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Abstract— This work presents a new structure of center tap
(CT) inductor to improve the performance of Ku-band voltage-
controlled oscillators (VCOs). Conventional CT inductor pro-
vided by the foundry suffers from a poor-quality ( Q-) factor
large area and low self-resonance frequency. These problems are
solved by introducing a coupling structure. For the proposed CT
inductor, despite its size is miniaturized by 51%, the Q-factor is
increased by 41% in the frequency range of 5–30 GHz compared
to a conventional CT inductor. The measured differential induc-
tance and quality factor of the proposed inductor are 385 pH
and 22 at 12 GHz. The proposed CT inductor is used to design
a compact and wide-tuning-range VCO at Ku-band in 0.18-µm
complementary metal–oxide–semiconductor (CMOS) technology,
and this leads to 5.8 dB phase noise improvement compared to
the use of a conventional CT inductor. The fabricated VCO has
a compact core size of 140 µm × 400 µm only. The VCO chip
oscillates from 11.7 to 13.7 GHz. The measured phase noise is
−107.7 dBc/Hz at 1-MHz offset frequency at a carrier frequency
of 13.7 GHz, and the dc power consumption of the VCO core
is 4 mW which results in a figure of merit (FoM) normalized to
the die area (FoMA) to be −197 dBc/Hz.

Index Terms— Center tap (CT) inductor, figure of merit
(FoM), Ku-band voltage-controlled oscillator (VCO), phase noise,
tuning range.

I. INTRODUCTION

M INIATURIZATION of each building block of a com-
plementary metal–oxide–semiconductor (CMOS) trans-

ceiver is important to reduce the overall cost of a system.
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Miniaturization is a challenge especially in radio frequency
integrated circuits (RFIC) as it is, typically, associated with the
degradation of quality (Q-) factor of the passive components
and the resulting system signal-to-noise ratio [1], [2]. These
passive components include the inductors and the transmission
lines, which are major subcomponents of voltage-controlled
oscillators (VCOs), amplifiers, matching circuits and mixers.
In the case of a VCO, miniaturization usually worsens the
VCO’s performance in terms of the phase noise and the power
consumption [3]–[7].

The VCOs at X-band [3] and K -band [4] employing stacked
inductors [1] were very compact. However, these VCOs suf-
fered from a poor phase noise of −93 dBc/Hz at 1-MHz offset
frequency. In [8], a wide-tuning-range VCO using the switch-
ing capacitor was proposed. In most of the cases, the
VCO exhibits poor phase noise at higher frequencies which
limits their applications in wireless communication systems.

According to Leeson’s phase-noise model [9], to improve
the phase-noise characteristics, the LC oscillator tank must
have a high Q-factor at the required oscillation frequency.
Inductor quality factor improvement can be achieved by chang-
ing geometry and layout optimization [10]–[13]. For example,
Yue and Wong [11] proposed using a patterned ground shield
in the lower layers to isolate the inductor from the lossy sub-
strate. Zou et al. [12] designed an eight-shaped inductor which
consists of two twisted constitutive loops and a good differen-
tial quality factor of ∼15 at 10 GHz and ∼17 at 13 GHz was
obtained. While in [13], variable width and spaced (tapered)
spiral rectangular inductor are optimized to increase the
Q-factor and achieves a peak-Q value of 16.6
at 7 GHz.

In this letter, first, a compact and high Q-factor center tap
(CT) inductor is proposed. By exploiting the tight coupling
between two arms of the CT inductor, the size is compacted.
Furthermore, the self-inductance has wideband characteris-
tics from 5 to 30 GHz, and additionally, the Q-factor is
improved almost by 41% compared to a conventional CT
inductor provided by the foundry. Then, a wide-tuning-range
VCO using this CT inductor is designed and implemented
in 0.18-μm CMOS technology. The measurement shows that
the phase noise of the proposed VCO is comparable to
the state-of-the-art VCOs [2], [5], [8] of the same carrier
frequency that implemented in the similar CMOS technology,
but chip size and tuning range are significantly improved.

II. PROPOSED CT INDUCTOR

There are different shapes of spiral inductors as square,
hexagonal, octagonal, and circular shapes. The inductance
value is directly proportional to the length of the current path.
Fig. 1(a) shows the layout of a conventional inductor and the
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Fig. 1. (a) Layout of the conventional CT inductor and the proposed
CT inductor. (b) Equivalent circuit of the proposed CT inductor.

TABLE I

INDUCTANCE AND LOSS OF CONVENTIONAL, CIRCULAR, AND PROPOSED

proposed inductor that has the same length. The area of the
conventional inductor and the proposed shape are calculated as

Aconventional ≈ π∗R2
1 = 9

4
π∗R2 (1)

Aproposed = π R2 + 0.5 ∗ π R2 = 3

2
π∗R2. (2)

To achieve a specific inductance, the proposed structure
becomes compacted by a ratio of Aproposed/Aconventional = 2/3.

The inductance of one arm (Ls), mutual inductance between
two arms (M) and loss resistance (Rs) of the inductor can be
calculated using the following equations [14]:

Ls = μl

2π

[
ln

(
2l

W

)
+ 0.5 + W

3l
− W 2

24l2

]
(3)

M = μl

2π

[
ln(2l) − ln(D) − 1 + D

l
− D2

4l2

]
(4)

Rs = l

ρ Wδ(1−e−t/δ)
(5)

where l = length of one arm, W = width of the wire,
D = gap between two arms, ρ = conductivity of the metal,
t = thickness of wire, and δ = 1/(πμ0ρ f )1/2 = skin
penetration depth.

M is the mutual inductance between the two inductors and
mainly depends on the separation between two coils and the
shape of the planar coils [15]. The total differential inductance
will be enhanced by 2M . The circular shape achieves the
highest coupling, lowest resistance, and best quality factor.
Table I summarizes the calculated parameters of the conven-
tional circular and the proposed inductor at 13 GHz. As shown
in Table I, the proposed structure has higher mutual inductance
than the conventional one and occupies less area.

The equivalent circuit model for the proposed CT inductor
is shown in Fig. 1(b).

The proposed CT inductor is designed and electromagnet-
ically (EM) simulated using ANSYS high-frequency struc-
ture simulator (HFSS), and advanced design systems (ADS)
Momentum. The differential inductance (Ldiff ), Q-factor
(Qdiff), self-inductances (L1 and L2), coupling coefficient (K )
where 0 < K < 1, and the mutual inductance (M) between
the two arms of CT inductor are calculated using the following

Fig. 2. Comparison of Q-factor and inductance of the proposed CT inductor
and the conventional CT inductor.

Fig. 3. Die photo of (a) fabricated CT inductor, (b) open, (c) short, and
(d) through structures.

Fig. 4. Measured inductance and quality factor of the fabricated CT inductor.

equations:

Zdiff = 2(Y23 + Y13)/Y23(Y11 − Y12) − Y13(Y21 − Y22) (6)
Ldiff = Im(Zdiff)/ω and Qdiff = Im(Zdiff)/Re(Zdiff) (7)

L1 = L2 = Im(Z11)/ω = Im(Z22)/ω (8)
K = Im(Z21)/

√
Im(Z11) × Im(Z22)

and M = K ×
√

L1×L2. (9)

The proposed CT inductor has a differential inductance
that is close to 0.38 nH, mutual-inductance of 0.06 nH,
while the coupling coefficient between two arms equals 0.37.
A comparison between the Q-factor and the inductance of
the conventional and the proposed CT inductors is shown
in Fig. 2. The proposed CT inductor has an improved Q-
factor that increased by 41% than that of the conventional
one. Also, the self-resonance frequency of the proposed CT
inductor is 115.7 GHz, which is much higher than that of the
conventional one (69 GHz). The inductor area is compacted
from 0.065 to 0.032 mm2 due to the new structure.

III. EXPERIMENTAL RESULTS

OF THE PROPOSED INDUCTOR

The proposed inductor was implemented in the 0.18-μm
CMOS technology. Fig. 3(a) shows the fabricated inductor
and the corresponding deembedding structures, open, short,
and through, are shown in Fig. 3(b)–(d). These additional
structures are required for the deembedding procedure. The
deembedding method includes the subtraction of the parasitic
shunt Y-parameters of the on-wafer open calibration pattern as
well as the subtraction of the parasitic series Z-parameters on
the on-wafer open circuit which are taken from measurements
of the short and through circuits [16]. We performed the
measurement using the Keysight vector network analyzer
(VNA) E8361C, which allows characterization up to 67 GHz.
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TABLE II

COMPARISON OF DIFFERENT SHAPED INDUCTOR DESIGNS

Fig. 5. (a) Schematic of the VCO and (b) phase noise improvement due to
the proposed inductor.

Fig. 6. Die photo of the fabricated VCO.

TABLE III

VCO PERFORMANCE USING CONVENTIONAL
AND THE PROPOSED INDUCTOR

The measured inductance and Q-factor are shown in Fig. 4.
The inductance is 385 pH in the Ku-band with a maximum
Q-factor of 23.5 at 15 GHz as shown in Fig. 4.

Table II summarizes the performance of the fabricated
inductor compared to other published inductor designs. The
measured differential Q-factor reaches 22 at 12 GHz when
the inductance is 385 pH. This achieved high-quality factor
improves the performance of VCOs and is high enough for
most broadband VCO designs.

IV. IMPLEMENTATION AND EXPERIMENTAL

RESULTS OF VCO

The proposed high-Q inductor is used in the tank circuit of
the VCO shown in Fig. 5(a), which improves the phase noise
as shown in Fig. 5(b), compacted the VCO size, and increases
the output power as illustrated in Table III.

Fig. 6 shows a photograph of the fabricated die where the
VCO core is only 140 μm × 400 μm, and the total die area
is 0.2288 mm2 including the two output buffers.

An FSUP signal source analyzer was used in the mea-
surement. The dc power consumption of the VCO is 4 mW
from a supply voltage of 1 V in the whole frequency tuning
range (FTR) which equals 16% from 11.7 to 13.7 GHz as
shown in Fig. 7. The measured phase noise of the proposed
VCO at 1 and 10-MHz offset frequencies is displayed in
Fig. 7. The designed VCO shows a phase noise of −107.7 and
126.13 dBc/Hz at 1 and 10 MHz offset with the variation
of 1.7 and 2 dBc/Hz, respectively, based on the frequency.

The measured and simulated phase noises are shown
in Fig. 8 with a difference about ±2 dB. The proposed VCO

Fig. 7. Measured frequency tuning range and phase noise of the
proposed VCO.

Fig. 8. Measured and simulated phase noise spectrum.

TABLE IV

PERFORMANCE COMPARISON OF Ku-BAND VCOS

has a wide tuning range and very compact size compared to the
other reported Ku-band VCOs, it achieves the highest FoMT

and FoMA as illustrated in Table IV.

V. CONCLUSION

A Ku-band VCO using the proposed CT inductor in
0.18-μm CMOS technology has been proposed. The
fabricated CT inductor has better Q-factor, wideband
characteristics, and compact size compared to conventional
CT inductor. The measured inductance and quality factors
are 385 pH and 22, respectively, at 12 GHz. As a result,
the proposed VCO has a tuning range of 2 GHz from 11.7 to
13.7 GHz, a phase noise of −107.7 dBc/Hz at 1-MHz offset
frequency while drawing 4-mW power. The FoMT and FoMA
are −188.6 and −197 dBc/Hz, respectively. Benefiting from
the proposed inductor design technique, the proposed VCO
accomplishes the best FoMT and FoMA among the previously
proposed state-of-the-art LC-VCOs.
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