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Abstract

The miniaturization of dielectric sensing has driven the development of both oscillator-
and receiver-based sensors. Wide-frequency-range and low-power-consumption voltage-
controlled oscillators (VCOs) are required as a reference clock for receiver-based dielectric
spectroscopy. In this paper, we propose a switched coupled inductor VCO offering suf-
ficiently wide bandwidth in a power-efficient manner. The proposed switched coupled
inductor offers higher coupling factor and mutual inductance compared to direct switched
inductor schemes along with a higher quality factor and tuning range. The proposed
switched coupled inductor improved the frequency tuning range by 21% compared to the
conventional VCO. The measurement results show that the proposed VCO oscillates from
4.7 to 8.8 GHz frequency, suitable for dielectric spectroscopy sensors. With only 4.5 mW
power consumption, the proposed VCO can achieve —103.3 dBc/Hz phase noise at 1 MHz
offset, with a resulting tuning range figure-of-merit (FOMr) of —187.4 dBc/Hz.

Keywords: dielectric sensing; spectroscopy; switched coupled inductor; wideband;
voltage-controlled oscillator (VCO)

1. Introduction

The integrated circuit in biomedical devices has widely expanded. Dielectric sens-
ing, either oscillator-based or receiver-based, has been developed to target miniaturized
and self-sustained CMOS-based solutions [1]. LC voltage-controlled oscillator (VCO)-
based dielectric sensing detects the permittivity of the material under test (MUT) through
capacitance change, which is integrated into the VCO’s LC tank within the frequency
synthesizer [2]. This integration alters the VCO'’s free-running frequency, whose change is
further translated into the control voltage of the frequency synthesizer. However, the VCO-
based system can only measure the real component of the permittivity. Receiver-based
sensors, on the other hand, can detect both real and imaginary component of the signal.
But the RF bandwidth and the dynamic range are limited by the receiver noise and linearity.
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Figure 1 depicts a current-mode, low-IF architecture for dielectric sensing. Current-
domain operation eliminates the voltage-divider constraint in the signal path, removing
a major source of bandwidth limitation. In addition, the adoption of a low-intermediate-
frequency (low-IF) scheme effectively mitigates harmonic mixing effects, which leads to
enhanced linearity and an improved dynamic range. As a result, the overall bandwidth of
the sensing system is no longer dictated by the analog signal path but is instead determined
by the tuning range of the reference clock generated by the frequency synthesizer [2—4].
Under this constraint, a voltage-controlled oscillator (VCO) that simultaneously offers
a wide frequency tuning range and low power consumption becomes a key enabler for
receiver-based dielectric sensing applications.
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Figure 1. Current-mode low-IF receiver for dielectric sensing application.

Several methods aimed at wideband frequency tuning of VCOs, such as magnetic
tuning [5,6], negative-inductance cell tuning [7], and switched coupled inductors [8,9], have
been investigated. The magnetic tuning method offers wide tuning range but it significantly
increases phase noise and consumes high power. Negative-inductance cell tuning provides
wideband operation range by having additional cross-coupled pairs degenerated by an
inductor. This cell offers tunable negative resistance and inductance by adjusting the current
flow through the cell. However, the same approach does not provide wide tuning range
compared to switched coupled inductors and magnetic tuning technique, and requires
large silicon area due to the use of two inductors. Among those methods, switched coupled
inductor technique provides lower power consumption and phase noise, while occupying
a smaller area. However, the switch transistor should be carefully designed to sustain large
quality factor (Q) and self-resonance frequency (SRF).

In this paper, we propose a wide-tuning (operating)-range VCO utilizing the switched
coupled inductor scheme in the 28 nm CMOS process. The proposed VCO functions as
the reference clock for the wideband current-mode dielectric sensing receiver depicted
in Figure 1, where the wide frequency range of the reference clock is essential, along
with modest jitter performance. Therefore, the open-loop VCO [10] is a more power-
efficient solution than the frequency locked loop [11] if the VCO can offer sufficiently
large bandwidth.

The proposed VCO in our work shows a frequency tuning range of 61%, from 4.7 to
8.8 GHz, while consuming 4.5 mW power at 1.1 V supply. which is suitable for dielectric
sensing applications. The presented method offers two discrete inductance values by
switching the switch transistor on and off, resulting in a 21% of frequency range improve-
ment. The RC filter employed at the current tail provides noise filtering from the bias block
and thus improves the phase noise performance of the VCO.
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2. Circuit Design

Figure 2 shows the schematic of the proposed wideband VCO utilizing a switched
coupled inductor. The inductor switching technique is performed as a coarse frequency
tuning of the VCO; in addition, the capacitor bank and varactors are further utilized for
fine frequency tuning. To improve the phase noise of the VCO, an RC low-pass filter (LPF)
is applied at the tail current mirror to suppress its flicker noise contribution [12,13].
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Figure 2. The proposed VCO as the reference clock of the wideband current-mode dielectric
sensing receiver.

The design of the switched inductor is shown in Figure 3a. Both L; and L, are
implemented with the ultra-thick metal of the technology, where it provides the smallest
resistance. L is a two-turn coil, and the switchable coil (L;) is placed between the first
and second turn of the L; coil. L1 and L; are coupled through the switch transistor with
mutual inductance M. Compared to [8], our method exhibits higher mutual inductance and
coupling and offers a wider tuning range. Figure 3b,c show the simulated Q-factor and
inductance versus frequency, respectively. To analyze the effect of the proposed switched
coupled inductor scheme, a T-model of the switched coupled inductor is illustrated in
Figure 4a [8]. The input impedance of the switched coupled inductor (Z;,,) can be derived as

Zin = jwLy + jwoM]||(jwLy + Zsw), 1)

where Zgyy is the switch transistor impedance and M is the mutual inductance. The R,
and C,s are the representation of the switch resistance and parasitic capacitance of the
transistor, whose values are meaningful for the on and off states of the transistor. When the
switch transistor is turned on, Zgyy is approximately equal to R,;. Therefore, the equivalent
resistance (Ron,eq) and inductance (Loy,¢q) are given by

—wW?LyMRyy + w?>M(Ly + M) R,y
R2, + w?(Ly + M)?

@

Ron,eq =
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MR2, — W?LyM(Ly + M
Lon,eq:L1+ a;z 22 ( 2 . ) 3)
Rs, +w (Lz + M)
Assuming that Ry, < w(Lp + M), Roneq and Loy ¢q can be written as

M 2
Ron,eq ~ (LZHVI) Ron 4)

LoM
Lon,eq ~ Ll 2 (5)

B Ly+ M’
As can be seen in (5), the inductance is reduced by LyM/(L, + M) when the switch
is on, and it provides the desired coarse tuning function of the LC tank. Further-
more, switched coupled inductor method gives smaller effective resistance, as depicted
in (4), compared to the on state of the direct switched inductor in Figure 4b, which gives
Roneq = w?L2Ron/ (R%, + w?L?) & Roy. Thus, the switched coupled inductor provides
higher Q-factor.
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Figure 3. (a) Switched coupled inductor design, (b) simulated Q-factor, and (c) inductance.
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Figure 4. Comparison of (a) switched coupled inductor and (b) direct switched inductor.

A key design trade-off in a switched coupled inductor lies in the sizing of the switch
transistor. Enlarging the switch reduces its on-state resistance, which in turn enhances the
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effective quality factor when the switch is activated. However, this benefit comes at the
expense of a reduced self-resonance frequency (SRF) for the overall inductor structure due
to increased parasitic capacitance. Figure 5 presents simulated variations in the inductance
and quality factor as a function of switch transistor width. As the transistor width is swept
from 50 to 500 pm, an optimal point emerges that simultaneously satisfies both high-Q and
high-SRF requirements. Based on these results, a switch width of 300 um is selected, as it
achieves a quality factor exceeding 10 while maintaining an SRF above 15 GHz. For the
chosen configuration, the extracted mutual inductance and effective coupling coefficient are

M = 0.85 nH (6)
K = 0.43. ()

Width : 50 — 500 um
sweep (per 50um)

| Width : 50 — 500 um
| sweep (per 50um)

Q factor

Switch Tr. width 1 $witch-Trwigdth -
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Figure 5. The effect of switch transistor size on (a) Q-factor and (b) inductance.
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3. Measurement Result

The proposed switched coupled inductor VCO is implemented using a Samsung bulk
28 nm CMOS process. The total chip area is 644 uym x 750 um with the core area of 292 pm
x 453 pm, as shown in Figure 6a. Our proposed VCO is equipped with 4-bit digital control
(0 to 15), where we use the code from 0 to 8 only for our measurement. A diagram of the
measurement setup is illustrated in Figure 6b. The differential VCO output is converted
to a single-ended signal using an off-chip balun (mini-circuit, SCTX2-93-2W) and then
measured by a PXA Signal Analyzer N9030A. The chip consumed 4.5 mW power from a
1.1 V supply voltage.

644.4 um

DC
Supply

VCO

OUTP OUTN

750.4 um
wn 7T'gGy

: 2| Balun : Mini-circuits
s e | SCTX2-93-2W

Spectrum Analyzer

291.9 um

@) (b)

Figure 6. (a) Chip micrograph and (b) measurement setup.

Figure 7 shows the measured frequency spectrum at 5.63 GHz when inductor switch is
off, with —23.56 dBm output power. The output was measured directly through the balun
(off-chip) and spectrum analyzer. The loss due to the balun is not de-embedded since it
merely shifts the output power level. The unmatched output connection is manifested by
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the different output power levels across the tuning range. However, this is not a limitation
of our design.
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Figure 7. (a) Measured and simulated VCO'’s output power and (b) measured spectrum of VCO,
oscillating at 5.63 GHz.

When the switch transistor is in the off state, the frequency range is 4.7 to 7.26 GHz
(42%) with different digital control settings. When the switch is on, the frequency range is
6.46 to 8.8 GHz, which provides additional 21% tuning range. Note that the Q-factor of the
inductor in the on state is smaller than in the off state, so the bearable digital control of the
capacitor bank is up to 4. The measured overall frequency range of the VCO is 4.7-8.8 GHz
(61% tuning range), as shown in Figure 8. Moreover, Figure 9 illustrates the fine tuning
frequency by changing the bias voltage (V}ye) of the varactors when the inductor switch is
off and the digital control of the capacitor bank is completely off.
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Figure 8. VCO frequency with coarse tuning inductor.
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Figure 9. Measured VCO frequency with fine tuning varactor at digital switch 0.
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Figure 10a shows measured phase noise at the same oscillation frequency of 5.63 GHz.
The phase noise at 10 kHz and 1 MHz frequency offset along the VCO frequency range is
depicted in Figure 10b. Generally, the phase noise for both frequency offsets is higher when
the switch is turned on due to lower Q-factor. The best phase noise at 1 MHz is achieved at
5.63 GHz, which gives —103.3 dBc/Hz phase noise.
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Figure 10. Measured VCO phase noise (a) at 5.63 GHz oscillation frequency and (b) at 10 kHz and
1 MHz offset at different frequencies.

To compare the overall VCO performance, figure-of-merit (FOMr), defined in [7], is
used as shown below:

FTR

Ppc
—201
Tmw 20108 57

FOM: = L(Aw) — 20log Z’—f} +10log ®)
where L(Aw) is the phase noise at offset frequency Aw, wy is the oscillation frequency, Ppc
is power consumption, and FTR is frequency tuning range. The proposed VCO achieves
—187.4 dBc/Hz FOMx. Table 1 shows the performance comparison of the proposed VCO
with previous works. Compared to conventional VCO without the switched coupled
inductor in [14], the proposed VCO can improve frequency tuning range by 21%. Compared
to the same switched coupled inductor in [8], which uses two inductor switches, our work
can achieve 61% tuning range with only one inductor switch. Furthermore, it shows that the
proposed one has wider frequency tuning range and lower power consumption compared
to other works.

Table 1. Performance comparison of proposed VCO with published results.

[8] [71 [14] [15] This Work
8.05-15.32 3.8-5.2 4.6-6.7 45-7.1 4.74-8.77
FIR (GHz) (62%) (31%) (39%) (45%) (61%)
Ppc (mW) 7.67 6.4-20.2 4.35 14 45
PN (dBc/Hz)
@1 MHz —104 —110 —105 —109 —103.3
FOMr —-192.4 —186 —184 —185.1 —187.4
Topolo Switched Coupled Tunable Capacitor CM Feedback Switched Coupled
pology Inductor Negative Inductance Bank Diff. Inductor Inductor
Technology 90 nm CMOS 0.35 ym BiCMOS 28 nm CMOS 90 nm CMOS 28 nm CMOS

4. Conclusions

In this paper, a switched coupled inductor VCO is proposed and implemented using
a Samsung bulk 28 nm CMOS process. The switched inductor technique significantly
improves the tuning range by 21%. The careful design methodology for the switch transistor
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provides a high Q-factor and large SRF at the same time. The VCO performance is calculated
using FOMr and is found to be —187.4 dBc/Hz.
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