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*University of Zagreb, Faculty of Electrical Engineering and Computing, Zagreb, Croatia
†
ams-OSRAM AG, Premstaetten, Austria
leo.gocan@fer.hr

Abstract—A phase-locked loop (PLL) is an important
and commonly used electronic circuit in various electronic
systems. Its main drawback is the use of an RC low-pass filter
which takes up the majority of the PLL area on the chip. The
RC low-pass filter is necessary to ensure the PLL stability.
To mitigate this issue, a frequency-locked loop (FLL) is
used because the stability of an FLL system depends on
the Miller capacitance inside of the operational amplifier,
which drastically reduces the capacitor size and thus the
chip area. This paper presents the design of a fully integrated
FLL based on a frequency-to-voltage converter (FVC). FVC
is optimised so that it stabilises in just three clock cycles,
which reduces the settling time of the entire FLL circuit.
The voltage-controlled oscillator (VCO) is optimised for low
power in all corners and for a wide input signal range.
The circuit is implemented in a 180-nm CMOS process.
Simulations show that the FLL circuit is functional in all
voltage, temperature and technology corners. It has a short
settling time while using a small amount of power and chip
area compared to the conventional PLL designs.
Keywords—differential delay cell, frequency-locked loop,
frequency-to-voltage converter, voltage-controlled oscillator.

I. I NTRODUCTION
A frequency-locked loop (FLL) is a circuit similar to a
phase-locked loop (PLL) [1] as both circuits generate an
output signal which tracks an input reference signal. They
are used in communications, computers, radars and in
other applications such as frequency synthesis and signal
recovery. The output signal of the PLL is synchronised
with the input signal in phase, and therefore in frequency,
whereas the output signal of the FLL is synchronised with
the input signal only in frequency. The main advantage
of the FLL over the PLL is a smaller die area needed
to create a fully integrated circuit due to the absence of
the area-consuming RC low-pass filter needed in PLL for
stabilisation.
An FLL architecture, that does not require the use of
the usual PLL components, such as a phase detector, a
charge pump and a low-pass filter, has been reported in
[2]. It is based on a frequency-to-voltage converter (FVC)
from [3] which uses the charge redistribution in switching
capacitors. Several advances in the FLL architecture based
upon these works, with the purpose of decreasing the
settling time of the FVC, have been reported in [4]–
[7]. Short settling time of the FVC allows it to work
at higher frequencies. Alongside short settling time, low
power consumption is also a desirable feature.
This paper improves the design of the FLL presented
in [2] in order to achieve a lower power consumption and
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a shorter settling time. FVC has been slightly modified to
achieve a shorter settling time, thus shortening the settling
time of the entire FLL. Architectures of the opamp and
the VCO have been revised to achieve a lower power
consumption.
This paper is organized in four sections. Section II
describes the architecture and the operation of the FLL and
its building blocks. In Section III, the simulation results
are presented. The conclusion is given in section IV.
II. A RCHITECTURE AND O PERATION
The block diagram of the proposed FLL is shown in Fig.
1. It is composed of two frequency dividers: one dividing
by M and one by N , two FVCs, an opamp and a VCO.
The feedback loop is composed of the VCO, the frequency
divider by M , the FVC2 and the opamp.
The operation of the FLL is as follows. The reference
frequency fref is divided by N and converted into the
voltage v+ which is connected to the non-inverting input
of the opamp. The FLL output frequency fout , which is
also the VCO output frequency, is divided by M and
converted into the voltage v− which is connected to the
inverting input of the opamp. The opamp tries to equalise
the voltages at its inputs by changing its output voltage
which is the control voltage vctrl of the VCO. The VCO
output frequency changes until the opamp input voltages
equalise. At that moment, the FLL is considered locked
to the reference frequency.
The opamp output voltage can be expressed by
vctrl =

A
· v+
1+K ·A

(1)

with

1
· KFVC2
(2)
M
where A, KVCO and KFVC2 are the gains of the opamp,
the VCO and the FVC2, respectively.
K = KVCO ·

1
M

FVC2
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Fig. 1. The block diagram of the FLL.
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If the dc gain of the opamp A is very high, (1) can be
simplified to
1
vctrl =
· v+
(3)
K
which, with substitution from (2), leads to
M
· v+ .
(4)
vctrl =
KVCO · KFVC2
From (4), the expression for the VCO output frequency
can be derived as
M
fosc = KVCO · vctrl =
· v+ .
(5)
KFVC2
The voltage of the non-inverting opamp input can be
expressed by
1
v+ = fref ·
· KFVC1
(6)
N
where KFVC1 is the gain of the FVC1.
By substituting (6) into (5) and choosing the same
FVCs, the expression for the VCO output frequency can
be rewritten as
M
M KFVC1
·
· fref .
(7)
· fref =
fosc =
N KFVC2
N
A. Frequency-to-Voltage Converter (FVC)
The schematic of the FVC used in the FLL is shown
in Fig. 2. It is based on the design presented in [3]. It
is composed of two capacitors, a current source, several
transistors that act as switches, a transmission gate and a
logic controller block (LCB).
The schematic of the LCB is shown in Fig. 3. The
LCB is a circuit that generates two control signals, Φ1
and Φ2 (Fig. 3). The signal Φ1 and its complement Φ1
control the transistors MP0, MN0, MP1, MN1, MP2 and
MN2 while the signal Φ2 controls the transistor MN3.
The control signals have the same frequency as the input
signal but they have significantly smaller pulse width. The
duration of the Φ1 pulse must be long enough for the
charge redistribution between C1 and C2 to occur. The
duration of the Φ2 pulse must be long enough to allow
for a full discharge of C1 .
The operation of the FVC is as follows. While the input
signal FIN is low, the transistor MP3 is turned on and MP4

FIN

Φ1

τ1

Φ2

τ2

F IN
T ime

1

T ime

2

T ime

Fig. 3. The schematic of the LCB.

is turned off. At the same time, MN3 and transmission
gate (MP1 and MN1) are turned off, thus maintaining
the charge of the capacitor C1 and disconnecting it from
C2 . Therefore, the current source MP6 charges C1 with
a constant current Ic . When the input signal FIN goes
high, MP3 turns off, MP4 turns on and C1 stops charging.
Shortly afterwards, Φ1 goes high for a period of time τ1
which turns on the transmission gate and connects C1 and
C2 . This allows for a redistribution of the accumulated
charge on C1 and the initial charge on C2 . When the
charge redistribution is finished, Φ1 goes low, the transmission gate turns off, and C2 is isolated from the rest
of the circuit. The transistors MP0, MN0, MP2 and MN2
are dummy switches intended to compensate for the charge
injection from the transmission gate. Each of them has half
the width of the corresponding transmission gate transistor.
Shortly after Φ1 goes low, Φ2 goes high for a period of
time τ2 which turns on MN3 and C1 discharges.
The input signal FIN of the FVC with a frequency
fin charges the capacitor C1 during one half of the
period (assuming the duty cycle D = 0.5) with a charge
expressed by
TZin /2

Ic dt = Ic ·

QC1 =
VDD
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Using (8), the voltage generated on C1 can be expressed
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Fig. 2. The schematic of the FVC.
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(8)

0

MP6
16
8.0
10
0.2

1
.
2fin

1

QC1
Ic
1
=
·
.
C1
C1 2fin

(9)

The circuit in Fig. 2 can theoretically be modelled in
the continuous time domain with a series of the resistor
R, the capacitor C2 and a voltage source with the voltage
VC1 from (9). Inclusion of a voltage source is possible
because C1 discharges in every cycle, and therefore it
always charges to the same voltage VC1 .
The difference of the accumulated charge in a cycle can
be expressed by
∆QC1 = C1 (Vout − VC1 )

(10)
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where Vout is the voltage on C2 .
The average current in a cycle can be expressed as the
average rate of change of the charge in a cycle, which
leads to the equivalent value of the resistor
1
R=
C1 fin

C2 1
·
.
C1 fin

1
Ic
·
.
C1 2fin

(13)

(14)

The minimum and the maximum frequency of the input
signal to the input of the FVC2 can be derived from (14).
The maximum frequency is defined by
fmax <

1
2 (τ1 + τ2 )

(15)

because the total duration of the pulses Φ1 and Φ2 must
be shorter than the interval during which the input voltage
is high, i.e. shorter than 1/(2fmax ).
However, the maximum frequency of the FLL is M
times larger than the maximum frequency of the FVC
defined in (15).
B. Voltage-Controlled Oscillator (VCO)
The schematic of the VCO is shown in Fig. 4. It consists
of three differential delay cells that form a ring oscillator,
a biasing circuit controlled by the current sink IREF and a
frequency regulation circuit controlled by the signal vctrl.
The differential delay cell schematic is shown in Fig.
5. Its purpose is to delay the input signal by a specific
amount of time so that the natural oscillation frequency
of the three delay cells connected in a ring is around
the desired output frequency (in this case 20 MHz) for
a vctrl voltage that is around VDD /2. Because the delay
cell consists of two inverters, MP0-MN0 and MP1-MN1,
its switching voltage and delay are controlled by the
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This work, in contrast to [2] and [3], uses the capacitors
which are not equal. The capacitor C1 has a larger
capacitance than C2 , and according to (13), that results
in a smaller time constant, i.e. a shorter settling time. For
the FVC, this means that the number of cycles needed to
get to the final output voltage is smaller.
The settling time of the FLL also depends on the frequency characteristics of the opamp because the feedback
loop stability is defined by the opamp, in contrast to the
PLL where the stability is defined by the charge-pump
current and the low-pass filter characteristics.
If the input signal of the FVC is a square wave with a
frequency fin and a duty cycle D = 50%, the steady-state
output voltage of the FVC can be expressed as
Vout =

vctrl

(11)

realised by the capacitor C1 switching at the frequency
fin .
The output voltage and the corresponding time constant
τ are in this case:
"
#

t
(12)
Vout (t) = VC1 · 1 − exp −
τ
τ = RC2 =

VDD MP0
3.5
2.0

DLY

DLY

uo2p

Fig. 4. The schematic of the ring oscillator.

dimensions of the transistors as they impact the charge
time of the load capacitance. To minimise the FLL phase
noise, the output VCO frequency duty cycle should be
50% and the transitions from high voltage to low voltage
should be as fast as possible. To achieve that, the delay cell
inverter switching voltage has to be optimised. To increase
the delay cell switching speed, and thus increase the ring
oscillator frequency, two cross-coupled transistors are used
(MP2 and MP3). To vary the ring oscillator frequency,
the current driven into the delay cells (IDD ) is controlled.
As the current driven into the delay cells increases, the
time it takes to charge the load capacitance decreases, thus
increasing the delay cell switching speed and consequently
the VCO output frequency.
The current driven into the ring oscillator is controlled
by the opamp output control voltage vctrl. The transistor
MN0 in Fig. 4 serves as the voltage-to-current converter
to drive the ring oscillator. The current mirror made of
the transistors MP0 and MP1 is used with the intention
of reducing the current variation due to the power supply
noise. If we were to use a pMOS transistor as a voltage-tocurrent converter, for example, connecting the vctrl signal
to the gate of the transistor MP1, any noise on the VDD line
would change the gate-source voltage of MP1 (as the gate
is constant and equal to vctrl) and cause the driving current
IDD to vary. The driving current is regulated by changing
the dimensions of the transistor MN0, more specifically
the ratio WMN0 /LMN0 . This ratio is tuned so that the VCO
fout vs vctrl characteristic crosses the 20-MHz frequency
at around VDD /2.
An important design element of the VCO is the slope of
the fout vs vctrl characteristic (KVCO ) or the VCO gain.
This parameter cannot be too high as that will introduce a
frequency fluctuation into the FLL system. It also cannot
IDD
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Fig. 5. The schematic of the VCO delay cell.
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be too low as that will reduce the VCO output frequency
range, which can cause the fout vs vctrl characteristics
in some corners to not cross the desired 20-MHz frequency, thus making the FLL operation in those corners
impossible. In this paper, the desired value of KVCO is
20 MHz/V. The problem of a single current source VCO
is that the transistor MN0 is impacted by the technology
corner variations which cause some VCO characteristics to
drop below 20 MHz/V. If the width of MN0 is increased
to shift all of the VCO characteristics up so that they
all cross the 20-MHz frequency, the KVCO and current
consumption would also increase to unacceptable values.
To mitigate this problem, the biasing current source (IREF)
of 4 µA is used. Since it is designed to be insensitive
to power supply and corner variations, IREF provides a
base current which ensures that the VCO frequency is
just under 20 MHz for vctrl = 0 V in all corners. In this
configuration, when the vctrl voltage increases, the driving
current adds to the 4 µA biasing current and fout vs vctrl
curves then cross the 20-MHz frequency in all corners. In
this way, KVCO can be tuned with the dimensions of the
MN0 transistor without having to worry about shifting the
VCO characteristic under the 20-MHz frequency value.
The output of the ring oscillator (signals uo2n and uo2p,
Fig. 4) is a sinusoidal wave with an amplitude which
varies with frequency. The level shifter (LS) shown in
Fig. 6 is used to upshift the clock signal amplitude to
VDD . The LS consists of differential inverters that are
cross-coupled to increase the switching speed. The highest
possible switching speed is desired to make the output
frequency signal shape as close as possible to an ideal
square wave. The LS inverters are optimised for low input
voltage switching threshold by increasing the ratio of
nMOS and pMOS transistor widths in the inverters. This
is needed to ensure that the LS will switch even for the
lowest amplitude signal from the ring oscillator so that the
VCO has the ability to generate a square wave signal for
all values of vctrl. The duty cycle control (DCC) circuit
shown in Fig. 6 is connected to the output of the LS to
ensure that the output signal duty cycle is 50%.

VDD
M0
9.0
20

C. Operational Amplifier (Opamp)

The FVC, the opamp and the VCO all depend on a
reference current source (IREF) to provide the bias current.
The bias current should be insensitive to temperature,
power supply variations and component corners, so it
does not impact the parts of the FLL even for the worst
corners. The schematic of the IREF circuit used in the
FLL is shown in Fig. 8. To achieve a current that is
invariant to temperature, two currents with complementary
temperature coefficients are added, hopefully producing a
sum current with a zero temperature coefficient.
A current with a positive temperature coefficient is generated by the PTAT (proportional to absolute temperature)
circuit. Since the resistor R0 has a positive temperature coefficient, the current mirrored by MP5 will also have it. A
current with a negative temperature coefficient is generated
by the CTAT (complementary to absolute temperature)
circuit. Since the diode connected transistor MNd has a
temperature coefficient that is negative and much larger

The schematic of the opamp used in the FLL is shown
in Fig. 7. It is a two-stage, Miller-compensated opamp.
For the typical conditions, the opamp has a dc gain of

VDD 0.24
MP2 MP3
0.24
0.18
0.18
0.24
0.24
0.18
0.18
MP0
MP1
vop

vip

von

vin

VSS

15
0.18
MN0

15
0.18
MN1

DCC

LS

Fig. 6. The schematic of the LS and the DCC.
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M4
2.8
20

22.5
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Fig. 7. The schematic of the opamp.

101 dB, a phase margin of 88◦ , a bandwidth of 0.339 Hz
and a gain-bandwidth product of 40 kHz.
The input stage is realised using pMOS transistors. That
configuration ensures a higher power supply rejection ratio
(PSRR) and a lower flicker noise (1/f noise) than the
nMOS input transistors.
The compensation capacitor Cc creates a feedforward
path for the signal which causes a right half-plane (RHP)
zero to appear. The RHP zero is compensated by means
of a nulling resistor Rz . It transforms the RHP zero to a
LHP zero with the same frequency as the non-dominant
pole caused by the load capacitance CL . The value of Rz
can be calculated from the following expression:
Rz ≈

1
CL + Cc
·
Cc
gm6

(16)

where gm6 is the transconductance of the transistor M6.
The value of CL is assumed to be 2 pF. The value of gm6
is taken from the simulation and is equal to 41.72 µA/V.
The value of Cc is chosen so that the nominal transient
simulation of the FLL does not contain any overshoot,
and it is equal to 15.4 pF. Finally, the value of Rz can be
calculated using (16), and it is equal to 27 kΩ.
The transistor M14 is used as a decoupling capacitor to
filter out potential supply voltage jitter. Its dimensions are
W = 10 µm and L = 10 µm.
D. Reference Current Source (IREF)
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Fig. 8. The schematic of the IREF circuit.

than the coefficient of the resistor R0 by absolute value, R1
is connected to compensate this difference. By carefully
scaling the transistors in the PTAT and CTAT sources, the
currents with complementary temperature coefficients can
be achieved and, when added with transistors MP4 and
MP5, form a current with a temperature coefficient of
0 A/◦ C. By making the transistors R0 and R1 large (R0 =
60 kΩ, R1 = 230 kΩ), a low reference current and a high
invariance to power supply variation is achieved.
Since the current source is a self-biasing circuit, it inherently has two steady states: reference current generation
state and the state in which no current flows. In the latter
state, lines Ux1 and Ux2 are at 0 V. To force the circuit
to conduct current, a start-up circuit shown in Fig. 9 is
used. When the circuit is turned on (pd = 0 V), Ux1 and
Ux2 are pulled-up to VDD so the PTAT and CTAT circuits
are forced to conduct. Meanwhile, the capacitors are being
charged to VDD and they turn off transistors MSUp2 and
MSUp4. In this state, the IREF is turned on and the startup circuit does not use any power. When the circuit is
turned off (pd = VDD ), the capacitors are discharged and
the start-up circuit is cut off from the power supply with
the use of a transmission gate to avoid shorting of the
supply lines VDD and VSS .
III. S IMULATION R ESULTS
The capacitors in the FVC have the capacitances of
C1 = 5 pF and C2 = 1 pF. The compensating (Miller) capacitor in the opamp has the capacitance of Cc = 15.4 pF.
Their total capacitance is 21.4 pF. The total capacitance

of the low-pass filter (LPF) capacitors in the 20-MHz PLL
from our previous work was CLPF = 55 pF.
The frequency dividers have the values of M = 20 and
N = 2.
The transient response of the FLL to the change in
the reference frequency for the worst-one (WO) corner
is shown in Fig. 10. The frequency is measured by the
built-in function in Cadence Calculator and it represents
the instantaneous frequency. The VCO frequency is approximately 20 MHz, which is equivalent to the period
T = 50 ns. The transient time covers 200 or more periods
of the VCO frequency. Fig. 10 shows that the FLL is
resistant to the supply voltage variation and that the
response is significantly influenced by the temperature.
The 0.1% settling time for the nominal case is 13 µs, for
−40 ◦ C it is 6 µs and for 105 ◦ C it is 22.5 µs.
A family of the transient responses of the FLL to the
change in the reference frequency for all corners and for
the extreme and nominal values of the supply voltage and
the temperature is shown in Fig. 11. Within the family,
the extreme responses and the nominal response have been
highlighted. The worst power (WP) and the worst speed
(WS) corners have the most detrimental effect on the FLL
function. The maximum overshoot is 213 kHz, i.e. 21.3%
of the 1-MHz step or 1% of the steady-state frequency.
The minimum delay time is 1.2 µs and the maximum is
10.7 µs. The minimum 0.1% settling time is 10.7 µs and
the maximum is 58.3 µs.
Fig. 12 shows the frequency vs vctrl VCO characteristics
across all corners for VDD = 1.8 V. The figure shows
that all the curves cross the 20-MHz frequency before
vctrl = 1.5 V (the maximum output voltage of the opamp)
which means that the FLL can stabilise at the 20-MHz
output frequency for each curve. The interval of vctrl for
which the frequency of 20 MHz is achieved is 0.74 to
1.34 V. The frequency interval for vctrl = 0 V is 8.3 to
13.9 MHz. Since the results shown in Fig. 12 change very
little with the variation of the supply voltage VDD , i.e. they
are very similar to the simulation results for VDD = 1.62 V
and 1.98 V, it can be concluded that the VCO works in
all process corners. For the nominal conditions, the VCO

T = -40 °C

T = 25 °C

T = 105 °C
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Ux1
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Ux2
pd
2.0
MSUn2 0.18

VSS
PTAT start-up

20.8
20.6
20.4
20.2
20
19.8

40

50

60
Time (us)

70

80

CTAT start-up

Fig. 9. The IREF start-up circuit.
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21
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Fig. 10. The transient response of the FLL to the change in the reference
frequency for the WO corner (fref : 2 MHz → 2.1 MHz).
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works with vctrl = 948 mV, KVCO = 24.07 MHz/V and
IVCO = 10.84 µA. Across all corners and temperatures,
for VDD = 1.8 V, the KVCO deviates −27.9/+ 51.9 %
from the nominal value. The minimum is reached for
WS corner and 105 ◦ C (KVCO = 17.35 MHz/V), and
the maximum is reached for WO corner and −40 ◦ C
(KVCO = 36.57 MHz/V).
The transient response of the FVC to a square wave
input is shown in Fig. 13. The output voltage comes within
0.5% of the final value after three clock cycles. This is
an improvement over the FVC in [2] where the output
voltage comes within 0.4% of the final value after eight
clock cycles.
The total nominal power consumption of all analogue
and digital circuits is 129 µW. The highest total power
consumption across all corners is 168 µW. The largest
consumers are the VCO (the LS and the DCC included)
with the nominal consumption of 34.6 µW and the FVCs
with the nominal consumption of 30.4 µW each.
The opamp, the VCO and the FVC require a reference
current of 1 µA, 4 µA and 7 µA, respectively. The stability
of the reference current is the most important for the FVC
since its steady-state output voltage is proportional to the
reference current. The nominal value of the FVC current is
7.04 µA and the extreme values across corners are 5.82 µA

T = 25 °C

T = 105 °C

WO
WP
WS
WZ
Nominal

60
50
40
30
20
10
0.3

0.6
0.9
1.2
Control Voltage (V)

1.5

1.8

Fig. 12. The VCO frequency versus the control voltage across all corners
for VDD = 1.8 V.
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2

Fig. 13. The transient response of the FVC to a square wave input.

Fig. 11. The transient response of the FLL to the change in the reference
frequency across all corners (fref : 2 MHz → 2.1 MHz).
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400

0
0

20.4
20.2

600

and 8.15 µA. The nominal value of the temperature coefficient of the FVC current is −2.95 nA/◦ C and the worstcase value across corners is −3.46 nA/◦ C. The current
variations were expected because the current references
are sensitive to the corners, but the top-level simulations
of the FLL show that this reference current variation does
not significantly impact its performance.
IV. C ONCLUSION
This paper presents the design of a fully integrated FLL
based on a frequency-to-voltage converter (FVC). FVC is
optimised so that it stabilises in just three clock cycles,
which reduces the settling time of the entire FLL circuit.
The voltage-controlled oscillator (VCO) is optimised for
low power in all corners and for a wide input signal range.
The circuit is implemented in a 180-nm CMOS process.
The total area of the FLL is more than two times smaller.
The total capacitance of the FLL is smaller compared to a
PLL having the same output frequency. The simulation
results show that the FLL is functional in all voltage,
temperature and technology corners.
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