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Abstract: A 2. 5GHz fully integrated LC-V CO is fabricated in a standard single poly 4-metal 0. 35um digital CMOS

process, using a complementary cross—coupled topology for lowering power dissipation and reducing the effect of 1/

S mnoise. An on—chip LC filtering technique is used to lower the high frequency noise. Accumulation varactors are

used to widen frequency tuning. The measured tuning range is 23 percent. A single hexadecagon symmetric on-chip

spiral is used with grounded shield pattern to reduce the chip area and maximize the quality factor. A phase noise of

- 118dBe/Hz at IMHz offset is measured. The power dissipation is 4mA at Vo= 3,3V,
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1 Introduction

The explosive growth of wireless telecommu—
nication market in the industrial, scientific, medical
(ISM) 2.4GHz bands, and the merging of applica-
tions of Bluetooth, homeRF, has brought an in-
creasing demands for high-performance radio-fre—
quency circuits in low-cost technologies. At the
same time, with the development of sub-micro
CM OS process, there are more advantages to inte-
grate the RF circuits with CM OS process.

For commercial applications of Bluetooth and
homeRF, single-chip integration of transceiver with
standard digital CMOS process is an essential
choice for low —cost design. However, a major chal-
lenge in the design of systems is the integration of
the voltage-controlled oscillator (VCO). There are
many factors in digital CM OS process that deterio—
rate the phase noise performance of VCO. To

achieve the low-phasenoise specifications, many
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trade-offs need to be made among phase—noise, dis—
sipation, chip area and tuning range.

Compared to VCO of other types, LC-VCO is
the best choice for the low phase noise design''.
The key point to design a low-phasenoise LC-
VCO is the design of high—quality inductor and the
minimization of device noise of its active circuits. In
this work, a fully-integrated LC-VCO is designed
and fabricated in a standard 0.35pm digital CMOS
process. Many techniques are used to improve the

phase noise performance of VCO.

2 Circuit design

2.1 Phase noise

An LC-VCO consists of a lossy resonator and
an active circuit across it to overcome this loss. In
steady-state, the phase noise sidebands around the

oscillation frequency are given by
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where the active circuit noise density is F-l times
the resonator noise, and Vrus is the RM S oscillation R Rz
amplitude. For a differential LC-VCO in its cur—
rent-limited operation' ", F consists of the follow -

Fig. 1 Lumped element model for spiral inductor

ing terms arising from the resonator loss, the com-

mutating differential pair. and the current source:
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where [ is the bias current, ¥ is the transistor noise

F= 1+

factor (2/3 for long channels), and guiis refers to
the current source transistor. Two important in-
sights can be obtained from the analysis'”. Firstly,
the phase noise induced by differential pair thermal
noise is independent of the specifics of the transis—
tors. Secondly, the noise of current source at fre—
quencies around 2nd harmonic is translated to the
oscillation frequency, half of which contributes to
the phase noise.

The 1/f noise, of which the largest contribu—
tion usually comes from the current source, is not
considered in the mentioned model. It also affects
the phase noise performance of VCO by many

. . . 4
kinds of mechanisms'"

2.2 Optimization of inductor

One of the most important performance pa-
rameters for the on-chip spiral is the quality factor
Q. It is mainly limited by the loss due to inductor
metal resistance, substrate resistance, and that as—
sociated with induced eddy current below the in-
ductor metal trace'™ .

Figure 1 shows the lumped element model for
spiral inductors. For the standard single poly 4-
metal 0.35um digital CMOS process, three top
metals are used in parallel to reduce the metal seri-
al resistance. The first layer metal is not used to
reduce capacitive coupling with substrate. At the
same time, the use of patterned ground shield
(PGS) between inductor metal trace and substrate
increases Q by reducing substrate resistance'®

Compared to a square spiral inductor with

same inductance, the circular spiral inductor has
smaller series resistance and parasitic capacitance
by a factor of m/4. Due to the difficulty of imple-
mentation, a single hexadecagon symmetrical spiral
inductor is designed to reduce the chip area and im-
prove ().

Due to the skin effect and substrate parasitic
capacitance, trade-offs must be made for the selec—
tion of width and spacing of metal trace.

The simulation tool ASITIC' is used to opti—
mize the spiral inductor. T he optimized spiral mod-

el parameters are given in Table 1.

Table 1 Model parameters of spiral inductor

0 5.13
L/nH 5.28
R./Q 2.05

Rab/Q 0.751 R/ Q 1.15

Coi/fF 85.2 Cp2/fF 84.2

2.3 Design of varactors

PMOS transistor can be used as a varactor in
digital CMOS process. The tuning of frequency can
be achieved by changing the n-well contact volt-
age. Due to non-monotony of C¥ curve of PMOS
transistor, the frequency tuning range is not
monotonous, making the available tuning range
smaller and design of PLL difficult. The accumula-
tion-mode varactor exhibits very good characteris-
tics. Accumulation varactor can be obtained by
omitting minority carrier source (P") or substitut-
ing N diffusion for P* diffusion'"™. The accumu-
lation varactor has a reasonably uniform capaci-
tance variation over the control voltage range, mak-
ing the PLL design easier.

In our design, as shown in Fig. 2, a differential

inter-digitated layout structure is used with gates
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of inverse AC polarity placed very close to each
other. @ of varactor is inversely proportional to
L, so the minimum length is used. No N* diffu—
sion is interpolated between the sources/drains of
varactors to limit the parasitic capacitance by

avoiding overlaps.
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Fig-2 Accumulation varactor layout
2.4 Design of amplifier

The function of amplifier is to form the posi-
tive feedback to eliminate the resonator loss and
keep oscillation stable. Figure 3 shows the circuit
schematic. A symmetrical complementary structure
is used to reduce up-conversion of device 1/f
noise' . In Ref.[9].it is shown that the symmetry
of the circuit minimizes the DC coefficient, Co, of

the impulse sensitivity function.

—

Mpa Mpb

Fig. 3

Complementary structure VCO

The circuit is identical to a cross coupled pair
of inverters in parallel to resonator. Because the
bias current is used in both PMOS and NMOS de-
vices, twice the negative resistance can be obtained
which can reduce circuit dissipation. Another ad-
vantage is that its output swing is already at logic
level and interfacing to standard CMOS logic is

straightforward. The negative resistance seen by

resonator is given by

: 2
Gllllllnu:i + Gm]mms (3}

As mentioned above analysis, the noise of cur-

Rm'guli\-(' = -

rent source has a large contribution to phase noise
of VCO. In order to reduce its effect, an on~chip LC
low —pass filter is inserted between current source
and commutating transistors to shunt the noise at
2nd harmonic from the current source to ground'”.
Q of the inductor needs not to be high, so only one
top metal is used. The capacitance for the filter is
implemented with MOS transistor capacitor.

The dimensions of MOS transistors are given
in Table 2. T he commutating transistors have mini-
mum length to reduce the effect of parasitic capaci-
tance. T he channel lengths for current source have
larger value to increase its output impedance and e—

liminate short—channel effect.

Table 2 Design parameters of MOS devices

Mea, Mch
1200/0. 35

M ba, Mbb
2000/0. 8

Mna, Mnb
160/0. 35

M pa, M ph
400/0. 35

W/L(pm/um)

3 Simulation and experimental re-—
sults

The die photo is shown in Fig. 4. The chip
area without the pads is 0. 6mm X 0. 5Smm, among
which the spiral inductor is hexadecagon with the

diameter of 0. 2mm.

Fig- 4 Die photo of VCO

The operating frequency and phase noise are

measured by the measurement setup in Fig. 5.
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NMOS open-drain structure is adopted as the out-
put buffer to isolate the VCO core from capacitive
loading. External bias-T is connected to the drain
nodes of the buffer so that the drain bias of buffer
can be provided and output signals can be ac-cou-

pled to the spectrum analyzer.
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Fig. 5 Measurement setup for VCO

Figure 6 shows the simulation and measure—
ment results of the operating frequency tuning.
Simulation and measurement results are in a good
match. The operating
2.441GHz and 3. 031GHz, which corresponds to a

tuning range of 23% (the centre frequency as

frequency is between

2.5GHz).
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Fig. 6 Simulation and measurement results of oper—

ating frequency

Figure 7 is the curve of phase noise of VCO
simulated with spectreRF simulator. Because the
1/f noise parameters of devices do not be given, its
effect on the phase noise is not considered in the
simulation and the phase noise curve has a declin-
ing slope of — 20dB/dec. The output spectrum
measured with spectrum analyzer is shown in Fig. 8
for phase noise measurement. At 2. 5668GHz, the
phase noise is — 118dBc/Hz at IMHz frequency

offset. The power dissipation is 4mA at Vm =

3.3V. Due to the restriction of experimental condi-
tion, the curve of phase noise to offset frequency
can not be obtained. At the same time. if more clear
power supplies were used, better phase noise re-

sults could be achieved.

Fig. 7 Phase noise simulation result for VCO
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Fig. 8 Phase noise measured spectrum for VCO

4 Conclusion

A 2.5GHz fully integrated LC-VCO is fabri-
cated in a standard single poly 4-metal 0. 35um dig-
ital CM OS process, using a complementary cross—
coupled topology for lowering power dissipation
and reducing the effect of 1/f noise. An on-chip L.C
filtering technique is used to lower high frequency
noise. A ccumulation varactors are used for the wide
frequency tuning. The operating frequency is be-
tween 2.441GHz and 3.031GHz for 3.3V power
supplies, which corresponds to a tuning range of
23%, and a good tuning linearity is obtained. A sin-
gle hexadecagon symmetric on-chip spiral is used
with grounded shield pattern to reduce the chip
area and maximize the quality factor. Three upper

metals are used in parallel for inductor trace to re-
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