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An Ultra Wideband VHF CMOS LC VCO 3
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Abstract : This paper present s a V HF CMOS VCO. The most significant improvement on the VCO is that the cross2
coupled MOSFET pairs are divided into several switchable part s so the characteristics can compensate the state

change that result s f rom the f requency tuning of the oscillator. This VCO is implemented in 0118μm CMOS with a

core area of about 550μm ×700μm. The test result s show that the tuning range covers 31～111M Hz with a power

consumption between 013～619mW and a phase noise at a 100k Hz off set of about - 110dBc/ Hz.
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1 　Introduction

CMOS L C VCO has been widely used in com2
munication systems for it s out standing p hase noise
performance. But t he t uning range of a signal VCO
has never exceeded 73 %[1 ] . In wideband systems ,a
multi2oscillator or down2convert scheme has been
applied. There has been much t heoretical analysis
and optimization of VCOs oscillating at a fixed f re2
quency. Most such work was concerned wit h eleva2
ting t he oscillator’s FOM , which involves p hase
noise ,power consumption ,t he quality factor of the
L C tank ,and t he tuning range[2 ,3 ] . But analysis re2
lated to t he t uning sit uation has been sparse. The
t uning range has been assumed to be p roportional
to t he square root of the L C production change in
t he tank. The active circuit ,which was made up of
a cross2coupled MOSFET pair and a bias circuit ,
compensated t he energy loss in t he L C tank. Before
2004[ 4 ] ,t he active circuit’s nonlinear characteristic
and it s interactive relation with t he L C tank were
omit ted. On the other hand , Tang et al . [5 ] provided
a detailed analysis of t he tuning curve affected by
t he varactor’s nonlinear characteristic in t he time2
domain.

As described in Ref . [ 6 ] ,CMOS L C VCO can
be implemented in an np2 p2 or n2core. In t he upda2

ted literat ure , t he widest t uning range acquired
with an n2core and np2core were 42 % and 23 % re2
spectively[7 ,8 ] . By modifying t he bias MOSFET of

t he n2core ,a 73 % t uning range was achieved[1 ] . A
new topology to enlarge t he t uning range is illus2
t rated based on a simple analysis in t his paper .

2 　Analysis of a tuned VCO

Figure 1 (a) is t he schematic of a common n2
core CMOS L C VCO , and Figure 1 ( b) is t he sim2
plified circuit obtained by regarding t he cross2cou2
pled MOSFET pair as a negative resistor . The dif2
ferential equation of Fig. 1 (b) is

d2 v
dτ2 + [

1
Q

+
L
C

i′( v) ]
dv
dτ

+ v = 0 (1)

whereτ= t/ L C , Q = (1/ RQ ) L / C.

Since t he quality factor Q of t he L C tank was
t reated as a constant , Equation (1) is reasonable.
According to Eq. (1) ,under f requency tuning by an
inp ut voltage ,t he effective capacitance of t he varac2
tor alters bot h t he time2normalized relation and t he
coefficient of i′( v) . The most obvious effect was
t he change in outp ut amplit ude. In p revious works ,
t he tail current I0 was adjusted to compensate t he
change. As in t he design example of Ref . [4 ] , Table
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Fig. 1 　CMOS LC VCO and it s simplified circuit

1 illust rates t he relative capacitance change , the
amplit ude variety and t he changed tail current to
compensate it , and the parameters V n , V s of the
characteristic of the cro ss2coupled MOSFET pair ,
where V s = V n

2 / 4V T + V T / 2 .

Table 1 　Capacitance change and bias current compensation

Relative

capacitance

Amplitude

change/ V

Compensated

bias current/ mA
V n/ V V s/ V

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 t he original capaci2
tance ,t he outp ut amplit ude is equal to V s ,which is
t he optimal working state. Before compensation ,
t he working state changes in t he“voltage2limited
regime” ,in which t he capacitance is reduced since
t he outp ut amplit ude increases. After compensa2
tion ,t he working state is in the“current2limited re2
gime”,in which the capacitance is reduced since the
outp ut amplit ude keep s to t he original value while
t he cross2coupled MOS pair is biased wit h a lower
V s . This coefficient change was overlooked in pre2
vious works but it indeed alters t he state of t he os2
cillator . As described above ,alt hough t he fixed size
cross2coupled MOSFET pair schematic can work
well in a t uning range of less t han 50 % ,t he work
state is shif ted away f rom t he optimal point .

To sum up t he analysis ,besides t he t uning of
capacitance , anot her p rerequisite for wideband
CMOS L C VCO is t he proper characteristic of the
cross2coupled MOSFET pair to compensate t he co2

efficient shif t in Eq. ( 1) , in other words , to keep
t he VCO in t he optimal working state.

3 　Ne w topology

In t heory , seamless f requency coverage of t he
VCO requires a continuous change of t he t ransistor
size in the active circuit to keep t he optimal state a2
long t he f requency change. But a MOSFET wit h a
continuous widt h/ lengt h ratio is impossible in a re2
al circuit . Since changing t he bias current can work
in a narrow tuning range ,one practical solution is
to divied t he active circuit into switchable part s
geared for t he coarse2t uning and to adjust t he bias
current for fine2t uning.

According to Ref . [ 4 ] ,if t he bias current I0 is
p roportional to t he widt h/ lengt h ratio of t he cross2
coupled MOSFET pair ,t hen i ( v) is p roportional to
t he bias current , or to t he MOSFET’s size. If two
or more cross2coupled MOSFET pairs are connect2
ed in parallel ,t he total characteristic is p roportion2
al to t he sum of the MOSFET’s sizes. The bias
MOSFET Mb can be used as a switch. When t he
gate of Mb is connected to ground ,t here is no cur2
rent t hrough t he MOSFETs. The cross2coupled
MOSFET pair is in t he“off”mode ,and so influ2
ences only t he parasitic capacitance of the L C tank.
The“on”mode can be set by connecting t he gate
to a special voltage. The proportional relation re2
quires t he size of Mb to be proportional to t hat of
M1 and M2.

Figure 2 illust rates t he f ull schematic of t he
design. The inductor , varactors , and active circuit
are paralleled to nodes A and B. All t he t ransistors
of t he active circuit are implemented in pMOS for
lower flicker noise level . Unlike t he former sche2
matic ,t he active circuit is divided into five parallel
part s ,which are scaled down by two wit h t he index
0 to 4. The“off”mode is set by connecting t he gate
of Mb k to V DD t hrough SN K . Since t he sizes of M1 k

and M2 k are identical and proportional to t hat of

Mb k ,no mat ter which and how t he SNk is set , t he
total i ( v ) characteristic is p roportional to t he
widt h/ lengt h ratio sum of M 1 k in t he“on”mode.
The inductor uses an off2chip fixed inductor of a2
bout 726n H. Two measures are adopted in order to

get the maximal Cmax / Cmin ratio of t he varactor . The
first is t hat all varactors employed are pMOS va2
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Fig. 2 　Full schematic of the proposed VCO

ractors working in t he inversion mode. One pair of
varactors Cb is connected to nodes A and B direct2
ly ,and four pairs of varactors ,which are indexed 0
to 3 f rom the smallest to t he largest ,are connected
to nodes A and B t hrough the switch pair SC1 i

,SC2 i
.

The switches are located at t he tank sides in order
to reduce t he parasitic capacitance resulted f rom
t he pMOS varactors. The second measure is t he use
of a Si2diode to bias t he DC voltage of nodes A and
B to about 0163V. This met hod would bias the con2
t rol voltage of the pMOS varactor f rom the range
of 0～V DD to about - 0163～V DD - 0163 (V) . In this
design ,the power V DD is 313V.

4 　Layout and experiment results

　 　 The propo sed VCO is implemented in a
0118μm CMOS process. The microp hotograp h of
t he VCO is shown in t he lef t part of Fig. 3. The to2
tal die area is 1mm ×115mm ,and t he VCO core is
about 550μm ×700μm. The right part is t he de2
tailed part of t he active circuit described in t he for2
mer paragrap h. The cross2coupled MOSFET pairs
are placed symmet rically in t he upper right part .
The bias MOSFETs Mb0～Mb4 are placed togeth2
er for t he sake of symmet ry.

Fig. 3 　Die photograph

The VCO drives a pair of on2chip voltage2fol2
lowers p resented in Ref . [9 ] . The die is bounded to
t he PCB directly. A t ransformer is used to change

t he differential signal to a one2end signal . The
switches are set by an MPU t hrough a 32line inter2
face.

An Agilent 8563 EC spect rum analyzer is used
for spect rum and p hase noise measurement , and a
HP 54845A o scillo scope is used for waveform re2
cording and t he measurement of peak2to2peak volt2
age and f requency. During testing , t he SC1 i

, SC2 i

states are set , and t he cont rol voltage V tune is fir st
adjusted. Second , t he outp ut amplit ude is adjusted
to about 0125Vpp by switching SNk and adjusting
V bias by a bias current . Then t he outp ut f requency ,
p hase noise ,and current consumption of t he VCO
core are recorded. After t he experiment s , t he test
result s are p rocessed using Matlab. Figure 4 shows
t he test result s of t he tuning characteristics of t he
designed VCO. The band is indexed in t he manner

of 1 + ∑
i

2 i . Alt hough t he curves are not dist ribu2

ted evenly ,t he overlap between t he adjacent bands
is over 4 % , and the total operating f requency is
f rom 31 to 111M Hz (112 %) . As shown in Fig. 5 ,in
t he f ull operating f requency range ,t he p hase noise
at a 100k Hz off set is - 105 to - 117dBc/ Hz , and
t he core power consumption is 013 to 619mW. The
total size of t he cross2coupled MOSFET in t he
“on”mode is plot ted wit h the lef t Y2axis multiplied
by 20. It is approximately p roportional to t he core
current compensation. Figure 6 shows a typical
p hase noise spect rum at about 65M Hz.

Fig. 4 　Test result s of tuning characteristic 　The band

is indexed in 1 + ∑
i

2 i .

The measured f requency range can cover bot h
t he V HF L band of t he TV system and FM band of
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Fig. 5 　Test result s of phase noise at a 100k Hz off set ,

size of cross2coupled MOSFET in“on”mode , and core

bias current

Fig. 6 　Photograph of typical phase noise spect rum at

about 65M Hz

radio system.

5 　Conclusion

This paper analyzes t he CMOS L C VCO under
t uning. A new topology of switchable cross2coupled
MOSFET pair is p rovided t hat can compensate it s
characteristic widely to compensate for t he work
state shif ting with f requency t uning. An example is
illust rated which covers the f requency
range of 31～111M Hz. The measurement s show

t hat t he power consumption and p hase noise at
100k Hz off set in t he f ull band are 013～ 619mW
with 313V supply and - 117～ - 105dBc/ Hz re2
spectively. The circuit ry is implemented in a
0118μm CMOS process with a core area of about
550μm ×700μm. Alt hough t he new topology is a
bit more complex than t he t raditional one , it can
break t he tuning range of t he n or np2core and is
much simpler t han t he multi2oscillator or down2
convert schematic.
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超宽频带 VHF 频段 CMOS LC VCO 3

宁彦卿 　王志华 　陈弘毅

(清华大学微电子学研究所 , 北京　100084)

摘要 : 实现了一个宽频带 V HF 频段 CMOS VCO. 其最大的改进在于将振荡器中交叉耦合 MOS 管分为并联可开
关的若干段 .这样使其特性可以在较大范围内补偿 VCO 调频过程中状态的变化. 该 VCO 使用标准 0118μm CMOS

工艺制作 ,核心版图面积约为 550μm ×700μm. 测试结果表明 :该 VCO 频率覆盖范围为 31～111M Hz ;功耗为 013

～619mW ;在 100k Hz 频偏处相位噪声约 - 110dBc/ Hz.
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