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Low-Phase-Noise LC Quadrature VCO Using Coupled Tank Resonators
in a Ring Structure

Ayman M. ElSayed, Member, IEEE, and Mohamed 1. Elmasry, Fellow, [EEE

Abstract—The concept of coupled resonators is employed in a
ring VCO structure to reduce the phase noise. This architecture
allows the design of low-phase-noise voltage controlled oscillators
(VCOs) using integrated low-Q inductors. Quadrature differen-
tial outputs are also realized in this design. Two monolithic LC
tanks are coupled together to implement a transimpedance res-
onator with an effective Q close to twice that of a single tank. In
addition, the coupled tank’s transimpedance resonator provides
90° phase shift. Four such stages are cascaded in a ring struc-
ture to provide I-Q differential outputs, and to further reduce the
phase noise. A prototype of the VCO is built in a 0.35-zm CMOS
technology. The measured phase noise is —122 dBc/Hz at 600-kHz
offset from 1.93 GHz. The VCO draws 9.2 mA from a 3-V supply,
and occupies a chip area of 1.1 X 1.1 mm?.

[. INTRODUCTION

ANY modern wireless transceiver architectures require
Maccurate In-Phase (1) and Quadrature (Q) local oscil-
lator (LO) outputs. Traditionally, the I-Q outputs are generated
either by using a RC-CR phase shifter together with power-con-
suming phase correction circuits [1], or by running the LO at
twice the desired frequency (or employing a frequency doubler)
and using the I-Q outputs of a flip-flop frequency divider.

Voltage controlled oscillator (VCO) architectures that inher-
ently produce [-Q components provide an attractive alternative.
LC-based oscillators do not normally produce quadrature out-
puts. Some recent designs [2], [3] couple two differential VCOs
in order to produce quadrature outputs with accuracy that is lim-
ited only by the device matching on the chip. However, this tech-
nique doubles both the area and the power consumption of the
VCO in order to achieve the quadrature signal, and provides no
significant gain in terms of phase noise.

The VCO architecture presented in this paper aims at utilizing
the extra power and chip area needed for [-Q generation to im-
prove the phase noise as well. In principle, a second-order band-
pass filter which is composed of two weakly coupled tanks may
have a @ factor twice as high as that of a single tank. In addi-
tion, the transimpedance of such a high-order filter provides a
90° phase shift and enables the use of a ring-VCO architecture
that inherently generates quadrature outputs and significantly
reduces the phase noise.

In Section II, we present the principle of coupled tanks res-
onators and define the equivalent ) factor. Then, the proposed
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Fig. 1. Second-order transimpedance filter with series capacitive coupling.

VCO architecture and its effect on phase noise are examined in
Section III. In Section IV we discuss the implementation issues
in a CMOS technology, and present our prototype circuit design.
In Section V and Section VI we cover measurement results and
provide a conclusion.

II. PRINCIPLE OF COUPLED RESONATORS

The order of a bandpass filter can in general be increased to
improve its selectivity. A second-order bandpass filter consists
of two similar resonators with a coupling network in between
[4]. Reactive coupling networks are often preferred over resis-
tive ones to preserve the ¢ factor of the individual tanks. Fig. 1
illustrates a transimpedance filter with a series capacitive cou-
pling. Without loss of generality, the coupling factor £ is defined
in the series capacitive coupling case, as the ratio of the coupling
capacitor C. to the tank circuit capacitor C'. The transimpedance
transfer function defined as the ratio of output voltage to the
input current is written as

Vout Z2
Zeop = =t 1
Y e Z.+27 M

where 7, and Z.. (see Fig. 1) are the single resonator impedance
and the coupling element impedance, respectively. Ideally, if Z..
is much greater than Z; and the @) factor of Z, is high enough,
the denominator may be considered as constant over all frequen-
cies within the bandwidth (BW) of Z,;. Thus, Z.g is directly pro-
portional to Z? and the effective quality factor (Q.g is doubled.

In practice, such very weakly coupled resonators produce
high attenuation due to the large value of Z.. Therefore, a com-
promise between doubling the (Q and allowing a reasonable at-
tenuation is required. At resonance, Z.g provides a phase shift
close to 90°. In the following sections, this phase shifting prop-
erty is used to design an oscillator with quadrature outputs.

In order to quantify both the 2 enhancement and the tran-
simpedance gain reduction, we consider the circuit of Fig. 1.
Writing the real and the imaginary parts of 1/Z.¢ and defining
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Fig. 2. Effect of the coupling factor on Z.¢c. (a) Amplitude. (b) Phase.

the resonance frequency w, to be the frequency at which the real
part is equal to zero producing a 90° phase shift, we get

1
Yo = /IO 1 k) @
) k
Zegi(w,) :jRp$22k2 3)

where the fraction represents the gain reduction due to the
voltage drop across the coupling element. Calculating Qg
from the definition @ = (w/2)(d¢/dw) [5], where ¢ is the
phase of Z.g, we get

1+k
14+ Q2k2°

The fraction corresponds to the effective ¢ reduction due to the
finite value of the coupling element impedance. The resonator
input impedance Z;,, which determines the output voltage
swing of the oscillator at resonance, becomes

1
Zin(wo) = RPTQ%Z.
Fig. 2 illustrates both the phase and the amplitude frequency
response of the coupled tanks resonator, for different values of
the coupling coefficient k£ assuming a typical value of Q@ = 5.
The response of a single tank resonator is plotted on the same
graph for comparison.

Qeﬂ (wo) = 2Q (4)

)

III. PROPOSED VCO ARCHITECTURE
A. Architecture

The VCO architecture proposed in Fig. 3 utilizes the 90°
phase shift produced by the coupled tanks resonator to generate
1-Q outputs. The oscillator is comprised of a four-stage positive
feedback loop. Each stage consists of a gain stage and a coupled
tank resonator, and provides a 90° phase shift.

B. Phase Noise Analysis

The analysis presented in this section uses the linear time in-
variant (LTT) system approximation [5], [6] to gain more insight
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Fig. 3. Low-phase-noise VCO architecture.

into the role of the new architecture. The simplified model for
the analysis is shown in Fig. 3. The noise sources from the dif-
ferent components in each stage and its load are lumped into one
noise current source at the output of the stage. Using the linear
closed-loop transfer function for each noise source and applying
superposition we get the total RMS output noise voltage V, _noise
at node “Q_outb” as

o 1+ Gyl Zeal® + G| Zeal* + G3 | Zent|®
11— Gy Z%I?

2
‘/o_noise

= I’I’2L|Zin|
(6)

where we assume I2, = --- = I%, = I, Equating the denom-
inator to zero produces the oscillation frequency of (2). Gz, is
thus calculated as

1 /14 Q%*k?
Gro =1/|Zeg(wo)l = — | ———— ) - 7
o =1/1Zen(w) = - (o )
Secondary oscillations are prevented by choosing the normal-
ized coupling coefficient k() value to be less than one.
In order to estimate the output phase noise, we define the
closed-loop noise shaping function Tfoise as (V,_noise/In). The

inverse of this function H ;s 1s calculated using (6) and (7) as

%w) Qut(ws) (%) S ®

Assuming the phase noise power to be half the total noise
power at the output according to the narrow-band phase modu-
lation (PM) theory, the ratio of the phase noise power spectral
density to the signal power at the VCO output becomes

-Hnoise(wo + Aw) ~ —

1] 1+ QUL

S8 = 5 1800+ M) Lm

2
(frac wOAw)} .
In order to calculate the single-stage equivalent noise current
source [, in terms of the noise of a simple parallel tank, we use
Fig. 4. Noting that4,,_g,, is scaled at node ““A,” by the inverse of
the voltage gain from node “A” to the stage output “B,” which
is equal to the ratio between Z.g(w,) and Zi,(w, ), we get

1 + k2 Q2
kQ

4akT 1
=" 11+
k2()2

"= R, +A

(10)
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Fig. 5. VCO phase noise enhancement versus the relative coupling coefficient
k(@ (negative values on the noise enhancement curve means lower phase noise).
(a) Constant A = 3. (b) Constant ) = 5.0.
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where we have used the proportionality of i  to Gs. Both
tanks are assumed to be identical. A is the excess noise factor
of the active device.

Similar analysis is carried out for a conventional cross-cou-
pled-pair VCO, which is treated as a two-stage ring oscillator
[7]. Each stage provides 180° and drives an LC-tank load. The
resulting phase-noise expression is

KT wo\2 /(14 A
2R, I? (Aw) ( 2Q? )

O_Ims

S<Aw)conv -

)

The phase-noise performance enhancement due to the proposed
VCO architecture could then be predicted using (9)—(11) as

S, new arch __

SCOHV

1 1 1+ E2Q2\ [1+k2Q%\°
s (1 g A ) )

kQ 1+k
(12)

This result is plotted as a function of k() for different values of
@ and A in Fig. 5. For typical values of ) = 5 and .A = 3 (the
solid curve on both figures), the optimum value of k() is around
0.6 with a corresponding noise reduction of 3.1 dB.

In order to verify the above phase-noise analysis, two quadra-
ture VCO architectures are simulated using Spectre RF. The
first VCO is based on the proposed four-stage coupled-tank
ring architecture, while the second uses two cross-coupled-pair
VCOs to produce the quadrature outputs. Both circuits are op-
timized for low phase noise with equal power consumption.
Fig. 6 shows the simulated phase noise for both architectures.
The phase-noise reduction due to the proposed architecture is
around 3.5 dB at 600-kHz offset. The ring architecture shows
a better rejection of the 1/f noise. This is attributed to the
higher effective open-loop @) factor, which improves the sym-
metry of the voltage across the tank circuit and reduces the 1/ f
noise upconversion [8]. The phase-noise improvement increase
at high offset frequencies is explained by reference to Fig. 2. The
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Single differential stage of the proposed VCO incorporating two nonconsecutive stages of the four-stage architecture, biased with a single current source.

TABLE 1
COMPARISON OF THE COUPLED TANK-BASED LC RING VCO WITH STATE-OF-THE-ART I-Q OSCILLATORS

Ref., Year || f, Af Phase Normalized Current Supply
(Hz) | (Hz) | Noise Phase-Noise | (mA) V)
(dBc/Hz) | (dBc/Hz)
fo=1GHz
A f=600kHz
2], 96 900M | 100k | -85 -99.65 10mA 3V
10], 97 1.8G | 500k |-100 -103.5 4.6 mA 33V
11], 98 1.9G 600k -123 -128.6 16mA 27V
3], 99 6.29G | IM -98.4 -109.9 12mA 1.5V
12], 00 1G 600k | -126 -126 5.2mA 25V
13], 99 2.6G | 5M -110 -99.9 10.4mA 25V
This work || 1.93G | 600k | -122.2 -127.9 9.2mA 3V

high-frequency filtering, and thus the noise shaping, is much
stronger at high frequencies for the coupled tanks resonator.

IV. CMOS CIRCUIT IMPLEMENTATION

In this section, we look closely at the practical implementa-
tion of an LC ring VCO using dual tank resonators in a CMOS
technology. Because an MOS transistor is guaranteed to operate
in saturation when both the gate and the drain are at the same
dc level, it is possible to build identical tank circuits at both ter-
minals, and tune them with a single control input without level
shifting.

A fully differential VCO is designed based on the architecture
of Fig. 3. Each two nonconsecutive stages in (stages one—three,
and stages two—four) are combined into one differential stage
with a common pMOS tail current source.

The detailed schematic of the differential stage is shown in
Fig. 7. CMOS inverters are used as gain elements to reduce the
upconversion of the 1/f noise to the oscillation band [9]. Ca-
pacitive T-networks composed of the tank varactors (C1-C3,
C2—C4) and the parallel coupling varactors (C5, C6) are used
to tune the VCO. The parallel capacitive coupling is chosen be-

cause it causes less attenuation at low frequencies, which offsets
the steep open-loop gain reduction at the lower end of the tuning
range. This is critical in a four-stage ring structure, because the
overall open-loop gain is that of a single stage to the power four.

The varactors are designed as pt-n-well diodes. Two series
spirals are used to implement the center-tapped inductor. Each
spiral occupies an area of 200x200 zm? with six turns of the
thick top metal and estimated value of 5.3 nH. The tank esti-
mated (Q factor is approximately 6.0 at 2.0 GHz.

The control voltage is applied to the varactors via RF blocking
resistors (R3 and R4). The small resistors (R1, R2 = 100 )
are used to dc connect the virtual ground nodes of the varac-
tors (and the inductor taps), thus providing proper dc bias to the
gates of the CMOS devices. These resistors also help prevent
any common-mode oscillations.

V. MEASUREMENT RESULTS

A prototype of the ring VCO architecture using coupled tanks
is built in a 0.35-pm CMOS technology. The measured phase
noise is plotted in Fig. 8. The VCO achieves a phase noise of
—122 dBc at 600-kHz offset from 1.93 GHz. This phase noise

Authorized licensed use limited to: George Mason University. Downloaded on December 28,2023 at 21:02:37 UTC from IEEE Xplore. Restrictions apply.

INTEL-1039
U.S. Patent 7,151,430



IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 4, APRIL 2001

-122.19 dBc
1600 kHz

DOKE

SP_7.377 sec  UMCEL
STOP 18 Mz

AN 16 db R TR
STRRT 100 Hz Lo 1.9874 Ghz

Fig. 8. Measured phase noise of the coupled tank based ring I-Q VCO.

Fig. 9. CMOS LC ring VCO die photograph.

is almost 4 dB higher than the simulated one. This can be at-
tributed to overestimating the inductor () factor. Table I com-
pares the VCO phase noise to other [-Q VCO implementations
in the literature. To facilitate the comparison, the column “Nor-
malized Phase Noise” is added, where the equivalent noise of
a 1-GHz oscillator at 600-kHz offset is estimated by assuming
20-dB/decade frequency dependence. The table demonstrates
that the VCO presented in this work provides a lower phase
noise than most implementations.

705

The VCO prototype draws 9.2 mA from a 3-V supply, and
occupies 1.1x 1.1 mm?. The die photograph is shown in Fig. 9.
The tuning range is 107 MHz for control voltages 2.5-3.5 V. The
oscillation died out, due to insufficient gain, for control voltages
below 2.5 V.

VI. CONCLUSION

A low-phase-noise VCO prototype using coupled tank res-
onators in a ring structure is presented. The VCO is imple-
mented in a 0.35-pm CMOS technology and achieves a phase
noise of —122 dBc/Hz at 600-kHz offset from 1.93 GHz. This
ring VCO architecture inherently provides accurate quadrature
outputs, which are conventionally generated by cross-coupling
two identical oscillators. In essence, this VCO utilizes the extra
power and area that are normally needed for quadrature output
generation to significantly reduce the phase noise.
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