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A reconfigurable complex band-pass filter with improved passive compensation�
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Abstract: This paper presents a 5th-order Chebyshev-I active RC complex filter for multi-mode multi-band global
navigation satellite systems (GNSS) RF receivers. An improved passive compensation technique is used to cancel
the excess phase lag of the integrators, thus ensuring the in-band flatness of the frequency response over various
ambient conditions. The filter has a programmable gain from 0 to 42 dB with a 6 dB step, a tunable center fre-
quency at either 6.4 MHz or 16 MHz, and a bandwidth from 2 to 20 MHz with less than 3% frequency uncertainty.
Implemented in a 0.18 �m CMOS process, the whole filter consumes 7.8 mA from a 1.8 V supply voltage and
occupies a die area of 0.4 mm2.
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1. Introduction

Global navigation satellite systems (GNSS) have been
widely used in navigation, positioning, surveying, synchro-
nization, and many other applications. In GNSS RF re-
ceivers, low intermediate frequency (low-IF) architecture is
preferredŒ1�, which avoids problems like DC-offset, flicker
noise, and LO-leakage in zero-IF receivers. However, the im-
age interference problem becomes very challenging for low-IF
receivers. To ensure good image rejection, high order complex
filters are usually used to simultaneously implement channel
selection, image rejection, and anti-aliasingŒ2�. In applications
requiring high linearity performance, the active-RC filter is of-
ten a better circuit architecture rather than its Gm–C counter-
part due to its feedback structureŒ2; 3�. However, there are two
major non-idealities in active-RC filters: frequency deviation
andQ enhancement. The former is caused primarily by process
variations of on-chip capacitors and resistors, and also slightly
by the limited OpAmp bandwidth, and can be precisely cali-
brated with low costŒ5�. On the other hand, the Q enhancement
effect is much more complex to analyze and eliminate, espe-
cially when poles with high quality factors exist in the filter’s
transfer function, such as in a high order, high centre frequency,
narrow bandwidth complex filter.

The major reason for Q enhancement is the limited
OpAmp gain-bandwidth (GBW) product, the higher the oper-
ating frequency and quality factor are, the more this factor is
sensitive to the OpAmp’s GBW, and the higher the ripple will
be at this filter’s cut-off frequencyŒ6�. For a Chebyshev low-
pass filter with Q > 5, the GBW of the OpAmp needs to be
over 70 times higher than the cut-off frequency to suppress the
pass-band ripple under 0.6 dB, not to mention complex filters
with higherQs than their low-pass prototypes. High bandwidth
amplifiers consume very large power, which is far from accept-
able in battery powered devices such as portable GPS receivers.

To meet the power budget, several Q compensation
schemesŒ7�9� are developed to stabilize filters’ quality fac-
tors, and thus their frequency responses. Active compensa-
tion schemes track the changes of ambient conditions, but re-
quire considerable extra powerŒ7�. Traditional passive compen-
sation is extremely simple, and power efficient, however, its
effectiveness may deteriorate over different processes, temper-
atures, and supply voltages. Recently, adaptive passive com-
pensations have been inventedŒ8; 9�, in which slave filters are
usually employed to measure the Q deviation from its nomi-
nal value, and adaptively force it to zero by controlling some
tunable circuits, then, according to good on-chip matching,
the master filter is also well compensated by the same con-
trol word. These methods make use of a closed feedback loop,
and add a moderate amount of extra power, but their circuit im-
plementations are complicated, and often require mixed-signal
techniques.

In this paper, we present a novel Q compensation scheme
based on the traditional passive method. It directly makes use
of the frequency calibration result, adapts to different processes
and temperature conditions, but requires nearly no additional
circuit complexity or power. A complex filter for GNSS re-
ceivers is fabricated and tested, to which this modified com-
pensation is applied. With compensation, this filter achieves a
sufficient in-band flatness of about 1 dB ripple height in differ-
ent frequency configurations (for GPS, Galileo, and Compass),
and low power to fit this portable application, simultaneously.

2. Non-ideal effects and practical issues

2.1. Frequency deviation

In active-RC filters, centre frequency and bandwidth are
determined primarily by the values of resistors and capaci-
tors, specifically, their product. On-chip resistors and capac-
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Fig. 1. Basic integrator circuit.

itors have about 15% error in their absolute values at process
corners, in both directions, at extreme cases these errors can
cause up to 40% frequency deviation, thus necessitating fre-
quency calibration. Many frequency calibration schemes have
been well developed and verified, and in this design we chose
one of the most cost efficient approachesŒ5�, as will be briefly
described in Section 3.

Except for process variations, insufficient OpAmp band-
width also lowers filter’ frequency slightly, this effect is minor,
and is usually neglected.

2.2. Q enhancement

The basic building element in active-RC filters is the in-
tegrator (Fig. 1), any non-ideal effect in filter leads to corre-
sponding non-ideality in the integrator.

Taking the limited GBW into account, we can assume a
first order model for the OpAmp’s response A.s/ in the fre-
quency range of interest (the range over which filter perfor-
mance is of concern).

A.s/ D
A0p

s C p
; (1)

whereA0 is its DC gain, and p is the dominant pole, thus GBW
D A0p. With this non-ideal OpAmp, the integrator transfer
function becomes:

I.s/ D
�1

s2RC

GBW
C

�
RC

A0

C
1

GBW
C RC

�
s C

1

A0

: (2)

This non-ideal integrator has a finite DC gain, slightly
lower unit-gain frequency, and most important of all, differ-
ent phase from the nominal 90 degree due to the second pole
at high frequency. The effect of these non-idealities on a test-
ing integrator’s frequency response is shown by solid lines in
Fig. 2, the simulation is based on an integrator with a unity
gain frequency of 4 MHz, and an OpAmp of 500 MHz GBW,
the ideal case is also plotted in dashed lines for comparison.
In most cases, the magnitude response is very approximate to
ideal before the frequency goes too high, while phase error
comes much earlier; in high Q filters, in-band ripple at the
vicinity of pass-band is very sensitive to this phase error, as
will be explained.

Fig. 2. Frequency response of ideal and non-ideal integrators (dashed
line for the ideal case).

Fig. 3. Biquad SFG (a) ideal integrators and (b) integrators with phase
error.

Fig. 4. Denominator vectors at !0.

To get an intuitive view of the Q enhancement effect, we
focus on a simple second order filter (biquad), whose ideal
transfer function and signal flow graph are expressed by Eq. (3)
and Fig. 3(a).

B.s/ D

B0

!2
0

s2

1 C
!0

Qs
C

!2
0

s2

: (3)

Figure 3(b) illustrates the same biquad, but with integrators
having phase error. In the vicinity of its pass-band, say s D

j!0, the denominator magnitude of Eq. (3) could be obtained
by adding the three vectors: 1, !0/Qs and !2

0 /s2, as shown in
Fig. 4.

In the ideal case, the magnitude response at !0 is exactly
the quality factor Q. When the integrator has a phase error, the
1st and 3rd terms in the denominator of Eq. (3) do not can-
cel, instead, they tend to form a short vector that partly cancels
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Fig. 5. Biquad response with different integrator phase lags.

Fig. 6. Increase in Q when transferred to complex filter (LPF-star,
CP-circle).

the 2nd term, in high Q biquads, this cancellation may greatly
enhance magnitude response around !0, even leading to in-
stability, this phenomenon is generally found in higher order
filters, especially in complex band-pass filters whose quality
factor is higher than their low-pass prototypes. Figure 5 shows
the magnitude response of a biquad with Q D 5, assuming dif-
ferent amount of phase lags.

In the most stringent case of this design, the low-pass pro-
totype filter with 2 MHz bandwidth has Q D 5.56, when
shifted to a complex filter by LO D 6.4 MHz, Q will be in-
creased to 11.2, so is its sensitivity to non-ideal effects. Figure 6
illustrates this situation.

3. Improved passive compensation

3.1. Frequency calibration

The simple frequency calibration scheme used in this de-
sign is not novelŒ5�, but it directly assists the improved Q com-
pensation discussed in the next sub-section. The basic concept
of frequency calibration is to stabilize the on-chip RC time con-
stants by tuning either capacitor or resistor arrays. The RC time
constant in this design is found by measuring the time elapsed
for a testing R-C network to be charged from 0 V to a certain
voltage level, VDD/2 in our case, as depicted in Fig. 7. A tun-
able capacitor array is continuously adjusted by a control word
until this charging time approaches a set value (defined by a de-

Fig. 7. Frequency calibration circuit.

Fig. 8. Passive Q compensation. (a) Traditional. (b) Recently modi-
fied in Ref. [8].

lay circuit); the other RC time constants on the same chip are
calibrated by the same word due to on-chip matching. A 5-bit
control word is used to cover the range from 75% to 140% of
the nominal frequency, and allow the tuning accuracy to reach
2.5% of nominal.

3.2. Improved passive Q compensation

As was analyzed in Section 2.2, integrators’ excess phase
lag is the main reason responsible for Q enhancement, and this
phase lag is introduced by its second pole at high frequency. To
compensate this effect, a direct measure is to cancel this non-
dominant pole. The traditional passive compensation inserts a
series resistor with the feedback capacitor in integrators, thus
introducing a zero to do this cancellation, as shown in Fig. 8(a),
its transfer function is expressed by Eq. (4).

H.s/ D
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(4)
The approximation is valid at high frequencies where the

non-dominant pole resides. To reach complete cancellation,RC
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Fig. 9. Improvement of Q compensation.

should to be set at:

RC D
1

C.A0 C 1/p
�

1

C � GBW
: (5)

However, since all of the resistors, capacitors, and OpAmp
bandwidths are imprecise in value, this equality is fragile over
process, temperature and supply voltage variations. To main-
tain the effectiveness of this passive compensation, an auto-
matic adjustment scheme needs to be applied, in Ref. [8], the
series resistor RC is replaced by a tunable resistor array, see
Fig. 8(b). A replica filter is used to measure the Q error and
determine the control word applied to the array. However, in
addition to a considerable amount of extra power and circuit
complexity, this method may occupy a large die area. The rea-
son for this is, for a good linearity performance, the RC array
must be a parallel one with the transistor switches located at the
OpAmp’s inputs. To ensure compensation accuracy, the least
significant bit (LSB) parallel resistor needs to show very small
conductance, that is a large resistance, since each differential
integrator needs two such resistor arrays, and the entire com-
plex filter will be unacceptably area consuming.

The improved Q compensation developed in this work
makes use of the frequency calibration result in order to main-
tain the equality of Eq. (5). The concept is: during frequency
calibration, the feedback capacitor arrayC is tuned to the point
that the time constant CR is kept constant. Due to matching
between R and RC, CRC is also fixed under different ambi-
ent conditions. According to Eq. (5), a tuning scheme is appar-
ently needed to stabilize GBW, so that the passive compensa-
tion requirement is satisfied. As is widely known, the GBW of
a Miller compensated OpAmp is determined by the ratio of in-
put transistors’ trans-conductance gm, to the miller capacitor’s
value, if the OpAmp is biased by a constant-gm current source
circuit, gm will be inversely proportional to a certain resistorRs
in that circuit, so is the GBW. The principle of improved pas-
sive Q compensation can be described by the following equa-
tions:

RCnominal D
1

Cnominal � GBWnominal
; (6)

GBWnominal D
gmnominal

CCnominal

D
˛

RSnominal � CCnominal

; (7)

Fig. 10. Simulated magnitude response of a high Q testing filter (a)
without calibration, (b) with only frequency calibration, or (c) with
both calibration and Q compensation.

RC D .1 C er/RCnominal ; (8)

RS D .1 C er/RSnominal ; (9)

C D .1 C er/Cnominal; (10)

CC D .1 C er/CCnominal ; (11)

Ctuned D
C

.1 C er/.1 C ec/
D F C: (12)

Here RC, RS, C , and CC are imprecise practical values of
the resistors and capacitors, ˛ is a constant design parameter,
F is the tuning factor obtained by frequency calibration. By
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Fig. 11. Prototype LC filter and signal flow graph.

Fig. 12. Complex filter architecture (I/Q channels and cross R array).

simply applying this factor to RS, the passive Q compensation
can be maintained valid:

RStuned D FRS; (13)

GBWtuned D
˛

CCRStuned
D

1

CtunedRC
: (14)

Figure 9 conceptually describes this method.

Figures 10(a) to 10(c) compare the simulated magnitude
responses of an LPF with Q D 5.6 without any calibration,
with frequency calibration only, and with both frequency and
improved passiveQ compensation at different process corners,
temperatures, and supply voltages, respectively.

It is obvious from the simulation that the improved passive
Q compensation effectively stabilized the filter’s quality factor
and eliminated excess in-band ripple, while frequency calibra-
tion successfully limited frequency error to within ˙2.5%.
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Fig. 13. Two-stage operational amplifier.

Up to now, the scheme seems to work without any cost.
In fact, it does bring a potential problem to the OpAmp. When
the current source is tuned, the GBW of the OpAmp stays at
the wanted location. However, its non-dominant pole tends to
move in a wider frequency range because the current changes,
and this may deteriorate the stability of the feedback loop. To
overcome this problem, a second constant-gm circuit indepen-
dent from the calibration word is added to provide current for
the OpAmp’s second stage, since the non-dominant pole is
approximately determined by the ratio of the second stage’s
trans-conductance gm2 to the loading capacitor C, which is cal-
ibrated, it is roughly constant too. Complete simulation is per-
formed over all PVT corners to make sure that phase and gain
margins are adequate in any situation.

4. Circuit implementation

A 5th order Chebyshev I complex filter incorporating this
compensation scheme is realized with integrated circuits. Fig-
ures 11 and 12 illustrate the design routine, from an LC pro-
totype and signal flow graph (SFG), to the final complex filter
architecture.

A total gain of 42 dB is properly distributed among the 5
stages during the trade off between noise and linearity perfor-
mances. Most of the resistors are tunable arrays to facilitate
programmable gain, bandwidth, and centre frequency.

A classical two-stage fully differential OpAmpwithMiller
compensation is adopted with a GBW of only 300 MHz, as
shown in Fig. 13, notice that the first and second stages are sep-
arately biased so thatQ compensation can be achieved without
affecting the OpAmp’s stability too much. Thus, the only cost
of this compensation is a second constant-gm current source,
which only requires a tiny amount of additional power and die
area, making it much more efficient than other compensation
methods.

5. Experimental results

The proposed complex filter is fabricated in 0.18 �m
CMOS technology, as a part of a GNSSwireless receiver. It oc-
cupies a die area of 1060 � 410 �m2, and draws 7.8 mA from
a 1.8 V supply. Figure 13 shows the filter’s die photograph.
The entire receiver has 28 dB image rejection, as can be seen
in Fig. 14. The remaining image is due to inevitable compo-
nent mismatches between I/Q channels. The programmability

Fig. 14. Photograph of the complex filter.

Fig. 15. Measured image rejection @ BW D 20 MHz, IF D 16 MHz.

Fig. 16. Measured gain programmability @ BW D 2 MHz, IF D

6.4 MHz for GPS L1.

of this complex filter on gain, bandwidth, and center frequency
are shown in Figs. 15–17. This complex filter can shift its cen-
tre frequency between 6.4 MHz and 16 MHz, and bandwidth
among four different choices for each IF frequency. In each
frequency mode, a gain range from 0 to 42 dB with 6 dB per
step is covered. The in-band magnitude responses are quite flat
in different configurations, taking into account the complex fil-
ter’s high quality factor.

The key performances of the complex filter compared with
other works are listed in Table 1.
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Table 1. Performance summary.
Parameter This work Ref. [8] Ref. [4]
Process 0.18 �m CMOS 0.13 �m CMOS 0.13 �m BiCMOS
Power supply (V) 1.8 1.5 2.5
Filter type 5th order Chebyshev 5th order Chebyshev 7th order Chebyshev
Area/channel (mm2/ 0.2 0.2 0.3
Power/channel (mA) 3.9 6 10.5
Centre frequency (MHz) 6.4/16 DC DC
Bandwidth (MHz) 2–8/5–20 19.7 1.78–3.92
Gain range (dB) 0–42 N/A 0–40
Peak Q 11.2 4 6.2
In-band ripple (dB) < 1 0.5 N/A

Fig. 17. Measured gain programmability @ BW D 4 MHz, IF D

6.4 MHz for Galileo E1 and Compass B1.

Fig. 18. Measured gain programmability @ BW D 20 MHz, IF D

16 MHz for GPS L5 and Galileo E5.

6. Conclusions

A 5th order Chebyshev-I complex filter for multi-mode
GNSS RF receivers has been proposed and fabricated in

0.18 �m CMOS process. It has tunable BW (2, 4, 6, 8 MHz
centers at 6.4 MHz or 5, 10, 15, 20 MHz centers at 16 MHz)
and tunable gain (0 to 42 dB, 6 dB per step). The whole sig-
nal chain is able to receive signals in GPS L1/L2 bands (BW
D 2, 20 MHz), Galileo E1/E5 bands (BW D 4, 20 MHz) and
Compass B1 band (BW D 4MHz). An improved passive com-
pensation scheme is described and implemented to cancel the
effects of various ambient environments on the Q compensa-
tion accuracy. According to theoretical analysis, the scheme
will also be effective in other active RC filters.
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