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The Optimum Design Methodology of Low-Phase-Noise LC-VCO
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and Akira MATSUZAWA†d), Members

SUMMARY The multiple-divide technique, using the multi-ratio fre-
quency divider, has a possibility to improve FoM of VCO. This paper pro-
poses a design optimization of LC-VCO using the multiple-divide tech-
nique. In the simulated results using 90-nm CMOS model parameters,
the optimum frequency range, achieving better than −187.0 dBc/Hz of
FoM, can be extended from 6.5–12.5 GHz to 1.5–12.5 GHz. The proposed
multiple-divide technique can provide a lower phase-noise, lower power
consumption, smaller layout area of LC-VCO.
key words: CMOS, VCO, divider, inductor

1. Introduction

Due to the miniaturization, Si CMOS technology has ob-
tained higher fT and fmax. Many kinds of RF applica-
tions have been realized by CMOS technology because of
high-density integration, mixed-signal implementation, and
lower fabrication cost. On the other hand, one of the biggest
problems is that on-chip inductors have only 15 of quality
factor at most because of thin metal thickness and Si sub-
strate loss, which limits performances of CMOS RF circuits.
Especially, LC-VCO (Voltage-Controlled Oscillator) has a
poor performance due to the low-Q on-chip inductor even if
it is one of the most important key components of wireless
communication circuits.

There are several circuit techniques to improve phase
noise of VCOs, e.g., applying a filtering technique to NMOS
and PMOS tail node [1], [2], the class-C CMOS VCO [3],
[4], the amplitude-redistribution technique [5].

Recentry, the optimization technique of low phase
noise LC-VCO has been reported [6], which optimizes the
inductor geometry and VCO parameter at the desired fre-
quency.

However, the phase noise is basically limited by qual-
ity factor of inductors. The quality factor of on-chip in-
ductor depends on spiral topology, metal resistivity, sub-
strate conductivity, dielectric characteristics of interlayer di-
electrics (ILDs), and the optimum structure is unique in
each frequency and each process [7]. It is experimentally
known that higher-Q inductors can be realized at higher fre-
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Fig. 1 The proposed system diagram.

quencies. For example, it is a common technique to use
a doubled-frequency VCO with a divide-by-2 frequency di-
vider to avoid the local leakage. In some cases, better phase-
noise characteristics can be obtained by such the dividing
architecture at the cost of larger power consumption. How-
ever, the effect of the improvement has still not been unclear,
and there is a trade-off in phase noise and power consump-
tion.

In this paper, we propose a multiple-divide technique
using a divide-by-N frequency divider, which expands
design space of low-phase noise VCO. In the proposed
method, oscillation frequency of incident VCO is chosen
according to characteristics of on-chip inductors, which is
N-times higher than the required frequency as shown in
Fig. 1. The higher-frequency oscillation provides a possi-
bility to improve the phase-noise performance considering
power consumption. Moreover, VCO and frequency divider
can, fortunately, operate at higher frequency with reason-
able power consumption due to the recent miniaturization
of CMOS process, which also expands the design space of
the proposed method.

This paper presents a design optimization methodol-
ogy to optimize the phase-noise performance by using the
proposed multiple-divide technique. In this paper, simu-
lated results using 90-nm CMOS model parameters are pre-
sented, and it is also shown that the optimum frequency
range achieving better phase noise can be expanded by the
proposed multiple-divide technique.

Copyright c© 2010 The Institute of Electronics, Information and Communication Engineers
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2. Design of VCO Using Frequency Divider

This section explains design consideration of LC-VCO us-
ing a multiple-divide frequency divider to achieve lower
phase-noise and smaller power dissipation.

Phase noise is deeply linked to power consumption of
VCO, and the total power consumption of the proposed cir-
cuit is increased by higher oscillation frequency and addi-
tional power dissipation of frequency divider while lower
phase-noise might be obtained.

There are several trade-offs to choose a circuit topol-
ogy according to the required frequency. Therefore, in this
section, power consumption and phase noise are theoreti-
cally discussed independently of the circuit topology, and it
is shown that the design space of LC-VCO can be expanded
by using the multiple-divide technique.

2.1 Trade-Offs in On-Chip Spiral Inductors

In this section, it is analytically shown that quality factor of
on-chip spiral inductors becomes higher at higher frequency.

In general, it is quite difficult to realize high-Q, e.g.,
more than 50, inductors at the present CMOS processes, be-
cause there are several trade-offs in designing on-chip spiral
inductors. Quality factor of spiral inductors on Si substrate
is limited by metal resistivity and substrate loss. Basically,
to obtain the highest quality factor, the optimal structure is
unique for each frequency due to limited design parameters
in CMOS processes. On the other hand, at higher frequen-
cies, higher-Q inductors can be obtained.

From the aspect of layout design, diameter, line width,
line space and a number of turns are the most common de-
sign parameters of on-chip spiral inductors. In addition,
there are several options, e.g., symmetrical/asymmetrical,
patterned ground shield, multi-layer, etc. From the aspect
of fabrication process, the following conditions have in-
fluence on inductor characteristics; metal thickness, metal
resistivity, dielectric thickness, dielectric permittivity/loss,
substrate structure, substrate conductivity/permittivity, per-
meability of each material, etc.

The number of turns of spiral inductor has a trade-off
between layout area and mutual inductances of segments. In
CMOS chips, huge layout of spiral inductors, e.g., 500 μm
× 500 μm is not preferable from the viewpoint of fabrication
cost. On the other hands, inner spiral trace degrades average
inductance per line length because magnetic flux penetrating
the metal trace is counteracted by eddy current as known as
Lenz’s law. Thus, many numbers of turns are not prefer-
able. In addition, the diameter also has a trade-off, and it is
determined by the number of turns and required inductance.

The line space of spiral inductor should be minimized
to reduce mutual inductances of segments. Line-to-line ca-
pacitance is usually small because of thin metal thickness.
Wider metal can improve resistive loss of spiral metal while
it has larger parasitic capacitance between metal and sub-
strate. The parasitic capacitance lowers self-resonance fre-

quency, which also degrades peak quality factor. The wider
metal also causes degradation of average inductance per line
length. Quality factor of peak frequency can be simply ob-
tained by the following equation.

Qpeak =
ωpeakL(ωpeak)

R
(1)

Qpeak is the peak quality factor. ωpeak is the peak frequency
where quality factor has the highest value. L(ωpeak) is in-
ductance at the peak frequency, and R is series resistance
of inductor. When smaller inductance is used, the peak fre-
quency ωpeak becomes higher, and the peak frequency ωpeak

can be approximately calculated by the following equation.

ωpeak =
1√

3LCL

(2)

where CL is parasitic capacitance of inductor, and CL is al-
most proportional to L because it is also proportional to line
length �. This relationship can be expressed by the follow-
ing equations.

L = kL�
α (3)

CL = kC� = kC

( L
kL

) 1
α

(4)

R = kR� = kR

( L
kL

) 1
α

(5)

0 < α < 3 (6)

where kL, kC , and kR are proportional constants of induc-
tance, capacitance, and resistance per unit length, respec-
tively. The following equation can be derived.

Qpeak =
1
R

√
L

3CL
(7)

= k−1
R (3kC)−

1
2 kL

3
2α L

α−3
2α (8)

At higher frequency, smaller inductance is utilized, and line
length � of inductor becomes shorter. Therefore, quality
factor can be improved at higher frequency according to
Eq. (8), which is also explained by the following equation.

Qpeak = kR
−1(3kC)

1−α
1+α k

2
1+α

L ω
3−α
1+α

peak (9)

kL depends on the layout structure. At higher frequencies,
kL can be improved due to less numbers of turns, and kR

is increased at higher frequency because of the skin effect
[8], [9]. Therefore, there is an optimum frequency range to
obtain higher-Q inductors, which is quantitatively presented
in Sect. 3.1.

2.2 VCO Analysis with Frequency Divider

In this section, VCO performances, i.e., phase noise, power
consumption, etc, are discussed in consideration of a fre-
quency divider. Phase noise at output of a divide-by-2
frequency divider is 6 dBc/Hz better than that of VCO. In
general, divide-by-N dividers can improve phase noise by
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20 log N [dBc/Hz], because the frequency divider narrows
side-lobe of phase noise as carrier frequency becomes small.

On the other hand, phase noise depends on oscillat-
ing frequency, oscillation amplitude, and quality factor of
LC tank. Phase noise L can be estimated by the following
model [10].

L( foffset) = 10 log

⎡⎢⎢⎢⎢⎢⎣2kT
Psig

(
f0

2QL foffset

)2⎤⎥⎥⎥⎥⎥⎦ (10)

where k is Boltzmann’s constant and T is temperature, Psig

is the average power dissipated in the resistive part of the
tank, f0 is the oscillation frequency, and foffset is the offset
frequency. QL is quality factor of inductor, which is almost
equal to the effective quality factor of LC-tank. QL and Psig

are calculated as follows.

QL =
Rp

ωL
ωL
R

(11)

Psig = I2
biasRp = I2

biasQLωL (12)

where L is inductance, Rp is parallel resistance of LC-tank,
and Ibias is bias current. Therefore, the following equation
can be derived.

L( foffset) = 10 log

⎡⎢⎢⎢⎢⎢⎣ kT f0
4πI2

biasQL
3L f 2

offset

⎤⎥⎥⎥⎥⎥⎦ (13)

L′( foffset)=10 log

⎡⎢⎢⎢⎢⎢⎣ kT f ′0
4πI′2biasQ

′
L

3L′ f ′2offset

⎤⎥⎥⎥⎥⎥⎦−20 log N (14)

where L′( foffset) is the phase noise of output of divide-by-N
divider with the VCO oscillating at N-times higer frequency.
According to Eq. (10), phase noise depends on oscillation
frequency, offset frequency, and signal amplitude, so the fol-
lowing FoM (Figure of Merit) is employed to evaluate the
total performance.

FoM=L( foffset)−20 log

(
f0

foffset

)
+10 log

( Ptotal

1 mW

)
(15)

where Ptotal is the total power consumption considering both
VCO and divider. FoM and FoM’ can be derived as follows.

FoM = 10 log

⎡⎢⎢⎢⎢⎢⎣ kT f0
4πI2

biasQL
3L f 2

offset

⎤⎥⎥⎥⎥⎥⎦
− 20 log

(
f0

foffset

)
+ 10 log

( Ptotal

1 mW

)
(16)

FoM′ = 10 log

⎡⎢⎢⎢⎢⎢⎣ kT f ′0
4πI′2biasQL

′3L′ f 2
offset

⎤⎥⎥⎥⎥⎥⎦ − 20 log N

− 20 log

(
f ′0/N
f ′offset

)
+ 10 log

(
P′total

1 mW

)
(17)

where FoM is figure of merit of VCO without a divider, and
FoM’ is figure of merit of VCO using a divider. Therefore,
the following relationship can be obtained.

f ′0 = N f0 (18)

Ptotal = PVCO (19)

P′total = P′VCO + Pdiv (20)

where Pdiv is the power consumption of frequency divider,
PVCO is the power consumption of VCO, and P′VCO is the
power consumption of VCO oscillating at N-times higher
frequency. To obtain a better FoM circuit, the following
condition has to be satisfied.

FoM′ < FoM (21)
P′total

NI′2biasQL
′3L′
<

Ptotal

I2
biasQL

3L
(22)

I′bias, Q′L and L′ are bias current, quality factor, and induc-
tance of VCO using the multiple-divide technique. Equa-
tion (22) still has a design parameter Ibias, which can be de-
termined by resonator’s impedance. Here, it is supposed that
there is an optimum signal amplitude to achieve better FoM
because too large signal amplitude causes degradation of gm

and small signal amplitude causes worse power efficiency.
Thus, bias current can be determined by the following equa-
tion with the optimum signal amplitude Vsig.

Isig =
2
π

Ibias (23)

Vsig = IsigRp = I′sigR′p, (24)

and

Ibias =
π

2

Vsig

QLωL
(25)

I′bias =
π

2

Vsig

Q′LNωL′
. (26)

where the optimum voltage amplitude Vsig depends on VCO
topology and supply voltage, and it does not depend on bias
current Ibias. Equation (23) can be derived by Fourier anal-
ysis of current waveform [3]. The transistors are in conduc-
tion for half of each oscillation period, and the tank current
resembles a square wave with 50% duty cycle. Ibias and Isig

are related to spectra at DC andω of frequency, respectively.
Finally, we can obtain the following condition from

Eqs. (22) and (26).

P′VCO + Pdiv

PVCO
<

1
N
· Q′L/L

′

QL/L
(27)

Equation (27) provides a condition to obtain better FoM by
using the multiple-divide technique. The right term is sim-
ply determined by inductance and quality factor of induc-
tors, which means that circuit designers can choose induc-
tor structure independent of VCO topology and parameters.
The right term also expresses a margin for power consump-
tion of frequency divider. The margin becomes larger at
higher frequency because QL becomes larger and smaller
L can be used. Basically, smaller L is preferable for the
multiple-division VCO because larger Psig can be obtained
by the smaller L under the limitted voltage amplitude condi-
tion.

Here, the design procedure is summarized.
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(1) Estimate phase noise and power consumption at re-
quired frequency.

(2) Estimate power consumption of frequency divider
(Pdiv) at N-times higher frequency.

(3) Choose higher-Q inductors to achieve better FoM at
N-times higher frequency. There are usually several
choises of high-Q inductors. In such cases, smaller L
can be employed for the larger power margin.

(4) Determine the optimum N according to Eq. (27).
(5) Design detailed circuits.

Smaller impedance causes larger power consumption, so L
has to be determined in consideration of power consumption
requirement.

3. Simulation Results

3.1 Optimization of Inductors

Figure 2(a) shows quality factors at various structural con-
figurations, which are derived from a commercial PDK
for a 90-nm CMOS process. Agilent ADS is utilized
for harmonic-balance simulations to evaluate VCO perfor-
mances. The result reveals the optimum structure for each
frequency. Figure 2(b) shows inductance corresponding to
each structure in Fig. 2(a). The configurations of spiral in-
ductors are 9 or 15 μm line width and 50 or 80 μm inner
diameter. The number of turns is varied according to the
required inductance. As shown in Fig. 2(a), the maximum
quality factor becomes higher at higher frequencies, and
improvement of phase noise can be expected. Figure 2(c)
shows the relationship between quality factor and induc-
tance at the maximum Q frequency. To achieve better FoM,
quality factor has to be increased, and inductance has to
be decreased so that QL/L is maximized as explained in
Eq. (27). Thus, there is a suitable inductance for each fre-
quency.

3.2 Performance of Frequency Divider

This section explains phase noise and power consumption
of the frequency divider. Figures 3 and 4 show a VCO
and a frequency divider. In this work, a 3-stage ring-type
injection-locked frequency divider (ILFD) is employed as
shown in Fig. 4.

The ILFD can operate as a multiple frequency divider.
Output frequency of the ILFD is locked by injected signal
from the incident VCO, and the ILFD, oscillating at fdiv of
frequency, can be locked by N × fdiv of input frequency.
Ring-type ILFDs have wider locking range, and the range
can be tuned by bias current. The designed ILFD can oper-
ate from 1.5 GHz to 8 GHz, and locking sensitivity can be
also tuned by bias current.

Figure 5 shows phase noise of the ILFD output. Phase
noise of ring-type ILFD in free-run state is not desirable
for wireless applications. However, the phase noise in the
injection-locked state can be considerably improved, and it

Fig. 2 (a) Quality factor. (b) Inductance corresponding to the structure
in Fig. 2(a). (c) The relationship between quality factor and inductance.

is basically determined by the phase noise performance of
the incident VCO. Phase noise of ILFD in divide-by-2 state
can provide 6 dBc/Hz lower phase noise than that of the inci-
dent VCO. In general, a divide-by-N frequency divider can,
theoretically, improve phase noise by 20log N [dBc/Hz], be-
cause the frequency divider narrows side-lobe of phase noise
as carrier frequency becomes small.

Figure 6 shows the power consumption of the ILFD.
The power consumption of the ILFD is determined by os-
cillation frequency of the frequency divider, and it does not
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Fig. 3 VCO topology.

Fig. 4 3-stage injection-locked frequency divider.

Fig. 5 ILFD phase noise.

Fig. 6 ILFD power consumption.

depend on input frequency, so power consumption can be
kept small as compared with VCO.

In this simulation, a differential-output ILFD is utilized
to simplify the discussion. However, the proposed technique

Fig. 7 Phase noise at 1-MHz offset.

Fig. 8 Comparison of FoM.

can easily be applied to a quadrature-output ILFD.

3.3 VCO Optimization

Next, simulated VCO performances are explained. In this
simulation, VCO consisting of NMOS cross-coupled pair
and NMOS current source is utilized as shown in Fig. 3, be-
cause of requirement for less parasitic capacitance at higer
frequency. NMOS transistors have high gain characteristic
and decrease parasitic capacitance when the transistor size
is dicided on required gain for oscilation.

Figures 7 and 8 show phase noise and FoM of VCOs
using the multiple-divide frequency divider. In Fig. 7, os-
cillation frequency of VCO is N-times higher than divided
frequency. VCO and divider are optimally designed for each
frequency.

Figure 8 is a normalized result, which shows intrinsic
performance as a synthesizer. There is the optimum fre-
quency range, which achieves better phase noise character-
istics. In Fig. 8, non-divided oscillation, N = 1, has the
optimum frequency range of 6.5–12.5 GHz, achieving bet-
ter than −187.0 dBc/Hz of FoM. The range can be expanded
by the proposed multiple-divide technique, and it becomes
1.5–12.5 GHz as shown in Fig. 8.

Figure 9 shows a phase-noise comparison between the
conventional non-divided oscillation at 3.5 GHz, divide-by-
3 oscillation at 3.5 GHz, and base oscillation at 10.5 GHz.
Theoretically, the base oscillation at 10.5 GHz has 9 dB
higher phase noise than the divide-by-3 oscillation at
3.5 GHz. At lower offset frequencies, phase noise can be
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Fig. 9 Phase noise at 3.5 GHz frequency.

Table 1 Summary of design results.

divide-by-# not-divided 2 3 4
oscillation frequency f0 [GHz] 3.5 7 10.5 14

phase noise at f0 [dBc/Hz] −119.0 −114.7 −112.4 −107.6
phase noise at 3.5 GHz [dBc/Hz] −119.0 −120.7 −121.9 −119.6

20 log N [dBc/Hz] +0 +6.0 +9.5 +12.0
PVCO [mW] 2.7 2.7 2.7 2.7

Pdivider [mW] − 0.26 0.26 0.26
FoM [dBc/Hz] −185.7 −186.9 −188.2 −185.9

considerably improved as compared with the conventional
approach. Table 1 shows the summary of simulated results
at 3.5 GHz of output. Phase noises at 1-MHz offset are listed
in Table 1. According to the result, divide-by-3 is the best
choice to realize low-phase-noise VCO in this case.

4. Conclusions

This paper proposes the multiple-divide technique using
the multiple frequency dividers to realize a lower phase-
noise LC-VCO. The simulated results, using 90-nm CMOS
model parameters, reveals the design space of multiple-
divide VCOs. In the results, the optimum frequency range,
achieving better than −187.0 dBc/Hz of FoM, can be ex-
tended from 6.5–12.5 GHz to 1.5–12.5 GHz. The proposed
multiple-divide technique can provide a lower phase-noise,
lower power consumption, smaller layout area LC-VCO.
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