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Abstract : An accurate 1108 GHz CMOS LC voltage2controlled oscillator is implemented in a 0135μm standard 2P4M

CMOS process. A new convenient method of calculating oscillator period is p resented. With this period calculation

technique ,the f requency tuning curves agree well with the experiment . At a 313V supply ,the LC2VCO measures a

phase noise of - 8212dBc/ Hz at a 10k Hz f requency off set while dissipating 311mA current . The chip size is 0186mm

×0182mm.
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1　Introduction

The explosive growt h in wireless communica2
tions has driven universities and companies to p ro2
duce wireless t ransceivers at low2co st ,low2power ,

and compact size. Recently ,all of RF component s ,

such as low2noise amplifiers (L NAs) , mixer , local

oscillators (LOs) ,and IF filters ,seem possible to be

integrated in CMOS scaled technology. On2chip

passive element s such as spiral inductors and va2
ractors make on2chip implementation of L C2tank

voltage2cont rolled oscillators (VCOs) easy.

A complementary cross2coupled negative2Gm

L C2tank oscillator is shown in Fig. 1 , which em2
ploys bot h nMOS and pMOS cross2coupled pairs.

Many p ublished papers[1～3 ] , have employed this

type of L C2tank VCO , but oscillator’s t uning

curves were obtained f rom SPICE simulations or

measurement s. The prediction of oscillator’s t un2

ing curves is quite challenging due to highly non2
linear characteristics of varactors. A numerical

met hod is shown in Ref . [ 3 ] , but it is quite com2
plex and time2consuming. The tuning curves must

be numerically comp uted again if bias current chan2
ges.

Fig. 1 　CMOS complementary cross2coupled LC2tank
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In t his paper , we investigate t he I2V locus of

step2like MOS varactors in a L C2VCO and predict

t he tuning curves t hrough t he oscillating period

calculation of a serial L C tank in time domain[4 ,9 ] .

An accurate 1108 GHz CMOS L C voltage2con2
t rolled oscillator is implemented in a 0135μm

standard 2P4M CMOS process. The t heoretical an2
alyses agree perfectly wit h t he simulation and

measurement of a CMOS complementary L C2tank

VCO.

2　Circuit design

The complementary cross2coupled negative2Gm

L C2tank voltage2cont rolled oscillator in Fig. 1 has

been implemented in 0135μm 2P4M 313V CMOS

process. On2chip spiral inductor is a symmet ric dif2
ferential multilayer inductor . Four metals are paral2
lelly and serially connected wit h a lot of vias to de2
crease the serial resistor of spiral inductor and in2
crease t he inductance in unit silicon area. And a

center2connected pat terned ground shield ( P GS) is

employed to improve quality of inductors at low

f requency (1～2 GHz) [ 5 ] . On2chip differential spiral

inductor is 1214n H , so t he single2ended inductor

feat ures 612n H. The maximum Q arrives seven at

111 GHz. The compact equivalent PI model shown

in Fig. 2 is ext racted wit h ASITIC[6 ] .

Fig. 2　PI model of on2chip spiral inductor

The t ransconductances of cross2couple nMOS

and pMOS devices are chosen to be equal so t hat

DC voltage of L C2tank oscillator is maintained at

approximately V dd / 2. First , t he oscillating wave2
form can have t he maximum swing. Secondly , t he

VCO gain ( KV ) can be decreased and t he p hase2
noise performance can be improved. The MOS de2

vices are implemented using the minimum gate

lengt h ( 0135μm) . The open2drain nMOS devices

are t he outp ut buffers , which is used to drive t he

off2chip bias2T circuit s. In order to decrease t he

Miller2effect capacitor , t he lengt h of open2drain

nMOS devices is 60μm. The lengt hs of current2mir2
ror are larger t han t he minimum lengt h so t hat t he

channel lengt h modulation (CL M) is at tenuated and

1/ f noise is decreased.

Two additional inductors ,L1 & L2 , resonate

at double f requency wit h t he parasitic capacitors C1

& C2 at each common2source node ,to avoid Q2deg2
radation by t riode region MOS t ransistors in t he

stacked differential pairs[7 ] . The filtering capacitor

C3 is used to low t he 1/ f noise and effect of chan2
nel lengt h modulation (CL M) [1 ] .

3　Frequency tuning characteristic

　　Mo st of varactors used in L C2tank VCO cir2
cuit s are inversion2MOS ( I2MOS) and accumula2
tion2MOS(A2MOS) . Their characteristics bot h are

step2like ,and have large nonlinearity. The t uning

curves of an L C2VCO will substantially deviate

f rom t he ideal curve 1/ L C when a step2like va2
ractor is used[ 3 ] . Bot h I2MOS and A2MOS are step2
like capacitors ( Figs. 3 (b) and (c) ) . The small2sig2
nal capacitance is given by

Css (V ) =
Cmax , 　V ≥V eff

Cmin , 　V < V eff

(1)

where V eff = V ct rl + V TH is effective cont rol voltage

( ECV) .

Fig. 3　Serial LC2tank and step2like varactor　(a) Serial

LC tank ; (b) Step2like varactor ; (c) Unit step function
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The presence of on2chip inductors in Fig. 1 im2
poses t hat t he DC value of differential o scillating

voltages has to be a constant voltage V dc . Neglec2
ting t he tank losses in on2chip inductors and varac2
tors ,t he half circuit of L C2tank VCO can be con2
sidered as a serial L C2tank st ruct ure ( Fig. 3 (a) ) .

The value of inductor is L ,and t he step2like varac2
tors can be mathematically rep resented as below

Css (V ) =
1
2

( Cmax + Cmin ) + 　　　　　

1
2

( Cmax - Cmin ) sign (V - V eff ) (2)

　　Figure 4 shows t he oscillating voltage wave2
forms of t he serial L C tank simulated in HSPICE.

Each waveform consist s of two segmental sinusoids

Fig. 4　Voltage waveforms of a varactor at different ECV

with different size ,which join at the effective con2
t rol voltage ( ECV ) . With t he ECV f rom low to

high ,t here exist four regions as below :

(1 ) When V eff ≤V dc - A min , t he o scillating

waveform is a sinusoid with t he minimum ampli2
t ude A min and minimum f requencyωmin ;

(2) When V eff ≥V dc + A max ,a sinusoid with the

maximum amplitude A max and maximum frequency

ωmax ;

(3) When V dc - A min ≤V eff ≤V dc ,two partial si2
nusoids join at ECV. One is over V eff wit h t he am2

plit ude A min and f requencyωmin ; t he ot her is below

V eff wit h t he amplit udeθ1 A max (θ1 is an ellip se simi2
lar factor ,ESF) and f requencyωmax ;

(4) When V dc ≤V eff ≤V dc + A max ,it consist s of

two segmental sinusoids joined at ECV. One is a2
bove V eff wit h t he amplit udeθ2 A min (θ2 is anot her

ESF) and f requency ωmin ; t he ot her is below V eff

with the amplit ude A max and f requencyωmax .

The I2V locus of a step2like varactor in t he se2
rial L C2tank circuit is shown in Fig. 5. It consist s of

two ellip ses of different size joined at the ECV.

The above four regions satisfy t he following ellip2
ses’equations :

Fig. 5　I2V locus of a varactor

(1) When V eff ≤V dc - A min ,t he I2V locus holds

V - V dc

A min

2

+
I

ωmin Cmax A min

2

= 1 (3)

　　(2) When V eff ≥V dc + A max ,it holds

V - V dc

A max

2

+
I

ωmax Cmin A max

2

= 1 (4)

　　(3) When V dc - A min ≤V eff ≤V dc ,two segmental

sinusoids respectively hold

V - V dc

A min

2

+
I

ωmin Cmax A min

2

= 1 , 　V ≥V eff

V - V dc

A max

2

+
I

ωmax Cmin A max

2

=θ21 , 　V < V eff

(5)

where the ESFθ1 satisfies A min / A max ≤θ1 ≤1. Espe2
cially when V eff = V dc andθ1 = 1 ,it satisfies

Imax =ωmin Cmax A min =ωmax Cmin A max (6)

where Imax is t he maximum current in t he inductor

or varactor .
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(4) When V dc ≤V eff ≤V dc + A max , two segmen2
tal sinusoids respectively hold

V - V dc

A min

2

+
I

ωmin Cmax A min

2

=θ22 , 　V ≥V eff

V - V dc

A max

2

+
I

ωmax Cmin A max

2

= 1 , 　V < V eff

(7)

where t he ESFθ2 satisfies 1 ≤θ2 ≤A max / A min .

The oscillating periods in the above four re2
gions can be calculated mat hematically.

(1) When V eff ≤V dc - A min ,t he oscillating peri2
od is

T = Tmax = 2π L Cmax (8)

　　(2) When V eff ≥V dc + A max ,t he oscillating peri2
od is

T = Tmin = 2π L Cmin (9)

　　(3) When V dc - A min ≤V eff ≤V dc ,t he o scillating

period is a sum of two intervals , T = T1 + T2 , as

shown in Fig. 4. T1 is t he time on t he first ellip se ;

T2 is t he time on the second ellip se. At t he ECV ,

t he voltage and current of the varactor are V eff and

Ieff . From Eqs. (6) , (8) ,and (9) ,we obtain t he am2
plit ude ratio

A max

A min
=

Cmax

Cmin
(10)

Substit uting Eq. (10) to (5) leads to the ESFθ1

θ1 = 1 -
V eff - V dc

A min

2

+
V eff - V dc

A max

2

(11)

Thus ,t he oscillating period is ,

T = T1 + T2 =

π
2

+ arcsin
| V eff - V dc |

A min

π Tmax +

π
2

- arcsin
| V eff - V dc |
θ1 A max

π Tmin =
1
2

( Tmax + Tmin ) +

1
π arcsin

| V eff - V dc |
A min

Tnax - arcsin
| V eff - V dc |
θ1 A max

Tmin

(12)

　　(4) When V dc ≤V eff ≤V dc + A max , similarly to

Case (3) . Solving Eq. (7) ,we can obtain t he ESF

and oscillating period ,

θ2 = 1 -
V eff - V dc

A max

2

+
V eff - V dc

A min

2

(13)

T =
1
2

( Tmax + Tmin ) + 　　　　　　　　

1
π - arcsin

V eff - V dc

θ2 A min
Tmax +arcsin

V eff - V dc

A max
Tmin

(14)

　　To validate t he above met hod of oscillating pe2
riod calculation ,an ideal L C tank in Fig. 3 ( a) is

simulated in HSPICE. It s parameters are L =

10n H , Cmax = 4p F , Cmin = 1p F , and A min = 015V. In

Fig. 6 , t he cross line is t he simulation result in

HSPICE ,and the solid line is t he calculation result

f rom Eqs. ( 12) and ( 14) . The simulation agrees

well wit h t he calculation.

Fig. 6 　Oscillator tuning curve : simulated in SPICE ,

and calculated by Eqs. (12) and (14)

As the o scillator has a very large signal swing

(nearly f ull power supply) ,t he oscillating period is

interpolated between Tmax and Tmin . The resulting

f requency2voltage ( f2V ) curve ,which is shown in

Fig. 6 ,varies linearly with ECV in a range defined

by t he oscillation amplit ude. Although the capaci2
tance2voltage ( C2V ) characteristic of MOS varac2
tors is step2like ,t he f2V curve is well linear . Con2
t rary to widely held belief s in Ref . [ 8 ] , t he linear

C2V relationship of MOS varactors is unnecessary.

4　Experiment validation

Figure 7 shows t he microp hotograp h of L C

VCO in Fig. 1. At a 313V supply ,t he tail current of

L C2VCO is 311mA , and t he cent re f requency is

1108 GHz. The oscillator’s t uning curve in Fig. 8 is

obtained by t he measurement of t he f undamental

f requency at different cont rol voltages. On2chip dif2
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ferential spiral inductor is 12138n H , so t he single2
end inductor feat ures 6119n H. The maximum and

minimum capacitances in L C2VCO are 4130p F

( Cmax ) and 31180p F ( Cmin ) . The maximum and min2
imum f requencies are 11137 GHz and 01975 GHz re2
spectively. And the DC voltage is 211V , t he mini2
mum amplitude is 0186V ,t he maximum amplit ude

is 110V calculated by Eqs. (10) . In Fig. 8 ,t he cross

lines are t he result s of measurement ,and t he solid

lines are calculated by Eqs. ( 12) and ( 14) . The

measurement agrees well wit h t he result s obtained

f rom t he t heoretical oscillator t uning curves’equa2
tions (12) and (14) ,over t he entire t uning range.

Fig. 7　Microphotograph of CMOS LC VCO

Fig. 8　f2V tuning curve of the measurement and calcu2
lation

COB packaged chip s are measured on a Agi2
lent E4440A (3 Hz～ 2615 GHz) PSA series spec2
t rum analyzer wit h p hase noise module. Figure 9

shows a typical p hase noise at 117V cont rol volt2
age. The p hase noise measured at different ECV

voltages , is shown in Fig. 10. The worst p hase

noise is - 8212dBc/ Hz at a 10k Hz f requency off2
set .

Fig. 9　Phase noise

Fig. 10　Phase noise at 10k Hz f requency off set

5　Conclusions

An accurate 1108 GHz CMOS L C2tank voltage2
cont rolled oscillator is implemented in a 0135μm

standard 2P4M CMOS process. A new convenient

met hod of calculating f requency tuning curves is

p roposed. The calculated f2V curves agree perfect2
ly wit h t he experiment . At 313V power supply ,t he

p hase noise of t he L C2VCO is measured to be

- 8212dBc/ Hz at a 10k Hz f requency off set . The

tail current is 311mA.
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精确的 1108 GHz CMOS电感电容压控振荡器 3

唐长文　何　捷　菅洪彦　闵　昊

(复旦大学专用集成电路与系统国家重点实验室 , 上海　200433)

摘要 : 在 0135μm 2P4M标准 CMOS工艺上 ,设计了一个精确的 1108 GHz CMOS电感电容压控振荡器 .提出了一

种有效计算压控振荡器周期的新方法 ,采用该方法计算的频率2电压调谐曲线与实验结果吻合得很好.在电源电压

313V下 ,消耗电流 311mA ,压控振荡器的相位噪声在 10k Hz 频偏处为 - 8212dBc/ Hz.芯片面积为 0186mm ×

0182mm.

关键词 : MOS管可变电容 ; 电感电容回路 ; 压控振荡器 ; 振荡调谐曲线
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