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A low spur, low jitter 10-GHz phase-locked loop in 0.13-�m CMOS technology�
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Abstract: This paper presents a 10-GHz low spur and low jitter phase-locked loop (PLL). An improved low phase
noise VCO and a dynamic phase frequency detector with a short delay reset time are employed to reduce the noise of
the PLL. We also discuss the methodology to optimize the high frequency prescaler’s noise and the charge pump’s
current mismatch. The chip was fabricated in a SMIC 0.13-�m RF CMOS process with a 1.2-V power supply. The
measured integrated RMS jitter is 757 fs (1 kHz to 10 MHz); the phase noise is –89 and –118.1 dBc/Hz at 10 kHz
and 1 MHz frequency offset, respectively; and the reference frequency spur is below –77 dBc. The chip size is
0.32 mm2 and the power consumption is 30.6 mW.
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1. Introduction

With the fast growing demands of the wireless com-
munication systems market, the wireless transceiver has re-
ceived much attention in recent years. The phase-locked loop
(PLL) is a key building block for clock generation in wireless
transceiver systems. Recently, various circuit techniques to re-
duce jitter and suppression spur techniques of PLLs were re-
ported in Refs. [1–3]. In Ref. [1], a fully differential charge
pump (CP) and an active loop filter are used for the reduction
of the CP current mismatch. Two loop filters will inevitably in-
crease the chip area, and a 311 MHz reference clock is needed.
In Ref. [2], two CP circuits are needed to suppress the spur. A
special circuit is needed to reduce the spur in Ref. [3].

This paper presents the design of a low jitter PLL with low
spur targeting for 802.11a/b/g applications. The PLL employs
an improved VCO with a lower phase noise technique without
increasing the chip area. Moreover, the key factors governing
the PLL’s spur and phase noises are addressed and a method-
ology to optimize their performances is proposed.

2. Conception and implementation

The block diagram of the PLL aimed at a 802.11a/b/g zero-
IF transceiver system is shown in Fig. 1. The maximum oper-
ating frequency of the PLL is 11.61 GHz to meet the 802.11a
system application. A first divider-by-2 provides the in-phase
and quadrature (IQ) signals for the 802.11a system; a second
divider provides the IQ signals for a 802.11b/g. To minimize
noise injection, the digital and analog power and ground are
separated. The jitter of the PLL is caused by the noise of its
sub-blocks, such as the CP and the VCO. The out-band phase
noise of the PLL is dominated by the VCO while the in-band
noise is mainly contributed by the CP and the PFDŒ4�. In addi-
tion, the VCO and the CP are the sources of the spur. Therefore,
the high performance VCO and CP are the key factors in the
low jitter and spur.

2.1. VCO

The performance of the VCO will directly affect the PLL’s
phase noise and spur. To meet the specification of the mul-
timode system, an ultra-wide tuning range VCO with a fre-
quency of 9.0 to 12 GHz is required. Considering the chip
area, only a single VCO is used to realize the ultra-wide tuning
range. In order to reduce the phase noise of the VCO, this pa-
per uses a tail-current source with source degeneration to sub-
stitute the conventional tail-current source, as shown in Fig. 2.
According to Hajimiri theory, the phase noise of the VCO can
be expressed asŒ5�
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where�rms is the value of the impulse sensitivity function (ISF)
associated with that noise source; and qmax is the maximum
charge displacement across the capacitor on the drain of the
tail current; and I 2

n
�f

is the power spectral density of the paral-
lel current noise (including not only the M3 and M4 transistor
noise contribution but also the noise contribution from the tail-
current source transistors M1 and M2). From the above analy-
sis, the smaller noise of the tail-current transistor can achieve
a better phase noise.

For the tail-current source transistor, the impulse sensitiv-
ity function (ISF) associated with the tail-current source has a
fundamental frequency that is double the oscillation frequency.
Due to this frequency doubling, the Fourier coefficients of the
ISF at odd harmonics of !0 is zero, and therefore the noise of
the tail-current source in the vicinity of the odd harmonics of
!0 has no effect on the differential noise current, and the up-
conversion of the 1=f noise is the most significant remaining
noise component of the noisy tail currentŒ6�. Equations (2) and
(3) are the equivalent output flicker noise of the tail-current
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Fig. 1. Block diagram of the integer-N PLL.

i 2
m1

i 2
R1

DCCA(6bit)

I
in

R
1 R

2

V
ctrl

M1 M2

I
in

M1

R
1 R

2

M2

M3 M4

i 2
m2

i 2
R2

i 2
out, w

Fig. 2. Block diagram of the VCO core.

source with a negative feedback resistor i2
out;w;1=f and without a

negative feedback resistor i2
out;w0;1=f, respectively,
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whereB is the current mirror ratio, gm2 is the transconductance
of transistor andM2, i2

m1;1=f and i2
m2;1=f are the equivalent output

flicker noise of the transistors M1 and M2.
According to Eqs. (2) and (3), the flicker noise of the cur-

rent source with source degeneration is reduced by the feed-
back factor gm2R2 . However, largeR2 will force the transistor
into the linear region, thereby worsening the phase noise VCO.
So careful design is needed. The VCO gain KVCO will affect
the spur of the PLL, and the relationship between the spur and
the VCO gain KVCO is given byŒ2�
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where Vm is the amplitude of the ripple and fref is the refer-
ence. From Eq. (4), the amplitude of the spur is proportional
to the gain of the VCO, so a smaller KVCO will achieve bet-
ter spur performance. Thus, a 6-bit digital controlled capac-
itor array (DCCA) is adopted to cover the wide frequency
range while maintaining a lower VCO frequency tuning gain
in this architecture. Figure 3 shows the phase noise simula-
tion results (VCO worked at 10.322 GHz). The figure shows
that the improved VCO has good phase noise; the phase noise
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Fig. 3. Phase noise of the VCO with/without source degeneration.

with/without source degeneration is –70.37/–66.6 dBc/Hz,
–113.9/–112.4 dBc/Hz at 10 kHz and 1 MHz frequency offset,
respectively.

2.2. Prescaler

A high frequency prescaler is one of the key blocks in the
PLL. Generally, it works at the highest frequency of the system
and consumes a significant portion of the total power, and its
phase noise will affect the frequency synthesizer’s phase noise
directly. To meet the specification of the PLL, the prescaler
needs to be able to operate properly from 8 to 13 GHz, and
maintain low phase noise. A high speed broadband prescaler
with a balanced dynamic load is shown in Fig. 4Œ7�. The key
factor limiting the speed of the prescaler is the output RC
constant in tracking mode. The internal signal swing and the
current leakage in the latching mode are the two factors that
would limit the operating frequency range. In this architec-
ture, a complementary driven PMOS transistor is used as a
load to increase the speed and operating frequency range of
the prescaler. On the other hand, in order to enhance the sensi-
tivity of the prescaler, the self-oscillator frequency fSO of the
prescaler has to be slightly higher than the half of the input fre-
quency fin

Œ8�. The first stage prescaler contributes the out-band
phase noise of the PLL. The phase noise of the divider can be
written asŒ9�
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where S folded
V .!m/ is the PSD of the output voltage noise folded

in the Nyquist band from 0 to !out
2

and IB
CL

is the slope of the
output voltage at the zero crossing.
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Fig. 4. Block diagram of the prescaler.

According to Eq. (5), a small internal parasitic capacitor
of the output (CL) or large current (IB) achieves low phase
noise. Increasing the current will reduce the phase noise, but
the power consumption will increase as well.

2.3. PFD and charge pump

The non-ideal characteristics of the CP and the PFD
severely deteriorate the PLL’s in-band phase noise and spur.
The amount of the reference spur in the 3rd-order PLL is ap-
proximately written byŒ9�
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where R and fp1 are the resistance and the pole frequency in
the loop filter, respectively, and �� is the phase offset caused
by the CP and the PFD.

From Eq. (6), the spur is proportional to the phase offset
and the loop bandwidth. One intuitive approach is to adopt a
small loop bandwidth, but this will increase the setting time
and the chip area. Another method is to reduce the phase off-
set. Figures 5 and 6 show the structures of the CP and the PFD,
respectivelyŒ10; 11�. The phase offset is mainly caused by the
charge pump’s current mismatch. In order to reduce the spur,
various papers have mainly focused on discussing the CP’s
static current mismatch and ignored the CP’s dynamic current
mismatchŒ10; 12�. The amount of the phase error caused by the
static current mismatch is given by

j�";staticj D 2�
Ton;static

Tref

�I

Istatic
; (7)

where Ton;static is the turn on time when the CP works on static,
�I

Istatic
is the mismatch of the static current and Tref is the refer-

ence clock period for the PFD. A rail-to-rail error amplifier is
used in Fig. 5 to achieve a perfect static current match. The sim-
ulation results show that the static current deviation of the CP
does not exceed 1% over the output voltage from 0.3 to 0.8 V.

Compared with a traditional PFD, the dynamic phase fre-
quency detector has a very short reset time. The simulation re-
sults show that the static turn on time is less than 100 ps when
the loop is locked. For example, let us assume ICP D 80 �A,
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Fig. 5. Block diagram of the charge pump.

KVCO D
350 MHz

V
; �I

Istatic
D 1 %; Ton;static D 100 ps, R D 27 k�

and Tref D 100 ns, substituting these values into Eqs. (6) and
(7). The spur caused by the static current mismatch is about
–93 dBc. From the above calculation, the static phase offset
contribution to the spur is very small; the system spurious is
mainly caused by a dynamic current mismatch.

The amount of the phase error caused by a dynamic current
mismatch can be expressed as

�";dynamic D 2�fref
�dynamic

Istatic
; (8)
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According to Eqs. (8) and (9), the effective dynamic phase
error is related to the dynamic response of the current and the
dynamic time. The dynamic current mismatch is caused by
the different electronic characteristic of the PMOS and NMOS
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Fig. 6. Block diagram of the PFD.

transistor (such as the electron mobility and the threshold volt-
age). The current of M1 and M3 is asymmetric during the
dynamic time. There are two methods to reduce the dynamic
phase error. First, properly choose the size of the transistor M7,
M9, M12 and M13 to reduce the charge and discharge dura-
tion of the N and P point (charge time decision by transistor
M7, M12, and discharge time decision by M9 and M13). Sec-
ond, properly adjust the voltage of Vb1 and Vb2 to reduce the
mismatch of the dynamic current.

On the other hand, the CP contributes the majority of the
in-band noise of the PLLŒ4�. The CP’s equivalent output noise
power not only corresponds to the noise of the CP but also de-
pends on the PFD on-time under PLL locked status. The equiv-
alent output noise power i2

n;out.j !/ can be expressed as

i2
n;out.j !/ D i2

n;cp.j !/ � Son.!/; (10)

where i2
n;out.j !/ is the noise power of the CP, * is a convolution

operator andSon.!/ is the Fourier function of the PFDs on-time
under PLL locked status.
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where n!0 is the harmonic angular frequency, ˛n is the Fourier
coefficient and

˛n D

sin
n�Tonfref

2
n�

: (12)

.
From Eqs. (10) and (11), reduction of the noise of the CP

and the PFD on-time under PLL locked status is good to reduce
the in-band phase noise.

3. Experimental results

The circuit has been integrated into 0.13 �m CMOS tech-
nology. Figure 7 shows the chip micrograph. The core of the
PLL occupies an area of 0.32 mm2. The measured output range
of the ultra-band VCO is plotted in Fig. 8. The VCO output

Fig. 7. Chip micrograph of the PLL.

Fig. 8. Measuring the tuning range of the VCO.

frequency ranges from 8.65 to 11.62 GHz with a good overlap
between adjacent characteristics.

Constrained by the testing environment, all test results are
achieved from a divide-by-2 circuit. Figure 9 shows the spec-
trum of the PLL locked to a 10MHz reference clock at the
5.12 GHz output. The reference spurs are –77.5 dBc. The phase
noise performance of the PLL is shown in Fig. 10. The spot
phase noise is –89 dBc/Hz and –118 dBc/Hz offset from the
carrier frequency of 10 kHz and 1 MHz, respectively. The in-
tegrated RMS jitter over themeasured band (1 kHz–10MHz) is
757 fs. Table 1 shows a performance summary and comparison
of the frequency synthesizer with others in the literature.

4. Conclusions

This paper introduces a design of a low phase noise and
low spur 10 GHz clock generator in 0.13 �m CMOS technol-
ogy. A low phase noise and a charge pump with a minimal
dynamic current mismatch were adopted to reduce the phase
noise and the spurious level of the PLL. According to the test-
ing results, the integrated RMS jitter is 757 fs and the spur is
–77.5 dBc. Only one VCO was used for wideband application.
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Table 1. Performance summary and comparison.
Parameter Ref. [1] Ref. [13] Ref. [14] This work
Process (�m CMOS) 0.12 0.18 0.13 0.13
Power consumption (mW) 35 34 34 30.6
Ref. freq. (MHz) 311 20 N. A 10
Output frequency (GHz) 3.11 10 5.2 5.12
RMS jitter (ps) 0.86 N. A 0.81 0.76
Phase noise @ 1 MHz (dBC/Hz) –113 –102 –117 –118.1
Ref. spur (dBc) N.A < �48 N.A –77.5
VCO range (GHz) N.A 8.67–10.12 4.4–5.5 8.6–11.65
Supply voltage (V) 1.5 1.8 1.2 1.2

Fig. 9. PLL output spectrum (after divider).

Fig. 10. PLL phase noise (after divider).

Except for the low pass filter, the synthesizer is completely in-
tegrated. The size of the core is about 0.32 mm2. A 2nd order
passive loop filter is adopted. The total value of the capacitor
is 211 pF and the resister is 27 k�, which is easy to integrate.
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