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SUMMARY This paper presents a very wideband active RC polyphase
filter (ARCPF). We propose a unit section of the ARCPF, which is an or-
dinary RCPF followed by opamps with parallel RC feedback. In the pro-
posed unit section, pole and zero can be assigned independently. By using
the unit ARCPFs, a very wideband image rejection filter can be realized by
cascading the sections, which can greatly reduce the element value spread.
To realize this, CMOS inverter based fully differential OTA which can op-
erate under low supply voltage is also presented. This paper describes a
six-stage active RC polyphase filter with 1–100 MHz passband in 0.18 μm
CMOS technology.
key words: active RC polyphase filter, fully differential OTA, CMOS in-
verter, wideband, element value spread

1. Introduction

Ever growing demands for high speed wireless communica-
tion have caused an issue of very wideband image rejection.
RC polyphase filter have been used for wideband low IF sys-
tems. For example, RCPF with 3.5 MHz to 20 MHz image
rejection band is reported in reference [1]. This corresponds
to a relative bandwidth of 5.7(= 20/3.5). According to a
recent press release, future 4G mobile communication sys-
tem is exploring to use a 100 MHz bandwidth per channel
for 100 Mbps to 1 Gbps data rate [2]. In this case, we need
100 MHz wide image rejection, which demands an RCPF
with extremely large relative bandwidth. Thus, it is our pur-
pose to realize an RCPF with a very wide image rejection
bandwidth, i.e., a very large relative bandwidth.

A wideband RCPF requires a number of stages to be
cascaded and tends to have too large element value spread
to implement it on silicon. For example, a five-stage equal-
ripple RCPF with relative bandwidth of 100 and image
rejection ratio of 34 dB has the maximum element value
spread of 413.8 for capacitors, and 5.81 for resistors, re-
spectively [3]. If each RCPF stages were simply buffered by
amplifiers, the element value spread could be arranged much
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smaller; however, the buffering could change the pole loca-
tion of the original RCPF design and it would never have an
equal-ripple passband, and causes too large ripple within the
passband.

This paper introduces an active RCPF topology which
realizes to have both small element value spread and very
wide equal ripple passband. By using the proposed topol-
ogy, a six-stage active RCPF having 36 dB image rejection
ratio (IRR) within a 1 MHz to 100 MHz passband (relative
band width of 100) has been designed and fabricated [4].
And also, this paper introduces a fully differential OTA for
use with the active RCPF. The OTA is composed of only
CMOS inverters. Thus, the OTA operates from low power
supply voltage and has theoretically the largest transconduc-
tance per quiescent current owing to push-pull construction
of CMOS inverters.

2. Proposed ARCPF Topology

Figure 1 shows a proposed circuit diagram for a unit section
of the active RCPF(ARCPF).

Since amplifiers have buffering action in our proposed
circuit, multi-stage ARCPF can be realized easily by cas-
cading the unit sections. The unit section consists of passive
RCPF in front and is followed by fully differential amplifiers
which have parallel feedback through Rp and Cp.

Fig. 1 Proposed unit section of ARCPF.
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The voltage transfer function of the unit section of an
conventional RCPF(HP(s)) and the ARCPF(HA(s)) is given
as follows, respectively.

HP(s) =
1 − jsCzRz

1 + sCzRz
, (1)

HA(s) = −Rp

Rz

1 − jsCzRz

1 + sCpRp
. (2)

A unit section of RCPF has a zero and a pole with the
same time constant in Eq. (1). If a multi-stage RCPF is con-
sidered, its zeros are simply determined by RC product of
individual unit section as before. However, its time con-
stants for poles are cross-coupled with all the other R and C
element values. This is one of the reasons why a wideband
passive RCPF has large element value spread.

For the proposed ARCPF, in contrast, it is possible to
set pole and zero time constants independently as seen in
Eq. (2), where the time constant for the zero is given by Rz

and Cz of the passive RCPF section of Fig. 1, and the time
constant for the pole is given by Rp and Cp of the parallel
feedback circuit of the following amplifiers.

This relation is maintained even if the ARCPF is a
multi-stage one, because of amplifier’s buffering action.
Therefore, proposed ARCPF can have an element value
spread much less than conventional passive RCPF counter-
part. In addition, parasitic capacitances have little influence
on the pole and zero location if the bottom plates of the ca-
pacitors are connected to amplifier inputs. This is an advan-
tage for a high frequency design.

The proposed unit section is originally derived from a
signal flow graph of a single stage passive RCPF by the au-
thors’ group [5], and the section turned out to be a fully
differential version of a general complex active RC bilinear
circuit (also known as a complex resonator) [6] proposed by
Kowase. That is, poles and zeros in our proposed circuit
are restricted on the negative real axis and on the imaginary
axis, respectively, in the Kowase’s circuit, which has no re-
striction on pole and zero locations. The proposed section
can also be viewed as a fully differential version of a com-
plex resonator circuit proposed by Muto [7], which has a
pole on the negative real axis and a zero on the imaginary
axis. However, those circuits in [6], [7] are of single-ended,
it is hard to figure out the RCPF structure which is apparent
in the proposed circuit. Also, they have inverting amplifiers
involved with realizing a zero in their transfer function by
cancellation of input signals, and this may inevitably cause
distortion. In contrast, zero realization by cancellation is
done without distortion in our proposed section because it is
done solely within the passive linear RCPF circuit. This is
one of benefits employing fully differential construction.

Recently, a more general active RCPF section has been
proposed in [8], which has additional cross-coupled resis-
tors and capacitors around four lossy integrators in our pro-
posed section. This structure can be seen as a fully differ-
ential version of the general complex integrator proposed in
[6], and the added RC circuit allows the pole to move off
from the real axis. This circuit uses four single-end opera-

tional amplifiers instead of two fully-differential amplifiers,
thus, the circuit is sensitive to common-mode signals in the
four-phase input.

3. Minimum Element Value Spread of the ARCPF

Zeros and poles of an equal-ripple RCPF have symmetry
properties as shown in Fig. 2. The time constants of all
the zeros and poles must have mirror symmetry about nor-
malized center frequency,

√
ωHωL = 1, on logarithmic fre-

quency axis in such a way that

τpkτp(n−k+1)=1, τzkτz(n−k+1)=1 (k=1, 2, . . . , n) (3)

holds [9]. Where, τzk and τpk are the normalized k-th zero
time constant and pole time constant, respectively, n being a
number of stages, ωL and ωH are lower and higher passband
edge frequencies, respectively.

Thus, the largest element spread is determined by the
out most time constants τp min and τp max. Since we may as-
sign zeros and poles independently in the ARCPF, we can
obtain the minimum element value spread if the maximum
and the minimum of time constants are set Rp max = Cp max =√
τp max, and Rp min = Cp min =

√
τp min, respectively, where

Rp max, Cp max, Rp min, and Cp min are normalized quantities.
Because element value spread is determined by the ra-

tio of the maximum element value to the minimum ele-
ment value among resistors or capacitors, we may assign
the other element values freely within the maximum and
the minimum element values; however, one simple way
is to assign them square root of the time constants. Fig-
ure 2 also shows the minimum element value spread be-
comes

√
τp max/τp min ≈

√
ωH/ωL. In contrast, the mini-

mum element value spread is approximately ωH/ωL for an
equal-ripple RCPF, which may become prohibitingly large

Fig. 2 Symmetry in zeros and poles for equal-ripple RCPF.

Fig. 3 Element value spread of RCPF and ARCPF.
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for wideband cases as shown in Fig. 3.
Figure 3 shows element value spread values for some

design examples of equal ripple passive- and active-RCPF
for 3 to 6 stages†. The relative bandwidth is set to 100. The
element value spread of passive RCPF becomes prohibit-
ingly large as the number of stages increase. On the other
hand, the ARCPF has much smaller element value spread,
and the difference becomes remarkable with a number of
stages increases. Therefore, we have to adopt the active ver-
sion of RCPF for realizing very wideband response.

4. Requirements for Amplifiers in ARCPF

With the development of CMOS process technology, the
power supply voltage is decreasing. Thus, the amplifiers are
required to operate from low supply voltage. CMOS invert-
ers have a capability of operating from low supply voltage,
because they have only two stacked MOS transistors from
VDD to GND. Also, they have large transconductance per
quiescent current.

The power supply voltage was set at 1.8 volts in our
design, because the finest CMOS process available through
MOSIS service was an 0.18μm process at the time of the
design. This amplifier may be seen as an OTA rather than an
OPA, since the output resistance of CMOS inverters using
0.18 μm process operating from the power supply voltage of
1.8 V is as large as several kΩ.

We need some design guides for amplifiers used in the
proposed active RCPF. So we examined by simulation how
much voltage gain or transconductance is required for OPA
or OTA as an amplifier for proposed ARCPF. A five-stage
ARCPF with an image rejection ratio of 40 dB and a rela-
tive bandwidth of 26.3 is simulated, in which all the resis-
tors are normalized to 1Ω. Assuming ideal OPAs and OTAs,
necessary voltage gain and transconductance for the filter to
have less than 0.1 dB ripple in passband have been simu-
lated. The results are shown in Fig. 4. The results indicate
that more than 35 dB for OPAs, and more than 60 s for OTAs
are necessary.

According to the simulation results, in place of OPAs,
OTAs can also be used for the ARCPF. Thus, we find a pos-
sibility to use CMOS inverters as amplifier in the ARCPF.

Fig. 4 Passband ripple dependence on voltage gain or gm.

It is predicted that the output resistance of CMOS inverters
will be lower due to progress in scaling of MOSFETs, and
CMOS inverters will be more OPA-like. That is convenient
for us.

5. Fully Differential OTA Composed of CMOS Invert-
ers

Figure 5 shows a proposed circuit diagram of the fully dif-
ferential two-stage OTA for use with the ARCPF. The OTA
is based on CMOS inverters and does not use any differential
pair to enable low supply voltage operation. These CMOS
inverters has large gm to current consumption ratio, because
they are of push-pull construction.

In principle, the amplifiers may be simple CMOS in-
verters. However, a CMOS inverter has insufficient volt-
age gain or gm to satisfy above requirements for amplifiers,
because the inverter has only 20 to 30 of voltage gain, in
0.18 μm process. So, we must employ a two-stage design,
in order to obtain more than 35 dB voltage gain.

For two-stage construction, it is necessary to cross the
output nodes of a pair of two-stage CMOS inverters to re-
alize an inverting amplifier, as shown in Fig. 6 for negative
feedback in differential-mode. In addition, fully differential
construction is also needed to avoid common-mode instabil-
ity caused by the arrowed loop in Fig. 6.

Fig. 5 Fully differential OTA based on CMOS inverter.

Fig. 6 A simple two-stage construction with feedback loop.

†In Fig. 3, we calculated the minimized element value spread
for each RCPF by accounting their section orders. If using the con-
ventional ascending or descending section order, the element value
spread becomes larger than the values given here. See reference
[3] for detail.
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To suppress common-mode gain, this OTA has
common-mode feedforward paths and feedback paths. The
six inverters in the part B© of Fig. 5 consist an averaging
circuit. The input common-mode signal and the output
common-mode signal are detected by the averaging cir-
cuit, and the circuit feedsforward or feedsback the common-
mode signals through the INV2 and the INV10.

Thus, this circuit can have a large differential mode
gain of 48 dB, and a large CMRR of about 70 dB by sim-
ulation, as shown later. Also, this OTA output swings dif-
ferentially about 3.2 Vp-p from 1.8 V power supply, owing to
the high output swing nature of CMOS inverters.

6. Design of Active RCPF

This section show the design procedure for ARCPF. A
six-stage ARCPF was designed and fabricated by TSMC
0.18 μm 1P6M mixed signal CMOS technology through the
MOSIS service.

6.1 Design Procedure

At first, we obtain time constants for normalized RCPF. The
time constants for the equal ripple response can be obtained
exactly the same way as RCPFs [10]. The voltage transfer
function of the RCPF is given by:

H(s) =
(1 − jsτz1)(1 − jsτz2) . . . (1 − jsτzn)
(1 + sτp1)(1 + sτp2) . . . (1 + sτpn)

. (4)

The time constants of zeros and poles in Eq. (4) to have
equal ripple responses in both passband and stopband are
given by the next formulas [10]:

τzr =

{
1
x

dn

[(
2r − 1

2n

)
K

(√
1 − x4

)
,
√

1 − x4

]}−1

, (5)

τpr =

{
1
x

cs

[(
2r − 1

2n

)
K

(√
1 − x4

)
,
√

1 − x4

]}−1

. (6)

Where, dn(u, k) and cs(u, k) are Jacobian elliptic functions
with a modulus k [11], r runs 1 through n, n is a number
of RCPF sections, x is a reciprocal of a square root of rela-
tive bandwidth defined by x ≡ √ωL/ωH(< 1), and K(k) is
complete elliptic integral of the first kind with a modulus k,
i.e,

K(k) =
∫ π/2

0

dφ√
1 − k2 sinφ

. (7)

It is worth mentioning that the complete elliptic integral of
the first kind is often expressed in terms of parameter m
as an argument, like K(m), instead of using modulus k as
shown in Eq.(7), where m = k2. This may be confusing in
numerical calculations. Likewise, dn(u, k) and cs(u, k) are
often expressed in terms of parameter m, like dn(u|m) and
cs(u|m). We use the modulus k throughout this paper.

Now, these parameters n and x, together with another

Table 1 Normalized time constants for 6-stage equal ripple filter.

τzk [sec] τpk [sec]
τz1 0.112725 τp1 0.052031
τz2 0.234759 τp2 0.21245
τz3 0.610520 τp3 0.60340
τz4 1.63794 τp4 1.6573
τz5 4.25968 τp5 4.7069
τz6 8.87117 τp6 19.219

parameter ε, are not independent but must satisfy the fol-
lowing constraint, to have the equal ripple characteristic:

4n × K(x2)

K(
√

1 − x4)
=

K(
√

1 − ε4)
K(ε2)

, (8)

where, ε is a ripple parameter. The parameter ε relates to a
minimum stopband rejection As and a passband ripple Ap in
such a way that As = 10 log(1+1/ε2) and Ap = 10 log(1+ε2)
holds.

Next, decompose the time constants for each sections
and scale the circuit by frequency and impedance as neces-
sary. When scaling impedance, chose impedance level R0 so
that gmR0 becomes larger than 35 dB. Finally, simulate the
circuit and tweak it, if necessary.

6.2 Circuit Design

In the future 4G mobile communication system, it is ex-
pected that the channel bandwidth becomes 100 MHz for
100 Mbps–1 Gbps data rate. Therefore, we aim at the
100 MHz image rejection bandwidth at the baseband for our
test chip.

We designed a six-stage ARCPF with the passband and
the stopband centered at ±10 MHz and relative bandwidth
of 100. That is, the passband is 1 MHz to 100 MHz, and
the stopband is −1 MHz to −100 MHz. Table 1 gives a set
of normalized pole and zero time constants for designed 6-
stage equal ripple RCPF with relative bandwidth of 100.
That is, ε = 0.01428, passband ripple = 0.000886 dB, stop-
band rejection = 36.9 dB.

To scale the element values for impedance and fre-
quency, we have to consider the amplifier’s output resistance
and current drive capability. It is required that load resis-
tances of the amplifier must be on the order of kΩ and the
load capacitance must be about 10 pF at most. In addition,
we assign the resistance Rzk in the RCPF part and Rpk in the
feedback path to have the same value for layout simplicity.
As a result, we set the minimum resistance to 2 kΩ and the
largest capacitance to 11.8 pF. All the denormalized element
values are shown in Table 2. The theoretical minimum ele-
ment value spread is 19.2 for the relative bandwidth of 100;
however, the designed element value spread is 28.4 because
we made Rzk and Rpk to have the same value. Although the
designed value has about 1.5 times larger than the theoreti-
cal minimum, this may be tolerable because this is still about
1/5 of minimum element value spread of the conventional
six-stage RCPF at the same relative bandwidth.
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Table 2 Element values of 6-stage ARCPF.

Rzn, Rpn [kΩ] Czn [pF] Cpn [pF]
R1 2.0 Cz1 0.89704 Cp1 0.41405
R2 4.0 Cz2 0.93408 Cp2 0.84533
R3 6.0 Cz3 1.61945 Cp3 1.60057
R4 9.0 Cz4 2.89653 Cp4 2.93070
R5 15.0 Cz5 4.51966 Cp5 4.99417
R6 26.0 Cz6 5.43035 Cp6 11.7649

Table 3 Dimensions of CMOS inverters for OTA.

Part Wn [μm] Wp [μm] L [μm]
A© 1.5 3 0.18
B© 2 4 0.18
C© 5 10 0.18

6.3 Fully Differential OTA Design

Since an intrinsic gain of a MOSFET is almost independent
of its gate width, for a fixed gate length and VGS , the de-
signed fully differential OTA uses minimum gate length for
wider bandwidth. The inverters in part A© of Fig. 5 have min-
imum gate width for high frequency operation. In the output
stage in part C©, they have the larger gate width to set quies-
cent current about 0.5 mA, considering their drive capabil-
ity. For the averaging circuit in part B©, the gate width are
adjusted to have middle value for the best common-mode
cancellation by the feedforward paths. Table 3 shows MOS-
FET dimensions of the designed OTA.

The OTA has 23 mS of transconductance, 11.6 kΩ of
output resistance, and 48.2 dB of voltage gain with 1.6 MHz
of 3 dB frequency, all the simulated values for differential
mode, at 1.8 V power supply with 16 pF load capacitors. It
consumes 2.8 mA, that is about 1/4 of a pair of single invert-
ers having the same gm. Therefore, we have successfully
increased differential voltage gain, have suppressed com-
mon mode gain, and have reduced current consumption at
the same time.

7. Simulation and Measurement Results

We fabricated active and passive six-stage RCPFs of the
same frequency response for comparison purpose. A micro-
graph of the fabricated test chip is shown in Fig. 7. The area
of ARCPF becomes large, because a unit OTA has large area
and 12 OTAs in total occupied about a half of the ARCPF
area.

The large area of the OTA is due to the area of MIM ca-
pacitor with guardring for phase compensation is very large.
Because phase compensation capacitors do not require ac-
curacy, if we replaced them with MOS capacitors, the OTA
area could be greatly reduced. We have adopted MOS ca-
pacitors in a revised design, and the ARCPF area has been
reduced to about 1/3 of the present design.

The ARCPF test chip was mounted on a plastic 64-
QFP and evaluated by using a PC board. Four-phase quadra-
ture input signal was generated by using a two-phase signal
generator and wideband passive baluns as shown in Fig. 8.

Fig. 7 Chip micrograph.

Fig. 8 Measurement setup for 4-phase filter.

Fig. 9 Measured frequency responses of 6th order ARCPF.

Then, the four-phase ARCPF outputs were measured by a
spectrum analyzer via a high impedance FET probe.

Predicted total ARCPF power dissipation is 2.8 mA ×
6 stages × 2 OTAs/stage × 1.8 V = 60.5 mW. Measured
value was 33.7 mA × 1.8 V = 60.7 mW including additional
four output source followers for measurement purpose, so
that the OTAs consumed less current than was designed.

Figure 9 shows the measured and simulated frequency
responses of the 13 ARCPF test chips. It shows both positive
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Fig. 10 Measured 3 V operation of ARCPF.

Fig. 11 Measured frequency responses of 6th order RCPF.

and negative frequency responses on the same axis. These
results indicate the measured responses are closely matched
with the designed responses except for above 30 MHz. We
suspect this due to smaller amplifier gain, because the cur-
rent consumption was smaller than the expected value by
15 %. Checking for this, we temporally increased the power
supply voltage from 1.8 V to 3.0 V. The 1.8 V result and
3.0 V result of a chip are shown in Fig. 10. For VDD = 3.0 V,
negative frequency response closely matches the simulation
result, so that this could be attributed to a smaller operat-
ing current, and it is believed that the design guide line of
ARCPF is collect.

Figure 11 shows the frequency responses of 15 pas-
sive RCPF test chips. The passband gain falls off at high
frequency range about 10 dB at 100 MHz. This is because
six-stage RCPF has a large element value spread and is at-
tributed to the effects of parasitic capacitances. As seen
from the results, passive RCPFs are not suitable for high
frequency and/or very wideband applications.

Figure 12 shows the measured frequency responses of
differential-mode and common-mode gain of the proposed
OTA itself. The low frequency differential-mode gain is
48.5 dB, and its 3 dB frequency is about 800 kHz. The mea-
sured results include evaluation PCB and test fixture capac-
itances. The parasitic capacitances were measured sepa-
rately with the test chip removed. Incorporating these ca-
pacitances, the measured results closely matched to the sim-
ulated results.

Fig. 12 Measured frequency responses of OTA.

Fig. 13 Measured IIP3 (30 MHz).

Figure 13 shows a simulated two-tone test result with
input frequencies around 30 MHz. From this figure, simu-
lated IIP3 is −10 dBV. The estimated IIP3 line indicate two-
tone test result projected from measured harmonic distortion
data. We need 8 signal generators to perform two-tone test
for I/Q signals, since two sets of symmetric 4-phase AC sig-
nals are needed. Because this is not practical, we made a
single-tone test at 30 MHz instead, by using two oscillators
and phase splitting baluns. Owing to the very wide range of
our active RCPF, third harmonic component resides within
the passband up to 33 MHz signal. We obtained the linear
and cubic coefficients, a1 and a3, from the single-tone test
to estimate IIP3 by using the formula [12]

IIP3 =

√
4
3

a3

a1
. (9)

The estimated IIP3 is −9.3 dBV, and this is very close to the
predicted value by the simulation. The difference in out-
put levels between simulation and measured result is due to
measurement loss which wasn’t accounted for in the simu-
lation.

The simulated effect of element value variation of re-
sistors and capacitors in ARCPF is shown in Fig. 14. The
MonteCarlo analysis is performed with Gaussian element
value variations of 3σ = 3% and using ideal amplifiers.
From Fig. 14, the worst case variation is about 5 dB larger in
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Fig. 14 Monte Carlo analysis of 6th order ARCPF.

(a)

(b)

Fig. 15 Measured output voltage swing of proposed OTA. Two single-
end output voltages (a), and differential output voltage without clipping
(b).

the negative frequencies, and the variation is much smaller
in positive frequencies. The result is similar to measured
results (Fig. 9). In addition, it can be said that the ARCPF
shows low sensitivity against component variations.

Figure 15(a) shows measured output voltage swings of
two OTA outputs. Each output voltage swings 1.6 Vp-p at
1.8 V power supply, as expected from the simulation re-
sult. Figure 15(b) shows a maximum differential output
voltage without significant distortion, which is 3.0 Vp-p at
1.8 V power supply.

In addition, the differential output voltage of the OTA
swings 1.6 Vp-p even at 1.0 V power supply. It has been con-
firmed that the proposed OTA has a very large output swing
capability even in a low power supply voltage.

Fig. 16 Variation of Idd of OTA.

Table 4 Performance summary of ARCPF.

Item Simulated Measured
Supply Voltage 1.8 V 1.8 V

Consumed Current 33.6 mA 33.5 mA*
Passband Ripple 0.3 dB 1.76 dB

IRR 36.5 dB 34 dB
IIP3 −10 dBV −9.3 dBV
ωH / ωL 100 MHz/1 MHz 100 MHz/1 MHz

= 100 = 100
*Including buffers

Table 5 Performance summary of OTA.

Item Simulated Measured
Supply Voltage 1.8 V 1.8 V

Consumed Current 2.8 mA 2.4 mA
gm (diff) 22.7 mS 21.9 mS

Rout (diff) 11.6 kΩ 12.6 kΩ
f−3 dB 1.6 MHz 0.8 MHz*
GBW 411 MHz 210 MHz*

Gain (diff) 48.2 dB 48.5 dB
CMRR 65.8 dB 68 dB

*Including measurement jig

Figure 16 shows variations in current consumption
of the OTA test chips. The measured average current is
2.33 mA with a standard deviation of 0.06 mA, while the
nominal design value is 2.8 mA.

The simulated and measured performances of the AR-
CPF and the OTA are summarized in Table 4 and Table 5,
respectively.

8. Conclusion

A 1 MHz to 100 MHz passband six-stage active RCPF in
0.18 μm CMOS technology is presented. By using the pro-
posed unit section, it is possible to minimize element value
spread to the order of square root of the relative bandwidth.
Element value spread is only 28.4 for the fabricated ARCPF
with relative bandwidth of 100. Moreover, we confirmed
that the fabricated ARCPF has a frequency response close
to the designed one, and has a low sensitivity to element
variations.

A high swing differential OTA of fully balanced con-
struction using only CMOS inverters has been introduced to
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realize the proposed ARCPF. Measured frequency responses
of the test chip closely matched with the design. We also
claim that proposed OTA has a very large output voltage
swing of 3.2 Vp-p at 1.8 V power supply.

The proposed ARCPF structure and the novel fully bal-
anced CMOS OTA are useful for realizing very wideband
image rejection filters.
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