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Abstract—This paper presents a transformer-coupled varactor-
less quadrature current-controlled oscillator (QCCO) RFIC
covering the entire X-Band from 8.7 GHz to 13.8 GHz. The QCCO
incorporates a transformer-coupled technique that achieves fre-
quency tuning by varying the bias currents in the primary and
secondary windings. Fabricated in a 0.18 m SiGe BiCMOS
technology, the prototype QCCO achieves a 45.3% wide tuning
range. With two stacked octagonal transformers the QCCO core
circuit occupies 0.4 0.5 mm� chip area and draws 8–18 mA
current under a 1.8 V power supply. The measured phase noise
for 11.02 GHz quadrature outputs is about 110 dBc/Hz at
10 MHz offset. The QCCO achieves a phase noise, power and area
efficiency figure-of-merit of 191 dBc/Hz.

Index Terms—Current-controlled oscillator, frequency syn-
thesis, QCCO, quadrature oscillator, SiGe, transformer-coupled
oscillator, varactor-less VCO.

I. INTRODUCTION

Q UADRATURE signals are widely used in the wireless
transceivers as local oscillator (LO) to generate the up-
and down-conversions with image-reject mixing. There

are several ways to generate quadrature signals. A frequency
divider can be used to divide a voltage-controlled oscillator
(VCO) output at higher frequency to quadrature phase outputs.
The divided-by-four method is usually used because the di-
vided-by-two method requires a 50% duty cycle for the VCO
output [1]. However, the divided-by-four method requires a
VCO frequency output running at four times the LO frequency,
which results in higher power consumption and poor phase
noise [2]. The divider method requires the VCO to oscillate at
about 40 GHz frequency in order to achieve X-band quadrature
outputs. A VCO followed by a passive poly-phase complex
filter can be used to generate the quadrature outputs as well
[3]. However, the output has poor phase accuracy for wideband
operation. In addition, large loss due to the poly-phase network
requires power-hungry buffers to boost the LO magnitude. At
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higher frequency, a poly-phase filter is very difficult to imple-
ment because the reduced component values are more sensitive
to process variations and parasitic influences. Cross-coupling
two single-phase LC-VCO architectures has been proposed
to generate quadrature outputs [4]. This technique provides
wideband quadrature accuracy and superior phase noise perfor-
mance with increased power consumption.

There are various ways to couple the two VCOs and lock
their oscillation frequencies. The most commonly used quadra-
ture VCO (QVCO) topology, shown in Fig. 1, utilizes the
parallel coupling scheme proposed by Rofougaran et al. [5].
The parallel VCO (P-QVCO) delivers quadrature signals with
low phase and amplitude errors, yet has a narrow tuning range
with the tuning limit of the varactors. In addition, integrated
varactors at high frequency such as X-band suffer from poor
quality factor, which leads to poor phase noise performance if
wide-tuning is needed. Series QVCOs (S-QVCO) have been
proposed using CMOS or BiCMOS technology by connecting
the coupling transistors in series [6]–[8]. This reduces the noise
by using cascode devices and provides better isolation between
the VCO output and its current sources. However, the S-QVCO
also suffers from a narrow frequency tuning range because of
the varactor’s narrow tuning capability. A magnetically tuned
quadrature oscillator has been reported by Cusmai et al., where
the output frequency can be tuned from 3.2 GHz to 7.3 GHz [9]
using a 65 nm CMOS technology. Modern communication and
radar systems require quadrature signal generation at X- and
Ku-bands with wide tuning range for frequency synthesis used
in phase-locked loops (PLLs) [10] or direct digital frequency
synthesizers (DDSs) [11]–[13]. Most X/Ku-band oscillators
are fabricated in InGaP–GaAs technology [14]–[16]. However,
InGaP–GaAs technologies have low yield and high power
consumption. In addition, they are not compatible with the
CMOS and BiCMOS technologies that are widely used for
wireless and radar transceiver designs. Although advanced
CMOS technologies at 45–65 nm nodes can achieve high
operation frequency, the MOSFET suffers from 1/f noise and
poor Gm efficiency. In the targeted radar transceiver design,
SiGe BiCMOS technology is chosen due to its superior noise
performance, low power, high current efficiency, and drive
capability. As part of the radar transceiver building blocks, an
8.7–13.8 GHz transformer-coupled varactor-less quadrature
current-controlled oscillator (QCCO) was implemented in a
0.18 m SiGe BiCMOS technology [17]. Owing to high cutoff
frequency of SiGe heterojunction bipolar transistors
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Fig. 1. Quadrature VCO circuits with parallel coupling.

Fig. 2. Schematic of transformer-coupled varactor-less QCCO.

(HBT) and less parasitics compared to its CMOS counterpart,
the QCCO presented in this paper was able to achieve quadra-
ture LO generation with wide frequency tuning of 45.3% at
X-band frequency, which is highly desirable for radar applica-
tions. To our best knowledge, this work represents one of the
first X-band quadrature oscillators with transformer-coupled
current-controlled tuning mechanism that achieves high oscil-
lation frequency and wide tuning range simultaneously.

This paper is organized as follows. Section II presents the
principle and oscillator implementation as well as the phase ac-
curacy and phase noise analysis. Section III discusses the im-
plementation and modeling of the adopted stacked octagonal
transformers. Section IV gives the experimental results and the
conclusion is given in Section V.

II. ANALYSIS AND DESIGN OF TRANSFORMER COUPLED

QUADRATURE OSCILLATOR

A. Oscillation Analysis and Circuit Design

The varactor-less QCCO presented here is a transformer-
coupled current-controlled LC oscillator that utilizes SiGe
HBT for oscillation and current tuning. For wideband tuning,
transformer-coupled technology is employed that achieves

equivalent inductance tuning by varying the bias currents
through primary and secondary windings. To achieve the high
output frequency, SiGe NPN HBT is used for its small parasitics
and low flicker noise. The proposed QCCO circuit is illustrated
in Fig. 2, in which two pairs of cross-coupled NPN HBTs, T1,
T2 and T3, T4, are used to generate the negative resistances
for in-phase CCO (ICCO) and quadrature phase CCO (QCCO)
outputs, respectively. Another two pairs of NPN HBTs, T5,
T6 and T7, T8, are used to provide the tuning currents for the
transformer windings.

Fig. 3 shows an AC equivalent circuit of the ICCO or QCCO
circuit. The discussions presented below take ICCO as an ex-
ample, since the QCCO has the same structure. The primary
winding of the transformer has the same function as the LC-tank
in the conventional LC coupled oscillators. Negative impedance

is generated from the cross-coupled transistor pair T1
and T2. and are the total parasitic resistance and capac-
itance between the two terminals of the primary transformer
winding in the oscillator circuit. The capacitance includes
all the transformer parasitic capacitances as well as the tran-
sistor parasitic capacitances. The secondary winding is mainly
used to tune the effective inductance seen by the tank. Its par-
asitics, however, are ignorable since they have little impact on
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Fig. 3. AC equivalent circuit of the transformer tank.

the QCCO output. To achieve high oscillation frequency, addi-
tional capacitors and varactors used in conventional oscillator
designs are omitted. With an intuitive analysis based on Fig. 3,
the output voltage of the ICCO equivalent circuit can be ex-
pressed as

(1)

where is the ratio of the bias currents in the
primary and the secondary windings and is
the mutual inductance between the windings. Eq. (1) is used to
estimate the equivalent inductance of the oscillation tanks. The
parasitic capacitance of the primary winding is treated as the
parallel capacitance of the oscillation tanks. The mutual induc-
tance can be calculated using

(2)

where is the coupling factor of the transformer. Thus, the ef-
fective inductance seen by the oscillator tank is given by

(3)

Hence, the oscillation frequency of ICCO and QCCO can be
found as

(4)

Note that by varying the tuning current , current ratio
will be altered, which leads to the tuning of the oscillation fre-
quency. Theoretically, can be tuned arbitrarily by altering the
QCCO core current and turning current, and the current flowing
direction can be either negative or positive. Thus, the oscilla-
tion frequency can be tuned with large tuning range, when is
tuned from a large positive value to a negative value bounded
by . All the HBTs in the CCO were biased with max-
imum current near the peak current in order to maximize
their switching speed. Although the current tuning will move
the bias current off the peak point, great care has been taken
to ensure that the frequencies of the devices provide enough
switching speed even at their minimum bias currents.

As discussed in the next section, the total parasitic capac-
itance between the two terminals of the transformer primary
winding is only 0.6 pF at 10 GHz frequency. This capacitance
does not take into account the device parasitic capacitance.

To achieve the high oscillation frequency, small device para-
sitic capacitance is desirable. To generate sufficient negative
resistance or Gm for sustainable oscillation at high frequency,
large current is normally required. If choosing MOSFET as the
coupling transistor, large width-to-length (W/L) ratio and large
bias current are needed to produce high Gm. In addition, large
device size is needed to lower the flicker noise of the
MOSFET, which unavoidably causes high parasitic capacitance
of the devices that further limit the oscillation frequency. On
the other hand, HBTs have the following advantages over the
MOSFETs that can be utilized to solve the dilemma men-
tioned above: (i) HBTs have much higher Gm efficiency and
require lower current to achieve the same negative impedance;
(ii) HBTs have much smaller 1/f noise and thus small device
size can be chosen for oscillator design, which further im-
proves the power consumption and oscillation frequency; and
(iii) HBTs have less device mismatch, which helps with the
quadrature accuracy. Therefore, HBTs at 0.18 m technology
were chosen for the proposed X-band QCCO design.

To determine the actual oscillation frequency, a few more
steps on the oscillation conditions need to be derived. According
to the circuit analysis for the AC equivalent circuit shown in
Fig. 3, the output voltage of the oscillator can be derived as

(5)

Separating (5) into real and imaginary parts leads to the fol-
lowing expressions for the oscillation amplitude and fre-
quency :

(6)

(7)

where , and
are the quality factor, self-resonance frequency and corner
frequency of the transformer primary winding, respectively.

can be considered as the coupling
strength of the transformer [9], [18], [19]. The oscillation
amplitude is independent of the tuning current and is deter-
mined only by the core current and the transformer parameters.
According to Leeson’s equation [20], oscillation amplitude
directly affects the output phase noise. Therefore, altering the
tuning current in the secondary winding will not affect the
phase noise greatly. The approximation of is acceptable
when , which is a valid assumption for the transformer
windings. The oscillation frequency is determined by the
quality factor of the primary winding as well as which is a
function of the self-inductance and mutual inductance of the
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Fig. 4. Stacked octagonal transformer.

Fig. 5. AC equivalent circuit of the varactor-less QCCO.

transformer and the current ratio of the tuning current to core
current. Hence, the proposed tuning scheme by altering the
current of the secondary winding provides an efficient means
for wideband tuning without degrading the phase noise.

To increase the tuning capability even with small tuning cur-
rent, the transformer needs to be carefully designed to maximize
its coupling efficiency, i.e., its coupling factor or mutual induc-
tance. A stacked octagonal transformer, shown in Fig. 4, which
has the maximum mutual inductance compared to other trans-
former topologies such as concentric and inter-wound, etc., is
designed to reduce the magnetic flux leakage [21]. The trans-
former design is discussed in the following section.

B. Quadrature Phase Accuracy and Phase Noise

Let us evaluate the full AC equivalent circuit of the varactor-
less QCCO shown in Fig. 5. If we take T5, T6 and T7, T8
as -Gm amplifiers, Fig. 5 can be further simplified to Fig. 6.
Fig. 6(a) shows the transformer in-phase case of the QCCO,
while Fig. 6(b) shows the transformer antiphase case of the
QCCO. Suppose the phase delay of both -Gm amplifiers is ,
based on Barkhausen criteria, the phase delay for the in-phase
and antiphase oscillators can be determined by

(8)

and

(9)

Fig. 6. Equivalent circuits of the varactor-less QCCO. (a) Transformer
in-phase. (b) Transformer antiphase.

Thus, the phase delay of the -Gm amplifier is given by

(10)

Therefore, regardless of in-phase or antiphase cases, the phase
delay between I and Q is always or . In another word,
quadrature frequency outputs can be generated. In practice,
there are mismatches between the devices used in the oscillator
circuit, which results in slightly different phase delays between
the two -Gm amplifiers as well as the two transformers. The
device and transformer mismatches are the major contributors
of phase error between the quadrature outputs. Another phase
error source comes from the coupling between the two trans-
formers used in I oscillator and Q oscillator. From [19], the
total phase error can be determined by

(11)

where represents the mismatches between the devices and
transformers, is the coupling factor between two primary
windings of the transformers that is undesirable in QCCO de-
sign, and is the coupling strength of the transformer defined
before. It should be pointed out that the phase error increases
with a higher quality factor and a larger transformer coupling
strength.

Phase noise of oscillators has been intensively investigated
previously [20], [22], [23]. Analysis of the conventional quadra-
ture oscillator has also been presented in [7], [18], [24]. The
phase noise of the transformer coupled oscillator is similar to
that of the conventional quadrature oscillators discussed in [18],
namely,

(12)

where is the oscillation amplitude across one of the tanks,
and is the noise factor of the conventional single-phase os-
cillator. From (12), the phase noise of the quadrature oscillator
is degraded rapidly with the increase of and is reduced with
a higher quality factor of coupling inductors or transformers.
Hence, a trade-off needs to be considered between the quadra-
ture phase accuracy and oscillator phase noise in order to
achieve optimal and in the QCCO design.
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Fig. 7. Octagonal symmetrical transformer: (a) concentric, (b) inter-wound,
and (c) stacked.

III. TRANSFORMER IMPLEMENTATION

A. Geometry Design of Transformers

The transformer coupled QCCO has been implemented
in a 0.18 m SiGe BiCMOS technology. The transformer
design has been optimized in simulations by means of a
full-wave electromagnetic solver, Agilent Momentum, in order
to maximize magnetic coupling or the ratio and the
primary winding quality factor . For different transformer
structures, the self-inductance , the mutual inductance or
the coupling coefficient , the turn ratio , the quality factor

, and the self-resonance frequency may vary significantly.
Depending on the transformer structures and their magnetic
coupling methods (lateral or vertical), different approaches
in transformer layout have been proposed [21], [25]. Usually,
transformers are formed by magnetically coupling two or more
inductors. There are four commonly used inductor shapes:
square, hexagonal, octagonal, and circular. Based on these
inductors, inter-wound or stacked transformers can be built
with different geometrical shapes. Considering the transformer
performance (usually inductance and quality factor), the cir-
cular shape is the best choice, followed by octagonal and
hexagonal structures, and the square inductor is the worst. But
the circular layout of the transformers is not compatible with
most of the design rules. So the octagonal shape is the most
commonly used to build inductors and transformers. For differ-
ential circuits, such as what is used in the proposed quadrature
oscillator, symmetrical shape is required.Based on the above
discussions, Fig. 7 illustrates three transformer topologies:
concentric, inter-wound, and stacked. Both the inter-wound
and stacked transformers have larger coupling factor than the
concentric transformer structure. However, the inter-wound
transformer occupies much more area than the stacked one. To
trade off the area and coupling factor, the stacked transformer
is employed to design the proposed QCCO tank. Fig. 4 shows
the adopted stacked transformer drawing diagram with terminal
names labeled with respect to the transformer symbol. In this
SiGe technology, the top metal layer is much thicker than any

Fig. 8. Diagram of (a) the three-dimensional PGS substrate and (b) the two-
dimensional deep trench lattice.

of the other metal layers and stays farthest from the substrate. It
is thus used to fabricate the primary winding in order to achieve
a good quality factor. While the top metal is thicker than the
second-top metal, both top and second-top metals in the chosen
0.18 m SiGe technology are much thicker than any other
metal layers and both are optimized with lower sheet resistance
for analog routing. The second-top metal layer, which has the
best factor compared to any other metal layers except to the
top metal, is used to fabricate the secondary windings. Both the
primary and secondary windings are 10 m wide and have two
turns with diameter of 200 m. The two windings are exactly
overlapped and the winding wire space is 5 m between the
two turns, which is the minimum space allowed by design
rules, in order to maximize the fill ratio, defined later. The
current maximum rating for the chosen metals is larger than
2.5 mA m for top metal and 0.9 mA m for the second-top
metal, which is the worst case scenario assuming all metals
stacked on top of each other. Considering the maximum bias
current of 5 mA and the transformer winding dimension of 200

m, the proposed vertically stacked transformer topology will
not cause any damage due to localized heating effect.

At low frequencies, the of the inductor is limited primarily
by the resistance of the metal layer. At high frequency,
degradation is dominated by the loss mechanisms caused by the
substrate [5]. To minimize the dependence on the substrate
resistivity, the transformer is placed on top of a patterned
ground shield (PGS) to minimize the current injected into the
substrate. The PGS is a patterned conductive layer and is formed
by a lattice of highly resistive deep trench (DT) isolation layer
available in the chosen technology. Fig. 8 shows the diagram
of the three-dimensional substrate and two-dimensional DT
lattice used in this design. The PGS substrate is used to reduce
the parasitic capacitance of the transformer to the substrate as
well as increase the parasitic resistance to the substrate.

B. Transformer Equivalent Circuit and Parameters

Usually the frequency domain model of the transformer is
more important since most performances of the oscillator are
analyzed in the frequency domain. However, the time domain
equivalent circuit is more intuitive. Fig. 9 shows the 2- equiva-
lent circuit of the stacked transformer. and are the self-in-
ductance of the primary and secondary windings; and are
the series resistance of the primary and secondary windings;
and are the inter-winding capacitance between the two turns
of the primary and secondary winding; and and are the
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Fig. 9. Transformer time domain equivalent circuit model.

parasitic capacitances of the primary and secondary windings
coupled to the PGS, respectively. is the capacitance be-
tween the stacked primary and secondary winding, and is
the parasitic resistance to the PGS substrate.

The self-inductance for the octagonal inductor can be esti-
mated using Mohan’s model [25], namely,

(13)

where is the average value of the outer
diameter and the inner diameter of the octagonal in-
ductor. is the fill ratio defined as .
The mutual inductance is defined in (2). The coupling factor

of the stacked transformer is more than 0.8.
More accurate self-inductance and mutual inductance or cou-

pling factor can be obtained by electromagnetic simulation and
vector network analyzer (VNA) measurement. Fig. 10 shows
the simulated parameters of the octagonal stacked transformer.
Fig. 10(a) is the plot of primary and secondary self-inductance.
They are almost identical since the metal material and thickness
does not affect the inductance greatly [21]. Fig. 10(b) shows
the coupling factor of the transformer. It is around 0.8 and ap-
proaches to 1 at high frequency. Fig. 10(c) is the plot of the
quality factor of the primary and secondary windings. The peak

of the primary winding is about twice of that of the secondary
winding because the primary winding metal is thicker and has a
lower sheet resistance than the secondary one.

For X-band oscillator design, the parallel capacitance be-
tween the terminals of the transformer primary winding is
used as the oscillation tank capacitance. The total parallel
capacitance is given by

(14)

With the geometry and electronic parameters of the transformer,
all these capacitances, , , , , and , can be
calculated using the simple parallel-plate capacitor model. The
PGS is far away from the windings, so is much smaller than
the other capacitances. The accurate frequency dependent ca-
pacitance paralleled with the primary winding can be simulated
using electromagnetic simulation tools as well. Fig. 11 gives the

Fig. 10. Simulated parameters of the transformer windings: (a) self-inductance
�, (b) coupling factor �, and (c) quality factor �.

Fig. 11. Simulated capacitance parallel with the transformer primary winding.

plot of the total capacitance with simulated capacitance value of
0.6 pF at 10 GHz frequency.

In practice, it is not easy to find out the exact inductance and
capacitance associated with the transformer. With the help of
S-parameter simulators, all the simulations can be performed
through a hybrid simulation environment. In this design, the
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Fig. 12. Fabricated QCCO RFIC die photo.

Fig. 13. Measured QCCO tuning range versus tuning current in secondary
winding at different core current � .

Agilent Dynamic Link tool is used to recall the SPICE simulator
and Momentum electromagnetic simulator for all time domain
and frequency domain simulations. Therefore, the oscillator was
designed by directly specifying the geometric parameters of the
transformers instead of giving the L, C parameters in the tradi-
tional design flows. The electromagnetic and circuit co-simu-
lation approach adopted here greatly facilitates the transformer
design since the time-consuming transformer modeling process
is no longer needed.

IV. MEASUREMENT RESULTS

The transformer-coupled varactor-less QCCO was imple-
mented and fabricated in a 0.18 m SiGe BiCMOS technology.
The chip die photo is shown in Fig. 12. The QCCO core area
is mm . As shown in the die photo, the ICCO and
QCCO are symmetrically placed. The layout is also optimized
to lower the effect of layout parasitic on the QCCO perfor-
mance including the harmonic distortion and phase noise. The
QCCO is tested in CLCC-28 packaged parts. A buffer is in-
cluded on-chip in order to drive the 50 load seen at the input
of a spectrum analyzer or a digital oscilloscope. Due to the
limitation of the test set-up, all the test results were measured
based on the single-ended output, although the QCCO has full
differential output capability, which degrades the measured
oscillator phase noise and I-Q accuracy.

A wide tuning range of 45.3% is achieved with the tuning cur-
rent tuned from 0.4 to 2.9 mA and the QCCO core current

tuned from 1.2 to 5.5 mA. The measured QCCO turning
range is given in Fig. 13. It shows continuous tuning range
from 8.7 to 13.8 GHz covering X-band and part of Ku-band.
Fig. 14 shows the measured quadrature outputs with 11.5 GHz
frequency.

Fig. 14. Measured QCCO outputs at 10.5 GHz with tuning current of 1.5 mA
and core current of 2 mA.

Fig. 15. Measured QCCO phase noise with output frequency of 11.02 GHz.

TABLE I
QCCO PERFORMANCE SUMMARY

The measured phase noise with an 11.02 GHz output fre-
quency is shown in Fig. 15. With the single-ended test, the trans-
former-coupled varactor-less QCCO achieves 86.8 dBc/Hz
phase noise at 1 MHz offset frequency and 110 dBc/Hz at
10 MHz offset frequency. Table I summarizes the measured per-
formances of the transformer-coupled varactor-less QCCO. It
achieves 45.3% wide tuning range and the core circuit occupies

mm chip area in a 0.18 m SiGe BiCMOS tech-
nology. It draws 8–18 mA current over the tuning range under
a 1.8 V power supply.
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TABLE II
PERFORMANCE COMPARISON OF X/Ku-BAND VARIABLE-FREQUENCY OSCILLATORS

Note that [9] is listed since it was implemented using a similar architecture.

Several oscillator performance figures-of-merit (FOM) were
summarized in [26]–[28], namely,

mW
(15)

mW
(16)

mW mm
(17)

where is the phase noise at the given offset frequency
from the carrier frequency . Usually,

is used to estimated the center oscillation frequency,
where and are defined as the maximum and min-
imum oscillation frequency. specifies the tuning range of
the oscillator, i.e., . and are the total
core power dissipation and core area of the oscillator. However,

does not consider the tuning range and area,
does not include the output frequency, and does not ac-
count for the tuning range. In this paper, we propose the fol-
lowing FOM to evaluate the oscillator performance considering
all important parameters such as phase noise, output frequency,
tuning range, power, and area. The revised FOM is given by

mW mm

mW mm
(18)

where is the core power dissipation for the single phase os-
cillator or equals the total core power divided by the number
of phases. The FOM of this transformer-coupled varactor-less
QCCO is calculated as 191 dBc/Hz at 1 MHz offset. Table II
compares the frequency, tuning range, power consumption, and
phase noise for several X/Ku-band oscillators. Although it op-
erates at a lower frequency, the oscillator of [9] is compared

in the table since it was implemented using a similar architec-
ture. Compared to the InGaP-GaAs based oscillators [14]–[16],
this QCCO outputs quadrature signals at X-band and has much
lower power consumption as well as smaller die area. Compared
to the poly-phase oscillator [29], this QCCO has a smaller power
consumption, smaller die area and a much higher tuning range.

V. CONCLUSION

A transformer-coupled varactor-less wide tuning QCCO is
presented in this paper. It achieves 45.3% wide tuning range
by tuning the oscillator currents flowing through the primary
and secondary windings of the stacked octagonal transformers.
The prototype QCCO is fabricated in 0.18 m SiGe BiCMOS
technology, and the core circuit occupies mm chip
area with a vertically stacked transformer topology. It draws
8–18 mA current under a 1.8 V power supply. The measured
phase noise of the single-ended output is about 86.8 dBc/Hz
at 1 MHz offset and 110 dBc/Hz at 10 MHz offset with a
11.02 GHz quadrature outputs. The FOM of this transformer-
coupled QCCO is 191 dBc/Hz.
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