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Abstract— In this contribution we present a standing-wave
voltage controlled oscillator that is suitable for operation in
the lower licensed E-band (i.e., 71-73 GHz). Frequency tuning is achieved by periodically loading a shielded differential
transmission with inversion-mode varactors. An output buffer
is introduced to facilitate on-chip probing. The oscillator is
implemented in 90 nm CMOS technology. The core power
consumption is 19 mW from a 1.2 V supply and area occupation
is 120×80 µm2 . For a 72 GHz frequency, the oscillator exhibits a
measured phase noise of -112.2 dBc/Hz at 10 MHz. The resulting
figure-of-merit is -176.5 dBc/Hz.

I. I NTRODUCTION
In recent years, mainly because of the spectrum congestion
below 10 GHz, the huge amount of bandwidth available
millimeter-wave frequencies has captured the interest of researchers in the exploration for efficient architectures and
circuit solutions for radio transceivers. The advantages of an
increased operation frequency reside mainly in the increased
available bandwidth, that means higher data rates, and in the
reduction in size of the radiating antennas, that ultimately
results into more compact and portable systems. Due to the
different transmission properties of the atmosphere in the
millimeter-wave region, several frequency bands have been
targeted for the development of new applications. Among
them, the unlicensed 57-64 GHz band has been dedicated to
short-range high-data rate communications mainly for lastmile coverage or indoor networking while the 71-76, 8186 and 92-95 GHz bands, also known as E-band, are used
for point-to-point high-bandwidth communication links. The
latter frequencies, as opposed to the 57-64 GHz band, require
transmitting licenses from the FCC, though they do not suffer
from the effects of oxygen absorption. However, there are
plans for 10 Gbit/s links using these frequencies as well.
In between, the 76-77 GHz band is allocated to vehicular
radar applications. Traditionally millimeter-wave frequencies
are considered the natural playground for III-V technologies.
However, the continuous scaling of standard CMOS has recently achieved transistors with fT and fMAX that exceed
100 GHz [1]. This opportunity is opening the way for radio
systems with an unprecedented level of integration: not only
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the analog and RF circuitry can be integrated together with
the digital core on the same chip, but also the antenna has a
reasonable size that theoretically allows it to be implemented
on the same silicon die. In this perspective, while it has been
demonstrated [1] that MOS transistors can still be used as
active devices at such high frequencies, passive components
still suffer from the loss of the silicon substrate and the metal
interconnects that lower their quality factor when compared to
III-V semi-insulating substrate technologies. A viable solution
to this problem resides in the exploitation of the metal layers
to implement shielded transmission lines at millimeter-wave.
In this paper we describe a standing-wave voltage-controlled
oscillator (SWO), based on a shielded quarter-wave transmission line, that operates in the 71-73 GHz band. In section II
the transmission line-based resonator principle is described.
Standing-wave oscillator design is addressed in section III.
Finally, experimental results are given in section IV.
II. T RANSMISSION LINE RESONATOR
It is well known that a transmission line terminated with a
short circuit or with an open circuit behaves like a resonator.
For instance, a parallel type of resonance can be achieved
using a short-circuited transmission line that has an electrical
length of λ/4 at the desired oscillation frequency [2]. At the
resonance, the line behaves as a parallel LC tank with
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The quality factor (Q) is a function of the propagation coefficient (β) and of the attenuation per unit-length (α)
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To overcome high-frequency limitations, a shielding technique
has been proposed [3], [4] to prevent the electric field from
penetrating into the semi-conducting substrate by means of
floating metal bars located underneath the guiding structure.
In this design, a shielded differential coplanar stripline (CPS)
has been implemented (Fig. 1) using the top metal (M6) for
signal propagation and the bottom metal (M1) for shielding.
The distance between two consecutive bars has been set to
1 µm in order to minimize the field penetration. The shielding
bars have also been exploited to control the resonant frequency.
Q=

Fig. 1.

Shielded CPS principle.
Fig. 3. Quality-factor of the coupled transmission line with shielding-bars
as extracted from EM simulations at 70 GHz. The maximum Q (57.11) is
achieved with W=40 µm and S=30 µm.

Fig. 4.

Characteristic impedance of shielded CPSs.

Fig. 2. (a) Cross-section of a shielded CPS periodically loaded with varactors.
(b) Top view of the varactor area. (c) Equivalent circuit of a CPS unit cell.

MOS varactors have been periodically added to the original
CPS: the gate of each varactor is connected to the signal
line through a vertical metal via stack, while the source and
drain are connected to each bar and to a control signal (2ab). The equivalent circuit of a unit-cell of the CPS is shown
in Fig. 2c, where R,L,C and G are the equivalent circuit
elements of the unloaded ine and (Cvar ) represent the variable
capacitors. The variable MOS capacitance alters the phase
propagation velocity and hence the resonant frequency. The
relation between resonance frequency and loading capacitance,
for N cascaded unit-cells, is given by
fOSC =
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where L and C are the inductance and capacitance per unitlength of the unloaded CPS, l = N · d is the total line
length and d is the size of each cell, 2 µm in this design.
The varactors were realized as NMOS transistors due to the
unavailability of accumulation-mode varactors in the used
technology at the time of design. Having the gate biased
around VDD, the source and drain terminals tied together

to the control voltage and the bulk connected to ground, the
NMOS transistors operate as inversion-mode varactors [5].
The width (W) and spacing (S) of the unloaded shielded CPS
have been initially optimized by means of EMX [6] electromagnetic simulations of the unloaded structure aiming for the
maximum Q. The attenuation (α) and the propagation constant
(β) have been extracted from EM simulations according to
[7]. In Fig. 3 the simulated quality factor (2) for different CPS
geometries is reported. The quality factor increases as the lines
separation and width increase. In fact, as the spacing increases,
the magnetic quality factor increases due to higher inductance
per unit-length, while resistive losses are reduced using wider
lines. The presence of the shielding bars is essential to achieve
this result since it strongly reduces substrate-related electric
losses, that would be dominant at 70 GHz.
In Fig.4, the extracted differential characteristic impedance is
reported. Increasing the lines separation, for a given width,
will increase the line impedance until it will saturate when
the two lines are far enough to neglect the mutual electric
and magnetic coupling. When the line is loaded by MOS
varactors, their finite Q will impact the overall quality factor
of the resonator. This is because, while the magnetic quality

Fig. 5. Voltage-controlled standing-wave oscillator principle (a) and outputbuffer schematic (b).

factor is not affected by the varactor loading, the electrical one
is dominated by it, resulting into a lower quality factor of the
overall structure.
Furthermore, the characteristic impedance of the loaded CPS
descreases according to the following relation:
s
L
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Hence, for a given desired characteristic impedance,a smaller
line width must be selected, further reducing the overall
Q, as evident from Fig. 3. The selected line dimensions,
i.e.,W=5 µm and S=30 µm, were chosen to obtain the desired
loaded impedance and the optimum loaded Q (about 16).
A higher quality factor is expected if accumulation-mode
varactors are used instead of NMOS transistors.
III. S TANDING - WAVE OSCILLATOR DESIGN
In Fig. 5a the oscillator schematic is reported. The resonator
was implemented using the CPS described above. The necessary bias voltage for the oscillator is provided from the middle
of the CPS short-circuit terminations, that is a differential zerovoltage point. Notice that the parasitic capacitance of the crossconnected couple and the non-zero length of the short-circuit
termination effectively resulted into a shortening of the CPS
with respect to the ideal length of λ/4. The circuit is operated
with VDD=1.2 V and the control voltage varies between 0 and
VDD. The transistor channel length is equal to the minimum
allowed by the technology (i.e., 100 nm) while the width has
been chosen from circuit simulation aiming for the maximum
fMAX and it has been found to correspond to 2 µm.
Circuit co-simulations in the Agilent ADS environment of the
whole oscillator made of the CPS resonator, the varactors
and the two cross-coupled connected MOS transistors (M1
and M2, in Fig.5a) have been used to size the varactors, the
number of fingers of the transistors and the CPS length to meet
center frequency and tuning range requirements. The final
result of the analysis is 24 unit-cells (that gives an overall CPS
length of only 48 µm), inversion-mode NMOS varactors with
W=6 × 1 µm, L=0.165 µm and transistors with W=8 × 2 µm.
In order to provide enough output power and to avoid loading
the oscillator core directly with the RF probes, a buffer (Fig.
5b) consisting of three cascaded differential amplifiers with

Fig. 6. Die photo of the test chip in 90nm CMOS. The oscillator core is
magnified.

transmission line inter-stage matching networks have also been
included. The first stage of the buffer is sized aiming for a
maximum capacitive load for the oscillator equal to 10 fF.
The intermediate and the last stage dimensions are optimized
for maximum output power.
IV. E XPERIMENTAL R ESULTS
A test chip has been designed and implemented in TSMC
90 nm CMOS process with ultra-thick top metal. A die
micrograph is given in Fig. 6. Bias and control pads are
located on the top while the two outputs, that are suitable
for on-chip measurement with coplanar GSG probes, are in
the middle. The chip measures 1078 × 780 µm2 . A closeup view of the oscillator core is also given. It is evident that
most of the chip area is due to the output buffer. Note that
this buffer is only required for testing purposes and becomes
not necessary when the oscillator is used as building block of
a complete transceiver. The effective circuit area is then only
120 × 80 µm2 .
Achieving accurate phase noise measurements at such high
frequencies is a rather difficult task due to unavoidable cable
losses and environment disturbances. The measurement setup
realized for the oscillator characterization is reported in Fig. 7.
The outgoing signal from the probes is first down-converted
by means of a Wisewave V-band mixer with a 70 GHz LO
provided by an Agilent E8527D generator. Then, a second
down-conversion feeds the signal to a low-frequency custommade amplifying board that consists of two commercially
available low-noise op-amps with bias and stabilization networks. The second board was found to be necessary since
the output buffer did not provide the expected power for an
accurate characterization due to cable and down-conversion
mixer losses. The phase noise and the tuning curves are finally
measured by an R&S FSUP signal analyzer. The oscillation
frequency as a function of the control voltage is given in Fig.
8. Unfortunately, it was not possible to completely explore the
overall tuning curve due to excessive and not predicted losses
of the varactors when operated in maximum capacitance mode.
This discrepancy is currently subject of further studies. For a
center frequency of 72 GHz, the measured phase noise log plot

TABLE I
C OMPARISON WITH P UBLISHED E-BAND VCOS
VCO
Technology
[ref]
65 nm SOICMOS [8]
InP-DHBT [9]
SiGe 0.35 µm
[10]
CMOS 90 nm
[this work]

Fig. 7.

fosc
Tuning PN
[GHz] range [dBc/Hz]
[%]
70.20 9.55
-106.14

offset Pdiss FOM
[MHz] [mW] [dBc/Hz]
10

5.4

-175.7

74.00
72.00

6
n.a.

-97
-102.5

1
1

770
290

-165.5
-175.0

72.00

2.85

-112.2

10

19.2

-176.5

The VCO core consumes 19 mW when operated with a 1.2
V supply and presents a FoM of -176.5 dBc/Hz.

Experimental setup for the VCO characterization.

V. C ONCLUSIONS
The design and characterization of a CMOS voltagecontrolled SWO suitable for operation in the 71-73 GHz range
has been presented. Particular emphasis has been given to the
design of the distributed resonator and some guidelines have
been drawn. The measured phase noise at 72 GHz, -112.2
dBc/Hz and the FoM, -176.5 dBc/Hz, are comparable to stateof-the-art counterparts in different technologies.
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Measured oscillation frequency versus tuning voltage.
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