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Abstract—In this paper, we analyze the potentials of a four-phase
14-GHz CMOS voltage-controlled oscillator, tailored to a sub-
harmonic receiver, for signal processing at -band. When mild
phase accuracies between in-phase and quadrature down-con-
verted signals are required, the four-phase oscillator displays
roughly the same phase noise figure-of-merit as quadrature oscil-
lator counterparts. However, the operation at half-frequency leads
to an improved performance due to a higher quality factor of the
tuning varactors, and because the local oscillator circuitry and
signal path run at different frequencies, relaxing coupling issues.
A detailed time-variant analysis of phase noise in multiphase
oscillators is introduced and validated by both simulations and
experiments.

Prototypes realized in a 65-nm technology occupy an active area
of 0.5 mm2 and show the following performances: a 26% frequency
tuning range (from 12.2 to 15.9 GHz), maximum phase error from

4 of 2 , and a phase noise of 110 dBc/Hz at 1 MHz from
14 GHz, while consuming 18 mA from 0.8-V supply.

Index Terms—CMOS, direct conversion, local oscillator (LO)
generation, millimeter waves, multiphase, phase noise, subhar-
monic receivers, voltage-controlled oscillator (VCO).

I. INTRODUCTION

AN INTENSE research activity toward the realization
of highly integrated solutions in silicon processes at

-band and millimeter-wave frequency is presently un-
derway, after the Federal Communications Commission has
granted unlicensed bands around 24, 60, and 77 GHz for several
wireless applications [1], [2]. Active and passive components,
building blocks, and transceiver front-ends are being intensively
investigated [3]–[10]. The choice of the best suited transceiver
architectures still entails several considerations. Direct conver-
sion, usually pursued at RF frequency, facilitates a high level
of integration, eliminating image-reject and IF filters. On the
other hand, synthesizing a reference frequency at -band
and millimeter-wave bands is troublesome: variable capaci-
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Fig. 1. Block diagram of a direct-conversion receiver based on multiphase sub-
harmonic mixers.

tors, used as tuning elements in voltage-controlled oscillators
(VCOs), present poor quality factors for a given tuning range,
and dividers used in the phase-locked loop feedback path,
are power hungry [4], [6], [7]. An alternative solution relies
on subharmonic direct down-conversion. The local oscillator
(LO) runs at a subharmonic of the received signal frequency
with significant advantages in LO and dividers design. A lower
frequency oscillator also mitigates other peculiar issues of
direct conversion receivers, e.g., dc offsets and second-order
intermodulation due to leakage of the LO into the RF path (and
reverse), exacerbated at millimeter-wave frequency, due the in-
creased difficulty in confining parasitic fields. On the contrary,
at RF frequency, no clear advantage in VCO performances
derives from half-frequency operation, making subharmonic
receivers of minor interest.

There are mainly two techniques of subharmonic down-con-
version, which are: 1) exploiting the nonlinear behavior of ac-
tive devices to produce higher harmonics of the LO waveform
[11], [12] and 2) multiplying the received signal with a number
of uniformly spaced LO phases [13]–[15]. While the former de-
termines a penalty in conversion gain and noise, the latter dis-
plays performances comparable to conventional Gilbert cells at
the expense of a more complex LO generation circuit.

In this paper, we investigate a ring of four LC VCOs, running
at half the received signal frequency, intended for in-phase
(I) and quadrature (Q) demodulation in a -band direct
conversion receiver based on multiphase subharmonic mixers,
as shown in Fig. 1. A fair comparison with a double-frequency
quadrature oscillator counterpart demonstrates no penalty in
phase noise figure-of-merit (FOM), while operation at half-fre-
quency leads to an outstanding performance due to higher
quality of tuning elements.

Prototypes, realized in a 65-nm CMOS process from
STMicroelectronics show the following measured perfor-
mances: a 26% frequency tuning range, from 12.2 to 15.9 GHz,
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Fig. 2. Principle of subharmonic mixing. (a) Multiplication of LO waveforms
�=2 shifted: equivalent effect. (b) Schematic of a CMOS subharmonic down-
converter.

maximum phase error from of 2 , a phase noise of
110 dBc/Hz at 1 MHz from 14 GHz, while consuming 18 mA

from 0.8-V supply.
This paper is organized as follows. Section II reviews the

principle of multiphase subharmonic mixing underlying the LO
requirements. Section III introduces the LC-tank ring VCO,
while Section IV presents a time-variant phase-noise analysis.
Section V describes the design of the -band prototype
and shows experimental results. Conclusions are drawn in
Section VI.

II. PRINCIPLE OF SUBHARMONIC MIXERS

A conventional current commutating mixer performs fre-
quency translation by means of multiplication, in the time
domain, of an RF signal times a square-wave reference tog-
gling between 1. The idea underlying subharmonic mixing
is multiplying once more the frequency-translated RF signal
by a phase-shifted replica of the same square-wave reference
[13], [14], [15]. As shown in Fig. 2(a), multiplication by two
square-waves, phase apart, corresponds to multiplication
by one single square-wave reference at twice the frequency
according to

(1)

where for and for .
Generalization of (1) leads to the conclusion that a reference

at times frequency is generated by multiplication of si-
nusoids with phase difference [14]. A differential imple-
mentation of a half-harmonic mixer is reported in Fig. 2(b),
where two double-balanced differential pairs, driven by
phase-shifted oscillators, are stacked. The input differential cur-
rent at frequency is down-converted at with a
reference signal at . A phase error from quadrature ,
between the two driving signals, determines a loss of gain ( ),
equal to . The impact is nonetheless negligible, con-
sidering that for , the gain loss is less than 1 dB.

Fig. 3. (a) Block diagram of a four-phase LC ring oscillator. (b) Schematic of
a delay cell.

From (1), we observe that if the two half frequency signals
are shifted by , the resulting equivalent reference oscillator
is phase shifted as follows:

(2)

Quadrature down-conversion can thus be performed by means
of two half-harmonic mixers, provided the driving signals in
each switching stage follow the phase sequence reported in (1)
and (2). A phase error from determines a phase error from

between I and Q equivalent reference signals, reflecting the
same phase error between quadrature down-converted signals.

III. LO GENERATION

The sequence of four differential signals, with relative
phase delay, is generated by coupling four LC VCOs within the
same ring, as shown in Fig. 3, much in the same way as two
coupled oscillators are used to generate two synchronous signals

apart [16], [17]. According to Barkhausen criterion, the ring
assures permanent oscillation provided the loop gain is equal
to 1 and the phase delay between two consecutive oscillators,

satisfies the relation . This equation has four
different solutions in the interval , i.e.,

and (3)

leading to four different possible oscillation modes.
The corresponding oscillation frequencies can be

derived by inspection of the single delay cell, reported in
Fig. 3(b). Neglecting resistors , considering large-signal
operation and assuming the LC network filters out any current
component other than the fundamental, the output voltage from
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Fig. 4. (a) Vectorial diagram of the resonator currents for � = ��=4;�3=4�.
(b) Forcing a phase delay � on i for � = ��=4.

each delay cell can be expressed, with complex notation,
as follows:

(4)

where . Without loss of gener-
ality, we have assumed having zero phase as reference.
is thus in-phase with , while is in-phase with the input
voltage. For a parallel RLC tank, the impedance can be
approximated by

(5)

with and are the resonance frequency and
quality factor, respectively, while the parallel resistance ( ) cap-
tures the effect of losses near resonance frequency.

Separation of (4) into real and imaginary parts, and use of
the results reported in (3), leads to the following expressions for

:

(6)

where , defined as , represents the cou-
pling strength between the oscillators.

The four possible oscillation frequencies are symmetric with
respect to the tank resonance. Actually, the two modes, corre-
sponding to phase difference, are overwhelmed. To gain
insight, Fig. 4(a) reports the vector diagram of the cell currents,

assuming for the four possible cases. The total tank cur-
rent is larger for than for , leading to a
larger loop gain, and a consequent selection of the former. There
is, however, still ambiguity between and .
Notice from (6) that, for , the oscillation frequency
is higher than tank resonance, while the opposite is true for

. Real life LC resonators typically present an asym-
metric impedance magnitude in the proximity of resonance [18].
In particular, if the inductor’s series resistance is determining
the tank losses (as is at relatively low working frequencies),
the impedance magnitude is larger for positive frequency off-
sets from resonance giving a larger loop gain for .
The opposite is true at very high frequencies where the varactor
dominates tank losses. While many quadrature oscillators oper-
ating below 10 GHz rely on this mechanism for proper mode
startup [16], [19]–[21], between 10–20-GHz inductors and var-
actors feature comparable quality factors making the described
mechanism not reliable enough.

Resistors , in series with the coupling pair of Fig. 3(b),
are added to solve the ambiguity, ensuring startup of mode with

even with a symmetric LC resonator. In fact, in-
troduces, together with the gate capacitance of transistors ,
a phase delay in the coupling currents . The vectorial sum
of the tank currents taking into account is sketched in Fig. 4(b)
(only for ). With respect to Fig. 4(a), the currents are
rotated clockwise by and, as a consequence, the magnitude of

becomes larger for than for .

IV. PHASE-NOISE ANALYSIS

From the theory of quadrature oscillators, it is well known
that, for a fixed current consumption, increasing oscillators cou-
pling deteriorates the phase-noise performance [22]–[25]. The
recent work by Romano et al. [17] extends the theory devel-
oped by the same authors for the quadrature case [23] to an ar-
bitrary number of phases. While [17] is a very significant step
forward, it still employs a linear time invariant (LTI) approach
in the study of phase noise, which is known to be wanting in
general (see e.g., [26]–[28]). Here, we make use of a linear time
variant (LTV) approach based on Hajimiri and Lee’s impulse
sensitivity function (ISF) [29], [30], which accurately captures
the contributions of both active and passive components to phase
noise. The ultimate goal is a comparison between a quadrature
and a four-phase oscillator in terms of phase noise and phase
accuracy in the framework of direct conversion receivers built
around conventional and subharmonic mixers, respectively.

A. Phase-Noise Analysis in the Region

The phase noise of a generic oscillator can be expressed as

(7)

where is the oscillation amplitude and (referred to
simply as effective noise hereafter) is the power spectral density
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of the noise generating phase noise for a given noise source
inside the oscillator. is given by [26], [29]

(8)

where is the tank capacitance, is the frequency offset from
the oscillation frequency, is the power spectral density
of the current injected into the tank by the th noise source, and
the weighting function is the tank ISF, representing the
time-dependent sensitivity of the phase of the oscillation to the
current noise injected into the tank.

In single-ended and differential harmonic oscillators, the ISF
is a sinusoid in quadrature with the voltage across the tank, but
this assumption is no longer valid when many oscillators are
coupled to each other. Applying the analytical technique pro-
posed in [25], the following expression of the tank ISF for the
case of coupled oscillators can be derived:1

(9)

with

where the angle is used instead of for sim-
plicity, is the number of phases (including differential ones),
and is the angle between the two oscillator phases driving the
same tank. Notice that, through , magnitude and phase of

depend on and . In particular, the dependence of the
phase of on encodes the time-variant nature of the con-
version of noise into phase noise.

Looking now at the circuit schematic of Fig. 3(b), three main
noise current sources are identified: the tank resistance , and
the two differential pairs made of transistors and .
Fig. 5 sketches the noise currents, together with , for both
weak and strong coupling, providing an intuitive understanding
of the expected phase-noise deterioration with increasing . In
fact, we notice that the magnitude of , plotted in Fig. 5
from (9) (with ), increases with , while at the same
time, its maxima tends to align with the zero-crossings of
(i.e., the time instants when injects noise into the tank).
Therefore, we expect that, when is large, the phase noise in-
creases and becomes dominated by and . It is worth re-
marking that the phase noise generated by , being stationary,
can also be found via an alternative LTI analysis, as shown in
[17], while the correct evaluation of the phase noise contributed
by all transistors necessitates a truly LTV approach since there
the phase of the ISF plays a key role.

1The actual calculations follow the procedure found in [25, Appendix]. They
are omitted here for space consideration.

Fig. 5. Noise currents injected in the resonator and ISF for weak and strong
oscillators coupling.

Fig. 6. Calculated (lines) and simulated (dots) effective noise (top curves) at
1-MHz offset from the carrier and phase noise penalty (bottom curve) versus
oscillators coupling (fo = 14GHz; Q = 9; I = 18 mA).

Starting with , whose noise power spectral density is
, we obtain that the effective noise of all

tank resistors is

(10)

where we have used the fact that all tank resistors contribute
equally to the effective noise [24]. Following the derivation
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Fig. 7. Schematic of the four (differential) phases VCO.

found in the Appendix, the contributions of transistors
and , called and , respectively, are

(11)

(12)

Equations (10)–(12) are plotted in Fig. 6 (top) as functions of
for , and compared to numerical spectreRF simula-

tions. A very good matching is obtained for the effective noise
data, where it should also be appreciated that all plots are on
a linear scale. As expected from the previous qualitative anal-
ysis, and increase with , while de-
creases. The overall phase noise is found from (7) and (10)–(12)
once the expression for has been calculated from (4) and (5)
as

(13)

Fig. 6 (bottom) plots the white phase noise penalty of the
four-phase oscillator with increasing . Theory and simula-
tions yield almost identical results. A maximum of 6.5 dB is
paid for extremely large values. The advantage of a large
coupling strength is higher accuracy of generated phases, as
will be discussed in Section V. Interestingly, with small
values, when only mild phase accuracies are to be assured as
in the application of interest in this study [6], the phase-noise
penalty is minimum. Looked at in another way, minimum
power consumption is achieved for given phase noise with
small .

V. DESIGN AND EXPERIMENTS

A prototype of the ring oscillator has been realized in a
65-nm CMOS technology from STMicroelectronics. The
complete schematic is shown in Fig. 7. The resonators are
made of a center-tapped single-turn inductor of 400 pH, an
array of two binary weighted switched capacitors and thick
oxide MOS varactors with m. The tuning voltage

ranges from 0 to 2 V. The parasitic load capacitance, due to
all the circuit blocks driven by the oscillator in the test chip,
is estimated to be 180 fF. The tank quality factor is 8, equally
determined by inductors and capacitors. The center frequency
is set to 14 GHz. Polysilicon resistors of 50 in series with
the coupling transistors introduce 10 12 phase shift in the
coupling current. Based on simulations, this is enough to solve
the ambiguity in oscillator startup under process, voltage, and
temperature (PVT) variations while determining a negligible
phase-noise degradation (less than 0.5 dB). The two differential
pairs in each oscillators are biased independently and bias
currents can be regulated off-chip.

In a conventional receiver with direct quadrature generation,
two (differential) coupled oscillators running at the carrier fre-
quency are employed to generate I and Q phases. The phase-
noise expressions for a quadrature oscillator with differential
phases is again given by (7)–(13) with instead of .
For the sake of comparison, the phase-noise of both
quadrature and four-phase oscillators can be normalized with re-
spect to power consumption , carrier frequency , and offset
frequency by means of the FOM [31]

(14)

Fig. 8 plots FOMs degradation versus of the four-phase os-
cillator and a double-frequency quadrature oscillator, respec-
tively. We have assumed the same tank quality factor, constant
current consumption (equal in the two cases), and the same
supply. Changing , the same total current is redistributed be-
tween the crossed and coupling differential pairs. As expected,
for very small coupling, the two FOMs are equal. However, as

increases, the four-phase oscillator shows a superior perfor-
mance.2 Interestingly, not only a subharmonic receiver allows
the adoption of a half-frequency oscillator, beneficial by itself,
but also the associated four-phase oscillator proves to be supe-
rior to a quadrature oscillator for the same .

In reality, a quantification of the benefit coming from the
four-phase oscillator requires also determining to achieve
the desired quadrature accuracy in down-converted signals. As

2For simplicity, we do not take into account the possibility of introducing
phase shifters between oscillator phases [22], [32], [33], which, while attractive,
does increase the complexity of the design, as well as power consumption.
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Fig. 8. Comparison of phase-noise FOM for quadrature and four-phase VCOs
versus m.

Fig. 9. Simulated phase deviation from quadrature of the I and Q baseband
signals due to 0.5% tank mismatches for a downconverter driven by a quadrature
oscillator (squares–dots) and for a subharmonic mixer driven by the four-phase
oscillator (diamonds–dots).

in quadrature oscillators, component mismatches and parasitic
coupling between resonators cause deviation from nominal LO
phase shifts [21]. A larger oscillators coupling reduces
the phase deviation. To gain quantitative insight, we assumed
a 0.5% mismatch3 randomly distributed among the tank ca-
pacitors. The average phase deviation from has been
estimated through simulations, while the induced departure
from quadrature of I and Q down-converted signals has been
derived according to (1) and (2). Fig. 9 (diamonds–dots) shows
the simulated results. Targeting an I and Q phase error of 2 ,
tolerable in this framework [6], simulations indicate a required

larger than unity (i.e., ).
For comparison, Fig. 9 (squares–dots) also reports simulated

phase error of a quadrature oscillator working at double fre-
quency (28-GHz center frequency). The same target phase error
is achieved with 0.5. Fig. 8 points out a penalty in FOM
of roughly 1 dB if compared with the four-phase oscillator.

As a result, a four-phase oscillator proves performances very
close to coupled oscillator counterpart for a direct conversion
solution, when both target phase accuracy and phase noise are
taken into account. A subharmonic direct conversion solution
thus leaves with the advantage of an oscillator running at half-
frequency, not compromised by the need for generation of twice
reference signals, with more closely spaced phases.

3This is very likely an overestimate for the solely capacitors mismatch, but it
is assumed also representative of other effects like mismatches between active
devices and bias currents and finite isolation between resonators.

Fig. 10. Block diagram of the realized test chip.

Fig. 11. Photomicrograph of the test chip.

Fig. 12. Measured tuning curves.

The block diagram of the test chip is shown in Fig. 10, while
the chip photomicrograph is shown in Fig. 11. The active area is
700 m 700 m, while total die area is 1800 m 1400 m.
The VCO, drawing 18 mA from 0.8-V supply, directly drives
four passive down-conversion mixers (with a common input
signal provided off chip) in order to measure the accuracy of
the generated phases at a lower frequency where mismatches in
the measurement setup are negligible. For characterization, one
of the VCO cells drives a frequency divider by 8 to implement
an off-chip PLL, while three other dummy dividers are included
to balance the VCO loading. The frequency divider is made of
standard current–mode–logic (CML) latches and draws 7 mA.

The oscillation frequency is tunable from 12.2 to 15.9 GHz,
as shown in Fig. 12. Fig. 13 shows the scope output when the
four signals are down-converted at 45 MHz. Measurements are
carried out with , i.e., with unit oscillators coupling

. In particular, the measured phase difference between
signals, nominally apart, and between signals, nominally
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Fig. 13. VCO waveforms down-converted at IF (horizontal and vertical scales
are 10 ns/div and 5 mV/div, respectively).

Fig. 14. Phase noise measured at the output of the divider by 8 for m =
1(I = I ) and m = 1(I = 0).

apart, is shown. Measurements have been repeated on avail-
able samples. Maximum deviation from is 2 while max-
imum from is 3.5 . Measured phase noise for
(i.e., ) and (i.e., ) is shown in Fig. 14.
The frequency of the signal at divider output is 1.75 GHz, cor-
responding to 14 GHz at VCO core. Due to the frequency di-
vision, the measured phase noise is lower than the VCO phase
noise. Assuming a negligible phase-noise deterioration from the
dividers, the phase noise is expected to improve by 6 dB for each
division by two. The conservative estimate of the VCO phase
noise is, therefore, 18 dB higher than what is measured at the
output of the cascaded dividers. As predicted, white phase noise
worsens at large coupling. In the region, the phase noise
penalty from to is 4 dB, which is in good agree-
ment with theory (see Fig. 6). Fig. 15 plots VCO phase noise
versus the output frequency at 1-MHz offset for . The av-
erage phase noise level is 109.5 dBc/Hz, which is very close
to the simulated value of 111.5 dBc/Hz.

Finally, Table I compares state-of-the-art VCOs, providing
the reference signal to transceivers operating in the same band.

Fig. 15. Measured phase noise at 1-MHz offset versus oscillation frequency.

TABLE I
COMPARISON OF THE FOUR-PHASE OSCILLATOR WITH

STATE-OF-THE-ART VCO

The proposed four-phase oscillator outperforms quadrature os-
cillators, and proves power and phase-noise performances com-
parable or better than single LC oscillators. Due to the lower
frequency of operation, the frequency tuning range is the largest
reported to date.

VI. CONCLUSION

The choice of the transceiver integrated circuit architecture
for communication applications is key to enable a low-cost
mass-production solution. Millimeter-wave applications
present several peculiarities with respect to RF, motivating a
careful re-visitation of alternative processing circuits. In this
framework, a careful analysis of multiphase oscillators, coupled
with subharmonic direct conversion receivers, show significant
advantages with respect to a conventional direct conversion
solution. In fact, the synthesizer works at half-frequency with
significant power saving. At this time, as this paper has demon-
strated, the need for double references closely spaced in phase
does not compromise performances.

APPENDIX

The phase-noise expressions (11) and (12), stated in
Section IV-A, will be derived here. We first have to identify the
noise injected by each transistor into the tank. Making use of
earlier results obtained for a standalone LC-tank oscillator [26],



362 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 56, NO. 2, FEBRUARY 2008

the noise power of the current injected by one differential-pair
device into the corresponding resonator is

(A1)

where, with reference to Fig. 3(b), we called the de-
vice facing node and the other. and

are the respective time-dependent transconduc-
tances given by [26]

(A2)

with being the electron mobility,
being the gate–oxide capacitance per unit area, and

and being the transistors width and length, respectively),
and where . The expressions
in (A2) are only defined for and

, i.e., when both transistors are on.
By means of (A1) and (A2) in (8) and abundant trigonometric
manipulations, the contribution to phase noise of , given
by (10), is obtained.

The contribution of the coupling pair devices is found in
much the same way. Looking at the schematic in Fig. 3(b)
and the waveforms in Fig. 5, we can reuse all the equations
introduced for , provided that in (A1) are
replaced by and in (A2) are replaced by

and , and all equations are phase shifted by
2 (except , which is, of course, the same for all
noise sources). In this way, (12) is eventually retrieved.
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