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A CMOS Channel-Select Filter for a
Direct-Conversion Wireless Receiver

Paul J. Chang, Ahmadreza Rofougaran, and Asad A. AbBiglow, IEEE

Abstract—A highly selective and linear switched-capacitor ¢
channel-select filter is fabricated in 1zm CMQOS for a direct-
conversion wireless receiver operating in the 902-928 MHz ISM
band. The filter selects a 230-kHz wide channel and attenuates
by at least 50 dB from 320 kHz to 57 MHz. The input IP3 is+30 b,
dBm, the input-referred noise in the passband is 70 nWHz, and
the circuit takes 4.6 mA from a 3.3 V supply. Direct subsampling
of the 915 MHz RF input signal by the filter front-end is also
demonstrated with only a small degradation in linearity. The
input noise voltage is halved in a redesign while keeping the
current drain unchanged.

RF Section - = Baseband Section ——

Index Terms—Biquadratic filters, CMOS analog integrated Fig. 1. Direct-conversion frequency shift keying (FSK) receiver. Low-pass
circuits, elliptic filters, frequency shift keying, low-pass filters, channel-select filter is highlighted.
surface acoustic wave filters, switched capacitor circuits, switched
capacitor filters, UHF radio communication, UHF receiver. bandpass filter rises proportionally to the center frequency and

the required dynamic range [10]. Second, it is increasingly
difficult because of parasitic effects to accurately realize high-
Q) poles at high center frequencies. Third, it is difficult to
ECENT research shows the feasibility of CMOS Rimeet the specifications on distortion because the filter must
circuit blocks in the 1 GHz frequency range [1]-[8]handle signals and interferers which araplifiedby the front-
These elementary RF building blocks have recently beefd. For these reasons, ceramic and surface acoustic wave
assembled into subcircuits such as a receiver front-end gghw) filters tuned to frequencies from 100’s of kHz to 100’s
a spread-spectrum transmitter [9]. On-chip filtering remairg MHz are used in vast numbers in production broadcast
key to a totally integrated wireless receiver, and this is one gfdio receivers and conventional cellular telephone handsets.
the first reports on a CMOS filter for a wireless receiver. |n the case of the popular 10.7 MHz IF used in FM receivers,
The channel-select filter must satisfy some exacting requilig-is difficult to meet receiver specifications with even the
ments. The first and most importantsslectivity. A filter with pest reported continuous-time filters [11], although bandpass
a sharp cutoff should select the desired channel and attenugdfa-sigma modulators may prove a viable alternative [12].
all other adjacent users. An active implementation of the filter However, it has always been one of the attractions of a
must itself below noiseso as not to degrade the overalbirect-conversion, or zero-IF, receiver that a low-pass filter
receiver noise figure, and it must hawede dynamic range with poles of a modest) selects the desired channel, and that
so that out-of-band interferers, prior to filtration, do not creatgjs filter may be integrated with the rest of the receiver [13]
intermodulation distortion which falls in the passband. Passiyeig. 1). Some active channel-select filters have been devel-
filters admirably meet these requirements and are therefgjged for this purpose [14]-[17]. These bipolar continuous-
widely used in wireless receivers today. However, they talggne filters usually trade off large-signal handling against
up precious volume on the circuit board. The receiver IC musgise. Recently, attention has turned to CMOS switched-
also drive small signals at a low characteristic impedance ind@pacitor (SC) filters [18]-[21], which are better suited to
the filter, often at very high frequencies. The off-chip bufferandle large signals. It is now possible with the appropriate
required to do so dissipate additional power, and the off-chijxer architecture and good circuit design to preserve the
interconnections may also pickup noise. dynamic range of the receiver frontend. A CMOS continuous-
For at least three reasons, active filters have made litflve baseband filter has also been published, with a noise and
impact in superheterodyne receivers, whereaadpassilter  dynamic range comparable to the best SC filter results [22].
with high-@ poles selects the desired channel at some intermgnis shows that aside from the additional overhead of self-
diate frequency (IF). First, the power dissipation of an acti@ning, the performance of a continuous-time filter is on a par
with an SC implementation.
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[23]. Data at 160 kb/s is transmitted by quaternary frequency

shift keying (FSK) modulation, where each pair of data bits '57;;:1;:"H‘

offsets the carrier frequency by one of the amount§0,—80, k| s

+80, or +160 kHz. The modulated spectrum, therefore, lies 4“|r | M : Lﬂ

within £200 kHz of the carrier, which hops pseuodorandomly Tf 240B

once every four symbols across 50 slots in the 26 MHz-wide Jﬂ | *hiﬂ"“‘

ISM band. The RF preselect filter at the front of the receiver . 1 1 1 I T. e =

passes the entire ISM band, and an agile local oscillator * #% -8 & I R

synchronized to the hopping pattern of a particular transmitter Lkser 1 =]

(the desired user) downconverts the ISM band to center tﬂS 2. Channel-select filter specification for reception of quaternary FSK.

sought channel at dc. Frequency spectrum of 4-FSK modulated pseudorandom shown in passhand.
The specifications of the required channel-select filter are

illustrated in Fig. 2. The filter passband encompasses the o0

spectrum of four FSK tones at80 and+160 kHz, modulated

in continuous-phase by pseudorandom data. The filter must
suppress all the other signals populating the downconverted =
ISM band, particularly the adjacent user whose carrier fre-
quency is 480 kHz above and below the desired user. The
sidelobes of each quaternary tone at a baud rate of 80 kHz
occupy a 6-dB signal bandwidth @40 kHz around the tone
frequency, which means that the spectrum of the tones at
160 kHz extends t&-200 kHz. The filter passband is 230 kHz
wide. System level simulations show that a passband ripple of ]
1 dB or so does not adversely affect the detector’s ability to Q B Wl 20 30 M
discriminate between the four tones. Ultimately, the correlating Frecuatey (k)

detector [24] sets the overall receiver noise bandwidth k. 3. Group delay variation of elliptic filter.

160 kHz. The stopband edge is placed at the closest tone

generated by the adjacent user, 320 kHz, where the stopbantgthe sixth-order elliptic channel-select filter is implemented
loss is 50 dB. One sidelobe of this tone, however, lies ifith a cascade of three switched-capacitor biquadratic sec-
the filter transition band, and is therefore not attenuated @ns. Although the filter characteristics of a ladder are less
much. The worst case occurs at thé dB down frequency sensitive to element-value variations, a cascade of biquads with
of the sidelobe, where the transition band loss is only 24 dBistributed gain gives the circuit designer more flexibility to
There, the filter attenuates the adjacent user’s spectrum by ogltimize dynamic range. The nonlinearity of the filter, which
30 dB, compared to 50 dB at 320 kHz and beyond. The partigl covered more in detail in a later section, is measured by
passage of the adjacent channel energy does not measurgbly well it handles overload caused by large off-channel
degrade receiver sensitivity. interferers. By interspersing amplification with filtering, the
desired signal progressively grows through the filter while
the interferers diminish, so that at the later stages of the
filter where the signal swing is largest, the interferers are

) ) substantially attenuated.

A. Main Channel-Select Filter Nonlinearity defines the upper end of the dynamic range,
The channel-select filter must implement a sharp transitiamd filter noise the lower end. The input-referred noise spec-
from 230 to 320 kHz. Since the order of the filter determindgsum rises as the frequency approaches the passband edge.
the number of opamps, a low-order realization is sought Tthis phenomenon is well understood to arise from the noise

reduce size and power consumptionsifth-order ellipticfilter — contributions of the high@ filter sections. Similarly, at low
fulfills the magnitude specification, given the sharp transitidnequencies the noise spectrum rises because of flicker noise. In
band. The group delay, however, changes somewhat acroase the spectral density of the input-referred noise is unequal
the elliptic filter's passband. This happens to be not veat the frequencies of the two baseband FSK tones, then the
important for FSK detection, where the detector is sensitivegher level of the two determines the filter dynamic range.
only to frequency and not to phase. The group delay of theThe three biquad sections are cascaded in an order set
elliptic filter varies by 3us across the range of the signaby their -factors [25]. The low&) section appears first, to
frequency spectrum (Fig. 3), which #810% of the 12.5us attenuate high frequency out-of-band signals and input noise,
symbol period. This degrades the received SNR by at mastd to ease the requirements on any antialiasing filter prior
0.5 dB. In this application, the main impairment arises atta the SCF. The higld} section follows, so the gain of the
carrier frequency hop, when the sudden change in phase upgmevious stage lessens the noise this section contributes to
new frequency propagating through the wireless channel frahe filter input, particularly near the passband edge where the
the transmitter to receiver stimulates a time-domain transiénput-referred noise spectrum rises. The medirsection is

in the receiver's channel-select filter. placed last.
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Ill. FILTER ARCHITECTURE
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Fig. 4. Minimum clock rate for SC channel-select filter. Assumes brickwal [0 e
RF preselect filter.

For convenience, the sampling frequency of the ellipti

x
SC filter is derived by dividing down the receiver's fixed T = =TS
LO frequency, fro, by a power-of-two. It follows from iy ] Cemim [

fundamental considerations that for a fixed filter cutoff, th
higher the sampling frequency, the larger the spread in filt
capacitance [25]. Assume, initially, a perfect RF preselect filte
with brickwall band edges that passes only the ISM ban
Now, if the desired channel hops to one edge of the ISI..
band, the channel-select filter must attenuate all ISM usetg. 6. Final filter, in the context of entire receiver.
populating the 26 MHz-wide spectrum to the other edge of
the band. The RF preselect filter removes all signals outsideHere we usefc = frLo/64 = 14.3 MHz, and N = 4,
the ISM band. Therefore, a sample rate of at least 26 MHp the prefilter samples its continuous-time input at 57.2
forces all the images of the channel-select filter's transitionHz. The first passband image of the prefilter at 57.2 MHz
band and passband to lie outside the ISM band, where the Rfs in the stopband of the RF preselect filter, and well
preselect filter removes all out-of-band signals (Fig. 4). beyond the output cutoff frequency at a few MHz of the
However, a practical RF preselect filter is not perfect. F@lonventional downconversion mixer which precedes it in the
instance, the transition band of a sixth-order 902-928 MHgaceiver. A second-order Butterworth low-pass section realizes
dielectric resonator filter spans 50 MHz, and its stopband logg: prefilter, with a—3-dB frequency of 700 kHz, and more
is only about 40 dB. Therefore, a non-ISM band interferer ithan 50 dB rejection at 14.3 MHz (Fig. 5). The maximally
the transition band of the RF preselect filter will, after onlylat passband of the Butterworth filter adds only 0.1 dB of
mild attenuation, fall in the image passband of the channelroop within the 240 kHz-wide passband of the channel-select
select filter. It is impractical to push out the image into thélter.
preselect filter's stopband by raising the channel filter's clock The final filter comprises a cascade of four biquad blocks
rate, because the capacitor spread will then grow excessivgBig. 6). The first block implements the second-order Butter-
A multirate filter cascade works much better, wheréow- worth prefilter, and the following three blocks make up the
order prefilterclocked at a high rate suppresses signals lying sikth-order elliptic channel-select filter.
the images of the higher-order channel-select filter's passband
[25]. The channel-select filter subsamples, or decimates, the
prefilter's output. The following section discusses the prefilter
design in greater detail.

IV. CIrRcUIT DESIGN

The circuit diagram of the SC biquads used in the filter
is shown in Fig. 7. Appropriate biquad architectures [25]
B. Prefilter implement the lowg) (= 0.65) and the highg) (= 1.9, 8.1)

A prefilter is designed whose passband extends beyond tH%l[rs of poles in the main filter. The capacitors are fabricated

of the main filter, so that it does not contribute a measurakia polysilicon plates over gate-oxide, with a heavily-doped N-

droop or ripple in the main filter passband. However, | pe layer underneath. The smallest capacitor in the circuit,

stopband edge is placed at a considerably higher frequenc;l/:5 fF, consists of two unit capacitors in antiparallel.

fo—fsTopr, Where fc is the main (channel) filter's clock
frequency, andfstop is its stopband frequency. The prefilte
is clocked at some integer multipléy, of f-, preferably a  The received signal may be downconverted to baseband
power-of-two for convenient frequency division. Thus, the firdty a continuous-time mixer, or alternatively by subsampling.
N — 1 images of the main filter passband lie in the prefilter$he well-known continuous-time mixer is implemented with a
stopband, and whe/V is sufficiently large, the first passbandGilbert analog multiplier or some variant. Downconversion by
image of the prefilter itself, aWV f¢, lies well in the stopband subsampling, on the other hand, makes use of the generalized
of the RF preselect filter. sampling theorem, which states that no information in the

A. Filter as Subsampling Mixer
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Fig. 7. SC biquads used in prefilter, lo@-section, and highf sections, respectively.

We emphasize that this is not how the filter is finally used
in the receiver. Downconversion by subsampling suffers from
_ |_'_I the fundamental disadvantage of a high noise figure, because
AEpatpenn o | in sampling a narrowband signal at RF, the mixer also acquires
wideband noisextending from dc to RF and aliases it into the
'[ ]‘ T '[ ]‘ ]‘ '[ ‘I much lower Nyquist bandwidth. For white noise, this raises the
noise spectral density by the subsampling factor, as has been
verified in previous reports on downconversion by subsam-
[ pling [2], [19]. Therefore, downconversion by subsampling is
| I |[ || ” T l[ || ” ] not to be recommended at the RF frontend, although it may
S — TIF Cheas Baciny ¥ have its uses in the IF section of a receiver, where it no longer
aliases noise which has been bandpass-filtered to less than
Fig. 8. Downconversion by subsampling, represented in the frequency dalf the sample rate in preceding stages. Here we examine
main. the feasibility of a merged mixer and filter as an object of
scientific curiosity.

’—|
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ol | Joow
W rd TRHT Sampling B. Gain Assignment
A (TR 1 Lap _ o
Aip For two good reasons, both to do with lower noise, this filter
wu% %]‘Hj must also amplify the signal. First, with amplification in the
4 1 o.5spLL 5ol J1- first stage of the filter cascade, later stages contribute less to
I il the overall noise. Second, for a given feedback capacitor, gain

- -

in the first biquad requires use of a larger sampling capacitor,
Fig. 9. Equivalent circuit of prefilter input designed to track 900 MHz RRwhich therefore also contributes a |O\N/éf/C noise
The various parasitic capacitors and resistors are shown. .. . . ’

Gain is assigned to each block in the cascade to balance
%iignal amplification and lower noise on the one hand, and on

original signal is lost if the signal is sampled at a rate great ) .
g d d P g e other hand to preserve good large signal handling. That

. . . i
Fhan twice thesignal bandwidth. The narrowbgnd RF channeis with too high a gain in the blocks, the filter input noise
is sampled at a rate much lower than the carrier frequency, %tcomes so small that it is overwhelmed by the noise of the
at more than twice the channel bandwidth. When the sample : . f ]
. o . receding stages, but now a small input signal to the filter
rate eqqals_the carrier frequency divided by an integer, t Frps the output and compromises the overall receiver dynamic
modulation is translated to dc (Fig. 8) [2]. A track-and-hol ange.
(T/H) consisting of MOS switches, two sampling capacitors, \arioys gain assignments were considered to optimize the
and a balanced differential operational amplifier is well-suitqﬂmamic range of the filter, and finally a gain of 4s assigned
to subsampling. The time constant of the switch resistance agq)oih the low&) and high¢) biquad sections, to obtain a total
sampling capacitor is chosen for a wide acquisition bandwidifjter gain of 16x, or 24 dB. The capacitor§; andC” set the
but the opamp clocks at the low sample rate. gain of the biquads in the main filter (Fig. 7). In addition to
As an experiment, the input switched-capacitor and the fiighproving dynamic range, this distribution of gains flattens the
opamp in the Butterworth biquad were designed to downcojput noise spectrum across the passband. The prefilter biquad
vert the input by subsampling. A minimum-size capacitor &n this test chip is designed to subsample a 900 MHz input
215 fF samples the input, and the switch size is chosen daity gain, so its input capacitor is minimum size, resulting in
minimize the ON-resistance without overloading the low-noisgnity gain in the biquad.
amplifier (LNA) preceding the filter. The equivalent circuit The capacitance spread, that is, the ratio of the largest to
is carefully designed to track the RF input on the samplinthe smallest capacitors in the circuit, is approximately set by
capacitor (Fig. 9). the ratio between the sampling rate and the corner frequency
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Fig. 10. Opamp circuit. FET widths inm shown for low clock rate opamp
OA 2 (widths for high clock rate opamp OA 1 in parentheses).
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of the filter [25]. This predicts a spread of roughly 60 in thi
elliptic filter. However, larger internal capacitors lower noise
so the final spread for the entire filter is 110.

Fig. 11. Chip photograph.

C. Transconductance Amplifier Design

The opamp determines filter linearity and power consump-
tion. Of the eight opamps in the filter, the first two clock at
57.2 MHz and the rest at 14.3 MHz. The current drain of the
two versions is 0.59 mA and 0.47 mA, respectively, and the
transconductance is 4.6 mS and 3.9 mS, respectively. These
are optimum for the intended operating frequency.

Due to finite dc gain in the opamp, the realizéll of
the complex-conjugate poles will deviate from the designed
value, leading to either ripple or droop in the filter passband. I
However, the detector following the filter is insensitive to b as T 15 2 25 3 35 & 4h &
the resulting slightly unequal amplitudes of the FSK tones. Fracuency, cii) ki
A simple differential single-cascode opamp with SC commorfig. 12. Measured frequency response. Passband details with baseband and
mode feedback (Fig. 10) provides adequate dc gain to sati§fy inputs.
this requirement. As is described below, incomplete settling at ) ) } o
the opamp output is the larger source of error. filter IC through an off-chlp passive power splitter. The filter is

The opamp is designed for high-frequency operation. Gen&#sted with a baseband input, and then with an RF input which
ally, low-power design results in low,,, while high-frequency the filter downconverts by subsampling at the first stage. The
operation requires highy,.. Increasing the input transistorresults of both these tests are now presented.
size at a given power consumption raiggs—doubling the
transistor size raiseg,, by abouty/2. However, the junction A. Filter Frequency Response

capacitance at the drain of the input FET also gets larger with.l.he measured filter passband response corresponds ver
the FET size and lowers the frequency of the second po| P P P y

L . . POl to the expected response as shown in Fig. 12, except
eventually causing instability. Therefore, the input transm_;t%r an additional 1 dB droop in the passband attributed to

is sized up _to the point that the opamp retains a SUffICIei'illtcomplete settling in the opamps of the high-gain biquads.
phase margin. . . . . The corner frequency is at 215 kHz, and the stopband starts

The output of the opamp clips at a differential voltage SWINg 340 kHz. The frequency response remains unchanged when
of £2.2 V. the prefilter subsamples a frequency offset from 915 MHz,
accomplishing downconversion and filtering.

Fig. 13 shows the stopband of the filter measured on a

The test chip of the channel-select filter is implemented &wge frequency scale. As expected, the Butterworth prefilter
a fully balanced circuit in a single-poly, double-metaj:.ir suppresses the first three images of the elliptic filter passband,
CMOS process and occupies an active area ob22l4 mn?  in effect extending the stopband to 57 MHz. Interferers beyond
(Fig. 11). A total of 200 pF on-chip capacitance takes upis frequency lie in the stopband of the RF preselect filter,
about 60% of the area. The input leads of the IC packagdich suppresses, for instance, the passband image at 57 MHz
are terminated in 5@). The balanced outputs, taken off-chifby an additional 35 dB. The measured stopband attenuation is
through source follower buffers, are converted to single-endatileast 50 dB up to 57 MHz, and limited to at most 65 dB by
in a passive power combiner. A balanced input is applied to tparasitic effects such as on-chip signal feedthrough.

Hormakeed Filler Oulpul, d8

g

V. EXPERIMENTAL RESULTS
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easily further degrade the signal-to-noise ratio. This reflects as

a lower receiver sensitivity, or, equivalently, a higher input-

Bl referred noise figure. The total filter input-referred noise of

¥ 70 nVA/Hz, or =130 dBm/Hz referenced to a hypothetical
50 Q2 resistor, implies that with 30 dB of conversion gain in

[=]

]
=]

Euerwinth
Preliler Oriy . == the RF frontend, the receiver noise figure due tofillker noise
o vl alone is 13.6 dB. This is not acceptable. The filter noise must

be lowered. In a redesign, the input-referred noise is halved to
35 nVA/Hz by merely redistributing the gain in the various
filter blocks. As the filter in its final version is not to be used
as a downconversion mixer, a larger sampling capacitor is
1 il e 2 H &0 used in the prefilter biquad, which results in a gain &f d@nd

P suppresses the noise contributions of all the later filter blocks.
Fig. 13. Measured frequency response. Stopband measured on large T@—en* a gain of 2 is assigned to both the first and second
quency scale. biquad of the elliptic filter to suppress the noise contributions,
as well as peaking in the input-referred noise spectrum at the
filter band-edge. The final filter gain remainsx,6or 24 dB.
This redistribution of gains does not change the total current
drain of the filter.

o520 I FIF Prsfier
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&
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C. Filter Nonlinearity

An active filter’s ability to handle large signals with little
intermodulation distortion is of special interest, as its inevitable
inferiority to a passive filter in this one respect may disqualify
its use in a wireless receiver. There are no standards on how
to evaluate this feature of a filter. The sources of distortion
I which matter in a particular receiver must be identified and
i z 5 i E then characterized in a way linked to the receiver’s intended

Fresquancy, x100 kHz performance.

Nonlinearity in a balanced baseband circuit is measured by

the third-harmonic distortion, or in the case of a bandpass

The overall filter response measurement shows that wheFeuit, by the third-order intermodulation created by two in-
used in a quadrature receiver (Fig. 1), this filter selectsP@&nd tones. Harmonics of a single FSK-tone at 160 kHz
480 kHz-wide channel from a band hundreds of MHz widd? this filter lie in the stopband and are further rejected in
while rejecting out-of-band signals by at least 50 dB. The Rb€ correlating detector [24]. Therefore, harmonic distortion
test proves that this filter can also downconvert by subsamplitfg Unimportant in the intended use. Similarly, in the un-
without any degradation in its frequency response. likely event that an extraneous interferer appears in the filter

passband, the receiver will grossly malfunction because the

) ) ) detector cannot discriminate the interferer from the legitimate
B. Filter Noise and Receiver Performance FSK tone. Therefore, intermodulation distortion between the
The input-referred noise plot is obtained by dividing théwo is inconsequential.
noise spectral density at the output by the measured frequenc®n the other hand, it is more likely that third-order in-
response of the filter (Fig. 14). A flat input-referred noise levéérmodulation between certain combinations of two tones in
of about 70 nV4{/Hz is obtained in the passband, as expectdle stopbandproduces spurious products in the passband at
from the simulation, which shows that the gain distributiothe frequency of one of the expected FSK tones (Fig. 15).
indeed suppresses high-frequency noise peaking in thethighFhis nonlinearity is characterized by plotting the third-order
biquad. The flicker noise corner lies below 20 kHz. The sliglmtermodulation between 320 and 480 kHz at the filter output
discrepancy between the measured and simulated noise spemtréhe same scale as its response to a single 160 kHz tone,
in the transition band is the same as the difference between #mel extrapolating the intercept point from this data. The
measured and simulated filter response. Noise is simulatedmeasured input IP3 is 30 dBm (Fig. 16). This plot of third-
SPICE by replacing every switched capacitdr,in the circuit order intermodulation is unlike an amplifier in that it includes
with the equivalent continuous-time resistof(f.C), where filtering of the input tones. The two tones at 320 kHz and
f. is the clock frequency. In addition, the prefilter noise level80 kHz are significantly attenuated by the filter while the
is multiplied by the decimation factor ofx4 to capture the 160 kHz tone is not. The experiment is repeated by translating
effect of noise aliasing in the main filter. all these frequencies by 915 MHz, which the prefilter biquad
As the received signal in a direct-conversion receiver downconverts to baseband. The IP3 is now lowered to 21 dBm.
only amplified by 20 or 30 dB in the RF front-end before iThe measured input IP3 of a previously reported unity-gain
enters the baseband section, noise in the baseband circuitsstdrsampling mixer [2] is also about 22 dBm, which suggests

Irprad-Balerrad Nose. VirHHe

Fig. 14. Measured input-referred noise spectrum.
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The filter's input intercept point due to both the third-
" ; order intermodulation and the second-order AM detection is
_l 74BN | _I 1 higher than the 28 dBm output intercept point of a previously
Lriia, published RF front-end [26], which means that when the

-

gac U
57, e . : , .
. -r.;f ™ two are cascaded in a receiver, the filter will preserve the
o5 L F o l

i &

dynamic range of the front-end. The high linearity of the active
filter results from careful gain distribution among the various
stages.

- .

|
|
fy fefy 2ty Fedl ] D. Current Drain

-

Fig. 15. Two likely sources of distortion in filter. Intermodulation between T_he circuit operates at a 3.3 V power supply. The f'!ter
out-of-band signals (left) and AM detection of out-of-band signal (right). drains 4.6 mA of current as expected from the simulation,
which corresponds on average to 0.58 mA/pole, including the
two prefilter poles. The clock divider logic drains another
1.3 mA. The filter current is lower than the extrapolated
current drain of previously published continuous-time bipolar
channel-select filters when they are scaled to the same noise
level. For instance, a 7.5 kHz sixth-order elliptic low-pass filter
for a paging receiver [14] will dissipate 8 mA after scaling,

| while a 172 kHz third-order Butterworth filter will require

2 30 mA [16]. Neither filter's stopband has been evaluated to
e T ] I_-'u”__ u_l_ﬂl1i1: F 57 MHz, nor are they capable of handling large signals as
.Ej];”'-::fm_.,; well as this CMOS circuit. A BICMOS RF frontend switched
capacitor filter using biquads [19] dissipates a total power of
$12 mw from a 3.3 v supply including the clock generator,
and offers a minimum stopband attenuation of 38 dB with
input IP3 of —23 dBm.

A more germane comparison is with the aforementioned
600 kHz 0.6pm CMOS continuous-time channel-select low-
pass filter [22]. That filter operates at 3 V, its IP3 of 34 dBm
is comparable to ours, its input-referred noise is 42Nz
slightly higher than 35 n\W/Hz in our redesign, and it drains
0.5 mA/pole, whereas our redesigned filter, which includes a
prefilter with two poles of its own, drains 0.58 mA/pole. It is
m L noteworthy that for this building block, two different design

Ingul Pinvei, dBs Lo
{50 refesence) approaches lead to a remarkably similar total performance.

EecBaR

=

IFl=30d8m |

Ohotpurl Poweer, dBm

£

Fig. 16. Measured third-order intermodulation due to out-of-band signal
and intercept point.

=

£.

IIP2 = &) dBm

Ouiput Poser, dBm
]

&

-B

Fig. 17. Measured second-order envelope detection of out-of-band signal

and intercept point. E. DC Offset

hat thi be the limi inable i o 33V The nonautozeroed integrators in the filter contribute dc
that this may be the limit to attainable linearity in a 3. offset, which is amplified and may saturate the subsequent

subsampling front_-end_. . ) . limiting amplifier. The measured output offset ranges from
Second-order distortion in the filter frontend affects receivety 46 v Owing to a dc biasing feedback in the limiting

performance in a diﬁ_e rent_way, by detecting the time-\_/aryingmp"ﬁer which is decoupled by an off-chip capacitor, an input
envelope of an AM signal in the stopband and translating it Bset of £100 mv may be absorbed with little loss of dynamic

base_bantlj (_Fig. 15h)l This is ghovan by the fqllowingl_ triégonor'ange [5]- A higher offset will require on-chip ac coupling of
metric relation, where a carrier requencfs, is amplitude- the signal. Therefore, filter offset is not a limiting factor in
modulated at index by the tonef,,, and only the basebandthis receiver

term is retained on the right-hand side

: : 2
[(1 + € sin wnt) sin wot]” — € cos wnt. VI. CONCLUSION AND DISCUSSION

If f,. lies at one of the expected FSK tones, it triggers a The portable wireless transceiver of the future requires
spurious response in the detector. The second-order AM dehigh level of integration and low-power dissipation. The

tection is measured with a 1 MHz carrier amplitude-modulatdiiter block, however, has traditionally not been amenable to
by 50 kHz at a 100% index applied to the filter input. Théntegration.

input IP2 is about 60 dBm (Fig. 17). This shows a very small This work successfully demonstrates a highly selective and
second-order nonlinearity, chiefly due to the strong rejectidrighly linear channel-select filter using a switched-capacitor
of second harmonic by a balanced circuit. circuit in 1-um CMOS technology. In concert with standard
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RF preselection, this filter is capable of selecting a 480 kHg4]
wide baseband channel out of a bandwidth of over hundreds
of MHz. Its low noise and exceptional linearity make it g5
suitable choice for this application. A zero-IF receiver makes
it easier to attain these very useful attributes in the acti\ffG]
filter.

As an exercise to enable comparison with filters for well-
known wireless standards, this filter has been modified |
simulation to satisfy the GSM channel-selection specifications
in a direct-conversion receiver, such as the one from Alcatel
[27]. The key requirements are for a 300 kHz-wide passbal
whose gain varies by less than 1 dB and group delay by less
than 1 pus, a transition band of 250 kHz, and a stopbanqgl
rejection of 35 dB. Although a fifth-order Butterworth filter
satisfies all requirements, a sixth-order filter is designed here
to avail the existing design tools. With a passband galf®
of 24 dB, the input-referred filter noise spectral density is
20 nVA/Hz, and there are no high- stages to raise this [21]
noise near the passband edge. Extrapolating now to a fifth-
order implementation preceded by a second-order prefilter, thig
GSM channel-select filter will drain only 4.1 mA. Assuming a
34 dB conversion gain in the front-end, it also meets the GSM
specifications on receiver noise figure and IIP3. [23]

This filter is the final linear block in the receive chain
to realize a single-chip 900 MHz direct-conversion wireless
receiver in 1zm CMOS. [24]

[25]
REFERENCES

[26]
J. Y.-C. Chang, A. A. Abidi, and M. Gaitan, “Large suspended inductors
on silicon and their use in a2m CMOS RF amplifier,"EEE Electron
Device Lett.,vol. 14, no. 5, pp. 246-248, 1993.
P. Y. Chan, A. Rofougaran, K. A. Ahmed, and A. A. Abidi, “A highly
linear 1-GHz CMOS downconversion mixer,” Buropean Solid-State
Circuits Conf.,Sevilla, Spain, 1993, pp. 210-213.
M. Rofougaran, A. Rofougaran, C. @lgaard, and A. A. Abidi, “A 900
MHz CMOS RF power amplifier with programmable output,”Symp.
VLSI Circuits,Honolulu, 1994, pp. 133-134.
J. Crols and M. Steyaert, “A 1.5 GHz highly linear CMOS downconver
sion mixer,” IEEE J. Solid-State Circuitsyol. 30, no. 7, pp. 736-742,
1995.
S. Khorram, A. Rofougaran, and A. A. Abidi, “A CMOS limiting
amplifier and signal-strength indicator,” Bymp. VLSI CircuitsKyoto,
1995, pp. 95-96.
J. Crols and M. Steyaert, “A fully integrated 900 MHz CMOS dou-
ble quadrature downconverter,” imt. Solid State Circuits ConfSan
Francisco, 1995, pp. 136-137.

[27]
[2]

(3]

voltage-controlled oscillator with prescaler,” int. Solid State Circuits
Conf., San Francisco, 1995, pp. 206-207.

A. Rofougaran, J. Rael, M. Rofougaran, and A. A. Abidi, “A 900 MHz
CMOS LC oscillator with quadrature outputs,”lint. Solid State Circuits
Conf., San Francisco, 1996, pp. 316-317.

A. Rofougaran, G. Chang, J. J. Rael, M. Rofougaran, S. Khorram, M
K. Ku, E. Roth, A. A. Abidi, and H. Samueli, “A 900 MHz CMOS
frequency-hopped spread-spectrum RF transmitter 1C,Custom IC
Conf., San Diego, CA, 1996, pp. 209-212.

A. A. Abidi, “Noise in active resonators and the available dynamir
range,”|EEE Trans. Circuits Systyol. 39, no. 4, pp. 296-299, 1992.
J. Silva-Martinez, M. Steyaert, and W. Sansen, “A 10.7-MHz 68-dl
SNR CMOS continuous-time filter with on-chip automatic tuning,’
IEEE J. Solid-State Circuitsyol. 27, no. 12, pp. 1843-1853, 1992.
F. W. Singor and W. M. Snelgrove, “Switched-capacitor bandpass delta
sigma A/D modulation at 10.7 MHz [EEE J. Solid-State Circuitsjol.

30, no. 3, pp. 184-192, 1995.

A. A. Abidi, “Direct-conversion radio transceivers for digital commu-

(9]

[10]

[11]

[12]

(23]

729

D. W. H. Calder, “Audio frequency gyrator filters for an integrated radio
paging receiver,” irint. Conf. Mobile Radio Systems Techniquésrk,
UK, 1984, pp. 21-26.

J. F. Wilson, R. Youell, T. H. Richards, G. Luff, and R. Pilaski, “A
single-chip VHF and UHF receiver for radio pagindEBEE J. Solid-
State Circuits,vol. 26, no. 12, pp. 1944-1950, 1991.

M. Koyama, T. Arai, H. Tanimoto, and Y. Yoshida, “A 2.5-V active
low-pass filter using all-n-p-n Gilbert cells with a 15\, linear input
range,” IEEE J. Solid-State Circuitsyol. 28, no. 12, pp. 1246-1253,
1993.

97] C. Marshall, F. Behbahani, W. Birth, A. Fotowat, T. Fuchs, R. Gaethke,

E. Heimerl, S. Lee, P. Moore, S. Navid, and E. Saur, “A 2.7 V GSM
transceiver IC’s with on-chip filtering,” iint. Solid State Circuits Conf.,
San Francisco, 1995, pp. 148-149.

] D. Haspeslagh, J. Ceuterick, L. Kiss, and J. Wenin, “BBTRX: A

baseband transceiver for a zero IF GSM hand portable station,” in
Custom IC Conf.San Diego, CA, 1992, pp. 10.7.1-10.7.4.

D. H. Shen, C.-M. Hwang, B. Lusignan, and B. A. Wooley, “A 900
MHz integrated discrete-time filtering RF front-end,” limt. Solid-State
Circuits Conf.,San Francisco, 1996, pp. 54-55.

P. J. Chang, A. Rofougaran, and A. A. Abidi, “A CMOS channel-select
filter for a direct-conversion wireless receiver,” 8ymp. VLSI Circuits,
Honolulu, 1996, pp. 64-65.

T. B. Cho, G. Chien, F. Brianti, and P. R. Gray, “A power-optimized
CMOS baseband channel filter and ADC for cordless applications,” in
Symp. VLSI CircuitsHonolulu, 1996, pp. 62—-63.

H. Khorramabadi, M. J. Tarsia, and N. S. Woo, “Baseband filters for IS-
95 CDMA receiver applications featuring digital automatic frequency
tuning,” in Int. Solid State Circuits Conf.San Francisco, 1996, pp.
172-173.

J. Min, A. Rofougaran, H. Samueli, and A. A. Abidi, “An All-
CMOS architecture for a low-power frequency-hopped 900 MHz spread-
spectrum transceiver,” iustom IC Conf.San Diego, CA, 1994, pp.
379-382.

H.-C. Liu, J. S. Min, and H. Samueli, “A low-power baseband receiver
IC for frequency-hopped spread spectrum communicatiolsFE J.
Solid-State Circuitsvol. 31, pp. 384-394, Mar. 1996.

R. Gregorian and G. C. Teme#nalog MOS Integrated Circuits for
Signal Processing. New York: Wiley, 1986.

A. Rofougaran, J. Y.-C. Chang, M. Rofougaran, and A. A. Abidi, “A 1
GHz CMOS RF front-end IC for a direct-conversion wireless receiver,”
IEEE J. Solid-State Circuitsyol. 31, no. 7, pp. 880-889, 1996.

J. Sevenhans, A. Vanwelsenaers, J. Wenin, and J. Baro, “An integrated
Si bipolar RF transceiver for a zero IF 900 MHz GSM digital radio
frontend of a hand portable phone,” @ustom IC Conf.San Diego,
CA, 1991, pp. 7.7/1-7.7/4, 1991.

Paul J. Chang was born in 1970. He received

the B.S. degree in electrical engineering from the
Carnegie Mellon University, Pittsburgh, PA, in 1993
and the M.S. degree from the University of Califor-
nia, Los Angeles (UCLA), in 1996. He is presently
working toward the Ph.D. degree in the design of
high-speed CMOS analog integrated circuits in RF

communication systems at UCLA.
]

J. Craninckx and M. Steyaert, “A CMOS 1.8 GHz Iow—phase—noisl 111" l__HI 1
1 k 1

Ahmadreza Rofougaran was born in 1964. He
received the B.S. and M.S. degrees in electrical
engineering from the University of California, Los
Angeles (UCLA), in 1986 and 1988, respectively.
He is presently working toward the Ph.D. degree in
the design of silicon IC’'s for RF communications
at UCLA.

From 1988 to 1992, he was with Gigabit Logic,
Inc., Newbury Park, CA, involved in the develop-
ment of high-speed analog and digital GaAs IC's.

nication,” IEEE J. Solid-State Circuitssol. 30, no. 12, pp. 1399-1410, Asad A. Abidi (S'75-M’80-SM’'95-F'96), for a photograph and biography,

1995.

see p. 311 of the March 1997 issue of th@sJaANAL.

Authorized licensed use limited to: Penn State University. Downloaded on June 18,2025 at 14:43:07 UTC from IEEE Xplore. Restrictions apply.

8





