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Abstract: An RF bandpass filter with a Q-enhancement active inductor is presented. The design technique for a

tunable Q-enhancement CMOS active inductor operating in the wide RF-band is described. Moreover ,issues relat-

ed to noise and stability of the active inductor are explained. The filter was fabricated in 0. 18:m CMOS technolo-

gysand the circuit occupied an active area of only 150m X 200m. Measurement results show that the filter cen-
tered at 2. 44GHz with about 60MHz bandwidth (3dB) is tunable in center frequency from about 2.07 to
2.44GHz. The 1dB compression point is —15dBm while consuming 10. 8mW of DC power.and a maximum quality

factor of 103 is attained at the center frequency of 2. 07GHz.
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1 Introduction

In recent years, motivated by the growing
wireless communication business, much effort has
been devoted to the implementation of highly in-
tegrated,low-cost RF components in CMOS tech-
nology. One of the factors limiting the integration
of RF transceivers is the low quality of passive
components in commercially available IC proces-
ses. Realization of on-chip RF bandpass filters re-
quired for narrow band-selection.low insert-loss,
low intermodulation distortion,and noise figure,is
undoubtedly one of the most challenging tasks in
realizing low-cost CMOS front-end transceiver for
wireless communications. In many contemporary
receivers,this necessitates the use of on-chip pas-
sive spiral inductors to achieve good matching and
power gain"'™%
have great difficulty emulating spiral inductors.
However, spiral inductors suffer from wiring and
substrate losses,rendering a low quality factor. Q-
enhancement active circuitry is usually employed

, because active inductors on-chip

to boost the quality factor at the cost of noise,lin-
earity, additional processing steps, power dissipa-
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tion,and reliability problems™ %% . Although the
problems have been addressed by using various
passive methods such as patterned ground shields
and geometry improvements''”, the Q factor of
integrated inductors is still generally limited to a
value less than 20 in standard RF CMOS proces-
[ Furthermore, spiral
large chip area,and their tunable modeling is not
good.

The above difficulties can be overcome by u-

ses inductors require

sing an active inductor, which offers wide-tuning
ability and high quality factor under small chip
area. Recent research on Si-integrated inductor
design has an increasing interest in the design and
implementation of CMOS inductorless RF band-
pass filtersH#~14,

In this paper,we describe the design of a tun-
able Q-enhancement integrated inductorless filter
that provides high band-selection. The design of
the proposed active inductor is also given,and it is
followed by the noise analysis of the Q-enhanced
active inductor. Additionally, the stability of
the filter is addressed. Then the prototype design
of the
presented.

RF filter and measured results are

(©2007 Chinese Institute of Electronics
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2 Circuit principle

2.1 Proposed active inductor and noise analysis

Inductors are often fabricated by combining a
gyrator and capacitor. But designing high-Q active
inductors at GHz with opamps or standard trans-
conductance-C techniques is very difficult due to
relatively significant power consumption and
noise. Active inductors based on the principle of
gyration, consisting of single or minimum-count
transistors,can be operated at GHz easily because
fr of a single transistor is as high as hundreds of
GHz.

A class of active inductors that has been pro-
posed by researchers'®™ ' is shown in Fig.1. A
common feature of these active inductor topolo-
gies is that they all employ some kind of shunt
feedback to emulate the inductive impedance.
Comparing the active inductors shown in Fig. 1(a)
and the improved versions in Figs. 1(b) and (c),
we found that the active inductor in Fig. 1(a) has
the least transistor-count, and its noise is lower
than the active inductors in Figs. 1 (b) and (¢). As
can be seen from the circuit diagram, the mini-
mum voltage for the active inductor itself is the
least. Therefore,the circuit in Fig. 1 (a) is better
than the circuits in Fig. 1 (b) or (¢),and it has
two transistors contributing noise directly to the
input. In our design.the current-reused active in-
ductor based on Fig.1 (a) is chosen. A more de-
tailed small-signal representation of Fig.1 (a) is
shown in Fig.2,where g, is the drain-source con-
ductance (i.e. g, and g, as shown in Fig. 2) and
8o represents the loading effect of the non-ideal
biasing current source. The inductive impedance
of Z,,i.e.Z ,can be expressed as

- - I
M2 M2] M2 Z
M- miF M1 JF
z, Z, |
I D
@ G ©

Fig.1 CMOS active inductors

Z, =
8oc T 81 t S(ngz + ngz + Cyq)
i 8z T [&me — Gt + Qoo T (Cyo + Cau) (8o + sCypr)

(D
The small-signal analysis of the circuit in
Fig. 2 shows that Z;, is a parallel RLC resonant

tank with the following values:

1 1 1
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Fig.2 Small-signal equivalent circuit

The self-resonant frequency w, and intrinsic
quality-factor of the inductor are
wo A, [ BmEN = S 3
Cgsl CgsZ

R P ng cg<l
= ~ : 4

QO Wo Lp 8mi Cgs2
where wy and wy, are the unity-gain frequencies of
M1 and M2, respectively. Although an active in-

ductor can provide the necessary reactance
through the gyrator-C principle, the relatively
large noise and low dynamic range of the active
inductor will limit its performance. Unlike the
passive inductor, where the damping resistor r is
the main noise contributor,the noise in an active
inductor originates from the thermal noise of the
MOS transistor channel®'’. By referring the

transistor noise sources to the terminals of the ac-
tive inductor in Fig. 1 (a), where v_il = 4kTeAf/
&m ,E =4kTegm: Af, kT is Boltzmann’s constant
times temperature in Kelvin,and ¢ is chosen em-
pirically to match the observed thermal noise be-
havior of a given fabrication process. The total
mean-squared noise voltage generated by the in-
trinsic active inductor at its input node in the
whole frequency can be expressed as

Vi, = skT(ClgSl + ci)é (5)
We find that the high ratio of g../gm will de-
grade the noise performance. Simultaneously, as
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can be seen by Egs. (1)~ (4),the inductance con-
tribution Z; has one zero and two poles. The zero
is located at wy = (goe + 1)/ (Cyo + Coir + Cua)
and w, & w,. Therefore, the inductive circuit can
obtain very high frequency and wide operating
bandwidth from w, to wp through increasing g,/ C
(the ratio of the transconductance and the gate-
source capacitor of M1 or M2), but the quality
factor of the circuit will be degraded according to
Eq. (4). However, a high quality factor is required
for RF filters. To further enhance the Q and avoid is-
sues related to the noise and instability when we in-
troduce negative impedance techniques*'*~'*', the
trade-offs between noise, O-enhancement and stabili-
ty should be taken into account.

2.2 Q-enhanced technique and stability analysis

Since the basic concept in the Q-enhanced
LC filter is to use a lossy LC tank,it is necessary
to implement a loss compensation to boost the fil-
ter quality factor incorporating negative-conduct-
ance. Negative conductance gn, (M7,M8,M9,M10
as shown in Fig. 3) realizes the required negative
resistance to compensate for the loss in the tank.
The effective quality factor'"’ of the filter at the
resonant frequency can be shown to be

N L

Emr I\
where Q. is the base quality factor of the LC
tank, which is dominated by the equivalent induc-

(6)

tor. Theoretically, it can be set as high as desired
with appropriate g... Indeed, the filter core can
be tuned to oscillate if negative transconductance
is sufficiently large.i.c. .greater than 1/R,.
Additionally, the main problem is that the use
of shunt-shunt feedback by M2 to compensate the
loss resistance of the active inductor can result in
potential instability, depending on the filter ter-
minating impedances. In order to make sure that
the circuit is stable,the magnitude of the input re-
flection coefficient must be less than unity,i. e.
| S1, [ <C1. According to Eq. (1) using closed-loop
analysis, the circuit will be stable provided that
(CgsZ + Cuq )goz
— Cw D)
Due to the stability problem,we should determine
the reasonable transconductance g,; and g,. in or-
der that the trade-offs between noise, Q-enhance-

gml < + ng + goc

ment,and stability will satisfy the requirements of
communication systems.

3 Design of the RF filter and meas-
ured results

3.1 Circuit design

The complete prototype circuit of the pro-
posed second-order RF bandpass filter based on
the active inductor is shown in Fig. 3. This circuit
consists of three different stages, including two
differential high Q-enhancement active induc-
tors, negative impedance, and buffers. Common-
drain transistors M11,M13 and M12,M14 are em-
ployed for the output buffer stages. This common
drain configuration can accomplish loading effect
minimization and 50Q output impedance matc-
hing. The output buffer stages will cause about
15dB loss when driving a 500 load.
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Fig.3 A Q-enhancement RF bandpass filter

M1, M3, M5 and M2, M4, M6 construct an
LC-resonant circuit which is made up of the active
inductors. M7,M8 and M9, M10 consist of a cross-
coupled pair and are employed to produce not on-
ly a negative resistance for reducing the inductor
loss, but also increased linearity of the filter when
the signal is large. Note that the DC bias current
I and I, can be used to control the Q of the in-
ductor and the transconductance of the cross-cou-
pled pairs'''. V,, V. are bias voltages which are
used for the DC operating state of the filter. The
DC bias currents [, and/or I, can be adjusted
to tune the center frequency of the circuit and al-
so enhance the Q of the inductance shown in
Fig. 3. As a matter of fact,the filter in Fig. 3 con-
sists of RLC resonators with two input ports. It
uses a positive feedback with M7, M8 and M9,
M10 to compensate the internal loss of the active
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inductor,and the gain of the circuit is increased at
the same time.

3.2 Measured results

The circuit is fabricated in a 0. 18um UMC-
HJTC CMOS process through the educational
service. Figure 4 shows a microphotograph of the
fabricated circuit. To ensure the fully differential
operation,a symmetrical layout is used for the de-
sign. The total chip area is 0. 7mm X 0. 75mm in-
cluding the pads, where the active area occupies
only 0. 15mm X 0. Zmm. RF signal path measure-
ments were made with an on-wafer probe station,
and G-S-G probes. The two-port S-parameter
measurements were made with an Agilent ES8363B
vector network analyzer. Noise measurements
were made with a spectrum analyzer equipped
with power measurement software and a noise
source. The 1dB compression point measurements
were made with a spectrum analyzer and a power
meter.

Fig.4 Microphotograph of the fabricated RF filter

The measured RF bandpass filter forward
transmission response, Sy; »is shown in Fig. 5 and
Fig. 6, respectively. Figure 5 shows that the pass-
band center frequency is 2. 07GHz, and the 3dB
bandwidth is about 20MHz. The maximum gain in
the passband is about 25. 25dB. It should be noted
that the input return loss,S;; is only — 8. 674dB in
Fig. 5 with a noise figure of about 22dB and an
output return loss of about — 4dB. The Q of the
RF filter is very high,but at the expense of poten-
tial instability and a large noise figure. Figure 6
shows that the passband center frequency is about

2.44GHz and the 3dB bandwidth is about
60MHz. The maximum gain in the passband is
about 5. 991dB.,and the input/output return loss is
about — 18.7dB/ - 14. 3dB. The tenability of the
RF filter in Fig. 6 shows the AC tuning response
of the filter in the tuning center frequency from
about 2.07 to 2.44GHz when the DC voltage
sources of the controlled bias current I, and/or
1. is adjusted from 0.5 to 1.5V and the voltage
value of the controlled I and I, varies from 0
to 0.5V or vice versa. Figure 7 shows that the in-
put impedance of the RF filter has the behavior of
an inductor at the tuning frequency range from
2.07 to 2. AGHz because the input return loss Sy,
is located at the part of inductance from the Smith
Chart. Good input match has not been achieved o-
ver the filter passband because the probe pads and
connecting traces to the filter do not present true
50Q termination impedance, resulting in return
loss at the input terminals.
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Fig.5 Measured bandpass filter insertion loss, S, at
2.07GHz
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Fig.6 Measured RF filter response versus frequency
tuning

A measurement of the 1dB compression point
of the circuit can be obtained by sweeping the in-
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Fig.7 Measured bandpass filter input return loss, Sy,

put power to the tank and measuring the output
power. As the input power is increased, the input
impedance presented by the Q-enhanced active
inductor tanks begins to drop due to nonlinear
effects, which can be observed when the output
power no longer depends on the input power in a
linear fashion as shown in Fig. 8. The measured

bandpass filter P, input power compression
point is — 15dBm at the center 2.44GHz pass-
band. The noise figure of 18dB was also measured
by disconnecting the input signal.
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Fig.9 Measured bandpass filter insertion loss, S, at

2.44GHz

Table 1 summarizes the performance of the
fabricated filters in CMOS and other processes in
the literature. A figure of merit®’ (FOM) which
allows comparison between other RF filters in sil-

-10 icon is given as
20F . FOM — NPldBchﬁnlcr Qﬁ]tcr (8)
. Linear gain—» PocNF
@ -30F where N is the number of poles, Pigpw is the in-
—
% 40 Measured gain band 1dB compression point in Watts, feue 1S the
Q. . .
5 50 center frequency, Qg is the ratio of the center
g P, s=-15dBm frequency and the 3dB bandwidth,NF is the noise
-60 factor,and Ppc is the DC power dissipation.
-70 o Table 1 shows that the filter presented in this
-55 -50 -45 -40 -35 -30 -25 -20 -15 -10 work achieves a good FOM with a high quality
Input power/dBm . . . . .
PP factor, high gain in the passband, wide tuning
Fig.8 Mecasured bandpass filter 1dB compression at range,and the smallest chip area.
2.44GHz
Table 1 Comparison of the RF bandpass filters performance
Bandwidth Die area Tuning range | Midband gain
Reference Process fo/GHz Mz Va/V /mm? /MHz /4B FOM/dB
0. 18;1[11
Ref.[5] 2.03 130 1.8 0.81 60.9 0 77
CMOS
0.18pm
Ref.[6] 2.36 60 1.8 2.25 0 -1.8 78
CMOS
0.5,m
Ref.[7] L 2.5 70 3 2.5 250 14 82
Si-SOI
0. 25
Ref.[8] pm 2.14 60 2.5 3.5 0 0 72
CMOS
. 0. 18#1’11
This work 2.44 60 1.8 0.53 370 6 81
CMOS
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4 Conclusion

The design and implementation of a tunable
RF bandpass filter in a 0.18um CMOS process
have been introduced and verified. It has been
demonstrated that it can achieve a very high qual-
ity factor with 6mA current and 1. 8V supply and
has a large tuning range from 2. 07 to 2. 44GHz.
Although the noise and linearity of the proposed
active inductors are inferior to passive ones, the
small chip area and high tenability make them ap-
plicable in multi-band on-chip wireless systems in
future.
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