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High performance QVCO design with series coupling in CMOS technology*
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Abstract: A high performance quadrature voltage-controlled oscillator (QVCO) is presented. It has been fabri-
cated in SMIC 0.18 um CMOS technology with top thick metal. The proposed QVCO employed cascade serial
coupling for in phase and quadrature phase signal generation. Source degeneration capacitance is added to the
NMOS differential pair to suppress their flicker noise from up-conversion to close in phase noise. A dedicated low
noise and high power supply rejection low drop out regulator is used to supply this QVCO. The measured phase
noise of the proposed QVCO achieves phase noise of —123.3 dBc/Hz at an offset frequency of 1 MHz from the car-
rier of 4.78 GHz, while the QVCO core circuit and LDO draw 6 mA from a 1.8 V supply. The QVCO can operate
from 4.09 to 4.87 GHz (17.5%). Measured tuning gain of the QVCO (K,,) spans from 44.5 to 66.7 MHz/V. The

chip area excluding the pads and ESD protection circuit is 0.41 mm~.
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1. Introduction

A fully integrated VCO is a key building block in a modern
transceiver. It is the most important and difficult block for a
fully integrated phase locked loop (PLL), which serves as local
oscillator (LO) signals for modulation or demodulation.

The VCO determines the outband phase noise of the PLL
system, as the PLL features a high pass transfer function for
VCO phase noise. Therefore, designers usually focus on VCO
phase noise at the out band frequency offset. However, for an
integer frequency synthesizer in a communication system with
narrow channel spacing or a fractional synthesizer with large
sigma—delta modulator (SDM) quantization noise, narrow loop
bandwidth is desired. Then the upconversion of the device’s
flicker noise into phase noise would be a problem. In addi-
tion, the advance into deep submicron technologies makes the
flicker noise corner frequency up to hundreds of kHz or MHz.
Recently, the development of phase noise analysis theory!!>2!
laid the foundation for developing new VCO topology to im-
prove its phase noise in the close-in 1/ f3 region and 1/ f 2 re-
gion. Ismail®! proposed a VCO with capacitance degeneration
to reduce flicker noise corner frequency based on frequency do-
main theory. Soltannian 5] implemented improved VCO and
QVCO through pulsed biasing, which is based on Hajimiri’s
time domain analysis method. Jerng!® reported that we can
minimize flicker noise upconversion by using an all-PMOS
VCO and reducing the transistor size to increase the switch
on resistor (Roy). Levantinol” first proposed a VCO without a
current source to remove its flicker noise and thermal noise at
the second harmonic frequency, then more recently suggested
improved topology by inserting a resistor into the drain of the
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negative-Gy, transistors to further suppress flicker noise from
switching transistors(®.

Quadrature signals from a VCO are desired for a fully in-
tegrated zero-IF or low-IF transceiver. Many techniques have
been developed to generate quadrature signals!®), such as a
VCO followed by RC—CR phase shift network; a double fre-
quency VCO with /2 divider; and a ring oscillator and two LC
VCOs with inverse coupling transistors. Among these, an LC
VCO with inverse coupling transistors is the best fully inte-
grated candidate owing to its good phase noise and phase error.

The first QVCO of this kind was proposed by Ro-
fougaran['%]. It had been briefed as a parallel coupling QVCO,
which shows a large frequency shift from resonance frequency,
causing a degraded quality factor of the tank and then bad
phase noise performance. An improved method was proposed
by adding a phase shift network(!!] to the parallel coupling
transistors. Sub-harmonic coupling through a transformerl!2]
shows much better phase noise performance than a conven-
tional QVCO, sacrificing the extra chip area occupied by a
coupling transformer. Andreanil!3! proposed a serial coupling
technique without increasing the chip area and power con-
sumption, compared with a phase-shift parallel QVCO and a
transformer coupling QVCO.

In this paper, we present a fully integrated QVCO with
cascade serial coupling. Complementary cross-coupled pair
and cascade coupling without a tail current source'*] are ex-
ploited to implement a fully differential QVCO to suppress
flicker noise upconversion. Additional capacitance degenera-
tion is used to further suppress flicker noise from the NMOS
cross-coupled pair. Four bit differential switched capacitor ar-
rays are added to cover a large tuning range with a small K.
The measured results show that the QVCO can operate from
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Fig. 1. Quadrature VCO schematic.

4.09 to 4.87 GHz with good phase noise performance.

2. Circuit design and analysis

The proposed QVCO circuit is shown in Fig. 1. Comple-
mentary cross-couple pairs NM1, NM2 and PM1, PM2 (NM5,
NM6 and PMS5, PM6) are employed to generate a negative re-
sistor to compensate energy loss from the on-chip planar in-
ductor. Cascade serial coupling is used to couple those two
LC-VCOsto aring-based QVCO. Although cascade serial cou-
pling QVCO consumes more voltage headroom than their con-
ventional NMOS or PMOS only serial coupling counterpart,
it is preferred in this paper as complementary VCO with this
coupling structure constructs a fully symmetrical circuit. The
proper dimensions of MOS transistors in this QVCO would
generate a more symmetrical output waveform than conven-
tional serial coupling, which is very helpful to suppress flicker
noise upconversion. The tail current source is omitted to en-
large the output voltage swing, but the sensitivity to power
supply noise is increased!”). To solve this problem, a dedicated
LDO is employed to provide a clean supply for the supply sen-
sitive QVCO, making sure of robust operation of the QVCO
under a noisy system-on-chip (SOC) environment.

2.1. Device noise and phase noise optimization

The proposed QVCO has no tail current source that elimi-
nates a big phase-noise contributor. Noise sources in active de-
vices consist of thermal noise and flicker noise in energy com-
pensation transistors (NM1, NM2, PM1, PM2, NM5, NM6 and
PMS5, PM6) and coupling transistors (NM3, NM4, PM3, PM4,
NM7, NM8 and PM7, PMS). They are the main contributors to
phase noise of this QVCO.

A parasitic resistor in low quality on chip planar inductors
(L1, L) is an important parameter for LC VCO design. The

bigger the parasitic resistor, the larger the energy loss. Then
more power from the supply is needed to compensate the loss,
which could degrade the phase noise if the VCO operates un-
der a voltage limited region. A small inductor is preferred as it
shows little parasitic resistor and wide tuning range. However,
a small inductor will degrade the phase noise and increase the
power consumption of the VCO, which is verified in Ref. [9].
Therefore, tradeoffs between phase noise, power consumption
and tuning range can be reached by optimizing the inductance
of the planar inductor.

All the transistors in this QVCO are chosen to be the min-
imum length to minimize parasitic capacitances for high fre-
quency operation and large tuning range, although References
[15, 16] propose a non-minimum length to suppress flicker
noise in those transistors. Transistors NM1, NM2 (NM5, NM6)
and PM1, PM2 (PMS5, PM6) are designed to guarantee safety
start-up over process and temperature corners for a given cur-
rent budget. Coupling transistors NM3, NM4 (NM7, NM8) and
PM3, PM4 (PM7, PMS8) operate in the triode region, then their
W/L is designed to be larger than the negative resistor transis-
tors to meet an optimum coupling ratio Gpe/Gp = 0.471131 In
this circuit, gnvs = gpms, nme = gpma are chosen to achieve
a symmetric waveform to suppress flicker noise upconversion.
NM1, PM1 (NM2, PM2) and their coupling transistors NM3,
PM3 (NM4, PM4) in the QVCO are put in fast switching, there-
fore their flicker noise will be removed!!”). Simulation shows
that the flicker noise of NM1, 2 is still the main contributor to
phase noise in the 1/ £ 3 region in this circuit as the waveform is
not perfectly symmetrical. The phase noise in the 1/ f2 region
is determined by the loaded quality factor (Q) of the tank and
thermal noise in transistors NM1, NM2 and PM1, PM2 under
the given current budget.

To further suppress flicker noise upconversion from NM1,
NM2, a capacitance connected to sources of NM1, NM2 are
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Fig. 2. Simulated phase noise with and without source connected ca-
pacitance.

added. Similar capacitance was also added by Ismaill®l, but
the mechanism was totally different. Since coupling transistors
NM3, NM4 are added, there mainly exists a fundamental fre-
quency component in the sources of NM1 and NM2. However,
in Ref. [3], the capacitance is used to suppress the second har-
monic frequency voltage. The capacitors consist of two MIM
capacitors Cq;, Cqp (Cq3, Cys) With an inverse connection to
suppress unsymmetrical which is introduced by parasitic ca-
pacitance of the MIM CAP. Simulated phase noise with and
without the capacitance is shown in Fig. 2. 16.2 dB and 5.2 dB
phase noise reduction at 10 kHz and 1 MHz offset are achieved
with the proposed source connected capacitor, demonstrating
its effectiveness in improving phase noise, especially in the
1/ f3 region.

2.2. Tuning range design

Small tuning sensitivity of the VCO is desired in PLL,
as noise from the blocks in the PLL preceding the VCO feed
to its control line and degrade the overall phase noise perfor-
mance of the PLL through this K,¢,. In addition, the smaller
the Ko, the bigger the charge pump current (/) is under a
given loop bandwidth. Then the phase noise contribution from
the PFD/CP will be suppressed, which is the main contribu-
tor of in-band phase noise. However, wide frequency tuning
is always preferred in modern communication systems. In this
paper, a switched capacitor array['8] is used to cover the re-
quired frequency tuning range and PV T variations with reason-
able K. Finally, we adopted a differential switched capacitor
in Ref. [19], which is better quality than its single ended coun-
terpart. The width of this switch also shows a tradeoff between
the quality of the loaded tank (then phase noise performance)
and the tuning range, which had been optimized by simula-
tion. In this paper, the switch is split into two transistors with
an inverse connection of source and drain to guarantee sym-
metry, as shown in Fig. 1(b). An accumulation MOS (AMOS)
varactor is used for continuous frequency tuning of the VCO.
Although the varactor shows high quality, MIM capacitor tap-
ping is still added to further improve the quality of the fine tune
branch. Another advantage of this tapping is the reduced volt-
age swing across the varactor, which will linearize the C—V
curve and reduce AM noise to FM noise conversion.

Fig. 3. Schematic of the LDO.

Fig. 4. Simulated output noise and PSR of the LDO.

2.3. LDO design

The proposed QVCO without a tail current source is highly
sensitive to supply noise, which is disastrous in a large mixed
signal environment. A dedicated LDO with low noise and high
power supply rejection (PSR) is designed in this paper to sup-
ply the QVCO. The schematic of the proposed LDO is shown
in Fig. 3.

The diode connected transistor proposed in Ref. [20] is
employed in this LDO to enhance its PSR. The resistor feed-
back network is eliminated to improve the PSR and reduce out-
put noise. A large external ceramic capacitor is used to sta-
bilize this LDO, but an on-chip MIM capacitor is also added
to filter out high orders of harmonic frequency components,
which can’t be filtered by an off-chip capacitor due to bond-
ing wire inductance and the limited self-resonance frequency
of the ceramic capacitor. Since the open loop gain of the LDO
determines the PSR at DC, a folded cascade error amplifier
that shows large gain is employed. With the LDO to supply
the QVCO, the supply pushing level of the QVCO is reduced
from 87 MHz/V to 280 kHz/V. Co-simulation of the QVCO and
LDO shows that the LDO has nearly no effect on the QVCO
phase noise. Simulated PSR and noise performance of the LDO
is shown in Fig. 4.
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Fig. 5. Chip photograph of proposed QVCO.

Fig. 6. Output spectrum of the QVCO at 4.43 GHz.

3. Measurement results

Prototypes of this QVCO are fabricated by SMIC 0.18 um
CMOS technology. The inductors in this circuit are imple-
mented in thick top metal, which can be clearly identified in
the die photograph in Fig. 5. All the NMOS transistors in the
core of the QVCO are implemented by a triple well device to
isolated noise coupling from the substrate. The core chip area is
0.48 x 0.86 mm?. All the pads are electronic-discharge (ESD)
protected. The RF output pads and DC pads are separated into
two different pad rings to eliminate parasitic capacitive cou-
pling.

The chip is directly bonded to a FR4 PCB without packag-
ing. Differential signals are converted to a single ended signal
by a discrete balun (BD3150N50100A00) and then amplified
by an off-chip amplifier (MNA-7) to improve the measurement
accuracy.

Figure 6 shows a typical output spectrum of this QVCO
at 4.43 GHz. The measured phase noise is —124.1 dBc/Hz
at 1 MHz offset from the carrier. Spectra at 4.11 GHz
and 4.43 GHz are shown in Figs. 7 and 8. They mea-
sure —124.1 dBc/Hz at 1 MHz offset of 4.11 GHz and
—123.3 dBc/Hz at 1| MHz offset of 4.78 GHz. All those spectra
are measured with a Vi, setting to 0.9 V, which is the middle
of each sub-band tuning curve. The power consumption of this

Fig. 7. Output spectrum of the QVCO at 4.11 GHz.

Fig. 8. Output spectrum of the QVCO at 4.78 GHz.

Fig. 9. Measured tuning range of the QVCO.

QVCO is 6 mA at a 1.8 V supply, excluding the output buffer.
The overall measured power consumptionis 11.2 mA ata 1.8 V
supply, where the output buffer consumes 5.2 mA.

Figure 9 shows the measured and simulated f—V curves.
The frequency tuning range spans from 4.09 to 4.87 GHz
(17.5%), which consists of sixteen overlapping sub-bands. The
Ko of the QVCO spans from 44.5 to 66.7 MHz/V.
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Fig. 10. Measured quadrature signals of the QVCO.

Figure 10 shows the transient waveform of the QVCO
measured by Lecroy’s sampling oscillograph. The phase error
is estimated by statically analyzing the waveform, and the av-
eraged phase error is 1.8 degrees while post layout simulation
shows a phase error of less than one degree across the tuning
range. The direct transient measurement of the phase error is
not accurate as the time delay of high frequency 1Q signals is
sensitive to the bondwire length and transmission line length
mismatch.

To compare with other published state of art, three com-
monly used figures of merit, FOM, FOMA[S] and FOMT[zl],
are used. They are defined as

Jfo

P
FOM = —L( fy, A 201g 2> —101g ——,
(fo. Af) + gAf A

A
FOMy = FOM — 101g T2
mm

FTR
FOMt = FOM + 201g 10

where L(fo, Af) is the single side band phase noise of fj at
A f offset. P is the power consumption of the circuit in mW,
A is the chip area in mm? and FTR is the frequency tuning
range in percent. For this QVCO, the calculated FOM, FOM 4
and FOMr are 186.6 dB, 190.5 dB and 191.5 dB, respectively.
A performance comparison with previous published work is
shown in Table 1.

4. Conclusion

We have presented a fully integrated high performance
QVCO in this paper. It is fabricated by a SMIC 0.18 um CMOS
process with chip area of 0.41 mm?. The QVCO can be tuned
from 4.09 to 4.87 GHz (17.5%). The measured phase noise
across the tuning range varied from —123.3 to —124.1 dBc/Hz
at 1 MHz offset. The oscillator consists of the QVCO and
LDO drawing 6 mA from a 1.8 V supply. We have compared
this QVCO with published state of the art from different as-
pects. The achieved FOM, FOM, and FOMr are 186.6, 190.5
and 191.5, respectively, which are comparable to the published
state of the art.

Table 1. Comparison with previous state of the art.

Reference Ref. [5] Ref.[9] Ref. Ref. This
[12] [22] work
Tech (m) 0.25% 0.25 0.25 0.18 0.18
fo (GHz) 2.07 1.8 49 5.1 4.78
PN@1MHz -1244 -135 124 -132.6 -—1233
(dBc/Hz)
P (mW) 3 20 22 27.7 10.8
FTR (%) 18 17° 13 19 17.5
Area (mm?)  0.625 1.05¢ NAd 3.42 0.41
FOM (dB) 186 185.5 185.1 192 186.6
FOM, (dB) 188 1848  NA 186.6  190.5
FOMTr (dB) 191.1 189.1 1874 1976 1915

2 BICMOS technology. ® Differentially tuning. © Including test
pads. 4 Five inductors are used in this chip.
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