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Abstract. A CMOS inductorless image-reject filter based on active RLC circuitry is discussed and designed-with
the emphasis on low-noise, low-power, and gigahertz-range circuits. Two Q-enhancement techniques are utilized
to circumvent the low Q characteristics inherent in the simple feedback circuit. The frequency tuning is almost .
independent of Q tuning, facilitating the design of the automatic tuning circuitry. The stability and the tuning
scheme of the filter are also discussed. Simulations using 0.6 um CMOS technology demonstrate the feasibility of
the tunable image-reject filter for GSM wireless applications. Simulation results show 4.75 dB voltage gain, 9.5 dB
' noise figure, and —20 dBm IIP3 at a passband centered at 947 MHz. The image signal suppression is 60 dB at

1089 MHz and the power consumption is 27 mW.
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1. Introduction

The rapid growth of the wireless communication and
the rising demand for compact, low-cost, and low-

power radio frequency (RF) integrated circuit make a

single chip solution highly desirable. In RF applica-
tions, wireless receivers most often use a heterodyne
" architecture consisting of a bandpass filter, a low noise
amplifier, an image reject filter, and a mixer. At the

- present time, few of these components are integrated

- with digital baseband circuitry in commercial wireless
products. RF filters required for band selection and
image rejection are currently dominated by off-chip

-components such as ceramic or surface acoustic wave
(SAW) filters. These components require additional /O
pins and often need impedance matching networks to

- work properly. In addition, performance may be limited

by parasitic elements associated with semiconductor

packaging. -

. non that the mixer downconverts the frequency bands
(the image signal and desired RF signal) symmetri-
cally located above and below the local oscillator fre-
~ quency to the same intermediate frequency (IF) and it,
therefore, corrupts the desired RF signal, mandating
the image reject filter to suppress the image signal. In

contrast, there is no image problem in direct conversion
receivers, but problems with DC offset and phase noise
have prevented their widespread use. .

The desired overall image rejection in most RF sys-
tems. is typically 70-100 dB. In applications using a
‘high IF frequency, considerable image attenuation may
be provided by the front-end bandpass filter. However,
to achieve such a high image attenuation, the image-

-~ reject filter is usually realized by bulky, external, and -

passive components. This usually requires that the LNA
needs to drive 50 € input impedance of the filter and
the mixer needs to exhibit 50 Q input impedance. In ad-
dition, the passive components generally exhibit gain
loss, thereby leading to large noise contribution to the
system. In the literature [1-4], monolithic image rejec-
“tion has been demonstrated by employing image-reject
“mixers which essentially exploit Hartley or Weaver
: architectures [5,6], as depicted in Fig. 1. The critical

- -problems with such topologies are that the image sup-
The image-reject filter originates from the phenome- -

pression is very sensitive to gain and phase mi hes
‘between two receiver paths due to the proceﬂsif::l:em-
perature variation. In addition, there exists a secondary
ima’getissue for Weaver architecture if the second down-
conversion is to non-zero IF. Therefore, the image sup-
pression is typically in the range of 3040 dB. Analter-
nate approach to achieve substantial image suppression
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Fzg. 1. Hartley and Weaver image-reject mixers.

s to exploit on-chip inductors [7]. The drawbacks of -

-passive monolithic inductors are well known as large

o _Kchlp area and low inductor quality factor (Q) due to -

~ the resistive loss and capacitive coupling to. the sub-
strate [8].

_ In this paper, we propose a monolithic inductorless
~ CMOS image-reject filter for RF image rejection to
reach maximal integration level.

2. Filter Principle and Operation
2.1. Basic Pdssive Architecture

- Consider a series LC resonator shown in Fig. 2, where

C is a capacitor, L is an inductor, R is the para-
‘sitic resistance of the inductor, and Z,, is the loading
* impedance. The transfer function can be expressed as

Yoo _ s* +s(Ry/Ly+1/LC

Is) ~ "’s2+s(R/L+Z,/L)+1/LC

=Z,IR, fw=w,=+ I/LC

~ fo Vo
b )

{=]

L g

Fig. 2." A passive notch filter and feedback block dxagram ‘

" Fora typical 10 nH on-chip inductor with Q equal

to 5 operating at 1 GHz, R, is around 10 Q. In order to

~ achieve considerable gain attenuation at the resonant

frequency, the loading impedance must be extremely

- small, which is a difficult design challenge at radio fre-
“-quencies. Observe that this circuit configuration gener-

- ates both complex zeros and poles at the same resonant
. frequency w,, but the notching effect of the zeros ex-

~ ceeds the limited gain caused by the poles, leading to

gain attenuation. In VLSI design, there are other resis-
tive and capacitive losses associated in the circuit, and
these losses may cause the pole frequency to deviate
from the zero frequency so that full pole/zero cancella-
tion does not occur. Such filters exhibit possibly better
notching effects at w,. This property will be clarified
in later sections. We also note that if R; and L are tun-
able, then the resonant frequency and gain attenuation
can be controlled and tuned to correct for the VLSI pro-
cess variation. In contrast, passive inductors usually are

‘not tunable. To achieve the tunabxhty, a lossless active

inductor is presented in this work as a basic function
block torealize a tunable notch filter, thus rejecting the
RF image signal.

Alternatively, thIS circuit can be viewed as a feed-
back system [7]. The transfer functlon can be rewritten -
in another form as

V. (s) Z,
) T+ Z,/Z,

. and the corresponding feedback diagram is depicted
. on the right of the Fig. 2, where an error current /, is

E generated from the difference of a current source / and
~a-current I, from the output voltage V,. If 1/Z;, is of

bandpass characteristic with a finite quality factor as
' 1 _ g 5@/O
Z, 52 +5(w,/ Q) + w2

where w, is the resonant frequency, Q is the quality fac-

~ torof the filter, and G is the gain of the transfer function

. atw,.The overall closed-loop transfer function can be
) shown as

Vo® _, 5+ 50,/ Q) +
I(s) — T°s24+5(14+ GZ:)(w,/ Q) + w?
, 1
T 1+6Gz,
~ The above equation shows that if a bandpass filter
is placed in the feedback loop, then the closed-loop

fo=w,

~ configuration exhibits notch characteristic. It is worth

noting that the numerator shows 1 + GZ, reduction



"in quality factor, leading to better stability. Substan- :
tial notching effect can be achieved if both the gain G -

and the loading impedance Z, are increased, which is

independent of the quality factor of the bandpass fil- - -
ter. The feedback elements are implemented by usmg :

series active' LC resonator in thlS work.

2.2. " Active Inductor with Loss Compensation

Fig. 3 illustrates an impedance load circuit used to re-
alize a tunable active inductor. Z;, exhibits very low
impedance at low frequencies due to the negative feed-
back formed by transistors M6, M7, and M8. When the
operating frequency increases, the feedback is reduced
and the impedance becomes inductive. Eventually, it
decreases at higher frequencies due to the. complex

poles generated by the feedback: circuits. Therefore,
it demonstrates bandpass characteristics.

Assummg 8m >> gus for transistors and ignoring all

, non-donunant high-order terms, Z;, can approximately

be expressed as

s+ D
) ANM—— 1
Zu) M G AT B (
where
A=g N
= E&m8 3
(gmsc? + gmecica)
B = gm6§m7
¢
D = ._;g_‘ii__ ‘
cy+ 3
G +C3
==

N = gurgmsc2c” + Sm68m8C3C” + 8rgC3Ca
— 8me8m1¢a(C1C2 + €1€3) — 8m6Cs [gniSC2
+ 8m6C3Ca + gm1€” + gmrca(ca + €3)]
3= cic3 + 23 + €103
C1 == Cgq5 + Caps + Cipg + Cos7+Cep7
C2 = Cys6

€3 = Cgp6 + Cgd6 + Cgdg + Caps + Capy + Cgd9
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C4 = Cdp7 + Csp8 + Cgs8
Cs = Cgg7 + C4
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Fig. 3. The input impedance load with bandpass characteristics.

¢1, €2, ¢3; and ¢4 represent accumulated parasitic ca-
pacitances in the circuit. cs represents an extra physical
Q-enhancement poly-silicon capacitor ¢, in shunt with
the parasitic capacitance between the gate and the drain
of the transistor M7. g4; is the conductance at the gate
of transistor M6 and is very small due to the feedback
mechanism.

Accordingly, the center frequency of the bandpass

*-impedance load is given by

wp =y /_____g"'zf’” @)

and the quality factor is therefore equalto

0, = il 3)
cA

Equation (2) shows that the center frequency w, of
the filter transfer function is determined by the trans-

conductance of the transistors M6, M7, and the para-

‘sitic capacitive effect exhibiting in the circuit. Here the

transconductance of the transistor M6 is chosen as a
prime candidate to be tuned by varying Vyiqs3 while the
other bias voltage sources remain constant. An obser-
vation that can also be made from equations (1)%and
(3) is that the O, canbe boosted by increasing caBac-

itor ¢, in ¢s, thus decreasing N, decreasing A, finally

increasing the quality factor. This approach is very ef-
fective in the sense that small ¢, variation can cause

_large Q variation and furthermore the Q p» can be inde-

pendently tuned without altering the center frequency’



46 Chang, Choma. Jr. and Wﬂls :

w, in equation (2) Therefore, this mmng approach by
-inserting ¢, can be viewed as the coarse Q, tuning.

Another Q-enhancement technique is to vary gmg by

tuning Vpiusq. Simulations show that the tuning of V.54
has a similar effect as cs, but is not shown from the
above equations due to the analytical complexity. This
approach is used to tune the Q, after cq is added and
can be viewed as a fine Q, tuning.

Further insight can be gained by consndenng other
high frequency parasitic poles and zeros implicitly pre-
sented in the circuit. Assuming the feedback loop is
broken, increasing the values of the capacitor ¢, and -
Vbiass generates more phase shift at the output unity-
gain frequency since the parasitic poles and/or zeros -
tend to move to lower frequencies, thereby decreasing
the phase margin of the open-loop circuit and boosting
the quality factor of the closed-loop circuit [9].

Both Q-enhancement approaches are combined to
- reach better tuning performance, Therefore, the tun-
ing of the center frequency is provided by varying
8&me, and the Q, tuning is obtained by physically in-
serting an extra capacitor ¢, and electrically varying
Vbiasa. v

In general, the center frequency formed by com-
plex poles in the bandpass impedance load transfer
function in equation (2) corresponds to the center fre-
quency formed by complex zeros in the series LC filter

w1th only some frequency shift. The exp!anatlon will be
prov:ded in the next section.

| /2.3. Active Filter Architecture

The proposed notch filter for RF image rejection is de-

- picted in Fig. 4. The input stage consists of a common-

source cascode amplifier with a source degeneration
resistor R, to enhance the linearity of the notch filter.
50 Q is chosen as a trade-off between linearity and

direct noise contribution to the input-referred signal-

to-noise ratio. The input stage is biased such that it not
only offers voltage gain but also reduces the noise con-

tributions of the following stages. In contrast, discrete

notch filters usually exhibit gain loss. The capacitor c,
provides the notching function due to series resonance
with the bandpass input impedance stage illustrated
in Fig. 3.

To facilitate the derivation of the transfer function,
a simplified circuit model is used in Fig. 5 to represent
the input impedance at the drain of the transistor M2.
Conceptually, a capacitor ¢, is in series with the induc-
tive element Z,, to generate a notching effect. c, p.is the

accumulated parasitic capacitance to the ground and R

is the DC impedance level at the drain of transistor M2,
respectively.
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Fig. 4. The proposed notch filter.
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Fig. 5. A simplified model for the derivation of the notch filter trans-
fer function. ‘ '

Considering the output voltage established by the
current flowing through Z,, it can be shown that the
transfer function of the notch filter is expressed as
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. ing capacitor c,. Similar to the tuning of the bandpaés

impedance load. the tuning of w, is accomplished by
varying Vas3 to tune g,¢. Equation (6) ‘shqws that the
_Q tuning is achieved by adding c, and varying Vbiasa-

- The denominator of the equation (4) also reveals that

there is a pair of complex poles which are located close
to complex zeros as expressed in equation (5). Simula-
tions show the quality factor of the poles increases with
the quality factor of the zero. Therefore, the notching
effect is somewhat attenuated by the complex poles
and thus the notching depth is reduced. Simulations
also show that increasing ¢, can push the complex
poles to higher frequency and decrease Qp, but this
further reduces w-. Iterative simulations must be per-
formed to obtain an optimized c,. In this work, we se-
lectc, = 0.15pF. Fig. 6 shows the wide w, tuning range
this filter can achieve from 595 MHz to 1354 MHz with
¢, equal to 0.35 pF, 0.2 pF, and 0.1 pF, respectively.

S2+S(A+C.DM)+ B

L+c, M L +cM

.53+s2{1+c,,M+(c,,+cp)AR+c,,c,,DMR} +s {A-‘rc,.DM+(c,.+cp)Bk

B .
} + Rlcs +cp(1+caM)]

@

Rlcn +cp(1 +caM)]

A (s) = Vout _notch (8) _ g;nl ) L+caM
Unorch s (8) 1+gmRe cn+cp(1+caM)
Rica +cp(1+c, M)]
where

Cp = Cgd2 + Cdb2 + Cgd3 + Cdb3 + Caba
R ~1/gma '

The center frequéncy of the image-reject filter can
be obtained from equation (1) and given by

8m68m7 -
oy =y [y SmEmT 6
@ 2 +cq(ca +c3) f ©)

~ and the quality factor of the image-reject filter is there-
fore equal to

IQ" _ VIe + cules + ¢3)1gme8m7
¢ c2A + cn8as '

Comparing equations (5), (6), and equations (2),
(3), it is obvious- that both bandpass impedance load
and notch filter share similar expressions for the center
frequency and quality factor, except for the additional
terms. Comparison also shows that the center frequency
of the notch filter is smaller than that of the band-
pass impedance load due to the insertion of a notch-

6)

We have designed an image-reject filter for Global
System for Mobile Communication (GSM) standard
with a passband centered at 947 MHz. The first IF is

- set to 71 MHz with a high side injection local oscil-

lator, leading to an image at 1089 MHz that must be
suppressed. The IF equal to 71 MHz is selected so that
the performance of this image-reject filter can be com-
‘pared with regular off-the-shelf passive image-reject
filters. Fig. 7 shows that the notching depth ranges
from 15 dB to over 60 dB with Vj,s tuning from
2.5V to 2.19 V while w, deviates from 1097 MHz to
1089 MHz. The frequency deviation is 8 MHz, corre-
sponding to only 0.7% frequency shift. Therefore, the

. tuning sensitivity is 0.0056 V/dB. It is worth noting

that the tunings of @, and Q. are almost independent
of each other. This independent relationship makes the
design of the automatic tuning circuit much easie § d
feasible.

The voltage gain and noise figure (NF) in the de-
sired signal band are equal to 4.75 dB and 9.5 dB,
respectively. The linearity of the desired signal band
can be determined by performing a two-tone test such
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that the third-order intermodulation products'fall iri'to:
the passband centered at 947 MHz where the frequency -

response of the filter shows little attenuation. We ap-
plied two small sinusoids at 945 MHz and 950 MHz,
and input third-order intercept point (IIP3) is equal to

=20 dBm The linearity is a little bit small mainly due to

!.‘

- the non-linear amplifier stage formed By thé transistors

~MS to M10. The TIP3 can be increased by increasing
~ 8ms and. applying another source degeneration resistor

~ to the transistor M7, ‘but NF will be increased. There-

~ fore, there is a linearity-noise trade-off. The power
":‘consumptlon is equal to 27 mW mainly contributed




Table 1. The performance metrics of the image- TEJECI ﬁlter for GSM
wireless standard.

Parameter

Capacitor ¢, 0.15 pF
Capacitor ¢, 0.15pF
Center frequency w: 1089 MHz
Gain at 947 MHz 4.75dB
Noise figure - 9.5dB -
ItP3 ‘ , —20dBm
Notch depth . 60 dB
Notching tuning range 15-60 dB
Aw; 7 0.7%
Power consumption :

27 mW

by the input stage due to the noise consideration. The -

simulation results are listed in Table 1.

3. Filter Stability and Tuning Issues

The stability of the image-reject filter is analyzed us-
ing Routh-Hurwitz criterion. Directly applying Routh-
Hurwitz criterion to the analysis of the pole locations
in equation (1) is complicated and tedious. Instead, we
approach this problem indirectly; we assume that we
have tuned the Q. of the filter to infinity, and we then
evaluate the stability criterion based on: ‘
For a third-order system to be stable,

q(s) = ass> + axs® + ays + ag
It is-necessary and sufficient that
aa; > apas’

It can be shown that if the complex zeros of the filter

are located on the left half of the s-plane, then the filter

is guaranteed to be stable if and only if
€2+
8ds
Inourdesign, since g4; is mainly determined by the out-
put conductance of the PMOS cascode stage formed
by M9 and M10, it is much smaller than R. Simula-
tions also show that the capacitances on both sides of
equation (7) are of the same order. Consequently, the
above equation is automatically satisfied in this. filter
design. Accordingly, if the complex zeros are negative,
the stability of the filter is guaranteed.
Additional tuning circuitry is required to be added to
this proposed filter due to manufacturing variations. In
addition, temperature fluctuations further aggravate the

> Ry +¢,) (N

Simulation Result
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. _snuauon Thcmaster—slavé?umng scheme is acommon
. -approach along with the OTA-C filters [10]. Unfortu-

nately, this tuning scheme is unlikely to be suitable for
giga-hertz band filters due to the strong dependence of
the parasitic capacitances, leading to severe matching
problems. An alternative approach, called adaptive fil-
ter tuning scheme [ 11} commonly used in digital signal
processing applications, usually involves much more

_complicated computations and circuitry, and therefore

increases the complexities of the filter. If transceivers

-use burst-mode transmission, filter can be tuned during

the bursts by employing the self-tuned scheme [12].
This switching technique eliminates matching prob-
lems in the master-slave tuning scheme, thereby
making it a better candidate for hlght-frequency filter
tuning.

- 4. - Conclusion

The implementation of the RF monolithic image-reject
filter is one of the main obstacles to achieve the single-
chip solution. In this paper, a new fully-integrated tun-
able CMOS notch filter for RF. image rejection has
been analyzed, designed, and simulated using 0.6 pm
CMOS technology. The simulated design is targeted
at GSM wireless standard. This simple architecture
allows an image-reject filter with w, reaching giga-
hertz frequency range and a high quality factor to be

feasible by considering the distributed high frequency

parasitic capacitances and characteristics of transistors
as filter elements. Two Q-enhancement techniques are
adapted to achieve wide Q tuning range. This proposed
filter does not_have matching problems associated with
image-reject mixers, and so it can achieve higher image
rejection. However, precise frequency and Q tunings
become critical. Therefore, automatic tuning circuitry
is needed to compensate for the process variation and -
temperature fluctuation.
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