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Abstract—A Digitally Controlled Oscillator (DCO) whose power
consumption can be reconfigured while maintaining an almost con-
stant phase-noise figure-of-merit (FoM). This is achieved by using
either a single-switch-pair or a complementary (i.e., double-switch-
pair) oscillator topology, without disturbing the optimized LC tank
of the DCO. The optimal power consumption in the complemen-
tary (P-N) configuration is reduced by 75% compared to the single-
switch-pair (N-only) configuration, while the FoM is kept constant.
Measurements on a 55 nm CMOS 4 GHz DCO prototype show
a minimum phase noise of —129.3 dBc/Hz at 2 MHz offset from
the carrier in the P-N configuration, and of —134.7 dBc/Hz in the
N-only configuration, with a phase noise difference very close to
the 6 dB expected from theory. The current consumption is 6 mA
and 24 mA, respectively, resulting in approximately the same FoM
of —185 dBc/Hz.

Index Terms—DCO, GSM, oscillator, phase noise, power scal-
able, reconfigurable oscillator, reconfigurability, WCDMA.

I. INTRODUCTION

HE compatibility with several standards sets major con-

straints in the design of voltage-controlled oscillators
(VCOs) for cellular applications. In particular, beside a large
tuning range (typically larger than 33%, and in some cases ap-
proaching 50%), a cellular transmitter (TX) VCO must provide
an exacting phase noise performance, especially if SAW-less
operation is demanded [1].

If the TX frequency synthesizer must be compliant with a
multi-standard transceiver, an efficient power scalability of the
VCO is crucial to save power in those cases where the phase
noise requirements are relaxed, while still providing the lowest
possible phase noise where needed. Nowadays, most multi-stan-
dard transceivers adopt different VCOs (up to 6 or even more
if carrier aggregation is supported) to cover the different stan-
dards with good phase noise as well as good power efficiency,
even if the available tuning range would suffice to cover all fre-
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quency bands with a smaller number of VCOs. The reason for
this choice is that customizing the VCO to the specific require-
ments of a given standard is generally more efficient in terms of
power consumption, especially when phase noise requirements
vary significantly from case to case (e.g., between GSM and
WCDMA) [2].

A very straightforward way of obtaining power scalability
is by tuning the VCO bias current while keeping the same LC
tank in all configurations, as in the wide-band multi-standard
single-oscillator TX synthesizer described in [3]. Although this
approach is simple and saves the area of an extra VCO, current
tuning is relatively power inefficient and has a limited power-
scalability range. This is primarily due to the fact that, for low
current levels, it is difficult to sustain an oscillation having ad-
equate amplitude to drive the buffers following the VCO, even
though the associated phase noise may well be already accept-
able. A more attractive way of scaling the VCO power consump-
tion without sacrificing the oscillation amplitude is to adopt a
transformer-based solution, as devised by Bevilacqua et al. [4].
This approach has been recently refined by Li ez al. [5] to design
a VCO with a truly remarkable tuning range and phase noise
performance. Notwithstanding the merits of these works, it is
obvious that transformer-based VCOs are more complex, and
take up more area, than a much simpler inductor-based VCO.

In the design presented in this paper, power scalability is
achieved by modifying the oscillator topology, while preserving
the traditional LC tank built around a single coil! [6]. The idea
is to be able to switch from a single cross-coupled switch-pair
(either N- or P-type) oscillator topology, to one making use of
a complementary cross-coupled pair (both N- and P-type). As
shown in [8], these two topologies are ideally capable of the
same peak FoM, but they attain it at different levels of current
consumption. As a result, their lowest achievable phase noise is
also different: the single-switch-pair topology is capable of a 6
dB lower phase noise, paid by a four times higher power con-
sumption. Using this approach, the design of a power-scalable
VCO having a constant FoM becomes possible.

The paper is organized as follows: in Section II, a brief anal-
ysis of the phase noise requirements for mobile TXs is reported;
the power efficiency of traditional LC-tank oscillator is dis-
cussed in Section III, while the proposed solution is described
in Section IV, and a detailed description of the circuit imple-
mentation is shown in Section V; finally, Section VI discloses
the most important measurement results.

1Tt should be noted that a traditional single-coil LC tank can nevertheless
be optimized in more or less advanced ways, e.g., by enhancing the trade-off
between channel resistance and parasitic capacitance of the MOS switches used
in discrete capacitive frequency tuning [7].
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II. PHASE NOISE REQUIREMENTS FOR MULTI-STANDARD
MOBILE TERMINALS

In a cellular TX, the most stringent phase noise requirements
are typically derived from the degradation that the transmitted
signal can produce on a receiver (RX). In particular, when the
system uses time-division-duplex (TDD) like GSM (Fig. 1(a)),
the scenario that must be considered is when the phase noise
produced by the TX VCO spills over into the receiver band of
another handset. The worst case occurs when the GSM trans-
mitter uses the highest channel in the TX band, and the receiver
occupies the lowest channel in the RX band. In this case, the
phase noise specification Lrpp, gsw and its frequency offset Af
from the carrier are respectively obtained from the maximum in-
tegrated noise MaxNoisegx that can be tolerated in the channel,
and from the distance between TX and RX bands. In particular,
we can write

Lrop,asvi(Af) = MaxNoisegpx |aBm — BWrx|aBHz

—PWrx|daBm (1)
where BWgrx is the RX channel bandwidth, and PW tx is the
highest allowed TX power. According to the 3 GPP standard
[9], MaxNoisegx is —79 dBm over the channel bandwidth of
100 kHz, while Afis 20 MHz and PWrx is +33 dBm. With
these data, L1pp,gsm is calculated from (1) at —162 dBc/Hz
at 20 MHz offset from the 900 MHz carrier.

In the case of an FDD architecture (e.g., WCDMA), the
scenario that defines the TX phase noise requirements is when
the TX signal leaks into the RX path of the same terminal
(Fig. 1(b)). The distance between TX and RX channels sets Af,
while the amount of phase noise is similarly defined as in (1).
However, in this case the maximum noise tolerated by the RX
is not defined by 3 GPP, but rather depends on the targeted RX
noise figure (NF) and the duplexer adopted between antenna

and transceiver [1]. An example considering a (maximum) TX
power of 26 dBm and a TX-to-RX duplexer attenuation of 45
dB is reported in Fig. 1(b).

Considering all FDD and TDD cases and the operative band
reported by E-UTRA, it is possible to compile the chart shown
in Fig. 2, where all phase noise specifications have been normal-
ized to an oscillation frequency of 2 GHz and a frequency offset
of 20 MHz for ease of comparison. These specifications vary by
more than 10 dB across the bands, from the most challenging of
the 900 MHz GSM, to the most relaxed of the WCDMA band 1.
Even if an adequate tuning range could be achieved, it is impos-
sible to cover all these bands in a power-optimized way without
the availability of a dedicated power-scalable VCO. This is be-
cause the very severe phase noise constraints set by GSM would
result in a large power waste in all other cases.

III. POWER EFFICIENCY VERSUS PHASE NOISE IN
TRADITIONAL LC OSCILLATORS

For a given LC tank, optimized in terms of quality factor (Q)
and tuning range, the phase noise and power consumption of
traditional cross-coupled LC oscillators (either single-switch-
pair or complementary) can be scaled only acting on the dc bias
current. As shown in Fig. 3, a doubling of the bias current I,
reduces the phase noise £ by 6 dB, following the equation [10]

KT fwg\2 1 =2
L{Aw) = 10log, {@ (ﬁ) s (14 v+ Fhias)

2)
where k is the Boltzmann constant, 7" is the absolute tempera-
ture, wy is the angular oscillation frequency, Aw is the angular
frequency offset from the carrier, R is the equivalent parallel
tank resistance, -y is the channel noise factor of the MOS device
working in the active region, and F},;,5 is a factor accounting
for the noise injected by the bias current generator into the tank.
Equation (2) is valid until the oscillator amplitude reaches its
maximum V1, max, Where the phase noise reaches a minimum.
Furthermore, (2) indicates that the phase noise contribution of
the cross-coupled MOS pair is always in the same proportion
~:1 to the phase noise contributed by the parallel tank resistance,
independently of the dc current drawn by the VCO. This result is
in fact intrinsically guaranteed in any well-behaved current-bi-
ased class-B or class-C harmonic oscillator [11]-[13].2

Looking at the plot in Fig. 3, the introduction of power scal-
ability in the oscillator may appear straightforward, and indeed
it is, via a programmable I;,s. However, as will be shown in
the following, the simple tuning of I},;,5 results in a sub-optimal
power efficiency and a limited range of power scalability.

12

bias

A. Harmonic Oscillator Efficiency vs. DC-Bias Current

The oscillator efficiency can be studied using its FoM, which
normalizes the oscillator phase noise to its power consumption
Pyiss [15]. The FoM is defined as

2
Aw
Wo
2We notice that different results are obtained in voltage-biased class-D oscil-
lators [14].

A
Lw) -1 mW

FoM = —10Log Iz
diss

3
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Fig. 3. Phase noise vs. bias current for a standard LC oscillator.

and a qualitative plot of FoM vs. 1,5 for typical LC oscilla-
tors is reported in Fig. 4. When Iy, is doubled, the phase noise
decreases by 6 dB following (2), while P4iss (i-€., Vda X Ibias)
increases only by 3 dB, leading to a FoM improvement of 3
dB/octave with respect to Iiins. The peak FoM, which corre-
sponds to the minimum phase noise, is reached when the oscil-
lation amplitude cannot increase any longer. The fact that FoM
is dependent on Iy,;,s shows that a simple current tuning is not
an efficient way of trading P4iss for phase noise. Furthermore,
since the best power efficiency (i.e., the best FoM) occurs for
the lowest achievable phase noise, which is required only in the
aforementioned worst-case scenario, the oscillator would work
in a power-wasting regime for most of the time.

B. Power Scalability Plot

The efficiency of an oscillator in terms of power scalability
can be appreciated in the log-log plot of Fig. 5, where P g4 18
a function of the demanded phase noise The solid curve, with a
slope of 1/2, represents the case of a classic LC-tank oscillator,
where the phase noise scales by 6 dB when P ;g is halved. The
dashed line with a unity slope, on the other hand, describes the
best possible case, where the efficiency is kept constant while
P 4iss 18 varied. Both curves start from the same point, where the
phase noise is lowest and both P 4;;. and FoM are highest. The
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Fig. 4. Figure-of-merit (FoM) vs. bias current for a standard LC oscillator.

same plot highlights also the power scalability range, defined as
the ratio between the maximum usable power (P,,, when the
oscillator enters the voltage-limited region) and the minimum
usable power (P, when the oscillation dies out).

As it is clear from Fig. 5, the capability of an LC-tank os-
cillator to be reconfigured in terms of power without changing
the tank configuration is quite limited, and far from the op-
timal line of maximum power efficiency. Changing the tank
impedance while scaling P 4;ss, on the other hand, would ideally
allow a close-to-optimal operation; this, however, would entail
the use of at least two inductors, if different impedance levels
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are wished at the same oscillation frequency, with the unavoid-
able Q degradation due to the additional MOS devices needed
to switch on and off an extra inductor.

In the next section, we show that the path leading to an op-
timal power scalability is not via the tank, but indeed via the
oscillator topology itself.

IV. A POWER-SCALABLE LC OSCILLATOR

The idea of an efficient power-scalable oscillator starts from
the comparison between the single cross-coupled-pair and the
complementary cross-couple-pair LC oscillators reported in
Fig. 6. If built around the same tank, these two topologies have
two main differences: maximum oscillation amplitude (which
corresponds to both minimum phase noise and maximum
FoM), and DC current [},;, needed to achieve it.

Neglecting the voltage drop across the current generators, the
single-pair topology allows a maximum oscillation amplitude
that is double that of the complementary topology, since in the
latter the oscillation is confined between ground and V 44, while
in the former the oscillation can climb up to 2V 44. Thus, the
complementary topology reaches a minimum phase noise that
is 6 dB higher than in the single-pair topology. This penalty in
terms of minimum phase noise is traded off with a higher current
efficiency. In fact, in the complementary oscillator Ij,;,s flows
through the entire tank (reversing direction each semi-period of
oscillation), instead of only half of it, as in the single-pair os-
cillator. As a consequence, to achieve its maximum oscillation
amplitude (and minimum phase noise), the complementary os-
cillator requires only one quarter of the current needed by the
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Fig. 7. Phase noise and FoM plots for both single-pair and complementary-pair
LC oscillators.
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Fig. 8. Simplified schematic view of the power-scalable oscillator.

single-pair oscillator, assuming that V4 is the same. The no-
table result is that the two configurations display the same FoM,
since the complementary topology has a 6 dB higher phase noise
with a 6 dB lower Pg;s [8]. Fig. 7 shows the qualitative plots
of phase noise and FoM vs. Iy,sfor both oscillators, summa-
rizing the above analysis. These plots suggest a straightforward
way of building an efficient power-scalable oscillator: switch
from single-pair to complementary topology, while keeping the
same LC tank, when a relaxed phase noise specification (by
at least 6 dB) is allowed, saving 75% of the P 4;s required by
the single-pair oscillator, and maintaining a basically invariant
FoM.

Fig. 8 shows the simplified schematic view of the power-
scalable VCO, where the complementary P-N topology (on the
right) is merged with the N-only topology (on the left) sharing
the same tank. The P-N topology is obtained by turning on the
P-N mode control bit, which activates I},;.s,p—n and biases the
gate of M3/M4 at a voltage equal to that of the central tap
of the inductor. In a similar way, the N-only topology is acti-
vated by turning on the N-only mode control bit, which switches
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off M3/M4 and turns on the current source Iyjas N—only, Which
feeds the VCO from the central tap of the inductor.

While the above reconfiguration from N-only to P-N topolo-
gies is straightforward in principle, its implementation is not.
The main issue is to ensure that M3/M4 are safely turned off
across the whole oscillation period when the oscillator operates
in N-only mode, to avoid a serious degradation of the tank Q.
Adding an AC coupling between drain and gate of M3/M4 and
biasing the gate of M3/M4 to V44 is not sufficient, because the
oscillation goes well above V 44, and pushes M3/M4 into con-
duction when the voltage difference between drain and gate is
higher than a PMOS threshold voltage |Vip ;| (in which case
P-MOS drain and source swap place, compared to what indi-
cated in Fig. 8). This creates a trade-off between oscillation am-
plitude and average tank Q, deteriorating the lowest achievable
phase noise level.

Such a trade-off may be avoided by connecting the M3/M4
gates to a voltage higher than V434 when M3/M4 are in the off
state. This, however, requires an extra DC voltage V44, gate that
must be well above the oscillation peak (and equal to 2V 44 —
|Vin,p| for a maximum peak single-ended oscillation amplitude
Vpeak se €qual to V 4q), which may not be available on the trans-
ceiver chip.

To solve this problem without resorting to an extra dc voltage,
the proposed VCO combines two different techniques (Fig. 8).
The first is to place the bias current generators between power
supply and oscillator, instead of between the sources of the
N-MOS switching pair and ground. This reduces the DC voltage
at the output nodes of the oscillator, allowing a larger oscillation
amplitude before M3/M4 are turned on. As shown in Fig. 9,
the maximum Veak se in N-only mode becomes Vqq—Vdrop,
where Vg, 1s the voltage drop across the current generator.
To ensure that M3/M4 are not turned on in N-only mode, V grop
should be higher than (2V a4 — Vaa,gate — | Vin,p|) /2, which cor-
responds t0 Vpeak.se = (Vad,gate + |Vin,p|)/2. As an example,
assuming Ve p = —0.5 Vand Vag = Vada,gate = 1.5V, Varop
has to be greater than 0.5 V, and the maximum Vjecak se 1S
equal to 1 V. In practice, a slightly lower V 4,4, than the above
can be used, while still keeping the phase noise contribution
of M3/M4 negligible. This allows a larger Veak s, yielding a
lower phase noise and a higher FoM.

The second technique adopted is the introduction of an RC
network, tunable by the P-MOS switch M5 (Fig. 10), to con-

[M4 Vdd'vdrop

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 3, MARCH 2014

V

out +

2(Vdd'vdrop)

M e
VAV

Ideal voltage waveforms for single-ended output V,+ 4 and gate of M4 (or M3) in N-only mode.

VM4,gate < |Vth p|
Vdd,gate =
Vout+ time
Vdd Vdd
lbias,P-N @ \
V
P-N N-only dd
mode mode P-N

>ﬁ\

| 3
bias,N-only

e B
R

Fig. 10. Bias circuitry for the reconfigurable power-scalable oscillator.

Vdd

Ibias,P-N

20dB/
dec

Vgate/Vdrain

Rbcb) W Freq.

VadVarop I[\/ Vad/2Varop - \/\ I VaaVarop

Fig. 11. Bias circuit in P-N mode.

trol the oscillation swing at the gate of M3/M4, reducing it
when the oscillator works in N-only mode [6]. When operating
in P-N mode (Fig. 11), the common source of M3/M4 is con-
nected to Ij,as, p—~, While the DC voltage at the gate is forced
to be equal to the voltage at the center tap of the tank inductor,
i.e., to the common-mode voltage at the VCO output. At the
same time, switch M5 is turned off, and the cut-off frequency
of the AC-coupling circuit between drain and gate is equal to
1/(CpRy,). Choosing Ry, large enough to set the cut-off fre-
quency well below wr ¢y, the oscillation at the gate of M3/M4
exhibits the same swing as the oscillation at the tank output, en-
suring that the phase noise contribution of M3/M4 is as low as
in a standard complementary oscillator [12].
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Fig. 13. P-MOS drain-to-bulk diodes in N-only mode.

In the N-only mode of operation, both source and gate of
M3/M4 are biased to Vaq, and M5 is turned on (Fig. 12). In
this case, the cut-off frequency of the ac-coupling network be-
comes 2/{CpRon, ms5), where Ry w5 is the on-resistance of M5.
Ron, M5 1s chosen small enough to guarantee a sufficient atten-
uation between tank output and the gate of M3/M4, thereby
keeping M3/M4 in the off-state. Notice that minimizing Ry, ms
also maximizes the Q of the circuit made of the series of Cy,
and R, nms, making its impact on the overall tank-Q negli-
gible. Since the series of the two AC-coupling capacitances Cy,
is in parallel to the tank, the maximum oscillation frequency in
N-only mode is a slightly lower than in P-N mode.

When operating in N-only mode, an additional issue is to
keep reverse-biased the drain-to-bulk diodes of the turned-off
P-MOS transistors M3/M4 over the entire oscillation period,
again to avoid degradation of the tank-Q. This requires that the
voltage across these diodes should never exceed their activa-
tion voltage Vg, = 0.55 V (Fig. 13), imposing a second limit
to the minimum value of V.., which has to be greater than
(Vaa — Vap)/2 as well. However, since typically Vi, ,, is lower
than Vg, this new requirement on Vg, is automatically sat-
isfied, once the previous one is.3

In the proposed VCO, power re-configurability has been
combined with the flexibility of a digitally controlled oscillator
(DCO). The approach adopted here is the dither-less one pro-

3We notice that the loading effect of M3/M4 in N-only mode was neglected
in [6], where only the associated drain-to-bulk diodes were discussed.

posed in [16], which makes use of a capacitively degenerated
N-MOS pair, as shown in Fig. 14. In this way, the capacitance
Chine is reflected in parallel to the LC tank shrunk by a factor
proportional to gmy/(wroCeal), where gmy is the N-MOS
transistor transconductance averaged over one oscillation pe-
riod, while C,,; is the total capacitance between the N-MOS
sources. The circuit of Fig. 14 differs from the one reported in
[16] with respect to the way the trimming of the shrinking factor
is implemented. In Fig. 14, this is achieved acting on C,,j, as
opposed to using the N-MOS bias current (i.e., gmyy). In this
way, DCO frequency resolution and current consumption can
be scaled independently of each other. Furthermore, the extra
phase noise contribution from the additional current source in
[16] is eliminated.

V.

A prototype of the proposed DCO, based on the circuit
in Fig. 15, has been realized in a 55 nm CMOS process.
The DCO has been tailored to GSM/WCDMA applications,
assuming a frequency divider by either 2 or 4 at its output,
to avoid TX pulling. The resulting oscillation frequency is
tunable between 6.5 and 9.0 GHz. The total area occupation
is 0.7 mm X 0.7 mm, including the oscillator core, the current
sources, and a frequency divider-by-2. The chip micrograph is
shown in Fig. 16.

The tank employs a differential inductor of 250 pH, with a
simulated Q of 15 at 7 GHz. The coarse frequency tuning is

DCO PROTOTYPE
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Fig. 15. Final schematic view of the DCO.

common to both n-only and p-n VCOs, and is performed with
one coarse-tuning and one medium-tuning capacitor bank, con-
trolled by 7 and 6 bits and achieving a frequency resolution of
20 MHz and 1.4 MHz respectively, with a large overlap between
the two banks.

The third, fine-tuning capacitor bank, placed between the two
sources of M1 and M2, is controlled by 12 bits, and refines the
frequency resolution step down to less than 1.5 kHz, ensuring at
the same time a fine tuning range large enough to cover at least 2
medium-tuning steps. As shown in Fig. 17, the 8 MSBs of the 12
fine-tuning bits implement a thermometric control of a 16 x 16
varactor array, where each varactor is biased either to V4 or to
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Fig. 16. Chip micrograph.

Fig. 17. Fine-tuning varactor array.

ground; the 4 LSBs, on the other hand, feed a resistive-ladder
DAC, which provides 16 equally-spaced voltage levels between
Va4 and ground: the output of this DAC is used to control the
bias voltage of an additional varactor. Since the varactor size in
the array is large enough to ensure a good matching, the DAC
acts always on the same varactor, without the need of dynamic
element matching.

To allow calibration of the fine frequency resolution, the ca-
pacitance placed between the sources of M1 and M2 (control-
ling the shrinking factor of the DCO) can be varied under the
control of a 3-bit word. The calibration capacitance C.,) can be
tuned between 0.4 pF and 2.4 pF in N-only mode, and between
0.1 pF and 2.1 pF in P-N mode. To ensure proper operation of
the capacitance shrinking circuit, two degeneration resistances
are inserted between the source of M1/M2 and ground (Fig. 15),
with value tunable between 10 2 and 30 €.

The high output swing in N-only mode imposes the use
of 1.8 V thick-oxide devices for the N-MOS switching pair
MI1/M2, with a (minimum) length of 220 nm. On the other
hand, the lower output swing in P-N mode allows the use of
faster standard 1.2 V P-MOS devices for M3/M4, with the
minimum channel length of 55 nm; moreover, it is sufficient
that the width of M3/M4 sustains the maximum current drained
in P-N mode, which, being only 1/4 of that in N-only mode,
allows M3/M4 to be quite small.
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The two current sources Iiias N—only and Iy p—N are im-
plemented as current DACs, both controlled by a 6-bit word.
They consist of P-MOS current mirrors with a highly tunable
ratio, which is required to match the amplitude and phase noise
performance in the two modes of operation across all supported
bands. With a reference current of 0.8 mA, provided off-chip
and filtered on-chip, Ijjas, N—only has a tunable output current
between 4.4 mA and 30 mA in steps of 0.4 mA, while the cur-
rent provided by I,;.s p— 1S tunable between 1.1 mA to 7.5 mA
in steps of 0.2 mA.

The voltage drop across Ipias,N—only 1S around 0.5 V at the
nominal current consumption of 24 mA in N-only mode. This
is large enough to keep M3/M4 in the off-state across the oscil-
lation period in N-only mode. Finally, the DCO is buffered with
a frequency divider-by-2 (using the topology proposed in [17])
to simplify the measurement setup.

VI. MEASUREMENT RESULTS

The DCO oscillates between 6.5 GHz and 9.0 GHz, for a 33%
tuning range. Fig. 18(a) shows the measured coarse/medium
tuning characteristic at the output of the on-chip divider-by-2.
The fine-tuning range is programmable from 2.5 MHz to
7.5 MHz in P-N mode (Fig. 18(b)), with a corresponding fre-
quency resolution from 0.6 kHz to 2 kHz, and between 4 MHz
and 10 MHz in N-only mode, with a corresponding frequency
resolution of 1 kHz to 2.5 kHz (Fig. 18(c)).

TABLE I
SUMMARY OF DCO PERFORMANCE

Parameter P-N Mode N-only Mode
DCO Frequency 6.5-9 GHz
Coarse Tuning Range 2.5 GHz (33%)
Coarse Frequency Resolution 1.4 MHz
Fine Tuning Range(a) 5to 15 MHz 8 t0 20 MHz
Fine Frequency Resolution(® 1.2t0 4 KHz 2to 5 KHz
Power Supply 15V 15V
Current Consumption 6 mA 24 mA
Phase Noise 3.92GHz @ 2MHz(® -129.3dBc/Hz -134.7dBc/Hz
Fom® 185.6dBc/Hz 185dBc/Hz

Power scalability range from 6.75mW to 36mW

Technology 55 nm CMOS

(a) Programmable by the capacitance C,
(b) After an on-chip divider by 2

Fig. 19 plots the phase noise measurements, performed with
a supply voltage of 1.5 V. In N-only mode, the DCO displays
a phase noise of —134.7 dBc/Hz at 2 MHz offset from the
3.92 GHz carrier, which extrapolates to —166.7 dBc/Hz at
20 MHz offset after a further frequency division by 4 and
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Fig. 20. Power-scalability plot for the reconfigurable DCO.

assuming a 20 dB/dec slope. The most exacting phase noise
specification for the GSM transmitter (i.e., the already men-
tioned —162 dBc/Hz at 20 MHz offset from 900 MHz) is
expected to be met with a margin of 4.7 dB. The 1/f2 noise
corner is close to 400 kHz. The optimal current consumption
is 24 mA, which results in a FoM of 185.0 dBc¢/Hz. In P-N
mode, the DCO achieves a phase noise of —129.3 dBc/Hz at 2
MHz offset from the 3.92 GHz carrier. With an optimal current
consumption of 6 mA, the FoM in P-N mode is 185.6 dBc/Hz.
The phase noise difference between the two DCOs is 5.4 dB,
very close to the theoretical value of 6 dB associated to the
fourfold difference in bias currents.

Fig. 20 shows the power scalability plot of the DCO. The
power consumed by the DCO ranges from 36 mW to 6.75 mW,
with a phase noise variation between —134.7 dBc/Hz and
—127.0 dBc/Hz. From 36 mW to 18 mW, the oscillator works

in N-only mode: the power consumption is reduced acting on
the bias current, resulting in a FoM loss of 2 dB in the worst
case. After that, the DCO topology is changed from N-only to
P-N, greatly reducing the power consumption but leaving the
phase noise almost unchanged. In this way, a much higher ef-
ficiency is restored. The current consumption in P-N mode can
be scaled down farther, reaching a minimum power dissipation
of 6.75 mW before the oscillation dies out. The plot reports
also the minimum power of 11.5 mW at which the N-only
topology can oscillate, which is approximately twice as high
as that needed by the P-N topology, as predicted by theory.
Finally, Table I summarizes the DCO performance in both
modes of operation, while Table II compares the DCO with
several published oscillators with a tuning range of at least 15%
and meeting the GSM TX noise specification at 20 MHz offset
from the carrier.
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TABLE II

COMPARISON WITH STATE-OF-THE-ART CELLULAR TRANSMITTER VCOS HAVING A TUNING RANGE OF AT LEAST 15%

Vdd Tech. Frequency PN Estimated PN @20MHz  Pdc FoM
(V) (nm) (GHz) (dBc/Hz) from 915MHz (dBc/Hz) (mW) (dBc/Hz)
-134.7 @2MHZ? 168 36 185
This work 15 55 6.5-9.0 from 3.9GHz
(power scalable) (33%) @
-129.3 @2MHz 162 9 185.6
from 3.9GHz )
X , 6.7-9.2 -137 @2MHz
Fanori, ISSCC'12 [18] 15 55 (32%) from 4GHz® -170 27 188/189
, 13-15 -133 @3MHz )
Dal Toso, JSSC'10 [19] 1.2 65 (15%) from 3.6GHz® 162 8.4 185
. , 2.5-5.6 -157 @20MHz
Li, JSSC'12 [5] 0.6 65 (76%) from 3.6GHz 169 13.5 188/192
. , 3.0-4.8 -150 @10MHz
Fanori, JSSC'13 [20] 04 65 (46%) from 3.0GHz 166 6.8 191
. , 2.9-3.8 -142 @3MHz
Babaie, ISSCC'13 [21] 1.25 65 (25%) from 3.7GHz 169 15 192
. . 3.2-4.1 -165 @20MHZ
Staszewski, JSSC'05 [22] 1.4 90 (25%) from 915MHz® 165 25.2 183
X , 3.4-45 -147 @10MHz
Fanori, JSSC'13 [23] 1.2 90 (28%) from 3.9GHz -166 6.6 191
. , 2.6-4.1 -156 @20MHz _
Andreani, JSSC'11 [1] 1.2 90RF (46%) from 3.7GHz 168 22.8 188
. , 2.9-54 -126 @1MHz
Ruippo, MWCL'10 [24] 1.2 130 (60%) from 3.6GHz 164 9.8 185/190

(a) after division by 2
(b) After division by 4

VII. CONCLUSION

In this paper, a power-scalable oscillator tailored to GSM
and WCDMA applications has been presented. The design com-
bines single (N-only) and complementary (P-N) cross-coupled
switch-pair topologies in order to scale simultaneously phase
noise and power consumption, preserving a constant power ef-
ficiency and an optimal FoM. Measurements on a 55 nm CMOS
oscillator prototype confirm the theoretical analysis and demon-
strate an optimal power scalability.
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