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DESIGN AND OPTIMIZATION OF A LOW NOISE 2.4GHZ CMOS VCO
WITH INTEGRATED LC TANK AND MOSCAP TUNING

Donhee Ham and Ali Hajimir:

California Institute of Téchnology, Pasadena, CA 91125, USA

ABSTRACT

A 2.4GHz LC voltage controlled oscillator is designed and op-
timized via linear programming and implemented in a 0.35um
RF BiCMOS process technology. Our design methodology
provides an insight to choosing design variables given with
several constraints such as voltage swing, tuning range, and
start-up condition. The on-chip spiral inductors used are
modeled and optimized by a 3D inductor simulator. The
inversion mode MOSCAP tuning is used to achieve 26% of
tuning range. The measured phase noise is -121dBc/Hz, -
117dBc/Hz and -115dBc/Hz at 600kHz offset from 1.91GHz,
2.03GHz and 2.60GHz carriers, respectively. The VCO dissi-
pates only 4mA from a 2.5V supply voltage.

1. INTRODUCTION

Voltage controlled oscillators are essential building blocks in
communication systems and are used as local oscillators to
up- and down-convert signals. Design of integrated oscilla-
tors has posed many challenges to circuit designers as it in-
volves simultaneous optimization of multiple variables. This
paper investigates a simple, yet effective, method to design
and optimize integrated voltage controlled oscillators, which
is suitable for both hand calculations and computer simula-
tions. It is shown that a design method for optimization of
VCOs does exist as opposed to pure, time-intensive simula-
tion.

The cross-coupled transistor topology depicted in Fig.
1 is used as the design topology for several reasons. Full
exploitation of differential operation mitigates undesirable
common-mode effects, such as extrinsic substrate and sup-
ply noise. The oscillation amplitude of this structure is a
factor of two larger than that of the NMOS-only structure
due to the PMOS pair, which results in a better phase noise
performance for a given tail current. The rise and fall time
symmetry is incorporated to further reduce the 1/f noise
upconversion [1].

The design and optimization methodology is linear pro-
gramming. Before performing the linear programming, the
spiral inductor structure is selected so that the quality fac-
tor can be maximized for a given inductance (2.7nH) and
frequency (2.4GHz). This optimal spiral structure results in
higher voltage swing and lower phase noise. Constraints on
voltage swing, frequency tuning range, and start-up condi-
tions are imposed. Under these constraints, design variables
are selected in such a manner that the phase noise can be
minimized via linear programming. Our design methodology
predicts a phase noise of -120dBc/Hz at 600kHz offset from
a 2.22GHz carrier for a VCO dissipating 4mA .from a 2.5V
supply in simulation and is a less complicated alternative to
the geometric programming introduced in [2] and [3]. It can
provide more design insight as discussed in the subsequent
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Figure 1: VCO schematic Figure 2: Tank model
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In Section 2, building blocks of the oscillator are analyzed
to derive important parameters to be used in linear program-
ming. Section 3 explains the detail of our design procedure
via linear programming. In Section 4, elaborate simulation re-
sults are presented and compared to hand-calculations. Sec-
tion 5 discusses the experimental results.

2. BUILDING BLOCKS AND PARAMETERS

In this section, we analyze the building blocks of the oscillator
to derive parameters for the equivalent circuit model shown
in Fig. 2 [2]. These parameters will be used for the linear
programming in the next section.

The VCO is implemented in Conexant’s 0.35um BiC-
MOS process technology, only using CMOS transistors. The
transconductance, gm, is approximated by gm = pCoz W Esas /2
from the deep short-channel current-voltage expression. In
our process technology, gmn = 155W, [U] and gmp = 48W,[U].
The output conductance, g4, can be approximated by ga =
MO8~ 1WP4 where ) is a fitting parameter [4].

The geometric parameters of the spiral inductors are cho-
sen to maximize the quality factor, @r, for a given inductance
(2.7nH) in a 3D inducter simulator, ASITIC [5]. The induc-
tor is built in the top metal layer of a three metal layer process
and a @y, of approximately 8.9 was achieved at 2.4GHz.

Two different analytical models were developed for the
inductor used. One is the symmetric model of Fig. 3 [6],
which is used for linear programming. In this model, the ef-
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Figure 5: LC tank Figure 6: ac analysis

fective parallel equivalent conductance of the inductors, gr,
is given by 1/R, + R,/(Lw)? [3]. The other is a more ac-
curate non-symmetric model depicted in Fig. 4 and is used
in simulations. This non-symmetric model was developed us-
ing ASITIC and HSPICE optimizers to address the physical
asymmetry of the spiral structure mainly due to the metal
underpass {5].

The varactors are made out of the gate channel capaci-
tance of PMOS transistors in inversion mode. The drain and
source are tied to the control node as shown in Fig. 5. The
n-well is connected to the same node to reduce the effect of
the junction capacitance between drain(source) and n-well.
The n-well p-substrate junction capacitance appears as com-
mon mode as shown in Fig. 5 and does not affect the tuning
range. The drain and source regions expedite the inversion
process by supplying enough charged carriers.

The varactors of Fig. 5 show a quality factor, @, of 30 and
Crmaz/Cmin tatio of 2.93 in HSPICE ac analysis performed
on the circuit of Fig. 6. The ac analysis is small-signal and
does not account for nonlinear variations. Therefore, it can
only be used as a starting point for the design. The effec-
tive parallel varactor conductance, gv = (Cyw)/Qu, can be
calculated from the equivalent circuit of Fig. 6.

The tank conductance, inductance, and capacitance are
given by 2Giank = gdn + gap + gv + gL, Ltank = 2L and
2Ctank = 4ng,n + Cgs,n + Cdb,n + 4ng,p + Cgs,p + Cdb,p +
CL + Cy + Cioaa, Tespectively.

3. DESIGN OF THE OSCILLATOR TANK VIA
LINEAR PROGRAMMING

The oscillator is designed to draw a maximum of 4mA of
current from a 2.5V supply. The inductor is chosen based
- on the discussion in the previous section. Both channel-
length L, and L, of MOSFETS are set to be the minimum
(i-e., 0.35 pum) to reduce parasitic capacitances. A symmet-
ric tank (gmn = gmyp) is used to improve the 1/ f2 corner of
phase noise [1] and we set gmn = gmp or, W, = 3.23W,.
The MOSCAP involves one design variable, Cy maz, while
Cy,min = 0.34C, mas from the MOSCAP ac analysis. The
output driver adds about 60fF of load capacitance to the
tank. Consequently, we have three design variables to opti-
mize: Wh, Cy,masz, and I.

3.1. Constraints

We specify a minimum voltage swing of 2V from 2.5V voltage
Supply’ i.e., Vow = I/Gta.nk,ma.:c > 2 where Gtank,mafv imPOSGS
the worst-case constraint. Note this constraint is valid only
in the current-limited regime [1].

We specify a tuning range in excess of 15%. With a center
frequency of 2.4GHz, the frequency should change at least
from fmin = 2. 22GHz t0 fmaz = 2.58GHz, whlch implies
Ltan.kcza.nk min S wma.m and Lta.n.kctank maz = wm,,n

We impose a rather conservative start-up condition with a
loop gain of at least 3, hence gmn > 0gGlank,maz and ag > 3,

Oscillator
Output

Figure 7: Output driver and measurement structure

which reduces to 3Giank,maz/gmn < 1 Where the worst-case
condition is imposed by Gtank,maz-

The size of the output driver transistors in Fig. 7 is chosen
so that it can drive a 50Q load at 0dBm with the 2V of
input voltage swing. This results in an output differential pair
with a W/L of 40um,/0.35 pm which will load the oscillator
core by Cioaa ~ 60fF. Since this capacitance is only 4% of
the varactor capacitance obtained in the following section,
reasonable change in the transistor width negligibly affects
the tuning range constraints. The voltage swing and start-up
constraints are not affected by the load capacitance.

3.2. Phase Noise
The phase noise in the 1/ f? region is given by [1]

1 Ltankw
82 fff VQ Z(

where fors is the offset frequency from the carrier. | R
is the rms value of the impulse sensitivity function (ISF)
[1] and is 1/2 for an ideal sinusoidal waveform. It can be
evaluated more accurately from simulation as discussed in
the subsequent sections. Each E/ Af in the sum represents
drain current noise, gate noise, inductor noise, and varac-
tor noise. The equivalent differential noise due to the drain
current noise and the gate noise of the MOS transistors are
given by 2k7(gao,n + gao,p) and (2kT'6w?/5940)(C2,n +C2,p)
[1], respectively, where vy ~ 2.5 for short channel devices and
& ~ 2y ~ 5. gao is the drain-source conductance at zero Vps
and given by I/(L Esa:) in deep short channel regime [1]. The
inductor noise and varactor noise are given by 2 - 4kTg;, and
2 - 4kT gy, mas, Tespectively, where gy, maz imposes the worst-
case condition.

L{foss} = Dimsn) 1)

3.3. Linear Programming

In this section, the design optimization process for the 2.4GHz
oscillator through linear programming will be demonstrated.
The constraints can be graphically represented as in Figures
8 to 11 in the zy space for various magnitude of bias current,
where w is Wy, in um and ¢ is Cy,maz in pF. On the right
side of the start-up line, loop gain is over 3 and start-up is
easy. A tuning range of at least 15% with a center frequency
of 2.4GHz is achieved if a design point stays below the trl
line and above the tr2 line, where the trl and tr2 line define
the maximum and minimum frequency of the tuning. Below
the voltage swing line, the voltage swing is over 2V. The
shadowed regions satisfy all the constraints. The broken lines
with one dash and three consecutive dots in Fig. 9 to 11
represent 2.5V voltage swing lines. The oscillation occurs in
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the voltage-limited regime rather than in the current-limited
regime below these curves and the magnitude of the voltage
swing is around 2.5V [1].

The tuning range constraint remains the same indepen-
dent of the bias current. Also, the start-up constraint shows
weak dependence on the bias current as the transconductance
of transistors in short channel regime is hardly dependent
on the bias current. However, the voltage swing constraint
strongly depends on the bias current. For I = 2.5mA, all the
constraints imposed cannot be met at the same time. As the
bias current increases, shadowed areas are generated and for
I = 4mA and I = 5mA, the voltage swing constraint becomes
the necessary condition for the first tuning range constraint.

Using the general expressions for device noise and a '
of 1/2, phase noise at 600kHz offset from a 2.4GHz carrier is
given by

2.22 x 10~ 3(c + 1.58 x 10~ 3w?; ! + 4.061 + 4.02)

L(w,c;1) = VA, (o)
(2)
where % represents current in mA4 and serves as another pa-
rameter. For I = bmA, the oscillation occurs in the deep
voltage-limited regime as seen in Fig. 11. Henceforth, L(w, ¢; 1)
becomes minimum where the numerator of (2) which is de-
fined as f(w,c;i) becomes minimum. Since the slope of tr2
line is 0.011 and is smaller than l(l—‘sg’”—o_3 D=
9.48x1072

30 =
for I < 8.6mA, we obtain the minimum phase noise
at pomt A(30/M’TL 1.42pF) in Fig. 11. The calculated phase
noise at this point is —120dBc/Hz at 600kHz offset from a
2.4GHz carrier.

In Fig. 10 (I = 4mA), some of the shadowed region is in
the voltage-limited regime while the rest of the shadowed re-
gion is in the current-limited regime. The point A which min-
imizes f(w,c; 1) maximizes Ve (w,c; 1) as it is in the voltage-
limited regime, and accordingly the phase noise is minimized
at A again. The calculated phase noise is —121dBc/Hz at
600kHz offset from a 2.4GHz carrier. We are designing the

oscillator with 4mA of tail current and thus, W, = 30um
and Cy,maz = 1.42pF are the optimum design variables we
used for the transistor and varactor. At this operation point,
the noise contributions of drain current noise, gate noise, in-
ductor noise, and varactor noise are 74%, 2%, 18%, and 6%,
respectively.

As can be seen, once the oscillator operates in the voltage-
limited regime, the minimization of the phase noise becomes
easier, by reducing the complicated denominator in (2) to
a constant value. While the phase noise decreases as cur-
rent increases until the oscillation reaches the voltage-limited
regime, once the oscillator enters the voltage-limited regime,
the phase noise begins increasing as the current is further
increased, as seen from (2). The critical current value is ob-
tained by having point A at the verge of the voltage limited
regime, i.e., on the regime-divider line, and thus, the low-
est phase noise is obtained with the highest power efficiency.
In this design, Isritcar is 3.7mA from a numerical method.
The phase noise calculated at this current is -121dBc/Hz at
600kHz offset from 2.4GHz.

The phase noise values calculated here are approximate '
since the value for E,q: is estimated from device data and
T'rms is approximated with 1/2. Also, all the variables used
are derived from small signal analysis while some constraints
such as voltage swing require large signal analysis. Finally,
the symmetric inductor model used for the linear program-
ming is rather approximate as mentioned earlier. A more
accurate phase noise prediction will be obtained in the next
section. '

4. SIMULATION

Simulation is performed with a tail current of 4mA using the
inductor model in Fig. 4. The node names mentioned in this
section are with reference to Fig. 1.

As the oscillator is tuned between minimum and max-
imum oscillation frequency, its voltage swing changes from
1.75V to 1.94V and therefore the oscillation occurs in the
current-limited regime. This discrepancy can be attributed
to the different inductor models in linear programming and
simulation and approximate small signal model using esti-
mated Fsq: in linear programming.

Simulations to estimate the phase noise are performed at
2.22GHz. The impulse sensitivity functions (ISF) of various
noise sources are obtained by performing the charge injection
simulation [1]. The simulated ISF of various noise sources is
depicted in Fig. 12. The I'sms values are 0.50 and 0.52 for
the NMOS and PMOS transistors, respectively.

The time-varying cyclostationary effect of the drain cur-
rent noise due to the gate-source voltage variation can be
taken into account by expressing the equivalent differential
noise due to the drain current noise in the following form:

-2

M, drain Gdo,n 9do,p

— =" = 4kT 4kT ! 3
IN; 9d0,eq,n (gdo,eq, ) +4kTgao, e‘”’(gdo,eq,p) &)

where the subscript eg corresponds to the unstable equilib-
rium when v(1) = v(2) = 1.15V and gao,¢q is the drain-source
conductance at zero Vps at the equilibrium. Here, 940/gd0,eq
is the square of the noise modulating function (NMF) [1]. The
simulated NMF and the effective ISF which is the product of
the ISF and NMF for the drain current noise are depicted in
Fig. 13 and 14, respectively. The Tef s rms is 0.45 for NMOS
and 0.52 for PMOS and hence the drain current noise includ-
ing the effect of ['rms is 6.90 X 10722 A%/ Hz where we used
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Pestrme instead of I'rms in (1). The cyclostationary channel
noise of the tail current transistor can be similarly obtained
(1] and its value is 3.73 x 10722 A%/Hz. Since the transistor
gate noise only has a small contribution to the total phase
noise as shown in the previous section, its time-varying effect
can be neglected.

The total simulated phase noise is -120dBc/Hz at 600kHz
offset from a 2.22GHz carrier. Drain current noise, gate noise,
inductor noise, varactor noise, and tail noise contribute 69%,
1%, 18%, 7% and 5% of phase noise in the circuit, respec-
tively. The simulation result shows only 1dB difference from
the prediction made in the previous section. The 1/f noise
reduction factors are 0.18 and 0.25 for NMOS and PMOS
transistors, respectively [1].

5. EXPERIMENTAL RESULTS

Table 1 summarizes performance of the VCO, which was im-
plemented in three-metal, 0.35um Conexant’s BICMOS tech-
nology. A tuning range of 26% is achieved as shown in Fig.
15. Phase noise is measured using an HP8563 spectrum an-
alyzer with phase noise measurement utility. The measured
phase noise at 2.2GHz is about 3dB higher than the simu-
lated phase noise. This 3dB difference can be attributed to
the uncertain channel noise constant 7y, degradation of volt-
age swing caused by the parasitic resistors in metal layers
and high sensitivity of the oscillation frequency to extrinsic
supply and control line noise due to the high VCO gain at

Figure 16: Chip photograph
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Figure 17: Phase noise vs. foss at 1.91GHz

this frequency. Fig. 17 shows a plot of phase noise vs. offset
from the 1.9GHz carrier.

Supply voltage 2.5V
Current (core) 4mA
Center frequency 2.33GHz
Tuning range 26 %
Output power 0dBm

Phase noise (f. = 1.91GHz, @600kHz) | -121dBc/Hz
Phase noise (f. =2.03GHz, @600kHz2) | -117dBc/Hz
Phase noise (f, =2.63GHz, @600kHz2) | -115dBc/Hz

[able T : VCOU performance summary

6. CONCLUSION

Phase noise of a voltage controlled oscillator was minimized
via linear programming under constraints on the minimum
voltage swing, tuning range, and loop gain. The linear pro-
gramming technique provides design insight via a graphi-
cal representation of design parameters. A tuning range of
26% was achieved with the MOSCAP tuning. The measured
phase noise was -121dBc/Hz, -117dBc/Hz and -115dBc/Hz at
600kHz offset from 1.91GHz, 2.03GHz and 2.60GHz carriers,
respectively. The designed VCO dissipates only 4mA from a
2.5V supply voltage.
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