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Design of a CMOS multi-mode GNSS receiver VCO
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Abstract: A voltage-controlled oscillator (VCO) with dual stages of accumulation mode varactors for a multi-
mode global navigation satellite system (GNSS) application, which adopts sigma—delta fractional-N technology
in the synthesizer, is presented. The structure is selected to optimize the frequency coverage and tuning linearity,
based on a general analysis of the parasitic capacitance in the coarse tuning switch bank cells, which cover the
global positioning system (GPS) and Beidou (BD) bands. The VCO implemented in the 0.18 um CMOS process
can cover the GPS L1, BD B1, B2 and B3 bands with sufficient margin, and exhibits low phase noise by using
this tuning curve linearization technique. The equalized K, characteristic behavior further offers a wide voltage

tuning range and improves the stability of the closed loop.
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1. Introduction

At present, most research concentrates on global position-
ing system (GPS) or Beidou (BD) applications, and only sup-
ports one or two bands of global navigation satellite system
(GNSS) applications, which restricts the application area for
low power and low-cost application!"2l. With the develop-
ment of navigation systems, we need to integrate the different
bands of GNSS in one chip. So the voltage-controlled oscilla-
tor (VCO) needs to have a wide tuning range to cover the GPS
and BD bands, and provide excellent tuning linearity, simulta-
neously. In this paper we adopt the dual-varactor stage, com-
bine digital and analog tuning in the VCO core, and compare
with the conventional structurel®]. This widens the coverage
range of the VCO, providing superior phase noise and tuning
linearity, simultaneously, but the area of the chip and current
dissipation has distinctly increased.

The structure of the sigma—delta fractional-N synthesizer
is shown in Fig. 1, and the following sections present an opti-
mized VCO! design. A deductive analysis for the coarse tun-
ing switch bank!%] is made, based on which the structure of the
dual-varactor stages is chosen, and the switch bank is analyzed
in detail. The Kiyeo!® equalization principle featuring this ar-
chitecture is explained in detail. This VCO implemented in the
0.18 um CMOS process demonstrates the efficiency of this ar-
chitectural optimization.

2. VCO architecture selection and optimization

In the transceivers for modern communication applica-
tions, an often used approach to achieve a wide tuning fre-
quency range with small VCO gain and relatively linear tuning
curve, simultaneously, is to break a single broadband tuning
curve into several narrow sub-bands with sufficient frequency
overlap!”). The continuous tuning can be implemented using
MOS varactors, while the discrete sub-band is chosen by a
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capacitive switch bank with several coarse tuning bits in the
phase locked loop (PLL) calibration procedurel®!. The struc-
ture of the VCO is shown in Fig. 2.

In order to meet the requirements of both tuning linear-
ity and frequency coverage under the constraint of power con-
sumption, we have to take into consideration the trade-offs in
the different structures, while making optimizations.

To cover the whole GNSS frequency range with sufficient
production margin and to keep excellent tuning linearity below
the specification, the determination of the number of the switch
bank bits is of great significance.

2.1. Analysis of the switch bank structure

Based on conventional single-stage varactor architecture,
the structure consisting of four or five binary-weighted switch
bank bits is the best possible candidate to meet all the re-
quirementsl®~12). The structure of the switch bank is shown
in Fig. 3. Due to the tight specifications, however, meticulous
analysis has to be made. Compared with the four-bit structure,
the five-bit structure offers a narrower space, by half, between
the fine tuning curves, and henceforth a larger overlap among
every three consecutive curves. The VCO gain can therefore be
reduced significantly. The flatness in the K, curve is an es-
sential characteristic to improve the PLL performance. A low
Ky, makes the VCO less sensitive to the injection of noise
from the bias, and according to the open loop gain of a PLL,

Kvyco 1
P Nay’

Go(p) = 52 2(p) (1)
i
with Iy denoting the charge-pump current, Z(p) the loop filter
impedance and Ny, the division ratio of the feedback loop. A
large variation in K., may cause loop stability problems, de-
grade closed loop integrated phase noise and even possibly ren-
der the loop divergent. Furthermore, a lower VCO gain can also
have better rejection of voltage supply variations. In this sense,
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Fig. 1. The structure of the sigma—delta fractional-N synthesizer.

Fig. 2. Schematic of a VCO with dual-varactor stages.

the four-bit structure performs too high K., value, to span
nearly twice the space as that in the five-bit one. This disad-
vantage is unavoidable in such architecture, because the C (V')
characteristic of the MOS varactor exhibits a large Cpax/Cuin
ratio only within a transition voltage of about 0.3 V.
Unfortunately, adding more bits to the switch bank does
not necessarily improve the overall VCO performance. A se-
vere problem is that it may cause worse phase noise if the target
frequency coverage is to be maintained. In fact, there is a hid-
den trade-off between the frequency coverage and the quality
value due to the layout parasitics, which show increasing im-

Fig. 3. The structure of a switch bank cell.

portance as the transistors scale down. This can be explained
from the structure of a switch bank cell, as shown in Fig. 3. In
this design, n-type MOS transistors are used to build the RF
switch, Cq Totar 1S the sum of the total drain parasitic fringe ca-
pacitance Cy4 and the parasitic capacitance Cy, relating to layout
and interconnect. Cy is equal to Wy, Cqq, Where W, is the width
of the switching transistor and Cyq is the drain fringe capaci-
tance in a unit length. Cp is estimated to be 5-10 fF and does
not change with the MOS size. C; is the resonator capacitance

with inductor. The Q factor is written as!!3!
1 W,
chll = &8 = s (2)
@oCsRon o C

where Roy is given by Eq. (3).

1
Ron =

. 3)
w
Mncox L (VGS - Vt)

In this work, a single switch device for two capacitances
in a differential fashion was used, which improves the quality
factor of the switched capacitances. One half of the resistance,
R, is added to each capacitance when the switch is on. The
M3 and M4 transistors are used as the resistors, which reduces
the area of the resistor.

For an N-bit switch bank, the number of homogeneous
switch cells are binary weighted, i.e. 1,2, .. ., 2N-1 cells con-
trolled by bitg, bity, ..., bity_;, respectively. The minimum

055003-2



J. Semicond. 2012, 33(5)

Long Qiang et al.

and maximum switching capacitance values are calculated as

1 -1
Csw min, = 2N —1 + ) , 4
v =@ (o) @

Covmax,y = 2N =D Cyw, Q)

where C v, Cp and Cq, ;v = Wy, v Caq are the capacitance
for a single cell corresponding to the N-bit structure. In or-
der to make a comparison between the (N — 1)-bit and N-
bit structure, we suppose the same cross-coupled MOS tran-
sistors, varactors and inductor. To cover the same frequency
range, it needs CSW, min, N = Csw, min, N—1 and Csw, max, N —
Ciw, max, N—1- The homogeneity of the cells implies that the to-
tal quality factor of the entire switch bank['#! for the all-ON
state is the same as that of a single cell, i.e. Qa1 = Qcel-
Then the ratio of the total quality factor of the N -bit structure
to that of the (N — 1)-bit structure can be calculated as

2N -1 CL
— < 1.
N1 — 1) Wy, N-1Cud

(6)
From this ratio, we can see that the switch bank with one
more bit brings down the quality factor and causes the degrada-
tion of phase noise. More explicitly, we can express the switch-
ing transistor width and Q-factor corresponding to the N -bit

structure from Egs. (2)—(5) by iterative calculation:

On _ Wew, N Cs, N1
OnN-1

Wew,Nn—1Cs, N

1 2CL
Weow N = —=— W1 — ——, 7
sw,N 2N_1 sw, 1 Cdd ()
UCL  y
=0 - ——= " -1, 8
On = wCaaCs,1 ®

where k is a constant. Obviously, both the switching transis-
tor width and Q-factor decrease exponentially with N. Intu-
itively, the decline in Q-factor is simply because the parasitic
capacitance does not decrease proportionally with the transis-
tor width as N goes up. This apparently excludes the possibility
of arbitrarily fine sub-bands in the VCO design. Against ris-
ing flicker noise, the navigation requirement for close-in phase
noise also limits the decrease in the cross-coupled transistor
width to compensate the MOS width of the switching cells.
Therefore, the above analysis is rather against the use of the
conventional five-bit architecture for navigation specification.

2.2. Dual-varactor stages

A feasible approach to solve the dilemma in the selec-
tion of switch bank structure under the constraints of power
consumption and chip area is to employ multiple varactor
stages(!°] in the resonator tank. The structure of the dual varac-
tor stage is shown in Fig. 4. In this design, we use the “lighter”
four-bit structure with dual stages of accumulation mode varac-
tors('6] biased at different voltages to guarantee the frequency
coverage with a much lower VCO gain, while maintaining
the tuning linearity from noticeable degradation, as shown in
Fig. 4.

The capacitance versus voltage characteristics of the accu-
mulation mode MOS varactor are very steep, which is shown
in Fig. 5. This is the main drawback to this structure achieving
a constant K,,. The principle is to equalize the VCO gain in

Fig. 4. The structure of the dual varactor stage.

Fig. 5. The C (V) characteristics of the accumulation mode MOS var-
actor.

a larger span of tuning voltagel'7). From the scheme, we can
see that the steep part of each stage characteristic is centered
on (near) its corresponding bias voltage. The total K, curve
is the sum of two VCO gains, which is spread much wider
than the original single K., curve over the voltage control
rangel!3:1°] Better linearity!2%] in the tuning curves is obtained
by equalizing K, so that the frequency space can be covered
at a much smaller slope. A quantitative gauge of K, can be
given by a factor of merit (FOM):

FOMcho = OKVCO/choave- (9)

This merit consists of the quadratic error between the K,
and the average Kyco (Kycoave) (EQ. (9)) over the voltage con-
trol range (Eq. (10)) normalized to the Kycoave, With Kycoave the
average gain and 0k e, the quadratic errort2!.

1
K = 37 / Kueo(V)dV, (10)

1
vco — e Kieo(V) — Kycoave 2dv. 11
ox \/ o [ e ) (11

Our design determines that the FOMg, , equals 1.4, which
is less than 50% of the conventional value. As stated in the pre-
vious subsection, a lower and flatter K., makes the VCO less
sensitive to injected phase noise, keeps the loop more stable
and offers a low supply pulling. Henceforth, the four-bit struc-

ture with dual-varactor stages relieves the conflict between
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phase noise and frequency coverage to a great extent in the
VCO design for navigation specification.

2.3. Further optimizations

With the VCO covering the navigation bands, the main
task is to optimize the phase noise. The trade-off among the
suppression of the noise contribution from the cross-coupled
MOS transistors, the quality factor of the inductor and the
switch bank cells, tank capacitance, power consumption and
chip area are considered globally!?2l. The stringent naviga-
tion specification for close-in phase noise, mainly consisting
of flicker noise, requires special attention.

A usually ignored important phenomenon relating to the
breakdown effect of transistors in the optimization of phase
noise has to be pointed out here. Generally, the increase in bias
current(?®24] injected to the VCO core will improve the phase
noise index. Beyond a certain extent, however, the large output
swing makes the low-voltage rated cross-coupled MOS work
in the breakdown region (or at least in a quasi-breakdown re-
gion) in some portion of an oscillation period, causing larger
parasitic capacitance of the transistors2%]. This is a side effect
in that it makes the tank “heavier”, contradictive to the com-
mon concept about the influence of large signal swing on phase
noise. The average MOS capacitance relates to the breakdown
portion, which can be quantitatively calculated based on a sta-
tistical model. But more directly, this portion is displayed as the
frequency reduction in the large signal (transient) simulation
from the small signal (AC) simulation result (no breakdown
occurs).

A two-turn spiral 1.3 nH differential inductor is designed
by using the top metal layer. A patterned ground shield (PGS)
is employed underneath to reduce substrate losses, which ef-
fectively raises the quality factor at the operation frequency.
However, the parasitic capacitance of PGS[26-27] is hard to es-
timate accurately due to the lack of a precise EM model. The
only reliable approach is to fix the parasitic capacitance of the
tank by frequency simulation referring to the measurement of
the previous implementation.

3. Measurement results

The VCO chip is fabricated in a 0.18 um CMOS pro-
cess with six metal layers. The die photo is shown in Fig. 6.
The VCO consumes 2 mA from a 1.8 V voltage supply, and
the measured result demonstrates the efficiency of this archi-
tecture. As an insurance measure to adapt to PVT (process,
voltage, temperature) variations, we added three additional cap
cells switched by two control bits. The oscillator with a divider-
by-two has a frequency range from 1195 to 1775 MHz , which
covers the GNSS bands with sufficient margin. The coverage
range is shown in Fig. 7.

The phase noise is measured in the closed loop environ-
ment with an Agilent Spectrum Analyzer. We used a very nar-
row bandwidth loop filter to show the close-in phase noise of
the VCO. The measured phase noise at the 100 kHz and 1 MHz
frequency offsets are —80, —115.9 dBc/Hz at the GPS L1 band
and the BD B1 band; and —84.19, —108.9 dBc¢/Hz at the BD
B2/B3 band, respectively (see Figs. 8 and 9). The low phase
noise in fact benefits from the low parasitic capacitance of the

Fig. 6. Die photo of the fabricated VCO with a divider-by-two and a
voltage reference.

Fig. 7. The coverage range of PLL.

Fig. 8. The measured GPS L1 and BD B1 band phase noise of the
VCO. The phase noise at the 1, 10, 100 kHz and 1 MHz frequency
offsets are —75.82, —80.26, —80 and —115.9 dBc/Hz, respectively.

entire switch bank and the cross-coupled transistors of larger
width.
4. Conclusion

A four-bit VCO with dual-varactor stages for multi-mode
GNSS applications is implemented in a 0.18 um CMOS pro-
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Table 1. A comparison with other PLLs.

Parameter Ref. [28] Ref. [19] Ref. [29] This work This work
Technology 0.13 um CMOS 0.18 um CMOS 0.13 um CMOS 0.18 um CMOS 0.18 um CMOS
Frequency (GHz) 3.1 1.752 1.8 1.571/1.561 1.268/1.207
Tuning range (GHz)  3.1-5.2 0.924-1.85 1.67-1.93 1.195-1.750 1.195-1.750
N (dBc/Hz) -119dBc @ -127.1dBc @ -138 dBc @ -115.9dBc @ —-108.9 dBc @

1 MHz 1 MHz 3 MHz 1 MHz 1 MHz
PDC (mW) 9.2 10.8 18 12.6 12.6
Supply voltage (V) 1.2 1.8 1.2 1.8 1.8
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Fig. 9. The measured BD B2 and B3 band phase noise of the VCO.
The phase noise at the 1, 10, 100 kHz and 1 MHz frequency offsets
are —83.53, —83.96, —84.19 and —108.9 dBc/Hz, respectively.

cess. The selection of this architecture is based on a meticu-
lous analysis of the influence of the parasitic capacitance in
the switch bank cells on phase noise and frequency coverage.
The optimized design exhibits a low phase noise at different
bands: —80 dBc at 100 kHz and —115.9 dBc at 1 MHz at the
GPS L1 band and BD B1 band; and —84.19 dBc at 100 kHz and
—108.9 dBc at 1 MHz at the BD B2/B3 band, which simultane-
ously covers the GPS and BD bands. The spread K, curve can
further offer a wide tuning range for the charge pump and im-
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this work optimizes the dual-varactor stage and switch bank
to satisfy the requirements of multi-mode GNSS. Therefore, at
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chip area and current dissipation.
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