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VCO design for cellular applications to achieve universal coverage for a wide
range of frequencies (400MHz to 3700MHz) in different standards and meeting
stringent out-of-band and in-band phase-noise (PN) requirements is a 
challenging task. The simplest method to generate I and Q signals in the LO is
to use a frequency divide-by-2 which requires the VCO frequency to be an even
multiple of fLO. This method is area efficient and superior for coexistence as it
does not generate jammers in other bands. The technique in this work expands
the VCO frequency range to ensure 2xfLO for all cellular bands, notably 3700MHz,
with sufficient margin, and meets the most stringent PN specification for a 
SAW-less GSM transceiver. 

There is a trade-off between a VCO tuning range and its PN [1]. One way to
obtain desired PN over a wide frequency range is to divide it into smaller 
sub-bands and assign a separate VCO to each sub-band. This significantly
increases the die area and requires a multiplexer which increases the power 
consumption. Other techniques use transistors to switch in or out some of the
tank inductance, which achieves good frequency range at the cost of poor PN
performance due to Q degradation introduced by ohmic loss of inductor 
switches [2]. Recent works on mode-switching VCOs have significantly
improved the trade-off between frequency range and PN [1,3]. A lossless mode-
switching concept is demonstrated in [3], where a low/high oscillation frequency
can be selected by switching in/out a coupling capacitor between odd/even
modes of two coupled LC oscillators. In [1], a transformer in addition to a 
coupling capacitor switches modes between two LC tanks, thus providing good
frequency tuning range and PN simultaneously. However, the Q of the secondary
coil is at least 25% lower than that of the primary coil; and in the high-frequency
mode, the effective inductance is reduced because of the magnetic flux 
cancellation between the weakly coupled coils. As a result, the Q of the effective
inductance is degraded. 

Figure 21.5.1 shows the architecture of the oscillator. It consists of a cross-
shaped inductor with four identical quadrants, two pairs of cross-coupled NMOS
transistors M1,2,3,4 to provide negative resistance, a mode-switching network
consisting of PMOS mode-switching transistors M5,6,7,8, two coupling capacitors
CC, and a 4-b coarse capacitor bank. The oscillator has two modes, namely, low
band (LB) and high band (HB). LB mode is selected when the voltage at the gates
of M5 and M6 is pulled to ground, and the gates of M7 and M8 are pulled to high,
while their source and drain are DC coupled to VDD, shorting terminals P1 and P2

to P3 and P4, respectively. This arrangement eliminates any oscillation through
the inductor in quadrants 1 and 3 as such oscillation requires a very large non-
existing negative resistance to combat the loss introduced by transistors M5 and
M6 operating in the deep-triode region. Figure 21.5.2 shows the direction of AC
current through loops in quadrants 2 and 4. An axis of symmetry is shown for
the LB in Fig. 21.5.2. This mirror symmetry explains the absence of AC current
through quadrants 1 and 3. The oscillator frequency in this band is
1/2π/√LLB(C+CC) where C is the total capacitance of all the blocks in the 
oscillator, namely, two capacitor banks, two pairs of cross-coupled NMOS 
transistors, and all other parasitic capacitors. LLB is the parallel combination of
the loop inductors of quadrants 2 and 4. Joint terminals P1 and P3 can ideally be
treated as a unified node, and similarly for P2 and P4. This mode has a frequency
range of 3.24GHz to 4.9GHz.

The HB mode is selected when the voltage at the gates of M7 and M8 is pulled to
ground, and the gates of M5 and M6 are pulled to high, while their source and
drain are DC coupled to VDD, shorting terminals P1 and P2 to P4 and P3, 
respectively. This switching triggers a mode in which all four loop inductors have
a chance for oscillation. The direction of AC current is shown in Fig. 21.5.2. It is
important to notice an axis of symmetry between quadrants 2, 3 and 1, 4. Just
as in the LB mode, this is a mirror symmetry, which graphically explains why all
the loop inductors are conducting AC current. In HB mode, each loop inductor
is coupled to its two adjacent neighboring loops. Hence, the total inductance

seen between terminals P1,4 and P2,3, namely LHB, is larger than ¼ of a single loop
inductor by a factor of (1+k), where k is the effective coupling coefficient of the
system of 4 coupled loops. From EM simulation k is found to be 0.27. The 
positive sign of k is evident from the AC direction of currents in all 4 loops,
where each loop contributes constructively to the magnetic flux of two of its
adjacent neighbors. The oscillation frequency in HB mode is 1/2π/√LHBC. The 
frequency range of the HB mode is from 4.5GHz to 8.45GHz. The supply voltage
is adjusted in Fig. 21.5.4 and Fig. 21.5.5 in order to obtain the best PN and FoM
over the entire frequency range, respectively.

This technique is more immune to magnetic pulling, which is often caused by
the PA’s strong second harmonic that coincides with the VCO frequency. Due to
mirror symmetry inherent in both HB and LB modes of operation, the oscillator
ideally rejects any external magnetic interference. Substrate coupling and spurs
performance are also improved as the guard ring (GR) around this oscillator can
be closed, without the risk of forming an Eddy current in the GR which can 
subsequently reduce inductor Q. The mirror symmetry of the AC currents in both
LB and HB modes ensures that no current is induced in the closed GR. As shown
in the table of Fig. 21.5.2, small inductance values can be realized specially in the
HB mode with a Q that is comparable with considerably larger inductance values.
This improves the PN because at a given frequency when inductance is reduced
by a factor of N and the capacitance increased by the same factor, and assuming
the Q’s remain unchanged, the PN improves by 10log10(N) dB.

The oscillator was taped-out in a 9-metal 40nm GP process with top UTM. The
Gm core transistors utilized 1.8V IO devices to get better flicker noise 
performance at 100kHz offset frequency, which is extremely important for both
cellular and WiFi MIMO applications. The VCO gave the best performance at a
supply of 0.8V beyond which the PN improvement at far offset was minimal. For
area reduction the entire active part was placed inside the inductor, which is
completely filled with dummy metals to comply with strict metal density rules of
advanced technology nodes. This mimics the scenario where the area inside the
VCO can be utilized for placing other active and passive circuits. A 5052B Agilent
Signal Source Analyzer (3MHz to 7GHz) was used for PN measurements. For
measurements beyond 7GHz, an external mixer and LO at 7GHz were used to
downconvert the signal. Figure 21.5.3 shows two snapshots taken at 3.72GHz
and 7.759GHz, demonstrating the PN performance at all offset frequencies,
especially at close-in 100kHz, and meeting cellular specification across the entire
frequency band. PN beyond 10MHz offset becomes flat, hitting the noise floor of
the output buffer transistors, which were matched to 50Ω and biased through an
external Bias Tee. The external LO noise floor was also a limiting factor for the
measurements beyond 10MHz offset.

In conclusion, a dual-band mode switching oscillator is shown to achieve high
tuning range and low PN simultaneously. A prototype covering 3.24GHz to
8.45GHz with 400MHz of overlap between the HB and LB modes is measured.
The measured PN values at an offset of 10MHz from 3.72GHz and 7.76GHz are
−150.2dBc/Hz and −144.4dBc/Hz respectively, which correspond to FoMTs of
207.5dB/Hz and 208.2dB/Hz respectively.   
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Figure 21.5.1: Circuit schematic of a mode-switching oscillator with a cross-
shaped inductor.

Figure 21.5.2: Two modes of the oscillator with its corresponding axis of 
symmetry. The table shows the effective inductance at LB and HB modes,
compared to a single-loop inductor.

Figure 21.5.3: Phase-Noise measurement at different frequency offsets for
3.72 GHz and 7.76 GHz bands.

Figure 21.5.5: (a) Phase Noise obtained by adjusting VDD for best PN. 
(b) Corresponding FOM. Figure 21.5.6: Comparison with state-of-the-art.

Figure 21.5.4: (a) Phase noise obtained by adjusting VDD for best PN. 
(b) Corresponding FOM.
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Figure 21.5.7: Die micrograph. The core area is 0.432 mm2.


