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A 0.52/1 V Fast Lock-in ADPLL for Supporting Dynamic
Voltage and Frequency Scaling

Ching-Che Chung, Wei-Siang Su, and Chi-Kuang Lo

Abstract—1In energy-efficient processing platforms, such as wearable
sensors and implantable medical devices, dynamic voltage and frequency
scaling allows optimizing the energy efficiency under various modes of
operation. The clock generator used in these platforms should be capable
of achieving a faster settling time and has a wider operating voltage range.
In this brief, a fast lock-in all-digital phase-locked loop (ADPLL) with
two operation modes (0.52/1 V) is presented. The proposed ADPLL can
quickly compute the desired digitally controlled oscillator control code
with high accuracy. Therefore, the proposed ADPLL can achieve a fast
setting time with frequency errors <5% within four clock cycles. The
proposed ADPLL is implemented using a standard performance 90-nm
CMOS process. The output frequency of the ADPLL ranges from
60 to 600 MHz at 1 V, and from 30 to 120 MHz at 0.52 V. The power
consumption of the proposed ADPLL is 0.92 mW at (1 V, 600 MHz),
and 37 uW at (0.52 V, 120 MHz).

Index Terms— All-digital phase-locked loop (ADPLL), digitally
controlled oscillator (DCO), dynamic voltage and frequency
scaling (DVFS), fast lock-in, low power.

I. INTRODUCTION

In recent years, energy-efficient processing platforms have been
developed for wearable sensors [1], implantable medical devices, and
wireless sensors [2]. Dynamic voltage and frequency scaling (DVFS)
allows optimizing the energy efficiency under various modes of
operation. For quickly recovering from the low-power modes to the
normal mode of operation, the clock generator should be capable of
achieving faster lock-in.

When the power supply is reduced to ~0.5 V, the voltage headroom
is insufficient for a voltage-controlled oscillator (VCO) to provide
an acceptable frequency range with a reasonable VCO gain (Kvco)-
Therefore, in low-voltage phase-locked loops (PLLs) [4]-[6],
multiband VCOs are employed to reduce the Kyco value.
However, multiband VCOs [4]-[6] or multiband digitally controlled
oscillators (DCOs) [7], [8] suffer from a nonmonotonic response
problem when the frequency band is changed [18]. Therefore,
interpolator-based multistage DCOs [13], [18] and a smooth code
jumping scheme [17] have been proposed to overcome these
problems.

For smart sensing applications, low cost and low power
consumption are important. Hence, all-digital PLLs (ADPLLs) are
more suitable than analog PLLs, because voltage control schemes
face several design challenges in advanced CMOS process at low
supply voltages; further, the frequency range for smart sensing
applications [8] (<100 MHz) can be easily covered by ADPLLs
without necessitating forward body-biased or bulk-driven techniques.

Manuscript received May 5, 2014; revised September 27, 2014 and
December 31, 2014; accepted February 20, 2015. Date of publication
March 9, 2015; date of current version December 24, 2015. This work
was supported by the Ministry of Science and Technology of Taiwan under
Grant NSC102-2221-E-194-063-MY3.

The authors are with the Department of Computer Science and Information
Engineering, National Chung Cheng University, Chiayi 62102, Taiwan
(e-mail: wildwolf@cs.ccu.edu.tw; weisiang@s3lab.org; Ick@s3lab.org).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVLSIL.2015.2407370

Digital
Loop Filter [
avg}odc& 11
REF_CLK up
——> DCO_code OUT_CLK
DIV_CLK PFD  [down | Controller DCO >
T > 11
[ A Embedded-
B Cyclic TDC
init_code f 11
Frequency TDC_code
Finder 17
Frequency N
Divider
7 1
9
Fig. 1. Block diagram of the proposed ADPLL.
In current ADPLL architectures, the binary search

algorithm [12], [13], gear-shifting mechanism [10], and modified
bang-bang algorithm [11] have been proposed for reducing the
lock-in time. However, several tens of reference clock cycles are still
required to achieve lock-in. A DCO control code estimating algorithm
has been proposed in [15]. However, the proposed algorithm requires
the DCO resolution. A frequency estimation algorithm that employs
the period ratio between the reference clock and the DCO output
clock to compute the desired DCO control code for generating
the target frequency within two cycles has been proposed in [16].
However, the period ratio computed by the frequency counter is an
integer number. Therefore, to reduce the frequency error induced by
quantization for the period ratio calculation, the multiplication ratio
of the ADPLL [16] needs to be maintained at >45.

In this brief, an ADPLL for smart sensing applications employing
DVEFS power management with two operation modes (0.52/1 V) is
presented. The proposed ADPLL can achieve a fast setting time with
frequency errors <5% within four clock cycles. Pulse-latch D-type
Flip/Flop (DFFs) [19] are used in the ADPLL design for improving
the ADPLL performance at low supply voltages.

The rest of this brief is organized as follows. The proposed
ADPLL architecture and the proposed frequency estimation
algorithm are presented in Section II. Section III describes the
circuit implementation of the proposed design. Section IV shows the
measurement results of the ADPLL test chip. Finally, the conclusion
is drawn in Section V.

II. PROPOSED ADPLL ARCHITECTURE

Fig. 1 shows the block diagram of the proposed ADPLL. The
ADPLL is composed of a phase and frequency detector (PFD) [12],
an ADPLL controller, a digital loop filter [13], a cyclic
time-to-digital converter (TDC)-embedded DCO, a frequency finder,
and a frequency divider. After the system is reset, the PFD and
the frequency divider are stopped. Then the ADPLL controller
waits for the frequency finder to compute the initial DCO control
code (init_code). Subsequently, the initial DCO control code is
applied to the DCO. Then, the DCO, the frequency divider, and
the PFD are started at the next rising edge of the reference clock.
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Therefore, the phase error is eliminated when the ADPLL returns
to the normal phase and frequency acquisition process. However,
the limited resolution of the frequency finder causes frequency
errors. In addition, the propagation delay time of the frequency
divider and the random jitter of the reference clock also cause phase
errors. As a result, the proposed ADPLL keeps tracking the phase
and frequency of the reference clock (REF_CLK) after the initial
frequency estimation process.

The proposed cyclic TDC-embedded DCO uses an interpolator-
based fine-tuning stage [18] to maintain a monotonic response
between the DCO control code and the output frequency under
process, voltage, and temperature (PVT) variations. In addition, the
proposed cyclic TDC-embedded DCO can compute the period ratio
between the reference clock (REF_CLK) and the DCO output clock
(OUT_CLK) as a fixed-point number to reduce the quantization error
in the frequency estimation algorithm.

The period of the DCO output clock (OUT_CLK) is a function
of an 11-bit DCO control code (DCO_code) and is expressed as
P(DCO_code). When the DCO control code is set to zero, the
period of the DCO is at its maximum value (Pmax). Conversely,
when the DCO_code is set to 2047, the period of the DCO is at
its minimum value (Ppjy). The period ratio between the reference
clock (REF_CLK) and the output clock (OUT_CLK) is also
a function of DCO_code and is expressed as R(DCO_code).
Furthermore, Rmax and Rpin denote the period ratios when the DCO
is operated at Ppin and Pmax, respectively, and can be expressed in

Pret Pret

Rmax = Rmin = ey

Prin Prmax
where P is the period of the reference clock (REF_CLK).

In [16], R(DCO_code) is determined using a frequency counter.
Therefore, the value of R(DCO_code) is an integer number.
In this brief, the value of the new function W(DCO_code), which
defines as the reciprocal of R(DCO_code), is a fixed-point number.
In addition, Wiax and Wpin can be expressed in

1 1
Wmax = R =
min

However, if the value of R(DCO_code) is still determined using a
frequency counter, the quantization error in W(DCQO_code) is signifi-
cantly large, as shown in Fig. 2(a). In this brief, we use a cyclic TDC
to compute the fixed-point value of R(DCO_code). Therefore, the
quantization effects in W(DCO_code) can be significantly reduced,
and the W(DCO_code) curve can be approximated as a straight
line, as shown in Fig. 2(b). The equation of W(DCO_code) can be
expressed in

(@)

Winin — Wmax

W(DCOiCOdC) = W

x DCO_code + Wmax 3)
where DCO_code ranges from O to 211 _ 1. Since the frequency
multiplication ratio (M) is an input value to the ADPLL, the target
period ratio (Rr) is equal to M. Subsequently, the value of the target
W(init_code) is equal to Wy = 1/M. If the constant value 211
in (3) is reduced to 211, the target DCO control code (init_code) can

be computed from (3) and can be further expressed as
init_code = 211 » —Ymax ~ W1 )

Wmax — Whnin

In the proposed ADPLL, one divider is used to calculate the
values of Wimax, Wmin, and the initial code of the DCO (init_code)
within three clock cycles. As shown in Fig. 3, after the ADPLL
is reset, in the first cycle, the state of the ADPLL controller is set
to R_MIN and the DCO control code is set to zero such that the
proposed cyclic TDC-embedded DCO can be used for calculating
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Fig. 2. Relationship of R(DCO_code) and W(DCO_code). (a) R—W curve
with integer R. (b) R—W curve with fixed-point R.
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Fig. 3. Timing diagram of the proposed ADPLL in frequency estimation.
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the value of Rpjp. In the second cycle, the state is changed to
R_MAX and the DCO control code is set to 2047 for calculating
the value of Rpax. Meanwhile, the constant value 219 and Rpin are
sent to the divider for calculating the Winax value. In the third cycle,
the state is changed to PIPE_1 and the constant value 219 and Rmax
are sent to the divider for calculating the Wy, value. In the fourth



410 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 24, NO. 1, JANUARY 2016

TDC_CLK
- y
OUT_CLK

REF_CLK TDC_CLK ﬁ
Enable_TDC —

Enable_DCO
OUT_CLK

Fine[30:0]

LAT_code[64]
“pn

OUT_CLK
LAT_code[64:0] ->|

Fig. 4. Proposed cyclic-TDC-embedded DCO.

LAT_code]63]

LAT_code|62]
2 g

Cyelic Counter

1
|‘<> TDC_Int [8:0]
|a¢ TDC_Frac [6:0]

TDC_Encoder

cycle, the state is changed to PIPE_2 and the initial code of the DCO
(init_code) is calculated using (4).

III. CIRCUIT IMPLEMENTATION

Fig. 4 shows the circuit diagram of the proposed cyclic
TDC-embedded DCO, which is composed of a coarse-tuning stage,
a fine-tuning stage [18], and an embedded cyclic TDC for computing
the period ratios (Rmax and Rpin). The coarse-tuning stage of the
DCO consists of 64 coarse-tuning delay cells (CDCs), and the
coarse-tuning step is the delay time of two NAND gates. The cyclic
TDC is composed of 65 pulse-latch DFFs [19] at the output node
of the NAND gates, a cyclic counter, and a TDC encoder. The
TDC resolution is equal to the delay time of two NAND gates
or the coarse-tuning resolution of the DCO. The DCO_Decoder
decodes the binary 11-bit DCO_code[10:0] into the coarse-tuning
and fine-tuning thermometer codes. The TDC_Encoder encodes the
65-bit thermometer code sampled by the pulse-latch DFFs into a
7-bit TDC fractional number (TDC_Frac[6:0]) and the cyclic counter
outputs a 9-bit TDC integer number (TDC_Int[8:0]).

The fine-tuning stage of the DCO [18] is composed of two
parallelly connected tristate buffer arrays operating as an interpolator.
By adjusting the number of turned-ON tristate buffers in the arrays,
the resolution of the fine-tuning stage can be enhanced to 1/32 that
of the coarse-tuning step. The fine-tuning stage can maintain a
monotonic response between the DCO control code and the output
frequency under PVT variations. In addition, the simulated maximum
differential nonlinearity is 0.42 least significant bit.

The proposed ADPLL uses a cyclic TDC-embedded DCO to
compute the fixed-point values of Rmax and Ry, for calculating the
target DCO control code (init_code). As shown in Figs. 3 and 4,
at the initial state, the state of the ADPLL controller is RESET
and both Enable_TDC signal and Enable DCO signal are set to
zero to gate the TDC_CLK signal; further, and all the CDCs are
enabled and initialized. In the next REF_CLK cycle, the state of
the ADPLL controller is changed to R_MIN and both Enable_TDC
signal and Enable_DCO signal are pulled up at the negative edge
of the REF_CLK. The Enable_DCO signal is pulled up for one
half of the REF_CLK period. In the next positive edge of the
REF_CLK, the node voltage values of the CDCs are sampled by
the pulse-latch DFFs. Then, the Enable DCO signal is set to zero
again to initialize all the CDCs for the subsequent Rpyax calculation.

As shown in (1), the period ratio between the reference
clock (REF_CLK) and the maximum output period of the output
clock (OUT_CLK) is Rpyjn. To pipeline the initial code calculation

Fig. 5.

Chip micrograph.

procedure within four clock cycles, the Enable_DCO signal is pulled
up for one half of the REF_CLK period. As a result, the output
of the cyclic TDC should be multiplied by 2 and then denoted
as TDC_code[16:0].

Fig. 4 shows the Ry, calculation in the case when the half period
of the reference clock (REF_CLK) is less than the delay time of
the full coarse-tuning delay line. When both Enable_TDC signal and
Enable_DCO signal are pulled up at the negative edge of REF_CLK,
the DCO begins to oscillate, and the 1 on the OUT_CLK node is
propagated to the NAND gate delay chain. After the half cycle of
REF_CLK, the node voltage values of the CDCs are sampled by
the pulse-latch DFFs as LAT_code[63:0]. The TDC_Encoder encodes
the number of 1’s in the LAT code[63:0] as a 7-bit TDC fractional
number (TDC_Frac[6:0]).

As shown in Fig. 3, when the state of the ADPLL controller
is changed to R_MAX, the DCO control code is set to 2047 for
calculating the value of Rmax. Therefore, all the CDCs are disabled
and OUT_CLK triggers the cyclic counter to obtain a 9-bit TDC
integer number (TDC_Int[8:0]). At the positive edge of TDC_CLK,
the TDC_code[16:0] = {TDC_Int[8:0], 7°’h0, 1’b0} is outputted as
the period ratio Rmax.

The frequency finder, the digital loop filter, and the ADPLL
controller are designed with hardware description language. After
logic synthesis, these circuits are mapped to logic gates, and the
other blocks are also implemented with standard cells. In addition,
pulse-latch DFFs [19] are employed in the frequency divider and the
PFD design. In the proposed PFD [12], the dead zone of the PFD is
reduced from 107 to 26 ps at 0.52 V.

IV. EXPERIMENTAL RESULTS

The proposed ADPLL is implemented using a standard perfor-
mance 90-nm CMOS process. The micrograph of the test chip is
shown in Fig. 5. The active area is 250 x 250 ,um2 and the chip
area including the I/O pads is 864 x 864 ,umz. The output frequency
ranges from 60 to 600 MHz at 1 V, and from 30 to 120 MHz at 0.52 V.
The power consumption of the proposed ADPLL is 0.92 mW at
(1V, 600 MHz) and 37 ¢W at (0.52 V, 120 MHz).

Fig. 6 shows the measured jitter histogram of the output clock
at (0.52 V, 120 MHz). The peak-to-peak (Pg—Pg) jitter is 155 ps,
and the root mean square (rms) jitter is 26.8 ps. Due to the speed
limitations of the I/O pad, the output clock is divided by 2 before
it is outputted to the I/O pad. The Pgx—Pk jitter at (1 V, 600 MHz)
is 102 ps, and the rms jitter is 13.7 ps. At low supply voltages,
the DCO resolution and the PFD dead zone worsen, and, therefore,
the jitter performance of the ADPLL at 0.52 V is worse than that
at 1 V. Moreover, the maximum output frequency of the ADPLL
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TABLE I
PERFORMANCE COMPARISONS

[6] [5] [8] [9] [21] [16]
Parameter Proposed JSSC’12 TCAS-'11 | A-sscc'12 | Tcas-ri2 | TcAs-Ir13 | TCAS-I'10
Category ADPLL Analog PLL Analog PLL ADPLL ADPLL ADPLL ADPLL
Process 90nm 0.13um 90nm 40nm 90nm 28nm 0.18um
Power Supply 0.52V/1.0V 0.5V 0.5V 0.5V 0.5V 1.0V 1.8V
Area (mm?) 0.065 0.074 0.074 0.049 0.022 0.00234 0.075
Input Frequency (MHz) <20 1.8432 25~ 140 1.0 6~45 50 0.22~8
Output Frequency 30~120 @0.52V 400 ~ 400 ~ 10 ~ 96 ~ 83 ~ 223 ~
(MHz) 60~600 @1.0V 433 2240 100 720 2000 446
Multiplication 2~ 206 ~ 16 10 ~ 16 2~ 45 ~
Factor 128 236 100 40 128
DCO Resolution or 20.9ps@0.52V 300 ~ 450 1200 8.8ps
VCO gain 7.3ps@1.0V MHz/V MHZz/V 43.9ps Ips NA @446MHz
26.8ps@ 9.62ps 50.0ps
Jitter 0.52V,120MHz 5.5ps @400MHz 44.2ps @96MHz 3.0ps 9.4ps
RMS 13.7ps@ @433MHz 2.22ps @100MHz 13.3ps @2.0GHz @446MHz
1.0V,600MHz (@2.24GHz @720MHz
0.32@ 0.38 0.48
. 0.52V,120MHz 0.24 @400MHz 0.44 @96MHz 0.6 0.42
Jitter/cycle (%)
0.82@ @433MHz 0.497 @100MHz 0.95 @2.0GHz @446MHz
1.0V,600MHz (@2.24GHz @720MHz
37uW@ 0.5mW
Power 0.52V,120MHz 0.44mW @400MHz 47uW 0.57mW 0.64mW 14.5mW
Consumption 0.92mW@ (@433MHz 2.08mW @100MHz @720MHz @2.0GHz @446MHz
1.0V,600MHz @2.24GHz
Lock-in Time 4 cycles 166 cycles 210 cycles 50 cycles N/A 50 cycles 2 cycles
(frequency error <5%) (0.8us) (90us) (1.5us) (50us) (1.0us) (0.5us)
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Fig. 7.

also reduces at 0.52 V. Fig. 7 shows the measured lock-in process
of the proposed ADPLL at 1 V. The reference clock is 3 MHz,
the frequency multiplication ratio (M) is 32, and thus, the output

frequency is 96 MHz. After four clock cycles, the frequency error
is <5%.

Table I lists the performance comparisons with other PLLs.
Although analog low-voltage PLLs [5], [6] have a higher output
frequency at low supply voltages, a high VCO gain makes the VCO
susceptible to supply noise and noise induced by nearby digital
circuits. As compared with digital low-voltage PLLs [8], the proposed
ADPLL has better jitter performance and lower power consumption.
As compared with other ADPLLs [13], [16], the proposed ADPLL
has lower power consumption. As compared with the ADPLL [16],
the proposed ADPLL improves the accuracy of the period ratio
computation and can achieve a fast setting time at small frequency
errors within four clock cycles. In addition, as compared with another
fast-locking ADPLL [21], which requires ~50 cycles lock-in time,
the proposed ADPLL has a faster settling time. As compared with the
near-threshold ADPLL [20], the bootstrapped DCO can improve
the maximum output frequency with higher design complexity. The
maximum output frequency of the proposed ADPLL at 0.52 V
is enough for the smart sensing applications with DVFS power
management [8] (<100 MHz).

V. CONCLUSION

In this brief, a fast lock-in ADPLL for smart sensing applica-
tions employing DVFS power management has been proposed. The
proposed frequency estimation algorithm can use the period ratios
calculated by the cyclic TDC to compute the initial DCO control
code for achieving a fast setting time within four clock cycles.
In addition, the interpolator-based fine-tuning stage can maintain a
monotonic response of the DCO either at 1 or 0.52 V. Pulse-latch
DFFs are applied to the design of the frequency divider and
PFD to improve the performance of the ADPLL at low supply
voltages. Furthermore, the proposed ADPLL has good portability
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over different processes. Therefore, the proposed ADPLL is suitable
for battery-powered energy-efficient processing platforms employing
DVES schemes.
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