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SUMMARY Source-follower-based (SFB) continuous-time low-pass
filters (LPF) have the advantages of low power and high linearity over
other filter topologies. The second-order SFB filter cells, which are key
building blocks for high-order SFB filters, are often realized by composite
source follower with positive feedback. For a single branch 2nd-order SFB
cell, the linearity drops severely at high frequencies in the pass band be-
cause its slew-rate is restricted by the Q factor and the pole frequency. The
folded 2nd-order SFB cell provides higher linearity because it has two DC
branches, and hence has another freedom to increase the slew rate. How-
ever, because of the positive feedback, the folded and unfolded 2nd-order
SFB cells, especially those with high Q factors, tend to be unstable and act
as relaxation oscillators under given circuit parameters. In order to obtain
higher Q factor, a new topology for the 2nd-order SFB cell without positive
feedback is proposed in this paper, which is unconditionally stable and can
provide high linearity. Based on the folded 2nd-order SFB cell and the pro-
posed high-Q SFB cell, a 264 MHz sixth-order LPF with 3 stages for ultra
wideband (UWB) applications is designed in 0.18 μm CMOS technology.
Simulation results show that the LPF achieves an IIP3 of above 12.5 dBm in
the whole pass band. The LPF consumes only 4.1 mA from a 1.8 V power
supply, and has a layout area of 200 μm × 150 μm.
key words: source-follower-based (SFB), low-pass filter, linearity, Q fac-
tor, stability, MB-OFDM UWB

1. Introduction

Multi-band orthogonal frequency division multiplex (MB-
OFDM) ultra-wideband (UWB) systems have attracted
great interest due to their potential for high-speed wire-
less communications. The baseband of MB-OFDM UWB
systems adopt 128-point OFDM modulation to obtain 528-
MHz bandwidth and achieve up to 480-Mbps data rate [1].
In a MB-OFDM UWB receiver, a high-performance low-
pass filter (LPF) with 264-MHz bandwith is indispensable to
block interferers and provide anti-alias filtering. The large
bandwith and requirements of high linearity and low power
make the design of LPFs for UWB very challenging.

Among several possible solutions for continuous-time
LPFs [2], active−RC and MOSFET-C filters provide very
high linearity, but they are preferable for narrow-band ap-
plications [3]–[5], because large gain-bandwith product re-
quiremens would lead to unacceptable power consump-
tion. Gm − C filters have higher power efficiency and are
widely used in broadband applications [6]–[8]. However, as
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open-loop operational transconductance amplifiers (OTAs)
present limited linearity, various additional circuitry must
be adopted to linearize the OTAs [9]–[11], which increases
power consumption and design complexity.

An alternate to the existing topologies is to use source
followers and capacitors to realize low-pass filtering. The
first reported source-follower-based (SFB) LPF comprises
of two 2nd-order SFB stages implemented by composite
source followers with positive feedback, providing very
good linearity and low power consumption [12]. The SFB
LPF for MB-OFDM UWB system in [13] consists of 6 1st-
order SFB stages in ladder structure, and shows a remark-
able low power consumption of less than 1 mW. However,
the 2nd-order SFB cells in [12]and the negative 1st-order
SFB cells in [13], especially those with high Q-factors, tend
to be unstable under certain circuit parameters. Moreover,
the linearity of the 2nd-order SFB cell drops severely at
high frequencies because its slew-rate is restricted by the
Q-factor and the pole frequency of the filter. These issues
impose a limit to the achievable Q-factor of the 2nd-order
SFB cell with positive feedback.

In this paper, the stability and the linearity of the 2nd-
order SFB cell with positive feedback are analyzed in detail.
Analysis shows that the folded 2nd-order SFB cell, which
is introduced in [12] for low voltage applications, can pro-
vide higher linearity at high frequency because it has two
DC branches, and hence has another freedom to increase
the slew rate. In order to obtain higher Q, a new topol-
ogy for the 2nd-order SFB cell without positive feedback
is proposed, which is unconditionally stable and can pro-
vide high Q. Based on the folded 2nd-order SFB cell and
the proposed high-Q SFB cell, a 264 MHz sixth-order LPF
with 3 stages designed in 0.18 μm CMOS technology is pre-
sented. Simulation results show that the LPF achieves an
IIP3 of above 12.5 dBm in the whole pass band and con-
sumes 4.1 mA from a 1.8 V power supply.

2. Analysis of the 2nd-Order SFB Cell

2.1 Transfer Function

A simple source follower with a load capacitor is inherently
a 1st-order low-pass filter, as shown in Fig. 1(a). However,
this simple filter provide only a real pole, hence can not con-
stitute high-order SFB filters by cascading several stages.
The second-order SFB cell in [12] adopts a single-branch
composite source follower with positive feedback to synthe-

Copyright c© 2011 The Institute of Electronics, Information and Communication Engineers



1000
IEICE TRANS. ELECTRON., VOL.E94–C, NO.6 JUNE 2011

Fig. 1 (a) A 1st-order SFB LPF; (b) The 2nd-order SFB cell in [12].

size a pair of complex poles, as shown in Fig. 1(b). The
cell can suppress even-order distortion extensively because
of its fully differential structure. The output common-mode
voltage is determined by Vgs of the transistors, hence no
common-mode feedback circuit is needed.

The transfer function can be obtained from the half
small-signal equivalent circuit. However, in [12], M1a,b and
M2a,b are assumed to have same transconductance. This
is not true even if the transistors have exactly the same
sizes and all mismatches can be neglected, because the dif-
ferent source-to-substrate voltages of M1a,b and M2a,b will
cause obvious difference between the transconductance of
the transistors. Assuming the output conductance and par-
asitic capacitance of all transistors can be neglected, the
transfer function of the 2nd-order SFB cell is re-derived as

H(s) = − 1
C1C2
gm1gm2

s2 + [ C1
gm1
+ ( 1
gm2
− 1
gm1

)C2]s + 1
(1)

where gm1 and gm2 are the transconductance of M1a,b and
M2a,b, C1 and C2 are the capacitance of C1a,b and C2a,b, re-
spectively. The transfer function has second-order low-pass
characteristics with an unit DC gain. The result is the same
as that in [12], if gm1 = gm2. The pole frequency, ω0, for
Eq. (1) is calculated as

ω0 =

√
gm1gm2

C1C2
(2)

which is also the same as that in [12] when gm1 = gm2. Un-
der the condition of gm1 = gm2, Q =

√
C2/C1 [12], meaning

that Q is only dependent on the ratio between the two ca-
pacitors. However, the difference between gm1 and gm2 can
impose significant influence on the Q factor. In order to ver-
ify this, we define n = C2/C1, and m = gm2/gm1. The Q
factor for Eq. (1) is derived as

Q =
1√

m/n +
√

n/m − √m · n . (3)

When m = 1, Q equals to
√

n exactly. Although the in-
fluence of m on Q can not be seen directly from Eq. (3),
mathematical tools can be used to express the relation be-
tween them. Fig. 2 gives several curves of Q factor varying
with capacitance ratio n under different transconductance ra-
tio m. As stated in [12], Q increases with the square root of

Fig. 2 Influence of transconductance ratio on the Q factor.

Fig. 3 IIP3 of the 1st-order SFB filter at different biasing current.

n, when m = 1. However, when gm2 < gm1, i.e. m < 1, the
increasing slope of the Q - n curve is reduced. If m is small
enough, Q even decreases with n. On the other hand, when
gm2 > gm1, i.e. m > 1, Q is boosted extensively even with
very small n. The Q will increase to infinity at certain values
of capacitance ratio n, as shown in Fig. 2, which means that
the circuit is unstable. This will be verified in Sect. 2.3.

2.2 Linearity Analysis

For the simple 1st-order SFB filter shown in Fig. 1(a), the
linearity at low frequencies is higher with lower overdrive
voltage of M1, meaning that the linearity is improved by
reducing bias current [12]. However, at high frequencies,
the linearity is reduced at lower biasing current because of
the limited slew rate. To verify this, a test circuit for the filter
in Fig. 1(a) is designed, in which M1 has a W/L of 10μ/0.6μ,
and CL is 1.8 pF. The simulated pole frequencies are about
130 MHz at an IB of 0.3 mA and increases to 150 MHz with
IB increasing to 0.6 mA. The IIP3 is simulated with two-
tone sinusoid input signals that have a frequency deviation
of 100 KHz. The simulated curves of IIP3 with sweeping
input signal frequency are given in Fig. 3, which shows that
the filter with larger biasing current (hence larger slew rate)
has lower linearity at low frequencies, but provide higher
IIP3 at high frequencies.

Above analysis for the 1st-order SFB filter can also be
applied to the 2nd-order SFB cell. In the 2nd-order SFB cell
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Fig. 4 Schematic of the folded 2nd-order SFB cell [12].

shown in Fig. 1(b), there are two pair of nodes that are in-
fluenced by charging of capacitors. For node X and Y, the
response speed is enhanced by the positive feedback, hence
the limited slew rate has little influence on them. However,
the output nodes are similar with those in the 1st order cell,
so the limited slew rate has significant impacts on the re-
sponse speed of these nodes at high frequencies. In order to
obtain higher linearity at high frequencies, the biasing cur-
rent must be enlarged to some extent to increase the slew
rate. However, enlarging IB will increase both gm1 and gm2

because the cell has only single DC branch. From Eq. (2),
the pole frequency ω0 will increase with gm1 and gm2. In
order to keep ω0 constant, C2 and C1 must be increased.
This will in turn reduce the slew rate and the linearity. The
transconductance can also be kept constant by decreasing
the sizes of the transistors when IB is increased. However,
this will increase Vgs of the transistors, resulting in a reduced
output swing of the cell.

Because the slew rate of the 2nd-order SFB cell is lim-
ited by its filtering characteristics, the linearity is dropped
remarkably at high frequencies. The situations are more se-
vere for those with higher Q factors, because C2 is larger
than C1 in these cells, making the slew rate at the output
nodes even lower.

The slew rate and hence the linearity at high frequen-
cies can be improved with a folded 2nd-order SFB cell,
which is introduced in [12] for low voltage applications, as
shown in Fig. 4. The transfer function of the folded 2nd-
order SFB cell is same as that of the cell in Fig. 1(a), be-
cause they have same small signal equivalent circuits. How-
ever, the folded 2nd-order SFB cell has two DC branches,
hence has another freedom to increase the slew rate. From
Fig. 4, the gm of M2a,b is determined by IBN , while the gm

of M1a,b is determined by IBP − IBN . In order to increase
the slew rate at output nodes, IBN can be increased inde-
pendently. Although this will increase gm2 and hence alter
the filtering characteristics, however, IBP can be adjusted to
change gm1 for compensation. According to Eqs. (2) and (3),
adjusting of C1 and C2 are also needed to keep ω0 and Q to
the expected value. Although the tuning is a little complex,
simulation can be used to refine the design.

Test circuites for the folded 2nd-order SFB cell and the

Fig. 5 Simulated IIP3 of the 2nd-order SFB cell with and without
folding.

cell shown in Fig. 1(b) are designed to compare the linear-
ity. Both cells are designed with an ω0 of about 200 MHz,
and a Q of 1.5. The simulated IIP3 varying with input fre-
quency for the two cells are given in Fig. 5, which show
that the folded 2nd-order SFB cell provide superior linear-
ity both at low and high frequencies. The unfolded cell
consumes 0.6 mA, while the folded one consumes 0.72 mA
from a 1.8 V power supply, which means that the great im-
provement in linearity is achieved only with a bit increase
in power consumption. When Q increases to a larger value,
even the folded 2nd-order SFB cell can not provide high
IIP3 because C2 becomes larger, resulting in decrease in
slew rate at the output nodes. Furthermore, when Q is large
enough, the circuit tends to oscillate, which will discussed
in next section.

2.3 Stability Analysis

The positive feedback in the 2nd-order SFB cell, both for
the folded and unfolded topology, can cause oscillation un-
der certain circuit parameters, which is not discussed both
in [12] and [13]. The structure of the 2nd-order SFB cell is
inherently similar with a CMOS relaxation oscillator [14].
Considering the inner feedback loop, the 2nd-order SFB cell
can be regarded as a two-stage inverting amplifier which
are connected in ring topology. The rearranged small sig-
nal model is shown in Fig. 6, which is suitable for both the
folded and unfolded 2nd-order SFB cell. In Fig. 6, 1/gm1

denotes the small-signal output resistance of M1a,b in both
Fig. 4 and Fig. 1(b), while rob is the output resistance of the
current source IB, which is large and can be neglected for
simplicity.

The open-loop gain of the whole circuit is the square of
the transfer function of each stage. After simple calculation,
the open-loop gain of the circuit in Fig. 6 is obtained as

HO(s) =

[
gm2C2s

(gm2 + C2s)(gm1 +C1s)

]2
(4)

which shows that a single stage has a zero at DC, and
two poles at − gm2

C2
and − gm1

C1
, respectively. According to

Barkhausen criterion, the circuit will oscillate at frequency
ω0, if |HO( jω0)| = 1, and ∠HO( jω0) = 360◦. Combining
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Fig. 6 Small signal model of the 2nd-order SFB cell’s inner loop.

Fig. 7 Simulated oscillation wave of the 2nd-order SFB cell with m = 3,
and n = 2.

these two conditions with Eq. (4), the oscillation will occur
if the following equation is satisfied:

gm2

gm1
=

C2

C2 −C1
. (5)

Using the definition of m = gm2/gm1 and n = C2/C1, the
oscillation condition is simplified to

m >
n

n − 1
(6)

Eq. (6) is only valid for either m > 1, or n > 1, because
the magnitude of the open-loop gain is always less than 1
and the circuit is unconditional stable when either m < 1,
or n < 1. Applying Eq. (6) into Eq. (3), Q is calculated to
be infinity for all possible n, which validates the oscillation
condition. The oscillation is also verified by transient simu-
lation of the test circuit in Sect. 2.2 with m = 3, and n = 2.
Simulated results show that the circuit oscillates without any
input signal, with the oscillation wave at one of the output
node shown in Fig. 7.

As can be seen from Eq. (6), in order to guarantee sta-
ble operation of the 2nd-order SFB cell, m must be smaller
than n/(n − 1), which results in significant decrease in the
achievable Q. Figure 8 gives several curves of Q varying
with n, under different scaling coefficients of m. Although
higher maximum Q can be obtained with larger scaling co-
efficient, however, in order to ensure stability, the scaling
coefficient should be less than 0.7, leading to a maximum
achievable Q of less than 5.

Fig. 8 Curves of Q factor varying with n under different scaling
coefficients of m.

3. The Proposed High-Q 2nd-Order SFB Cell

From the analysis in Sect. 2, the folded 2nd-order SFB cell
is suitable for implementing filter sections with low and
medium Q factor, as its Q factor is limited by slew rate
and stability. However, high-Q 2nd-Order cells are neces-
sary to implement high-order filters with good performance.
For example, in a 6th order Chebyshev filter, a high-Q 2nd-
order section with large peaking is needed to compensate the
loss of other two sections with low and medium Q factors at
high frequencies, and make the filter show sharp roll-off and
small ripples in its pass band.

In order to realize a high-Q 2nd-Order SFB cell with
high linearity, a new topology based on the method of im-
proving the linearity of source followers in [15] is proposed
in this paper, as shown in Fig. 9. The cell includes a main
composite source follower that is composed of M1a,b, M4a,b

and M7a,b, and a inverting amplifier comprising M2a,b and
M3a,b. The inverting amplifier provides negative feedback
to improve voltage transferring accuracy of the main source
follower in large voltage swing and hence improve the lin-
earity at low frequencies. For example, if Vi+ increases,
Vo+ will increase by the same amount in ideal situation.
However, IBP will decrease slightly because of the channel
length modulation effect of M7a. In order to accommodate
the slight decrease in IBP, Vsg of M1a must be decrease, re-
sulting in that Vo+ has smaller amount of increase than Vi+,
which will cause nonlinearity at low frequencies. Further-
more, because IBP decreases, Vsd of M1a will also decreases
by a small amount because of the channel length modula-
tion effect, which means that the drain voltage of M1a will
increase slightly.

In the proposed circuit, the inverting amplifier is used
to detect the voltage variation in the drain node of M1a,b,
and adjust the current flowing in M2a,b and M3a,b. Because
of the feed back provided by the inverting amplifier, IBP can
be kept constant even the input voltage has a large swing.
In Fig. 9, by using the source follower composed of M5a,b

and M6a,b, current reusing for M3a,b is realized to provide
additional gain in the feedback loop, and hence improve the
linearity further.
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Fig. 9 Schematic of the proposed high-Q 2nd-Order SFB cell.

Fig. 10 Half small signal of the proposed high-Q 2nd-Order SFB cell.

Because this cell is used to implement high-Q sections,
C2 is usually larger than C1, which means that the linearity
at high frequencies is mainly determined by the slew rate at
the output nodes. However, as shown in Fig. 9, the response
speed of the output nodes is enhanced significantly by the
inverting amplifier through injecting current to these nodes,
hence the linearity will not limited by the slew rate.

The transfer function of the proposed cell can be ob-
tained with the half small signal equivalent circuit, as shown
in Fig. 10. In Fig. 10, gm1 is the tansconductance of M1a,b,
and gm2 denotes the transconductance sum of M2a,b and
M3a,b. Resistors rob1, rob4, and rob5 are the output resistance
of M1a,b, M4a,b, and M5a,b, respectively, while rob2 is the
parallel of the output resistance of M2a,b and M3a,b. After
neglecting parasitic capacitance and output resistance, the
transfer function for the proposed cell is derived as

H(s) =
C1
gm2
· s + 1

C1C2
gm1gm2

s2 + C1
gm2
· s + 1

(7)

which has 2nd-order low-pass characteristics. The pole fre-
quency ω0 and Q factor are calculated to be⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ω0 =
√
gm1gm2

C1C2

Q =
√
gm2C2

gm1C1

(8)

As can be seen from Eq. (8), the expression for ω0 is
same as that of the 2nd-order cell with positive feedback,
while the expression of Q is more concise. Because no posi-
tive feedback exists in the proposed cell, very high Q can be
obtained with large ratio of gm2/gm1 and C2/C1. The disad-
vantage of the proposed cell is the zero at ωz = −gm2/C1, as
shown by Eq. (7). However with large Q factors, ωz is much
larger than ω0, and has negligible influence on the roll off
performance. To verify this, two cells that have Q factors of

Fig. 11 Simulated output amplitude for the proposed cells with high and
low Q factors.

Fig. 12 Simulated IIP3 of the proposed cells with high and low Q.

Fig. 13 Input and output voltage of the proposed cell with Q = 6.5 at (a)
10 MHz; (b) 250 MHz.

6.5 and 1.2 respectively are simulated for comparison. Both
cells are designed with same ω0 of about 250 MHz. Sim-
ulated curves of transfer function magnitude are given in
Fig. 11, which shows that the cell with high Q factor provide
sharper roll-off performance because of the larger distance
between the zero and the poles. Therefore, the proposed
2nd-Order SFB cell is only suitable for implementing high-
Q filter sections.

The linearity for the above two cells are also simu-
lated, with results shown in Fig. 12. As can be seen, IIP3
of the cell with Q = 6.5 drops remarkably at high frequen-
cies. This is mainly due to the large phase shifting between
the input and output voltage and the peaking in the magni-
tude at high frequencies. Fig. 13 shows the waveforms of
the input and output voltage for the cell with Q = 6.5 at
10 MHz and 250 MHz. When the input signal is at 10 MHz,
the phase shift between the input and output voltage is close
to zero and the voltage gain is nearly 1, hence the output
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voltage follows the input with very high accuracy. How-
ever, when the input frequency increases to 250 MHz, the
phase shift is nearly π/2 and the output voltage is ampli-
fied because of the peaking at this frequency, as shown in
Fig. 13. The large phase shift together with the peaking at
high frequencies causes significant distortion in gm1, result-
ing in remarkable reduction of IIP3. The deterioration of
linearity for the proposed high-Q cell is caused inherently
by the voltage transfer characteristics, and hence can not be
solved by enlarging bias current. However, as will discussed
in the next section, the linearity reduction of this cell can be
compensated by placing it at the last stage, ensuring high
IIP3 for the whole filter at all frequencies.

4. Design of the Sixth-Order MB-OFDM UWB Filter

MB-OFDM UWB systems provide high data rate up to
480 Mbps by adopting 128-point OFDM modulation in
baseband to obain 528-MHz bandwidth. To block the strong
interferences and provide anti-alias filtering for ADCs, a
264 MHz bandwidth LPF with high linearity is indispens-
able in the analog baseband. Furthermore, in order to sup-
press the signal in adjacent UWB channels, the attenuation
at 528 MHz is required to be at least 30 dB.

In order to achieve the requirements of sharp roll-off, a
six-order Chebyshev (type-I) prototype function with 1 dB
passband ripple is adopted for the MB-OFDM UWB fil-
ter in this paper. The filter is divided into three 2nd-order
SFB stages, with specifications of Q and f0 given in Table 1.
Based on the analysis in Sects. 2 and 3, the folded 2nd-order
SFB cell in Fig. 4 is adopted to implement stage I and II, be-
cause they have low and medium Q factors. Stage III with
Q of 6.5 is realized by the proposed high-Q 2nd-Order SFB
cell shown in Fig. 9.

The arrangement of the position for the three stages has
significant influence on the overall linearity performance of
the filter, because the high-Q stage has limited IIP3 at high
frequencies. The relation of the overall IIP3 between the
IIP3 of each stage can be expressed as

1

IIP32
total

=
1

IIP32
I

+
A2
v,I

IIP32
II

+
A2
v,I A

2
v,II

IIP32
III

(9)

where IIP3I , IIP3II , IIP3III are the IIP3 in voltage for stage
I, II, and III, while Av,I , and Av,II are voltage gain of stage I
and II, respectively. From Eq. (9), stage I should be the first
stage as it provide the highest IIP3, while stage III should
be the last stage because it has the poorest IIP3 at high fre-
quencies. This is contrary to stage arrangement in normal
cascading systems, such as amplifiers with gain larger than
one. As shown in Table 1, because stage I and II have lower
pole frequencies, their voltage gain will attenuated to very
low value at the frequencies where peaking occurs in stage
III, hence the IIP3 reduction at high frequencies in stage III
is compensated extensively by the first two stages. As a re-
sult, very good linearity is obtained in the whole passband
for the overall filter.

Table 1 Pole frequencies and Q factors of the 2nd-order stages.

Stage I Stage II Stage III

f0 (MHz) 103 202.8 267

Q 0.7 1.8 6.5

Fig. 14 Block diagram of the proposed sixth-order MB-OFDM UWB
filter.

Fig. 15 Layout of the proposed sixth-order MB-OFDM UWB filter.

The block diagram of the proposed six-order MB-
OFDM UWB filter is given in Fig. 14. The three stages are
connected directly by DC coupling. In order to cope with
the bandwith variations caused by temperature and process,
a biasing circuit with a variable reference current source is
adopted to adjust the transconductance of the transistors in
the filter stages. The tuning can be realized either in analog
or digital domain.

The proposed filter is designed in the TSMC 0.18μm
CMOS technology, and has a layout area of 200 μm ×
150 μm, as shown in Fig. 15. The capacitors in the filter
are realized by metal-insulator-metal (MIM) capacitors.

5. Simulation Results

The simulation is carried out in Cadence Analog Design En-
vironment after layout parasitic extraction. The simulated
curves of the transfer function for the filter at different bi-
asing current are shown in Fig. 16. As can be seen, the fil-
ter shows nominal transfer function with −3-dB bandwith
at 264 MHz when the input reference current is 50 μA. The
attenuation at 528 MHz is 41 dB, which is much larger than
the requirement. The tuning range of −3-dB bandwith is
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Fig. 16 Magnitude of transfer function at different bias current.

Fig. 17 IIP3 with two-tone input at 250 MHz and 250.1 MHz.

from 201 MHz to 310 MHz when the input reference current
varies from 30 μA to 70 μA, which can cover the bandwith
variations caused by process and temperature. The non-
ideal voltage transfer characteristics of the source followers
causes 2-dB loss at low frequencies.

The IIP3 is 12.7 dBm with two-tone input signals at
250 MHz and 250.1 MHz, as shown in Fig. 17. The simu-
lated curves of IIP3 varying with input frequencies are ob-
tained by sweeping the two-tone frequency, and are given in
Fig. 18. In order to show the influence of stage arrangement
on the overall linearity, the proposed filter with stage order
of I–II–III and another filter with stage order of III–II–I are
simulated for comparison. Notice that, the output DC level
of stage III is too high to provide proper operating point for
stage II in the modified filter with reverse order. Therefore,
ideal DC biasing and AC coupling are adopted in the fil-
ter sections for the modified filter to ensure that it has the
same DC operating point and almost the same AC transfer
function as the proposed filter, hence making the linearity
comparison effective. As can be seen in Fig. 18, the IIP3 of
the proposed filter is very high at low frequencies, and re-
duced to a minimum value of 12.5 dBm at 264 MHz. After
that frequency, IIP3 begins to increase because of the fast at-
tenuation of amplitude in the transfer function. On the other
hand, the IIP3 of the modified filter with reverse order drops
severely at high frequencies in the passband, which validates
the analysis of stage arrangement in Sect. 4.

The proposed filter shows very low third-order har-
monic distortion even at high input frequencies. As seen

Fig. 18 IIP3 varying with input frequency.

Fig. 19 Third-order distortion with input Vpp of 500-mV at 250-MHz.

from Fig. 19, the third-order harmonic distortion is −51.7 dB
with input Vpp of 500 mV at 250 MHz.

The integrated input-referred noise in the pass-band of
the proposed filter is 594 μV, corresponding to an input re-
ferred noise density (IRND) of 37 nV/

√
Hz. In a full-band

MB-OFDM UWB receiver, the input bandwith is 7.5 GHz
(3.1 GHz to 10.6 GHz), leading to an input noise power of
approximately −75 dBm. If the proposed filter is used in
an UWB receiver with a RF frond-end gain of 35 dB, its
noise power referred to the input of the receiver is about
−86.4 dBm, which is much smaller than the input noise
power of the receiver.

The maximum group delay of 4.7 ns occurs at the fre-
quency where stage III have the maximum peaking, as
shown in Fig. 20. The proposed filter draws 4.1 mA from
a 1.8 V power supply.

Performance comparisons with other broadband filter
are given in Table 2. As can be seen, the proposed filter
shows higher linearity with low power consumption. How-
ever the IRND of the proposed filter is larger than those in
[7] and [8], which is mainly due to the small capacitance val-
ues used in the filter sections. According to the derivations
in [12], the noise power in SFB filters is inversely propor-
tional to capacitance values. Therefore, the noise power can
be reduced by using larger capacitance values. However,
this will increase the chip area, and the current consumption
must be enlarged to maintain other performances. Fortu-
nately, as stated above, the noise performance requirements
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Fig. 20 Group delay of the proposed filter.

Table 2 Performance comparisons.

[7] [8] [9] [13] This work

Filter type Gm −C Gm −C Gm −C SFB SFB

Filter order 5 5 7 6 6

−3 dB BW (MHz) 240 275 200 280 264

IIP3 −48 dBV −12 dBV – 11 dBm∗ 12.5 dBm

HD3 (dB) – – −44 – −51.7

Power diss. (mW) 24 36 60 0.12 7.4

Technology (nm) 130 65 350 – 180

IRND (nV/
√

Hz) 7.7 7.8 65 – 37

Area (mm2) 0.34 0.21 1.8 0.01 0.03

*The input frequency for measuring IIP3 is not given.

of the filter in UWB applications is relatively low because
of the large input noise power of the receiver. Therefore,
the noise performance of the proposed filter is acceptable in
MB-OFDM UWB applications.

6. Conclusions

In this paper, the transfer function, linearity and stabil-
ity of the unfolded and folded 2nd-order SFB LPF cells
are analyzed in detail. A new topology of 2nd-order SFB
cell without positive feedback capable of providing high
Q factor with stable operation is proposed. Based on the
folded 2nd-order SFB cell and the proposed high-Q 2nd-
order SFB cell, a 264-MHz sixth-order LPF designed in
0.18 μm CMOS technology for MB-OFDM UWB systems
is presented. Simulation results show that the filter achieves
an minimum IIP3 of 12.5 dBm in the whole passband. The
filter consumes 4.1 mA from a 1.8 V power supply and has
a layout area of 200 μm × 150 μm.
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