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Design of a 4. 224GHz Quadrature LC-VCO”~
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Abstract: A 4.224GHz quadrature voltage-controlled oscillator (QVCO) applied in MB-OFDM UWB synthesizers is im-
plemented in 0. 18m RF-CMOS technology. An improved structure of the QVCO is presented for better phase noise. A

novel configuration of a MOS varactor is designed for good linearity of K, ,as well as a new digital capacitor controlled

array topology with lower parasitic capacitance and lower R,,.Measurement results show a phase noise of —90. 4dBc/Hz
at 100kHz offset and — 116.7dBc/Hz at 1MHz offset from a carrier close to 4.224GHz. The power dissipation is

10. 55mW from a 1. 8V supply.
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1 Introduction

The quadrature voltage-controlled oscillator
(QVCO) designed in this paper is applied in UWB
synthesizers, which should work at 4.224GHz. The
performance of the QVCO is one of the key factors
determining the performance of the synthesizer, and
the QVCO is also one of the more complicated mod-
ules to design in the synthesizer.

A great deal of research has been done on QVCO
design. References [2~4], among others, presented
their own topology of QVCO with a detail analysis of
the QVCO. Comparing QVCO with differential
VCO,one disadvantage of the QVCO is that there are
two more MOSFETs with noise sources in QVCO, so
the phase noise performance is worse than the differ-
ential VCO. This raises a challenging design issuc of
how to improve the phase noise of QVCO.

The basic topology of the QVCO presented here
can be found in Ref. [5], but modifications are ap-
plied in order to improve phase noise performance. A
novel configuration for the MOS varactor is designed
for good linearity of K,,,as well as a new digitally
controlled capital array topology with lower parasitic
This QVCO has better
phase noise performance than traditional QVCOs. By

capacitance and lower R,,.

changing the connection of the MOS varactor, better
linearity of K, is obtained. Furthermore,a new digit-
ally controlled capital array (DCCA) topology with lower
parasitic capacitance and lower R,, is designed,which will
not degrade the Q of the LC-tank distinctly.
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A comparison between the QVCO in this paper
with the classical QVCO in Ref.[2] is carried out.
Finally, the design of the 4.224GHz QVCO is
presented.

2 Comparison of different QVCOs

As introduced in section 1,since the existence of
coupling MOSFETs, the phase noise of QVCO has
been worse than that of differential VCO. Therefore,
improving the phase noise of QVCO is a great design
challenge.

The advantage of the QVCO used in this paper is
demonstrated by comparing it with the classical QV-
CO™ . The two QVCO topologies are shown in Fig. 1,
in which Figure 1 (a) is a classical QVCO, while Fig-
ure 1 (b) is the QVCO used in this paper. The differ-
ence between the two QVCOs is that the cross-cou-
pled MOSFETs and coupling MOSFETs of a differen-
tial VCO M1,M2,M3,M4 and M5,M6,M7,M8 in the
QVCO use a common current source in Fig.1 (a),
while Figure 1 (b) is derived from Fig. 1 (a) by sim-
ply connecting the cross-coupled M2,M3,M6,M7 and
the coupling M1, M3, M5, M8 of the QVCO, respec-
tively.

For the comparability,all the parameters are the
same in the two QVCOs, except the current distribu-
ted to each current source. The current of QVCO in
Fig.1 (a) is averaged between the two current
sources, while the QVCO in Fig. 1(b) is not, but the
total current of the two QVCOs is equivalent. In one
signal period, assuming that the switching effect of
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Fig.1 Topology of the two QVCOs
QVCO used in this paper

(a) Classical QVCO; (b)

the coupling and cross-coupled MOSFETs is ideal, the
MOSFETs working state in the two QVCOs is shown
in Fig. 2. According to the characteristics of current
source common mode node, the voltage waveforms
are the same in phases 1 and 3,and 2 and 4. There-
fore, the analysis will emphasize phases 1 and 2. In
Fig. 2,the upper-left is the switch-on status of QVCO
in Fig. 1(a),and the lower-left is the switch-on status
of QVCO in Fig. 1(b),in which the solid line denotes
the switch-on of MOSFETs while the dashed line de-
notes the cut-off of MOSFETs. The assumed wave-
forms of the four outputs are on the right.

As shown in Fig. 2, when the MOSFET is on and
the trend of the gate waveform is increasing (defined
as V,).,the non-linear transfer function of the cross-
coupled MOSFETs and coupling MOSFETs to the cur-
rent common point is given by H,, and H,,,respec-
tively. If the gate waveform is decreasing (defined as
Vi) ,the non-linear transfer function is given by Hy
and Hy,, respectively. The waveform of the current
common mode node in phases 1 and 2 satisfies the fol-
lowing equations, respectively:
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Fig.2 MOSFETs working states in two half-QVCOs
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Fig. 3 Voltage of current common mode node

Vi=H. (V) +H,(Vy) @)
Vo=Ho(V.)+Hy(Vy) (2)

The waveforms of the current common mode
node in Fig. 1(b) in phases 1 and 2 are the same. The
waveforms of current common mode nodes of cross-
coupled MOSFETs and coupling MOSFETsS satisfy the
following equations, respectively:

Vi=H (V) +Hu(Vy) (&))
Vi=Ho (V) +Hp (V) €]

The simulated waveforms of the current common
mode node of the cross-coupled MOSFETs in Figs. 1
(a) and 1 (b) are shown in Fig. 3.

According to Hijimiri’s phase-noise theory'®",
the noise of the current source would up-convert into
phase noise by the mixing effect,which is proportion-
al to the impulse sensitivity function (ISF),which can
be expressed as:

I'(w, t) = % + Zc”cos(nwol +60,) (5)
n=1

in which, ¢, is declining. As shown above, the fre-
quency of current common mode node in Fig. 1(a) is
2w »while in Fig. 1(b) it is 4w, , which indicates that
c. in ISF of Fig. 1(b) is much smaller than Fig. 1(a).
Furthermore, the up-conversion gain of the current
source noise to the phase noise in Fig. 1(b) is lower
than in Fig. 1(a) because of the higher common mode
node frequency. At the same time, the harmonics of
the current common mode node in Fig. 1(b) is less
than in Fig. 1 (a), which reduces the channel-length
modulation and, thus, makes the output waveform in
Fig. 1(b) more symmetric than in Fig. 1(a). Thus, ¢,
in ISF of Fig. 1(a) is greater than that in Fig.1(b).
This analysis demonstrates that the phase noise of
Fig. 1(b) is better than Fig. 1(a). Figure 4 shows the
simulated phase noise difference between Fig.1 (a)
and Fig. 1(b).

The phase noise at very low frequency offsets is
quite different from the maximum value of more than
10dB. The noise contribution of current source domi-
nates in the 1/f° region. Therefore,the difference on-
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Fig. 4 Comparison of phase noise between two QVCOs

ly exists in the 1/f° region. This result agrees with the
analysis. When two QVCOs consume the same cur-
rent, the phase noise of Fig.1(b) is better than Fig.1
(a).

3 Circuit design of 4. 224GHz QVCO
The optimization of power and noise in VCO de-

sign has
pers[S,SN 10]

been analyzed in detail in many pa-
, so this paper does not intend to repeat
them. Instead, the designs of the varactors and the
digital capacitor controlled array (DCCA) used in the
QVCO will be emphasized.

The varactor used in this QVCO is an A-MOS va-
ractor,the DC voltage-capacitance curve of which is
shown in Fig. 5(a). The traditional connection of the
varactor pair is back-to-back connected to the V.,
while the differential nodes are connected to the out-
puts of the VCO directly, the DC voltage of which is
1. 8V.In this case.the capacitance of varactors does
not vary with the maximum value of V., ,resulting in
a linear degradation of K,,.In order to improve the
linearity of K,,,a new topology is used,as shown in
Fig. 5(b). Two capacitances are in series with the va-
ractors,and a voltage of about 0. 7V is set to the se-
ries-wound node. The variation is shown in the dashed
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Fig.5 Connection of varactors

circle in Fig. 5(a), which is more linear. The simula-
tion results indicate that the variation of K., is 28 ~
63MHz with the V., varying between 0.4 ~ 1.4V,
the QVCO can cover
4.224GHz. These results are feasible and can be ac-
cepted in the design of the PLL.

In order to compensate the frequency variation,
DCCA is used. The topology of the classical DCCA is
shown in Fig. 6(a). When the nMOS is cut-off, the in-
verted voltage of the pn junction of drain-substrate in
nMOS is 0V, and the junction capacitances are still

while the frequency of

somewhat large. The parasitic capacitances would re-
duce the exactitude of DCCA and reduce the frequen-
cy tuning range. Therefore, a new DCCA topology,
shown in Fig. 6 (b),is used in this paper. When the
nMOS is cut-off, the inverted voltage of the pn junc-
tion of drain-substrate in nMOS is 1. 8V, and the de-
pletion region is thicker than the traditional one, so
smaller junction capacitances can be obtained. Mean-
while,when nMOS is on, the resistance of nMOS R,
distributed to every output node is R,,/2,which is on-
ly half of that in the traditional case. In this way, it
degrades the value of Q for LC-tank less,and eases
the design of low power and low phase noise.

4 Measurements and analysis

This QVCO is implemented in a JAZZ 0. 18 m
RF-CMOS process,and the power supply is 1. 8V. The
circuit simulation was done using a Cadence Spec-
treRF™ . The chip micrograph is shown in Fig. 7.

The tested current consumption is 5. 86mA. The
QVCO output frequency can be tuned within 3. 999 ~
4.255GHz with 4bit DCCA control and 0.3~1.5V

Fig.7 Chip micrograph
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Fig.9 Output spectrum of QVCO close to 4. 224GHz

controlled voltage,as illustrated in Fig. 8. The overlay
of the adjacent tuning curves is about 0. 4V. The K,
is about 60MHz/V when the QVCO output frequency
is 4. 224GHz, which agrees with simulations. The out-
put signal spectrum at around 4. 224GHz is shown in
Fig. 9. Due to the fact that a buffer with 7dB attenua-
tion is applied at the output of the QVCO, the actual
output power of the QVCO is 2. 32dBm, which meets
the specification of a UWB synthesizer. The phase
noise performance of QVCO is shown in Fig. 10 and
the test results are summarized in Table 1.
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Fig.10 Phase noise of QVCO

Relative capacitor mismatch
Fig.11 Relationship of capacitor mismatch and phase error

As shown in Table 1, the phase noise perform-
ance and output power of QVCO meet the specifica-
tions of the synthesizer; however, the phase error is
6". Due to the large area of the LC-tanks, it is difficult
to match the two LC-tanks well, so the mismatch
problem of the two oscillators will be serious,wherein
the mismatch of the capacitances is the most serious.
Furthermore, the bias current of the coupling MOS-
FETs is not large enough, making it difficult for the
QVCO to maintain a quadrature phase. According to
the simulated results shown in Fig. 11,an 8% capaci-
tance mismatch can cause 6 of phase error.

Some recently published QVCOs are listed in Ta-
ble 2. A normalized phase noise has been defined as a
figure of merit (FOM) for oscillators:

FOM = 101g(( (6)

o 1

E) L{Aw}P>
This equation shows that this design presents ex-

cellent phase noise performance with moderate power

consumption at carrier frequency as high as 4GHz.

This performance is comparable with that found in

recent research from a top-level IEEE publisher.

5 Conclusion

This paper presents the design of a 4.224GHz
QVCO applied in an MB-OFDM UWB RF front-end
synthesizer. Some practical design considerations are
used in order to obtain a better phase-noise perform-
ance. Measurement results show that this QVCO can
cover the frequency of 4.224GHz, and the phase-
noise performance can meet the requirement of a
UWB synthesizer. However, the phase match still
needs improvement.

Table 2 Performance comparison of the CMOS QVCOs

CMOS Process Frequency Power Phase noise FOM

Table 1 Summary of measurement results QVCO /pm /GHz /mW /(dBc/Hz) /dBc
Frequency tuning range 4~4.25GHz Ref.[11]  0.13 5.5 5.28 -117@1MHz  —184.6
Output power@4. 224GHz 2.32dBm Ref.[12]  0.18 2.01 2.2 ~124@1MHz - 186.7
Phase noise@100kHz —90. 4dBc/Hz Ref.[13] 0.13 10 12 - 95@1MHz ~164.2
Phase noise@1MHz —116.7dBc/Hz Ref.[14] 0.18 2.0 11.05 -120@1MHz - 176.0
Power consumption 10.55mW Ref.[15] 0.35 1.8 50 “140@1MHz  -179.0

Phase error for 1/Q 6 -

This work  0.18 4.224 10.55 —116.7@1MHz -179.0
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