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Abstract : This p aper p resents an L C V CO wit h aut o2amplitude cont rol ( AA C) , in w hich p MOS F ETs are used ,

and t he varact ors are directly connected t o ground t o widen t he linear range of Kvco . The AA C circuit ry adds lit tle

noise t o t he V CO but p rovides it wit h robust p erf ormance over a wide temp erature and car rier f requency range .

The V CO is f abricated in a charte red 50G Hz 0135μm Si Ge BiCMOS p rocess . The measurements show t hat it has

- 127127dBc/ Hz p hase noise at 1M Hz offset and a linear gain of 3214M Hz/ V between 990M Hz and 1114 G Hz.

The w hole circuit draws 616mA current f rom 5V supply.
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1　Introduction

In broadband communication systems , such as
t hose in t uners for HD TV ,DVB ,or cable2modem
applications ,voltage cont rol oscillator ( VCO) cir2
cuit s always influence the receiver performance
dramatically. In such a receiver , double2conversion
architect ure is of ten employed[ l ] . As shown in Fig.
1 ,t his kind of receiver st ruct ure first up2convert s a
channel f rom a broadband cable inp ut signal ( han2
dling f requencies f rom 100M Hz to 1 GHz ) to a

higher constant IF , and then down2convert s it di2
rectly to t he base band f requency. Because of t he
system’s wide band property , t his receiver st ruc2
t ure requires wide2t uning2range VCOs to cover all
of t he operation bands : the down2conversion stage
needs a VCO which has a 111 GHz carrier and a
50M Hz t uning range ; t he up2conversion stage
needs a VCO with a t uning range f rom 100M Hz to
1 GHz. This can be achieved by shunting several
VCOs , each wit h a different carrier and about a
100M Hz t uning range ,or by implementing a switch
resonant tank network.

Fig. 1　Diagram of the tuner
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　　The higher t he first IF , t he smaller relative
t uning range is required f rom t he first LO source.
In our system plan , t he IF is 1100M Hz ,which al2
lows us to use a readily available , low2cost SAW
filter . Therefore VCOs with a t uning range over
10 % are needed for t his system. L C VCOs de2
signed for t his application have been widely st udied
and fabricated[ 1～6 ] . This paper p resent s anot her de2
sign of L C VCOs which uses pMOS FETs to get a
wide t uning range and engages an auto2amplit ude2
cont rol circuit to imp rove the p hase noise perform2
ance ,t he ambient2proof characteristic over p rocess ,
temperat ure ,and f requency variation[ 7 ] . The AAC
loop is caref ully const ructed with the fewest possi2
ble number of active component s to p revent addi2
tional noise. The design and simulation of t he L C
VCO core ,AAC loop ,and VCO buffer will be dis2
cussed.

2　Circuit design and simulation

2. 1　Design of pMOS LC VCO[ 8～13]

The design principles to get a VCO wit h a
wide linear t uning range and low p hase noise are
described in detail as follows.

Fig. 2　Schematic of the VCO with AAC

2. 1. 1 　Design of VCO core for high Q and low
phase noise

(1) The flicker noise of active devices is due to

t he random t rapping and releasing of charge by de2
fect s and imp urities t hat lie in t he semiconductor

material . The mean2square 1/ f noise current of a

MOSFET is given by[ 14 ]
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where A is t he area of the gate and K is a device2
specific constant . K varies f rom process to p rocess

and even f rom run to run , but in t he current

p rocesses ,t he K of pMOS is typically much smaller

t han t hat of nMOS. Therefore it is more promising

to use pMOS rat her t han nMOS in VCO to reach a

finer noise performance. pMOS also offers the ad2
vantage of higher outp ut swing ,so t he p hase noise

due to t he high flicker noise at f requencies below

t he corner f requency can be tolerated. This is due

to t he fact t hat p MOS t ransistors can operate in

t he t riode region wit hout affecting t he VCO noise

performance.

The pMOS FETs should be scaled according

to t he tail current to accommodate it with enough

headroom. In a steady2state oscillation condition ,

Gm Rp = 1. To ensure start2up , Gm Rp > 1 is needed.

When pMOS FETs operate in t he sat urated re2
gion , Gm∝W / L . The pMOS size should be reasona2
bly large in order for Gm to be large enough. Equa2
tion (1) shows that larger MOSFETs exhibit less

1/ f noise ,which is because t heir larger gate capaci2
tances smoot h t he fluct uations of channel charge.

(2) For get ting a tank wit h high Q ,t he widt h

of t he on2chip spiral inductor’s t rack should be

moderate ,and t he turns should be as few as possi2
ble to maximize t he tank equivalent parallel resist2
ance. The hole of t he tank should be chosen as

large as possible according to t he chip area limit s.

In order to get an adequate t uning range and guar2
antee t hat t he varactor capacitors but not t he para2
sitic capacitors dominate , a large varactor is nee2
ded. However ,for lower noise , a small varactor is

p referred. Additionally ,fixed capacitors are needed

in t he tank to ensure a stable oscillation f requency.
(3) The bias current for the tank should be

large enough to minimize the p hase noise. The

swing will be maximized when t he pMOS FETs are
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made to alternate between t he t riode region and

cut2off . When t he VCO remains in t he current2limit

region ,the amplit ude is app roximately

A =
2
π I bias Rp (2)

where Rp is t he equivalent parallel resistance of the
tank. Once t he p MOS FETs go into t he t riode re2
gion ,t he VCO will enter t he voltage2limit region.
Under t his condition ,raising t he current will bring
no f urt her swing and even more p hase noise and
current waste.

(4) The inductor L tail and t he capacitor Ctail

added to t he tail current source form a tank filter
which is designed to filter out noise f rom t he bias
circuit ry[15 ] . Here L tail and Ctail are chosen to be
large in order to reject noise coming f rom the pow2
er supply as much as possible.
2. 1. 2 　Design of VCO core for wide tuning range

and linear gain
Since t he varactors used in t he tank should be

high Q at t he f requency of interest ,p n junction va2
ractors are more suitable t han MOS varactors.
However ,a p n varactor has a parasitic subst rate di2
ode formed by t he n side of t he junction and the p
type subst rate , as shown in Fig. 3. Unless t he n
side of t he diode is connected to ac ground ,t he par2
asitic devices will be included in t he tank.

Fig. 3　pn varactor and parasitic diode

The C2V curve of the varactor is shown in
Fig. 4. The linear section is where t he varactor
should operate. In t he non2linear section ,t he t uning
curve will bend and t he noise cont ribution will in2
crease significantly. The VCO tuning voltage V tune

must be higher t han the potential of t he varactor
anode. Therefore ,to get a wider t uning range and a
bet ter gain linearity , t he anode of t he varactor
should be connected to the lowest potential of the
circuit . In t his design we use pMOS FETs ,and t hus
t he tank can be connected directly to ground.

2. 2　AAC circuit design and analysis

An automatic2amplit ude2cont rol (AAC) circuit
in t he VCO can keep the VCO in t he current2limit

Fig. 4　Varactor capacitor versus tuning voltage

region to alleviate t he amplit ude noise and t he AM
to PM noise. It also makes t he VCO ambient2proof
and stabilizes it s performance.
2. 2. 1　AAC feedback loop design

The AAC loop used in t his design is shown in
Fig. 2. The pMOS FETs M1 and M2 form a nega2
tive resistor across t he L C tank. The pMOS FET
M3 act s as a current source to draw current for t he
tank. M4 is connected as a diode to bias t he tail
current source M3. The reference current Iref is set
by biasing t he base of Q3 with t he bandgap volt2
age.

The sample t ransistors Q1 and Q2 are set to
behave as a class C amplifier ,which is then used to
limit t he swing of the oscillator to slightly more
t han one V BE . They are normally set in t he cut2off
state when t he oscillation amplit ude is low. Once
t he amplit ude get s close to V BE , t hese t ransistors
start to turn on slightly at the top or bot tom of t he
oscillation swing and form t he current Iave flowing
t hrough R3 and R4 . The potential across R3 and R4

invoked by t his current will t urn on p MOS FET
M5 f urt her . This will cause t he shunt current to
rise ,and then t he current s Ibias and Itank will be cut
down. According to Eq. (2) , t he swing amplit ude
will be p ulled back to a value around V BE . These
step s will p revent pMOS FETs M1 and M2 f rom
entering the t riode region and ensure t hat the VCO
always draws just enough current to t urn on these
limiting t ransistors. Turning on Q1 and Q2 st rong2
ly should be prevented ;ot herwise t hey will load t he
tank with their dynamic emitter resistance and de2
Q t he tank.

C4 is included here to form a dominant and
cont rollable pole in t he AAC feedback loop so t hat
t he whole system is stable under all operating con2
ditions. It also filters out t he noise coming f rom t he
bias. Resistors R3 and R4 and diode D7 provide a dc
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bias a lit tle under V th for t he shunt branch pMOS
FET M5 ,which will improve t he sensitivity of the
feedback loop . Schott ky diodes D3 to D5 are used
to confine V CE of the t ransistors Q1 and Q2 wit hin
t he breakdown voltage. They also provide bias for
t he AAC feedback loop . D6 is reversely connected
to p revent Q1 and Q2 f rom deep saturation. That is
to say , t hey prevent t he CB junction f rom being
negatively biased too far .

Adjusting the ratio of R3 and R4 can cont rol
t he response sensitivity of t he AAC feedback loop .
In our design ,t he AAC loop feedback current Iave is
only 200μA. Thus it is a power saving scheme for
amplit ude cont rolling. Compared wit h p revious
works[ 7 ,16 ] ,t his AAC loop is const ructed wit h fe2
wer active component s so it int roduces less noise
f rom the bias circuit to t he o scillation part and
saves chip space at t he same time.
2. 2. 2　AAC system analysis[ 16 ,17]

The point P shown in Fig. 2 act s as a summing
node for t he three current s Iref , Ishunt ,and Ibias . The
VCO wit h t he AAC feedback loop system can be
conceptually drawn as shown in Fig. 5. The t rans2
fer f unction of t he current mirror block can be
writ ten as

A1 ( s) =
I tank

I bias
=

gm3

C4

s +
gm4

C4

(3)

Capacitor C4 creates a dominant pole at P1 = gm4 /
C4 . When C4 increases ,t he loop will be more stable
but t he cont rol delay will increase.

Fig. 5　Diagram of AAC feedback loop system

Note t hat Eq. (2) has it s obvious limitations in
determining t he amplit ude of t he tank because it
does not include the influence of f requency. For ex2
act analysis ,t he o scillator should be t reated as a re2
sonator wit h a current p ulse applied to t he tank by
M1 and M2 alternately in each equal half cycle. The
second order t ransfer f unction can t hen be writ ten
as

Vosc ( s) =
2

Cvar
×

ω

( s +
1

Rp Cvar
) 2 +ω2

(4)

whereωis app roximately equal to t he f requency of
oscillation. From the above equation , t he t ransient
behavior of t his circuit can be determined. The time
constant Rp Cvar in Eq. (4) is equivalent to a pole in
t he response of t he oscillation amplit ude versus bi2
as current . This pole can be added to Eq. (2) to de2
scribe t he f requency response of t he oscillation am2
plit ude.

For the resonator block , the t ransfer f unction
can be writ ten as

A2 ( s) =
V tank

I tank
=

2
π ×

1
Cvar

s +
1

Rp Cvar

(5)

　　The pole can be writ ten as a f unction of Q :

P2 =
1

Rp Cvar
=
ωosc

2 Q
(6)

　　Equation (6) shows t he impact of t he o scilla2
tor’s behavior on t he AAC loop . A tank wit h a
higher Q will respond more slowly and t herefore
has a lower f requency pole than a lower Q o scilla2
tor . A high Q VCO will lead to a less stable loop
because it has a greater p hase shif t at a lower f re2
quency. Because t he f requency of P2 and t he gain of
A 2 (s) are set and are not allowed to be adjusted ar2
bit rarily once t he oscillator is set tled according to
t he design requirement s ,t he int rinsic sensitivity of
t he AAC loop is fixed.

When V tank reaches V BE ,t he limiting t ransistors
Q1 and Q2 t urn on and form narrow p ulses wit h
peak amplit ude. The t ransfer f unction of the ampli2
t ude limiting block in Fig. 5 can be writ ten as

A3 ( t ) = 2 ×5 Ishunt

5 V tank
= K(

Is ( R3 +
1

jωC5
) e

Vtank
2 vT

2π×V tank

2 vT

+

VD7 - V t h ) ( R3 +
1

jωC5
) ( Is e

Vtank
2 vT

πvT V tank

-
Is e

Vtank
2 vT

π
vT

V
3
2

tank

)

(7)

where K = - 4μ0 Cox W / L . This is a nonlinear t rans2
fer f unction. The pole created by C4 is near t he pole
of t he VCO core ,so a resonance condition will easi2
ly occur . C5 is int roduced to this block to p roduce
anot her pole t hat act s as the new dominant pole
with a much lower f requency and p ulls t he original
pole to a larger f requency and one zero that mini2
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mizes t he p hase shif t caused by the dominant pole
at low f requencies. Thus we get two poles split far
apart and a large p hase margin. For a greater p hase
margin ,t he loop gain can be adjusted by changing
t he gain A 1 ( s) ( by adjusting t he ratio of M3 to
M4) or A 3 ( s) ( by adjusting the size of limiting
t ransistors Q1 and Q2 ) . In any case , t he gain
should be kept high enough to set tle t he VCO am2
plit ude at an exact and stable final value.

2. 3　Differential VCO buffer

The VCO outp ut buffer is const ructed to be a
differential pair amplifier . J ust as Fig. 6 depict s ,Q5
and Q6 provide the bias tail current , and Q1 and
Q2 are the main amplifier pair . Q3 and Q4 form the
cascode st ructure for isolating the VCO core f rom
out side to avoid t he influence of load and to pre2
vent t he p ulling effect when t he VCO is located on
t he same subst rate as ot her high power blocks wit h
close operation f requency.

Fig. 6　Schematic of VCO buffer

3　Experimental results

Figure 7 shows t he experimental p hase noise
value of the VCO with the AAC. At a 1M Hz fre2
quency off set , a - 127127dBc/ Hz p hase noise has
been at tained f rom a 1114 GHz carrier . This result
is measured using an Agilent E4440A spect rum an2
alyzer . The experimental result is worse by about
313dBc/ Hz t han t he simulation result
( - 13016dBc/ Hz @1M Hz when the carrier f re2
quency is 1209M Hz) .

Fig. 7　Phase noise performance of VCO 　Carrier f re2
quency is 1114 GHz1

Figure 8 shows t he t uning curves and p hase
noise variation when V tune is set f rom low to high. It
can be seen that t his VCO has a linear t uning range
which covers t he carrier f requency over a 100M Hz
t uning range (over 10 %) when V tune varies f rom
0155 to 51237V. The gain is approximately
3214M Hz/ V in t he linear section (V tune f rom 115 to
510V) . However ,t he measured carrier f requency is
lower t han t he design result by about 69M Hz. This
may be due to t he parasitic parameters in t he lay2
out . Figure 8 also shows the AAC’s f unction of re2
jecting t he change of p hase noise. The experiment
shows t hat with t he carrier f requency varying f rom
990 to 1140M Hz ,t he p hase noise changes by only a
couple of dB.

Fig. 8 　Oscillation f requency and phase noise versus

V tune

Figure 9 shows t he VCO p hase noise versus
t he temperat ure. Wit h t he temperature varying
f rom about 15 to 95℃, t he p hase noise only chan2
ges by less t han 2dB. For t he experiment condition
limit s , t he lower temperat ure performance cannot
be presented ,and t he 15℃temperat ure value is ob2
tained by estimate.

Table 1 shows the similar work for the LC VCO.
It can be seen from this table that this VCO design ex2
hibits a good phase noise performance over a wide tun2
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Fig. 9　Phase noise versus temperature (V tune = 5V)

ing range and consumes less power. At the same time ,
this work of the VCO is the only one with an AAC and
a robust ,ambient2proof property.

　　Figure 10 is t he die p hoto of the AAC VCO
with buffer .

Fig. 10　Photomicrograph of the AAC VCO and buffer

Table 1　Comparison of tuner VCO performance

Reference Phase noise Tuning range Current dissipation Process technology

[ 8 ] - 125. 1dBc/ Hz @600k Hz 1. 79～2 GHz/ VCO (10. 5 %) 19mA (1. 8V supply) 0. 65μm BiCMOS

[ 5 ]
- 133dBc/ Hz @1 . 45M Hz

About - 130dBc/ Hz @1M Hz
About 890～1000M Hz/ V CO (11 %) 8mA (2 . 775V supply) Si Ge ∶C BiCMOS

[ 6 ] - 126dBc/ Hz @1M Hz 1580～1874M Hz/ V CO (15 . 7 %) Not p resented (5V supply) 0 . 9μm Si Ge BiCMOS

[ 18 ]
- 78dBc/ Hz @10k Hz

About - 125dBc/ Hz @1M Hz
1 . 32～1 . 9G Hz/ V CO (31 %) 13 . 5mA (3V supply) 0 . 35μm 27 G Hz SOI BiCMOS

This wor k - 127 . 27dBc/ Hz @1M Hz 990～1140M Hz/ V CO (13 . 2 %) 6 . 6mA (5V supply) 0 . 35μm 50G Hz Si Ge BiCMOS

4　Conclusion

This paper p resent s a 111 GHz L C VCO with a
low p hase noise of - 127127dBc/ Hz at 1M Hz off2
set and wit h wide t uning range and linear t uning
curve. It exhibit s about 3214M Hz/ V linear gain
f rom to 1140M Hz. The p hase noise is almost con2
stant over a wide temperature and carrier f requency
range. This optimized performance is due to the
pMOS VCO st ructure design and t he optimization
of the AAC circuit ry design which has been dis2
cussed in detail above. If we reconst ruct t he VCO
resonant tank using t his design to meet the lower
f requency band , it will be adequate to get all t he
VCOs for a whole tuner receiver system to cover
it s entire operation f requency range.
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为调谐器设计的带自动幅度控制 11 1 GHz差分压控振荡器 3

颜　峻1 ,­　毛　威1 　马德胜1 　顾　明1 　许奇明1 　胡雪青1 　石　寅1 　代　伐2

(1 中国科学院半导体研究所 混合信号与高速电路实验室 , 北京　100083)

(2 奥本大学电子与计算机工程系 , 亚拉巴马州　3684925201 , 美国)

摘要 : 为集成调谐器接收机芯片系统设计了一个带自动幅度控制回路的差分结构电容电感压控振荡器.通过采用
pMOS管作为有源负阻使振荡器谐振回路可以直接接地电平 ,减小了寄生效应 ,扩大了频率调谐的线性及其范围.

采用的自动幅度控制 AAC回路具有元件少 ,噪声低 ,控制灵敏 ,调节容易 ,结构简单及设计方便的优点 ,并保证振
荡器电路的性能最小地依赖于环境和制造工艺参数的变化.所设计的压控振荡器采用新加坡特许 50 GHz 0135μm

Si Ge BiCMOS工艺流片 ,经测试在 1M Hz频率偏移处达到了 - 127127dBc/ Hz 的相位噪声性能 ,具有宽的 (990～
1140M Hz)和线性 (调谐增益 3214M Hz/ V)的频率调谐曲线.整个振荡器电路在 5V 的供电电压下仅消耗 616mA

的电流 ,可以满足调谐器的应用需要.

关键词 : 调谐器 ; 集成接收机芯片 ; 电容电感压控振荡器 ; 自动幅度控制
EEACC : 1230B ; 2570 K
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