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A 0.6-V 44.6-1]J/Cycle Energy-Optimized Frequency-Locked Loop
in 65-nm CMOS With 20.3-ppm/°C Stability

Daniel S. Truesdell

Abstract—This letter presents an energy efficient, temperature-
compensated frequency-locked loop (FLL) for use as an on-chip clock
source. We first present a fully integrated FLL architecture that
significantly improves energy efficiency by using a loop divider to
boost the output frequency without requiring increased static power
dissipation. We develop models for the FLL energy-per-cycle and tem-
perature stability and use them to implement an energy-optimized and
highly temperature-stable FLL design in 65-nm CMOS that achieves
20.3-ppm/°C temperature stability from —20 °C to 60 °C and an energy
efficiency of 44.6-fJ/cycle at 23 °C (45.3 nW at 1.016 MHz), which is
the highest energy efficiency reported to date for a fully on-chip oscil-
lator, regardless of architecture, operating frequency, or temperature
stability.

Index Terms—Clocking, digital clock, energy efficient, frequency-
locked loop (FLL), low energy, oscillator.

I. INTRODUCTION

On-chip oscillators are a popular choice as clock sources for
battery-powered digital circuits and systems-on-chip (SoCs) since
they can operate at low power and do not require off-chip pas-
sives, unlike crystal oscillators (XTALs). Two key performance
requirements for on-chip oscillators are high energy efficiency to
improve battery lifetime and high-temperature stability to ensure
robust data sampling and reliable communication synchronization.
Previous work in on-chip oscillators includes a variety of structures,
such as comparator-based relaxation oscillators (RXOs) [1]-[4] and
amplifier-based frequency-locked loops (FLLs) [5]-[7] that leverage
RC time constants to provide good temperature stability, generally
in the range of 1-100 ppm/°C. However, the energy-per-cycle of
these oscillators remains in the pJ-range, which is comparable to
the energy-per-cycle of an entire digital processor. In RXOs, this
energy limitation is typically due to the dynamic power consump-
tion of the comparator. FLLs improve on this issue by replacing
the comparator with a low-power amplifier, therefore becoming lim-
ited by the static power consumption of bias currents and bias
circuitry [4], [7].

To improve the lifetime of battery-powered SoCs, we present an
energy-efficient FLL architecture that significantly reduces energy-
per-cycle to a level that is over an order of magnitude lower than that
of a digital processor while maintaining state-of-the-art temperature
stability. To accomplish this, we model the energy efficiency of the
FLL architecture and introduce design optimizations to reduce the
energy contributions of the biasing circuitry that typically limits FLL
energy efficiency. Key design choices to enable this optimization are:
1) the use of a loop divider to boost output frequency without needing
to increase bias currents or static power; 2) designing the FLL to
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Fig. 1. (a) Architecture of the proposed energy-efficient FLL and (b) con-
ceptual startup waveforms.

operate at low supply voltage; and 3) using an ultralow 0.1-V loop
reference voltage.

II. FLL DESIGN AND ANALYSIS
A. Architecture and Operation

Fig. 1(a) and (b) shows the architecture and conceptual operating
waveforms of the FLL, respectively. The operating principle of the
FLL is to regulate a voltage-controlled oscillator (VCO) to a fixed
frequency by driving it with an error signal (VcoNTRL) between the
VCO output frequency and a fixed input reference voltage Vrgp. To
continuously compare the VCO frequency to VRgF, a frequency-to-
voltage converter (FVC) transforms the instantaneous VCO frequency
into a voltage Vcap. Variations in temperature cause shifts in the
VCO gain which causes the output frequency Fgoyr to drift, however,
the loop amplifier detects this drift on Vcap and compensates for it in
real-time by adjusting VonTRL- Because changes in temperature are
not very fast, the amplifier does not require high bandwidth. The FVC
is implemented by injecting a reference current IRgr = VREF/RREF
onto a switched-capacitor Cg, creating a voltage that is inversely
proportional to Four

Veap = —— (D

where the reference current IrRgr generated by the V-I converter is
calculated as

_ VREF + Vos1
Rpo + Ryo + (Rpoano + Ryoano) T

IREF @)
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where Rpy and Ryq are the 0 °C resistances of two series resistors
with complementary temperature coefficients apg and oy, respec-
tively, V,,1 is the offset voltage of the amplifier in the VI converter
(shown in Fig. 2), and T is the temperature. The charge redistribution
between Cy, and Cg during switching in the FVC creates a voltage
ripple AV on Vcap equal to Vcap(Cs/(Cs + Cr)), however, due to
the low amplifier bandwidth and a large sizing ratio between Cy, and
Cg, this ripple is filtered out and does not significantly affect Foyr-.
Fourt can be solved by equating Vcap and VREp
5 _ N(VREF + Vos1)

OUT = Co(VREF + Vos2)

SUVREF 0s2
o 1
(Rpo + Rno + (Rpoapo + Ryoono)T)

where V) is the offset voltage of the loop amplifier. As long as the
mismatch between the two amplifiers is low, any shifts in Vg and
V,os2 due to temperature or input common-mode (VRgF) should affect
both amplifiers equally and therefore cancel out in (3) resulting in no
changes in Foyr. Then, if V51 = V5 and Rpgapg = —Ryoong. (3)
can be simplified as

3)

F . 4)
out RRErCs

B. Energy-Per-Cycle

The total power consumption is expressed as a sum of the
individual blocks

PtotaL = PIREF + Prvc + Pamp + Ppiv + Pvco 5)

where PIRgr ~ 3IRgrVpD is the power consumption of the self-
biased V-I reference current generator (current is equally divided
between RRpr and the two stages of the self-biased amplifier),
Pryc = IRgrVDD is the power dissipated through Cg in the FVC,
and Pamp = IREpVDD is the power consumption of the loop ampli-
fier, which is biased with Irgg. The dynamic power of an M-stage
digital divider being clocked at a frequency F can be approximated as

M
Ppry = FCRrVA lech V3, for M > 1 (6)
piv = FCrrVpp ) 5 FFVDD
i=0
where Cgp is the total switched gate capacitance of a single flip-flop.
As long as Four is sufficiently high, the leakage power of the divider
can be neglected. The total energy-per-cycle of the FLL can then be
expressed as

mCsVREFVDD

N
where m is a fitting parameter for the number of current mirrors
(m =5 for this design). Term @ in (7) corresponds to the energy
consumption of V-I reference current generator, switched-capacitor
Cg, and the loop amplifier. Term @ corresponds to the divider, and
term @, Evco, is the intrinsic energy consumption of the VCO at
a given supply voltage, which sets the absolute minimum achievable
energy consumption of the FLL. That is, if all other parts of the FLL
were removed so that only the free-running VCO was left, EcycLE
would equal Eyco-

ECYCLE = + 2Cpr V%D + Evco @)

C. Implementation

Fig. 2 shows the full schematic of the FLL design targeting energy-
efficient operation. To optimize the energy efficiency, several design
steps are chosen in an accordance with (7) to minimize the energy
contributions of each FLL component. First, the VCO is controlled
with a linear regulation approach using transistor M that reduces
its energy dependency on supply voltage from V]%D to VppVro»
where VRo < Vpp. To further reduce the VCO energy, the core
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Fig. 2. Full schematic of the FLL.
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components obtained from simulation and the model (7).

oscillator is implemented as a 5-stage ring-oscillator (a 7-stage RO
increases energy and a 3-stage RO exhibits reduced swing at some
operating points) with minimum-sized devices to reduce the total
switched capacitance Cjny each cycle. Variability in VCO gain due to
the small devices does not affect performance since it is automatically
compensated within the FLL loop. Thus, term @ becomes

Evco = 5Cinv VDD VRO- (8)

The FLL is designed to operate at a low supply voltage of 0.6 V which
quadratically reduces term @ and linearly reduces terms @ and @
The low-voltage operation is accomplished by biasing both amplifiers
in the subthreshold region. Finally, significant energy reduction of
term @ is achieved by picking a small Cg value of 300 fF (Cp, =
20 pF and Cr = 10 pF), using a low VRgfr value of 0.1 V, and
scaling up the divider value N. Fig. 3 shows the normalized energy-
per-cycle of this design versus the divider value N for both simulated
values and the model in (7). When N = 1, term @ dominates the
total energy. Increasing N provides a proportionally higher Foyt
which proportionally increases Ppry and Pyco but causes no change
in PIRgr, Prvc, and Payp- As a result, terms and remain
unchanged versus N, but term @ decreases inversely with N.
Temperature compensation is achieved by splitting RRgF into two
separate resistors with opposing temperature coefficients as men-
tioned in (2). Rp is implemented as a P+ diffusion resistor without
salicide, and Ry is an 8-bit trimmable P+ poly resistor without
salicide. Together, their total resistance equals 49 M in our target
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Fig. 5. (a) Measured power and energy versus output frequency and
(b) temperature coefficient versus output frequency. Output frequency is tuned
by changing divider value N.

design. The optimal trim setting Ry can be determined by measur-
ing the FLL output versus trim setting at two different temperatures
(e.g., room temperature and 40 °C) in order to find the setting that
yields the smallest slope [see Fig. 7(b)]. Further absolute frequency
trimming could be implemented by adding trim to Rp or Cyg.

III. MEASUREMENT RESULTS

The proposed FLL design was fabricated in a 65-nm low-power
process occupying an area of 0.098 mm?. Fig. 4 shows an annotated
chip micrograph. At room temperature (23 °C), the base frequency
(N = 1) is approximately 63.5 kHz, which deviates from the the-
oretical value of 1/RrRgpCs by 10 kHz, which is equivalent to
an added parasitic capacitance on Cg of around 35 fF. Fig. 5(a)
shows the measured power and energy of the FLL versus output
frequency, where the output frequency was tuned by sweeping the
divider value N from 2 to 16. Due to the low supply voltage, the out-
put frequency for this design becomes supply limited for N greater
than 16. Increasing the frequency causes a proportional increase in
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Fig. 6.  (a) Measured power consumption versus temperature and (b) mea-
sured frequency and energy across 18 dies. Black marker shows the chip that
the rest of the measurements in this letter are taken from.
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time. Dashed line shows visualization of FLL amplifier settling without the
added modulation from the IRgF startup.

power and an inversely proportional decrease in energy. A maximum
frequency of 1.016 MHz is measured when N = 16 at a power con-
sumption of 45.3 nW, yielding an energy efficiency of 44.6 fl/cycle.
The FLL can operate reliably up to this frequency from —20 °C
to 60 °C while maintaining less than 50-ppm/°C temperature coef-
ficient, reaching the peak stability of 20.3 ppm/°C at 1.016 MHz
when N = 16. Fig. 5b shows the measured temperature stability
versus output frequency, measured from —20 °C to 60 °C for each
frequency point. Fig. 6(a) shows the power consumption of the FLL
across temperature for N = 16, and Fig. 6(b) shows the measured
frequency and energy-per-cycle across 18 dies. Fig. 7(a) shows the
normalized output frequency versus temperature for each of the Ry
trim settings, and Fig. 7(b) demonstrates the sensitivity of the output
frequency to variation in VRgp across temperature, with less than
2% frequency variation across 20 mV of VRgp drift. Fig. 8 shows
the measured startup response of the FLL for N = 16, demonstrating
a 10-ms settling time. The startup behavior reveals the settling of
the V-I converter, which is stable within 5 ms, and the settling of
the FLL loop amplifier, which takes another 5 ms to settle due to its
low bandwidth. Note that [5] provides more theoretical detail on the
frequency response based on a similar architecture.
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TABLE I
PERFORMANCE SUMMARY AND STATE-OF-THE-ART COMPARISON
This Work JSSC19 | SSCL‘18 | JSSC ‘18 | ISSCC ‘16 | JSSC“6 | CICC‘15 | JSSC ‘16 | ISSCC 17 | JSSC “15
[9] [8] 6] [5] [4] [3] 2] U]
Technology (nm) 65 65 40 180 180 180 65 65 180
Area (mm?) 0.098 0.051 0.07 0.16 05 0.26 0.03 0.032 0.005 0.24
Operating Voltage (V) 06-08 1.0 065-08|1.0-18 |085-14| 1.2-18| 06-18 1.0 09-20 [12-22
Supply Sensitivity (%/V) 100 4.25 +0.6 0.44 0.48 0.75 6 <5 +0.49 1
Frequency (kHz) 1016 1050 417 327 3.0 704 122 18.6 1350 0.011
Temperature Range (°C) -20-60 | 0-40 | -20-80 |-20-100 | -25-85 | -40-80 | -20—100 | -40-90 | 0145 |-10-90
Temperature Stability (ppm/°C) 20.3 25 106 13.2 13.8 34.3 327 85 96 45
Power (nW) 453 69000 181 354 4.7 110 144 130 920 5.8
Energy Efficiency (pJiCycle) 0.044 65.7 043 1.08 16 156 0.120 7.0 068 | 527.2
450 ;I;}JICIE ForBl;%Lg—LOﬂiI;lI?ITIS; : 21 90) to operate from a regulated supply of 0.6 V, which is a typical sup-
1.25 T T T 500 ply voltage for subthreshold digital circuits targeting energy-efficient
oy — Four=508kHz ’”a‘c‘;a;s‘fgd operation. Fig. 10 shows the Allan deviation of the FLL measured at
g 127 weeen Four=1.016MHz < 400 room temperature, demonstrating a floor of 300 ppm after an averag-
% o ing time of 100 ms. Table I summarizes the FLL performance, and
= 15T 1300 & Fig. 11 compares the energy efficiency and temperature stability of
k: 2 this letter with other state-of-the-art on-chip oscillators, showing over
N 1r 1200 PrY an order of magnitude of energy reduction overworks with compa-
g = rable temperature stability. To the best of our knowledge, this is the
£ 105} measured -4 100 i i
S -20°C to 60°C lowe_st energy—per—(;ycle for an on-chip oscillator, rega}rdless of the
10 | | 0 architecture, operating frequency, or temperature stability.
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Fig. 9. Effect of supply voltage variation on output frequency, temperature This letter presented an energy-optimized FLL architecture in
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Fig. 11. Comparison of energy and temperature stability with state-of-the-art
oscillators.

Fig. 9 shows the output frequency and temperature stability ver-
sus supply voltage, which both incur significant variation due to
the subthreshold biasing of the FLL amplifiers (average of 111%/V
frequency sensitivity across 18 dies). However, the FLL is designed

65-nm CMOS that achieves state-of-the-art energy-efficiency and
high-temperature stability across a range of several hundred kHz.
At 1.016 MHz, the FLL achieves 44.6-f]/cycle and 20.3-ppm/°C
temperature stability, marking over an order of magnitude of energy
reduction compared to works with similar temperature coefficients.
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