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A Two-Cycle Lock-In Time ADPLL Design Based
on a Frequency Estimation Algorithm
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Abstract—This brief presents a frequency estimation algorithm
(FEA) for an all-digital phase-locked loop (ADPLL) instead of the
traditional binary frequency-searching algorithm. Based on the
proposed FEA and a new fast-lock scheme, a fast-lock engine is
designed to improve the lock-in time of an ADPLL design with
two referenced clock cycles. An implementation of the proposed
ADPLL design is realized by utilizing United Microelectronics
Corporation (UMC) 0.18-µm 1P6M CMOS technology with a core
area of 300 × 250 µm2, consisting of an acceptable input refer-
ence clock ranging from 220 kHz to 8 MHz. The ADPLL design
has a frequency range of 28–446 MHz with an 8.8-ps digitally
controlled oscillator resolution. Moreover, the peak-to-peak jitter
of the ADPLL achieves 70 ps, respectively.

Index Terms—All-digital phase-locked loop (ADPLL), binary
search algorithm (BSA), clock generator, digitally controlled os-
cillator (DCO), phase-locked loop (PLL).

I. INTRODUCTION

IN RECENT years, the phase-locked loop (PLL) has been a
broadly used component in integrated circuits, particularly

for system clock recovery and in wireless communication sys-
tem frequency synthesizers [1]. In clock recovery applications
such as hard-disk drivers and digital videodisks, wherein the
channel characteristics vary over time, the PLL needs to re-
spond accordingly to unpredictable phase fluctuations, instan-
taneous frequency shifts, and time-varying jitter [2]. Thus, the
fast-locked time of the all-digital PLL (ADPLL) can improve
the rate of data transmission due to the reduction of preambles.

Compared with the PLL, one of the most important advan-
tages of the ADPLL designs is that the designs can be easily
integrated with advanced digital signal processing techniques
and systematic methodologies. For example, systematic and/or
arithmetic methods are useful for digitally controlled oscillator
(DCO) constructions [3], [4], the sliding windows [5] for track-
ing input reference clocks and digital filters [6] are helpful for
improving the jitter performance, and an interpolation method
to construct DCO results in a wide-range ADPLL design [7].
The binary search algorithm (BSA), which is a widely adopted
algorithm, can reduce the convergence time of an ADPLL to
25 clock cycles [4]. A time-to-digital conversion approach,
which achieves a seven-cycle lock-in time [8], is proposed for
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Fig. 1. Architecture of the proposed two-cycle lock-in time ADPLL design.

Fig. 2. Behavior simulation of the convergence performance of the BSA
approach and the proposed algorithm.

fast frequency searching. In addition, due to their compatibility
with computer-aided design routing tools, standard cell-based
ADPLL designs can be easily integrated into modern system-
on-chip designs and implemented with cell-based design flows
because of their all-digital features.

This brief presents a new mechanism to improve the per-
formance of the lock-in time for ADPLL designs. A new
time-domain frequency estimation algorithm (FEA) is proposed
for online calculation of the parameters of the DCO, and a
fast phase synchronized scheme is developed to complete the
phase synchronization. The very large scale integration (VLSI)
architecture of a fast-lock engine (FLE) for ADPLL designs
(Fig. 1) is developed by combining the FEA and the fast
phase synchronized scheme to achieve two-cycle lock-in time
performance. Using an assumption that an ADPLL operates
from 100 to 500 MHz with a 10-bit binary control code of the
DCO, the behavior simulations of the proposed ADPLL and
the BSA-based ADPLL are shown in Fig. 2, wherein the step
size of the BSA was divided by two after every iteration of
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frequency searching. However, our proposed ADPLL locks the
reference clock in two cycles with a stable convergence process,
as seen in Fig. 2.

This brief is organized in the following manner, whereby
Section II presents the proposed FEA for our fast lock-in time
ADPLL design. After which, the development and the design
of the VLSI architecture (adopting an FEA) to achieve two-
cycle lock-in time are described in Section III. Finally, the
chip implementation and measurement results are discussed in
Section IV, and conclusions are given in Section V.

II. PROPOSED FEA

Here, we introduce the proposed FEA to calculate the DCO
control code for an ADPLL, hence generating a desired and
stable frequency output. The major features of the FEA are
based on 1) the correlations between a reference clock and the
DCO characteristics and 2) the analysis of the DCO control
code in the time domain. The desired frequency output fo

can be obtained by advance calculation instead of using the
traditional BSA.

A. FEA for Fast Frequency Calculation

In this context, fref and fo represent the reference clock fre-
quency and the desired output frequency, respectively, while N
is a multiplication factor. The frequency multiplication function
of a PLL in the locked state can be represented as

fo = N × fref . (1)

The following parameters are defined for the purpose of
clarity.
τref Cycle time of the reference clock.
τmin Minimum cycle time of the DCO when the DCO

operates at the maximum oscillation frequency.
Rmax Maximum cycle time ratio between the reference clock

and a DCO clock when the DCO operates at τmin.
τmax Maximum cycle time of the DCO when the DCO

operates at the minimum oscillation frequency.
Rmin Minimum cycle time ratio between the reference clock

and the DCO clock when the DCO operates at τmax.
τDCO Current cycle time of the DCO with the DCO parame-

ters fixed.
From the definitions of Rmax and Rmin, the correlations

between the reference clock and the DCO lock-in range are
deduced as

Rminτmax = Rmaxτmin = τref . (2)

Considering that a DCO provides T frequency acquisition
steps, then the relation between the resolution and the differ-
ence of τmax and τmin can be derived as

Δτ =
τmax − τmin

T
=

τref

T
×

(
1

Rmin
− 1

Rmax

)
(3)

where Δτ is the DCO resolution, and T refers to the total
number of DCO steps.

After the input reference clock is locked by the ADPLL, the
cycle time of the output frequency can be described as

1/fo = τDCO = F × Δτ + τmin (4)

Fig. 3. Architecture of the proposed ADPLL design. (a) Design of a fast-lock
engine to achieve a two-cycle lock-in time. (b) Typical ADPLL loop.

where F is the desired control code of the DCO for an accurate
frequency.

From (1)–(4), the desired DCO control code F in the follow-
ing denotes the relationship between the reference clock and the
DCO parameters after the ADPLL locks the input:

F =
T × Rmin

N
× Rmax − N

Rmax − Rmin
. (5)

Note that τmax, τmin, and Δτ are process-dependent para-
meters of the design; therefore, they are difficult to identify
before fabrication. In addition, the exact value of τref varies
between different applications. However, Rmax and Rmin can
be obtained by frequency counters during the runtime. Also,
T is one of the predefined parameters of the DCO, and N is
the multiplication factor specified for the ADPLL operation.
Based on the correlated dependence, F can be calculated by
the proposed FEA in (5). An important feature of the proposed
FEA is that it accurately calculates the required control code for
the DCO to generate the desired frequency output despite tem-
perature fluctuations and power supply or process variations.

B. Analyzing the Range of the Multiplication Factor and fref

There are two factors that will cause mismatch between
F , the desired DCO control code, and the desired output:
1) quantization error of Rmin and Rmax because the two free
running inner DCOs in Fig. 3 are not synchronized to fref , and
2) quantization error from the calculated F itself. Equation (5)
indicates that the error of F is large when N , Rmin, and Rmax

are small. Using the following parameters: 1) simulation time is
1 ps; 2) DCO resolution is 8.8 ps; and 3) τmin is 2.2 ns, through
simulation, our proposed FEA can calculate the desired F with
only 1% mismatch when the multiplication factor N is greater
than or equal to 45, and fref input is less than or equal to 8 MHz.
Also, mismatches can be reduced when N is higher in value.

III. DESIGN OF A TWO-CYCLE LOCK-IN TIME ADPLL

The proposed VLSI architecture depicted in Fig. 3 is adopted
for an ADPLL design to achieve a two-cycle lock-in time.
Fig. 3(a) implements our FEA and a developed circuit for phase
synchronization to an FLE, while Fig. 3(b) represents a typical
ADPLL. Here, we will proceed to discuss the FLE and how it
achieves a two-cycle lock-in time.
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Fig. 4. (a) Architecture of the synchronization scheme for the DCO.
(b) Waveform of the fast-lock process.

A. VLSI Architecture for the FEA

The module “calculate DCO parameters” in Fig. 3(a) is
directly implemented from (5) to calculate the DCO parameters
whenever we obtain Rmax and Rmin from the other modules.
Modules “Inner DCOH ,” “Inner DCOL,” and “Outer DCO”
have the same DCO layout but differing roles in the ADPLL
design. The “Inner DCOH” generates the maximum frequency
of fmax, whereas the “Inner DCOL” generates the minimum
frequency of fmin. Finally, the “Outer DCO” is used to generate
the desired frequency output fo. The modules “Frequency
Counter” compute fmax and fmin for every fref cycle time to
generate Rmax and Rmin. With these parameters, the module
“calculate DCO parameters” computes the DCO parameters to
get F in every fref cycle time using (5).

B. Phase Synchronized Scheme for the Fast Phase Lock

Fig. 4 illustrates the phase-synchronized scheme between
fref and fo in the module “Phase Sync” in Fig. 3(a). EN is an
enable signal to start/stop the DCO, and PhaseSync and fref

are the signals controlling the EN. Three schemes to achieve
phase synchronization are shown in Fig. 4(a): 1) stop the DCO
when the module “Lock Detector” detects a large phase error
and active PhaseSync; 2) start the DCO at the rising edge
of fref when settling down the DCO control code F ; and
3) output fo from the last stage of the DCO to achieve the
phase synchronization due to the characteristics of the ring-
based DCO architecture.

Assuming that a frequency variance is applied to fref or N is
changed at cycle 0, as shown in Fig. 4(b), “Lock Detector” de-
tects this variation and activates the signal PhaseSync at cycle 1.
Moreover, Rmax and Rmin are both calculated simultaneously.
At that moment, the D flip-flop suspends the DCO on the rising
edge of cycle 1 and updates F during cycle 1. Finally, the DCO
resumes oscillation with a new control code F at the rising edge
of cycle 2. Based on the developed FLE, the fast-lock phase
acquisition can be realized in two cycles.

C. Configurable LD

In Fig. 5(a), a new lock detector (LD) configuration is
utilized as a phase/frequency lock/unlocked detector. The main
function of the LD is the detection of numerous phase er-
rors. Once the phase error exceeds the threshold TLD, the
LD generates an unlocked signal and activates the FLE for a

Fig. 5. (a) Schematic of the LD. (b) Behavior of the LD output versus the
different threshold TLD.

fast-lock operation. The delay cell can be constructed with a
scalable buffer chain. Thus, the propagation delay of the delay
cell decides the threshold of the LD. The relation can be ex-
pressed as

TLD = M × τBUF (6)

where TLD is the LD threshold, M is the number of buffer
stages, and τBUF is the gate delay of a buffer.

Also, the total number of buffer stages M should be de-
termined by the specifications of the application. The relation
of the LD output versus different thresholds is illustrated in
Fig. 5(b). For a popular application example of video, which
references a horizontal synchronization (HSYNC) as fref to
generate a 27-MHz clock, a 5-ns phase error may be tolerated.
When referencing an HSYNC from the video graphics array to
generate a 200-MHz clock for a liquid-crystal-display monitor,
the tolerance for the phase error may only be less than 500 ps,
and, hence, M should be reduced. The proposed LD is scal-
able and flexible enough to meet the demands of various
applications.

D. ADPLL Working Flow to Achieve Two-Cycle Lock-In Time

Fig. 6 shows the proposed ADPLL working flowchart. Once
the phase error is over the threshold and detected by “Lock
Detector,” the system controller receives the desired control
code F and updates the DCO in two cycles. Then, the phase
frequency detector (PFD) and the ADPLL closed loop perform
the fine phase acquisition for the phase/frequency maintenance.

IV. IMPLEMENTATION AND MEASUREMENT RESULTS

Based on the proposed VLSI architecture depicted in Fig. 3,
a chip of a prototype ADPLL design using UMC 0.18-μm
1P6M CMOS technology is implemented. There are 255 low-
power tristate inverters to build an eight-stage inverter chain to
construct our DCO, as Olsson and Nilsson [10] have done in
their research of a digitally controlled PLL. A predivider is built
into the DCO to generate 1, 1/2, 1/4, and 1/8 frequency outputs
to extend the range of fo. From the simulations, one DCO
consumes 1.6–3.2 mW of power. Overall, the prototype chip
can generate frequency outputs ranging from 28 to 446 MHz
with a multiplication factor of 45 ∼ 128. Four-layer metals are
used for wired connections, of which two layers are filled with
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Fig. 6. ADPLL working flowchart.

Fig. 7. Die photo and its layout of the proposed ADPLL.

dummy cells keeping in mind the fabrication advantages. The
core area is 300 × 250 μm2, as shown in Fig. 7.

A. Built Test Board and DCO Measurement

The fabricated ADPLL design consisting of three high-
linearity DCOs, a PFD, an FLE, an ADPLL controller, a
frequency divider, and a loop filter is configured with a built
test interface. The test interface is coupled with the ADPLL
controller for testing and measurement purposes. The testing
configuration provides functions of the testing parameters to
the ADPLL controller and the output multiplexed status of each
module, and assigns test patterns for each module according to
certain specific testing modes.

Fig. 8 is a photo illustrating a built printed circuit testing
board with an external field-programmable gate array (FPGA)

Fig. 8. Photo of a prototype ADPLL and a test board.

Fig. 9. Characteristic curve of the fabricated DCO.

Fig. 10. Measured DNL of the fabricated DCO.

connected to the ADPLL test interface. A test program is writ-
ten for compilation on a PC to communicate with the on-board
testing circuit built in the FPGA via the universal asynchronous
receiver/transmitter interface. The FPGA receives test com-
mands from the PC and sets up the necessary test parameters
for different test modes. In addition, the test program monitors
and records the status of the ADPLL during the operation. The
high-linearity characteristic curve of the proposed DCO has
been verified by the Tektronix TDS6604 digital scope, as shown
in Fig. 9. Calculations from the raw measurement data resulted
in a working range of 2.243–4.493 ns and a resolution of up
to 8.8 ps for the DCO. The measured differential nonlinearity
(DNL) in Fig. 10 shows that our DCO has a mismatch of 1.5
least significant bits (LSB), whereby a 1-LSB mismatch will
cause a mismatch of approximately 0.39% in fo from (5).

B. Measurement of the ADPLL System Locked-In Performance

The detailed closed-loop convergence of the ADPLL chip
has also been tested and recorded by the Tektronix TDS3052
digital scope. In the configuration, where fref = 4 MHz, the
multiplication factor N is increased from 60 to 100 for a
400-MHz clock generator. In Fig. 11, Ch1 is the input reference
clock, which is 4 MHz, Ch2 is the desired output, and the
multiplication factor has been changed from 60 to 100 on
the rising edge of cycle-C0. Based on the experiment results,
the ADPLL detects the variance in cycle-C0, then resets the
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Fig. 11. Measured locked-in performance when frequency multiplication
changed from a factor of 60 to 100. Ch1 is the reference clock, which is fixed
at 4 MHz, and Ch2 is the output.

Fig. 12. Jitter performance and histogram at fo = 446 MHz.

DCO in cycle-C1, and generates a desired frequency on the
rising edge of cycle-C2. Due to the limitation of the standard
cell IO pads, Ch2 is obtained from a divide-by-8 testing output.
Experimental results have shown that the prototype ADPLL
chip can lock in two reference clock cycles.

C. Measurement of the ADPLL Jitter Performance

Fig. 12 shows a diagram illustrating the jitter histogram of
the ADPLL performance using a Tektronix TDS6604 digital
scope. When operating at a 446-MHz output, the peak-to-peak
jitter is 70 ps. The power consumption of the chip is measured
to be 14.5 mW at a 446-MHz operation. Table I summarizes
the comparison between the measured performance and the
outcome of the research. One can easily tell that our proposed
ADPLL takes more advantage of a wide working range and has
lower hardware cost, fast locked-in time, and, at the same time,
better jitter performance.

V. CONCLUSION

In this brief, we have presented a new FEA and a fast phase
lock scheme to design an FLE for ADPLL designs. A prototype
chip was implemented by the UMC 0.18-μm 1P6M CMOS
process having a core area of 300 × 250 μm2. Measurement

TABLE I
PERFORMANCE COMPARED WITH PRIOR PUBLISHED WORKS

results have proven that this ADPLL chip is able to lock the
input reference clock in two clock cycles with a 70-ps jitter
performance. The proposed ADPLL, which is fully described
by the hardware description language and fully compatible
with a standard-cell design flow, is suitable to be integrated
with various designs and can also be extended to other dif-
ferent processes due to the digital features and advantages on
offer.
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