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SUMMARY This paper presents a 20 GHz push-push VCO realized
by a 10 GHz super-harmonic coupled quadrature oscillator for a quadra-
ture 60 GHz frequency synthesizer. The output nodes are peaked by a
tunable second harmonic resonator. The proposed VCO is implemented
in 65 nm CMOS process. It achieves a tuning range of 3.5 GHz from
16.1 GHz to 19.6 GHz with a phase noise of −106 dBc/Hz at 1 MHz off-
set. The power consumption of the core oscillators is 10.3 mW and an FoM
of −181.3 dBc/Hz is achieved.
key words: low phase noise, low power, tail-current modulation, impulse
sensitivity function, super-harmonic coupled QVCO, push-push VCO

1. Introduction

To meet the demands for increasing required data rate in
future applications, one of the most promising candidates
is wireless communication using 60-GHz carrier frequency
[1]–[3]. Recently, a high-speed 11-Gb/s wireless com-
munication has been achieved in a 60 GHz CMOS direct-
conversion transceiver for IEEE802.15.3c standard [3]. In
the design of RF front-ends in the above architecture, one of
the most important building blocks is a low-power 60 GHz
local oscillator (LO) with quadrature outputs. More impor-
tantly, a phase noise, which determines the system perfor-
mance, of a 60 GHz frequency synthesizer should be less
than −90 dBc/Hz at 1 MHz offset for 16QAM modulation
scheme [3], [4].

Recently, several architectures for a quadrature 60 GHz
generation have been proposed in CMOS technology. Fig-
ure 1 shows conventional approaches to generate 60 GHz
quadrature signals. The authors in [5] propose a direct
60 GHz quadrature voltage controlled oscillator (QVCO)
oscillating at its fundamental frequency as shown in
Fig. 1(a). As shown in Fig. 1(b), an alternative solution
is proposed in [6] by utilizing a push-push operation of
30 GHz VCO followed by a polyphase filter to generate
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Fig. 1 Conventional approaches for 60 GHz Quadrature LO [5]. (a)
60 GHz QVCO (b) push-push 30 GHz VCO + polyphase filter [6] (c) sub-
harmonic 20 GHz VCO + QILO [7].

quadrature signals. In [7], a PLL with a 20 GHz VCO is
used as an injection source to a sub-harmonic quadrature
Injection Locked Oscillator (ILO) as shown in Fig. 1(c). A
calibration system to guarantee a robust operation of ILOs
over process-voltage-temperature (PVT) variations has al-
ready been demonstrated [8]. Among these publications
[5]–[7], only the phase noise of [7] satisfies the require-
ment for 16QAM modulation which also outperforms [5],
[6] in terms of phase noise by more than 20 dB. However,
the power consumption of the frequency synthesizer is still
high and not suitable for mobile applications. To obtain
low phase noise at high frequency, the 20 GHz VCO in
[7] consumes significant power consumption comparing to
other building blocks. To reduce power consumption of
the 20 GHz VCO, this paper proposes a push-push 20 GHz
VCO based on a 10 GHz super-harmonic coupled QVCO
[9]*. The proposed topology consumes less power con-
sumption while maintaining comparable phase noise perfor-
mance as in [7].

This paper is organized as followed. An approach to
improve a phase noise performance of a 60 GHz frequency
synthesizer is proposed and a consideration of overall qual-
ity factor of resonator for best VCO performance is dis-
cussed in Sect. 2. In Sect. 3, the circuit implementation of
the proposed 20 GHz push-push VCO is presented. As well
as, the tunable second harmonic resonator and tail modu-
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lation mechanism is explained. The experimental results
and performance comparison with other publications are de-
scribed in Sect. 4. Finally, a conclusion is summarized in
Sect. 5.

2. Design Considerations

2.1 Proposed 60 GHz LO Architecture

An approach for a 60 GHz LO generation is proposed in
Fig. 2 by using a push-push 20 GHz VCO in a 20 GHz PLL
for 60 GHz sub-harmonic injection. In this case, the main
oscillator is running at the half of the desired 20 GHz fre-
quency where the main oscillator can achieve a good qual-
ity factor of the tank resonator and relatively higher output
power than high-order N-push operation [10]. The second
harmonic output of the push-push oscillator can be obtained
by connecting I and Q outputs in a push-push configuration
since anti-phase fundamental signals will be cancelled out
and the second harmonic (20 GHz) signal can be extracted.
Main advantages of the proposed VCO over previously-
implemented VCOs for 60 GHz signal generations in [5]–
[7] are higher achievable quality factor of main resonator
tank and less parasitic capacitances, which will be explained
in Sect. 2.2. Moreover, the output of main 10 GHz oscillator
tank can be used directly to drive a 10 GHz frequency di-
vider where a power-hungry 20 GHz prescaler can be elim-
inated. Comparing to [7], above merits of this topology are
in tradeoffs for a relatively lower output power and a larger
area because of the use of the second harmonic and the need
of two main oscillator tanks, respectively. The phase noise
of the sub-harmonic injection ILO can be estimated by using
Eq. (1) where n is a frequency multiplication ratio.

PNILO = PNinput + 20 log n (1)

For 16QAM modulation scheme, phase noise at 60 GHz
should be less than −90 dBc/Hz as shown in Table 1. The
proposed VCO should provide 10 GHz and 20 GHz sig-
nals with a phase noise of less than −105.5 dBc/Hz and
−100 dBc/Hz at 1 MHz offset respectively. The tuning range
of VCO should cover 9.5–11 GHz for 10 GHz QVCO to
cover the whole 7-GHz bandwidth of 60 GHz carrier fre-
quency.

Fig. 2 Proposed 60 GHz Quadrature LO using a 20 GHz push-push VCO
(dotted line) in a 20 GHz PLL.

2.2 Optimum Frequency for High Quality Factor of Tank

In Fig. 3(a), quality factor of inductor corresponding to

Table 1 Requirements for a VCO in a 60 GHz sub-harmonic injection.

Fig. 3 Quality factor of (a) inductor with various length (b) on-switched
capacitors of 65 and 180-nm CMOS process (c) overall tank resonators.
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different number of turns of the PDK inductors are plot-
ted. Relatively smaller inductance but higher quality fac-
tor can be found in inductor with less number of turns [11].
The quality factor of on-state switched capacitors of 65 nm
and 180 nm CMOS process are plotted and compared in
Fig. 3(b) based on Eq. (25) and conditions in [12] by keep-
ing the same frequency tuning range, γ, and α to 0.1. Even
though maximum quality factor of inductor becomes higher
at higher frequencies, the quality factor of on-state switched
capacitors is more significant on the performance of VCO at
higher frequency as shown in Fig. 3(b). According to the fa-
mous Leeson’s phase noise equation [13], the phase noise is
inversely proportional to the second order of quality factor
of the overall tank resonator. From calculation, the quality
factor of overall tank resonator is plotted in Fig. 3(c). As a
result, the severe degradation of quality factor of turned-on
capacitor at high frequency limits the overall quality factor
of the resonator tank as the quality factor of resonators in
both of dotted lines in Fig. 3(c) fall below 10 at frequency
more than 15 GHz. For both technologies, the best over-
all quality factor of tank in the main oscillator falls in the
range from 5–12 GHz. Therefore, a better phase noise per-
formance can be expected in the architecture using a VCO
running at frequency around 10 GHz instead of conventional
20 GHz VCO [7] which can be utilized to inject a sub-
harmonic QILO for a 60 GHz signal generation. In addi-
tion, due to a better quality factor of turned-on capacitor in
65-nm CMOS process, the overall quality factor of tank res-
onator is relatively higher than that of the 180-nm CMOS
process as shown in Fig. 3(c), which shows that the design
of VCO using a more advanced technology can result in a
better phase noise performance.

3. Proposed 20 GHz Push-Push VCO Based on 10 GHz
Super-Harmonic Coupled QVCO

Conventional cross-coupled 20 GHz VCO has been adopted
in [7] but consumes considerable power. Recently, a class-C
harmonic VCO which gives more efficient generation of os-
cillation currents can give significant improvement in VCO
performance but reliable start-up issue is still a challenge
[14], [15]. In this work, a push-push VCO e.g. [6], [16], [17]
is required to allow the main oscillators to run at the desired
frequency. A common method is to take a second harmonic
output from the common-mode node at different locations
e.g. capacitor bank [6], loop ground transmission line [16],
virtual ground of a symmetrical inductor [17]. However,
these implementations share the same drawback in terms of
having a single-ended output. Since differential signals are
required for an ILO injection, one possibility is to utilize a
quadrature VCO running at half the desired frequency for
an extraction of differential push-push signals. A various
number of QVCO topologies have been implemented and
are realized by two identical LC differential VCOs. Con-
ventionally, quadrature coupling is mainly obtained through
two coupling techniques [18] i.e. using coupling transistors
[19], [20] and coupling the common-mode nodes of cross-

coupled differential pair via a transformer or a direct cou-
pling circuit [21]–[23] known as super-harmonic coupling.
While the former suffers from a tradeoff between quadra-
ture accuracy and phase noise, the latter offers a relatively
lower-power and lower-phase-noise performance [22], [24].
To the authors’ knowledge, this is the first time that a push-
push VCO based on super-harmonic coupled QVCO is pre-
sented.

3.1 Circuit Implementation

Figure 4(a) shows the circuit schematic of the proposed
push-push VCO. It is composed of two NMOS LC VCOs
which are super-harmonic coupled at common-mode nodes
of the cross-coupled differential pairs via the cross-coupled
tail current sources. The cross-coupled tail sources inject a
synchronizing signal with strong second harmonic signals
enhanced by a tunable second harmonic resonator. PDK in-
ductors with an inductance of 650 pH with a quality fac-
tor of 15.7 at 10 GHz are utilized as L1 and L2. The size
of M1-4 is 2 μm × 20. The tunable second harmonic res-
onator is composed of an inductor L3 which has an induc-
tance of 330 pH with a quality factor of 7.9 at 20 GHz, a 2-
bit capacitor bank and a varactor as shown in Fig. 4(c). The
free-running frequency of the proposed VCO can be tuned
through a 3-bit capacitor bank and a varactor of the 10 GHz
QVCO for coarse and fine tuning respectively as shown in
Fig. 4(b).

Two tail current sources, M5 and M6, with a size of
2 μm × 26, are cross-coupled with the second harmonic
resonator that forces the second harmonic at 20 GHz out-
put nodes to be 180 degrees out of phase and further cou-
pling quadrature outputs of fundamental oscillators. In other
words, the cross-coupled tail transistors and the second har-
monic resonator act as the second harmonic oscillator that is
injection locked by the main 10 GHz QVCO. Due to the in-
jection characteristics, the phase noise of 20 GHz output sig-
nals will be dependent upon the phase noise of the 10 GHz
main oscillator tank and can be derived by Eq. (1) where n
= 2.

3.2 Tunable Second Harmonic Resonator

Higher amplitudes for both fundamental and second har-
monic nodes can be achieved if the tail network is de-
signed to resonate at twice the fundamental frequency as
the tail impedance is real, therefore the minimum point of
common-node voltage aligns with the minimum point of
the fundamental waveforms. As a result, output amplitudes
are no longer clamped by common-mode voltage and re-
sults in higher amplitudes for both fundamental and second-
harmonic outputs [22]. Moreover, it can act as a tail filter-
ing [25] which gives a beneficial effect on phase noise per-
formance. Additionally, a second harmonic resonator helps
create an accurate quadrature VCO as reported in [22], [24].

In this proposed circuit, the proposed tunable second
harmonic resonator can provide high impedance throughout
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Fig. 4 Schematic of (a) proposed 20 GHz push-push VCO based on 10 GHz subharmonic coupled
QVCO with (b) 3-bit capacitor bank for a 10 GHz resonator (c) 2-bit capacitor bank for a 20 GHz
resonator.

Fig. 5 Comparison of the simulated magnitude of the 2nd harmonic tank
impedance versus frequency with (solid line) and without (dotted line) the
proposed tunable second harmonic resonator.

the tuning range. The inductor L3 is placed across the sec-
ond harmonic resonator which resonates with parasitic ca-
pacitance of cross-coupled pair of fundamental oscillators,
equivalent capacitance from a varactor and a 2-bit capacitor
bank. Figure 5 shows the magnitude of second harmonic
tank impedance of the VCO with and without the proposed
second harmonic resonator. Note that the VCO without the
second harmonic resonator is composed of the tail cross
coupled pair in parallel with the 20 GHz output nodes. The
inductor in the second harmonic resonator resonates with a

variable capacitor and a tail cross-coupled pair. Hence, it
boosts the impedance seen at output nodes by a factor of
4.7 at twice the fundamental frequency from 17Ω to 80Ω
as shown in Fig. 5. From simulation, the average of output
amplitude over the entire tuning range of the 20 GHz output
in the case with the tunable second harmonic resonator is
approximately 57% (200 mV) higher than the case without
the proposed resonator as shown in Fig. 6. Consequently,
this allows oscillation swing of the main 10 GHz oscillators
of the proposed work to increase over the case without sec-
ond harmonic resonator and improve the phase noise per-
formance of the 10 GHz main oscillator as shown in Fig. 7.
This is beneficial to the phase noise of 20 GHz outputs ac-
cording to injection-locked characteristics Eq. (1).

3.3 Tail Modulation Mechanism

An improvement in phase noise performance can also be de-
scribed in terms of current modulation of the tail transistors
and the impulse sensitivity function (ISF) of the fundamen-
tal waveforms. Wavesforms in Fig. 8(b) show the 10 GHz
waveforms of the main tank I located on the left side as
shown in Fig. 8(a) and its ISF which is approximated by
taking the derivative of the waveforms of fundamental fre-
qeuncy. The third waveform is a waveform at the common-
mode node of the main tank Q which is an input to the tail
current source of the I-tank VCO. The bottom waveform
shows the waveform of modulated current of tail transis-
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Fig. 6 Simulated output swings of 20 GHz and 10 GHz of the VCO with
and without the proposed tunable second harmonic resonator.

Fig. 7 Simulated phase noise of the 10 GHz main VCO with and without
the proposed tunable second harmonic resonator.

tor M5 that inject the current into the tank of fundamental
oscillator I.

Providing that the second harmonic resonator is res-
onated at exactly twice the fundamental frequency via tun-
able switches, the corresponding waveforms can be aligned
and illustrated as shown in Fig. 8(b). The second harmonic
output waveform at the common-mode node of tank-Q res-
onator is input and conducts the highest amplitude of cur-
rent waveform (Ibias) at its highest amplitude. The modu-
lated current is maximized during the period where the ISF
is at its minimum and minimized during the period where
the ISF is at its maximum. Therefore, this can alleviate the
noise injection to the tank and the phase noise performance
can be improved.

4. Experimental Results

The proposed 20 GHz push-push VCO using second-
harmonic peaking technique (Fig. 4) is fabricated in a 12-
metal 65-nm CMOS process. A die photo is shown in
Fig. 9 in which the core VCO occupies an area of 570 μm
× 490 μm. The phase noise is evaluated by using a sig-
nal source analyzer (Agilent E5052B). Through 8 bands

Fig. 8 Circuit schematic of the oscillator tank I (a) and its corresponding
waveforms (b) for illustration of tail modulation mechanism.

Fig. 9 Die photo of the proposed 20 GHz push-push VCO.

of the 3-bit switched capacitor of the fundamental oscil-
lator, the proposed VCO can operate from 16.1–19.6 GHz
(19.6% tuning range). The tuning range of each band is
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Fig. 10 Measured tuning range with its corresponding 3-bit switch codes
(VS3, VS2, VS1).

Fig. 11 Measured phase noise at 18.8 GHz.

shown in Fig. 10. Despite a satisfying tuning range, the
measured operating frequency of the proposed VCO con-
siderably drops. Consequently, the proposed VCO, if used
for 60 GHz subharmonic injection, cannot cover the desired
60 GHz band. The measured phase noise at 18.8 GHz is
−106 dBc/Hz at 1 MHz offset as shown in Fig. 11. In this
work, the second harmonic resonator is manually tuned to
make the impedance peak at the frequency in the vicinity
of two times oscillation frequency of main 10 GHz oscilla-
tors to achieve an optimum phase noise performance. Fig-
ure 12 shows a phase noise of 20 GHz output from differ-
ent (VSP1, VSP2) and VPctrl of the tunable second harmonic
resonator. The phase noise slightly degrades if the peak
impedance of 20 GHz resonator is in the vicinity of twice
the oscillation frequency of the main oscillator as shown in
Fig. 12. The Figure of Merit (FoM) is defined as:

FoM = L( foffset) − 20 log

(
fo

foffset

)
+ 10 log

( PDC

1mW

)
(2)

where L( foffset) is phase noise, foffset is offset frequency, f0 is
oscillation frequency and PDC is power consumption. The
FoM of the proposed VCO is −181.3 dBc/Hz. Two-stage

Fig. 12 Measured phase noise of 20 GHz output from different (VSP1,
VSP2) and VPctrl of the tunable second harmonic resonator while VPg =

0.6 V.

common source buffers are used to isolate the output port
with the measurement equipment so that it does not directly
load the tank and does not degrade the performance. Due
to unmatched output port of the buffer with 50 ohm charac-
teristic of the measurement equipment and further loss from
cable and connectors, a measured 20 GHz output power of
−28 dBm is observed. To approximate output power after
the buffer, a simulation has been performed by including the
effect of 50 ohm impedance at output of the buffer to repre-
sent the characteristic of the measurement equipment. The
output power after the buffer is 130 mV which is approxi-
mately −14 dBm. Since loss from measurement equipment
is at least 10 dB, the approximated output power is −24 dBm
which is close to the measured output power. From 1.1-V
supply, the proposed oscillator consumes only 10.3 mW of
power.

Table 2 compares the performance of the proposed
VCO with previously-implemented VCOs that is used for
60 GHz generations [5]–[7] and other 20 GHz VCOs [26]–
[28]. Due to the degradation of the quality factor of the
overall tank at high frequency as explained in Sect. 2.2, an
approach in [5] and [6] using a direct 60 GHz QVCO and
a push-push VCO based on 30 GHz fundamental oscillator
suffered from high phase noise. As a result of less impact
of the parasitic capacitance, an approach which is based on
a 20 GHz VCO [7] has improved the phase noise perfor-
mance by a reduction of −20 dBc/Hz comparing to [5], [6].
Due to a possibility of achieving a better VCO performance,
the main oscillator is chosen to operate at frequency where
quality factor of resonator tank can be maximized as sug-
gested in Fig. 3(c). Therefore, in this proposed work, a push-
push 20 GHz VCO based on 10 GHz super-harmonic cou-
pled QVCO is implemented. As a result, the proposed VCO
consumes only 10.3 mW while achieving equivalent phase
noise performance as the previously implemented 20 GHz
VCO in [7]. Consequently, it shows approximately 2 dB im-
provement in FoM. The performance of the proposed VCO
also shows a competitive performance with the state-of-the-
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Table 2 Performance comparison.

art 20 GHz VCOs in [27], [28].
A phase noise performance of the proposed push-push

VCO in a 20 GHz PLL for a sub-harmonic injection ILO
can be approximately calculated by Eq. (1) where n = 3
for a third-order harmonic ILO as implemented in [5].
Based on calculation, if the proposed 20 GHz push-push
VCO is implemented in [7], a phase noise of approximately
−96 dBc/Hz can be achieved, which satisfies the require-
ment for 16QAM modulation scheme and considerably bet-
ter than the phase noise performance in [5], [6].

5. Conclusion

This paper discusses a consideration of architectures for
low-phase noise high-performance 60 GHz frequency syn-
thesizer. From the consideration of limit of quality fac-
tor of the overall resonator tank, a proposed 20 GHz push-
push VCO based on a 10 GHz super-harmonic coupled
QVCO achieves an improvement of 2.3 dB in FoM over
the previously-implemented 20 GHz VCO [7] and has a
competitive performance compared to the-state-of-the-art
20 GHz VCOs [27], [28]. The proposed VCO can be uti-
lized in a 20 GHz PLL for a sub-harmonic injection to an
ILO. Based on calculation, the 60 GHz frequency synthe-
sizer which utilizes the proposed push-push VCO can sat-
isfy the requirement for 16QAM modulation scheme.
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