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Design Issues in CMOS DifferentialC Oscillators

Ali Hajimiri and Thomas H. Lee

Abstract—An analysis of phase noise in differential cross- Voo
coupled inductance—capacitancé.C) oscillators is presented. The
effect of tail current and tank power dissipation on the voltage Mg 5 |E M,
amplitude is shown. Various noise sources in the complementary ( i(t)
cross-coupled pair are identified, and their effect on phase noise , 2 L2 C Req
is analyzed. The predictions are in good agreement with measure- N ——

ments over a large range of tail currents and supply voltages. A c i N
1.8-GHz LC oscillator with a phase noise of—121 dBc/Hz at 600 : N\ it

kHz is demonstrated, dissipating 6 mW of power using on-chip >< \ .
spiral inductors. M, |:| [lb tail

Index Terms—Design methodology, noise measurement, oscil-
lator noise, oscillator stability, phase jitter, phase-locked loops,
phase noise, voltage-controlled oscillators.
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|. INTRODUCTION Fig. 1. (a) Current flow when the stage is switched to one side. (b)
) ) ) _ Differential equivalent circuit.
UE to their relatively good phase noise, ease of im-

plementation, and differential operation, cross-coupled _ ) )

inductance—capacitan¢eC) oscillators play an important role Where iZ /A f is the power spectral density of the parallel
in high-frequency circuit design [1]-[6]. In this paper, th&urrent noisel ;s Is Fhe rms value of the impulse sensitivity
time-variant phase-noise model of [7] will be applied tdunction (ISF) associated with that noise sourgg. is the
analyze these oscillators. A simple expression for the tafk@Ximum signal charge swing, adsl. is the offset frequency
amplitude is first obtained. The effect of different noise sourc&@m the carrier. _ _
in such oscillators is then investigated, and methods for” Simple expression for the tank amplitude can be obtained
exploiting the cyclostationary properties of noise are show@SSuming that the current in the differential stage switches
New design implications arising from this approach and efuickly from one side to another. Fig. 1(a) shows the current
perimental results are given. A differentiaC oscillator using f0Wing in the complementary cross-coupled differential
spiral inductors is demonstrated that dissipates 6 mW of powRicillator [3] when itis completely switched to one side. As the
while running at 1.8 GHz, with a phase noise-ef21 dBc/Hz tank voltage changes, the direction of the current flow through
at 600-kHz offset. the tank reverses. The differential pair thus can be modeled

The dependence of tank amplitude on the tail curreA® @ current source switching betweény and —l; in
and supply voltage is calculated in Section Il. The effe@@rallel with a resistance—inductance—capacitqRteC) tank,
of noise sources in both active and resistive tank loss 3§ Shown in Fig. 1(b)R., is the equivalent parallel resistance
analyzed in Section Ill. Section IV investigates the effe@f the tank.

of tail-current noise. Last, design insights and experimentalAt the frequency of resonance, the admittances of the
results are presented in Section V. andC cancel, leavingi.,. Harmonics of the input current are

strongly attenuated by theC tank, leaving the fundamental

of the input current to induce a differential voltage swing

IIl. TANK AMPLITUDE of amplitude(4/7)i.uR., across the tank if one assumes a
Tank voltage amplitude has an important effect on tH&ctangular current waveform. At high frequencies, the current
phase noise, as emphasized by the presenag.gf in the Waveform may be approximated more closely by a sinusoid

denominator of the expression for the single-sideband ph&l to finite switching time and limited gain. In such cases,
noise [7] the tank amplitude can be better approximated as

Wank ~ ItailReq- (2)

1)

This mode of operation is referred to as tberrent-limited

regime of operation since, in this regime, the tank amplitude
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Fig. 3. Simulated voltages and currents in the voltage-limited regime.

Note that (2) loses its validity as the amplitude approachebpped atVpp by the PMOS transistors and at ground by the
the supply voltage because both NMOS and PMOS pairs WNMOS transistors. Therefore, for the oscillator of Fig. 1(a),
enter the triode region at the peaks of the voltage. Also the ttik tank voltage amplitude does not significantly excégd.
NMOS transistor may spend most (or even all) of its time iNote that since the tail transistor is in the triode region, the tail
the linear region. This behavior can be seen in the simulategirrent does not stay constant. Thus, the drain-source voltage
voltages and currents shown in Fig. 3. The tank voltage will lug the differential NMOS transistors can drop significantly,
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05t B Fig. 6. (a) Simplified model for transistor noise sources. (b) Differential

equivalent circuit.

2 4 6 8 10 12 14 16 18 20 ) . .
. estimate the effect of these sources [7]. Fig. 6(a) shows a sim-
Tail Current [mA] plified model of the sources in this balanced case. Converting

Fig. 4. Simulated tank voltage amplitude versus tail-current source for tHee current sources to their Thevenin equivalent and writing

1.8-GHz complementary differential oscillator. Kirchoff's voltage law, one obtains the equivalent differential
circuit shown in Fig. 6(b). Note that the equivalent parallel
Vbb resistance is canceled by the negative resistance provided by

the positive feedback. Therefore, the total differential noise

0l
2 2 . .
i MS@ 2 power due to the four cross-coupled transistors is
3 PP Y PRV Ry SR A S W )
vi\' g L ch — 4 (Lnl + (2%5)] + Lpl + Lp2) — 3 (LrQL + LIQJ) (3)
c wherei? = 2, = 2, and i} = 2, = i2,. Noise densities
i i2/Af andi2/Af are given by

(Vas — Vr) (4)

MX
L
&
&

E/Af = 4I€T’7/’LCOXT
. _ wherey, is the mobility of the carriers in the channél,; is
bias —l i the oxide capacitance per unit aré¥, and L are the width
and length of the MOS transistor, respectivélys is the gate-
source voltage, an¥l7 is the threshold voltage. Equation (4)
is valid for both short- and long-channel regimes of operation.
~, however, is around 2/3 for long-channel transistors while
resulting in a large drop in their drain current, as shown i may be between two and three in the short-channel region
Fig. 3. This region of operation is known as tatage-limited Jue to hot-electron effects [8].
regime. In addition to these sources, the contribution of the effective

Fig. 4 shows the simulated tank voltage amplitude as sgries resistance of the inductar caused by ohmic losses in
function of tail current for three different values bhp. As  the metal and substrate is given by

can be seen, the tank amplitude is proportional to the tail O kT
current in the current-limited region, while it is limited by Z/Af — oyl A
Vbp in the voltage-limited regime. L R,

Fig. 5. Complementary.C oscillator with noise sources.

(5)

where R, ~ Q?rs = (Lwo)?/r;s is the equivalent parallel
Ill. NOISE SOURCES resistance at the frequency of oscillation.
Fig. 5 depicts the noise sources in the oscillator. The noise
power densities for these sources are required to calculBteThe Effect of a Tail Capacitor

the phase noise using (1). In general, these noise sources arg,o foregoing analysis is based on the assumption that the

cyclostationary because of the periodic changes in currents aiigh of the currents through the differential transistors is equal
voltages of the active devices. In this section, we first introdugg he tail current at all times. However. this assumption can

a simplified stationary model for the noise sources and thgp,ax down if there is a capacitor in parallel with the tail-
examine subtleties arising from their cyclostationary behaviqy rent source. This capacitor provides an alternative path for
, ) the tail current. If the tail capacitor is large, the differential
A. Stationary Noise Sources pair transistors might carry very little current for a fraction of
In a simplified stationary approach, the power densities tife cycle.
the noise sources can be evaluated at the most sensitive tim&o investigate further the effect of this capacitor, the sim-
(i.e., the zero crossing of the differential tank voltage) talation of the 1-GHz complementatyC oscillator of Fig. 2
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Fig. 7. Simulated voltages and currents in the current-limited regime with a 10-pF tail capacitor.

was repeated with a 10-pF tail capacitor. Fig. 7 shows tie pulled up every time each one of the differential NMOS

voltage of the differential and tail nodes, as well as the drairansistors turns on, and thus the tail node moves at twice the

currents ofM; and M in the presence of the tail capacitorfrequency of the differential voltage.

A reduction in the duty cycle of the drain current waveform Due to this frequency doubling, the Fourier component

can be seen in Fig. 7 relative to that in Fig. 2. This chang# the ISF atw, denoted byc; is zero, and therefore the

in the duty cycle of the waveform is particularly importantpoise of the tail-current source in the vicinity of has no

as it reduces the drain current (and the drain current noigfject on the differential noise current. However, even-order

of the differential NMOS and PMOS transistors during thgopefficients such aso, ¢, and ¢, are significant; therefore,

zero-crossing of the tank differential voltage. As shown iRgise components around even harmonicssgfhave a sig-

[7], this moment is when the oscillator is most sensitive tRificant effect on the phase noise, as shown in Fig. 9. Also,

a perturbation. Therefore, the use of an extra tail capacitpf, low-frequency noise component of the tail noise source

can improve the phase-noise behavior of the differeit@l ... affect phase noise through asymmetry. To verify this

oscillator! The tail capacitor also shapes the effect of nOisr?ehavior, a sinusoidal current with an amplitude of 208

N Miai n other important ways, as will be discussed in thﬁ/as injected in parallel with the tail-current source, and the

next sectior?. induced sideband power below the carrier was measured using

fast Fourier transform (FFT) analysis in HSPICE. As can be

IV. TAIL CURRENT NOISE SOURCE seen in Fig. 10, sinusoidal injection at low frequeri¢y,) and

To gain further insight into the effect of the tail noise sourcé) the vicinity of twice the oscillation frequenci2 fo + f.)
its ISF, as well as those for the NMOS and PMOS drain noigesults in noticeable sidebands. However, sinusoidal injection
sources, are shown in Fig. 8. The ISF’s are calculated usipfthe same amplitude af, + f,, does not produce any
direct impulse injection and measuring the resultant phagkservable sidebands.
shift. The tail capacitor mentioned in the previous section atten-
As can be seen from Fig. 8, the ISF associated with th@tes the high-frequency noise components of the tail-current
tail-current source has a fundamental frequency that is doubteurce, so one expects corresponding attenuation of phase
the oscillation frequency. This is expected since the tail nodleise due to this noise. In fact, the induced sidebands due

to injection at2 in the presence of the 10-pF tail
1The tail capacitor attenuates the voltage variations ontafienode and . fo + fm P P

therefore reduces the channel length modulation of the tail-current source. T¢Pacitor are very small and are below the numerical noise
effect results in more symmetric waveforms and smaller harmonic distortiffoor of the FFT operation.

in the output of the oscillator. _ o , Since upconversion df/ f noise is thus the most significant
20ne disadvantage of such a tail capacitor is that it reduces the output

impedance of the tail-current source at high frequencies. This reducti[ﬁmammg.nmse Co.mponent of nqsy tail Curr_ent’ one .mUSt
increases the sensitivity of the oscillator to supply-voltage variations. properly size the tail-current transistor and satisfy the single-
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Fig. 8. The simulated ISF's of different noise sources in the 1.8-GHz complementary differential oscillator.
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ended symmetry criterion by sizing the cross-coupled NMOS
and PMOS transistors properly.

V. EXPERIMENTAL RESULTS AND DESIGN INSIGHTS

The complementary oscillator of Fig. 1(a) is implemented
in a five-metal, 0.25:m epi-CMOS technology. The comple-
mentary structure is used to maintain single-ended symmetry
of each half circuit to mitigate the upconversionlgff noise.

Fig. 11 shows the die photograph of the implemented oscilla-
tor. Two square inductors in series are laid out symmetrically
in metal 3, 4, and 5. The series combination of the two
constitutes the tank inductor. Each inductor is 238 on a
side and has four turns. Vias are used to keep the three metal
layers at the same potential and are interleaved to minimize the
parasitic capacitance. Field-solver simulation of this inductor
predicts an inductance of 2.0 nH and an effectiyeof 7.5

at 1.8 GHz, which translates to an effective series resistance
of r, = 3.0Q for each inductor. Simulated tank voltage
amplitude at 1.8 GHz versus tail current is shown in Fig. 4.
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slows down as the tank voltage amplitude approaches the
supply voltage. It can also be seen that the phase noise has a
weak dependence on the supply voltage, improving somewhat
for lower voltages. This behavior may be attributed to smaller
voltage drops across the channel on the MOS transistors, which
reduce the effect of velocity saturation in the short-channel
regime and hence lowey.

The power dissipation increases as we move toward higher
tail currents and supply voltage, which corresponds to moving
from right to left in Fig. 13. If the goal of design is to achieve
the minimum phase noise, without any concern for power
dissipation, the oscillator should be operated at high supply
voltage and high current to allow the maximum possible tank
voltage amplitude. Point A in Fig. 13 is an example of such
an operation point. It corresponds to a tail current of 16 mA
and a supply voltage of 3 V, and results in a phase noise of
—125.7 dBc/Hz at 600-kHz offset.

Because power consumption is usually a concern, a more
: . FEISESRE  practical goal is to minimize phase noise for a given power
Fig. 11. Die photograph of the differentiaiC oscillator. dissipation. Equation (1) suggests that it is desirable to operate
at the largest tank amplitude for a given power dissipation.
However, the tank amplitude cannot be increased beyond

SEEL 1 due to voltage limiting. Therefore, according to this simple
‘\"}‘ -+ Measurement model, it is desirable to operate at the edge of the voltage-
rar \ -T2,,.-05 I limited mode of operation. As can be seen in Fig. 4, point B

is at the verge of voltage limiting, which explains the good
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¥ s A Simulated ISF phase noise seen in Fig. 13. Under this operation point, 4 mA
é T 1 of dc current is drawn from a 1.5-V power supply, resulting
= 120 1 in a phase noise of 121 dBc/Hz at 600 kHz offset from the
3 carrier while dissipating 6 mW of power.
s 1eer | To investigate the effect of the PMOS transistors, an NMOS-
& 24 4 only oscillator is compared to the complementary case. The
o . . . . . supply voltage is provided through the middle node of the
-126 2 4 6 8 10 12 14 16 inductor, and the phase noise of this NMOS-only oscillator is
Tail Current [mA] measured for different supply voltages and tail currents. The
Fig. 12. Predicted and measured phase noise at 600-kHz offset vergus F€Sult is plotted together with the data from Fig. 13 in Fig. 14.
for fo = 1.8 GHz andVpp = 3 V. Note that the NMOS-only oscillator exhibits inferior phase

noise at all the measured bias points.

Fig. 12 shows a plot of phase noise at a 600-kHz offset There are several reasons for the superiority of the com-
versus the tail current with a 3.0-V supply. The dashed lindementary structure over the all-NMOS structure. The com-
shows the phase-noise predictions obtained using a simplifl@mentary structure offers higher transconductance for a
model for noise and amplitude and assuming a sinusoiddyen current, which results in faster switching of the cross-
waveform so thafl'2__ equals 0.5. As can be seen, theseoupled differential pair. It also offers better rise- and fall-time
simplifying assumptions lead to reasonable predictions. Moggmmetry, which results in a smalléy f> noise corner. Also,
accurate predictions can be obtained by calculating the true I dc voltage drop across the channel is larger for the all-
and taking into account the effect of cyclostationarity of noisdMOS structure since the dc value of the drain voltagé;js.
sources in (1). The solid line shows the predictions obtainddiere is therefore stronger velocity saturation and a lasger
using the full-blown analysis. As can be seen, good agre®s long as the oscillator operates in the current-limited regime,
ment between the theoretical predictions and measurementé)g tank voltage swing is the same for both oscillafors.
observed for different bias points.

To gain more insight about the tradeoffs involved, the phase VI
noise at 600-kHz offset is measured for different values of the . o )
supply voltage and tail current, as shown in Fig. 13. EachAn a_naly5|s of phase noise in differential c_:ross—coupled
measured value is shown as a node on the three-dimensidrfaloscillators was presented. The effect of tail current and
surface. Note that bias points not achievable are shown a§ivalent tank loading on voltage amplitude was shown in

flat surface. As can be seen from this graph, increasing the o ) -

i illi h h ise d he i . 3If the rare case of achieving the lowest possible phase noise without any
tal .Cu“?em wi |mprove the phase noise due to t e INCrease dhhcern for power dissipation is the design objective, all-NMOS structures
oscillation amplitude. Also, as can be seen, the improvemesah offer a larger voltage swing and therefore may be the preferred topology.

. CONCLUSION
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Fig. 14. Measured phase noise for complementary and NMOS-only oscillator.

both current- and voltage-limited modes of operation. Than-chip spiral inductors exhibits a phase noise-é21 dBc/Hz
effect of various noise sources in the circuit was analyzeal, 600 kHz while dissipating 6 mW of power.

and it was shown that the effective noise introduced by the
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