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Abstract : This paper presents an L C VCO with auto-amplitude control (AAC) ,in which pMOS FETs are used,
and the varactors are directly connected to ground to widen the linear range of Kwo. The AAC circuitry adds little
noise to the V CO but provides it with robust performance over a wide temperature and carrier frequency range.
The VCO is fabricated in a chartered 50GHz 0. 33 m SiGe BiCMOS process. The measurements show that it has
- 127. 27dBc/ Hz phase noise at 1M Hz offset and a linear gain of 32 4M Hz/ V between 990M Hz and 1 14GHz.
The whole circuit draws 6. 6mA current from 5V supply.
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higher constant IF,and then down-converts it di-
rectly to the base band frequency. Because of the
system’ s wide band property ,this receiver struc-
ture requires wide-tuning-range V COs to cover all

of the operation bands:the down-converson stage

1 Introduction

In broadband communication systems,such as
those in tuners for HDTV ,DVB ,or cable-modem

applications,voltage control oscillator (VCO) cir-
cuits always influence the receiver performance
dramatically. In such a receiver ,double-converson
architecture is often employed’. As shown in Fig.
1 ,this kind of receiver structurefirst up-convertsa
channel from a broadband cable input sgnal (han-
ding frequencies from 100MHz to 1GHz) to a
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needs a VCO which has a 1. 1GHz carrier and a
50M Hz tuning range; the up-converson stage
needs a V CO with a tuning range from 100M Hz to
1GHz. This can be achieved by shunting several
VCOs,each with a different carrier and about a
100M Hz tuning range ,or by implementing a switch
resonant tank network.
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Fig.1 Diagram of the tuner
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The higher the first IF,the smaller relative
tuning range is required from the first LO source.
In our system plan,the IF is 1100M Hz ,which al-
lows us to use a readily available,low-cost SAW
filter. Therefore VCOs with a tuning range over
10 % are needed for this system. LC VCOs de
sgned for this application have been widely studied
and fabricated* ® . Thispaper presents another de-
signof LC VCOs which usespMOS FETs to get a
wide tuning range and engages an auto-amplitude
control circuit to improve the phase noise perform-
ance ,the ambient-proof characteristic over process,
temperature ,and frequency variation'”. The AAC
loop is carefully constructed with the fewest poss-
ble number of active components to prevent addi-
tional noise. The design and smulation of the LC
V CO core ,AAC loop ,and VCO buffer will be dis
cussed.

2 Circuit design and simulation

2.1 Design of pMOSLC VCO'® ¥

The design principles to get a VCO with a
wide linear tuning range and low phase noise are
described in detail asfollows.
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Fig.2 Schematic of the VCO with AAC

2.1.1 Design of VCO core for high Q and low
phase noise

(1) Theflicker noise of active devicesis due to
the random trapping and releas ng of charge by de-
fects and impurities that lie in the semiconductor
material. The mean-square 1/ f noise current of a
MOSFET is given by“‘”

7oK ags Kotmt ()

f WL Cox

where A isthe area of the gate and K is a devicer
specific constant. K varies from process to process
and even from run to run, but in the current
processes ,the Kof pMOSistypicaly much smaller
than that of nMOS. Therefore it is more promisng
to use pMOS rather than nMOSin VCO to reach a
finer noise performance. pMOS a s offers the ad-
vantage of higher output swing,so the phase noise
due to the high flicker noise at frequencies below
the corner frequency can be tolerated. Thisis due
to the fact that pMOS transstors can operate in
the triode region without affecting the VCO noise
performance.

The pMOS FETs should be scaled according
to the tail current to accommodate it with enough
headroom. In a steady-state oscillation condition,
GnR =1. To ensure start-up ,Gn R, > 1 is needed.
When pMOS FETSs operate in the saturated re
gion,Gn W/ L. ThepMOS sze should be reasonar
bly large in order for Gn to be large enough. Equar
tion (1) shows that larger MOSFETSs exhibit less
1/ f noise,whichis because their larger gate capaci-
tances smooth the fluctuations of channel charge.

(2) For getting a tank with high Q,the width
of the onchip spiral inductor’ s track should be
moderate ,and the turns should be as few as poss-
ble to maximize the tank equivalent parallel resst-
ance. The hole of the tank should be chosen as
large as poss ble according to the chip area limits.
In order to get an adequate tuning range and guar-
antee that the varactor capacitors but not the para
Stic capacitors dominate,a large varactor is nee
ded. However ,for lower noise,a small varactor is
preferred. Additionally ,fixed capacitors are needed
in the tank to ensure a stable oscillation frequency.

(3) The bias current for the tank should be
large enough to minimize the phase noise. The
swing will be maximized when the pMOS FETs are
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made to alternate between the triode region and
cut-off. When the VCO remainsin the current-limit
region ,the amplitude is approximately

A = _’_[_2- |bias Rp (2)

where R, isthe equivalent parallel red stance of the
tank. Once the pMOS FETs go into the triode re-
gion ,the VCO will enter the voltagelimit region.
Under this condition ,raisng the current will bring
no further swing and even more phase noise and
current waste.

(4) The inductor Lw and the capacitor G
added to the tail current source form a tank filter
which is designed to filter out noise from the bias
circuitry™ . Here Lw and Ga are chosen to be
large in order to reject noise coming from the pow-
er supply as much as possible.

2.1.2 Design of VCO core for wide tuning range
and linear gain

Snce the varactors used in the tank should be
high Q at the frequency of interest ,pn junction var
ractors are more suitable than MOS varactors.
However ,a pn varactor has a parasitic substrate di-
ode formed by the n sde of the junction and the p
type substrate,as shown in Fig. 3. Unless the n
sde of the diodeisconnected to ac ground ,the par-
agtic devices will be included in the tank.

A D C

Depletion p+ gupstrate
region

Fg.3 pn varactor and parasitic diode

The CV curve of the varactor is shown in
Fig. 4. The linear section is where the varactor
should operate. In the norrlinear section ,the tuning
curve will bend and the noise contribution will in-
crease ggnificantly. The VCO tuning voltage Vtune
must be higher than the potential of the varactor
anode. Therefore ,to get a wider tuning range and a
better gain linearity, the anode of the varactor
should be connected to the lowest potential of the
circuit. In this desgn we use pMOS FETs ,and thus
the tank can be connected directly to ground.

2.2 AAC circuit design and analysis

An automatic-amplitude-control (AAC) circuit
in the VCO can keep the VCO in the current-limit

CIF

Minus bias/V

Fg.4 Varactor capacitor versus tuning voltage

region to alleviate the amplitude noise and the AM
to PM noise. It also makes the V CO ambient-proof
and stabilizes its performance.

2.2.1 AAC feedback loop design

The AAC loop usedin this desgnis shownin
Fig.2. The pMOS FETs M1 and M2 form a nega
tive resstor across the LC tank. The pMOS FET
M3 acts as a current source to draw current for the
tank. M4 is connected as a diode to bias the tail
current source M3. The reference current I iS Set
by biasng the base of Q3 with the bandgap volt-
age.

The sample trandstors Q1 and Q2 are set to
behave as a class C amplifier ,which is then used to
l[imit the swing of the oscillator to dightly more
than one Vee. They are normally set in the cut-off
state when the oscillation amplitude is low. Once
the amplitude gets close to Vse ,these transstors
start to turn on dightly at the top or bottom of the
oscillation swing and form the current lae flowing
through Rs and Rs. The potential across Rs and R.
invoked by this current will turn on pMOS FET
M5 further. This will cause the shunt current to
rise ,and then the currents Ivas and Ik Will be cut
down. According to Eg. (2) ,the swing amplitude
will be pulled back to a value around Vse. These
steps will prevent pMOS FETs M1 and M2 from
entering the triode region and ensure that the V CO
always draws just enough current to turn on these
l[imiting transstors. Turning on Q1 and Q2 strong-
ly should be prevented ;otherwise they will load the
tank with their dynamic emitter red stance and de-
Q the tank.

G is included here to form a dominant and
controllable pole in the AAC feedback loop so that
the whole system is stable under all operating con-
ditions. It also filtersout the noise coming from the
bias. Resstors Rs and R: and diode D7 provide a dc
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bias a little under Vw for the shunt branch pMOS
FET M5 ,which will improve the sendtivity of the
feedback loop. Schottky diodes D3 to D5 are used
to confine Vce of the transstors Q1 and Q2 within
the breakdown voltage. They a so provide bias for
the AAC feedback loop. D6 is reversely connected
to prevent Q1 and Q2 from deep saturation. That is
to say,they prevent the CB junction from being
negatively biased too far.

Adjusting the ratio of Rs and R« can control
the response senstivity of the AAC feedback loop.
In our design ,the AAC loop feedback current laeis
only 20Qu A. Thus it is a power saving scheme for
amplitude controlling. Compared with previous
works’ ™ this AAC loop is constructed with fe-
wer active components 0 it introduces less noise
from the bias circuit to the oscillation part and
saves chip gpace at the same time.

2.2.2 AAC sysem analysis***"

The point P shownin Fig. 2 acts asa summing
node for the three currents lw , lsun ,and lsas. The
V CO with the AAC feedback loop system can be
conceptually drawn as shown in Fig.5. The trans
fer function of the current mirror block can be
written as

Om3
As(y) = pe o —C— 3
bias S+gm4.
Cs

Capacitor C creates a dominant pole at P1 = gm/
Gi. When G increases ,the loop will be more stable
but the control delay will increase.

Mirror circuitry

vCOo

Vieek
As) >

7
55 [~ Amplitade imiting

and current shunting

Fg.5 Diagramof AAC feedback loop system

Note that Eq. (2) hasitsobviouslimitationsin
determining the amplitude of the tank because it
does not include the influence of frequency. For ex-
act analyss,theoscillator should be treated asare-
sonator with a current pulse applied to the tank by
M1 and M2 alternately in each equal half cycle. The
second order tranger function can then be written
as

27
2 w
Vo (8) = X (4)
Cvar (S+_J_)2 +(A)2
Rp Cvar

whereW is approximately equal to the frequency of
oscillation. From the above equation ,the transient
behavior of thiscircuit can be determined. The time
constant R, G« in Eq. (4) isequivalent to apolein
the response of the oscillation amplitude versus bi-
as current. This pole can be added to Eqg. (2) to de-
scribe the frequency response of the oscillation am-
plitude.

For the resonator block ,the trander function
can be written as

1
M _ 2 Coar
= = X

Az (s) Lo - .. 1 (5)

Rp Cvar

The pole can be written as afunction of Q:
1 W

P, = Ry Cow 20 (6)

Equation (6) shows the impact of the oscilla
tor’ s behavior on the AAC loop. A tank with a
higher Q will respond more dowly and therefore
has a lower frequency pole than a lower Q oscillar
tor. A high Q VCO will lead to a less stable loop
because it has a greater phase shift at a lower fre-
quency. Because the frequency of P. and the gain of
Az (9 are set and are not allowed to be adjusted ar-
bitrarily once the oscillator is settled according to
the design requirements,the intrinsc senstivity of
the AAC loop isfixed.

When Vi reaches Vee ,the limiting trang stors
Q1 and Q2 turn on and form narrow pulses with
peak amplitude. The trander function of the ampli-
tude limiting block in Fig.5 can be written as
1 e

Is ( Rs + ) e 2vy
Az (t) :ZXL“““@' = K( G +
Vtank % \V4
2vr
Viank Niang
1 Ise 2VT |se 2VT
Vo7 - Vin) (Rs +: ) ( - )
ijS J]t[ V1 Viank —;'
Vtank
T
(7)

where K= - 4o CxW/ L. Thisisa nonlinear trans
fer function. The pole created by C is near the pole
of the VCO core,s0 aresonance condition will eas-
ly occur. Gs is introduced to this block to produce
another pole that acts as the new dominant pole
with a much lower frequency and pulls the original
pole to a larger frequency and one zero that mini-
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mizes the phase shift caused by the dominant pole
at low frequencies. Thus we get two poles split far
apart and alarge phase margin. For a greater phase
margin ,the loop gain can be adjusted by changing
the gain A: (s) (by adjusting the ratio of M3 to
M4) or As (s) (by adjusting the size of limiting
transstors Q1 and Q2). In any case, the gain
should be kept high enough to settle the VCO am-
plitude at an exact and stable final val ue.

2.3 Differential VCO buffer

The VCO output buffer is constructed to be a
differential pair amplifier.Just as Fig. 6 depicts,Q5
and Q6 provide the bias tail current ,and Q1 and
Q2 are the main amplifier pair. Q3 and Q4 form the
cascode structure for isolating the VCO core from
outsde to avoid the influence of load and to pre
vent the pulling effect when the VCO islocated on
the same substrate asother high power blocks with

close operation frequency.
OUTp BIAS OUTn

Q3 Q4

BIAS

Q@

[Np Q6 INn

Qs Bandgap

FHg.6 Schematic of VCO buffer

3 Experimental results

Figure 7 shows the experimental phase noise
value of the VCO with the AAC. At a 1M Hz fre-
quency offset ,a - 127. 27dBc/ Hz phase noise has
been attained from a 1 14GHz carrier. This result
is measured usng an Agilent E4440A spectrum an-
alyzer. The experimental result is worse by about
3 3dBc/ Hz  than the  smulation result
(- 130. 6dBc/ Hz @M Hz when the carrier fre-
guency is 1209M Hz) .

Carrier power -12.72 dBm Atten 0.00 dB Mkrl 1.00000 MHz
Ref -70.00dBc/Hz -127.27 dBc/Hz

6.00
dB/

1

00kHz 1 MHz

Frequency offset

Fg.7 Phase noise performance of VCO Carrier fre-
quency is 1 14GHz

Figure 8 shows the tuning curves and phase
noi se variation when Vure is set from low to high. It
can be seen that this VCO has alinear tuning range
which covers the carrier frequency over a 100M Hz
tuning range (over 10%) when Vi varies from
0.55 to 5237V. The gan is approximatey
32 4MHz/ V in the linear section (Vwne from 1 5to
5 0V). However ,the measured carrier frequency is
lower than the design result by about 69M Hz. This
may be due to the parastic parametersin the lay-
out. Figure 8 a0 showsthe AAC sfunction of re-
jecting the change of phase noise. The experiment
shows that with the carrier frequency varying from
990 to 1140M Hz ,the phase noi se changes by only a
couple of dB.
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Figure 9 shows the VCO phase noise versus
the temperature. With the temperature varying
from about 15 to 95 ,the phase noise only chan-
ges by less than 2dB. For the experiment condition
limits,the lower temperature performance cannot
be presented ,and the 15 temperature valueisob-
tained by estimate.

Table 1 showsthe smilar work for the LC VCO.
It can be seenfrom thistable that this VCO dedgn ex-
hibits a good phase noise performance over a wide tun-
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Fig.9 Phase noise versus temperature(Vwe =5V)
ing range and consumes less power. At the same time,

this work of the VCO istheonly one with an AAC and
a robust ,ambient-proof property.

Figure 10 is the die photo of the AAC VCO

with buffer.

Fg.10 Photomicrograph of the AAC VCO and buffer

Table 1 Comparison of tuner VCO performance

Reference Phase noise Tuning range Current disspation Process technology
[8] - 125.1dBc/ Hz @600k Hz 1.79 2GHz/ VCO(10.5%) 19mA (1. 8V supply) 0.6% m BiCMOS

- 133dBc/ Hz @L.45M Hz ) .
[5] About 890 1000M Hz/ V CO (11 %) 8mA (2. 775V supply) SiGe CBiICMOS

About - 130dBc/ Hz @LM Hz

[6] - 126dBc/ Hz @LM Hz

1580 1874M Hz/ V. CO(15.7 %)

Not presented(5V supply) 0.9 m SiGe BiCMOS

- 78dBc/ Hz @10k Hz

18
(18] About - 125dBc/ Hz @LM Hz

1.32 1.9GHz/ VCO(31 %)

13.5mA (3V supply) | 0.3% m 27GHz SOI BiCMOS

This work - 127.27dBc/ Hz @LM Hz

990 1140M Hz/ V CO(13.2 %)

6.6mA (5V supply) 0.3% m 50GHz SiGe BiCMOS

4 Conclusion

This paper presentsal 1GHzLCVCO with a
low phase noise of - 127. 27dBc/ Hz at 1M Hz off-
set and with wide tuning range and linear tuning
curve. It exhibits about 32 4MHz/V linear gain
from to 1140M Hz. The phase noise is amost con-
stant over a wide temperature and carrier frequency
range. This optimized performance is due to the
pMOS VCO structure design and the optimization
of the AAC circuitry desgn which has been dis
cussed in detail above. If we reconstruct the VCO
resonant tank using this desgn to meet the lower
frequency band,it will be adequate to get all the
VCOsfor a whole tuner receiver system to cover
its entire operation frequency range.
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