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Abstract 

A 5 GHz quadrature LC oscillator is realized which is based 
on a new architecture for multi-phaseLC oscillators. Each sec- 
tion in the oscillator is coupled with an explicit phase shift of 
180 degrees divided by the number of sections. Analysis on 
behavioral level shows that this maximizes the quality factor, 
and as a result, the Carrier-to-Noise Ratio and robustness. An 
effective quality factor is derived which quantizes the degra- 
dation in phase noise berformance if the sections of a multi- 
phase LC oscillator are non-optimally coupled. The realized 5 
GHz quadrature LC oscillator demonstrates that even at high 
frequencies the additional complexity of the proposed archi- 
tecture yields a CNR improvement. The oscillator is realized 
in a BiCMOS process with a cut-off frequency of 30 GHz us- 
ing an LC resonator with a quality factor of 4. A tuning range 
from 4.91 to 5.23 GHz is obtained with a CNR better than 113 
dBcMz at 2 MHz offset. The VCO core power dissipation is 
only 21.2 mW at 2.7 V supply voltage. 

Introduction 

In modern telecommunication architectures, quadrature 
(VQ) signals play an important role. Therefore an increasing 
interest can be seen in VQ RC and VQ LC oscillators. In case 
the phase noise requirements are very strict, LC oscillators are 
preferred to RC oscillators, because of the former’s higher res- 
onator quality factor. However, when coupling multiple LC 
oscillators to acquire an VQ LC oscillator, the resonator qual- 
ity factor can considerably degrade. As a result the Carrier-to- 
Noise Ratio (CNR) will decrease and thus the coupling might 
undo the profitable characteristics of the LC oscillator. In this 
article, the relation between the coupling and the quality fac- 
tor is discussed, resulting in an expression for the quality fac- 
tor as a function of the resonator phase shift. The obtained 
knowledge is put in practice by realizing a 5 GHz VQ oscillator 
with LC oscillator sections coupled using phase shifters. At 5 
GHz the realized optimally coupled VQ LC oscillator exhibits 
an increase in CNR of 4.3 dBc/Hz compared to a comparable 
non-optimally coupled VQ LC oscillator. At low frequencies, 
where almost no parasitic phase shift is present, the improve- 
ment can be more than 20 dB which will become clear in the 
next section. 

(Stagel) 

Fig. 1. Behavioral model of an N-stage LC oscillator. 

Coupling of LC oscillators 

Fig. 1 shows a common method to couple multiple LC os- 
cillators to form an N-stage LC oscillator. In doing so, the fact 
that the oscillation conditions have to be met, leads to dras- 
tic changes in the behavior of the oscillator. Normally, an LC 
oscillator oscillates at a resonator phase shift close to zero de- 
grees. When coupling N oscillators, every single oscillator is 
forced to oscillate at a phase shift of f180°/N to obey the 
phase condition for oscillation. This has a great influence on 
the quality factor of the resonator which can be shown using 
(1) that relates the slope of the resonator phase transfer to the 
quality factor. 

In a single phase LC oscillator, the term 2, and therefore 
Q, is maximum at zero degrees phase shift. Due to coupling 
the LC oscillators, the oscillator stages are, however, forced 
to oscillate at non zero phase shifts, resulting in a flatter slope 
and thus degraded quality factor. However, the quality factor of 
the resonator is not only determined by the slope of the phase 
transfer. As Razavi [ 13 has shown, the quality factor of a closed 
loop system with open loop transfer function, H ( j  w), can be 
calculated in terms of the open loop transfer function: 

with 

A = IH(jw)I and 4 = L ( H ( j w ) )  (3) 
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As stated, an ideal single phase LC oscillator oscillates at 
a resonator phase shift of zero degrees. At zero degrees,% 
equals zero and therefore (2) reduces to (1). In a practical os- 
cillator implementation the active elements will also introduce 
some phase shift, but the resonator phase shift will still be close 
to zero. 

As already noted, the resonator phase shift in state of the art 
multi-phase LC oscillators, is not equal to zero. As a result, 
the oscillator does not oscillate at the maximum of IH(jw)I ,  
and 2 obtains a value unequal to zero. From E and 2 the 
quality factor of the resonator as a function of the resonator 
phase shift, C Y ,  can be obtained, which will be referred to as the 
effective quality factor, Q e f f .  

Using (2) and taking into account the changed oscillation 
conditions, it can be shown that the effective quality factor 
equals: 

(tan(a) + d 4  Qp' + tan(a)') ,/(4 Qp2 + tan(a)') 
\ I *  

4 d Q p 2  

2 Qp2 + tan(a)' - tan(a) 7) 4 Qpz + tan(a)' (4) 

in which CY is the LC resonator phase shift, N the number 
of LC. oscillator stages and Q p  the maximum quality factor of 
the LC resonator in a stage (i.e. Q = 0"). Equation 4 can be 
approximated by N . Q p  . cos(@) which has an error less than 
1% for CY ranging from 0 to 70". At 80" and 89" the error is 
3.8% and 70% respectively. 

Expression 4 relates the resonator quality factor to the res- 
onator phase shift and can be used to describe the decrease in 
CNR in state of the art multi-phase LC oscillators due to the 
non-zero resonator phase shift. 
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Fig. 2. Plot of the effective quality factor, Qerr versus the resonator 
phase shift, for Qp = 5 ,  10, 20 and N = 2 (a) and plot of the 
degeneration of the CNR versus the resonator phase shift, for Q p  = 
5 ,  N = 2 and an assumed quadratic and third power dependency of 
the CNR on the effective quality factor (b). 

Fig. 2(a) shows a plot of Q e f f  versus the resonator phase 
shift, a, for several QP values (the maximum resonator quality 
factor) and for N = 2. As the curves are symmetrical around 
Q = 0" they are only plotted for a ranging from 0" to 90". 
For a two stage V Q  LC oscillator the resonator phase shift is 

theoretically 90°, which would result in a quality factor of 1. 
Using Leeson's first order modeling of the CNR [2j it results 
that the CNR reduces 6 dB each time the loaded LC resonator 
quality factor is halved. For example, it can be seen from fig. 
2(b), that if the phase shift of the resonator is 80", the CNR 
degradation is at least 12 dB. This can be even 18 dB, since in 
practice the CNR of an LC oscillator can be proportional to Q3 

Substituting CY = 0" in (4) yields that, for zero resonator 
phase shift, the effective quality factor is equal to N times the 
maximum quality factor, Qp.  At first glance it would thus seem 
that increasing the amount of stages also increases the CNR (as 
CNR profits from a higher quality factor). However, increas- 
ing the amount of stages also increases the amount of dissi- 
pated energy and the amount of noise by a factor N. When 
normalizing to dc power, the increase in quality factor of N is 
counteracted by the increase of the noise and power dissipation 
of the N stages. 

[31. 

A new architecture with optimal coupling 

The presented theory on effective quality factor shows that 
the quality factor decreases with increasing resonator phase 
shift. This resonator phase shift is thus an unwanted phe- 
nomenon in multi-phase LC oscillators and should therefore 
be avoided. Fig. 3 shows the behavioral model of the proposed 
architecture having two stages. In this architecture the oscil- 
lator is prevented from oscillating at a resonator phase shift 
other than zero degrees due to the explicit phase shifters, de- 
noted by @. Phase shift @ is equal to 90" minus any parasitic 
phase shift which arises when gmcouple and gmlevel are im- 
plemented. The resonator in each LC section is now used such 
that the quality factor, and thus the CNR, are maximum. 

Fig. 3. Behavioral model of an UQ LC oscillator with explicit phase 
shift. 

Apart from the improved quality factor, the use of phase 
shifters has another advantage: the prevention of spurious os- 
cillations. The phase requirement of an N-stage LC oscillator 
(CY = *%) can be fulfilled for two frequencies. In, e.g. 
a four stage LC oscillator, the resonator phase shift has to be 
either +45 or -45 degrees. This leads to two modes of opera- 
tion. By adding a phase shift of, for example +30 degrees, the 
two operation points are shifted to respectively +15 and -75 
degrees. As the gain at +15 degrees is higher than the gain at 
-75 degrees, the oscillator will have strong preference for the 
first operation point, and thus the risk of spurious oscillations 
is diminished. When applying a phase shift of 45 degrees, the 
risk of spurious oscillations is fully cancelled. 
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Implementation of the I/Q LC oscillator with explicit 
phase shifts 

A .  The phase shift network 

From the presented theory it can be concluded that, in a two- 
stage LC oscillator, maximum CNR will be obtained with an 
explicit phase shift, 19, of 90" minus the phase shift present 
due to the transistors. It is interesting to note that at high fre- 
quencies a multi-phase LC oscillator with a larger number of 
stages, N ,  possibly does not require phase shifters for opti- 
mum coupling. If the parasitic phase shift of the transistors in 
each LC oscillator section provides a phase shift of 180"/N, 
the resonators are operating at zero phase shift without addi- 
tional phase shifters. This is not the case with two sections 
(N=2) and a 30 GHz f t  process. 

As a f 90 degrees phase shift for sinusoidal signals is the 
same as an integrating or differentiating action, it is possible to 
base the phase shift network on an integrator or a differentiator. 
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Fig. 4. Circuit diagram of differentiating phase shift network(a) and 
a tunable phase shifter (b). 

Fig. 4(a) shows the circuit implementation of a differentia- 
tor. The circuit does not only provide the required phase shift 
but also provides isolation between the oscillator stages. The 
current Iout flowing into the collector shows a -90" phase shift 
compared to the input voltage Vi, up to a certain frequency. At 
high frequencies the phase will deviate from 90" due to addi- 
tional poles in the transistor. This effect can be compensated 
by adding a direct path between Vi, and Iout as is shown in fig. 
4(b). In principle, any phase shift can be made by proper di- 
mensioning of the currents I,jirect and Idi f f  of the direct path 
and the differentiating path, respectively. At high frequencies 
parasitic effects will limit the range of the phase variation. 

The circuits from fig. 4 are simple and consist of only one 
or two devices which make them suitable to be used in multi- 
phase oscillators at high frequencies. At low frequencies more 
complex structures can be used. At these frequencies the oper- 
ation of a multi-phase LC oscillator implementation according 
to the proposed architecture will closely follow the theory out- 
lined in the previous section. 

The CNR improvement due to adding explicit phase shifters 
in a multi-phase LC oscillator needs to be investigated at high 
frequencies. At high frequencies, the increased complexity 
of the new architecture and influence of parasitics make the 
CNR improvement less obvious, compared to low frequencies. 
Therefore, a 5 GHz I/Q quadrature LC oscillator has been real- 
ized which is based on the multi-phase LC oscillator architec- 

ture with phase shifters. This oscillator can be used in 10Gb/s 
data clock recovery circuits which can operate at half the bit 
rate because quadrature signals are available [4]. 

B. Schematic diagram of the new architecture 

A simplified circuit diagram of the realized I/Q LC oscil- 
lator is shown in fig. 5 .  The non-tunable phase shifter from 
fig. 4(a) is used to couple the two LC oscillator sections. At 5 
GHz this phase shifter combined with the parasitic phase shift 
of gmlevel provides the wanted 90" phase shift. Because the 
phase shift slope around 5 GHz is reasonably flat, tuning can 
be implemented with varactors, while still operating close to 
the optimum resonator point of zero phase shift. Operating at 
exactly zero degree resonator phase shift can never be guar- 
anteed without further control mechanisms because of process 
spread. 

Fig. 5 .  Circuit diagram of the V Q  LC oscillator with explicit phase 
shift 

The circuit is implemented in a BiCMOS process with 30 
GHz cut-off frequency (ft). The two coils in each section are 
implemented by one balanced coil with a center tap which is 
connected to WCC. The quality factor of the total resonator is 
only 4 because the used resonator was copied from a design 
optimized for lower frequencies. Obviously, a higher resonator 
quality factor (QP)  will improve CNR performance. The car- 
rier level is set by the gain of the cross-coupled pair formed by 
the transistors which implement gmlevel. Supply voltage wcc 
is nominally 2.7 V and is set to 1.44 mA. 

C. Simulation results 

The new architecture was simulated using the circuit simu- 
lator SpectreRF to obtain a value for the CNR. The obtained 
CNR was compared with the same design but coupled without 
phase shifters. That is, the two oscillator sections were cou- 
pled using four transistors and no additional phase shifters [ 5 ] .  
CNR simulations of the circuit in fig. 5 show an improvement 
of 4.3 dB compared to direct coupling of the LC sections as 
done in [5] at 5 GHz. 
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Fig. 6. Micrograph of the V Q  LC oscillator with phase shifters. 

Experimental Results 

Fig. 6 shows the micrograph of the realized V Q  LC oscilla- 
tor. The active chip area is 1450 p m  x 2280 p m .  The VCO 
core dissipation is 2 1.2 mW at a supply voltage of 2.7 V. For 
measurement purposes quadrature mixers were included which 
allowed characterization of the oscillator at low frequencies. 
Total dissipation of the IC is 124.5 mW. 
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Fig. 7. Frequency and CNR @ 2MHz versus Vt,,, 

Frequency and CNR versus varactor tuning voltage Vt,,, 
are shown in fig. 7. Worst case CNR at 2 MHz offset over the 
tuning range is 113 dBc/Hz. 
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Fig. 8. The oscillator phase noise side band at 4.9 GHz. 

In fig. 8 the measured phase noise sideband of the oscillator, 
at 4.9 GHz is shown. This measurement was performed with 
a phase noise sideband measurement setup based on the HF 

Fig. 9 shows the power spectrum of the oscillator at 5.22 
GHz. During the measurements it was found that, by tuning the 
phase shifters (Idiff in fig. 4(a)), spurious oscillations could 
be invoked and also completely removed as predicted by the 
outlined theory. 

3048. 

Fig. 9. The oscillator power spectrum at 5.22 GHz. 

Conclusion 

A new VQ LC oscillator architecture is presented using ex- 
plicit phase shifts. Each stage in the oscillator is coupled with 
an explicit phase shift of 180 degrees divided by the number of 
stages. This maximizes the quality factor in the oscillator and 
thus the CNR. The improvement in CNR compared to coupling 
without phase shifters can be more than 20 dB at low to mod- 
erate frequencies. At high frequencies the improvement is less 
since parasitic phase shift partly implements the required phase 
shift for optimal coupling. However, even at 5 GHz the CNR of 
the proposed architecture with somewhat increased complexity 
is more than 4 dB higher than an architecture coupled without 
phase shifters. A quadrature LC oscillator at 5 GHz based on 
the new architecture is realized in a 30 GHz ft BiCMOS pro- 
cess. Measured tuning range ranges from 4.91 to 5.23 GHz. 
The CNR is better than 113 dBc/Hz at 2 MHz offset with only 
2 1.2 mW core dissipation and a resonator quality factor of 4. 
Using phase shifters, a robust design was realized without spu- 
rious oscillations. 
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