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LC oscillators especially are used m applications where low 
power m combination with a low ~phase-noise-to-carrier-rafio 
2(/k) are of high importance. Examples of such systems are 
wireless communication smdards lrke bluetwth and GSM, which 
typically require a Z(2 MHz) (for the receiver) of around -I 16 
dWHz and -137 dBc/Hz, respectively, while dissipating only SW- 
eml tens of milliwatts. In contmsf to these systems, ascillators for 
optical transceiver functions, such BS data clock recovery (DCR), 
have less stringent phase noise requirements. For example, for a 
IO Gbis DCR an oscillator with a Y(2 MHz) of -95 dBc/Hz is 
s”fficIent [I]. When low pwJer is of importance (for example to 
have a higher level of integration in a cheap IC package ,witb B 

high thermal resistance) we of an quadrature (L’Q) LC oscillator 
can be advantageous. It allows constructimt of et&tent DCR ar- 
chitectures [I], and has a low power dtssipation compared to ring 
oscillators The penalty compared to ring oscillators is a larger 
chip area, since inductor area often dominates the total active chip 
area. 

In this paper the trade-off between tuning range and phase noise 
(quality factor) in a 5.3 GHz I/Q LC oscillator is investigated. Al- 
though phase shifted tuning in UQ LC oscillators has been uti- 
lized [2, 31, a clear qualitatwe and quantitative inv.Agation mm 
this tuning method was lacking. The analysis in thts paper tills 
this void wing behavioral modeling complemented by a realized 
5.3 GHz oscillator with 1.1 GHz tunine mttne. The “0 oscillator 
meek the phase noise requirements formalfkte) DCR‘circuits for 
the SONET/SDH 10 Gb/s standard (OC-192/STM-64) [I]. 

II. LC OSCILLATOR TUNING 

Table I presents a qualitative comparison of the vtiaus hlning 
methods that cat be used to vary the frequency of LC oscdlators. 

r Ttttdng Tuning Phase Complexity 
method noise 
Varactor I - I+ ,+ I 
Band- + + . 
switching 
Ox. switching + + 
Active tuning + +,- 
Phase shift tw- +/- -,+ Ci- 
ing I I I I L 

Table 1. A qualitative comparison of LC oscillator tunmg 
methods. 

The tuning range of integrated LC oscillators with only varactar- 
tuning (e.g a PN-type wractor (41 or MOS varactor [4]) IS al- 
ways problematic (when taking process spread mm account). On 
the other hand, the tuning method is simple and its passive na- 
ture makes it a low noise method. Especially at high frequen- 
cies par&tics make it dtfficult to achieve more than 20% tuning 
range. Band-switching, division of the total tuning range into sw- 
eml bands for example by switching capacitors, yields a larger 
tuning range at the cost of an increased complexity [5]. Because 
the switched capacitors and the varxtor that 1s used for tuning 
within a tkquency band are passive, the phase noise perfomxmce 
of band-switched LC oscillators can be good. In the case of os- 
cillator switching, the tunmg range is also divided into frequency 
bands, but each band is covered by one oscillator [6]. Two disad- 
vantages of this method are the large chip area (multiple inductors) 
and the need of a multiplexer-timction that selects one of the oscil- 
lator outputs. An example of active tuning is the use of impedance 
converters [7]. Large ttming ranges can be achieved, but the active 
devices that realize the variable capacitance for thn tuning method 
in general cmse unacceptable phase noise performance degrada- 
[ion. The last tuning method in Table 1, phase shit? tumng, is lea 
ccmm~n and is investigated in the next section. We will see that 
the tuning range CM be small or large and depends on the quality 
factor of the LC resmat~r and the amount of resOnatw phase shit? 
Also. we will see that a large tuning range comer at the cost of a 
decreased phase noise performance 
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111 PHASE SHIFT TUNING IN AN ,,Q LC OSC,LLATOR 

The properhes of phase shlfi tuning m LC oscillators wdl be in- 
vestxgared usmg the behavioral model of an N-stage IS oscillator 
that IS presented in Fig. I. This model is valid for N > 2. However, 
the presented calculatmn~ are also valid for a single-stage LC 0s. 
cdlatm model (i.e. the model wth a box around d m Fig. I) with 
a phase shifter mcluded in the feedback loop. 

Figure I. Behavioral model of an N-stage LC oscillator with 
phase shifters. 

The model in Fig. I consists of N identxcal stages Each 
stage consists of a phase shifleer with phase shifl 8, a coupling 
transconductance g,, and a single-phase LC o~cdlator. All losses 
are lumped in the parallel rcs~stor R, and noise current source i. 
models all nmse generated 1” one secfmn. The ratlo between the 
transconductances g,, and pm, determines whether the N oscil- 
lator sectmns are weakly or strongly coupled If gmc/g,, is too 
sm811 multiple (undesired) oscillations may occur [8]. For a two- 
stage (I/Q) LC oscillator weak coupling wdl result in an increased 
phase error between the I and Q outputs [9]. 

The unloaded quality factor of each LC resonator in Fig. I can 
be written as 

r;- 
Qp=Rp z. 

\i 
(1) 

In order to gel inslght into the properties of phase shlfi tining in 
LC oscillators, we need 10 denve the o~cillatmn frequency of the 
dxscussed osullator model. For the general case of an N-stage LC 
osc&mr, its osclllatmn frequency, wNLc, can be expressed as [IO] 

%.c = 
-tan(+l8O’=/N-0) 

~QP % + 

4Q;+tanz(+180”/N-0) 

~QP 
.Q, (2) 

Equation 2 points out that the frequency of an N-stage LC os- 
cdlator can be varied by changing mLc (conventional tuning by 
changmg L, or C,) or by changmg phase shift 8: phase shift hm- 
l”g. 

In Fig 2, eq. (2) divided by wLc IS plotted for three rescnator 
quality factors and for N = 2 For N = 2 the resonator phase shift 

is zero when is 8 = -90’ and at this point wNu7/ou is unity 
and independent of QP. The resonator phase characteristic versus 
frequency has a moderate slope for low QP. This results in a sig- 
n~ficant normalned tuning range when B is vaned, as can be seen 
in Fig. 2. Because the slope of the resonator phase charactenstic 
versus frequency IS steep for high quality factors (e.g. QP = IO), 
the vanatmn of m,,/m, versus 0 will be small in this case. 

0 I: 
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Figure 2. Normalized frequency oNLc/w, of an I/Q LC OS- 
cillalor versus phase-shift 8. for QP is 2.5 and 10. 

-4o(/,) is m practice inversely proponional to Qi or to @‘,, de- 
pendmg whether the resonator noise is dommant or the active de- 
vice now is dominant, respectively [IO]. Far the N-stage LC OS- 
cillatormodel from Fig. I an effective quahty factor can be dewed 

1111 
Q~NLC~NQp~~~(~1800/N-e). (3) 

Obviously, a lower QP wll yield a lower U(fm) because QNLc 
wdl be lower. In adddion, (3) points out that phase shxf? hlning 
for large 0 also results in a severe phase noise penalty. For ex- 
ample, for B = 60” QNLc IS only half of its ma.xmum value of 
NQp In summary, (2) and (3) make clear that phase shift hlning 
can be large for relatively law quality factors and that for any qual- 
ity factor a large variation of B significantly reduces the achwable 
2(/m). However, small frequency variations are almost wdhout 
phase now penalty (the cosme in (3) is close to unity), which 
makes phase shiR tuning a viable option for a fine tune method for 
an LC oscillator. 

In order to demonstrate the influence of QP on the tuning range 
that cm be &tamed with phase shifi “mmg and verify the ruing 
behavior predicted by (2), a 5.3 GHz VQ LC oscillator has been 
realized with phase shlfiers The cncuit diagram of one of the 
two LC oscillator stages wdh phase shifters (the implementation 
of a stage from Fig. 1) IS shorm in Fig. 3. The circuit 1s based 
on the den@ presented m [I I] (the resonator layout is rewed to 
save design time). Phase shift B is implemented by the parasitic 
phase shift ofthe coupling transistors (with tail current lcoEPr,) and 

the emitter followers (with bias current I&,). The cross-coupled 

pair implements a negative resistance and IS used to set (wth tail 
current I,,,,) the voltage swmg across the resonator. 

The tunmg behavior predIcted by (2) as a function of B can only 
be verified for different QP values if we have integrated a method 
to vary the resonator quality factor. Variatmn of QP is taken care 
of by the tractors shown m Fig 3. The ~aracfors are very small 
and this results in only a minor frequency change when the re- 
verse voltage across the varactors is changed from 0 V to 2 7 V (i.e 
around 4.3% relative tunmg range [I I]). However, this variation 
in tuning voltage V,,,, results in a significant van&m of the total 
nxmator quality factor around 5 GHz. see Table 2. The series 
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Figure 3. Circuit diagram a stage of the I/Q LC oscillator. 

1.35 6.5 
2.1 3 

Table 2. Simulated unloaded resonator quality factor. 

resistance of tbe (PN-type) varacfm 1s the hvghest for zero reverse 
bias voltage (I$,, IS 2.7 v). when the reverse Kdtage across the 
yaractor is increased, its depletion region reduces and hence its se- 
ries resistance. For example for V,,,, = 0 V (manmum vamctor 
reverse voltage) the simulated quality factor is 8 at 5 GHz. Table 
2 shows that we can change the resmator quabty factor between 3 
and 8, and hence we can change the tuning range (see (2)), when 
we reahze the 5 3 GHz I/Q LC oscillator. 

t I 1 

Figure 4. Simulated frequency versus $hue-sh,lrrr for V,.,,. is 

2.7 V (QP a 3). 

In Fig. 4 the simulated oscdlation frequency versus 
I h _ h ,, (= I,u,Ie + I&,,; these currents are varied simulta- 

“~zl;)‘foY Y ,_= is 2.1 V is plotted. For this tuning voltage the 
frequency tiatwn is the largest (QP is the lowest). Increase of 
IPAae-.a,,,e, lowers 0 because the bandwidth of the transistors 

initially becomes higher when Iphosz-shll,rr is increased. When 

Fig. 5 shows the micro-graph of the realized 5.3 GHz I/Q ring 
oscillator. The actwe chip area is 1450pm tunes 2280flm. The 
power dissipation of the VCO core is 45 mW with a 2.1 V supply 
WItage. 

Figure 5. Micro-graph of the l/Q LC oscillator. 

The measured hlning characteristic versus I,hruo-ll,,,er for IO 

values of V,,,, (and thus for QP varying between 8 and 3) is shown 
m Fig. V. ‘fix tuning characteristx is similar to the shape pre- 
dicted in Rg. 2, for low $6alp+d,r,er currents. As mentimed, for 
high I h p us! I I ,er _ h, the transistor phase shit? IS no longer a functvm 
of its biasmg current and the tuning characteristics samrate. 
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In Fig. 7 the power spectrum of the !JQ LC oscillator is shown 
at 5.6 GHz. At this frequency the measured Z(2MHz) is better 
than -108 dEW”z. 

Figure 7. Power spectrum of the l/Q LC oscillator at 5.6 GHz. 

lp,,_s,,,,e, reaches the peak-fi current value of the coupling 
and buffer transistors, the phase shiff is no longer a function of 

)$+,,/I.,. The result is that the tuning characteristic saturates 

ph.,e-rh,,,e, bond 9 m.h (se= Fig. 4). 
Simulated Y(2MHz) (with SpectreRF) varies between -104 

&S&Z and -I I2 dSc/Hz across the mning range for V,,,, is 2.7 

V. 



’ phase-shifter LmAl - 

Figure 6. Measured oscillation frequency versus I,,,,,_,,I,., for 10 values of V,,,, between 0 V and 2.7 V. 

“I. CoNCJ.“sloNs 

LC oscillators can be tuned by vaying the LC resonator phase 
shift, for example by means ofphase shifters in the oscillator feed- 
back loop. Phase shift hlning and its effect on the phase noise 
m multi-phase LC oscillators have been studied qualitatively and 
quantitatively. For low LC resonator quality factors Qp (e.g. 3-5), 
phase shift tuning be used to achieve a large hming range without 
the use of ~mctors This has been demonstrated with a realized 
5.3 GHz t/Q LC osallatar achieving 1.1 GHz tunmg range. This 
oscillator has been realized in a 30 GHz & mainstream BiCMOS 
technology MeasuredY(2MHz) is betterthan-108dBcJHzat 5.6 
GHZ. Nominal power dissipation of the VQ “CO core is 45 mw. 
Because the effective quality factor of an multi-phase N-stage LC 
m~~llator can be written as NC& times the cosine of the resonator 
phase shit?, there is a clear trade-off between achievable IR(&) 
and tumng range for phase shxt? tuned LC oscillators. 

The authors hke Lo thank Chris Liu for frequency measurement 
automation and perfomung the frequency measurements. They 
also bke to express gratitude to Phdips Semiconductors for IC pro- 
cessing and packaging. 
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