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Abstract—Reference spur is a limiting performance factor
in an integer-N phase-locked loop (PLL). In this paper, we
investigate the effect of VCO gain, ripple magnitude in VCO
tuning voltage and reference frequency with reference spur
magnitude. Normally, VCO gain and reference frequency are
chosen according to needed system requirement, leaving only
the ripple voltage on the VCO control signal to be minimised
in order to minimize the reference spur. The ripple voltage
is mainly contributed by current mismatch, current leakage,
switching delay and discrepancies between the rise and fall times
in charge pump circuit. In addition, loop filter is also affecting the
ripple voltage. In this paper, we consider these effects analytically
to predict ripple voltage in the VCO tuning voltage and hence
calculate the reference spur magnitude of the PLL device.

Index Terms—reference spur, tuning voltage, charge pump,
phase/frequency detector (PFD), voltage controlled oscillator
(VCO), current mismatch, loop filter.

I. INTRODUCTION

PLL is a commonly used module in the frequency syn-
thesizer of an RF transceiver to result in a high quality data
transmission. PLL noise consists of random noise and periodic
noise. Random noise is known as phase noise in frequency
domain or jitter in time domain. Meanwhile, periodic noise
is known as spur. In integer-N PLL architecture, the spur
is called reference spur since the spur exists at a reference
frequency offset from the carrier frequency.

Many works have been conducted on PLL phase noise
modelling [1]-[3], however, the reference spur aspect of PLL
modelling attracted much less attention. Reference spur is
modelled by a narrow-band frequency modulation theory [4],
[5]. Based on the published models, spur magnitude is pre-
dicted and used in several published works [6]-[8]. However,
none of the work models ripple voltage in the VCO tuning
voltage, which is the main source to the spur magnitude.

In the published spur analysis, ripple on the VCO tuning
voltage is assumed to be a sinusoidal signal, resulting an inac-
curate spur magnitude estimation. In this paper, we accurately
model the ripple on tuning voltage, hence an accurate spur
magnitude could be estimated. In addition, the magnitude of
the ripple voltage is also analysed. The ripple voltage is caused
by circuit-non-idealities in charge pump and phase/frequency
detector (PFD). Three non-idealities, namely current leakage,
current mismatch and switching delay, have been modelled in
phase domain [8]. The relationship between phase error due to
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these three non-idealities and ripple magnitude were discussed
in [4]. However, the non-idealities effect were discussed seper-
ately, hence the resulting reference spur magnitude estimation
was only considered for that particular non-ideality. In this
paper, time domain analysis will be considered to model the
effect of current leakage, current mismatch, rise and fall times
characteristic and switching delay on the reference spur. In
addition, this work proves that VCO tuning port leakage affects
the reference spur magnitude for PLL when second order loop
filter is used. Then, combinations of all these non-idealities are
considered together for reference spur magnitude estimation.

Reference spur estimation using simulation requires a huge
amount of time. A long time transient analysis is required to
make sure the PLL is locked. The VCO output signal after the
PLL is locked is sampled and FFT is performed to the sampled
data. The FFT magnitude at the first reference frequency offset
is divided by FFT magnitude at the VCO frequency in order
to get the reference spur magnitude. The proposed analysis is
able to estimate reference spur magnitude without performing
the time consuming simulation.

In Section II a reference spur analysis for an integer-/N PLL
is presented. In Section III, ripple in VCO tuning voltage is
modelled. The spur magnitude predicted using the proposed
model is then compared with transistor level simulation in
Section IV. Finally, this work is summarized in Section V,
followed by an acknowledgement.

II. REFERENCE SPUR ANALYSIS

The tuning voltage, V; tunes the VCO output frequency.
Ideally, V; is a straight line without any ripple, however in
physicall implementations, V; is a periodic signal with pulse
repetition rate equal to reference frequency, as shown in Figure
1. This periodic signal is caused by non-idealities in charge
pump and PFD circuits.

At
v AViU [

Trcf

Fig. 1. Due to circuit non-idealities, VCO tuning voltage becomes a periodic
signal instead of a solid line.
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In locked state, AV is very small, hence a narrow-band
frequency modulation theory can be used to model the VCO
output. The VCO output signal could be presented by Equation
1, where V, is the amplitude of VCO output, V; is the VCO
tuning voltage, w, is the VCO output frequency when tuning
voltage is zero and K, is VCO gain in rad/sV.

Vieo(t) = V5 cos (wot + Kv/Vt dt) . (1

Using a Fourier Series, V; could be presented as

AV AL 2AV

T Tretw n
ref refWref n£0

V! =Vi+ cos(nwryert) sin(nwyerAt) '

(2)
Where w,f is the reference signal phase and n is integer. Let

the periodic component in the Fourier Series be represented as
A(t) and VCO output frequency is represented as wy.o, yields:

2AV sin(nwyef (At — t))
A(t) = . 3
( Trefwref nz#:() ( )
and
AV At
Wyeo = Wo + Kv‘/t + Kv . (4)

ref

Substituting V; in Equation 1 with Equations 2, 3 and 4

yields:
V,, cos (wvcot + KV/A(t) dt) ,
=V, 08 (Wyeot) cOs (KV/A(t) dt)
=V, sin (wWyeot) sin (KV/A(t)dt) NG))

Let the phase deviation due to circuit non-idelaities, ¢ be

represented as:
¢ = KV/A(t) dt . 6)

The value of ¢ is very small, therefore Equation 5 can be
simplified as:

Vieo(t) =

Vico (t) =

Expand the phase deviation, ¢ in Equation 6, yields:

Vo €08 (Wyeot) — Voo sin (wyeot) - (7)

K AV i cos(nwyet (At — t)) — cos(nwyer (At + 1))

2

= 2
Trefwrcf n=0 n

®)
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Substituting Equation 8 into Equation 7 with only the first
spur order is considered, where n = 1, the VCO output is
given by Equation 9.

According to the FM theory, the modulation index, (3, is

KAV
B Trcfw2

ref

Replace the VCO gain K, (in rad/sV) with 27K (in
Hz/sV') and simplify Equation 10, yields

(10)

KAV

Wref

an

A frequency modulated signal can be expressed by the
Bessel function series, as given in Equation 12.

_ 1k 6 2k+n
HFk+n+D<2) '

For a small modulation index, § < 1, carrier amplitude
is approximately 1, Jy(3) = 1 and the first spur amplitude
is approximately half of the modulation index, J;(3) = /2,
while the rest of series is approximately zero. Therefore, the
reference spur magnitude, P, in dBc is given by

K,AV
2Wref .

Equation 13 is similar to [4], [5], except for the VCO gain in
the published work is in rad/sV, while this work proves that
the VCO gain should be in Hz/sV, which means reference
spur magnitude calculated from the proposed analysis is 2w
lower compared to the published work. This difference is
because the published work assumed the tuning voltage signal
as a sinusoidal, while the proposed analysis accurately models
the tuning voltage using the Fourier Series.

12)

P, =20log ( (13)

III. VCO TUNING VOLTAGE

As shown in Equation 13, ripple in VCO tuning voltage,
AV is proportional to reference spur level. In this section, the
amplitude of AV is modelled, hence reference spur could be
calculated.

The presented analysis only concentrates on the reference
spur, therefore PLL is assumed to be in locked condition. For
analysis simplification, charge sharing and clock feedthrough
are not taken into account. In locked condition, charge transfer
to the loop filter is zero, Q = 0. The charge transfer to the
loop filter is given by

Q = Ipterp

- ([up (14)

— In) tpFD -
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H0<t<tayg

1
Vi () = {54 Tont, | (17
—sdadaitt 4 & [ (Lyp — Ian) dt if tasg <t < (taig + tprp) -
1 .
Vi () = { . Lowlt o< taim (19)
2l 4 L [ (Lup — an) dt if tai <t < (taig + tpFD) -
where tppp is PFD delay and I, is net charge pump current
goes to loop filter, with I,,;, is the current enter the loop filter [T 0
and I, is the current exits the loop filter. up fup = fdn bdn = U,
At the beginning, consider the loop filter as a single capaci- Liptprp = lan (tprp +taisr) ,
tor C'. Detailed analysis on second and third order loop filters - Ly
are discussed later in Section III-E. The VCO tuning voltage, tag = tPFD ( Iy 1) ' (16)

V; is given by

Vi(t) = é/]cp dt . (15)

Ideally charge pump current I, and I4, are equal, PFD
delay for UP signal (Z,p) is equal to delay in DOWN signal
(tan). Therefore, no disturbance exist on the VCO tuning
voltage (AV = 0).

Non-idealities in the charge pump and PFD affect the
tuning voltage. This section discusses the effect of charge
pump current mismatch and PFD delay, charge pump current
leakage, switching delay, rise and fall times characteristic and
loop filter order to the AV.

A. Charge pump current mismatch and PFD delay

Due to channel length modulation and variation of para-
meters between the NMOS and PMOS transistors, I, is not
equal to Ig, [9]. Since the total charge transfer to the loop
filter must be zero, the amount of PFD delay either UP or
DOWN signal has to be adjusted to compensate the current
difference as shown in Figure 2. If I, is larger than Iq,, tan
should be slightly larger than t,,, and vice versa.

tprp

>

I up

|
I dn |
-

taifr

Fig. 2. Iyp is larger than Iy, resulting longer t4, to compensate for the
current mismatch, hence produces a small ripple in the VCO tuning voltage.

Assuming the I, is larger than Iq,, tan = tprp + taif,
where t4qig is the PFD delay difference between UP and
DOWN signals and ¢, = tprp as shown in Figure 2. Since
charge transfer is zero when PLL is in locked, Equation 14
can be rewritten as

and the VCO tuning voltage is given by Equation 17. If the
lgy is larger than I, typ = tprp + taigr, and tqn = tprp.
Equations 16 and 17 are rewritten to Equations 18 and 19,

respectively.
14
taift = tPFD (n - 1> .

Top (18)

As shown in Equations 16 and 18, t4i¢ has a linear relation
with both the charge pump current mismatch and PFD delay.
As a result, AV is proportional to tq;¢. A higher tqig results
in a higher AV in the tuning voltage, hence result in increase
the level of reference spur. As shown by Equations 17 and 19,
if I, is larger than Ig4,, the ripple voltage falls slightly lower
than the tuning voltage, meanwhile if Iy, is larger than I,
the ripple voltage rise slightly higher than the tuning voltage.
However, the ripple voltage direction is not important in the
reference spur calculation, rather the magnitude of difference
is required.

B. Switching delay

Another main cause for the reference spur is the charge
pump switching mismatch between UP and DOWN switches.
Since UP switch uses a PMOS transistor, an inverter is
required to invert signal from PFD. This inverter introduces a
delay to the UP signal, hence delays the I, switching. The
analysis on how this delay affects AV is divided into two
categories, depending on the charge pump current.

The first category is when I, is larger than Iy, where t4,
= tprp + tair and tu, = tppp as shown in Figure 3(a). In
this category, the delay caused by the inverter increases AV,
hence increases the spur level. The second category is when
Iy, is larger than I,,, where ¢, = tprp + taig and tq, =
tprp as shown in Figure 3(b). The delays in UP signal helps
to reduce the AV amplitude, hence decreases the reference
spur level.

The amplitude of ripple voltage affected by the switching
delay is given by

1 tinv
Avtdelay (t) = GA Icp dt . (20)
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Fig. 3. (a) Iyp ia larger than Iqy: switching delay increases AV. (b) Iqn
ia larger than Iyp: switching delay compensates the current mismatch and
reduces the AV,

C. Charge pump rise and fall times characteristic

Charge pump current response also affects the level of
reference spur. The size of PMOS and NMOS transistors in
the charge pump circuit affect the rise and fall times of the I,
and Ig,. Also, the different types and sizes of transistors can
result in more differences in the rise and fall times. In addition,
different loop filter gives a different load to the charge pump,
hence affects the rise and fall times characteristic.

Considering the rise and fall times, the charge pump current,
I, and I4, can be modelled as 4., and ¢4y, respectively [10]:

Im)(lexp(Tmp)> S0 <t <ty
fup = B Q@1
Kup exp<7fup if typ <t <tret
Tin (1 - exp(Trdn)> L 0<t<tay
idn = i (22)
Kdn eXP(E) . if tdn <t S tref

where 7., and 7., are rise time for ., and iqy,, Te-
spectively, while 7¢,, and 7¢q, are fall time for i, and iqn,
respectively. ¢..¢ is reference clock period and K, and Kg,
is given by

Ky = (23)

Iup <1 — GXP(TI‘:‘;)) .
<Qn<1(mp(;$))~
The net current flow that goes into the loop filter is given

by 4up — %dn. Different rise and fall times between 7, and iqy
produce AV in the VCO tuning voltage.

Kan (24)

D. Charge pump current leakage

When both UP and DOWN switches are OFF, a small
amount of current leaks to and from the loop filter. The leakage
current is due to sub-threshold leakage in the switches and
current mirror transistors in the charge pump [11]. The amount
of leakage current is also affected by VCO tuning port leakage.
Since VCO input impedance is very large, the current leaks
to the loop filter [12].

[662]

For second order filter, the tuning port shares the same
node with charge pump output. Therefore, the current leakage
from the VCO tuning port modulates the charge pump current,
hence increase the net current goes to the loop filter. As for
third order loop filter, the VCO tuning port is only connected
to the third capacitor in the loop filter (as shown in Figure
4b). Therefore, the leakage current from the VCO tuning port
does not modulates the charge pump current, and does not
effect the tuning voltage. Effect of VCO tuning port leakage
current can be seen by performing transient analysis to the
PLL while replacing the charge pump circuit with a Verilog-
A behavioural model. In the charge pump behavioural model,
only current mismatch effect is included. The results from
the simulation shows that the tuning voltage slightly increase
even when both UP and DOWN switches are OFF. Since the
behavioural charge pump does not inject any leakage current
into the loop filter, so the tuning voltage is only affected by
VCO tuning port leakage current that will charge the capacitor
in the loop filter.

Current leakage gives a huge effect to the ripple voltage
magnitude for the second order loop filter, while only gives
a minimum effect to the third order loop filter and can be
neglected. Detail discussion on effect of loop filter is presented
in the next section.

E. Loop filter

Early in this section, the loop filter is considered as a
capacitor. In reality, a second order and third order passive
low pass filter are commonly used. Detailed analysis on how
these two types of filters affect the VCO tuning voltage is
presented in the following paragraphs.

1) Second order low pass filter: Transfer function of a
second order low pass filter shown in Figure 4(a), is given
by

RoCos +1

F: = .
2(8) RyC5C18%2 + C1s+ Oys

(25)

(a) Second order

(b) Third order

Fig. 4. (a) Second order low pass filter (b) Third order low pass filter

Using Kirchhoff’s current law, the current that goes through
C4 branch and R5C5 branch can be written as

Lep  ReCrCis+ Cy
5 RoCyCis+Cp+Cy

I cp CQS

? RoC5C1s + Cp + Cy '
With RyCyCs + Cp > (Css, we assume that all current

goes to . Therefore, the tuning voltage for PLL with second

order loop filter could be presented as:

Ie, (S) =

(26)

Ig,c,(8) = 27)
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Fy(s) = faCos 4 1 . 29)
(RoCyC18% + Cys + Cas)(R3Css + 1) + Cys(ReCas + 1)
I (S) _ ICJ (R2020182 + 018 + CQS)(R303S + 1) (30)
F S (RQOQS -+ 1)035 + (RgCgS + 1)(R2020152 +Cis+ CQS) ’
I, C35(RoCos + 1
Inyoy(s) = =2 so(FyCps + 1) @1

S (RzOQS + 1)033 + (RgOgS + 1)(R2020152 + 015 + 023) '

1
thsz(t) = a /ICP dt .

2) Third order low pass filter: The transfer function of a
third order filter shown in Figure 4(b) is given by Equation 29.
Using Kirchhoff’s current law, the current that goes through F»
branch and R3C's branch can be written as given by Equations
30 and 31, as shown on the next page.

Since (R2C3018% + Cis + Ca8)(R3Css + 1) >
C38(RoCys + 1), we assumed all current goes to Fy branch.
As explained earlier, in F5 branch, all current is assumed to go
through C; branch. Therefore, node V. in Figure 4(b) can be
calculated using Equation 28. The current through capacitor
(' is calculated by

(28)

_ Vz - ‘/out
="
VCO tuning voltage for third order loop filter can be

calculated by:
1
=— | I3dt.
Cs / ’

FE. Tuning Voltage Ripple Magnitude

I3 (32)

Vira (1) (33)

Tuning voltage ripple magnitude could be calculated by
considering all the circuit non-idealities as explained earlier.
Firstly, calculate t4;¢ by either Equation 16 or 18, caused by
charge pump current mismatch. Then, switching delay with
amount of #;,, is added to the I,,. Apply Equations 21 and
22 in order to get the net charge pump current that goes into
loop filter. Finally, the tuning voltage ripple can be calculated
using Equation 28 for the second order loop filter or Equation
33 for third order loop filter. Effect of charge pump current
leakage is added to the AV for second order loop filter. As
explained in Section III-D, current leakage does not effect on
AV for third order loop filter.

IV. ANALYSIS VERIFICATION

For verification, the results from presented analysis are
compared with simulation results using Cadence Spectre tools.
Two verifications are conducted, which are reference spur
magnitude based on the analysis in the Section II and rip-
ple voltage magnitude as discussed in Section III. For the
reference spur magnitude verification, AV is obtained from
simulation and reference spur is calculated using Equation
13. Meanwhile for ripple voltage verification, AV is obtained
based on Section III-F.

For the Cadence Spectre simulation, a transistor level tran-
sient analysis was performed. To get reference spur magnitude,
FFT with length of 2'% points was applied to the VCO output
and the difference power level at the VCO output frequency
and the first reference spur were calculated and converted into
decibels.

For spur magnitude verification, AV and K., in the
Equation 13 are obtained from transistor level simulation. For
AV value, the VCO tuning voltage from the transistor level
transient analysis is plotted. Meanwhile, K., is attained by
plotting tuning voltage versus VCO output frequency using
Periodic Steady State (PSS) analysis in Cadence SpectreRF.
Gradient of the graph at each tuning voltage is the Ky, for
that particular tuning voltage. These values are then applied
to Equation 13 and the results are plotted on Figures 5 and 6,
for second and third order loop filters, respectively.

Reference spur (dBc/Hz)
Difference percentage (%)

W

0.2

_74}{ —©— Transistor level simulation S X1
—4— Equation (delta V from simulation)
- & - Difference

s 06 07 08

0.9
Tuning voltage (V)

Fig. 5. Comparison reference spur level from simulation and presented model
for PLL with second order loop filter.

Figures 5 and 6 show that the proposed analysis accurately
calculate the reference spur magnitude, with difference per-
centage of less than 1%. Comparing between these two figures
show that with the same loop bandwidth and phase margin,
third order loop filter gives a lower reference spur magnitude.

For ripple voltage verification, AV is obtained based on
procedure as discussed in Section III-F. The K., is attained
by the same means as discussed in previous paragraph. Both
AV and K, values are then inserted into Equation 13 and
the results are plotted in Figures 7 and 8, for second and third
order loop filter, respectively.

As shown in Figures 7 and 8, comparison between spur
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Reference spur (dBc/Hz)
Difference percentage (%)

g3l Difference percentage 1
3/ —o—Transistor level simulation -
—4— Equation (delta V from simulation)
-85 I I I I
0.5 0.6 0.7 0.8 0.9 1 11 12 l.g

Tuning vbllage V)

Fig. 6. Comparison reference spur level from simulation and presented model
for PLL with third order loop filter.

—e—Transistor level simulation| -7
—2—Equation -7
- 8 - Difference percentage a

Reference spur (dBc/Hz)
Difference percentage (%)

_8 I I I I I I I
8,5 0.6 0.7 0.8 0.9 1 1.1 12 l.g
Tuning voltage (V)

Fig. 7. AV model verification for second order loop filter.
—60 3
—e— Transistor level simulation|
—2—Equation
s 7% - Difference percentage
—65F I\ 2.5

|
3
)

Reference spur (dBc/Hz)

)
3
S

Difference percentage (%)

-85

u
—oq I I I | I I I
(&5 0.6 0.7 0.8 0.9 1 11 12 l.g
Tuning voltage (V)

Fig. 8. AV model verification for third order loop filter.
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magnitude using the proposed analysis for AV estimation and
FFT from transistor level transient analysis gives less than 3%
difference.

V. CONCLUSION

A reference spur analysis for an integer-N PLL is presented.
The analysis accurately predicts reference spur level in the
PLL output. In addition, ripple in VCO tuning voltage (AV') is
also modelled. The reference spur magnitude and AV analysis
are verified by comparing the results with transistor level
simulation. For the spur magnitude verification, the difference
between analysis and transistor level simulation is less than
1%, while for AV verification the difference is less than 3%.
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