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Abstract— A fractional-N digital phase-locked loop (PLL)
architecture with low fractional spur is presented in this paper.
A 2-D Vernier time-to-digital convertor (TDC) is implemented
to achieve wide detection range with fine resolution. The TDC is
calibrated automatically utilizing the ramp signal generated from
the fractional-N accumulator for optimal linearity. A digi-phase
spur cancellation technique with automatic TDC gain tracking is
also implemented to further suppress the fractional spurs. The
chip also includes an improved multimodulus divider (MMD)
structure that overcomes the glitch problem during division ratio
toggling associated with the prior art MMDs, enabling carrier
synthesis across wide frequency range continuously. As part of
an 802.11a/b/g/n transceiver, the DPLL can provide coverage for
both 2.4/5 G WiFi bands. The proposed fractional-N DPLL is
implemented in a 55-nm CMOS technology. The DPLL achieves a
largest fractional spur level of −55 dBc without using a sigma–
delta modulator and an in-band phase noise of −107 dBc/Hz
(0.55 ps integrated jitter) while consuming 9.9 mW.

Index Terms— 2-D Vernier, digital calibration, DPLL,
fractional-N, least-mean-square (LMS) filter, multimodulus
divider (MMD), time-to-digital convertor (TDC).

I. INTRODUCTION

AS SEMICONDUCTOR technology advances to a finer
feature size, digital circuits are becoming more efficient

in both area and power. Integrating the conventional phase-
locked loop (PLL) imposes a greater challenge and burden
to maintain the analog components. On the other hand, the
DPLL shares a similar device as used in digital circuits.
A fully synthesizable DPLL has been proposed to take full
advantage of the advanced deep submicron technology while
providing easy integration with the digital system [1]. More-
over, the DPLL is highly flexible and programmable, which
makes it capable of achieving functionalities that are very
difficult to be obtained using the analog PLL. As an example,
various DPLL architectures have been proposed to implement
direct modulations for high-speed wireless polar transmitters
[2], [3], which is a very challenging task for an analog PLL due
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Fig. 1. Comparison of two DPLL architectures. (a) DPLL with
DTC and TDC. (b) DPLL using TDC only.

to its nonlinear analog properties that are sensitive to process–
voltage–temperature (PVT) variations.

A key aspect in DPLL operation is the way to measure
the phase error between reference clock and feedback signal.
Essentially, two approaches exist to address this issue. The first
type, as shown in Fig. 1, moves the feedback pulse very close
to the reference clock with a digital-to-time converter (DTC)
followed by a narrow range time-to-digital convertor (TDC)
to provide finer time measurement. The required DTC can be
implemented with a phase interpolator or a delay-locked loop
to provide multiphase outputs of the feedback signal [4], [5].
On the other hand, the second type of DPLL architecture uses
only the TDC to measure the phase error [6], [7], [20]. Since
all the work from the DTC is now loaded to the TDC, a wide-
range TDC covering at least one oscillator period is required.
Fortunately, various TDC architectures are available to meet
this requirement. In addition, part of the hardware from the
fine TDC can be reused to implement the coarse measurement,
which can fasten the loop locking process.

Either using DTC or not, various digital calibration tech-
niques have to be applied to suppress fractional spurs in a
DPLL. The conventional fractional spur cancellation using
sigma–delta modulator (SDM) [8] requires narrow loop band-
width in order to suppress the noise-shaping component at
high frequency band. In addition, using a high-order SDM
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to toggle the loop division ratio varies the feedback edge
after the divider over multiple digitally controlled oscilla-
tor (DCO) cycles, which requires a TDC or DTC with a wider
detectable range, which leads to higher power consumption
and more complicated hardware. These drawbacks motivate us
to explore other spur cancellation methods including the digi-
phase. Regardless of the techniques employed, the spurious
level in DPLL is highly dependent on the TDC linearity,
necessitating accurate calibrations. In this paper, we present
a wideband fractional-N DPLL with digital calibration for
fractional spur suppression for a low-power Wi-Fi transceiver
in 802.11a/b/g/n bands using a 55-nm CMOS technology.
The 2-D Vernier TDC’s nonlinearity is automatically cali-
brated through the fractional frequency synthesis [9]. The
implemented RFIC also includes an improved multimodulus
divider (MMD) that overcomes the division ratio skipping
problem associated with the prior art designs.

This paper is organized as follows. Section II discusses
the design principle to achieve low fractional spurs for
DPLLs. Section III describes the system architecture and
the proposed TDC linearity calibration. The measurement
results are presented in Section IV, and conclusions are drawn
in Section V.

II. DESIGN OF A DPLL WITH

LOW FRACTIONAL SPUR

When PLL is generating a carrier frequency fo, which is
equal to integer multiples of the reference frequency fref ,
e.g., fo = N fref , the frequency divider generates one pulse
after N DCO cycles. The divider output pulse shall be directly
aligned with the reference pulse when the loop is in lock, and
thus the phase error measured by the TDC is zero. On the
other hand, when DPLL is generating a fractional frequency,
the divider will toggle its division ratio between N and N+1 to
achieve an equivalent fractional division ratio. Even though the
average division ratio over time equals the desired fractional
value, an instantaneous phase error exists between the divider
output and the reference clock. This periodic error will further
modulate the DCO control words, and thus various fractional
spurs will arise along with the desired carrier tone.

Various techniques including digi-phase [10] have been
proposed to suppress fractional spur. However, the cancel-
lation effect at TDC output is affected by various nonideal
circuit characteristics, which degrade the spur suppression
performance. Due to the limited TDC resolution and linearity,
a small amount of residue error might still exist after the
cancellation. As shown in Fig. 2, assuming that each TDC
bit covers 2−tr of one DCO cycle and each digital bit in
the digi-phase cancellation signal covers 2−fr of one DCO
cycle, respectively, the TDC-resolution-induced residue has a
period of 2fr−trTref , which corresponds to a fractional spur
located at an offset frequency of 2−fr+tr fref . On the other
hand, the divider output sweeps around the reference edge
with the division ratio toggling between N and N +1, and thus
the TDC output waveform repeats every 2frTref cycles, which
creates a fractional spur at an offset frequency of 2−fr fref .
As a result, both TDC resolution and linearity have impact
on fractional spurs. Nevertheless, the fractional spur from the

Fig. 2. Simulated TDC output and the residue signal after the digi-
phase canceller, showing that TDC-resolution- and TDC-nonlinearity-induced
residue errors possess different periods.

TDC nonlinearity is more critical since it is closer to the
carrier tone on the spectrum. As an example, assuming a TDC
resolution of 5 ps, a reference frequency of 80 MHz, a carrier
frequency of 2.4 GHz, and a fractionality 2−fr of 1/256,
the resolution- and linearity-induced fractional spurs will be
located at 26 and 0.32 MHz, respectively. Thus, the fractional
spur generated by limited TDC resolution will be greatly
attenuated by the loop filter, leaving spurs generated by TDC
nonlinearity as the dominant source. Thus, to implement a
DPLL with low fractional spur, it is critical to have a highly
linear TDC.

The fractional spur due to TDC nonlinearity can be fur-
ther analyzed as follows: assuming that the residue error
at the digi-phase canceller output can be expressed as
ε = A1sin (2π f mt)+ A2sin2(2π f mt)+ A3sin3(2π f mt)+ . . .,
where A1 is the magnitude of the error’s fundamental tone and
fm represents the fractional offset frequency, the power level
of the closest fractional spur can be derived as

Pfrac(dBc) = 20 · log10

(
H ( fm)KDCO

2 fm
· A1

)
(1)

where KDCO denotes the gain of DCO and H ( f ) represents
the loop filter transfer function. As an example, assum-
ing a fractional frequency of 1.25 MHz, a loop bandwidth
of 1 MHz such that the closest fractional spur experiences a
slight suppression from the loop filter, a KDCO of 10 kHz/b,
and a TDC resolution of 5 ps/b, the calculated and simu-
lated spur level results are shown in Fig. 3(a). The simula-
tion result deviates slightly from the calculated value for a
small TDC residue, mainly because (1) has not taken into
account the quantization effect of a DPLL. Furthermore, using
the measured TDC residue error, as shown in Fig. 3(b),
its fundamental waveform can be shown to have a peak-
to-peak magnitude of 0.6 LSB, which corresponds to a
peak magnitude A1 of 0.3 LSB. Using the above analysis,
a spur level of −54 dBc is expected at the closest fractional
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Fig. 3. (a) Fractional spur level due to residue error at the digi-phase canceller output. (b) Measured residue error and its fundamental waveform.

Fig. 4. Proposed DPLL block diagram with automatic TDC linearity calibrations for fractional spur cancellation.

frequency, which is very close to our measured closest spur
level of −56 dBc.

Several TDC topologies can be used for the proposed DPLL
design: the traditional TDC architecture is a single delay
line TDC, which can only achieve a resolution of one single
gate delay. To achieve finer resolution, Vernier technique is
developed [11]. Using two delay chains with a slight delay
difference, this kind of TDC can achieve a subgate delay
resolution. However, a large number of delay stages will be
required in order to cover a large detection range. An improved
structure is to configure the Vernier delay chains into a
ring [12]. By reusing the delay cells, a Vernier ring TDC
can achieve large detection range and fine resolution simul-
taneously. Alternatively, the gated ring oscillator connects the
delay cells together to form a ring oscillator [13]. Using
multiple phases in the ring to clock a counter while holding the
clock phases between the measurement cycles allow accurate
time measurement with intrinsic first-order quantization noise
cancellation. Moreover, a time amplifier (TA) TDC [14] and
an ADC-based TDC [15] can both achieve fine resolution.
However, they have their own sets of drawbacks. A TA TDC
is limited by the linearity of its TA, while the conversion
rate of ADC-based TDC is limited. In this paper, the 2-D
Vernier TDC structure was adopted to achieve the subgate
delay resolution. Moreover, the 2-D structure is able to provide

sufficient detectable range while consuming reasonable power
and minimal hardware with high conversion rate.

III. SYSTEM AND BUILDING BLOCKS

A. System Architecture

The complete DPLL architecture with digital calibra-
tion is shown in Fig. 4. The TDC adopts a three-step
architecture to provide both fine and coarse measurements.
A digi-phase cancellation signal is injected at the TDC output
to cancel the instantaneous divider quantization errors. Ideally,
the waveform after the cancellation block shall remain con-
stant with only the dc component. However, various nonideal
characteristics in the loop will still cause a small amount of
residue phase errors. In other words, the residue error after
digi-phase subtraction is directly related to various system
imperfections including nonlinearity, mismatch, and variation.
Thus, this residue can be used as the error signal for various
digital calibrations adopted in this design. The gain applied on
the digi-phase path is automatically adjusted with a TDC gain
tracking module that correlates the error signal with the digi-
phase gain. Optimized gain can be achieved when the error
is minimized. Likewise, the TDC calibration uses the same
error signal to adjust delay cell for optimal TDC linearity.
In summary, our proposed digital calibration scheme can be
described as follows.
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Fig. 5. Proposed three-step TDC block diagram.

TABLE I

SPECIFICATIONS OF A THREE-STEP TDC

1) Initially, the PLL is locked to a known fractional fre-
quency with the digi-phase block enabled and the TDC
gain tracking fixed at a preset value.

2) After lock-in, the TDC calibration block utilizes the
ramp signal at the TDC output for TDC linearity
calibration.

3) The linearity calibration is disabled and the TDC gain
tracking is enabled.

Next, the loop is relocked to the desired frequency.

B. Three-Step TDC

Similar to the Phase Frequency Detector in an analog PLL,
the TDC measures the phase difference between the divided
feedback signal and the reference clock. The measured result
will be further quantized into digital bits and processed by
the digital loop filter. The quantization step or TDC resolution
directly determines the in-band phase noise at DPLL output
and can be shown as [16]

L = (2π)2

12

(
�t res

TDCO

)2 1

fref
(2)

where TDCO is the period of the DCO output and tres is
the TDC resolution. Assuming a TDCO of 416 ps and an
fref of 80 MHz, a TDC resolution of 5 ps can be calculated
from (2) to achieve an in-band noise floor of −110 dBc/Hz.
Since the phase error ranges across [−Tref /2, Tref /2], our pro-
posed TDC is segmented into three steps to cover all possible
phases during phase-locking process, as shown in Fig. 5. The
three-step structure includes a bang–bang TDC as the first
stage, a single delay chain as the second stage, and a 2-D
Vernier delay array as the third stage. The single delay chain
is constructed as part of the Vernier delay chains in order to

Fig. 6. Timing diagrams of the (a) bang–bang TDC, (b) single delay line
TDC, and (c) Vernier delay line TDC.

save area and power. Table I summarized the specifications of
these three sub-TDCs.

More specifically, a bang–bang TDC acting as a signal
steering gear is employed for the first stage of the proposed
three-step TDC. The bang–bang TDC has the capability to
detect an entire reference cycle (12.5 ns in an 80-MHz
system). It takes the position of the falling edge from the
reference (REF) signal as a trigger signal. If the divided
feedback (DIV) signal is between the REF signal’s rising and
falling edges, as shown in Fig. 6, it will be determined as a
lagging event. These two signals will be directly propagated
to later TDC stages. Otherwise, if the divided feedback (DIV)
signal arrives after the REF signal’s falling edge, it will be
considered as a leading event with respect to the following
REF signal’s rising edge. In this case, the two signals will be
swapped to ensure a normal operation for the next TDC stages.

In the second stage TDC, a delay chain with 16 delay stages
are adopted to provide a coarse measurement with a 4-b binary
output. In conjunction with the polarity detection provided by
the bang–bang TDC, the coarse TDC provides a 5-b output
with a resolution of 65 ps. By reusing the delay stages of the
2-D Vernier TDC, this coarse TDC requires no extra hardware
and power consumption, while extending the TDC detectable
range to 2.08 ns. With this coarse TDC, the proposed DPLL
can achieve faster locking owing to the enlarged detectable
range. In the simulation, an initial frequency error of 40 MHz
was introduced. With this frequency error, it takes about 5.6 μs
to lock for a loop with the coarse TDC and the bang–bang
TDC, while it takes more than 30 μs to lock for a loop using
the bang–bang TDC only without the coarse TDC. The fine
TDC is used to further lower the in-band phase noise.

The fine TDC is constructed using a Vernier structure with
a 2-D arbiter array [17]. The delays from one stage in the
fast delay chain and slow delay chain are set to 60 and 65 ps,
respectively. This slight difference provides a subgate delay
time resolution as fine as 5 ps. The fine 2-D TDC has a
detectable range of 520 ps (7 b), which is sufficiently large
to cover an entire 2.4-GHz DCO cycle (420 ps). The circuit
diagram of TDC unit delay stage is shown in Fig. 7(a).
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Fig. 7. Circuit diagrams of (a) TDC unit delay stage and (b) arbiter cell.

Fig. 8. Simulated TDC nonlinearity considering common mode error and
differential mode error.

Each delay stage consists of two cascaded inverters to avoid
mismatches between the rising and falling edges. In order to
tune each delay stage to the desired value (60 and 65 ps)
for optimal TDC linearity, both delays are designed to be
adjustable with 6-b control and a 0.5-ps step size covering
a range of 50 ps. In addition, a first-order SDM was added at
the delay control input to further improve the tuning accuracy.
The arbiter cell structure is shown in Fig. 7(b). The refer-
ence and feedback signals are fed into port “Start” and port
“Finish.” This arbiter structure is able to distinguish a mini-
mum time difference of 200 fs based on the simulation results
with the propagation delay less than 10 ps.

C. Automatic TDC Linearity Calibration
Similar to the basic Vernier TDC, a fast and a slow delay

chain are employed in a 2-D Vernier structure. However, rather
than using a single arbiter line, multiple arbiter lines are
implemented in a 2-D Vernier structure to compare each fast
delay stage with multiple slow delay stages. By reusing part
of the delay stages, a larger detectable range can be achieved.
However, a highly linear 2-D Vernier TDC requires the delays
of fast and slow chains to satisfy the following conditions:{

n(ds − d f ) = ds

ds − d f = tres
(3)

where ds and d f denote the delays of single stage in slow
chain and fast chain, respectively, and n is number of stages
in one arbiter line. The first equation comes from the condition
for a continuous measurement with a 2-D Vernier TDC and
the second equation sets the measurement resolution. Using
these two equations, only one set of ds and d f can be used as

Fig. 9. Proposed TDC automatic linearity calibration loops.

a viable solution. Any deviation of the two delays will cause
error compared with the ideal case. We define the common
mode delay error as the deviation of the average of two delays
and the differential mode delay error as the deviation of the
difference of two delays from their ideal values, respectively.
As shown in Fig. 8, a common mode delay error introduces
gaps at the turning points of each arbiter line and a differential
mode delay error leads to an incorrect slope for each line.
Moreover, the TDC nonlinearity induced by the common
delay error is zero for small TDC input located within the
first arbiter line. The deviation from the ideal transfer curve
accumulates as the TDC input gets larger. On the other hand,
the nonlinearity from differential delay error shows up even
within the first arbiter line but only repeats itself periodically
for large TDC inputs. It is from these observations that we
conclude that the dominant source for TDC nonlinearity is
the differential mode delay error for small TDC inputs and
the common mode delay error for large TDC inputs.

With a closer look, the quantization error generated by the
factional-N accumulator presents a staircase ramp waveform
that can be used to sweep the TDC input from −TDCO/2
to TDCO/2. As illustrated in Fig. 9, the corresponding TDC
output can be further subtracted from an ideal ramp signal,
creating an error signal that can be used to automatically adjust
the TDC delays. As mentioned above, when TDC input is
within the range of the first arbiter line, only the difference
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Fig. 10. Measured convergence of TDC common mode and differential mode
delays.

Fig. 11. Proposed wide-tuning DCO architecture.

between fast and slow delays causes TDC measurement error.
On the other hand, the average of fast and slow delays
dominates TDC error when TDC input is sufficiently large
such that multiple arbiter lines are used. As a result, the
common and differential parts of the fast and slow delays
can be calibrated separately according to TDC input range.
Two least-mean-square (LMS) loops are designed to collect
the differential and common mode error signals used for fast
and slow delay chain calibrations. More specifically, TDC
generates a flag signal to indicate either one or multiple arbiter
lines are used in one measurement. This flag signal will be
further used to activate either common or differential LMS
loop. In this way, we can guarantee an orthogonal calibration
of two types of errors without interfering each other. As shown
in Fig. 10, the measured results showed that the LMS loops for
common and differential delays converge after about 150 μs.
The convergence speed depends on the step size of the LMS
loop. Faster convergence can be achieved with a larger step
size. However, an exceedingly large step size might jeopardize
the convergence stability.

D. Second-Order Digital Loop Filter
As shown in Fig. 4, the digital loop filter consists of

proportional and integral paths to achieve a programmable
bandwidth from 200 kHz to 2 MHz. In addition, two additional
infinite-impulse-response filters are added on the proportional
path to create a second-order filter. Parameters including gain
on the proportional and integral paths in the digital loop filter
can be programmed to achieve different natural frequencies
ωn and damping factors ξ similar to the analog PLL

ωn =
√

Kβ

Tref
ξ = α

2

√
K

Tref

β
(4)

where K represents the total loop gain except loop filter,
Tref is the period of reference clock, and α and β represent
the gains in the proportional and integral paths, respectively.
The loop can be programmed to a wider loop bandwidth
initially for faster frequency lock and reconfigured to an
optimal bandwidth that corresponds to the best phase noise
performance afterward.

E. Wide-Tuning DCO
As part of a multiband wireless transceiver, a DCO with

wide tuning range is required to provide sufficient spectrum
coverage. Moreover, a wide-tuning DCO can also be used
in a DPLL with high data-rate direct modulation [2]. In our
design, four capacitor banks [PVT, acquisition (ACQ),
tracking (TRK), and the finest (FIN)] are designed as shown
in Fig. 11. The DCO oscillates at 5 GHz and is able to
generate a 2.4-GHz carrier with a divide-by-2 prescaler.
The implemented DPLL is able to cover 1.9–2.8- and
3.8–5.6-GHz bands for multiband applications. Thus, the
DCO is equipped with a wide-tuning range of 38%. In order
to lock to the desired channel, the system will first use a
successive approximation algorithm to tune the PVT bank,
which has the widest tuning range with six binary-weighted
capacitors. Next, the other three banks, the ACQ bank (5-b),
the TRK bank (6-b), and FIN bank (7-b), will be activated
for further locking. The thermometer-weighted structure
is adopted for these three banks to ensure the monotonic
tuning characteristic. Fig. 12 shows the frequency range
relationships among the tuning banks. In order to minimize
quantization noise from DCO, two fixed capacitors are
connected in series with the parasitic capacitor array to
reduce the frequency tuning step. Eventually, the FIN bank
has achieved a frequency resolution of 10 kHz/step.

In addition, we used a common-centroid layout scheme
as shown in Fig. 13 to further improve the monotonicity of
the DCO tuning curve. The thermometer-weighted capacitors
in each bank are placed in an array surrounding unit bit 0.
Unwired dummy unit capacitors are inserted at the corners of
the array to minimize layout mismatches. Moreover, for each
unit capacitance, the capacitor has been split into four equal
pieces with a common-centroid quadrature layout style as well.

F. Error-Free Multimodulus Divider

Conventional MMD uses a chain of 2/3 cells connected
in series [18]. In this type of divider, the frequency of
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Fig. 12. Proposed DCO frequency tuning banks.

Fig. 13. Schematics and layout of digitally controlled capacitor unit.

DCO waveform is scaled down by two or three times through
one cell and propagated to the next to be further divided
down. By controlling the division ratio of each 2/3 cell, the
entire chain can achieve a continuous division ratio range from
2n to 2n+1 − 1. The extended division ratio range can be
achieved with extra extension cells. Such an extended divider
chain can achieve a range from 2m to 2n − 1, where m is the
chain length when all extension cells are turned off and n is the
chain length when all extension cells are turned on. However,
this architecture might generate a glitch in the divider output
during the first cycle after the chain length is modified.

Considering the case as shown in Fig. 14, assume that the
division ratio P is set to 01..1 at first, and then all the stages
are configured as divide-by-3. Since PN is 0, the OR gate will
block the feedback signal from the last stage and generate a
constant high signal. Equivalently, the second last stage cannot
see the last stage since its modin signal remains constantly
high. In this case, the last 2/3 cell is still running as a divide-
by-3 counter, but its feedback signal modout is blocked the
OR gate. Now if the P is switched to 10 . . . 0, all the stages

Fig. 14. Incorrect divider state in the first reference period after ratio
switching associated with conventional MMD using extension cells.

Fig. 15. Flowchart of the proposed divider with asynchronous counter and
the remapped control words.

will be configured to divide-by-2. Since the OR gate no longer
blocks the feedback signal from the last stage, the equivalent
length of the entire chain is increased by one. Depending
on the time of P switch, the last stage might still need to
finish its current divide-by-3 cycle in the first period before
successfully switching to divide-by-2 mode. This might cause
the feedback signal modout to be delayed or advanced by
one reference period, thus generating incorrect edge at the
divider output. Such glitch can cause failure of locking at frac-
tional frequency in which the division ratio toggles between
2n − 1 and 2n .

To resolve this issue, some division-ratio-dependent solu-
tions have been proposed for limited extension bits [19], but
extending to higher bits still remains nontrivial. In this design,
we propose to use a single synthesizable state machine to
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Fig. 16. Die photo of the DPLL in a low-power multistandard wireless
transceiver RFIC.

Fig. 17. Measured phase noise at a 2.08-GHz output with a loop bandwidth
of 1 MHz.

replace all the stages with ratio extension logics as shown
in Fig. 15. This new MMD uses an asynchronous counter to
count the divided edges from previous stages. As shown in
the flowchart, the asynchronous counter is set to zero when
the divider extension bits are disabled. Thus, it will always
count from zero when enabled to avoid generating glitch in
the output. When it is activated, it will function as a counter
triggered by the divided clock from the last 2/3 cell stage. The
upper limit of the counter is set by the assigned higher bits
from division ratio words P . The remapped division ratio with
control word P is also shown in Fig. 15. The 3 LSB are used
to control the high-speed 2/3 cells, while the upper 4 MSB set
the upper limit for the asynchronous counter. A division range
programmable from 8 to 127 is achieved with no division ratio
switching error.

IV. MEASUREMENT RESULTS

A prototype of the proposed DPLL is implemented in a
standard 55-nm CMOS technology, as shown in Fig. 16.
The RFIC is separated into the digital part and the analog part
on the layout to minimize their cross talk. The entire DPLL

Fig. 18. Measured spectrum before and after digital calibrations with the
fractionalities of (a) 1/64 and (b) 3/64, respectively.

occupies 0.56 mm2, in which two major components, TDC
and DCO, take most of the area. When the loop is locked
to an integer frequency at 2.08 GHz, the measured in-band
phase noise is −107 dBc/Hz and the integrated rms jitter
(from 10 kHz to 10 MHz) is 0.55 ps, as shown in Fig. 17.
The in-band spur around 250 kHz is due to the power regulator
used on board. The loop bandwidth is set to 1 MHz in order
to clearly show the in-band noise floor achieved.

To demonstrate the effectiveness of the proposed TDC
calibration, the DPLL is configured to lock at various
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TABLE II

MEASURED DPLL PERFORMANCES AND COMPARISONS

fractional frequencies. Two cases with the fractionalities of
1/64 and 3/64 are shown in Fig.18(a) and (b), respec-
tively. The measured largest fractional spurs in two cases at
1.25 and 3.75 MHz were −45 and −36 dBc before calibra-
tions. In both measurements, the digi-phase spur cancellers
have been enabled. However, a small amount of residual error
still exists after the canceller due to TDC nonlinearity. When
the proposed TDC calibration is completed, the fractional
spur level drops to below −55 and −60 dBc, respectively,
indicating a spur reduction of 10 and 25 dB, owing to
the proposed TDC calibration scheme. Since the TDC gain
is proportional to the delay difference between the fast and
slow chains, the loop bandwidth varies slightly after delay
calibration that could affect the final spur reduction effect as
well. Furthermore, the spur level before calibration depends
on the TDC initial delay that is PVT sensitive, and differ-
ent spur levels are observed for various frequency settings.
However, with the proposed calibration turned on, the largest
fractional spur level is always below −55 dBc. Additional
measurements of the largest fractional spurs with different
fractional frequencies before and after TDC calibration are
shown in Fig. 19.

The measured TDC transfer curve is shown in Fig. 20.
Before TDC calibration, gaps between different arbiter lines
can be clearly observed due to inaccurate delays from two
delay chains that will cause high spurious tone in the
DPLL output. After TDC calibration, the measured TDC
transfer curve is very close to the ideal transfer curve.
With autocalibration, this 2-D Vernier TDC achieves an
average differential nonlinearity (DNL) of 1.13 LSB and an
integral nonlinearity (INL) of 0.81 LSB, while DNL and INL
are 1.32 LSB and 3.49 LSB without calibration, respectively.
The DNL is mainly caused by the 2-D arbiter topology, where
the turning points of the arbiter chains correspond to the worst
DNL. The proposed TDC gain and linearity calibration only
need to be carried out once initially and involves negligible
extra power consumption.

As part of a low-power 802.11a/b/g/n wireless transceiver
RFIC, this proposed DPLL consumes a 9.9-mW total
power in which TDC, DCO, and the digital circuits

Fig. 19. Measured fractional spur near 2.4 GHz with a loop band-
width of 1 MHz for different fractional frequencies with and without
TDC calibrations.

Fig. 20. Measured TDC transfer curve, INL, and DNL before and after
digital calibrations.

(including MMD) consume 4.7, 4.2, and 1 mW,
respectively. The reference signal is generated with an
80-MHz crystal oscillator. Performance comparisons are
summarized in Table II, demonstrating a competitive DPLL
design compared with the state-of-the-art technologies.
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V. CONCLUSION

A fractional-N DPLL using a 2-D Vernier TDC with auto-
matic linearity calibration is presented. Using a ramp signal
generated from the existing fractional frequency synthesis
blocks, the loop can automatically adjust the TDC’s fast and
slow delays to achieve the best linearity for fractional spur
reduction. A digi-phase canceller with an automatic TDC gain
tracking loop is implemented to further suppress the fractional
spurs. The largest fractional spur of −55 dBc was measured
over various fractional frequencies without using traditional
SDM for noise shaping. The proposed three-step TDC is
able to provide fine resolution and wide detectable range
with minimal hardware. This paper also presents an improved
divider structure that resolves the glitch issues during division
ratio switching associated with conventional MMDs. This
novel divider structure can provide a wide division range from
8 to 127 without transient switching glitches to support the
wide DCO tuning range of 38%.
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