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Analysis and Design of a 1.8-GHz CMQAX
Quadrature VCO

Pietro AndreaniMember, IEEEANndrea Bonfanti, Luca Romano, and Carlo Samiiember, IEEE

Abstract—This paper presents a quadrature voltage-controlled o° o 180°
oscillator (QVCO) based on the coupling of twoLC-tank VCOs. VCO A VCO B
A simplified theoretical analysis for the oscillation frequency and 180° T - o

phase noise displayed by the QVCO in tha / £ region is devel-
oped, and good agreement is found between theory and simulation
results. A prototype for the QVCO was implemented in a 0.35¢m  Fig. 1. Block schematic and signal phases for a QVCO.
CMOS process with three standard metal layers. The QVCO could

be tuned between 1.64 and 1.97 GHz, and showed a phase noise : ; ;
—140 dBc/Hz or less across the tuning range at a 3-MHz offset fre-%C filter stages needed to generate good quadrature signals in

quency from the carrier, for a current consumption of 25 mA from presence of the expecte_d Sprea_d f(_)_r resistance and_ capacitance
a 2-V power supply. The equivalent phase error between | and Q Values attenuate these signals significantly and possibly must be

signals was at most 0.25 buffered from the preceding VCO (in order not to decrease the
Index Terms—CMOS, phase error, phase noise, quadrature, RF, quality factor of theLC-tank) and from the following mixe.
voltage-controlled oscillator. A third way of obtaining quadrature signals is through the use

of a VCO design capable of directly delivering such signals. In
principle, a ring oscillator fulfills this requirement, but the noto-
rious high phase noise (or better, the low phase noise figure-of-
HE AVAILABILITY of accurate quadrature signals is amerit, FoM) of ring oscillators [6] disqualifies this choice for
T prerequisite for the implementation of image-rejectiomost application in modern radio transceivers. A more attrac-
transceivers, the kind of radio architecture holding the promitige approach to direct quadrature synthesis relies on the possi-
of future complete transceiver integration [1]. It is thereforbility of coupling two symmetrid.C-tank VCOs to each other,
obvious that the study of quadrature generation has attracteereby exploiting the good phase noise performandeCobs-
the interest of many researchers. At present, the most populdlators [7]-[13] (provided that either good on-chip inductors
method is to let the voltage-controlled oscillator (VCO)are available or off-chip inductors are allowed). As exemplified
usually in the form of arLC-tank VCO, work at double the by the block schematic in Fig. 1, the combination of a direct con-
desired frequency, and then to obtain quadrature signals at fiegtion and a cross (inverting) connection forces the two VCOs
desired frequency via frequency division, performed either ta oscillate in quadrature. The first and best known implementa-
the digital or in the analog domain [2]. The frequency-divisiotion of this principle is the quadrature VCO (QVCO) proposed
approach has the additional beneficial effect of avoiding afpy Rofougararet al. [7], reproduced in Fig. 2, where coupling
pushing/pulling effect on the VCO due to a strong signal frofetween the two VCOs is enforced by transistbfs,, placed
the power amplifier (PA) in the transmitter chain of a fullyin parallel with the switch transistor¥,, (varactors have been
integrated transceiver, since in this case the VCO is working@mitted for readability, and all identical components have been
much higher frequencies than the PA. As a drawback, howeveamed only once). We will refer to this topology as the parallel
a higher oscillation frequency and the frequency-dividin@VCO (P-QVCO) inthe following. While the P-QVCO delivers
circuitry result in an increased power consumption lével. four quadrature signals exhibiting low phase and amplitude er-
Quadrature can also be obtained by feeding the differentfars, it has nevertheless not been used extensively because of
outputs of the VCO to a polyphase filter, usually realized dbe rather poor phase noise performance, despite being based
an RC polyphase filter [4]. Also, this approach introduces &n LC-tank VCOs?
substantial power consumption overhead, since the cascadefhis issue was addressed by Vancorenland and Steyaert [14]
and by van de Veat al.[15], who proposed a modification of the
' ' _ ' original P-QVCO, where phase shifters are introduced between
e 25 2002 ok 2s0ASCadeHCresonators, allowing each resonator o be optimally
Kgs. Lyngby, Denmark (e-mail: pa@oersted.dtu.dk). driven at a zero-degree phase shift. In this way, a QVCO with
A. Bonfanti, L. Romano, and C. Samori are with the Department @ superior phase-noise FOM was obtained [14]; however, phase
Electronics and Information Technologies, Politecnico of Milan, 2013ghitters introduce some complication in the design and increase
Milan, Iltaly (e-mail: bonfanti@elet.polimi.it; Iromano@elet.polimi.it;

samori@elet.polimi.it). power consumption.
Digital Object Identifier 10.1109/JSSC.2002.804352

. INTRODUCTION

2Buffering can sometimes be avoided through a careful design optimization
1A higher oscillation frequency may allow the use of smaller, area—savit{él-
on-chip inductors, possibly increasing their quality fact@y,(and the) of the 3Recent results [12] seem to be at variance with previous experience; this
whole LC-tank, if the@ of the varactor is not too adversely affected [3]. apparent contradiction will be explained in Section II.

0018-9200/02$17.00 © 2002 IEEE
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;L T II. COMPARING P-QVCOAND S-QVCO
tank
oo The issue of how the performances of two different QVCOs
I+ I- Q+ Q- can be compared in a fair and meaningful way is less trivial than
it might seem at first sight, since the two qualifying data for a
Q+ Q- II‘ I+ QVCO, that is, phase noise and phase error, are in general not
}J ~{ ‘7 H independent of each other. In particular, this is the case for the
Mei [ TMyy | 1 | P-QVCO, where both phase noise and phase error are strong
'JM I functions of«, defined as the ratio of the widt#V.,; of tran-
Vs I I 4 sistor M., to the widthW,,, of transistorMy,, (assuming that
< = both transistors have the same length)
Fig. 2. Schematic view of the quadrature VCO presented in [7]. a = WCPI . (1)
WSW
T T To see how the phase error varies wittthe single-sideband
I+ Lk I Q+— Q- (SSB) upconversion circuit [7], [16] in Fig. 4 has been used,

: | [ so that the overall phase/amplitude errors between the phases,
ﬁljm il t‘ HE ‘jh very difficult to measure directly in a reliable way, are translated
o+ H o I into the ratio of the wanted upconverted band, to the unwanted,
image band [to be referred to as image band rejection (IBR)].
M ] 1 ™ In the case of the P-QVCO, simulations show that a mismatch
of 0.1% between the inductors in the tluG-tanks results in an

[ | IBR of 70 dB fora = 1, which drops to 60 dB for, = 1/2
=8

| and to 49 dB forx = 1/3 (Fig. 5). Clearly, the phase error gets

= quickly larger when the coupling between the two VCOs in the
P-QVCO is weakened by decreasingOn the other hand, it is
easy to check that the phase noise, too, greatly decreases with a
decreasingy. Thus, it is straightforward to improve the phase-

The present paper analyzes an alternative way [16] of cragsise performance of the P-QVCO at the expense of its phase-
coupling two differential VCOs to obtain a QVCO, in which thésrror performance. This is the case for the already mentioned
coupling transistoM., is placed in series with/., rather p_Qvco presented by Tiebout [12], where a very high phase-
than in parallel (Fig. 3). This choice is motivated by the corygise FoM, the highest to date for QVCOs, was achieved by
sideration thatVl.,; in the P-QVCO is responsible for a Iargechoosinga = 1/3, while the original P-QVCO [7] had equal
contribution to the overall phase noise, and connecfifig, to unity.
in series withMy, in a cascode-like fashion, should greatly gjnce e have seen that phase noise and phase error are in
rgduce the. noise from the cascode device. Admittedly, an 3neral not orthogonal (and can be traded for each other in the
cillator having large signals present at every node works qu EQVCO), it is not enough to compare only the phase-noise

differently than a standard cascode circuit, but SpectreRF sin}_th between different QVCOs. If possible, the phase-noise
lations show [17] that the new QVCO (to be referred to as seriggM should be compared when the same I;avel of component

S;X/(if)(r)‘; S-QVCO) indeed displays an excellent phase noise brreli'smatch causes the same phase error. This is certainly possible

The paper is organized as follows. Section Il addresses ﬁgen comparing P-QVCO and S-QVCO, since we have seen
a

problem of how the performances of two different QVCOs ¢ at the phase error in the P-QVCO can be tned by changing

be compared in an objective way. Section Il presents a simpli: In the case of the S-QVCO, on the contrary, the phase error

fied linear circuit model for the analysis of both P-QVCO antf almost '”depe_”de”t af for all reasonable values_ of. T_h|_s
S-QVCO, while Section IV exploits this model for a quantitativé"€ans that, while we can choose the valuedarhich mini-
analysis of the phase noise performance of the QVCOs in fi#es the phase noise, the phase error cannot be improved by
1/ f? region (the mechanisms for the conversion of white noi@élowmg a hlghgr phase noise. In this case, the phase error acts
into phase noise will not be dealt with in this paper). Despit@0re like a design constant (dependent of course on the actual
the limitations of the model, the results of the phase noise an@fount of mismatch between ideally identical components),
ysis are in good agreement with those obtained with SpectreRitce the QVCO architecture has been selected. In the case of
simulations. Finally, the experimental results for an S-Qvcthe S-QVCO, assuming again a 0.1%-tank mismatch, the
implemented in a standard 0.38n CMOS process will be il- achievable IBR is 60 dB, that is, approximately the same IBR
lustrated in Section V. displayed by the P-QVCO whem = 1/2 (Fig. 5). If we now
compare the phase noise displayed by P-QVCO and S-QVCO
(Fig. 6; varactors were removed in these simulations, so that the

4t is worth noting that there are more ways of achieving a series-like connggssulting phase noise is due to the oscillator topology alone),
tion between\/.,, andM... [18]. We have recently discovered that yet another h both OVCOs h th IBR ter f d
variant of the series QVCO topology has been proposed by Wu and Kao [1@1\.’ en both Q S have the same , center irequency, an

Fig. 3. Schematic view of the quadrature VCO proposed in this work.
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Fig. 4. Block schematic of the image rejection architecture (QVCO not shown).
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7O e e T e s ddaos e Fig. 6. Fair phase-noise comparison between P-QVCO and S-QVCO.
Fig. 5. IBR for the P-QVCO, in the presence of different values-for tank <X
il ”
power consumption, there will be no doubt that the S-QVCO L3 Co Re
does outperform the P-QVCO.
tank -Y
lll. A SIMPLIFIED QVCO MODEL Vy
Fig. 7 introduces a linear model for the P-QVCO, where Re J—c L
G represents the transconductance of the negative-resistance

pair (Msy,), andGy. the transconductance of the coupling pair
(Mq,}). Referring to this figure a}nd also in the folloyving, Weig. 7. Linear model for a QVCO.
consider voltage and current signals to be fully differential:
the current flowing into the tank is the difference between the
currents in the two branches of the differential stage. As aAS shownin Appendix A, the oscillation frequeneyy re-
consequence}p is the loss resistance of one half-tank. sults slightly displaced from the tank resonange= 1/v/LC
by an offsetAw, whose magnitude depends 6. This can
also be explained in the following, intuitive way. Referring to
Vx in Fig. 7, the losses in tank- are balanced by a current in
5To complicate matters even further, an additional variable is the value of tpiase withVx, It = G/ Vx = Vx /Rp, which is provided by
sum of the transistor width$¥ ., = W + Wiw. The results shown in G . The tank is now lossless, and the current fi@Ra. acts on

Fig. 6 were obtained when both P-QVCO and S-QVCO shared the same value. . . .
for W,... However,1W..... can be largely reduced for the P-QVCO, in which@!! idealLC-parallel. This second currerfly, is thus in quadra-

case its phase noise decreases by approximately 2 dB ityfferegion, but ture with Vx, which in turn implies that’x andVy- are phase
increases by several decibels in thyef® region. It should be noted that a lower ghjfted by7r/2. Fig. 8 shows the phasors of the voltage across
value forW,,,.. allows the P-QVCO to achieve a higher maximum oscillatior#{@ K d of th . h K find th
frequency, compared to the S-QVCO, or, when the oscillation frequency and tank, and of the currents entering the tank. To find the re-
tuning range are the same for both P-QVCO and S-QVCO, the capacitancédtion betweernG . and Aw, we consider the loop in Fig. 7 as
the tank of the P-QVCO can be made more linear by introducing an additio%mposed by two ideal tanks coupled @ch- The magnitude
metal-metal capacitor (when available) in parallel to the varactor, with the ben: . . .
eficial effect of reducing the conversion of low-frequency noise into phase noigé each ideal tank, at ?—n offsétw from re_sonance, IS a_pproxr
due to the nonlinearities in tHeC tank. mately 1/(2C|Aw|). Since the loop gain must be unity at the

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 10:58:55 EST from IEEE Xplore. Restrictions apply.
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The picture of the current waveform is heavily simplified and

makes the evaluation di ; very easy, as follows:
1 4
Ve lo Iy = p 2Itam+ L — L) = p (1—=08)Iram. (7)
DL The oscillation amplitude is therefore
! | 4
' I ' Ag = - (1—=06)IrarLRp (8)
while I 1 andGy. are given by
Fig. 8. Voltage and currents for tank-in Fig. 7. The first current harmonic ' 1 4
is split into in-phasef;) and quadraturel(,) components. IQ 1= — (2ITAIL + I — ]2) = — 6I71AIL (9)
’ ™ ™
and
oscillation frequency, we obtai@'yi./(2C|Aw|) = 1, which Io1 s 1
yields two possible solutions for the frequency shift M A~ 1.5 Ry (10)
Aw = iGMC (2) respectively.

2C The current waveforms for the S-QVCO are very similar to

The shiftis negative if, is inductive and positive if is capac- those for the P-QVCO, as shown in Fig. 10. During phases 2
itive. The sign in (2) is established by the nonlinear mechanisrasd 4, the cross-coupled switches operate in the triode region
in the real oscillator and cannot be obtained from the lineand never switch off completely. Moreover, the coupling differ-
model. Simulations show that both P-QVCO and S-QVCO seamtial stage is never completely unbalanced, given the degen-
to prefer the positive offset. eration provided by the switches. The bias current is therefore

To a first approximation, the linear circuit can be used to ashared between both branches during phases 2 and 4, while it
alyze a nonlinear oscillator as well. In this case, we indicai® injected into only one branch during phases 1 and 3. It is
with Gy, the effective transconductance, given by the ratio efot easy to expressfor the S-QVCO with a simple formula,
the component of the first current harmonic in-phase With  sinces$ is related to the transistor sizes in a very nonlinear way,
here called; , to the oscillation amplitudely, which results and circuit simulations become necessary. For the S-QVCO de-

in scribed in this worky is approximately 0.3. The evaluation of
I 17,1 andlg ¢ yields of course once again (7)—(10), since the
Gu = % (3) current waveform is the same as in the P-QVCO analysis.
0

If we now define the coupling strength between the
Correspondingly, we define the effective coupling transcondu®¥0 LC-tanks in a QVCO as the ratid/yc/Gar, it is

tance as noteworthy that the coupling strength for the S-QVCO is
Gre/Gar = 6/(1 — 8) = 0.5, which is the same coupling
Ghre = Ig1 (4 strength displayed by the P-QVCO far = 0.5. Since it is
Ao reasonable to assume that the same coupling strength, in the

presence of the same mismatch level between components,
ar- .

. I . . corresponds to the same phase error, these data offer an inde-
monic. In summary, the oscillation amplitude is setlpy; or, ) : . . .

. i ; pendent confirmation of the IBR simulation results discussed
equivalently, byG s, while the frequency offset is set iy, . . ; .

S X In the previous section, which showed that the P-QVCO with
Although counterintuitive, it is possible to extend the use o .
. o « = 0.5 had the same IBR value as the S-QVCO (Fig. 5). Thus,
the linear model to the S-QVCO as well. In fact, it is easy t& . . .

. S X ) e simple QVCO model presented here, supplied with data
verify that even in this case the first harmonic of the currer};nt . : . : .
o ! . r?m transient simulations, is nevertheless capable of capturing
injected in the tank features an in-phase component that Sgo?ne of the complex behavior of the QVCOs
the amplitudeA,, and a quadrature term that determines the P '
frequency shifiAw, so that (2)—(4) are still valid.

To estimateG,; and Gy in the P-QVCO, we schematize
the circuit behavior as in Fig. 9. According to this model, it In this section, the mechanisms off Ihoise up-conversion
is possible to recognize four different working phases overiato phase noise are analyzed for the two QVCOs. A peculiarity
period, depending on what transistors are indRetate. During for both QVCOs is the dependence of their output frequency
phases 1 and 3, the tail currehf,y, is shared between theon G, as evident from (2). This makesur very sensitive
cross-coupled transistors and the coupling transistors in a wiayany fluctuation induced i/y;.; in particular,1/ f noise can
that is best expressed with the paramétatefined as slowly modulate the average value@f;., and thus be up-con-

W N verted into close-in/ f3 phase noise. According to (10), in both
T Cpi/v = . (5) circuits Gy is independent of the tail current and, therefore,

epl + Waw T+ 0 also from its1/ f noise. Thel/ f noise sources left are thus the
The current levels indicated with andI, in Fig. 9 also depend ones in the switch transistors and in the coupling transistors.
on §, since We first refer to the P-QVCO, representing the noise of a
transistor with a current generator between its drain and source.

I = -1, = (26 — 1)IrarL. (6) Looking at Fig. 9, we notice that during phases 2 and 4 the

wherel, ; is the quadrature component of the first current h

IV. 1/f Noise Up-CONVERSION

6=
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Fig. 9. A highly simplified picture for the differential current waveforms flowing into &u@tank of the P-QVCO.
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D .C
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I,
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Fig. 10. A highly simplified picture for the differential current waveforms flowing into &@tank of the S-QVCO.
transistors are degenerated and their noise is rejected, while the Ci Al D
noise finds a path to the tank during phases 1 and 3.
Fig. 11 depicts a half-oscillator during phase 3, whife A B
andis, represent thd/f noise currents. Following [20], we °—| S Siaw
consider the effect of these noise generators as producing a

slowly varying current offset that affects the current levgl

as shown in Fig. 12. This is equivalent to adding a square
wave, with amplitude I, to the current injected into the tank.
The frequency of this square wave dg,yT, therefore both =
lp,1 and I; ¢ are changed. This in turn changes bdth,.
and A in the half-oscillator in Fig. 11, therefore changing th&9- 11
coupling exerted by7y;. on the second half-oscillator. In this

way, thel/f noise slowly modulates the averagg;. in the In the S-QVCO, the cross-coupled switches operate in the
loop, andwouT with it. triode region for most of the oscillation period, and theirf

©

Noise sources during phase 3 for the circuit in Fig. 9 (P-QVCO).
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Fig. 12. Effect of thel/ f noise generators in Fig. 11 (P-QVCO).
H Al L L Al, H 1 ltail I
1
= Feo o e
[l | |
Rs Rs |1'l'A| | 'I‘ y 2
al
() H - high () | 1,+Al
phase-2 & L - low & phase-4 ' z Al Al
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Fig. 13. Noise current from one coupling transistor in the S-QVCO. The noise
current flows into the tank during phases 2 and 4.

Fig. 14. Effect of thel / f noise generator in Fig. 13 (S-QVCO).
noise is lower than the one for the coupling pafi2l]. As a
first-order approximation, we neglect th¢ f noise from the
switches, focusing instead on the effect of thg noise from a 2,1
single coupling transistor. It is enough to consider phases 2 &HPut phase noise is therefore zero.

4, as shown in Fig. 13, since such a noise is negligible underRbviously, in the real circuits, the previous approximations
phases 1 and 3 (Fig. 10). will work only to a limited extent. In particular, as mentioned in

From Fig. 13 we see that the' f noise again modifies both footnote 6, the switches are pushed into saturation for a time in-

I, and I, but its effect is reduced compared to the p_QVC@rval both in phase_s 2 and 4. The conc_iition depicted_in Fig. 14
case, for two reasons. First, the degeneration provided by fHYS represents a limit case, the best in terms of noise perfor-
cascoded structure reduces the noise current that can reacHBC€- On the other hand, if the switch was working in satura-
tank, thus decreasing the modulation/pfandI». Second, and tion during the whole phase 2, the transistor noise would reach
more importantly, the variation oR induced by the noise gen- the tank only under phase 4, a case analogous to the one sketched

erator is, to the first order, equal in magnitude and sign to tHeFig- 12. For the noise behavior of the real S-QVCO, we still
variation induced orl,. Of course, this is again an approxima:

expect a (strongly) reduced level of close-in phase noise, com-
tion, being strictly true only if the switches are working in th

Pared to the close-in phase noise for the P-QVCO.
triode region for the whole oscillation period, and if their com- | N€ Previous analysis can be validated by comparing its re-
bined effect can be modeled as a constant, large resisfance

2wouTt and does not alter the first harmonic of the tank current,
neither/; | nor g 1. The contribution of thid / f noise to the

sults with those obtained through SpectreRF simulations. For

across phase 2 and phase 4 (Fig. 13). Under these conditidh§,P-QVCO, it is convenient to define the sensitivity, of
the transistor noise injected into the tank is the same in the tguT @gainst fluctuations id; . In Appendix B, the following

phases. In fact, the/ f current noise power spectral density i€XPression for<y, is derived:

proportional tog2, [22], while the noise transfer into the tank 9 1 1

is given by(1/(1 + g Rs))? = 1/g2 R%. The product of the Ky = 20oUT _ . . . (1)
two terms is therefore independent of the current in the coupling oL AC [4(1 = 6)*IranRp

transistor.

N . The variation ofl; due to the curre Fig. 11) is
As shown in Fig. 14, a square current signal due to the slow ! ey (Fig- 11)

varying noise is added to the ideal current waveform. Unlike 1/ Gum. epl 1/ Wepl
the P-QVCO case, however, the frequency of this waveform i&J1 = Zicpl | 7 ' +’1;g A 2icpl m
m, sw m, cp SW cp
8n reality, each switch visits the saturation region for a short time interval. =2icp1(1 — 0) (12)

Referring to Fig. 10, the switch on the left is pushed into saturation during a

narrow time window at the center of phase 2 (phase 4 for the switch on th . . .
right). For most of phase 2, and for the rest of the oscillation period, the switXﬁqere the factor 2 is due to the currents being considered as

is in the triode region. fully differential, and where we have used the short-channel

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 10:58:55 EST from IEEE Xplore. Restrictions apply.
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I-V MOS equation for simplicity (the result is largely inde- : T ! T ' T T !
pendent of this choice). The variation bf due toi,,, is found f 5 : 5 5 : ?
in an analogous way as

Al = 28igy. (13)

These two contributions foA7; will be added in power.
From Awour =2 K AlL, the phase noise& at a fre-
quency offsetv,, can now be calculated with the formula for
narrow-band FM, yielding

!
IS
S

phase noise (dBc/Hz)
1
A
o

() = 2K2 20 14 N
(wm) =2 I (2wm)2 ( )
whereS;, is the noise spectral density at low frequencies, su- : : : : : : :
perimposed ontd, . As evident from Fig. 9, during phase 1 the 62 o3 o4 o5 08 07 08 09
current levell, is slowly modulated by the noise of the other

two transistors, and we obtain (see again Appendix B) Fig. 15. Phase noise for the P-QVCO at a 1-kHz offset from the carrier, as a
Ow Ow function of the coupling strength, obtained with SpectreRF simulations (dashed
our _ _YwouT (15) line), and with the theory developed in this work (solid line). The simulated

ol 0l phase noise difference between P-QVCO and S-QVCO is 9 dB.
Thus, the noise of; and the noise o, add in power.
The numerical results yielded by this analysis for th = E‘ ] B =
P-QVCO are plotted (solid line) in Fig. 15. The close-in nois f{i - i AN T I
rises with the coupling strength, as expected from (11)—(1: ﬂ . II

These results can be compared with those from Spectre
simulations (dashed line), for the sarhgf noise level in the
devices. The two curves have the same shape, which indice fam S : e U
that the up-conversion mechanism is the one discussed in 1 N : Sy RN %

work. The maximum difference between the curves is appro:
mately 4 dB and is due to the fact that the current waveform
in reality hardly the square wave represented in Fig. 9.

The noise simulation for the S-QVCO was carried out fc
Gue/Gar =2 047 (6 = 0.3), which is nearly a design constani
(see the discussion in Section Il). The close-ifi bise has a
nonzero value, because the noise perturbations and/, due
to a single noise source are not perfectly identical, as was instg:\d 16. Die photograph of the S-QVCO (chip dimensions: 1.4 mr0.9
assumed in Fig. 14. Switch transistors and coupling transistg{%)_ ' o '
contribute approximately the same amount #f noise? The

simulatedl / f noise difference between P-QVCO and S-QVCQized phase noise, since the phase error was almostindependent

is approximately 9 dB. of a. As the phase noise varies but weakly around its minimum
value, this optimization is very robust. For the present design, a
V. MEASUREMENTRESULTS value of five was chosen far. Table | shows dimensions and

The S-QVCO has been fabricated [16] in a standard u85- values for the various components in the S-QVCO and in the
CMOS process with three metal layers of thickness less thafinixer used in the SSB upconverter.
pm each. A die photograph is shown in Fig. 16. PMOS devices )
working in the accumulation and depletion regions have befn Phase Noise
used as varactors [23]-[25]. It must be recognized that the layoufAll measurements have been performed with a 2-V power
is clearly suboptimal, since the very long interconnections bsupply, for a current consumption of 25 mA in the core circuit.
tween the two coils introduce a significant amount of parasitithe S-QVCO could be tuned between 1.64 and 1.97 GHz, re-
capacitance and, especially harmful, parasitic resistance. Asudting in a tuning range in excess of 18%. As shown in Fig. 17,
result, the estimated Q for eatk tank is approximately six at the phase noise at a 3-MHz offset from the carrier-i540
the frequencies of interest, while it was eight when the same tatiiBc/Hz or less across the tuning range; Fig. 18 shows a plot of
was used in a single (nonquadrature) VCO [26]. As explainedtime phase noise for a carrier frequency of 1.82 GHz (the roll-off
Section Il, we were allowed to assignthe value which mini- at offset frequencies higher than 5 MHz is an artifact of the
7eu ) . . ) Europtest phase noise measurement system). The phase-noise
Switch transistors contribute a substantial amount of upconveytgdoise, . .
despite the mentioned fact that the intrinkjcf noise for a transistor working in FoM for the S-QVCO is calculated accordlng to the Commonly

the triode region is lower than in the saturation region, because of two secoadlopted expression [27]
order effects: the switch transistors do not always remain in the linear region (see

footnote 6), and the conversionbf f noise into phase noise for the switch tran- fe 2 1
FoM = 101log < - )

Af

L(Af)P (16)

sistors is strongly affected by the variations in their channel resistances across
phases 2 and 4.
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wheref. is the oscillation frequency f is the offset frequency, TABLE |
andP is the power consumption in milliwatts. Using the data in DP™MENSIONS AND VALUES OF THES-QVCOAND MIXER COMPONENTS
Fig. 17, the FoM ranges between 178 and 182 dB across the

tuning range. Transistors

The noise filter technique described in [28] has been used in Msw 2004m x 0.35um
a second design of the same basic S-QVCO, since according to Mepi 1000m x 0.354m
simulations this should afford a phase noise reduction between 2 Muaractor 1200um x 0.354m
and 3 dB across the tuning range. However, the parasitic capac- Mire 2000um x 1.04m
itances extracted from the layout were severely underestimated, Miniger 100pm x 0.6pm
and the tuning range of the S-QVCO was in reality shifted down Reactors
in frequency by approximately 200 MHz. Under such circum- Ltank ~ 2.3nH

Q of the LC-tank = 6 at 1.8 GHz

stances, the noise filter had in fact an adverse influence on the
phase noise at lower oscillation frequencies (a fact well cap-
tured by post-measurement simulations). Further, the induct’
degeneration of the tail transistors [29], [30], [26] leads in th
case to very modest improvements (a 1-dB phase noise rec
tion at most across the tuning range), possibly due to the higl
noise generated in the core circuit. As stated in [17], howew
both the noise filter and the inductive degeneration techniq £ 140 -
should contribute an important phase noise reduction for higt < L
LC-tank Q values.

1) Comparison With Other QVCOsThe minimumphase-
noise FoM for the S-QVCO (whichs, contrary to common prac
tice, the truly relevant phase-noise data for a VCO) is appro:

. . 1.64 1.70 1.76 1.82 1.88 1.94
me_ttelly 3.5 dB lower than that for the QVCO in [14], which wa: Garice froquency (GHZ)
built in a mUCh more_ advanced CMOS_ processs a s_econd Fig.17. Phase noise of the S-QVCO at a 3-MHz offset frequency, as a function
phase-noise comparison, the already cited P-QVCO in [12] dithe oscillation frequency.
plays a minimum FoM 7 dB higher than the minimum FoM for
the S-QVCO; however, this very good phase-noise behavior
at least partially obtained at the expense of the phase error
explained in Section Il (the phase error reported in [12] is inde:
very large, but was obtained through unreliable, direct off-ch
measurements).

-136 -

-138

z offset (dBc/Hz)
T

-142

Phase noise
T

-144 ) ) )

B. Phase Error

The IBR was measured with the same SSB upconverter us
for the IBR simulations (Fig. 4). This circuit was implementes
in yet another design, in order not to load the S-QVCO with bo
output buffers, needed to measure the phase noise, and mix
this third S-QVCO oscillates at somewhat lower frequencic
than the other two. The baseband (BB) quadrature signals
generated by an on-chip four-stage RC polyphase filter, wh s
the S-QVCO outputs are directly fed to the gates of the tran-
sistors in the mixers. The measured deviation from quadratusig. 18. Phase noise of the S-QVCO at a 1.82-GHz oscillation frequency.
derives of course from mismatches not only in the S-QVCO, but
in the polyphase filter and mixers as well (a study of the impag{e 5-QvCO outputs, an IBR of 52 dB is equivalent to a phase
of the passive mixer nonidealities on the IBR has been preseniggh, of approximately 0.25
in [31]). The measured IBR is always equal or higher than 52 dB
across the tuning range and for all seven tested samples. As an VI. CONCLUSION
example, the IBR for one sample at a 1.75-GHz oscillation fre- _
quency is 56 dB (Fig. 19); the IBR as a function of the oscillation ThiS paper has presented a new design for a quadra-
frequency for the same sample is shown in Fig. 20. Assumifigf€ CMOS VCO, called the S-QVCO, which relies on the

that the IBR is entirely caused by a deviation from quadrature W!l-known technique of locking two independar@ VCOs to
each other, but where the transistors coupling the two VCOs are
8This comparison is based on the usual definition of phase noise and not onilaced in series with the cross-coupled switches implementing
“quadrature” phase noise defined in [14], which, according to [14], would leg$a negative resistances, rather then in parallel, as usual in

to a 6-dB higher FoM. According to our experience with SpectreRF simulatio .
the phase noise is almost independent of whether it is measured single-enﬁé@, best known realization of a QVCO, here referred to as the

differentially, or between quadrature phases. P-QVCO. A simplified linear model has been developed which
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Brner i possible oscillation frequencies andws, both differing from
— T the natural tank resonance frequengy= 1/v/LC:
Wanted —
Sideband ”
o i oy = 1| G 20 + I2G, + ALCG
Leakage J 1 " 2LC?
| H 2
-sof— Unwanted LG 20 — /L2G% 4LCG?
| sideband | [ Wy = Me F v S + Me = (18)
; ! } \ 2LC
A - o
These equations can be simplified noting that
"mtenler 1.75 GHz 8 MHz/ Span B0 MHz G 1
oM _ - % (19)
C CRp Q
Fig. 19. Upconverted baseband signals and LO leakage at 1.75 GHz carrier L 1
frequency (IBR= 56 dB). GylL=—2>~— (20)
Rp  wo@Q

and assuming that,;. < G,,.Using (20), we can approximate

the inner square root in (18) &&#\;./wo. According to (20),
BT this term is much larger thahG%,., which can be neglected.

§ i Finally, using (19) and the approximatiofil + = ~ 1 + z/2,
T 6T valid for z < 1, we arrive at
& N
5
m 54
p G GMe
@ - w) 2wy + — wo 2wy — —— 21
£l 1 o+ 20 2 0 °C (21)
so b L which is the same as (2).
1.55 1.61 1.70 1.73 1.79 1.85
Carrier frequency (GHz) APPENDIX B

Equations (11) and (15) are derived in this appendix.

Fig. 20. IBR as a function of the oscillation frequency. In the following, we callX the half-P-QVCO affected by

noise sources (Fig. 11) andthe other half. The low-frequency
applies to both S-QVCO and P-QVCO, and the model has be&pise on/; slowly modulates the quadrature currentinthus
used to derive the oscillation frequency of the QVCOs, and tg&ectively modifying the coupling transconductarég., v—.x
influence of the various/ f noise sources on the generation offom Y to X'. Equation (10) yields
phase noise in the/ f* region. This analysis provides quanti-
tative results which agree well with the outcome of phase noise 0GMe, Yy »x 1 0lg,1 22)
simulations performed with SpectreRF, indicating the superior ol Ay 0L
performances of the S-QVCO compared to the P-QVCO. The
measurement results for a prototype of the S-QVCO fabricatgdrther, the same noise also varies the in-phase currekit in
in a standard 0.3m CMOS process show an oscillationvhich modulates4,, which changes the effective coupling

frequency of 1.8 GHz, a tuning range of 18%, a phase noiset@{nsconductancé'y. x_.y from X to Y. Using (10) again,
—140 dBc/Hz or less at a 3-MHz offset frequency across thg obtain

tuning range, and an equivalent phase error of at most .25

for a current consumption of 25 mA from a 2-V power supply. 9Gre, X~y - _ Io.1 aAO. (23)
oL A2 onL
APPENDIX A To estimate the effect on the frequency, we note that the term

G\ appears squared in (17) and (18) . Itis therefore reasonable

In this appendix, we find the possible oscillation frequenciqa defineGar. in the expression of the loop gain as follows:
for the linearized QVCO circuit in Fig. 7. The loop gain is easily

calculated as

Grie = /Gy, xov - Gue, v x (24)
sL

2
¢ <1 +sL(1/Rp — Gur) + s2LC> ('17) and therefore

Gloop(5) = =Gy

According to Barkausen’s criteria, the circuit oscillates when 1 1
the conditionGy, = 1/R, is satisfied; further, there are two AGye = 3 AGye, x—y + 3 AGyie, x—y-  (25)
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Using (25), the sensitivity of the oscillation frequency with [11] D. Ham and A. Hajimiri, “Concepts and methods in optimization of in-
[12] M. Tiebout, “Low-power low-phase-noise differentially tuned quadra-
ture VCO design in standard CMOSEEE J. Solid-State Circuitwol.

= . 36, pp. 1018-1024, July 2001.
oI 0GMe oI [13] A. M. ElSayed and M. I. EImasry, “Low-phase-noit€ quadrature
. v VCO using coupled tank resonators in a ring structufefZE J. Solid-
_ 1 dwour <8GM°* XY OGne, v x ) . (26) State Circuitsvol. 36, pp. 701705, Apr. 2001.
2 0Gwme o6 o6 [14] P.Vancorenland and M. Steyaert, “A 1.57 GHz fully integrated very low
phase noise quadrature VCO,”froc. 2001 Symp. VLSI Circujtdune
. . ) . 2001, pp. 111-114.
Simple but tedious manipulations of (2), (6)—(10), and (26)[15] P. van de Ven, J. van der Tang, D. Kasperkovitz, and A. van Roermund,
yield e\/entually “An optimally coupled 5 GHz quadratuteC oscillator,” in Proc. 2001
Symp. VLSI CircuitsJune 2001, pp. 115-118.
[16] P. Andreani, “A low-phase-noise, low-phase-error 1.8 GHz quadrature

dwout  Owour 9Gwe

OwouT 1 1 1 CMOS VCO,” inProc. ISSCC 200Zeb. 2002, pp. 290-291.
—_— = = 3 (27) [17] ——, “Very low phase noise RF quadrature oscillator architecture,”
ol 2 20 4(1=0)*Itanltp Electron. Lett, vol. 37, no. 14, pp. 902-903, July 2001.
[18] ——, “A 2 GHz, 17% tuning range quadrature CMOS VCO with high
o . . . figure-of-merit and 0.6 phase error,” inProc. ESSCIRC 2005ept.
which is the expression fdk, given in (11). 2002, pp. 815-818.

Finally, the analysis above can be repeated unaltered whe#®] C.-Y. Wu and H.-S. Kao, “A 1.8 GHz quadrature voltage-controlled os-

considering the effects of the noise &5 the onIy difference pillator (VCO) using the constant-curreid€ ring oscillator structure,”
. - . . . in Proc. ISCAS 1998/0l. IV, May 1998, pp. 378-381.
being the signs af; andZ> in (7) and (9). Itis therefore straight- [20; M. Darabiand A. Abidi, “Noise in RF-CMOS mixers: A simple physical
forward to derive (15), repeated here: model,”IEEE J. Solid-State Circuits/ol. 35, pp. 15-25, Jan. 2000.
[21] K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A physics-based
MOSFET noise model for circuit simulators|EEE Trans. Electron

OwouT OwouT Devices vol. 37, pp. 1323-1333, May 1990.
= - . (28)  [22] T. H. Lee, The Design of CMOS Radio-Frequency Integrated Cir-
oI ol cuits Cambridge, U.K.: Cambridge Univ. Press, 1998.

[23] R. Castello, P. Erratico, S. Manzini, and F. Svelto, 4#80% Tuning
range varactor compatible with future scaled technologiesPrioc.
1998 Symp. VLSI Circuitdune 1998, pp. 34-35.
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