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Due to the low reference frequency the ﬁlter will
be the most signiﬁcant chip area consumer. For this
reason single ended structure is chosen for the ﬁlter
(see Fig. 2). Smallest area consumption can be obtained using a high ohmic polysilicon resistor and
gate capacitance of transistor as a non-ﬂoating capacitor. In order to linearise the gate capacitance,
the transistor should remain biased in strong inversion. Active realisation of the resistor is also possible but would have limited voltage swing and large
1 INTRODUCTION
area due to high resistance value and complex realPhase locked loops (PLLs) are basic building blocks isation. The resistor will provide a large parasitic
for analog and digital systems, in which they are capacitance towards substrate. This capacitance
used for clock generation or recovery, demodula- can be utilised as an additional capacitor denoted
tion or frequency synthetizer applications. PLL as C2 . Impedance of the loop ﬁlter in Fig. 2 with
uses an external reference signal and adjusts the C2 excluded is
output clock signals according to the reference.
RCs + 1
,
(1)
Z(s) =
In systems utilizing a combination of micromesC
chanical and microelectronic components, such as where R is the resistor and C the capacitor value.
MEMS sensors, a mechanical resonator can provide
CP
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a stable and accurate frequency reference. If the
Vdd
mechanical structure itself is a resonating sensor,
XPD
PD
Vbias2
external electronics is required to process the elecI
trical signal to a more feasible form. If a PLL is
attached to the system, it can provide clock signals Vbiascascode2
XPD
+
+
for A/D converter, digital circuitry and resonator
V
XPU
Vbiascascode1
R
excitation, for example.
C
Abstract — Systems including for example micromechanical oscillators can provide a frequency reference, which can be in the order of few kilohertz.
This paper describes a design procedure for a fully
integrated charge pump phase locked loop (PLL),
which can utilise low reference frequencies. Noise
is taken into account in the design process and simulated example of a PLL is presented. Presented
theory allows the design of a fully integrated PLL in
favour of either noise or power consumption.
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STRUCTURE OF PLL

The charge pump PLL topology is studied in this
paper (see Fig. 1). Digital implementation of phase
and frequency detection (PFD) and extremely simple loop ﬁlter (LF) structure enable the implementation of PLL with moderate chip area. An example PLL is designed and simulated for implementation with a 0.7 µm CMOS process and 5 volt supply
voltage.
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Figure 2: PLL loop ﬁlter and charge pump.
A cascode current mirror is suitable for charge
pump (CP) implementation (see Fig. 2). Current
source transistors are kept in saturation continuously to avoid long delays at the moment of switching and dummy switches can be used to suppress
charge injection errors. Suitable charge pump conﬁgurations are presented in [1].

Clk

DN

Figure 1: Block diagram of a charge pump PLL.
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2.1

Sizing of the Components in the PLL

Due to rather low clock frequencies the realisation
of digital blocks PFD and frequency divider DIV is
straightforward and these blocks are therefore not
treated in this paper. For the PLL transfer function we need a linear model for each block within

the PLL. Therefore we denote the ratio between
input and output frequency of DIV with N , PFD
gain with KP F D = ICP /(2π), where ICP is the
charge pump current, and the gain of the voltage
controlled oscillator (VCO) with KV CO . Furthermore, by using equation (1) for the loop ﬁlter impedance, we obtain the transfer function from the
phase of the reference to the loop ﬁlter voltage as

krad/(sV ). Now we must deﬁne the natural frequency which must be low enough compared to the
lowest reference frequency [2]. Thus we require ωN
to be 2.5 krad/s. A damping coeﬃcient ζ of 0.45 is
chosen instead of critical damping to save chip area.
Process dependent coeﬃcients AR = 4·10−15 m2 /Ω
and AC = 500 m2 /F . Now using equations (7), (6)
and (5) we get ICP = 130 nA, C = 54 pF and
R = 6.7 M Ω. If RICP is too high compared to
ICP R 2
ICP
VLF (s)
tuning range (0.9 V of this case can be tolerated),
2π s + 2πC s
= 2 KV CO ICP R
.
(2)
KV CO ICP
VCO gain must be increased. Higher gain will inφ(s)
s +
s
+
2πN
2πCN
crease bandwidth and damping of the PLL but will
To calculate the four unknown parameters R, C, also contribute to additional phase noise by increasKV CO and ICP in equation (2) we ﬁrst deﬁne the ing the eﬀect of the loop ﬁlter noise.
gain of the VCO. For this purpose we must know
the frequency range ∆ωREF in which the reference
varies. We also need the available tuning range ∆V 3 PHASE NOISE
of VCO, which is ultimately limited by the supply
voltage. We should leave some margin to the VCO Relaxation oscillator is a suitable topology for imgain by scaling the actual tuning range by the worst plementing the oscillator in a low frequency PLL.
case minimum gain caused by component size vari- This is mostly due to the large tuning range and
simple and reliable structure. In addition this
ation. We can write for the VCO gain
structure can be optimised for low power consumption. Disadvantage of this structure is a high level
∆ωREF
N.
(3)
KV CO =
of phase noise. We will next consider diﬀerent
∆V
mechanisms by which white and ﬂicker noise transThe loop ﬁlter chip area can be optimised by form into phase noise.
writing an equation for the LF area
ALF (ICP ) = AC C(ICP ) + AR R(ICP ),

(4) 3.1

Noisy Frequency Controlling Current

If the oscillator is current controlled we can write
for the frequency ω(t) = KCCO I(t), the integral of
which gives the timevarying phase. KCCO is the
gain and I(t) frequency controlling current. Noise
component is written as I(t) = In cos(ωn t), where
4πωN ζN
2ζ
R(ICP ) =
=
,
(5) ωn is the frequency of the noise component and In
KV CO ICP
CωN
amplitude, which corresponds to the spectral density of current noise. Now we write the fundamental
and
frequency ω0 component of the output signal into
KV CO ICP
C(ICP ) =
(6) form
2 N ,
2πωN

C(ICP ) and R(ICP ) can be substituted to equav0 = A0 cos[ω0 t + KCCO In cos(ωn t)dt]. (8)
tion (4). Minimum area is obtained by diﬀerentiating ALF (ICP ) with respect to ICP and setting the
derivative zero. This yields
Phase noise L(∆ω) at frequency oﬀset ∆ω = ωn
can now be written using equation (8). Due to in
3 A N 2ζ
tegration, we consider only ﬂicker noise and replace
8π 2 ωN
R
ICP =
.
(7)
In by Inf /f 1/2 . Now we get the equation for phase
KV2 CO AC
noise into form
After calculation of ICP , equations (5) and (6) can

2
KCCO Inf
be used to deﬁne suitable resistor and capacitor
L(∆f ) ≈ 10 log
,
(9)
sizes.
4π∆f 1.5
To consider an example case, we set the reference frequency range to be from 5 kHz to 10 kHz where Inf is the rms value of noise at 1 Hz and
and the scaled VCO tuning range to be roughly 2 ∆f frequency oﬀset, at which phase noise is evaluV . Using equation (3) we get KV CO to be 16*N ated [3].
where AC is the capacitance area density and AR is
the resistance area density. By deﬁning the damping factor ζ and natural frequency ωN from (2) and
solving

of VCO and RGM the resistor of GM block. One
can also add dc current Idc to Ictrl to enable conThe eﬀect of noise at the moment of state changtrol voltage independent oscillation frequency, if the
ing in a relaxation oscillator can be evaluated using
VCO gain this requires.
two integrator oscillator model to obtain the noise
shaping properties [3]. Phase noise can be obtained
by comparing magnitudes of signal and noise.
The two integrator open loop transfer function
is H(s) = −(ω0 /s)2 , where ω0 is the fundamental
frequency. In closed loop conﬁguration, the gain
transfer function can be written as




 Y [j2π(f0 + ∆f )] 2 1 f0 2

 ≈
,
(10)
 X[j2π(f0 + ∆f )] 
4 ∆f
3.2

Noise During Voltage Comparison
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where ∆ω = 2π∆f is the oﬀset frequency at which
the noise ampliﬁcation is calculated. When we
know the peak-to-peak voltage of the signal in the
oscillator denoted with VH , we can write the equation for phase noise as


m f02 Vn2
L(∆ω) ≈ 10 log
.
(11)
4 ∆f 2 VH2

Figure 3: Structure of the VCO.
4.1

Phase Noise in VCO

White noise is taken into account only by dimensioning transistors in the comparator input pair.
White noise content can be minimised by maximising input pair transconductance.
To be able to investigate the ﬂicker noise eﬀect
In this equation Vn denotes rms noise voltage at
we
write the equation for MOSFET noise current
frequency nf0 + ∆f (n is a positive integer) and
m spesiﬁes the number of harmonics of ω0 from
(13)
In2 = (2µID KF )/(L2C f ),
which the noise folding is taken into account. Unknown m can thus be determined by simulating the where ID is the transistor channel current, µ is carnoise bandwidth of the comparator using discrete rier mobility, KF ﬂicker noise coeﬃcient and LC
frequency noise sources and examining the eﬀect of transistor channel length. By substituting equation (13) into (9) we get
these sources to spectrum.

 2
If we consider only low frequency noise we replace
f0 2µKF 1
Vn in equation (11) with Vnf /f 1/2 , where Vnf is the
,
(14)
L(∆f ) ≈ 10 log
4f 3 ID L2C
ﬂicker noise voltage rms value at 1 Hz. Value of m
in this case is 1.
which is the same result that we would get by
substituting equation (13) into (11) and writing
4 VCO
VH = IBCOMP RCOMP , where ID = IBCOMP , and
for noise voltage Vn = RCOMP Inf /f . Flicker noise
Design procedure of the oscillator must take into
of the comparator input pair is attenuated due to
consideration major noise contributors and sensithe diﬀerential structure of the VCO. The only
tivity to the power supply variations. The latter is
design-dependent variables in equation (14) are curdone by using diﬀerential structure for the VCO.
rent ID and channel length LC . For total phase
The structure of the designed VCO is shown in
noise, sum of noise power from all sources must be
Fig. 3. The VCO consists of a CCO i.e. a current
calculated, i.e. equations (9) and (11) with both
controlled oscillator and simple transconductance
ﬂicker and white noise taken into account. One
block (GM). CCO contains comparator (COMP)
must notice that neither white noise in IBCOMP
with internal hysteresis and ﬂoating capacitor benor resistor ﬂicker noise nor eﬀect of charge pump
tween two current sources (DIFFCS). PMOS trannon-idealities are analysed. In addition, reduction
sistors are preferred over NMOS transistors in curof ﬂicker noise below the level of loop ﬁlter resistor
rent sources because ﬂicker noise is substantially
thermal noise is ineﬀective. The noise bandwidth
higher in NMOS devices. The gain of the VCO is
of the resistor is limited by C2 in Fig. 2.
given as
KV CO =

π
RCOMP IBCOMP CV CO RGM

,

(12)

4.2

Component Values in VCO

The eﬀect of frequency division must be taken into
where RCOMP is the resistor and IBCOMP the bias account when phase noise of particular output frecurrent of the comparator, CV CO is the capacitor quency is calculated. This can be done by changing

KCCO and f0 in equations (9) and (11) to match
the output frequency of interest. When power consumption is one parameter of interest, we can select maximum current IBCOMP for the biasing of
the comparator and use equation (14) at a typical
output frequency f0 and oﬀset ∆f to deﬁne minimum length of transistor channel L. Comparator
speed must remain adequate though the current is
minimised. As the biasing current is deﬁned, we
can calculate RCOMP = VH /IBCOMP by maximising hysteresis VH (minimise equation (11)) of the
comparator.
Using maximum tuning voltage ∆V (see section 2.1) and typical control current Ictrl , which
satisﬁes power consumption requirements, we can
calculate RGM = ∆V /Ictrl . After this we can select
minimum channel length of the current source transistor, which satisﬁes phase noise properties, using
equation (9) with Ictrl and KV CO /RGM = KCCO .
In our example case total N is equal to 512. We
select IBCOMP = 100 µA and resistor value will
thus be 15 kΩ with VH = 1.5 V . We calculate that
RGM = 100 kΩ, when ∆V = 2 V and Ictrl = 20
µA. The size of CV CO can be determined from
equation (12). Using previously calculated values
(see section 2.1) we obtain capacitor value of 2 pF .
Drawn layout of the PLL consumes 0.4 mm2 .

plitude Vn = 100 µV to VCO comparator input
in series with capacitor CV CO . Fig. 5 (left) shows
the spectrum of VCO output when sinusoidal error is near third harmonic of oscillation frequency
4.47 M Hz. Fig. 5 (right) shows the theoretical and
simulated eﬀect of low frequency (30 kHz, 10 nA)
noise component in current IBCOMP = 100 µA.

5

6

SIMULATION RESULTS

The stability and settling of the designed PLL were
simulated with transient analysis. Figure 4 shows
both theoretical and simulated step responses.
Theoretical curve corresponds to natural frequency
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Figure 5: Left: Folding of sinusoidal noise round
third harmonic. Right: Eﬀect of low frequency sinusoidal noise in comparator bias.
CONCLUSIONS

A design ﬂow and implementation example of a
fully integrated PLL using low frequency reference
was presented in this paper. Proposed topology
allows the implementation within reasonable chip
area. Noise theory is presented to recognise the
dominant noise sources and to evaluate phase noise
in the VCO.
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