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This paper presents the design and analysis of a 2.4 GHz Voltage Controlled Oscillator (VCO), with high output voltage
swing for wireless communication applications. The oscillation frequency and the start-up conditions are derived. Accurate
simulation of the VCO is performed in the software environments and the results are provided. A good agreement is
seen between the simulation results and the derivation. This VCO operates at 2.4 GHz, achieves a peak to peak voltage
of 0.758 volts with a low power consumption of 0.461 mA from a power supply voltage of 0.6 volts. The simulated VCO
produces frequency tuning from 1.82GHz to 2.60 GHz (32.5%) with a control voltage varying from 0-0.3 volts. The output
power level of the VCO is -8 dBm, with an improved predicted quality factor of 60.
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l. INTRODUCTION

Low power, low voltage integrated circuits have
received stringent requirements in the area of modern
communication circuits such as wireless transceivers,
filters, low noise amplifiers and high frequency
oscillators. With the demand of high band width and
high speed communication channels, wireless
transceivers, especially those working in GHz
frequencies, call for VCOs with outstanding
performance [1-2]. The performance properties of the
VCOs are phase noise, frequency tuning range, power
consumption, tuning sensitivity, spectral purity, load
pulling, supply pulling, output power, harmonic
suppression, output oscillation amplitude, and chip size.
With the advancements in micromachining techniques
the chip size can be reduced to several micro meters
[3]. The tuning range of the VCO depends on the
tuning elements like capacitors and inductors. By
integrating these elements on single chip together with
CMOS components, the tuning range may be improved
[4-6]. The performance measure of an oscillator is its
quality factor, i.e. the ratio of the resonant frequency
peak to its spectral bandwidth. This performance
indicator can be improved by decreasing the phase
noise, since quality factor and the phase noise are
inversely proportional to each other. Several works had
been demonstrated to improve the major performance
factors such as power consumption [7-8], and phase
noise [9-10]. The objective of this paper is to develop
a VCO which operates with considerable improvement
in all these factors.

IIl. BACKGROUND

Parallel-plate MEMS variable capacitors along
with a discrete commercially available 8.2 nH inductor
and a separately-fabricated CMOS circuit were
attached to a test board surface and wire-bonded to
form the VCO [11]. This prototype oscillated at a center
frequency of 714 MHz and could be tuned from 707
to 721 MHz over a DC voltage of 5.5 V. The phase
noise was -107 dBc/Hz at an offset frequency of 100
kHz. Another VCO prototype with the same MEMS
variable capacitors and a 5 mm-long bond wire 6 nH
inductor were tested. It achieved -105 dBc/Hz phase
noise at 100 kHz offset frequency from a 1.028-GHz
carrier. The oscillator could be tuned over 20 MHz with
3 V and consumed 3.8 mA from a 3.3 V supply [12].
A 1.9-GHz CMOS VCO prototype, where the resonant
circuit consisted of micromachined electromechanically
tunable capacitors and a 3.5 nH bond wire, was
implemented in a MUMPs polysilicon surface
micromachining process. The active circuits were
fabricated using a 0.5 —w m CMOS process. The VCO
was assembled in a ceramic package where the
MUMPs and CMOS chips were connected using wire
bonds. The experimental VCO achieved a phase noise
of -98 dBc/Hz and -126 dBc/Hz at 100 kHz and 600
kHz offsets from the carrier, respectively. The tuning
range of the VCO was 9%. The VCO circuit and the
output buffer consumed 15 and 30 mW from a 2.7-V
power supply, respectively [13-15].
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ll. PROPOSED VCO TOPOLOGY

The LC VCO is designed to oscillate at 2.4 GHz,
and to determine the impact on the performance
parameters. Fig. 1 shows the proposed VCO circuit.
The cross coupled differential topology is utilized for
the design to achieve large output voltage swing. From
the well known theory of oscillators, the positive
feedback transistors Mg and M, are used to achieve
negative input resistance, with which positive resistance
of LC resonant circuit might be eliminated bringing on
zero-dampen oscillating property. PMOS transistors M;
and M, are used to generate the required bias current.
MOS transistors Mg and M; provide DC offset to the
differential pairs. The output of the VCO is passed
through a band pass filter to reduce the out-of-band
noise level of the output signal. A resonant circuit with
high quality factor, Q, is necessary to obtain low phase
noise and is realized using Micro/Nano Electro
Mechanical elements. The MOS transistors (M-M-),
the fixed capacitors (C4-C,), and the buffer circuit are
realized using CMOS technology. An output buffer
circuit, lbuf, is designed to deliver maximum power to
50 ohms load.

A. Modified VCO design considerations

LCVCO provides outstanding phase noise and
jitter performance at high frequencies compared to
other topologies. Cross coupled pair LCVCO topology
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is selected for this design due to its high output voltage
swing, balanced differential output and symmetrical
structure. However this topology provides the above
merits, it contains an inductor and a varactor in its tank
circuit which are large area components. In order to
reduce the die area of the resonant circuit, MWCNT
based pulse inductor is integrated with Micro scale
varactor. In order to reduce the required supply voltage
and to eliminate additional noise contribution, the tail
current transistors in a conventional cross-coupled VCO
can be replaced by on-chip inductors as reported in
[16]. In this work the tail current transistors are replaced
with MWCNT bundle based inductor. For an enhanced
voltage swing under an ultra-low supply voltage, the
capacitive-feedback technique can be employed [17].
The capacitive feedback loop is established by C; and
C, Due to the use of the on-chip inductor and the
capacitive feedback loop, the drain and source voltages
can swing above the supply voltage and below the
ground potential. Consequently, the output swing of the
VCO is enhanced, leading to a superior close-in phase
noise. Since the feedback capacitors are employed in
the source terminals of the cross-coupled transistors, a
more effective controlled mechanism of the tank
resonance is presented. Therefore, a reasonable
frequency tuning range can be achieved even with a
reduced voltage range for the controlled signal. Fig. 2
shows the schematic and the circuit of the
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Fig. 1. Proposed differential VCO topology with micro machined tank circuit
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Fig. 2: (b) NEMS/MEMS oscillator circuit without tail current transistors
MEMS/NEMS oscillator. The variable capacitors C4 Cp in order to achieve sustained oscillations. Each

and Cg represent the Micro scale varactor and Cg is
modelled as two series capacitances,to maintain the
symmetry of the circuit. L; and L, are modelled as
on-chip inductors. To further investigate the proposed
VCO, detailed circuit analysis is provided in the fore
coming sessions.

Considering the cross-coupled feedback oscillator
as a one-port representation, the negative resistance
seen at the drain of M3 and M4 can be computed as,

2 (1)
Ry=—
N Im
It can inferred, that IRyl should be less than or
equal to the equivalent parallel resistance of the tank

individual MOS transistor in the differential pair is
essentially a common source amplifier with a complex,
tuned load comprised of a lossy inductor in parallel
with a capacitor. As stated earlier the microscale
capacitor [22] and the MWCNT based inductor[24] can
be used to form the tank circuit otherwise the complex
tuned load.

Fig. 3 illustrates the principle of LCVCO topology.
The total impedance Z;of the tank circuit is equal to
2Z, since two tanks appear in series. The oscillation
condition requires the closed loop gain should be at
least unity magnitude and zero phase angle in addition
to the cancellation of the positive conductance of the
tank by the negative conductance of the active circuit.
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Fig. 3: lllustration of the LCVCO principle (a) Tank circuit equivalence with inductor loss modelled as series
resistance (b) LCVCO principle of oscillation showing negative and positive impedance

Parallel resistance of the tank has to be cancelled out
is given by,

Rr=Q2rfly . (2)

where Lqs the inductance of the tank, f is the
frequency and Qis the resonator quality factor which
could be improved using MEMS technology. The only
loss assumed in equation (2) is due to the on-chip
inductor, since inductors with low quality factor
dominates the losses of the VCO tank. In reality there
would also be losses associate with the variable
capacitor and the MOSFETs. The resonator quality
factor is given by,

Ounges = o _ Rr .. (3)
oaded = (B (D Iy

The loaded @ shown in equation (3) can be
related with the component Q (Q; and Q) as,

1,1 .. (4)
QOaded 01 QO

The dimensions of the MOS transistors of active
part have been calculated as,

W - (9)
L

2KI,

The transconductance of the MOS ftransistor is
given by the equation,

Ip 2 - (6)
= =2k—
Im Vgs_ VT L LD

From equations (3) and (4) it can be seen that
the Qpageq 1S approximately equal to the quality factor
of the inductor Q; because often capacitors have much
higher Q factor than inductors in integrated resonators.
Equation (2) states that the effective resistive loss of
the resonator Rt should be increased to increase the
quality factor. The presence of losses results in a finite
voltage swing over a narrow spread of frequencies.
Also If Ry increases that further increases the size of
the MOS transistor as in equation (5). Hence the
suitable way of increasing the quality factor is by
increasing Q.

B. Start-up conditions and oscillation frequency

The oscillation condition requires that the closed
loop gain be at least unity magnitude and zero phase
angle. The zero closed loop phase condition implied
that at the frequency of oscillation, @y, X; (®,) =0.
The magnitude of the amplifier negative resistance
must be at least as large as, Ry (w,y) =0, the total
resistive loss of the two tanks. Therefore by setting
X1 (w,) =0, the value of w, can be determined and

LI I
H‘I ((,00) 2
trans-conductance of each MOS transistor for
oscillations to occur can be determined. In general the
negative resistance of the differential pair MOS
transistors must overcome all real resistive losses in
the oscillator circuit. In order to derive the start-up
conditions and the oscillation frequency, the equivalent

by setting , the  minimum
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Fig. 4. Simplified half circuit model of the proposed VCO

half-circuit of the proposed VCO is shown in Fig. 4,
where R; and R, represent the losses of the on-chip
inductors L; and Ly, respectively. Note that the losses
of the inductors are typically modelled by a series
resistance (Fig. 3(a)).

In the equivalent circuit, the narrowband
approximation is employed to simplify the analysis, and
the shunt resistance R; and R, can be estimated by,

o° é . (7)
" Ry
5 0)2/20 .. (8)
Ny
Using laplace  transform  analysis  the

approximated transfer function (single ended output to
input) can be derived as,

WS  gnf 6P+t S +by) 0O
Vi  ayS+asP+a,F+a3S+ay

where the coefficients of the numerator and

denominator are as follows:
Co=C/2Cp
by=1 kR R C,
by=1 b R
by=h Ry Ry
a,=hhR CCyC, .. (10)

a=hb 01(/?1 Ca+ Ry Cyt+ Ry ce)

a=R R, (31(/3 Ca+ hCa+ b ce)
33201(/1 Ro+ Iy Ry + gm b Ry 5’2)
a = C1 R Ry - (11)

The circuit oscillates if equation (9)is equal to -1,
and at the oscillation frequency o,

gm(bo 0)(2)+jb1 o b2)
= gy Oy — jay 05— O+ jagw+ay, - (12)

With proper assumptions and simplifications the
oscillation frequency can be approximated as

_ 1
0)0—’\//0 CA+

8 05— Cy(h Ro+ Ry by)
R Hg(lo—lo)+boo)o

Assuming L= Ly= Lp and R;= Ro= Rp equation
(13) and (14) can be simplified as,

‘”_'\/1 7/+201(CA+06)
°7 N | Cq CyCo

0 lf 4cyc® 1 - (19)
In=Ry| T C+ 1, (CaC |

.. (13)

hCaCs ’

. (14)

Im

From equation (13) it is seen that the oscillation
frequency has two parts, in its theoretical derivation.
As conventional LC Voltage Controlled Oscillators,
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\/% contributes the major part of the oscillation
0La

2C, (C4+C
frequency and the second part '\,M
CA Ce

further enhances the oscillation frequency. However,
the fixed capacitance C; degrades the oscillation
frequency compared to [18],could be still improved by
the numerator part. From equation (15) it is noticed
that the fixed capacitance C; increases (since < 1) the
trans-conductance which helps us to initiate successful
oscillations. Therefore, a design trade off is established
between the tuning range and the trans-conductance
based on C;. Moreover, should be maintained to a
value with which oscillations can occur. However a
reasonable tuning range can be obtained using the four
plate Micro scale varactor. It can be concluded that by
selecting suitable and optimal values for the capacitors
better theoretical performance can be seen from the
designed oscillator.

C. Phase Noise

The devices that constitute the oscillator itself
including active and passive components inject noise
into an oscillator. The amplitude and the oscillation
frequency will be affected by the noise injection. The
amplitude noise will be stabilized by the non-linearities
of the circuit. On the other hand, a random deviation
in the frequency can also be viewed as a random
variation in the zero crossing points of the
time-dependant waveform. The output of the oscillator
can be modeled mathematically as,

V(O=Acos] @, l+0o (1 | .46

Where 7y (f) is the output signal of oscillator, y(f) A is
the noiseless oscillator amplitude, is the oscillator
frequency, ¢, and is the phase noise. Phase noise is
defined to quantify the fluctuations in frequency domain,
and expressed as the ratio of the single side-band
power at a frequency offset w from the carrier with a
measurement bandwidth of 1Hz to the carrier power.
The formula of phase noise can be expressed as ,

2FKT 20 17)
Peari 2
carrier (Q4 A m)

LAm=10Iog[

where K is the Boltzmann’s constant, T the absolute
temperature,Fan empirical parameter, P carrier the
output power of carrier, @ the quality factor of the tank,
o, the oscillation frequency, and A ® is the offset

frequency from the oscillation frequency [19]. According
to equation (17), a high-Q tank can improve the noise
shaping effect and the output power of the oscillator
when the oscillator is in the current limited regime. In
today’s CMOS process, the Q factor of inductor is still
worse than the capacitor or varactor [20,21]. Therefore,
enhancing the Q@ factor of inductor is quite an effective
solution to directly improve the phase noise. In addition
to high Q factor, by making /.5 as large as is allowed
or design for power dissipation specifications, and using
minimum g, of MOSFETSs to satisfy start-up condition
will also reduce the phase noise.

D. Circuit design and Layout

The design of the oscillator is based on the
principle of a negative transconductance (-gy,) oscillator
theory. A cross-coupled CMOS differential topology was
chosen as the preferred topology owing to its low
phase noise performance. VCOs are generally
designed for minimum phase noise under constraints
of dc power dissipation, tuning range, output voltage
swing and die area. The dc power dissipation is given

by

Vsupply/bias =P dissipation max - (18)

The differential pair thus can be modelled as a
current source switching between and in parallel with
a resistance-inductance—capacitance (RLC) tank. At
the frequency of resonance, the admittances of the and
cancel, leaving harmonics of the input current are
strongly attenuated by the LC tank, leaving the
fundamental component of the input current to induce
a differential voltage swing of amplitude acrossthe tank
if one assumes a rectangular current waveform. At high
frequencies, the current waveform may be
approximated more closely by a sinusoid due to finite
switching time and limited gain. In such cases, the tank
amplitude can be better approximated as,

Vtank /biast - (19)

where R,=Q, L and Vi is the single-ended

peak-to-peak voltage swing at either the + or —
output node of the VCO before any output buffering.
This mode of operation is referred to as the
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current-limited regime of operation since, in this regime,
the tank amplitude is solely determined by the
tail-current source and the tank resistance. In order to
increase the voltage swing Viyni the bias current Ipjsg
is set to an appropriate value, which is found to be
2.8 mA after iterations. The output amplitude of the
CMOS LC oscillator is normally limited at the supply
voltage. In this proposed scheme the capacitor between
the source and gate of the NMOS transistors allows
the NMOS transistors to clip the oscillator output
voltage below ground potential. Since this capacitor is
between the source and drain of the PMOS transistors,
it allows the PMOS transistors to clip the oscillator
output above the supply voltage.

The NMOS transistors are biased and laid out
such that the required g, is obtained to overcome all
losses including those of the tank and the transistors
themselves. The primary goal in the design of the
oscillator is to size (design) the active devices to
overcome the losses associated with the tank parallel
resistance, Ap. The losses associated with the tank
inductance (L = 2.1 nH) and capacitance (C= 2.09 pF)
can be represented by the parallel resistance, Rp =
150U (obtained from inductor and varactor) design
simulations. Active devices were sized to compensate
for the losses associated with the tank parallel
resistance, ARp. In order to enable sustained
oscillations, it is imperative that the negative
trans-conductance associated with the active devices
(NMOS and PMOS transistor pairs) compensate for
tank losses, hence the condition:

9y, =6.67mS . (20)

To ensure the occurrence of oscillations, a
start-up safety factor of 3 was chosen. The resulting
value of g, is approximately equal to 10 mS. The

negative  trans-conductance  of  the  parallel
cross-coupled pair is given by the relation:

Gt Imp - (21)
m=""3

where gp, andgp, is the trans-conductance associated
with the NMOS and PMOS transistors, respectively. In
order to maintain the symmetry of the oscillator outputs
Gmn should be equal to Gmp, and in the current
design, gmi= gmp = 10 mS. The MOS devices are
sized, i.e., the W/L ratio of the NMOS (M1, M2) and
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PMOS (M3, M4) devices constituting the -g,, core are
computed using the equation (5).

Table 1. Design Parameters

Parameter Design Values
MOS Transistors M3 {10.5 u mA.6 um N=50

M4 110.5 u m0.6 um N=50
M1 |6 um0.6 umN=30
M2 (6 u m0.6 umN=30

Lp 0.61 nH
Micro Scale varactor |9 pF
C1 10 %F
Ibias 2.8 mA
Rp 150 Q
gm = 6.67 mS + (safety
factor 1.5)

Layout of the proposed VCO is designed using
a 90nm CMOS process in Microwind environment. The
chip layout is illustrated in Fig 5. The CMOS section
of the VCO structure is symmetrical. The layout area
of the VCO is 320 umx 380 um, including the bonding
pads. The distance between the components is
minimized in order to reduce the phase noise, and the
layout is made as symmetrical and compact as
possible to ensure differential operation and reduce
parasitic inductance or capacitance.

+

|
' W) = o o N I R R
gihSimie SN

SN AN RN hY ATLLRERRY,

i

Y

:\m“ N ﬁhﬂsmt.: :--
.\\ggg i 1

i

S

i
il

S

‘]

-

.

[
oz

i
B
A

et

e O s B
i

ST, LR ]
s it O i i
i@gﬂ SWE E:

Fig. 5. Layout of the VCO
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IV. PERFORMANCE ANALYSIS

The time referenced oscillation shown in Fig.6
and 7 is generated in Microwind environment using the
cross coupled VCO topology. The oscillation frequency
is measured as 2.40 GHz, with a 9 pF capacitor and
0.61nH inductance in the tank circuit. As shown in
Fig.6, Simulation is performed with 0.6 volts power
supply voltage and a current consumption of 0.461 mA
in the core circuit. The output voltage oscillates above
supply voltage and the maximum peak to peak voltage
is 0.758 volts. As shown in Fig.7, Simulation is also
performed with 0.3 volts power supply voltage and a
current consumption of 36.361 W A in the core circuit.
The output voltage oscillates above supply voltage and
the maximum peak to peak voltage is 0.347 volts.

Fig. 6. Output oscillations of the layout shown in Fig
5 (VCO circuit shown in Fig 2) simulated with 0.6 V
power supply

. = sagin ' ‘ — . .

ig. 7. Output oscillations of the layout shown in Fig
(VCO circuit shown in Fig 2) simulated with 0.3 V
power supply

o1 T B

T YT
Fig. 8. Output voltage and current
waveforms(PMOS) of VCO layout simulated using
Microwind

Fig. 9. Output voltage and current
waveforms(PMOS) of VCO layout simulated using
Microwind

Fig. 8 and Fig. 9 shows the output voltage and
current waveforms of pMOS and nMOS transistors
respectively. It is obvious form the graphs that the
current consumption is proportional to the power supply
voltage. The settling time of 0.6 and 0.3 volts oscillator
is respectively 4.5 and 37 ns.
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Fig. 10. Spectrum of VCO using 1024 point FFT
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Fig.10 shows the spectrum of VCO with a center
frequency of 2.4 GHz. The designed VCO exhibits a
tuning frequency range of 780 MHz, with 2.4 GHz as
center frequency which leads a tuning percentage of
32.5. The tuning range is even greater, since the micro
scaled varactors have wide tuning range. Because of
the trade off between the phase noise and the tuning
frequency range, that the phase noise of the oscillator
is inversely proportional to the tuning frequency range,
the tuning frequency range is limited (this statement
requires revision). The tank circuit impedance exhibits
an inversely proportional relationship with the oscillation
frequency. When the tank circuit impedance is lowered,
the start up gain is reduced as well as output voltage
swing. Hence the value of the tank circuit impedance
is carefully chosen to avoid these issues. The quality
factor of the resonant circuit at 2.4 GHz is calculated
as 69, which provides a quality factor of 60 for the
VCO at the same frequency. The gate-source and the
drain source capacitance of the PMOS and NMOS
transistors are measured between 0 to 3.5 fF.

V. CONCLUSION

A 2.4 GHz VCO is simulated and the results of
the simulation are analysed. The results indicate VCO
operation at a center frequency of 2.4 GHz with a
predicted quality factor of 60. The chip size is
350 umx380wm The simulation predicts phase
noise of -119 dBc/Hz at a power supply voltage of 0.6
V. The simulated oscillation amplitude swings above
the maximum supply voltage and below the ground
potential. The simulation operational conditions indicate
that the device consumes ultra low power proportional
to the supply voltage. Further the fabrication of the
VCO is expected.
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