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A X-Band Capacitor-Coupled QVCO Using
Sinusoidal Current Bias Technique

I-Shing Shen and Christina F. Jou

Abstract—This study introduces an X-band quadrature
voltage-controlled oscillator (QVCO) based on two novel tech-
niques: capacitor coupling and sinusoidal current biasing. The
proposed QVCO achieves an excellent figure-of-merit (FOM) of
190.5 dBc/Hz. This study analyzes the properties of this QVCO,
including its phase noise, oscillation frequency, and amplitude.
To generate quadrature phase signals with low phase noise, the
proposed design uses two capacitor-coupled LC-tank cores instead
of active device—coupled cores. Sinusoidal currents through these
capacitors bias the oscillator, increasing oscillation amplitude
and reducing the phase noise contribution from cross-coupled
transistors compared to existing QVCOs or VCOs biased with
a constant current. These two techniques allow the proposed
QVCO to achieve at least a theoretical 3 dB phase noise improve-
ment compared to conventional LC-QVCOs. Implemented in
a standard 0.18 ym CMOS process, the proposed QVCO had
a frequency tuning range of 9.2~10.4 GHz and a phase noise
of —115.7 dBc/Hz@1 MHz from a carrier of 10.4 GHz while
consuming 3.6 mW with 1.5 V voltage supply.

Index  Terms—Quadrature voltage-controlled oscillator
(QVCO), sinusoidal bias technique, capacitor-coupled, phase
noise, oscillation amplitude.

1. INTRODUCTION

receiver and transmitter architectures as local oscilla-

tors (LOs), generating up- and down-conversions with
image-reject mixing. A widely-used approach for generating
a quadrature signal is to couple two identical LC-voltage-con-
trolled-oscillators (LC-VCOs) biased with constant current
sources (dc current sources). The parallel-QVCO (P-QVCO)
proposed by Rofougaran et al. [1], reproduced in Fig. 1(a), is
a well-known implementation of this principle. This design
couples two standard LC-VCOs biased with constant current
of Ipias through the additional coupling transistors Qc; ~ Qcg
in parallel with the cross-coupled transistors. However, the
P-QVCO suffers from a trade-off between phase noise and
phase accuracy [2]. The coupling transistors in the P-QVCO
limit the tuning range of the oscillation frequency and degrade
the phase noise, oscillation amplitude, and the quality of the
LC-tank. More details of the P-QVCO and the standard VCO
are in [4] and [3], respectively. To avoid the undesired effects of
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Fig. 1. (a) Conventional P-QVCO consisted of two standard VCOs and cou-
pling transistors. (b) Drain current waveforms of Qnl and Qcl.

the coupling transistors in the P-QVCO and relax the trade-off
between phase noise and phase accuracy, researchers have
proposed two popular topologies: the series-QVCO (S-QVCO)
and back-gate-QVCO (BG-QVCO) proposed in [5] and [6],
respectively. The S-QVCO is a cascade configuration in which
the coupling transistors are connected in series with cross-cou-
pled transistors and the BG-QVCO couples the signals through
the back-gate terminals of the cross-coupled transistors. How-
ever, the coupling transistors in the S-QVCO must be much
larger than the cross-coupled transistors for minimum phase
noise contribution, which overloads the resonator and hence
limits the operating frequency and frequency tuning range [7].
The BG-QVCO also suffers from the overloading because the
large signals coupled at the back gate may forward bias the
substrate junction.

The current shaping technique also can be employed to re-
duce the phase noise contributed by cross-coupled transistors
[8]. This technique adds the second harmonic current to the
constant bias current, which modulates the noise power of the
cross-coupled transistors and in turn reduces the phase noise.
However, in practical implementations, the added second har-
monic current is asymmetrical due to parasitic capacitors, which
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Fig. 2. Schematic of the proposed CC-QVCO biased with the sinusoidal currents of ¢y ~ Tey.

prevents the oscillator from achieving the expected phase noise
improvement [8], [9].

This study proposes a capacitor-coupled QVCO (CC-QVCO)
biased with sinusoidal current. The CC-QVCO adopts two novel
techniques: 1) using capacitor to couple two LC-tank cores for
quadrature generation and 2) employing sinusoidal currents
through these coupling capacitors to bias the oscillator. The
analysis and comparisons presented in this paper show that
the CC-QVCO removes the undesirable effects caused by the
coupling transistors in the P-QVCO, increases the oscillation
amplitude, and reduces phase noise contributed by cross-cou-
pled transistors. Compared to the P-QVCO, the CC-QVCO
can achieve a theoretical 3 dB phase noise improvement, as
verified by simulations. The CC-QVCO was implemented in
a 0.18 um CMOS process and achieved a low phase noise of
—115.7 dBc/Hz at 1 MHz offset from the X-band frequency
of 10.3 GHz while consuming 3.6 mW with 1.5 V supply.
For the state of the art, the CC-QVCO achieves an excellent
figure of Merit (FoM) of 190.5, which even outperforms some
lower-frequency oscillators.

This paper is organized as follows. Section II presents the
CC-QVCO design, describing the large-signal operation model
and the sinusoidal current waveform bias technique. This
section also analyzes the oscillation amplitude and oscillation
frequency. Section III describes the phase noise analysis for
the constant current and sinusoidal current bias techniques
and compares the phase noise simulations of the CC-QVCO
with VCO, BG-QVCO, and S-QVCO. Section IV presents the
measurement results. Finally, Section V presents conclusions.

II. CAPACITOR-COUPLED QVCO (CC-QVCO) BIASED WITH
SINUSOIDAL CURRENT

Before introducing the proposed topology, this section re-
views the conventional P-QVCO of Fig. 1(a). An important
design parameter in the P-QVCO is coupling strength S, which
is defined as the ratio of the gate-width of the coupling tran-
sistor Wq, to the gate-width of the cross-coupled transistor
Wan, ie., S = Wge1/Wgn1 [4]. In practical implementation
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Fig. 3. Block schematic and signal phases for proposed QVCO.

of the P-QVCO, the coupling strength is usually between
1/3 ~ 1/2(1/3 < S < 1/2.). The dc current, li,s, serves as
the current source for biasing two LC-tank cores. Assuming
all transistors in the P-QVCO act like ideal switches in the
large-signal condition and the oscillator operates in current-lim-
ited regime, two cross-coupled NMOS transistors in each core,
including Qn, and Qn,, alternatively turn on to steer the part
of I};as. At the same time, the coupling NMOS transistors, such
as ¢y and Qc,, alternatively turn on to steer the remaining
part of Iy;as. Therefore, In.1 and Ig,1 can be modeled as
square waveforms as depicted in Fig. 1(b).

Fig. 2 shows a schematic of the proposed capacitor-coupled
QVCO (CC-QVCO), in which two identical LC-tank cores,
Corel and Core2, are coupled passively by coupling capacitors
C; ~ C, instead of actively coupled by coupling transistors
as in conventional LC-QVCOs [1], [5], [6]. In each core, the
complementary structure is employed using both PMOS and
NMOS transistors in cross-coupled pair as negative resistance
to compensate for the losses of the LC-tank. The self-switch
transistors, M's; ~ Ms,, can be automatically switched on
and off by injecting output signals Vr_, Vi, Vg4 and Vg
back into their gates. Similar to conventional LC-QVCOs using
the active devices connection, the CC-QVCO using passive ca-
pacitor connection also can be modeled as a ring structure with
quadrature phase signals as shown in Fig. 3. The CC-QVCQO’s
steady-state output voltage signals can be approximated as
Vo+ = Ascoswt, Vo = —A;coswt, Vip = Aysinwt and
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Fig. 4. (a) Completely current path of the CC- QVCO during the positive half cycle of Vo4 (—7/2 < ¢ < 7/2). (b) Operation mechanism of core 1 during the
negative half cycle of Vg (/2 < ¢ < ®3/2) (c) Presented waveforms of Vo, Vo_. Icq and Ic, during the positive and negative half cycle of Vg ;.

Vi— = —A;sinwt, where A; is the single-ended amplitude
and w is the oscillation frequency.

Because the self-switched transistors Ms; ~ M sy operate
in the triode region, their ac drain-source voltages, V' s; ~ V sy,
are much smaller than the output voltage signals. We can assume
that the ac voltages across the coupling capacitors are almost
equal to the associated output voltage signals (i.e., Vs1 —Vi_— =
—Vi— = A;sinwt). Thus, currents through coupling capac-
itors, denoted as Icy, Ico, Icg and Icy in Fig. 2, present the
sinusoidal waveforms dominated by the associated output sig-
nals. For example, Ic;, which passes from V's; to V7_, can be
approximately expressed as

Iey & 01%/1,5 sin(wt) = C1 Aywcos(wt) = ic cos(¢)
ey

where ¢, defined as the amplitude of Ic¢q, is the product of
A;C1, and w, and the angle 0 < ¢ < 27 is used instead of wt.
Using the same approach, the currents of C, C's and C4 can
be respectively written as Ico = —i.coswt, Icg = —i.Sinwt
and Icy = i.sinwt. Note that the directions of Ic; ~ Icy
are all defined as to be from the drains of self-switched tran-
sistors to the associated output signals (i.e., the direction of

Ic; is defined as from V's; to Viy.). As long as the oscilla-
tion amplitudes are sufficiently large, the sinusoidal currents
passing through the coupling capacitors can serve as current
sources to properly bias the oscillator. Assuming that all tran-
sistors in the CC-QVCO act like ideal switches, the cross-cou-
pled NMOS and PMOS transistors are perfectly complementary
and the CC-QVCO operates in current limit region, Fig. 4(a)
and (b) illustrate the operation of this bias technique in a large
signal condition. The shadow regions of Vg4, Vgo_, Ic; and
Ics shown in Fig. 4(c) denote the presented waveforms when
the CC-QVCO operates at the positive and negative half cycle
of V4. Observe Corel in Fig. 4(a): at the positive half cycle of
Vo4 (—m/2 < ¢ < w/2), when Msy and Mp, turn off, Mn,
and Mp, turn on to steer the positive half cycle of Ic; from
Via to Vs;. However, during the cycle (—7/2 < ¢ < 7/2), a
potential problem in the CC-QVCO is how the drain current of
Mmny, Iprn, can be steered to the ground from V's;. Based on
the defined directions of Ic¢; and Ics in Fig. 2 and referring to
Fig. 4(a), the sinusoidal current, Ics, is in its negative half cycle
(note Ic, is in phase with Ic;.) and steered to the ground by
M ss. This means Inr,1 = Iprso = t¢ cos ¢ during the cycle
of —7/2 < ¢ < 7/2. Therefore, the complete drain current
path of Iy, is from Vy, to the ground by flowing through the
LC-tank of the Core2 as shown in Fig. 4(a). On the contrary, to
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Fig. 5. Simulated current waveforms of Ias,,1, Iars1 and I in the current
limit region.

see Fig. 4(b), at the negative cycle of Vi (/2 < ¢ < 73/2),
Mmny and Mp, are off while M s, is on. Since the polarity of
Ic; reverses during this period, the negative half of Ic; can be
steered to the ground by M s, which means I;s1 = —i¢c cos ¢
during the cycle of /2 < ¢ < 73/2. Fig. 5 shows the sim-
ulated waveform of Ip;n1, Iars1 and Icp. As can be seen in
Fig. 5, the positive half of I¢; is equal to 7,1 and the negative
half of I¢; is in phase with Ipss1, confirming the large-signal
operation described in Fig. 4(a) and (b). In summary, in each
half cycle of Vg4, Mn, and Ms; steers the sinusoidal current
Icy, and hence, the drain current of Mn,(Mp,) and of My,
Inrna (Larp2) and Ipze1, is shaped as the positive half of I¢; and
negative half of ¢y, respectively.

Based on this large-signal operation mechanism of the
CC-QVCO, the drain currents Inrn1, Larp2 and Ipzse during a
period of —7 < ¢ < 7 can be expressed as

Tavrnt = Tupe = Ins2

_ {ic cosdp, —w/2< < 7/2

0, otherwise.

(@)

Because of the symmetry of the oscillator, the drain currents
T2, Iapr and Iprsq during a period of —n < ¢ < 7 can be
written as

Iaine = Tvpt = Ingst
_ { —i, cos¢, otherwise 3)
10, —71/2 < ¢ <m/2.
Using the Fourier expression for the positive half of sinusoidal
current waveform with the amplitude of ¢ given in Appendix I,
the Fourier expression for Is,,1 can be expressed as

ic i = 2i 2n

Iy = < + < cos ¢ + Z (—C) (—2) CoS n.
& 2 n=2.46.. \ " 1—n

“4)

From (4), the DC component, I, and the magnitude of the first
harmonic, I, of the drain current of Mn, are Iy = i¢ /7 and
I, = i¢/2, respectively. Based on (2), (3) and (4), all drain
currents of transistors in the CC-QVCO have the same dc com-
ponent I and the magnitude of the first harmonic current /.
The total dc current consumption per core is 21.

The above property of the CC-QVCO in the large signal con-
dition shows that the sinusoidal current bias technique strongly
depends on the interaction between the two cores; this inter-
action makes the two cores operate as two current generators
for biasing each other. For instance, to see Fig. 3, by coupling
capacitor Cy, a quadrature phase voltage V7, = A;sinwt in
Core?2 is translated to an in-phase current Ic; = i¢ coswt and
then this current injects into Vsy as a bias current of Corel.
Moreover, note that the CC-QVCO is incapable of oscillation
without coupling capacitors. Because transistor Mn; and M s,
alternatively turns on, the coupling capacitors C are required
for injecting its sinusoidal currents to drive Mn and M s; and
guarantee oscillation startup. In the other words, a core of the
CC-QVCO cannot oscillate alone. This is unlike the conven-
tional OVCO topologies [1], [6] that can become two LC-VCOs
after removing their coupling components (i.e., the P-QVCO of
Fig. 1(a) can become two standard LC-VCOs after removing
Qcy ~ Qcg.).

The following section analyzes the oscillation frequency
for the CC-QVCO. Based on Fig. 2, the equivalent circuit
of LC-tank Corel, including the coupling path, is depicted
in Fig. 6(a), in which Rp is the equivalent parallel resistor
of LC-tank Corel, Cp is the parasitic capacitance at output
nodes and Rs4(Rs3) is the input resistance looking into node
Vs4(Vs3) of Core2 from Cy(C3). Fig. 6(a) also depicts the
harmonic currents and injected quadrature current. The currents
having the form of I; cos ¢ are the first harmonic currents of
the drain currents of the cross-coupled transistors in Corel and
ic sin ¢ are the injected quadrature current through coupling
capacitors C'5 and C, from Core2. Considering ¢,, as the small
signal transconductance of Mn,4 and R, as the drain-to-source
resistance of M sy, the input resistance Rs, can be written as
Rsy = Ron//(1/gm). The resistance Rsy(Rs3) is actually
quite small because M s4(M s3) operating in the triode region
leads to a small resistance R,,. On the other hand, for the
CC-QVCO, the coupling capacitances C; ~ Cj4 must be as
small as possible for minimum phase noise, as described in the
next section. Assuming that the impedance of Cy(C3) is suffi-
ciently larger than Rs4(Rs3), for the series of 1/sC; and Rsy,
Rsy can be ignored. Thus, the equivalent circuit of LC-tank
Corel shown in Fig. 6(a) can be simplified as an equivalent
resonator as shown in Fig. 6(b), where the equivalent resonator
in Fig. 6(b) consists of C,,, Cy,, L1, C4, C3 and R,, . To observe
Fig. 6(b), the oscillation frequency, w,, can be easily obtained
by

1
\/L(CV +Cp + Cc)

(&)

wo =

Note that this oscillation frequency of the CC-QVCO is a res-
onant frequency, which is unlike that oscillation frequencies of
the conventional LC-QVCOs are away from resonance. For ex-
ample, the LC-tank of the P-QVCO must introduce a phase shift
to maintain loop gain at unity since the first harmonic current in-
jecting into LC-tank from the coupling transistors is quadrature
to that from the cross-coupled transistors. According to [10],
this phase shift causes the equivalent circuit of the LC-tank
in the P-QVCO to operate away from its own resonant fre-
quency, reducing the effective Q of the resonator and hence
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Fig. 6. (a) Equivalent circuit of LC-tank Corel with harmonic currents and quadrature injected current. (b) Simplified equivalent circuit as the impedance of C'

is much larger than R, and 1/g¢,,.

degrading the phase noise. However, by using passive com-
ponents C; ~ Cy, the equivalent circuit of LC-tank in the
CC-QVCO does not need to introduce a phase shift. It is be-
cause, as shown in Fig. 6(b), injected quadrature current through
C3 and Cy, i¢ sin ¢, can be considered as the currents inside the
equivalent resonator operating at the resonant frequency. The
property of no required phase shift ensures that the oscillator
operates at a resonant frequency, and obtains maximum effec-
tive Q. This property helps achieve the excellent phase noise
performance in QVCO implementations.

Next, this study derives the oscillation amplitude of the
CC-QVCO. For comparison, we set the dc current consumption
per core in the CC-QVCO equal to a standard VCO of Fig. 1(a)
so that Ty = 21o. Through Iy = ic/m in (4), the amplitude
of the sinusoidal current of coupling capacitor, ¢, can be set at

T
'.c =] ias- 6
i 5 1o (6)
From Fig. 6(b), the current through Rp, Iy, is Ir, = 21; cos ¢
and hence through I1 = i¢/2 in (4), the differential oscillation
amplitude, A, can be calculated as the product of ic and 2,

A= iRy = T linsRy. )

For a given dc current consumption per core of I,y = 21
and an effective parallel resistance of 2, the standard VCO bi-
ased with a constant current of I},;,s has an oscillation ampli-
tude of 41y,i.s R,/ [11], while the CC-QVCO achieves an os-
cillation amplitude of 7 [i.s R, /2, which is 23% larger than the
VCO. However, according to [4], the amplitude of the P-QVCO
falls sharply as the coupling strength S increases. The prac-
tical amplitude degradation is more than 25% when the cou-
pling strength is S = 1/2, where the degradation is defined as
the ratio of P-QVCO oscillation amplitude to VCO. Therefore,
with the same dc current consumption per core, the CC-QVCO
biased with sinusoidal current can be expected to have a least
23% larger amplitude than the P-QVCO biased with constant
current. Fig. 7 shows the simulated single-ended output wave-
form for the standard VCO, the P-QVCO with S = 1/2 and the
CC-QVCO, showing that the actual amplitude improvement for
the standard VCO and for the P-QVCO is about 19% and 38%,

0.6

Voltage (V)

Proposed QVCO
— — VCO
- = P-QVCO

1] 2'0 4ID GIO 8‘0 100
Time (psec)

Fig. 7. Simulated output waveforms for CC-QVCO, VCO and P-QVCO with
S = 1/2 under the same dc current consumption per core of 1 mA and the same
LC-tank.

respectively. These results confirm that compared to the conven-
tional bias topology of using constant current, using sinusoidal
current to bias the oscillator is more efficient in translating dc
power to oscillation signal.

III. PHASE NOISE ANALYSIS

This section analyzes the phase noise for the CC-QVCO and
compares it with the phase noise of the QVCOs using other
topologies. The phase noise is caused by the noise current from
the components in an oscillator. According to Hajimiri’s im-
pulse sensitivity function (ISF) theory [13], in an oscillator, the
total single-sideband phase noise at the offset frequency Aw
from carrier is given by [13], [14]

®)

1) = 1o [ ]

2A2C2(Aw)?

with A; is the oscillation amplitude across the resonator, C is
the tank capacitance, and Ny ; is the effective noise contributed
by the 7th noise source. When a noise source is cyclostationary,
its noise current power density, 72 ;(¢)/A f can be expressed as

72 .
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where i’2,, the stationary noise power, is defined as the peak

value of ffu(qﬁ) /A f and o;(¢) is the noise modulation function
(NMF) that is a periodic unit-less function with a peak value
of unity [15]. Using information presented in (9), the effective
noise, IV, ;, can be obtained as [14]

™

o L
Npi=igis— | Ti(¢)ai(9)dd (10)
=2, [ 12, 0(0)dg (11)
mn, 2,"_ ) 1,€
= ig,irzz,oﬂ’,RI\/IS (12)

where the ISF, denoted as T';(¢) in (10), represents the
time-varying sensitivity of the oscillator’s phase to pertur-
bation, the effective ISF, denoted as I';.x(¢) in (11), is
defined as ['; eg(¢) = Ti(@)ai(¢), and T e rars(¢p) is the
root-mean-square (RMS) value of T'; o ().

According to [4], most of the effective noise in an oscillator
is contributed by transistors directly connected to the LC-tank
(such as @Qn;,Qc; and Mnq). Hence, this study focuses
on deriving the effective noise from these transistors in the
CC-QVCO and in the P-QVCO. To keep equations simple, a
signal-end analysis based on the approach described in [8] is
performed in this study.

A. Phase Noise for Constant Current Biasing P-QVCO

It is well known that in the P-QVCO, the coupling transistors
not only degrade the oscillation amplitude but also contribute
additional effective noise, resulting in poor phase noise. The
P-QVCO can achieve its best phase noise performance when
it has no coupling transistors. In the case of the P-QVCO with
no coupling transistors (S = 0), the P-QVCO degenerates to
become as the two standard VCOs. Thus, the effective noise is
only introduced by its cross-coupled transistors.

This section reviews the analysis of phase noise for a stan-
dard VCO and the associated results revealed in [8] to predict
the phase noise performance of the P-QVCO. For a standard
VCO biased with constant current of [};,s, the cross-coupled
transistors Jn, and Qn, alternatively steer the constant cur-
rent of Ipias. As a result, the thermal noise of Qnq (Qny) ex-
hibits noise-cyclestationary property. The thermal noise of @n
is "%,in (¢0)/Af = 4kTygm, gn1 When Qn, is conducting cur-
rent (—7/2 < ¢ < 7/2), and it is close to zero when (Jn, is off.
Note that gm.gn1 = v/2Bgn1IB1as is the transconductance of
(1, when conducting and operating in saturation with the drain
current of Ipias and Bgn, is the current gain of Q. Based on
the above noise property and referring to (9), 72 on11(9)/Af
during an oscillation period of —7 < ¢ < 7 can be expressed
as

-2
L) = 82 gu10fm ()

— { 4kT7 V QﬂQnIIbiam
0,

—rj2< < —n)2
otherwise
(13)

where iﬁin = 4kTv+\/2B0n11vias is the stationary noise

power of i} ., (#)/Af and agni(4) is a (0,1) square wave-
form as

I, —n/2< <)

agni(P) = {() otherwise. (9

The effective ISF of Qn, is defined as Tegoni =
Coni(@)agni(¢); Cgn1 = sin(¢4) is an approximation
of the ISF associated with QJnq [8], [16], and it is easy to
obtain that F?in,eﬂ,R]\[S = 0.25 [8]. Substituting i’TZin
and I‘Qin’eﬁ_’RMS into (12), the effective noise of Qnl in a
stand-alone standard VCO with bias current of Ij,;,s can be
given by

Nr1.gn1 = 4kTy\/2B11ias(0.25).

It can be expected that the overall effective noise contributed by
a pair of Qn, and Q¢; in the P-QVCO, N, gn1 + N Qc1, 18
larger than (15) due to the additional noise contribution from

Qc;.

B. Phase Noise for Sinusoidal Current Biasing CC-QVCO

15)

On contrary to the transistors, the capacitors are noiseless.
Using coupling capacitors C; ~ C in the CC-QVCO instead of
the coupling transistors Qc; ~ Qcg in the P-QVCO for quadra-
ture signal generation can promotes phase noise performance. It
is because all effective noise contributions from Qc¢; ~ Qcg in
the P-QVCO such as Nz, gc1 can be removed. The sinusoidal
current biasing technique can also reduce the effective noise
contribution from cross-coupled transistors, further improving
phase noise. The following discussion proves this reduction by
deriving the effective noise of Mn; in the CC- QVCO.

Considering gm, mn1(¢) as the transconductance of the
cross-coupled transistor Mni, the noise current power den-
sity of Mny is 2 ;1 /Af = 4kTYGm-mn1(¢p) when
Mmn; is conducting current. Assume that the CC-QVCO has
the same dc current consumption as the P-QVCO. Thus,
based on (2) and (6) for substitution into g ani1(¢) =
V2B la,vn1 (9), if%Mnl((b)/Af during an oscillation
period of —m < ¢ < 7 can be expressed as

2

Z'n.,Mnl
2L (9)

= ig,Mma?unl(QS)
= 4kTYgm, vn1(9)

= 4kTv1\/2Bnn1La,vni ()

_ {4kT'Y\/7r,[3]\/In1]bias cosp, —m/2< p< —7/2

0, otherwise

(16)

where Lf mn1 = 4kTy/m (1.5 is the stationary noise power
of i rr,1(¢)/Af. During the transistor conducting cycle of
—71/2 < ¢ < /2,30 1 (#)/AS in the CC-QVCO presents
a time-varying form, which is unlike in the standard VCO bi-
ased with constant Ip,s, 72 Onl1 (¢)/Af is constant. This time-
varying form of noise power in the CC-QVCO is due to the term
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of (cos¢)'/? introduced by the sinusoidal bias technique. To ob-
serve (16), the NMF of Mn1 aarn1(¢), now is to become the
product of a (0,1) square waveform and (cos ¢)'/4, i.e.,
1
Qrrnt(4) = { (cosp)®, (-m/2< ¢ <m/2)

17
0, (otherwise). a7

GivenT 311 = sin(¢), the effective ISF associated with Mn; is
defined as Legr prn1 = sin(¢)arni(¢). Substituting Lf Mnl =
4kT~\/7B1nias and Lo arn1 (@) into (12) makes it possible to
calculate the amount of effective noise contributed by Mnq,
NL,Mnla i.e.,

2 2
Np an1 = Zn,MmFeff,Mnl,RMs

/2

— KT 7 T | 5 [ sint()eos oo
22

~ AKTy\/7BIins (0.156) (18)

= 4kTy\/2T1is (0.196) (19)

where the value denoted in (18), 0.156, is I'3,, | .4 rars- As-
suming Bgn1 = Bun1, comparing (15) with (19) shows that
N1 an1 in the CC-QVCO is even 20% smaller than Nz, gn1 in
a stand-alone standard VCO, resulting in a 1 dB phase noise im-
provement.

The reason for the effective noise of (19) smaller than (15) is
that the cross-coupled transistor in an oscillator biased with si-
nusoidal current achieves a smaller ['%; 1, compared to that
biased with constant current. For Mnq in sinusoidal current bi-
asing CC-QVCO and @n, in constant current biasing VCO,
T3t rirs = 0.156 is 38% smaller than T3, ¢ pars =
0.25, which translates to a smaller effective noise contribution
from Mn; in the CC-QVCO. Fig. 8(a) presents the simulated
the NMFs and ISFs for both cross-coupled transistors Qnq in a
standard VCO and Mn; in the CC-QVCO, providing an intu-
itive understanding of the expected reduction of I'%; /5. A
comparison of NMF of Mn; with NMF of Qn, shows that
Mmn, exhibits a better property of noise-cyclostationary than
Q@n. It can be seen in Fig. 8(a) that the NMF of Mn; is lower
than NMF of Qn, especially when the oscillator is quite sen-
sitive. Moreover, the NMF of Mn is close to zero when the
oscillators are at the maximum sensitivity points that are the
maximum magnitude of the ISFs as indicated at ¢; and 2 of
Fig. 8(a). Therefore, based on I'; o () = I'; ()i (¢), we can
expect that compared to the NMF of Qn, the NMF of Mn;
can result in a smaller square RMS value of the effective ISF
(T3sn1er.rars < Tontemr-rars)- Fig. 8(b) shows simulated
effective ISFs associated with @n; and Mn;. The simulated
T3 /n1e rass 1S about 31% smaller than T'7,,, ¢ pasg- This
reduction reduces the effective noise of cross-coupled transistor,
improving phase noise. Although the arguments and simula-
tions above are limited to noise-property of (Jn; in a standard
VCO, they are equally applicable to the noise-properties of the
cross-coupled transistors in the QVCOs using constant current
bias topology (such as P-QVCO and BG-QVCO.).

C. Design Consideration for Coupling Capacitance of the
CC-QvCOo

The above phase noise analysis for QVCOs is based on the
assumption that the noise current from a transistor translates it-

1.5
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Fig. 8. (a) Simulated ISFs and NMFs for (Qn, in the standard VCO and M n,
in the CC-QVCO. (b) Simulated effective ISFs of @n, and Mn;.

self to phase noise only on its own LC-tank core rather than on
both cores. This is generally valid for coupling the two LC-tank
cores that operate independently, such as the P-QVCO. How-
ever, since the operation of the CC-QVCO depends strongly on
the interaction between the two LC-tank cores, the phase noise
contributions from the neighboring core must also be consid-
ered. The noise currents from a neighboring core inject into
the LC-tank through coupling capacitors, reducing phase noise
performance of the CC-QVCO. Fig. 9(a) illustrates this effect
on the phase noise of the CC-QVCO, in which the noise cur-
rent generated by Ms; (Mny) of Corel (Core2), denoted as
Tn, M1 (in,Mn4), is partially injected into the LC-tank of Core2
(Corel) by flowing through coupling capacitor Cy(Cy). The
amount of the noise current through C; is determined by the
ratio of the coupling capacitance to parasitic capacitance C'p
at the node Vs1(Vsy). If Cy (Cy) is much smaller than Cp
(i.e., C; has higher impedance than C},), almost all noise cur-
rent %, ars1(én,ana) enters C), to the ground. Thus, for Core2
(Corel), the injecting noise current from Corel (Core2) can be
greatly reduced to improve phase noise. Therefore, the coupling
capacitance C7 ~ C} should be as small as possible to reduce
the phase noise contributed by a neighboring core.
Unfortunately, when the impedances of C; ~ Cj are ex-
cessively high, the oscillator suffers from the failure of the
sinusoidal bias technique because the interaction dominating
this bias technique becomes too weak, and its phase noise thus
worsens. In the condition of excessive high impedances of
C1 ~ Cy, the coupling path connecting the two cores, such as
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Fig. 9. (a) Effect of the interaction on phase noise of CC-QVCO. (b) Simulated
phase noise of CC-QVCO at 1 MHz offset under varied coupling capacitance
C’l ~ C’4.

the path from V's; to Vi, can almost be considered as an open
circuit. It is because the injected currents Ic; ~ Icy4 that server
as current sources for the CC-QVCO are too small to generate
enough oscillation amplitudes to switch off transistors. In the
other words, the operation of the CC-QVCO is no longer in
the large signal condition. Therefore, the two cores operate
independently and cannot properly bias each other through
C1 ~ C4. Fig. 9(b) shows the phase noise of the CC-QVCO
versus coupling capacitance C; ~ Cj. In Fig. 9(b), the phase
noise is improved by reducing coupling capacitance Cy ~ Cj.
However the CC-QVCO’s phase noise suddenly degrades due
to the failure of the sinusoidal bias techniques when C; ~ Cy
are less than about 50 pF. As C; ~ (4 drop to less than
35 fF, the CC-QVCO even enters a no oscillation region. To
simultaneously avoid phase noise contribution from a neighbor
core and ensure that the sinusoidal biasing technique can be
implemented successfully, an appropriate coupling capacitance
C1 ~ (4 can be carefully chosen by the simulation results of
Fig. 9(b). The proposed design uses a value of approximately
65 fF.

In conclusion, based on (8), the phase noise can be improved
by 1) increasing the oscillation amplitude, and 2) reducing ef-
fective noise associated with the noise source. With the same
current consumption per core, the oscillation amplitude and the
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Fig. 10. Simulated phase noise of P-QVCO, S-QVCO, BG-QVCO, VCO and
proposed CC-QVCO, where all oscillators operate at 10 GHz and has the same
dc current consumption per core.

effective noise contributions from the cross-coupled transistors
in the CC-QVCO is respectively 23% larger and 20% smaller
than for the standard VCO. Assuming that Cy ~ Cy have suf-
ficiently high impedances to ignore the noise current from the
neighbor core, the phase noise of the CC-QVCO is theoreti-
cally 3 dB lower than the standard VCO. This 3 dB improve-
ment consists of 2 dB from an oscillation amplitude increase of
23% and about 1 dB from a 20% reduction of effective noise
associated with the cross-coupled transistor. Because the cou-
pling transistor Qc; ~ Qcg in the P-QVCO contributes the ad-
ditional effective noise and degrades oscillation amplitude, the
phase noise performance of P-QVCO with S > 0 is worse
than that of a standard VCO with the half power consump-
tion of the P-QVCO. Therefore, compared to a P-QVCO with
S > 0, the CC-QVCO can achieves at least a 3 dB phase noise
improvement.

D. Phase Noise Simulations and Comparisons

Fig. 10 compares the simulated phase noise of the CC-QVCO
with the BG-QVCO, the S-QVCO, the P-QVCO, and the stan-
dard VCO. The standard VCO was built as a P-QVCO with no
coupling transistors. In all simulations, the oscillators used the
same sizes of the complementary cross-coupled structures and
the same inductors. Capacitances were adjusted as necessary to
make the oscillation frequencies close to 10 GHz. An ideal con-
stant current source was supplied to bias the VCO and each core
of BG-QVCO, the S-QVCO, and the P-QVCO. This constant
current source was identical to the dc current per core of the
CC-QVCO so that in all oscillators the power consumptions per
core remained the same at a supply voltage of 1.5 V. To fairly
compare the performance of QVCOs, the phase noise should be
compared only when all QVCOs have the same level of phase
error [7]. Therefore, by adjusting back-gate coupling path of the
BG-QVCO and coupling transistor’s size in the S-QVCO and
P-QVCO, the phase errors of all QVCOs were less than 1°.

Fig. 10 shows that the P-QVCO exhibited the worst phase
noise performance due to its smallest oscillation amplitude and
the additional phase noise contribution from the coupling tran-
sistors. The phase noise performance of the BG-QVCO and the
S-QVCO were much better than that of the P-QVCO, and they
were quite close to that of the standard VCO. By biasing the
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Fig. 11. Chip photograph of the fabricated CC-QVCO.
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Fig. 12. Measured tunnig range of the CC-QVCO.

oscillator in the sinusoidal current to increase oscillation ampli-
tude and reduce the effective noise associated with cross-cou-
pled transistors, the CC-QVCO exhibited the best phase noise
performance. Compared to the standard VCO, the CC-QVCO
presented a 2.5 dB phase noise improvement at 1 MHz offset,
which agrees well with the theoretical expectations of a 3 dB
phase noise improvement. Compared to the P-QVCO, the prac-
tical phase noise improvement is about 11.5 dB, where the cou-
pling strength S of the P-QVCO is S = 1/2.

IV. MEASUREMENT

A capacitor-coupled QVCO biased with sinusoidal
current (CC-QVCO) was fabricated in TSMC 0.18 pm
mixed-signal/RF CMOS 1P6M technology. Fig. 11 shows
a microphotograph of the fabricated CC-QVCO with its
source-follower buffers. The chip area, including all pads, is
0.7 x 1.1 mm?. We used the bias-tees to connect the buffers
as a load while doing measurement. To verify that quadrautre
signals can be captured on an oscilloscope, any mismatch in
the length of measurement cables has been calibrated out.

The CC-QVCO core draw 2.4 mA and consumed a dc power
of only 3.6 mW under a 1.5 V voltage supply. Fig. 12 shows
the measured CC-QVCO frequency tuning range. The oscilla-
tion frequency increased from 9.1 GHz to 10.4 GHz when the
controlled voltage increased from 0 to 2.5 V, corresponding to
a frequency tuning range of 10.3%. Fig. 13 shows the single-
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Fig. 13. Measured frequency spectrum of the CC-QVCO and time domain
output waveform at 10.314 GHz.
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Fig. 14. Measured phase noise of the CC-QVCO oscillating at 10.4, 9.1 and
9.8 GHz under the voltage supply of 1.5 V.

ended output spectrum and real-time quadrature output wave-
form when the CC-QVCO oscillates at 10.3 GHz. The mea-
sured output power is —6 dBm and phase error is about 1.5°.
Fig. 14 shows the plots of phase noise as the CC-QVCO oper-
ated at maximum, minimum and central frequency. The phase
noise at 1 MHz offset was —115.7 dBc/Hz, —117.4 dBc/Hz and
—116.2 dBc/Hz, measured at 10.4 GHz, 9.1 GHz, and 9.8 GHz
carrier frequency, respectively. The phase noise at offset fre-
quency between 100 KHz to 10 MHz shows the trend of 1/f2
and it is dominated by the thermal noise of components in the
circuit. The CC-QVCO achieved superior FOM of 190.5 as op-
erating at 10.4 GHz, where FOM is defined as [17]

FoM = —L(Af) + 201log (if) —10log <11;‘;W> . (20)

Table I summarizes the performance of the CC-QVCO and
presents the results from previously published QVCOs and
VCOs.

V. CONCLUSION

This study analyzes two novel techniques, capacitor-coupling
and sinusoidal current biasing of the oscillator, and success-
fully fabricates a 0.18 um COMS X-band QVCO. The pro-
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON
Ref. Technology Frequency Topology Diff. Phase Noise | Power Tuning| FOM
(GHz) /Quad. @1MHz (mW) Rang | (dBc/Hz
(dBc¢/Hz) ( %)
[7] 0.18-um 17 Transformer Quad. -110 5 17 188
CMOS Coupled
[18] 0.25-um 5 Superharmonic Quad. -124 22 10 185
CMOS Coupling
[19] 0.13-um 10.0 Cascode-based Quad. -95 14.4 15 163
CMOS coupling
[20] 0.18-um 9.6 phase-tunable Quad. -121@3MHz 9 6.6. 182.6
CMOS injection-coupled
[21] 0.18-um 2.2 Self Switched Quad. -134 36 18 185
CMOS Biasing
[22] 90-um 10.0 Cross-Coupled Diff. -109.2 7.5 15.8 180
CMOS
[23] 0.18-um 5.6 Capacitive Diff. -118 3 6.4 189
CMOS feedback
[24] PCB 9.5 Tunable SIW Diff. -117 37 7 184
Resonator
This 0.18-um 10.4 Proposed QVCO | Quad. -115.7 3.6 10 190.5
Work CMOS
posed capacitor-coupling QVCO biased with sinusoidal cur- 9 T/2 9t ;
rent (CC-QVCO) is a topology choice for a high-performance by = — / ) cos <_> dt = £ (25)
quadrature signal generator. This study also discusses the ad- T —7 T 2
vantages of the sinusoidal current bias technique over a conven- 7/
tional oscillator biased with constant current, including oscilla- 2 ot
tion amplitude and the phase noise contribution from cross-cou- bn = T / t)cos < T ) dt
pled transistors. Using passive devices, coupling capacitors, in- —T/2
stead of active-devices for quadrature generation introduces no T/4
increase in phase noise. 2 27rt 2nmt
. . = — 1CcCOS cos| —— | dt
The proposed CC-QVCO achieved a low phase noise of T T
115.7 dBc/Hz at 1 MHz offset from the carrier of 10.4 GHz —T/4
while consuming only 3.6 mW. The CC-QVCO occupies a core ¢ n 2%
area of 0.77 mm?2. The excellent FOM of 191 of this design T \1- n2 cos (5”) ‘ (26)

confirms its validity and advantages.

APPENDIX

If f(t) is a positive half of sinusoidal waveform with period
of T and amplitude of ic, it can be written as

f(t) = iccos <?> ST <W+2lm> 1)

where [] (x) is a single pulse centered at the origin with unity
amplitude and defined as

Me={

Then, the Fourier series expansion for f(t) is

f()_bo+b1cos< ) Zbcos,(mt) (23)

where

—-05<2<0.5

otherwise. (22)

T/2

R

—T/2

(24)
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