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A dual-mode complex filter for GNSS receivers with frequency tuning”
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Abstract: A fifth/seventh order dual-mode OTA-C complex filter for global navigation satellite system receivers is
implemented in a 0.18 um CMOS process. This filter can be configured as the narrow mode of a 4.4 MHz bandwidth
center at 4.1 MHz or the wide mode of a 22 MHz bandwidth center at 15.42 MHz. A fully differential OTA with
source degeneration is used to provide sufficient linearity. Furthermore, a ring CCO based frequency tuning scheme
is proposed to reduce frequency variation. The measured results show that in narrow-band mode the image rejection
ratio (IMRR) is 35 dB, the filter dissipates 0.8 mA from the 1.8 V power supply, and the out-of-band rejection is 50
dB at 6 MHz offset. In wide-band mode, IMRR is 28 dB and the filter dissipates 3.2 mA. The frequency tuning error

is less than +2%.
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1. Introduction

Recent research on global navigation satellite systems
(GNSS) has rapid progress. GPS is in commercial use now,
and some other systems such as Galileo and the Chinese Com-
pass system are under construction. Hence, it will be prac-
tical to improve positioning accuracy through a combination
of multi-mode positioning and information. Research into this
application has been reported!!.

Image signal rejection is a key point in the design of high
sensitivity GNSS receivers. After down conversion, the im-
age signal overlaps on the wanted signal, and thus degrades
the SNR of the IF output. As the received signal in the an-
tenna is rather weak (under the thermal noise floor), an in-
crease of SNR by 3 dB through image rejection is critical to
the tracking sensitivity. In this work a dual-mode complex fil-
ter is designed to reject image interference for a GNSS re-
ceiver. Through circuit reuse and switching, the filter can be
configured as narrow-band mode or wide-band mode, thus
reducing the die area and power dissipation. Due to process
corners, temperature variation and power supply fluctuation,
on-chip frequency tuning is required for active filters.

Design details of the filter and the tuning scheme are also
presented.

2. Complex filter design
2.1. Image rejection scheme selection

The image rejection scheme lies on the receiver architec-
ture. This involves either high-IF, low-IF or zero-IF?.

The high-IF requires high quality factor off-chip filters.
Ideally a zero-IF receiver has no image problem, but flicker
noise and dc offset might significantly degrade the SNR which
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is unacceptable in this receiver. Generally zero-IF is more suit-
able for wide-band systems. To relax the image rejection re-
quirement and reduce the folded-back interference level, low-
IF is preferable for this receiver. In this work a low-IF of 4.1
MHz is chosen for narrow mode and 15.42 MHz for wide
mode. Figure 1 shows the architecture of the GNSS receiver.

In low-IF receivers, any phase or gain mismatch between
the I and Q branch will cause the image signal at —wp to spill
over the image band at wyp. As a result the maximum image
reject ratio will be limited by the I/Q imbalance:

6 A
IMRR . ~ —101g (tan2 >+ T)’ ()

where A and 6 are the gain and phase mismatch, respectively.
For IMRR > 30 dB, the maximum tolerable phase and gain
imbalances are 3.6 ° and 6.4%. Hence, it is critical to improve
the I/Q balance in LO, mixer and the complex filter to achieve
higher IMRR.

As mentioned above, the received satellite signal is rather
weak and lies under the thermal noise floor. The low-IF archi-
tecture makes the image signal lie within the same band of
the desired signal. There is no strong interference in the band,
and hence, only the thermal noise needs to be rejected. The
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Fig. 1. Architecture of the receiver.
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effective C/N,ratio with image rejection is given by!!!
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IMRR

From Eq. (2), image interference results in 3 dB C/N, loss,
and a finite IMRR of 16 dB reduces C/N, loss to just 0.1 dB,
which is negligible for most cases. In addition, I/Q imbalance
limits the attainable IMRR. Thus IMRR higher than 30 dB is
not necessary for this receiver. Simulation results show that a
Butterworth filter of fifth order in narrow-band mode and sev-
enth order in wide-band mode is sufficient to provide enough
IMRR.

For on-chip complex filters, there are several potential ar-
chitectures. Though passive RC complex filters®! can achieve
high IMRR, due to their band reject response and poor se-
lectivity, an additional band-pass filter is needed to provide
out-of-band attenuation. The finite input impedance also loads
the mixer. An active OPA-RC filter'® provides large linear-
ity, but tuning is difficult. OTA-C band-pass complex filters
can achieve high image rejection and large out-of-band atten-
uation. As it works in current mode, the filter dissipates lit-
tle and can be easily reconfigured. Hence, OTA-C filters are
widely used in analog systems®~7]. In this design, a linearity
improved OTA-C complex filter is proposed.

2.2. Complex filter theory

Complex filtering operates in the complex domain, thus
quadrature down converting is required. After eliminating
higher order terms, the result of mixing is

Y(w) = 0.5A0esA10@ " + 0.5AimgAjoe T (3)

As the wanted signal is located at wir, and the image signal is
located at —wyr, the image signal can be filtered out by a band-
pass complex filter center at wr. The OTA-C complex filter
is designed through linear translation which shifts the center
frequency of a low-pass filter (LPF) from O to w.. Taking a
first order complex filter as an example, after translation, the
frequency response is

Y(jw) = X(jw). “)

J(w = we)/w,

Assume that w, = gmo/C and w. = gn/C. Replacing X and Y
with X = X1 + jXg and Y = Y1 + jY will lead to

ng ng
Y1 = Xi—Y) - Yo, 5
i ij( 1— 1) jwC Q (5
8mo 8mc
Yo = Xo—Yo) + Yr. 6
Q ij( o~ Yo) jwc (6)

Figure 2 presents the process of linear translation for OTA-C
complex filters. Only a gyrator is required to be added where
capacitors are located.

2.3. Complex filter design

Since the filter occupies a large area, it is advisable to
design a dual-mode filter with as many shared components as
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Fig. 2. Conversion of an LPF to a complex BPF through linear fre-
quency translation.
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Fig. 3. Complete circuit of the complex filter.

possible. Capacitors in the filter occupy nearly 2/3 of the to-
tal area. In this work, all the capacitors are shared and the
filter frequency is reconfigured by switching the g, values.
As explained above, as w. o« gy/C and w, < gno/C, w(w,)
will change proportionally with gmnc(gmo) values. The full cir-
cuit of the dual-mode complex filter is shown in Fig. 3. It is
a cascaded biquad structure. In narrow-band mode, the third
biquads are shortened, thus the filter is configured as a fifth
order Butterworth filter. In wide-band mode, the third biquads
are enabled and their outputs are selected, so the filter is sev-
enth order.

2.4. OTA design

There are several optional OTA structures. Nauta’s
OTA®! and pseudo differential OTAP! provide fine linearity
and are suitable for low voltage application. However, both
are hard to tune. A simple full differential OTA with tail cur-
rent source is easy to tune. But the linearity is poor as the g,
value decreases quickly with input level. In this paper, a fully
differential OTA with source degeneration!® %! is adopted.

As shown in Fig. 4(a), M3 and M4 are biased in the triode
region with variable on resistances according to input level.
The total gy, is

iol - i02 2
gm = = , 7
Va 1/gmi + 1/gm2 + (ras3llrasa)

where r4s3 and ryg4 are the on resistances of M3 and M4. As the
input level increases, the parallel resistance of M3 and M4 re-
duces. This reduced resistance attempts to cancel the decrease
of gm1 and gnp, thus keeping the g, value constant. Assume
that all NMOS transistors have the same process parameters.
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Fig. 4. (a) OTA with source degeneration; (b) Normalized g,, with
different k; /k5.

Denote ki, ko, k3 as k; = 0.5u,Cox (W/L);. The equivalent small
signal transconductance is

gmo = % Vkilss. (8)
If a proper k;/ks is chosen, a more stable OTA is achieved.
Simulation results of different k; /k; with the TSMC 0.18 um
CMOS process are shown in Fig. 4(b). Since the OTA dissi-
pates more as kj/ks increases, a ratio of k;/k3 = 3.5 is pro-
posed in this work as a good tradeoff between linearity and
power. With this ratio, the input level can be as high as +220
mV with £3% fluctuation of g, value.
From Eq. (8), increasing the g, value by n times requires
n? times more tail current. Thus it is not economical to switch
the tail current to digitally change gy,. In this work the g,, value
is configured through switching parallel OTA numbers, and the
variable tail current is used for continuous tuning.

3. Frequency tuning

The requirement for frequency tuning is a result of large
time-constant fluctuations due mainly to process variation,
temperature and supply fluctuation. There might be around
20% variation for on-chip resistors or gp, values, and more
than 10% variation for capacitors which results in a total 30%—
50% error for g,,/C time-constant products.

In this work, a PLL based frequency tuning scheme
is adopted. As shown in Fig. 5, when the loop is stable,
time constant of the oscillator is locked to the reference. The

Frequency Tuning PLL

Reference
Clock e

PLL Loop
(divider PFD charge-pump 1 pF)

nlplauh e

!

Input —* Complex
——»| Filter

Output

Fig. 5. Frequency tuning scheme in this work.

Fig. 6. Simplified schematic of the delay cell.

control voltage is also connected to the complex filter to tune
the gy, value by changing the tail current. As the oscillator and
the complex filter have the same time constant term g,,/C, if
the PLL is locked, the frequency of the filter is tuned to the
desired value, too.

The key point of tuning is to find a matching gy,/C time-
constant product between the oscillator and the filter. A re-
laxation oscillator is proposed in Ref. [5] and the tuning error
is 1.2% while a similar design used in Ref. [7] only obtains
a tuning error of about 7%.The frequency of the relaxation
oscillator must remain low enough to eliminate system error,
and thus the required period before the loop becomes stable is
much longer. In Ref. [11] a harmonic oscillator is proposed;
however, the tuning accuracy is not presented. A similar de-
sign in Ref. [9] shows that the tuning error with a harmonic
oscillator is less than 2.5%. The main disadvantages of har-
monic oscillators are that they are difficult to oscillate and the
nonlinearity will degrade the tuning accuracy. In this work, a
ring CCO with triode transistors is proposed. The oscillator is
easy to design and the CCO based tuning circuit has moder-
ate tuning accuracy. The CCO can work in a wide frequency
range, thus a higher PFD frequency is adopted and a shorter
convergence period is achieved.

The simplified delay cell of the ring CCO is shown in
Fig. 6. M1 and M2 are biased in the deep triode region. Ac-
cording to the “Barkhausen criteria”, the CCO oscillates at
Wosc:

1 _ 2kl (Vgs,l - Vthn)
rasiC C ’

©))

Wosc =

Assume that all NMOS transistors have the same process
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Fig. 7. Simulated tuning results.

parameters. As Vi
Vgs,7 - Vthn will lead to

= Vgs»7’ replacing Vgs,l — Vihn with

2kl (Vgs,7 - Vthn)
C

Wosc =

= k@ VItunes (10)

where k = 4k, /k;.

The frequency related parameters of the complex filter
are Wy = gmo/C and w, = gmc/C, where the g, value is given
by Eq. (8). Thus the time constant of the filter can be denoted
as

Wi oc 522 = k@ VEane, (n
where k' = 4ks/(k; + 4k3). In Egs. (10) and (11), the process
related parameters vk, /C are identical, and wse and wyer are
tuned by Iy simultaneously. The CCO and the filter have
matched time-constants, and thus the filter can be tuned by
this ring CCO based PLL.

The simulated results are shown in Fig. 7. Under +20%
process variations in FF and SS corners, —40 °C to 85 °C tem-
perature range and +10% power supply fluctuation, the tuning
error is less than +1.5%.

The tuning error mainly comes from two sources. First,
the transistors of the OTA work in the active region while the
transistors of the CCO work in the triode region. This will
cause some system error in different corners. Second, M1 and
M2 will leave the deep triode region with a higher amplitude
level which causes variation in the oscillating frequency. Thus
the oscillating amplitude must be limited.

4. Experiment result

The filter and the frequency tuning circuit have been im-
plemented in the TSMCO0.18 yum CMOS process. A chip mi-
crograph is shown in Fig. 8. The areas occupied by the filter
and the tuning circuit are 0.48 x 0.62 mm? and 0.22 x 0.28
mm?, respectively. The filter dissipates 0.8 mA in narrow-band
mode and 3.2 mA in wide-band mode respectively from a 1.8
V power supply. The tuning circuit dissipates 0.28 mA. Fig-
ures 9 and 10 are the measured frequency responses of the
filter. The filter is 4.4 MHz bandwidth center at 4.1 MHz and
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Fig. 9. Frequency response of narrow mode.

PR 521 Log Mag 6.000d8/ Ref -50.0008
-2.00 15420000 MHz -15.

é 2.0132450 MHz —{§%¥
-8.000 | 3 24.984530 MHz -18.42;

4 45635099 MHz -55.103
-14.00
2000
2600
32,00
-38.00
44,00
-50.00M
56,00
62,00 L
[ Start 300 kHz

v

2

Fig. 10. Frequency response of wide mode.

22 MHz center at 15.42 MHz. The out-of-band suppression in
narrow mode is about 50 dB at 6 MHz offset. The measured
tuning error is about +2%.

To measure IMRR, quadrature sinusoidal signals are re-
quired. In this work, these signals are obtained by mixing the
RF signal with the quadrature LO. The measured IMRR in the
whole pass band is more than 35 dB in narrow-band mode and
more than 28 dB in wide-band mode. The measured IMRR are
much smaller than the simulation, probably due to I/Q imbal-
ance of the test signals and the filter itself. But both satisfy the
requirement of the receiver.

5. Conclusions

A dual-mode OTA-C complex filter has been presented.
Through component reuse and switching, this filter can be con
figured as the fifth order narrow-mode of a 4.4 MHz
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Table 1. Measured results of the filter.

Parameter Narrow mode  Wide mode
Order 5th 7th
Center frequency (MHz) 4.092 15.42
-3 dB bandwidth (MHz) 4.4 22
Pass-band gain (dB) 4.5 -15
Attenuation @ f, + 6 MHz (dBc) > 45 /
Image rejection ratio (dB) >35 > 28
3% linear range (mV) > 200 > 200
Vaa (V) 1.8 1.8
I4g (MA) 0.8 32
Filter area (mm?) 0.3 0.3
Tuning circuit area (mm?) 0.06 0.06

bandwidth center at 4.1 MHz or the seventh order wide-mode
of a 22 MHz bandwidth center at 15.42 MHz. The measured
image rejection ratios are 35 dB and 28 dB respectively. The
ring CCO based PLL tuning scheme provides improved fre-
quency accuracy. All these characteristics make the filter well
suited for use in multi-mode GNSS receivers.
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