

Fig. 4. Relationship among effective resolution (σtdc), ADC resolution (n),
CDAC capacitance (C), and charge pump current (I ).

Fig. 5. Detection range requirements of the charge pump in this work and
those in conventional analog PLLs.

Although a charge pump and capacitors are used in the
proposed PLL, the proposed PLL differs from conventional
analog PLLs in the following aspects. First, the CDAC does
not serve as a loop filter and is only used for sampling and
conversion, whereas the converted time difference is filtered
by the following digital filter. A conventional analog PLL
typically contains around a 100 pF capacitor, whereas the
CDAC considered herein contains a 0.5 pF capacitor. Second,
the required detection ranges of the charge pumps are different,
as shown in Fig. 5. In an analog PLL, the charge pump must
cover an input range of ±Tref , where Tref is the period of
the reference clock. Such a long detection range requires a
small-current charge pump in order to avoid output saturation.
However, a small charge pump current causes less suppression
of its own noise contribution. On the other hand, the charge
pump in the proposed PLL is only required to cover around
one period of the oscillator’s output. Consequently, a larger
current can be used for higher TDC resolution and lower
in-band phase noise.
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Fig. 6. Architecture of the proposed digital PLL.

Fig. 7. Main timing diagram of the fractional phase quantization.

Note that PLLs using ADCs for phase detectors have been
studied recently. In [21], [39], ADCs were placed in noise-
shaping topologies, where the available loop BWs are limited.
In two other studies [40], [41], ADCs were used in digital
sub-sampling PLLs, in which the realization of fractional-N
operation is challenging due to a limited linear detection range.

III. ARCHITECTURE

Generally, there are two main types of architectures of TDC-
based digital PLLs: the ones with dividers and the ones with
counters. When loop are locked, the behaviors of the two are
equivalent if a first-order �� modulator is used in the divider-
based architecture. A problem in divider-based architecture
for a digital PLL may occur during phase acquisition. Since
the TDC’s range generally cannot cover one period of the
reference input, in fractional-N mode, the TDC can experience
a failure of acquisition. In order to avoid this situation, a
counter would still be needed for frequency locking in order
to pull the phase of the divider’s output closer to that of the
reference input. Thus, a counter-based architecture is chosen,

Fig. 8. Block diagram of clocking and data synchronization.

as shown in Fig. 6, where FREF, FOSC, and FGV are the
reference input, the output of the PLL, and periodically gated
pulses of the output of the DCO, respectively. When the
counter’s output is latched using the reference clock, the loop
operates in the frequency-locked-loop (FLL) mode. The loop
enters the PLL mode when the counter’s output is latched
by the gating block’s output. A phase-domain operation is
carried out by never resetting the counter or the accumulator
of the frequency-control word (FCW). For practical reasons,
the output of the DCO is divided by two for the counter.

The gating block assists fractional-N operation and
addresses the issue of fractional phase latency. This latency
is illustrated in Fig. 7, where the fractional phase, Pfrac, is
updated approximately 15 ns after its sampling time, due to the
latencies of the SAR-ADC and the following multiplier. Thus,
the TDC cannot directly receive the high-frequency output
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Fig. 9. Loop model with lumped m cycles of delay. Kdco is normalized in
this model.

Fig. 10. Phase margin vs. loop BW in the case of 2 cycles of delay.

Fig. 11. (a) Timing diagram when the loop is locked when FCW = 0.25.
(b) Fractional phase kept within approximately 0.5 periods of the DCO.

of the DCO, which also consumes an unreasonable amount
of power. Moreover, the fractional relationship between the
reference and output frequencies leads to endless increasing
of the phase difference which exceeds TDC’s conversion

Fig. 12. Block diagram of the gating block (shaded area).

range. Thus, the input of the TDC should be kept within a
reasonable range. Conventionally, a divider modulated by a
��-modulator wraps around the input phase to the TDC. In a
counter-based architecture, windowing circuits were proposed
to constrain the input range of the TDCs [16] [42]. In this
work, the gating block keeps the input to the TDC being within
approximately 0.5 periods of the DCO. It functions as part of
a synchronous divider, extracting one pulse of the output of
the DCO in every reference cycle according to the quantized
integer (Pint) and fractional phases. Also, the extracted pulse
is stretched inside the gating block in order to avoid driving
problems.

The gain stage after the TDC normalizes the quantized time
to the period of the DCO. In a conventional counter-based dig-
ital PLL, the period of the DCO is measured by a delay-chain
TDC. Since it is not practical to perform this operation using
the proposed TDC, in this work, an LMS method is carried
out, as shown in Fig. 6. The block generates two multiplexed
gains addressing the issue of the gain mismatch between the
positive and negative outputs of the charge pump in the TDC.
The coarse and fine loop filters tune the corresponding banks
of the DCO. The filters are both 9-bit, type-II filters with
proportional and integral paths. The coarse filter is used for
both FLL and coarse PLL modes and is configured as a type-II
filter in order to minimize the phase offset after coarse tuning.

IV. DESIGN OF OTHER BUILDING BLOCKS

A. Data Synchronization and Clocking

Although the TDC can complete digitization before the next
rising edge of FREF, the resulting Pfrac is asynchronous with
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Fig. 13. Equivalent model of the proposed LC-DCO and the topology of the capacitor-switch unit.

respect to Pint, as shown in Fig. 7. The conversion latency
causes Pfrac to be read in the next cycle of FREF. Thus,
Pint and the reference phase, Pref , are delayed by one cycle
for data synchronization, as shown in Fig. 8. The clock for
digital processing blocks is generated by delaying FREF for
approximately 3 ns in order to avoid triggering the digital
block simultaneously when the TDC is sampling the input.

The stability with inserted cycle delay is analyzed as fol-
lows. The loop model with a lumped cycle delay is shown
in Fig. 9, where kp and ki are the coefficients of the propor-
tional and integral paths of the loop filter, respectively, and
m is the number of cycle delay. Using bilinear transform,
z = (2 fref + s)/(2 fref -s), the open-loop transfer function is
derived as

Hol(s) =
(

2 fre f − S

2 fre f + S

)m

· k p(ki fre f /k p + s)

s
· fre f

s
. (8)

The delay introduces zeroes and poles that can undermine
phase marge. The phase margin is thus calculated with

P M = tan−1
(

2π fBW

fre f
· k p

ki

)
−2m·tan−1

(
π fBW

fre f

)
, (9)

where fbw is the unity gain frequency of Hol(s) or BW in
this context. Fig. 10 plots the calculated phase margin when
fref = 50 MHz, kp and ki are set so that the damping factor
(which is defined assuming no delay in the loop) is 2, and
m = 2. The implantation of this work contains 2 cycles of
delay, one from Fig. 7 and the other one from the filter’s
output. It can be seen from the figure that the phase marge
becomes less than 45 when fbw is wider than 3 MHz.

B. Gating Block

The behavior of the gating block and the phase relationship
(when the loop is locked) is shown in Fig. 11(a). The falling
edges of the output of the DCO, i.e., FOSC, are counted. Once
the count reaches a target value, a window pulse, GATE, is
generated to gate out the following rising edge of FOSC, as
FGV, whose pulse width is then stretched to avoid driving

problems. In this illustration, the fractional part of FCW
is 0.25, and the increment of Pfrac is positive. Phase wrapping
takes place when Pfrac reaches 0.5, by adding N+1 to the target
value. In the case when FCW is greater than 0.5, the increment
of Pfrac becomes negative because of the implementation of the
reference generator. Thus, when Pfrac reaches 0.5, the phase
is wrapped around by adding N − 1 to the target value. The
operation of the phase wrapping is illustrated in Fig. 11(b).
Since the TDC accepts both positive and negative phases,
the proposed operation requires no de-glitching [14]. The
operation also requires no clock retime, avoiding the risk of
metastability [10].

Fig. 12 shows a block diagram of the gating block (shaded
region). The counter increments and wraps around, quantizing
the integer phase. The instantaneous output is latched out by
FREF in the FLL mode, or by FGV in the PLL mode. The
target value is generated by adding Pint to N , N +1, or N −1,
depending on Pfrac, where N is the integer part of the FCW.
The adder is designed to have the same bit width as that of
the counter. Thus, the adder wraps around one-cycle earlier
than the counter, correctly setting the target value. Due to the
delay of combinational logics between Dt and the comparator,
the output of the adder is resynchronized with FOSC, which
samples and aligns the end-of-conversion signal, EOC, from
the TDC, and the resulting aligned signal latches the output
of the adder to the comparator.

C. MOS-Varactor-Less and �� -Less LC- DCO

An NMOS LC-DCO is designed, and its equivalent model is
shown in Fig. 13. The 9-bit coarse bank is implemented using
switched metal-oxide-metal (MOM) capacitors. With a 3 fF
unit capacitor (Cu), the simulated unit variable capacitance
(�Ccoarse) is approximately 1 fF. This translates to a frequency
resolution of 1.2 MHz at an output frequency of 3.6 GHz.
Conventionally, a fine bank is implemented using discrete
MOS varactors. Although a discrete MOS varactor operates
in only two regions, the capacitance in each varactor still
varies with the override voltage [39], which may be sensitive to
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Fig. 14. (a) Gain mismatch between positive and negative inputs, and
the purpose of gain calibration, and (b) dual-loop LMS-based TDC gain
calibration resolving the issue in (a).

power supply noise. Moreover, since the capacitance is deter-
mined by the override voltage, when the output common-mode
voltage of the DCO is lowered, e.g., in the case of a lower
power supply, a MOS varactor can go to a high-capacitive-
gain region, resulting in degradation of robustness. On the
other hand, since switched MOM capacitors are less sensitive
to power supply, they are also applied in the fine bank.

It is impractical to reduce the size of a 3 fF capacitor
by hundreds of times for kHz-level frequency resolution.
Although a conventional solution involves dithering using
a ��-modulator, the resulting out-band noise and possible
folded noise due to element mismatch are a concern in the
case of a wide loop bandwidth. Instead, in order to enhance
the resolution, bridging capacitors are set between the coarse
and fine banks, as shown in Fig. 13. Differentiating the total
capacitance of the bridging capacitors and the fine bank, the
unit variable capacitance in the fine bank is calculated as

�C f ine =
[

Cs

2C f

]
· �C f , (10)

assuming Ca = Cf −Cs, where Ca, Cf , and Cs are the lumped
attenuating and parasitic capacitance, the total capacitance
of the fine bank, and the bridging capacitance, respectively.
In this work, the fine bank is a copy of the coarse bank,
i.e., Cf = 512Cu and �Cf = �Ccoarse. Therefore, with
Cs = 52Cu, �Cfine ≈ �Ccoarse/400 = 2.6 aF can be
realized. The average measured frequency resolution of the

Fig. 15. (a) Modeling of TDC’s nonlinearity using curve fitting from
measured INL. (b) Behavioral simulation of in-band spur with single-loop
LMS and dual-loop LMS calibration methods, and the effect of TDC’s
nonlinearity. (c) Settling time of normalizers in dual-loop LMS calibration.

DCO is 7 kHz, which theoretically translates to a phase noise
of 131 dBc/Hz at 1 MHz offset and a reference spur of 81 dBc,
according the equations in [37]. Note that the gains of the two
banks need not be matched because, when the loop is locked,
only the fine bank is switched. Fig. 13 also shows the topology
of the single-ended capacitor-switch unit and its layout. A pull-
up resistor is generally required in order to prevent the partial
turn-off of switch M1. At a carrier frequency of 3.6 GHz, a 3 fF
unit capacitor requires a resistance of hundreds of kilo-ohms,
which is area consuming if a poly resistor is implemented.
Thus, a transistor in sub-threshold region, M2, is used to
provide high resistance. Switch M3 cuts off the resistor path
when M1 is on, in order to prevent the dc current from flowing,
and M4 provides local decoupling. The higher bits of discrete
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Fig. 16. Chip photo.

capacitors are made by duplicating the capacitor-switch units.
The pitches of switches and capacitors are made uniform so
that when combining units, gaps between neighboring units are
eliminated. In this way, the area is significantly reduced. The
area of two banks that differentially contain 5 pF capacitors
is only 0.07 mm2.

D. Dual-Loop LMS-Based TDC Gain Calibration

The phase of the output of the TDC is converted by
multiplying Dt by Kt. An LMS-based calibration method
is used to adaptively calibrate Kt so that the power of the
phase error, Pe, is minimum in the sense of the RMS. In this
way, fractional spurs are suppressed. In the proposed TDC,
however, the gains (resolutions) are different for positive and
negative inputs due to mismatches in the charge pump and
CDAC, as shown in Fig. 14(a). Therefore, a dual-loop LMS
calibration method is applied, as shown in Fig. 14(b), where
two normalizers, Kt1 and Kt2, are generated and multiplexed
according to the sign of Dt , and μ is the attenuation factor
tuning LMS loop’s settling time. Compared with single-loop
LMS calibration, only one more digital integrator is needed;
thus, the resulting power and area consumptions are negligible.

To simulate the fractional spur, the nonlinearity of the TDC
should also be considered. As shown in Fig. 15(a), we model
TDC’s nonlinearity using curve fitting from the measured
integral nonlinearity (INL). Fig. 15(b) shows the spectrum
of behaviorally simulation (with Simulink®) of single-loop
and dual-loop LMS calibration methods, and the effect of
TDC’s nonlinearity. The gain variation, ε in Fig. 14(a) is set
as 1%. Fig. 15(b) suggests that the dual-loop LMS effectively
calibrate the gain mismatch, compared with the single-loop
one. Unfortunately, the nonlinearity of the TDC contributes
the fractional spur to be around 65 dBc. Improving the TDC’s
linearity or removing such spur is our next research target.

Fig. 15 (c) shows the behaviorally simulated settling time
of two normalizers. The settling time in this simulation is
approximately 48 μs when μ equals 0.0625.

Fig. 17. Measured phase noise in integer-N mode at (a) 3.4 GHz (FCW = 34)
and (b) 3.8 GHz (FCW = 38).

V. EXPERIMENTAL RESULTS

The prototype chip was fabricated using a 65 nm CMOS
process with an active area of 0.38 mm2, as shown in Fig. 16.
The chip is bonded in an 80-pin package, with a bond wire
length of approximately 2 mm. For a 1.0 V power supply,
a reference frequency of 50 MHz, and an output frequency
of 3.625 GHz, the power consumption is 9.7 mW, where the
digital power supply consumes 4.5 mW, including the digital
block, the counter, the gating block, and the digital logics in
the TDC.

The measured in-band phase noise is well consistent with
the previously analyzed and measured TDC’s performance.
Fig. 17 shows the measured phase noise in integer-N mode
at 3.4 GHz and 3.8 GHz, for which the in-band phase noise
at 500 kHz is 111.7 dBc/Hz and 109.4 dBc/Hz, respectively.
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Fig. 18. Measured phase noise in fractional-N mode for (a) FCW =
36 + 1/216 and (b) FCW = 36 + 9/216.

Fig. 18 shows the measured phase noise in fractional-N mode
with the FCW set as (36 + 1/216) and (36 + 9/216), for
which the in-band phase noise at 500 kHz is 109.3 dBc/Hz
and 110.3 dBc/Hz, respectively. In-band fractional spurs cor-
responding to FCW are also observed. Fig. 19 shows the mea-
sured phase noise at 3.625 GHz (FCW = 36.125), where the
loop bandwidth was set from 1 to 5 MHz. Since the purpose
is to verify the estimated TDC’s noise contribution, we still
tried higher loop BW to suppress more DCO’s noise, aware of
the influence to the stability. The in-band phase noise ranges
from 107.8 dBc/Hz to 110.0 dBc/Hz. The resulting integrated
jitter (10 kHz to 10 MHz) ranges from 390 fs to 560 fs.

The reference spur is measured to be 39.6 dBc, and the out-
band phase noise does not fall, but rather rises after a 10 MHz
offset. The poor noise and spur issues are due primarily to the
improper on-chip grounding, the single-ended structure of the

Fig. 19. Measured phase noise at 3.625 GHz (FCW = 36 + 0.25) with a
loop BW ranging from 1 to 5 MHz.

Fig. 20. Measured fractional spurs with dual-loop LMS and single-loop LMS
calibration.

output buffer, and the parasitic inductance in the bond wire.
The on-chip ground of the output buffer is connected to the
ground of the digital block. Thus, the large transient current
at 50 MHz modulates the output phase. In order to verify this,
we have simulated the output spectrum of the output buffer
at 3.6 GHz with a parasitic inductance of 2 nH at 50 MHz,
current pulse of 40 mA, and a pulse width of 200 ps. The
resulting spur at the offset of 50 MHz is 44.3 dBc, and the
noise floor is around 136 dBc/Hz. This result is consistent
with the measured reference spur and the noise floor shown
in Fig. 17 and Fig. 18. Since in the actual circuit, the frequency
of such current vibration cannot be purely 50 MHz due to the
great amount of logic transitions and the bond wire effect,
the noise spectrum closed to 50 MHz is also degraded. This
problem could be resolved by carefully separating the on-chip
grounds and by using a differential output buffer.

Fig. 1 shows the fractional spurs measured with dual-
loop LMS and single-loop LMS calibrations. For each, the
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TABLE I

PERFORMANCE COMPARISON

in-band spurs are measured to be 41 dBc and 36 dBc, respec-
tively, at the offset of 195 kHz. Although the improvement
was observed when using dual-loop LMS calibrations, the
results were worse compared to those of the simulation.
With largely experimental tweaking and circuit re-checking,
we found several possible reasons for the existence of poor
fractional spurs. First, we found some loss of precision due
the order of multiplication in the LMS block. According to
RTL-level simulation, Kt1 and Kt2 less accurately settle to the
expected values, leading to fractional spurs. Second, as shown
in Fig. 15(b), the nonlinearity of the TDC causes fractional
spurs. This effect is also verified observing the change of
spur power when tweaking the common-mode and reference
voltages, and the bias current. Second, the aforementioned
grounding causes periodic vibration detected by the PFD, as
reported in a previous study [7]. We found that the spur power
changes after changing even 10 mV of the supply voltage.
Since supply voltage affects the logic threshold, the triggering
time of the PFD may be moved to another point in a ripple
with determinist characteristics.

The performance is compared in Table I with PLLs using
ADCs and the ones with GRO- and TA- TDCs. Since in-band
phase noise depends not only on the output but also on

the reference frequencies, the noises normalized to the case
of (3.6 GHz)2/50 MHz are also compared. In this comparison,
the proposed PLL achieves competitive in-band phase noise,
lowest power, and smaller area.

VI. CONCLUSION

This paper presents a fractional-N digital PLL with low
in-band phase noise using the proposed high-resolution TDC.
The achieved in-band phase noise measured at various fre-
quencies was consistent with the measured effective resolution
of the TDC. A high-resolution, ��-less and MOS-varactor-
less LC-DCO is proposed with bridging capacitors to lower the
quantization noise. The building blocks accommodating the
TDC are designed as well. With the proposed TDC and DCO,
the digital PLL has achieved 110 dBc/Hz in-band phase noise
at 3.625 GHz output, with 9.7 mW power consumption, and
0.38 mm2 area. In conclusion, a high-performance digital PLL
with a practically designed TDC and DCO was demonstrated
in this work.
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