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Abstract: A voltage-controlled oscillator (VCO) which can generate 2. 4GHz quadrature local oscillating (LO) sig—

nals is reported. It combines a LC VCO, realized by on-chip symmetrical spiral inductors and differential diodes, and

a two-stage ring VCO. The principle of this VCO is demonstrated and further the phase noise is discussed in detail.

The fabrication of prototype is demonstrated using 0.25um single-poly five-metal N-well salicidle CMOS digital

process. T he reports show that the novel VCO is can generate quadrature LO signals with a tuning range of more

than 300MHz as well as the phase noise——104. 33dBc¢/Hz at 600KHz offset at 2. 41GHz (when measuring only

one port of differential outputs). In addition. this VCO can work in low power supply voltage and dissipate low

power. thus it can be used in many integrated transceivers.
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1 Introduction

Recently, quadrature-downconversion mixers
have been used as transceivers due to its merits. In
the design of these transceiver systems, a major
challenge is the generation of quadrature local os-
cillating (LO) carrier signals. Ideally, the quadra-
ture LO signals should be of high phase accuracy,
good gain matching, and low phase noise. So far,
many methods have been proposed to generate
quadrature LO signals. Among them, RC phase
shift network and poly-phase network methods re-
strict the phase accuracy and gain matching due to
the inaccuracies in actual values of R and C, and
the noise performance and driving capability is no

good. Positive—or negative—edge triggered flipflop
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method requires the oscillator and the flipflop to
work in double carrier frequency, which is difficult
to design within the radio frequency range. Anoth-
er method is to use even-stage voltage-controlled
ring oscillator, but its phase noise is large. Refer—
ences| 1] and [ 2] proposed LO oscillators with
quadrature outputs, but whose circuits are of poor
performance because of the LC tank components
and without considering the phase noise.

In this paper, a VCO generating the 2. 4GHz
quadrature local oscillating (LO) signals is pro-
posed. It combines a LC voltage-controlled oscilla—
tor (VCO), realized by on-chip symmetrical spiral
inductors and differential diodes, and a two-stage
ring VCO. The principle of this VCO is demon-
strated and the phase noise is analyzed in detail.

T he fabrication of a prototype is demonstrated us—
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ing a 0.25um single—poly five-metal N-well salicide
CMOS digital process. The measured results show
that the novel VCO is can generate quadrature LO
signals with a tuning range of more than 300M Hz
104. 33dBe¢/Hz at 600KHz off-

set at 2. 41GHz (when measuring only one port of

and phase noise

differential outputs). In addition, we demonstrate
that this VCO can work in low power supply volt—
age and dissipate low power. thus it can be utilized

in many integrated transceivers.

2  Circuit implementation

The schematic diagram of the proposed VCO
is shown in Fig. 1. MO is the a tail current source
controlled by bias voltage Vero: Cois a large tail ca—

pacitor providing the low impedance path to ac
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Schematic diagram of quadrature VCO

Fig. 1

ground for higher harmonics, which can attenuate
the high frequency noise component of the tail cur-
rent source and improve the phase noise perfor—
mance of the whole VCO. In fact, for a completely
symmetrical VCO, the effect of the tail current
source noise on the VCO phase noise can be ig-
nored. The cross—coupled p-MOSFET differential
pairs M1~ M4, in positive feedback, feed the LC
tanks to compensate the loss. Their transconduc-
tances are given as:
gm = 2G. = 6/R.. = 6/01:[.01;..*

where Gu is the transconductance of the cross-cou-
pled active pairs, Ry is the parallel resistance of the
LC tanks at resonance, w is the resonance frequen—
cy, L is the inductor value of the LC tanks, Qua is

the quality factor of the LC tanks. LC tank is com-

posed of an on-chip symmetrical spiral inductor and
differential diodes. Figure 2 shows the symmetrical
inductor’s layout and the cross section of the dif-
ferential diode. These differential structures can
not only reduce the chip area, but also improve the
tank’s quality factor and the symmetry of the cir-

cuit, as is important to lower the flicker noise up-

conversion.
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Fig. 2 Symmetrical inductor and differential diode

The n-MOSFETs M5~ M8 comprise a two-
stage differential ring oscillator. The outputs of
each stage are 90° out of phase. By combining the
ring oscillator and LC-VCO, the quadrature LO
signals with low phase noise can be got. The con-
stant current source MO, shared by the two sec—
tions, will further enhance the accuracy of the
quadrature VCO.

The p-MOSFETs M9~ MI16 comprise four
source followers to drive the off-chip low
impedance loads and provide isolation. If the VCO
is applied on a system on chip, these followers

could be omitted.

3 Phase noise analysis

The phase noise in the 1/f” region has been
given in References| 4, 5]
]. L‘emkzt)‘\}‘:1

S o} = 87T2f ot Vaw? (";}F”M ”:} )

where for is the offset frequency from the carrier,

)Y

Fms is the rms value of the impulse sensitivity

function (ISF) and is 0.5 for an ideal sinusoidal
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waveform. Each iv’/Af in the sum represents drain
current noise, gate noise, inductor noise, and varac—
tor noise. The equivalent differential noise due to
the drain current noise and the gate noise of the
M OS transistors are given as 2kT¥(gw.. + guw.,)
and (2kTSw'/Sga) (Cam +

where ¥ is around 2/3 for long-channel transistors

Cis) . res pectively,

while it may be between two and three in the
short—channel region, and & is about 2Y. gais the
drain-source conductance at zero Vos. The noise of
LC tank is given as 2X4LT Guank. max, where Gunk, max 18
the LC tank conductance at the worst-case condi-
tion. By the above method and assuming that Y. is
2.5, ¥ is 2/3 and T is 0.5, the good phase noise
of VCO 116. 8dBc/Hz at
600kHz offset at 2. 41GHz.

is obtained to be -

4 Simulation results

Before fabrication, the proposed circuit was
simulated with HSPICE, using BSIM3.1 ( Level
49) transistor models. The process provides 5 met-
al layers and 1 polysilicon layer. The symmetrical
spiral inductors are made of the fifth metal layer.
A CAD analysis and simulation tool of inductors,
ASITIC", is used to optimize the inductors and to
extract the parasitic component parameters. Each
inductor is realized with an inductance 4. 16nH, a
quality factor 6.539 and an area 0.24mm X
0.24mm. T he symmetrical spiral inductors are also
fabricated, and the measurement are carried out.
The measured inductance is 3. 96nH and the series
resistance is 6. 49Q at IMHz. Although the behav-
ior in radio frequency rang is differential from that
in low frequency, this measured results can be uti-
lized as the basis of quadrature VCO design.

Each diode is modeled by HSPICE Level 3
Diode model and a low resistance in series. A ccord-
ing to the layout strategy, the series resistance of
each diode is lower than 0. 52Q.

Figure 3 shows the simulated transient wave-
forms of two quadrature outputs from VCO core

(Vie = Vi-, Vo+ = Vo-), which have the same fre—

quency and differential peakto-peak amplitude of
2.40V with a supply voltage of 2.5V. The phase

difference is 90°,

1217 m A\ AYA ffﬁ{\‘ AV
SR ] \

Fig. 3 Transient simulated waveforms of two

quadrature outputs from VCO core

To obtain the quadrature performance of the
outputs in the mismatch of two sections, the tran-
sient simulations and FFT analysis were performed
under 1% mismatch of the inductors and diodes.
Table 1 lists the experimental results. It can be
seen from Table 1 that the maximum phase error is
less than 2.1° and the amplitude rate is less than
1. 01 when the mismatch of the inductors and the

diodes are both 1% at the center frequency.

Table 1 Effect of the mismatched degree of the LC
tank components on the phase accuracy and gain

matching

= 2.445G
L.:0 I.: 196 L: 1% L.:0
C:0 C:1% | C€:0

Mismatched degree

Core phase error:
Vi~ Vo

Out phase error:

0. 003 2.09 1.22 0. 87

0.000 | 2.06 .20 0. 85

Viovr~ Voour

Core amplitude rate:
Vi/Vo
Out amplitude rate:

Viour/Voour

1.000 | 1.009 | 1.004 | 1.006

1. 000

1.011 | 1.004 | 1.006

5 Measured results

To verify the performance of the quadrature
VCO, the proposed circuit was fabricated in
0.25um single—poly five-metal N-well
2.5V CMOS digital process. Figure 4 shows the

microphotograph of the fabricated VCO and the

salicide

test box. The die size is 0. 83mm X 0. 68mm. A sig—

nificant portion of the die is occupied by the pads
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and two inductors, and the core circuil area is only
0.62mm X0.4lmm.

Fig. 4 Microphotograph of the fabricated VCO
and the test box

Experimentally measured VCO transfer func—
tion is showed in Fig. 5. When the control voltage
varying from 0.8V to 3.5V, the oscillation fre-
quency will vary from 2.160GHz to 2.465GHz.
Therefore, a tuning rang more than 300M Hz can be
obtained. Such a very wide frequency rang can sat—

isfy many kinds of applications.
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Fig.5 Experimentally measured VCO transfer function

Figure 6 shows 2.35GHz output spectrum of
the VCO when the control voltage is 2.0V. The
phase noise is — 104. 33dBc/Hz at 600kHz offset at

2.41GHz as shown in Fig. 7. The measurement is
done on one port of the differential outputs to re-
duce the package pins. In case the differential out-
puts are drawn out, the measured phase noise
would be more than 6dBe. It can be explained as:
when we measure on the differential output, the os-
cillation amplitude will be twice larger. According
to Eq. (1), the phase noise would be 6dBe; and dif-
ferential outputs can reduce the common-mode
noise, so the phase noise will be more than
— 110. 33dBe/Hz at 600kHz offset at 2.41GHz if
the different outputs are utilized. This result is

similar to the simulated result.
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Fig. 6 Output spectrum of the VCO
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one port of differential

M easured phase noise performance on
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With the power supply voltage of 2.5V and
the oscillation frequency of 2. 36GHz, the total sup-
ply current is only 2ImA ( four buffers are
included) and the total power consumption is only
52.5mW (four buffers are included). So each LC-
VCO only consumes 26.3mW or less (including

two buffers), which is very efficient.

6 Conclusion

A quadrature VCO is proposed and fabricated,
which can generate quadrature LO signals with
high phase accuracy and good gain match under
low power, good phase noise and small area. T he
measured results have proved the proposed circuits
with good performance can be used in many inte—

grate(] transceivers.
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