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A Dual-Resonant Mode 10/22-GHz VCO With a
Novel Inductive Switching Approach

Szu-Ling Liu, Kuan-Han Chen, and Albert Chin, Fellow, IEEE

Abstract—This paper presents a novel dual-band voltage-con-
trolled oscillator (VCO) in a standard 0.18-,m CMOS technology.
With special design in the LC tank, the circuit exhibits two oscil-
lation modes in different frequency bands. The frequency band
selection is achieved by a switched coupled inductor with the
tunable inductance and quality factor. This VCO can operate
in a 10-GHz band with 7.6% tuning range and a 22-GHz band
with 8% tuning range, while the core circuit draws a de¢ current
of 8.44 mA from a 1.8-V supply voltage. The figures-of-merit at
10- and 22-GHz bands are —184.63 and —181.81 dBc/Hz, respec-
tively. These performances are comparable with state-of-the-art
dual-band LC-VCOs.

Index Terms—Dual-band voltage-controlled oscillator (VCO),
dual resonance, self-resonance, switched LC-VCO, quality factor.

I. INTRODUCTION

UE TO the ever-increasing demand of wire and wireless

markets, various communication standards about 1-GHz
and higher frequencies are rapidly developing. Therefore, the
realization of multistandard operations with the minimal cir-
cuit implementations has become a crucial focus for circuit de-
signers.

In a tunable/programmable microwave transceiver covering
multiple frequency standards, a wideband or a multiband
voltage-controlled oscillator (VCO) is an essential component.
An intuitive strategy of building this circuit block is to combine
several VCOs that work at different frequency ranges [1], [2];
however, the increasing of chip area, power dissipation, and
circuit complexity reduce its suitability for portable applica-
tions. In contrast, a more attractive solution is to design a single
VCO with a wide frequency range or the ability of operating in
different frequencies. To achieve this goal, switched capacitor
arrays [3]-[6] and switched inductors [7]-[10] have been
incorporated in RF oscillators. In such switched LC-VCOs, the
equivalent tank reactance is typically changed by the operation
states of a switching transistor, and it subsequently selects
the oscillation frequency of the circuit. However, traditional
switched LC-resonators often exhibit inferior quality factors
due to the parasitic effects of the switching transistor, resulting
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in stricter startup conditions and poor phase noise, especially
in high-frequency operations above 10 GHz. An alternative in-
ductive switching can be achieved by using magnetic coupling,
where the equivalent inductance of the primary coil is changed
by utilizing the tunable driving current in the secondary coil
through magnetic coupling [11], [12]. This method can avoid
using a switching transistor with significant parasitic effects,
and it achieves a wide tuning range; however, the overall power
consumption inevitably increases due to the additional driving
current and therefore struggles to reach the energy efficient
target. On the other hand, dual-band or multiband VCOs with
the fundamental tone and the even-order harmonics can be
realized by using the push—push technique [13], [14]. One
advantage of such VCOs is to achieve a large tuning range
in the high-order band, but the circuit also requires a high
power supply to increase the weak high-order harmonic signals
in general. Recently, dual-band LC-VCOs with fourth-order
resonators have been proposed [15], [16]. Though these circuits
can provide two resonant modes with the common LC tank, an
effective band-switching method with less parasitic effects is
still a critical consideration.

In this paper, we present a new type of dual-band LC-VCO
that can generate two distinct resonant modes inherently. The
operation principle significantly differs from the above tech-
niques. The band-switching manner of this design is performed
by a novel inductive switching approach utilizing the self-res-
onance mechanism, which avoids the drawbacks of the con-
ventional switched LC-VCOs and does not require additional
driving current.

This paper is organized as follows. Section II discusses the
major concerns of common switched LC-resonators, in partic-
ular, the conventional switched inductor for high-frequency op-
erations. Section III introduces the architecture of the proposed
VCO and its dual-resonant behavior, the principle of the band-
switching approach is also presented. Section IV describes the
simulation results and circuit implementation details. Section V
exhibits the measurement results and the circuit performances
in comparison with state-of-the-art multiband VCOs. Finally, a
conclusion is provided in Section VI.

II. DESIGN ISSUES OF A SWITCHED LC TANK

A switched LC-resonator can be realized by inductive or ca-
pacitive switching methods. This section will investigate the
major concerns of both strategies, according to two important
considerations: frequency-switching range and quality factor.

A. Frequency-Switching Range

In a capacitive switching LC-VCO, if we temporarily ignore
all capacitance contribution, except for the switched capacitor,

0018-9480/$31.00 © 2012 IEEE
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Fig. 1. (a) Commonly used switched capacitor. (b) Simulated (a) w /wr, and
(c) on-state (J~ of this topology.

the ratio between the highest and lowest oscillation frequencies
can be expressed as

1
<L cmm) oC
(%) ==l O
Cap—Switching

wr 1 CVm'm
L1 Cmax

where Lt is the tank inductance; Cy,ax and Cl,i, are the max-
imum and minimum capacitances of the switched capacitor, re-
spectively, and 6C' = Clax — Cupin- Fig. 1(a) shows the com-
monly used switched capacitor; according to (1), the simulated
wg /wr’s of this configuration are displayed in Fig. 1(b), where
Ry = 10 kQ and other component settings were based on

W=

P
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foundry’s device models. The simulation reveals that the max-
imum achievable wy /wy, of the capacitive switching method is
about 4; besides, the frequency-switching range increases with
increasing the ratio between the capacitance of the metal-insu-
lator-metal (MIM) capacitor (Cymy ) and the parasitic capaci-
tance of the MOS switch ( My, ), which relies on either reducing
the transistor width (W.},) or increasing the size of the MIM ca-
pacitor. However, both reducing W, and increasing Cyryv can
significantly degrade the on-state capacitor quality factor (<)
at high frequency, as shown in Fig. 1(c). In addition to the infe-
rior on-state () at high frequency, the actual reachable wg /wy,
of the capacitive switching manner will be further decreased due
to the capacitance exterior of the switched capacitor, such as
the parasitic capacitance from metal connections and active de-
vices. For example, the oscillation frequencies of a capacitive
switched dual-band LC-VCO can be expressed as

1
2T \/LT(Cmax,min + Cpar)

2

fei.o2 =

where C',,, represents the parasitic capacitance. To simplify the
analysis, here we assume that the parasitic capacitance remains
unchanged while the switched capacitor operates at the different
states. Thus, if Cpin is k& times of Cl,, in the circuit and the
target foo is two times of f1, the required Cryax /Crnin Will be
4 + 3/k. In an LC tank with significant parasitic capacitance,
the needful capacitance ratio will become very large, increasing
the difficulty of the switched capacitor design.

Similarly, the two oscillation frequencies of an inductive
switched dual-band VCO are

1
277\/Lmax,min(OT + Cpar) '

)

frip2 =

In (3), C'r is the tank capacitance; C',,, is the nonswitched par-
asitic capacitance, as defined in (2), Lyayx and Ly, represent
the maximum and minimum inductances of the switched in-
ductor, respectively. For the design target of fro = 2fr1, the
required Lyax/Lmin is 4. Though the oscillation frequencies
in both switching methods are lowered by the parasitic capaci-
tance, the switched inductor is still preferable to achieve a large
frequency-switching range in dual-band LC-VCOs. Therefore,
we adopted the inductive switching means to realize the major
band-switching in this design. The capacitive tuning is only used
for the finer tuning within each major band.

B. Inductor Quality Factor

If the operation frequency is above 10 GHz, inductive
switching methods become the commonly used strategies of
designing a switched LC-VCO rather than capacitive switching
means due to the consideration of quality factor. For a spiral
inductor in advanced CMOS processes, the inductor quality
factor (@) increases with increasing frequency and reaches
the peak value at the frequency that ranges from 10 to 20 GHz,
while Q¢ only follows a decreasing trend as the frequency
increases. However, for the typical switched inductor using a
MOS switch, as shown in Fig. 2(a), the actual characteristics in
high frequency will be strongly affected by the parasitic effects



LIU et al.: DUAL-RESONANT MODE 10/22-GHz VCO

I o (‘dx
osc
£y L, OFF-State
Voo
(2)
28— L, (Without MOS Switch)
- - -L,=0.18um, W_=40um
20 | —v—L_=0.18um, W_=200um
—+—L_,=0.36pm, W,_=200um
o s L,,=0.36um, W_,=400um
° L
S
©
S
‘2 10
o
5 I
R
Y il I
0 5 10 15 20 25 30
Frequency (GHz)
(©
15
10
~ 5
<]
2 b
© 0 [Frmermermermer e e Mo e Mmoo R oo =g
S
@
36 .5 |7 = - L,=0.18um, W,_=40um
—v—L_,=0.18um, W_=200um
10 |7 L.=0.36um, W, =200um
—=—L_,=0.36pm, W_=400um
A5 L +L, (Without MOS Switch) ) )

0 5 10 15 20 25 30
Frequency (GHz)
(d)

Fig.2. Typical switched inductor of the: (a) circuit scheme, (b) simplified circuit
model, (¢) simulated on-state €., and (d) simulated off-state ¢y, .

of the switching transistor, M. To investigate the influence of
the parasitic effects, the simplified circuit model of this switched
inductor is illustrated in Fig. 2(b), where I?; and I, are the
series resistances of L; and L, respectively. The on-state
channel impedance of M., is approximated as the resistance
Rqs, and the capacitance Cy, is used to model the equivalent
drain-to-source impedance when the transistor turns off.

By using the device models of a standard 0.18-xm CMOS
process, the simulated @;’s with the different channel-
width-to-channel-length-ratios (W, /Len’s) of Mg, are ex-
hibited in Fig. 2(c) and (d). Here, I’ and Rp are the large
resistors of 10 k€2 and chose L1 + Ly as approximately four
times of Ly at 15 GHz as the simulation condition; the detailed
inductor parameters are listed in Table I. According to the
simulated results, the on-state (1 ’s are only slightly improved
by increasing Wy, /Lo, of My, , while the off-state 1 ’s suffer
from significant degradation when the frequency is above
10 GHz. In the conditions of the same W,y /L., the on-state
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TABLE I
INDUCTOR PARAMETERS USED FOR THE SWITCHED INDUCTOR SIMULATION

L, L, L,+L,
Number of Turns 1.75 0.5 -
Inner Radius (um) 33 30 -
Line Width (um) 6 6 6
Inductance at 15 GHz (nH) 0.65 0.22 0.88
L at z . . .
Q at 15GH 13.923 15.13 12.157
Vow
oS L
Source i 4 Drain
(toL;) : Toare : (to Vo)
_IVW_
— Cg, (gd -
T NS af
[TSEESNSISESSY V) —————
: Thoay :
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Fig. 3. Off-state parasitic RC effects in the switching transistor with large bias
resistors at the gate and body terminals.

(1’s are very close due to the similar R, ’s, but the off-state
1’s of using the large MOS switch show the more rapid
decreasing rate as frequency increases. These phenomena are
mainly because the parasitic capacitance of M, increases
with increasing W.,. The parasitic capacitance not only
limits the improvement of the on-state ()1.’s when Wy, /Ly,
increases, but also causes the decreased off-state (J;’s due
to the reduced self-resonance frequency. In this simulation,
although the gate and body terminals of M are biased via
large resistors to decrease the equivalent gate capacitance and
junction capacitance, the simulated self-resonance frequency
is still very limited. The main reason can be explained by the
cross-section view of the MOS switch, as shown in Fig. 3,
where 7gate and 1,04y represent the small-signal resistances
of the gate and P-well regions, respectively. If the gate and
body terminals are isolated by large resistors, the equivalent
Cya and Cqy, are suppressed, but the capacitive effects still
transfers to Cyg Since rgate and 71,04y become low-impedance
paths, which restricts the improvement of the self-resonance
frequency. Therefore, designing a high-frequency dual-band
VCO with the conventional switched inductor still encounters
the significant (J; degradation issue. Thus, in the proposed
dual-band VCO, a novel inductive switching technique with
the different switching mechanism is utilized to select the
operation frequency band.

III. DESIGN CONCEPTS OF THE PROPOSED DUAL-BAND VCO

A. Basic Circuit Architecture

Fig. 4 shows the basic architecture of the proposed dual-band
VCO. In this design, the core circuit is cascoded by two sub-
VCOs driven by the same dc current, VCO; and VCO,,

VCO; is a cross-coupled LC-VCO with pMOS transistor
pairs, as shown in Fig. 5(a), where L, and C,, represent the tank
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Fig. 5. VCOj. (a) Prototype circuit. (b) Simplified half-circuit.

inductance and tank capacitance, respectively. The simplified
half-circuit model of VCO; is displayed in Fig. 5(b), where
the transistor is treated as a voltage-controlled current source
and R, represents the overall loss of the tank. Therefore, the
transfer function between V;,, and V, can be provided by

‘/out - _ SL]JRpgm,p
‘fin SQLPCPRP + SLP + RP ’

4)

Equation (4) indicates that the circuit can resonate at the
specific angular frequency w,, while the transfer function
Vout/Vin = —1 as s = jw,. With the proper arrangement
in (4), the angular frequency w, and the required transistor
trans-conductance g,,,,, for oscillation can be derived as

= e )
Gmp = R_ (6)

On the other hand, VCO, is constructed by two modified
nMOS Colpitts oscillators, as shown in Fig. 6(a). The Colpitts
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Fig. 6. VCO,. (a) Prototype circuit. (b) Simplified half-circuit.

architecture was used here due to its excellent cyclo-stationary
noise properties, which can possibly improve phase-noise per-
formance of the circuit [17]. The tail-current source in a tradi-
tional Colpitts oscillator is replaced by the on-chip inductor L,
to improve the voltage headroom and to avoid the additional
transistor noise contribution. [18]. To derive the oscillation fre-
quency and the start-up condition for this topology, Fig. 6(b)
shows the simplified half-circuit of VCO,, where I, repre-
sents the stimulus current in the circuit; [?, and I?,, represent
the equivalent resistive loss at the source and drain terminals, re-
spectively. Since the parasitic capacitances of the core transistor
are much smaller than Cg and Cpg, the transistor is approxi-
mated as a single voltage-controlled current source, g,n Ves, by
neglecting its parasitic capacitances and channel length modu-
lation effect. From the small-signal analysis, the transfers func-
tion between I, and V,,, is provided by

VZ’)ut _ 52(5CDS + gmn) 7
L, cas* +e38® +cas? + s+ ¢ )
where
1
= LnLS
_ Ymn 1 1
= Ln * LnRS * LSRn
o = g‘mnRS +1 LS(CS + CDS) + LnCDS
- RsR, L,Lg
oy = CUs+Cps | CUbs
R, Rs

Cq4 = CS CDS .

The circuit oscillates if the transfer function V. /I, goes to
infinite. If this condition can be met when s = jw,,, both the
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real and the imaginary parts of the denominator in (7) will be
zero at the angular frequency wy,. In other words,

mnR +1 LS(CS + CDS) + LILCDS
10,0 2|9 S
OnCSODS T | R R L.Ls
=0 (8
+L'nLS ( )

and

jwn Imn +
Ln LTI,LSRTLRS

Cs+ Cps =~ Cps
=0 (9
(B3 ) o

since (gmn + Rgl)(Ln + Ls) € R,(Cs + 2Cps) in typical
designs, (8) yields

LnRS + LSRn) .3
e TRy G

n

W;LLOSODSLnLS + wi[LS(Cs + ODS) + LnCDS] +1=0
(10)

With the proper design such that LsC's > L,,Cpg, the reso-
nant angular frequency w,, in (10) can be approximated by

w Q\/Cs+CDs _\/ 1
" LnOSCDS B L‘ILGIL.

In (11), the equivalent tank capacitance C,, is introduced to
simplify the analysis result, where C;,, = CsCps/{(Cs + Cps).
Based on (9) and (11), the required transistor trans-conductance
gmn to satisfy the startup condition is given as

p ~ [(CS'FCDS)RS'*’CDSRIL)] B LnRS‘i‘LSRn
G = C.RsR, LolL.RsR,

(11)

(12)

B. Mechanism of Dual-Frequency Oscillation

The preceding analysis is based on two LC-VCOs with sep-
arate tank inductances. In this design, alternatively, the tank in-
ductances of VCO; and VOO, are not defined by individual
components, but by the shared inductor L4, therefore,

Li=1L,+L,. (13)

To establish a stable oscillation, VCO; and VCQO5 should
resonate at the same frequency. Here, the shared inductor Ly
plays the critical role to synchronize these two sub-VCOs since
the two oscillators can lock each other’s oscillation frequency
by the consistent injection current through L,;, as shown in
Fig. 7(a), where (), and C), represent the equivalent tank
capacitances of VCO; and VCOs, as provided in (5) and
(11), respectively. When VCO; and VCO. generate the syn-
chronous oscillation at the angular frequency wy, the equivalent
tank inductances of these two sub-VCOs should satisfy

L,C,=L,C, = wy?. (14)
From (13) and (14), L, and L,, can be derived as

Cn

L,= L 15

o= (e ) b (1)
C,

Ln={—2 1L, 16

(C’p " C,L> d (16)

The oscillation behavior of the circuit in Fig. 7(a) is similar to
the two independent VCOs that resonate at the same frequency.
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Fig. 7. Current flows in the: (a) half-circuit of the cascoded VC O, and VCO,
and (b) half-circuit of the modified topology.

Based on Miller theorem [19], one can assume there is a virtual
ground node within L4, which divides L4 into L, and L,,, as
provided in (15) and (16), respectively. Therefore, the analysis
in Section III-A can still be applied to this architecture.

However, while C), ()}, and L, are defined, the values of
L, and L,, are uniquely decided through (15) and (16), respec-
tively, so that the topology in Fig. 6(a) can only force the two
sub-VCOs to oscillate at one specific frequency. For a dual-fre-
quency operation, the circuit still requires the additional de-
gree-of-freedom in the LC-tank design. Fig. 7(b) exhibits the
modified architecture from the half-circuit in Fig. 7(a). This is
the prototype used for the proposed dual-band LC-VCO, where
the parallel inductor L,,; is added into the tank of VCO;. In this
case, the synchronous conditions of the two sub-VCOs will be
given by (13) and (17)

(Lp//Lp1)Cyp = LGy = wy 2. 17

In fact, (14) is a special case of the infinite L, in (17). By
solving (13) and (17) with the finite Lg, L1, C, and Oy, the
equivalent inductances of L, and L,, can be expressed as the
functions of Ly, L1, €}, and Cy,, as provided in (18) and (19)

L — R oL — 2+ 4k L
I, = (kr — ko) + (kL — k) + 4k | La (18)
KT 2
I — (51 + ko) — /(5L — k) + 4k . % (19)
K
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where £ 7, is the inductance ratio between Ly and L1, and k¢ is
the capacitance ratio between (C,, + C,,) and C,. ¢ is always
larger than unity since C}, and C,, are both positive capacitances.
As k¢ approaches 1, the corresponding L.,, value will be close to
0, which is equivalent to the oscillation not occurring in VCOs,.

On the other hand, the other solution set of L, and L,, from
(13) and (17) can be expressed as

— ko) — i — ke )2 + 4k L
Ly = l(m S
K, 2
I - (kL + ko) + \/(KL — k)2 +4rg % 21
KL

Though (20) gives the negative inductance for L,, in any
practical design with the positive inductance value of L, the
equivalent tank inductance of VCO1, L, // L1, is still a posi-
tive inductance if L, + L,1 < 0, i.e.,

£+ (ki —kc) =/ (kL —Kc)?+4kr

KL

Lq

<0. (22)

KL

Equation (22) is held if k¢ > 1, which is true for all prac-
tical C;, and (', as mentioned above, and therefore indicates
that (20) and (21) are the acceptable solution set of the other os-
cillation mode. From the different products of L,, and C,,, the
two oscillation modes apparently lead to distinct resonant fre-
quencies. To further investigate the behaviors of both modes,
the preliminary simulation for the topology in Fig. 7(b) was also
performed by using an ADS simulator, as shown in Fig. 8. The
mode of antiphase Vy, and Vg, corresponded with the solution
set from (18) and (19), and the mode of in-phase Vg, and Vy,
corresponds to the other condition from (20) and (21), which
confirm that the dual-oscillation behavior can be realized by the
above design methodology.

Theoretically, the frequency ratio between the high- and low-
band carriers of the proposed dual-resonance LC-tank can be
derived as

2A

()= s

where A = [(ky — ko)? + 4kp]'/2. Although (23) has the
similar form as (1), there is a major difference between these
two equations that wg /wg in (23) is not only controlled by the
tank capacitance, but also by the tank inductance; thus, there
are two degrees-of-freedom («r and s¢) that can be chosen
for the required frequency-switching range. Fig. 9 exhibits the
simulated wyg /wy, versus #r, where wy /wr, from 1.75 to 5 can
be obtained from different selections in the applicable xz and
K¢ ranges.)

(23)

C. Frequency-Switching Approach

In addition to generating carrier signals with different fre-
quencies, an effective method to select the oscillation modes
is also required in the proposed dual-band VCO. To achieve
this goal, L,; in Fig. 7(b) was implemented by a two-port
transformer with switchable input impedance at the primary
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port (Z;,). Its primary and secondary coils are connected to
the tank of VCO; and the switching varactor, respectively, as
shown in Fig. 10(a). Here, C.,, represents the capacitance of
the switching varactor, which is governed by the controlled
voltage V., through the large resistor I?,. There are two
apparent advantages of using transformer-based switched in-
ductor: First, a transformer composed by the stacked inductor
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Fig. 11. Cross-section view of an accumulation mode MOS varactor used for
the switching varactor.

windings generally consumes the smaller area than the conven-
tional switched inductor using two separate inductors. Second,
in the transformer-based switched inductor, the bias levels of
the switching device are separated from the LC tank, therefore
alleviating the possible concern of the device breakdown under
large-signal operation.

To comprehend the coupling effects between the primary and
secondary coils, the equivalent T-model, as in [20], is adopted
in the following analysis, as shown in Fig. 10(b), where L,
and L, represent the self-inductances of the primary and sec-
ondary coils, respectively; M is the mutual inductance between
L1 and Ls; R represents the ohmic loss of the primary coil;
and R, represents the ohmic loss of both the secondary coil and
switching varactor. When V. is set to the high and low states,
the varactor capacitances are switched to Clay,m and Clayr 1,
respectively. In this design, all varactors were implemented by
accumulation-mode MOS varactors, as shown in Fig. 11. Here,
the switching varactor only operates in the strong accumulation
(at the high state) and the inversion (at the low state) modes to
ensure the disturbance of C.,,. due to voltage variation across
the varactor can be neglected.

According to the T-model transformation, Z;,, at the high and
low states of V,,, can be derived by

Zin gL = Ringr+jwlin gL
w?M?
RQ +]CAJL2 ‘I’(,].(U(Jvar,H,L)—1

=Ry +jwli+ (24)
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where
w?M?R
Ringr =1+ - 172
R% + I:(,ULQ - (char,H,L>— i|
= Rl + RSW,H.L (25)
(.{}MQ |:(UL2 - (WOVa,r,H,L)iljl
Lin,H7L = Ll - 2
R% =+ I:(A)LQ - (wcvar,H,L)—l}
=Ly~ Lowmr (26)

If the secondary coil and the switching varactor are properly
designed so that I2» is small, R?;;, can be effectively reduced
and is mainly dominated by I2;, while the angular frequency is
far from (LQC‘VM_H)’U2 and (LoClay.r) /2. The actual re-
sistance contribution from the switching device to the LC tank
can be effectively suppressed through impedance transforma-
tion; which is another important merit of the transformer-based
switched inductor. In contrast, when the excitation is near to the
resonant frequency of the secondary coil and the switching var-
actor, 12, will increase rapidly due to small R% in the dominator
of (25), leading to a severely decreased quality factor (€ 1,1)
and preventing oscillation. Self-resonance generally is an ad-
verse effect to the conventional switched inductor; however, in
the proposed dual-band VCO, we utilized these properties to re-
alize the band-switching from the two oscillation modes. With
the proper design of the resonant frequency of Ly and C.,,, the
frequencies of the minimum Qz,1’s of Zi, g and Zj, ;. are set
near the carrier frequencies of the two oscillation modes, respec-
tively. While the circuit operates at the one of oscillation modes,
the other mode can be forbidden due to the corresponding Q.1
being significantly suppressed, and vice versa. This capability
of the undesired mode rejection is difficult to achieve by using
the switching transistor. Though the switched inductor with the
switching transistor can provide two inductance states while
the equivalent impedance of the MOS switch is changed to the
resistive (at the on-state) and the capacitive (at the off-state)
types. The on-state channel resistance uniformly deteriorates
Q. at all frequencies, while the off-state parasitic capacitance
mainly decreases ()1 when approaching the self-resonance fre-
quency; these dissimilar characteristics are unfavorable to opti-
mize Qs of the two inductance states simultaneously.

Besides, (25) and (26) indicate that the real and imagi-
nary parts of Zy, will be close to Iy + Ro(M/L3)? and
w(Ly — M?/Ly) at high frequency, respectively. In other
words, while the angular frequency is above the self-resonance
frequencies of L and C\,;, the corresponding (J1,1’s can rise
again with increasing frequency. Hence, this band-switching
approach is more conducive to high-frequency oscillator de-
signs than using conventional switched LC-resonators. The
predictions from (25) and (26) are based on the equivalent
T-model of a two-port transformer that ignores the small para-
sitic capacitance between the two inductor windings. At very
high frequencies, (1,1 s will decreases due to the secondary
self-resonance induced by the parasitic capacitance between
Ly and L. With the proper design of the structure and the
turn numbers for the two coils, such parasitic capacitance
can be effectively reduced and the secondary self-resonance
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Fig. 12. Full schematic of the proposed dual-band VCO.
frequency is significantly higher than the 10/22-GHz frequency 0.50
bands of this circuit, which will be verified by the simulation in 0.48
Section V. Therefore, the preceding analysis from the T-model 0.46
in Flg. 10(b) is still reliable for the operation frequency range T 044 5
of this VCO. c =
~ 042 [
w )
e 040 g
IV. FABRICATION DETAILS AND MODELING g 55 =
- ;i o
The full circuit architecture of the proposed dual-band VCO é 0.36 Q
is shown in Fig. 12. The major band switching is realized by £ S
the switched coupled inductor L,;. The capacitances of C), in 0:34
Fig. 5(a) and Cy in Fig. 6(a) were implemented by the varactor 0.32
array ', vor and the fine-tuning varactor C), ..., respectively. 0.30 0 '5 1'0 1'5 2'0 250
The tuning range of both major bands is further divided into four
Frequency (GHz)

overlapping sub-bands by three digital varactors in C), y,,. The
continuous tuning is performed by (), v, While retaining small
VCO gain (Kvyco) in each sub-band to obtain better phase-
noise performance.

The inductor used for L, was fabricated by the top metal layer
(metal-6) in a standard 0.18- ;sm CMOS technology. It is a half-
turn winding with a radius of 120 m and a linewidth of 15 pm.
The half-turn structure can minimize the parasitic inter-winding
capacitance, ensuring the current continuity of Iz, = I, in
Fig. 7(b). The inductance and quality factor of L; were obtained
via the electromagnetic simulation by using ADS Momentum,
as shown in Fig. 13.

The structure of the switched coupled inductor L,,; is shown
in Fig. 14. The primary coil is a differential inductor with
a linewidth of 9 pm, which was fabricated by the top metal
layer with a bottom jumper built by metal-5. A double-turn

Fig. 13. Simulated inductance and quality factor of the inductor L.

structure was used in the primary coil to acquire a balance
between sufficient inductance and small parasitic resistance.
The secondary coil is a single-turn differential inductor with a
linewidth of 9 pum. It was placed underneath the outer winding
of the primary coil. To reduce the series resistance and the
parasitic capacitance between the two coils, the secondary
coil was constructed by stacking metal-4 and metal-3 with
via connections. Two switching varactors were connected to
the secondary coil and used to select the oscillation mode, as
described in Section III. The switching varactor size is mainly
determined by the required frequency-switching range since the
resonant frequencies of the secondary coil and the switching
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Fig. 14. Layout structure of the: (a) primary coil and (b) secondary coil of the
designed transformer used for L.
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Fig. 15. Simulated series resistance of the primary coil (R ), the parasitic re-
sistance of the switching varactor (E...), and the reflected resistance (Fw )
from the secondary coil to the primary coil.

varactor should be designed near the carrier frequencies of the
two oscillation mode in the circuit, respectively. In this design,
the switching varactor has a gate length of 0.5 zm and a total
width of 250 zm.

Fig. 15 shows the simulated series resistance of the primary
coil (I21), the parasitic resistance of the switching varactor
(Ryar), and the reflected resistance (R ) from the secondary
coil to the primary coil. The advantage of using the trans-
former-based switched inductor is revealed in this simulation,
where ., is smaller than 2 € in all operation frequency
ranges, and the actual resistance contribution can be further
suppressed through the impedance transformation. In the
low-frequency oscillation mode (Vi = —1.8 V), Ry, < 1 92
and is obviously lower than the series resistance of the primary
coil; therefore 12, is mainly governed by I?;. In the high-fre-
quency oscillation mode (Vy, = 1.8 V), Ry, ~ 1.5 €2, which
is compatible to ;. Hence, in both frequency bands of the
proposed VCO, the influence of I?y,; can be controlled in the
acceptable level and does not significantly affect Qp .

Fig. 16 shows the simulated ()z;,; for the different inner
radii of the transformer. According to this simulation, the
optimized inner radius range is between 30—40 pm. Adopting
a larger radius will result in the decreased (Jr,1’s in both
oscillation modes, leading to stricter startup conditions and
worse phase-noise performances. On the other hand, though
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Fig. 17. Simulated: (a) quality factor and (b) inductance of the designed L .

continued shrinking of the transformer radius can increase
the high-band Q1,1 , this approach also reduces the low-band
Q)11 when the radius is below 30 pm due to the over-reduced
inductance of the primary coil. Here, we adopted a radius of
32 pm for the designed transformer. The corresponding quality
factors and inductances were simulated and are displayed in
Fig. 17. In Fig. 17(a), the designate frequencies of the local
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Fig. 19. Microphotograph of the fabricated 10/22-GHz dual-band VCO.

minimum (z,1’s are 10.7 and 18.1 GHz, which can be used
to eliminate the undesired oscillation mode while keeping the
desired mode. As the frequency continued increases, both (21 ’s
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Fig. 20. Measured tuning characteristics at the: (a) low- and (b) high-band op-
erations.

can rise again and reach the local maximum value around
35 GHz, as the prediction from (25) and (26) in Section III. At
higher frequencies, ()1 ’s will decrease due to the secondary
self-resonance around 60 GHz, which is much higher than the
self-resonance frequency of conventional switched inductors
using a large MOS switch. Since the secondary self-resonance
is caused by the parasitic capacitance between the primary and
secondary coils and is uncorrelated with the varactor capaci-
tance, the two secondary self-resonance frequencies of different
oscillation modes are almost the same, as shown in Fig. 17(b).

Although the parasitic capacitance between the two coils can
affect the accuracy of the T-model in Fig. 10(b) at very high
frequency, the corresponding secondary self-resonance around
60 GHz apparently exceeds the typical frequency range of
LC-VCOs in a 0.18-ym CMOS technology. Therefore, we can
still ignore this effect in the proposed switched inductor design.

Here we define that Sp and S¢ are the partial derivative of
the oscillation frequency to s and the partial derivative of the
oscillation frequency to x¢, respectively. For the given L, and
C,., S and S¢ can be derived as

(81 .[(K?L_HC):EA]—%
A [(kg + ko) F AR

2K,
L,C,

(Sp)mr == 27)



LIU et al.: DUAL-RESONANT MODE 10/22-GHz VCO

Atten 18 dB

Markerunmhn llul|||I||||I|||||||||||I||| }
10.86000

- ‘.}.ﬁ.....E.‘,..E.i.’ﬂ.....|I||I|||IIIII\I||I|I||

‘ \\ |

Marker|mnmillmn||||||||||||||||||||||||| »‘
2170 \

.,;..%.ﬁ...E?.E?_,...f.%!.%?.{!.‘...,IIIIII\IIIIIIIIIIIIIII

VBH 3 M
Type
Freq
Freg

(b)
Fig. 21. Measured spectrum at the: (a) low- and (b) high-band operations.
-10
2L
—_ e
£ L
@ 14 - e e,
~ r High-Band
S
o -16 L L L
3 21.0 215 220 225 23.0
° .6
o
- L
3 H"/'.‘"——"—"H/”'_"
O .ol
r Low-Band
_12 N L 1 1
10.2 10.4 10.6 10.8 11.0 11.2
Oscillation Frequency (GHz)
Fig. 22. Measured output power across the entire tuning range.
1 (HL — hc) + A Ky,
Sc)ur=7F : (28)
( ) ' 2rA [(I/L —+ K¢ ) F A] 2 2Ld0n
where A = [(k — ke)? + 4k2]Y/? and @ = ke /261 Since

the expressions are too complicated to obtain direct design
information, the simulated Sy and S¢ are plotted in Fig. 18.
In Fig. 18(a), the simulation shows that the low-band Sy ’s
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decrease with increasing xjz, while the high-band Sp’s are
nearly invariant. Since the digital inductive tuning is only used
to achieve the major band switching in the proposed VCO,
adopting low 57,’s may be preferable to increase the frequency
stability in both bands. However, the primary consideration of
designing L, is still to improve the quality factor. According
to the simulation in Fig. 16, choosing low L, is not conducive
to the low-band ()7, and reduces the suppression ability to
the undesired oscillation mode for the low-band operation.
Besides, adopting a small switched inductor also increases the
inductance error due to parasitic effects in the practical layout.
Therefore, the proper £z ’s in both bands should be less than
3. In this switched inductor, the low- and high-band x;,’s are
about 1.5 and 2.2, respectively.

In a multiband LC-VCO using the switched LC-resonator, the
fine frequency tuning generally is still achieved by the capaci-
tive approach. Traditionally, the frequency sensitivity of the ca-
pacitive tuning can be approximately expressed as

dfosc 1

: ~ : 29
aC"r‘unablc 47r\/ LT(Otunablo)% ( )




2176 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 7, JULY 2012
TABLE II
PERFORMANCE COMPARISONS OF HIGH-FREQUENCY MULTIBAND CMOS VCOs
Frequency Vb, core Ppcore Tuning Range P, Phase Noise FOM
Refs. | Technology (GHz) ) (mW) (GHz) (dBm) | @1MHz Offset (dBe/Hz) | (dBe/Hz)
0.18um 10.18-11.37 1.8 11.826 1.19 6 118.67 -188
[13] éMgS 19.84-22.01 1.8 40.32 2.17 -6.83 -111.67 -181.5
39.33-43.67 2.2 115.94 4.34 -18 -102 -174
0.18pm 15 0.25 3 1122 178.56
[14] CMOS 30 2 32 0.5 16 -104.1 -176.78
6] 0.18um 4.78-5.19 08 2.18 0.41 8.59 117.16 11872
CMOS 12.19-12.61 ) 2.56 0.42 -11.48 -112.15 -190.5
0.13pm 20 1.85 62 -108.42
(21] CMOS 40 12 >4 3.7 -16.9 -102.4 -186.4
[22] 0.13pm 24 0.8 11 2.59 -120™ -177
CMOS 60 12 24 432 ) 114" -176
0.13pm 11.6-18.1 6.5 "
(23] CMOS 18.9-22 12 20-29 3.1 ) -107 )
90nm 3.1-3.9 2.16-4.2 0.8 -122" %
[24] CMOS 8.8-11.2 12 ] 672:9.96 24 - -128" -181
This 0.18pm 10.29-11.1 1.8 152 0.81 -9.1* -115.9* -184.63*
work CMOS 21.16-22.93 : : 1.77 -13.5* -106.8* -181.81*

average value of all frequency ranges
FOM = L{Af} ~20log,, (42 )+ 10l0g, (L2522
Af ImW

where Ciynaple represents the tunable capacitance. Equation
(29) shows that the frequency sensitivity of the typical ca-
pacitive tuning decreases with 1.5th power of increasing the
varactor capacitance. While operating at the high-frequency
mode, the proposed VCO can be regarded as two sub-VCOs
with the common virtual ground. Therefore, the high-band S¢
curves in Fig. 18(b) exhibit the similar trend as the frequency
sensitivity of the conventional capacitive tuning; the changes of
the high-band S¢’s are gradually saturated as k¢ > 3. Mean-
while, the relatively flat low-band S — k¢ characteristics
occur at 3 < kg < 3.5. Therefore, we selected 3 < ke < 3.5
for this design to improve the linearity of the frequency tuning
in both bands, which is accomplished by the varactor arrays in
VCO;. Since Fig. 18(a) shows that the low-band S increases
with increasing ¢, and the high-band Sy follows the opposite
trend with more rapid speed, choosing 3 < k¢ < 3.5 is also a
benefit to optimize Sy ’s in both frequency bands.

V. EXPERIMENTAL RESULTS

The proposed dual-band VCO was implemented in a standard
1P6M 0.18-gzm CMOS process. The chip microphotograph is
shown in Fig. 19. The total chip area including the buffer tran-
sistors and the probing pads is 1.25 x 1.38 mm?. The core cir-
cuit area is approximately 1.0 x 0.75 mm?.

The circuit performances were characterized by on-wafer
probing. While Vg = 0.85 V with the supply voltages of 1.8
and 1.5 V, the core circuit and the buffer stages consume dc
power of 15.2 and 14.1 mW, respectively. The circuit operates
at the 10- and 22-GHz bands, while the controlled voltage
applied to the switching varactors is set to —1.8 and 1.8 V,
respectively, the coarse tuning is achieved by the digital varac-
tors of € var, Which operate at 0 or 1.8 V, and the fine tuning
is performed by the varactor (), v, as its controlled voltage
ranges from —1.8 to 1.8 V. The tuning characteristics in both
bands are illustrated in Fig. 20, where the low-band oscillation

*%
the best value in all frequency ranges

+measured at 2.5 MHz offset r measured at 10 MHz offset

frequency is from 10.29 to 11.11 GHz, and the high-band
oscillation frequency is from 21.16 to 22.93 GHz.

The output spectrums were measured by an Agilent E4448
instrument and are shown in Fig. 21. In both oscillation modes,
the measured spectrum only exhibits the fundamental carrier
and the harmonics. The spurs due to undesired oscillation mode
can be effectively suppressed and are below the noise floor of
the measurement environment in both bands, therefore verifying
the effectiveness of the proposed band-switching technique. Be-
sides, the measured output signals also present the high-order re-
jections better than 25 dB in both bands. Fig. 22 shows the mea-
sured output power. The low-band carrier power is from —8.5
to —9.5 dBm, and the high-band carrier power is from —12.6 to
—14.3 dBm. The average output powers in the 10- and 22-GHz
band are —9.1 and —13.5 dBm, respectively.

The close-in phase-noise characteristics were measured by an
Agilent ES052 system and are shown in Fig. 23. To evaluate the
circuit performance over the entire frequency range, phase noise
at 1-MHz offset across both major bands was measured and dis-
played in Fig. 24, where the average phase noise in 10- and
22-GHz bands are —115.9 and —106.8 dBc/Hz, respectively.

Table II summarizes the performances of this circuit and other
high-frequency multiband VCOs for comparison. The average
figures-of-merit (FOMs) of the proposed VCO are —184.63 and
—181.81 dBc/Hz for the low- and high-band operations, re-
spectively. These performances are comparable with advanced
multiband CMOS VCOs, indicating an expected balance be-
tween the circuit performance and the dissipated power.

VI. CONCLUSION

A dual-band VCO that can operate at 10- and 22-GHz fre-
quency bands has been designed and fabricated in a standard
0.18-um CMOS technology. This circuit utilizes the novel
switching manner to control the oscillation modes and to re-
alize the frequency-band switching. The average phase noises



LIU et al.: DUAL-RESONANT MODE 10/22-GHz VCO

are —115.9 and —106.8 dBc/Hz at 1-MHz offset frequency in
10- and 22-GHz bands, respectively. The FOMs are —184.63
and —181.81 dBc/Hz in 10- and 22-GHz bands, respectively,
while the VCO core draws a dc current of 8.44 mA from a
1.8-V supply. The performances of this VCO compare well
with the advanced high-frequency multiband VCOs.
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