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Abgtract : This paper presentsa VHF CMOS VCO. The most sgnificant improvement on the VCO is that the cross
coupled MOSFET pairs are divided into severa switchable parts 0 the characteristics can compensate the state
change that resultsfrom the frequency tuning of the oscillator. This VCO isimplemented in 0. 18 m CMOS with a
core area of about 55 m x 70Q m. The test results show that the tuning range covers 31 111M Hz with a power
consumption between 0. 3 6 9mW and a phase noise at a 100k Hz off set of about - 110dBc/ Hz.

Key words: wideband; VCO; CMOS
EEACC: 1230B; 7150E

CL C number : TN432 Document code: A

1 Introduction

CMOSLC VCO has been widely used in com-
munication systemsfor its outstanding phase noise
performance. But the tuning range of a sgnal VCO
has never exceeded 73 %" . In wideband systems ,a
multi-oscillator or down-convert scheme has been
applied. There has been much theoretical analyss
and optimization of VCOsoscillating at afixed fre-
quency. Most such work was concerned with elevar
ting the oscillator’ s FOM ,which involves phase
noi se ,power consumption ,the quality factor of the
L C tank ,and the tuning range”* . But analyss re-
lated to the tuning stuation has been sparse. The
tuning range has been assumed to be proportional
to the square root of the L C production change in
the tank. The active circuit ,which was made up of
a crosscoupled MOSFET pair and a hias circuit ,
compensated the energy lossin the L C tank.Before
2004 the active circuit’ s nonlinear characteristic
and its interactive relation with the L C tank were
omitted. On the other hand , Tang et al . provided
a detailed analyss of the tuning curve affected by
the varactor’ s nonlinear characteristic in the time
domain.

As described in Ref.[6] ,CMOSLC VCO can
be implemented in an np- p- or nrcore. In the upda
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ted literature, the widest tuning range acquired
with an n-core and np-core were 42 % and 23 % re-
spectively!”® By modifying the bias MOSFET of
the n-core,a 73 % tuning range was achieved . A
new topology to enlarge the tuning range is illus
trated based on a smple analysisin this paper.

2 Analysis of a tuned VCO

Figure 1(a) is the schematic of a common
core CMOSLC VCO, and Figure 1(b) isthe snm-
plified circuit obtained by regarding the cross-cou-
pled MOSFET pair as a negative resstor. The dif-
ferential equation of Fig.1(b) is

?*%* ,\]Ac‘:i'(v)]gy+v20 (1)

wheret = t/ VJLC,Q = (1/ Rg) WL/ C.

Snce the quality factor Q of the L C tank was
treated as a constant , Equation (1) is reasonable.
According to Eg. (1) ,under frequency tuning by an
input voltage ,the eff ective capacitance of the varac-
tor alters both the time-normalized relation and the
coefficient of ' (v). The most obvious effect was
the changein output amplitude. In previous works,
the tail current lo was adjusted to compensate the
change. Asin the design example of Ref.[4] ,Table
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Fig.1 CMOSLC VCO and its smplified circuit

1 illustrates the relative capacitance change, the
amplitude variety and the changed tail current to
compensate it ,and the parameters V.,Vs of the
characteristic of the crosscoupled MOSFET pair,
whereVs = Va?/ 4Vt + V1/ 2.

Table 1 Cgpadtance change and bias current compensation

Relative Amplitude Compensated
. ) VoV | VIV
capacitance change/ V | bias current/ mA

0.25 2.47 5.3 1.47 1.35
0.64 2.16 6.8 1.68 1.67

1 1.92 8 1.83 1.92
1.96 1.31 10.9 2.13 2.52
2.96 0.40 13.7 2.39 3.10

According to Table 1,at the original capaci-
tance ,the output amplitude is equal to Vs ,whichis
the optimal working state. Before compensation,
the working state changes in the* voltage-limited
regime” ,in which the capacitance is reduced snce
the output amplitude increases. After compensa
tion ,the working stateisin the current-limited re-
gime” ,in which the capacitance is reduced snce the
output amplitude keeps to the origina value while
the cross-coupled MOS pair is biased with a lower
Vs. This coefficient change was overlooked in pre-
vious works but it indeed altersthe state of the os
cillator. As described above ,although the fixed size
crosscoupled MOSFET pair schematic can work
well in a tuning range of less than 50 % ,the work
state is shifted away from the optimal point.

To sum up the analyss,besdes the tuning of
capacitance, another prerequiste for wideband
CMOSLC VCO is the proper characteristic of the
crosscoupled MOSFET pair to compensate the co-

3 New topology

In theory ,seamless frequency coverage of the
V CO requires a continuous change of the trandg stor
sizein the active circuit to keep the optimal state a
long the frequency change.But a MOSFET with a
continuous width/ length ratio isimpossbleinare
al circuit. Snce changing the bias current can work
in a narrow tuning range,one practical solution is
to divied the active circuit into switchable parts
geared for the coarse-tuning and to adjust the bias
current for fine-tuning.

According to Ref.[4] ,if the bias current lois
proportional to the width/length ratio of the cross
coupled MOSFET pair ,then i(v) isproportiona to
the bias current , or to the MOSFET’ s dze. If two
or more cross-coupled MOSFET pairs are connect-
ed in paralle ,the total characteristic is proportion-
al to the sum of the MOSFET' s sizes. The hias
MOSFET Mb can be used as a switch. When the
gate of Mb is connected to ground ,thereis no cur-
rent through the MOSFETs. The crosscoupled
MOSFET pair isin the* off” mode,and s influ-
ences only the parasitic capacitance of the L C tank.
The* on” mode can be set by connecting the gate
to a special voltage. The proportional relation re-
quires the sze of Mb to be proportional to that of
M1 and M2.

Figure 2 illustrates the full schematic of the
desgn. The inductor ,varactors, and active circuit
are paralleled to nodes A and B. All the transstors
of the active circuit are implemented in pMOS for
lower flicker noise level. Unlike the former sche-
matic ,the active circuit is divided into five parallel
parts,which are scaled down by two with the index
0 to 4. The® off” modeis set by connecting the gate
of Mbk to Voo through Svk. Snce the szes of M1k
and M2k are identical and proportional to that of
Mbk,no matter which and how the Sw is set ,the
total i (v) characteristic is proportional to the
width/length ratio sum of M 1kin the® on” mode.
The inductor uses an off-chip fixed inductor of &
bout 726nH. Two measures are adopted in order to
get the maximal Crax/ Guin ratio of the varactor. The
first is that all varactors employed are pMOS va
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Fig.2 Full schematic of the proposed VCO

ractors working in the inverson mode. One pair of
varactors G is connected to nodes A and B direct-
ly ,and four pairs of varactors,which are indexed 0
to 3from the smallest to the largest ,are connected
to nodes A and B through the switch pair S, ,Sc, .
The switches are located at the tank sidesin order
to reduce the parastic capacitance resulted from
the pMOS varactors. The second measureisthe use
of a S-diode to bias the DC voltage of nodes A and
B to about 0. 63V . This method would bias the con-
trol voltage of the pMOS varactor from the range
of 0 Voo toabout - 0. 63 Voo - 0. 63(V).Inthis
design ,the power Vo is3 3V.

4 Layout and experiment results

The proposed VCO is implemented in a
0. 18 m CMOS process. The microphotograph of
the VCO is showninthelé&ft part of Fig.3. The to-
tal die areais 1Imm x 1L 5mm ,and the VCO coreis
about 55U m x 70U m. The right part is the de
tailed part of the active circuit described in thefor-
mer paragraph. The crosscoupled MOSFET pairs
are placed symmetrically in the upper right part.
The bias MOSFETs Mb0 Mb4 are placed togeth-
er for the sake of symmetry.

Fig.3 Die photograph

The VCO drives a pair of on-chip voltagefol-
lowers presented in Ref. [9]. The dieis bounded to
the PCB directly. A trandormer is used to change

the differential sgnal to a oneend sgnal. The
switches are set by an MPU through a 3-lineinter-
face.

An Agilent 8563EC spectrum analyzer is used
for spectrum and phase noise measurement ,and a
HP 54845A oscilloscope is used for waveform re-
cording and the measurement of peak-to-peak volt-
age and frequency. During testing, the S, , S,
states are set , and the control voltage Viue is first
adjusted. Second ,the output amplitude is adjusted
to about O 25V by switching Sw and adjusting
Vias Dy a bias current. Then the output frequency ,
phase noise,and current consumption of the VCO
core are recorded. After the experiments,the test
results are processed usng Matlab. Figure 4 shows
the test results of the tuning characteristics of the
designed V CO. The band is indexed in the manner

of 1+ zzi. Although the curves are not distribu-

ted evenly ,the overlap between the adjacent bands
isover 4%, and the total operating frequency is
from 31 to 111M Hz (112 %) . As shownin Fig.5,in
the full operating frequency range,the phase noise
at a 100k Hz offset is - 105 to - 117dBc/ Hz, and
the core power consumptionis Q. 3 to 6. 9mW. The
total sze of the crosscoupled MOSFET in the
“ on” modeisplotted with theleft Y-axis multiplied
by 20. It is approximately proportional to the core
current compensation. Figure 6 shows a typical
phase noise spectrum at about 65M Hz.
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Fig.4 Test resultsof tuning characteristic The band
isindexedin1 + 22‘.

The measured frequency range can cover both
the VHF L band of the TV system and FM band of
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FHg.6 Photograph of typical phase noise spectrum at
about 65M Hz

radio system.

5 Conclusion

This paper analyzesthe CMOSL C V CO under
tuning. A new topology of switchable crosscoupled
MOSFET pair is provided that can compensate its
characteristic widely to compensate for the work
state shifting with frequency tuning. An exampleis
illustrated  which covers the  frequency
range of 31 111M Hz. The measurements show

that the power consumption and phase noise at
100k Hz offset in the full band are 0.3 6 9mW
with 3 3V supply and - 117 - 105dBc/ Hz re-
spectively. The circuitry is implemented in a
0. 18 m CMOS process with a core area of about
55 m x 70U m. Although the new topology is a
bit more complex than the traditional one,it can
break the tuning range of the n or np-core and is
much smpler than the multi-oscillator or down-
convert schematic.
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