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For the last few decades, phase-noise (PN) improvement of VCOs has been an
intriguing problem and remains as one of the challenges in transceiver design.
PN in CMOS VCOs, especially close-in PN, greatly suffers from flicker noise. The
flicker noise can even degrade the PN at higher offset frequencies (~1MHz). The
close-in PN is important in many communication applications. For instance, IEEE
802.11a/b/g requires a very low PN at 10kHz offset frequency [1] and the PN
performance at 100kHz is critical in cellular and Wi-Fi MIMO applications. In
addition to the PN performance, oscillators with lower power consumption and
smaller area are always on demand.

In conventional cross-coupled VCOs, the tail transistor has a large contribution
to the PN, especially at close-in offset frequencies [2]. Many efforts have been
made to suppress the tail noise. In [2], a trap is placed at the drain of the tail
transistor to block the tail noise around the second harmonic of the oscillation
frequency. This requires an extra inductor and also does not considerably
decrease the contribution of the flicker noise. In the Class-D VCO in [3], though
the tail transistor is removed, the PN is greatly affected by the flicker noise since
the main transistor flicker noise is directly injected to the tank. Moreover, the
output spur level is degraded. To the best of our knowledge, no specific method
to decrease the tail flicker noise is presented in the literature.

We use the Impulse Sensitivity Function (ISF) concept [4] to manipulate a 
cross-coupled oscillator and design a 2.4GHz VCO with a PN of -88.7dBc/Hz and
-128.4dBc/Hz at 10kHz and 1MHz offset frequencies respectively, with no more
power consumption and area overhead. The proposed structure almost 
completely eliminates flicker noise contribution to the PN above 10kHz offset 
frequencies. To explain the proposed oscillator, let us consider the tail ISF (Γtail)
waveform of a conventional cross-coupled oscillator in Fig. 25.8.1 (In this paper
the output voltage is considered as Acos(ϕ) where ϕ = ωot). ISF of a noise
source shows the sensitivity of output phase variation to the noise injection time
in a period. Since the tail noise is stationary, its noise modulation function (NMF,
α) is almost equal to 1. Hence, the effective tail ISF is almost the same as its ISF,
[4] (Γtail,eff = Γtail × αtail ≃ Γtail). In order to improve PN, we need to lower the Γtail,eff

by manipulating both αtail and Γtail. In what follows we present a technique to
lower both of these parameters.

To minimize Γtail,eff, we make αtail almost zero when the corresponding Γtail is
large. This can be achieved by turning off the tail transistor at the peaks of Γtail.
Considering the Γtail waveform, switching off should be done at least twice in
each period. This is challenging as it requires extraction of second harmonic with
proper phase shift which is not very efficient and reliable at RF frequencies. A
better solution is to use two split current sources at the tail and switch them 
separately with a frequency of f0 (oscillation frequency). We can also separate
the two transistors, to individually turn on and off each branch. Schematic of the
new cross-coupled oscillator with a cyclo-stationary tail is shown in Fig. 25.8.2.
Network, RC1, connects the gates of driver transistors to the output of the 
oscillator. Based on the oscillation frequency and the values of R and C1, one can
control the switching time to minimize αtail.

Next, we make Γtail smaller. As shown in Fig. 25.8.1, the tail noise has two 
different paths to flow. The first is through M1 (M2) to the output, which results
in PN and the second path is through M3 to ground. The tail noise mostly tends
to flow in the first path since the impedance seen from source of M1 (M2) is
much smaller than the drain of M3. To prevent the tail noise from flowing to the
output, we create a low impedance path to the ground at the tail. This means the
tail noise can directly be diverted to ground. Basically with a fixed noise power
at the tail, a smaller portion of it flows to the output, which means the output
phase is less sensitive to injection of a specific amount of noise power at the tail.
This means the Γtail amplitude becomes smaller. As shown in Fig. 25.8.2, we can
create a low impedance path to ground at the tail by replacing the tail transistors
with PMOS devices. Γtail of the proposed structure is shown in Fig. 25.8.2. Γtail,eff

of the proposed structure is compared with a conventional one in Fig. 25.8.3. As
shown, by manipulating ISF and NMF, the RMS value of Γtail,eff is significantly
reduced which results in much smaller contribution of tail noise to the PN.

In this structure we expect a great improvement of the PN at all offset 
frequencies. But there are three mechanisms that specifically improve the PN at
close-in offset frequencies: (i) Based on ISF theory [4], the nth Fourier series
coefficient of ISF (cn) represents how much noise around the nth-harmonic of
oscillation contributes to the PN. So c0 represents the contribution of flicker
noise to the PN. Based on Fourier series coefficients of Γtail,eff in Fig. 25.8.3, c0
is much smaller in the proposed structure. The reason is that there is a low
impedance path to the ground even at very low frequencies, which directly
diverts the flicker noise to the ground. (ii) Switching transistors on and off 
greatly helps with flicker noise suppression [5]. Basically the trap mechanisms
that cause flicker noise in CMOS are greatly suppressed by switching the device
on and off. (iii) The PMOS transistors at the tail have lower flicker noise.

The contribution of the main transistor noise to the PN is also reduced.
Considering the main transistor ISF (ΓM1) in Fig. 25.8.4, ΓM1 of the proposed
structure is much smaller than that of the conventional one. In the conventional
structure, during current transitions the impedance at the common node of the
main transistors is very small (almost ground) so noise of M1 directly injects to
the tank and its ISF is large. However, in the proposed structure the impedance
at the source of M1 is larger during transition times so we expect smaller ΓM1

during transitions. On the other hand, in the conventional topology when the tail
current is completely switched to one side, the corresponding main transistor is
source degenerated and its noise circulates in the transistor and does not inject
to the tank. So, ΓM1 is very small when M1 is completely on. In the proposed
structure the degeneration is still high enough during this time, which makes the
noise injection of M1 negligible. As shown, simulation of ΓM1 for both structures
also verifies this claim.

A prototype of the proposed structure was fabricated in a 0.13μm CMOS process
with a center frequency of 2.4GHz. The inductor size is 2.1nH with a quality 
factor of 13. One pair of 200fF MOS varactors is used for fine frequency tuning.
The VCO consumes 4.2mW from a 1.4V power supply. A reference conventional
cross-coupled VCO with the same center frequency and power consumption has
been implemented with constraint of best PN performance. Die sizes of both
VCOs are the same and each one is 0.27mm×0.34mm. The proposed structure
is biased in Class-A, so there is no startup issue and the startup time can be
much faster than Class-C oscillators. The bias network is designed to be 
independent of power supply and process variations as shown in Fig. 25.8.2.

PN is measured using an R&S FSU26 spectrum analyzer. A representative PN
measurement for the proposed and conventional structures is shown in Fig.
25.8.5. PN measurement beyond 2MHz is limited by the noise floor of the buffer
and measurement equipment. According to measurement results an 
improvement of 8.2dB at 1MHz and 17dB at 10kHz offset frequencies is
achieved. The proposed structure shows a decent FOM of -189.8dBc/Hz at 1MHz
and a state-of-the-art FOM of -190.1dBc/Hz at 10kHz offset frequency. The PN
variation of the proposed and conventional VCOs vs. tuning voltage is shown in
Fig. 25.8.6. As measurements show, PN variation at close-in offset frequencies
is much smaller in the proposed structure. A performance comparison of 
measurement results with state-of-the-art CMOS VCOs is given in Fig. 25.8.6. A
micrograph of the fabricated VCOs is shown in Fig. 25.8.7.
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Figure 25.8.1: A conventional cross-coupled oscillator and the tail noise paths
(left); Output voltage, ISF, NMF, and effective ISF of the tail transistor (right).

Figure 25.8.2: The proposed structure and the biasing circuit (left); ISF, NMF,
and effective ISF of the tail transistors (M3 and M4), (right).

Figure 25.8.3: Effective ISF waveform comparison of the tail transistors in the
proposed and conventional structures (top); Fourier series coefficients of the
corresponding tail effective ISFs (bottom).

Figure 25.8.5: A phase-noise measurement of the proposed and conventional
cross-coupled oscillators.

Figure 25.8.6: Phase-noise variation of the proposed and conventional 
structures vs. tuning voltage (top); Performance comparison of the proposed
structure with state-of-the-art CMOS VCOs (bottom).

Figure 25.8.4: Main transistor ISF and normalized main transistor current
(NMF) of the proposed and conventional structures.
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Figure 25.8.7: The die micrograph of the fabricated oscillators.


