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Abstract Original Network Scaled Network
We present a programmable fourth-order Butterworth

continuous-time filter with a bandwidth programmable %G 1 %ae 1
from 60-350 MHz, implemented in @25 pm digital ° Ic ° Ic

CMOS process. It is intended for communication and

mass storage applications. The filter has a dynamic rangf ansfer Function Hy,(f) H,,(flar)
of 54 dB, dissipatestT0mW from a 3.3 volt supply and  Input Signal vy(t) vy(at)
occupies an area dof.15 mm?. Suitably biased accumu- I%'g’é‘&g&”i - ‘\’lz(t) Vg/(“t)
lation MOS capacitors are used as integrating elements. " "

1. Introduction Figure 1. Properties of scaled networks

High-speed communication and storage systems need
continuous-time filters with bandwidths tunable over a
K . . aSH12
wide range, while keeping the shape of the frequency re-
sponse identical irrespective of the set bandwidth [1], and
maintaining an adequate dynamic range. For high levels
of integration and to reduce cost, it is desirable to imple-

ment these filters in deep-submicron digital CMOS tech- constant-C scaling. It corresponds to a stretching of the

nologies. Filter pole frequencies in the hundreds of mega—frequency axis. It can be shown [3] that under constant-

hertz range de”?a”d that the parasitic pol_es in the mt_egra-c scaling, the integrated output noise of the network at
tors be in the gigahertz range. Conventional techniques

Id | ts of ) h e any node is independentaf The important properties of
woulld consume farge amounts ol POWET In SUCN 0peTation. ., nqtant.c scaled networks are shown in Figure 1, the sec-
In this paper, we present a high-frequency continuous-

. . . o . . ond and third lines of the table in that figure mean that if
time filter technique which is specially suited for deep-

) : : an inputw, (t) applied to the original network produces an
submicron CMOS |mplementat|on. W(_—:t take advantage of outputus (), then applying (at) to the scaled network
the f_act th?t' at fche _S'gf_‘a' levels required (about 200 mV producess (at). It can be shown [3] that this holds even
bp d'f.f) no Ilneanzatpn is needed for the tra_nsconduc.tors, if the capacitors are nonlinear. From this it can be shown
and t()lnhere dntlg norllr:ne_a;) MOtS ac?umulat\tpn clapacnfotrhs that the worst case harmonic distortion of a constant-C
can be used [2] as the integrating elements In place ot €y 4104 filter under sinusoidal excitation is also indepen-
large metal-metal capacitors typically employed_ on d_'g" dent ofa. This has profound implications in filter design:
tal CMOS. Processes. TO allow frequency scalability with- if the original filter is designed optimally in terms of ther-
out deterioration of noise and of the frequency response .| e and distortion, then any constant-C scaled ver-
s?qpeavl;/el employ "constant-capacitance scaling", as ®XSion of it will also be optimal, irrespective of frequency
plain€d below. setting. This property is key to making possible the perfor-
2. Constant-C Scaling mance of the chip described in this paper. Consider now

Consider any network consisting of transconductances,the simplified schematic and symbol of a unit transcon-
conductances and capacitors, and let the voltage transfeductance element shown in Figure 2. (In the actual circuit

function between any two noded andn2 be denoted cascoded PMOS devices were used.) M1, M2, M3 and

(f). If everyconductance and transconductance in
the network is multiplied by an arbitrary numhemhile
keepingevery capacitance the same, then it is easy to
show that the voltage transfer function betwedrandn2

is changed td7,»(f/«). We call the above maodification
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Figure 2. A unit transconductance element Figure 4. Parallel connection of two unit transconductors
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M4 are identical devices. M3, M4 are dummy devices
used to maintain a constant input capacitance irrespective
of the state of the switchesV,,, s, is a common-mode
feedback signal, the generation of which is discussed in a
later section.b andb are complementary switches. The
small-signal equivalent circuits for differential excitation
for the case$ = 1 andb = 0 are considered in Figure 3 to 0000, only four unit elements are switched on. When
(a) and (b) respectively . In (a), M1-M2 operate in strong the word is 1111, all 19 unit elements are on. The coarse
inversion while M3-M4 are off. In (b), M3-M4 operate in  Programming range is therefotd/4 = 4.75. A simple
strong inversion while M1-M2 are off. Iboth casesall calculation will show that if 1/f noise is neglected, the in-
nodal capacitances in the network remain identical. No- Put referred noise of the transconductor is independent of
tice that when the transconductor M1-M2 is turned off, the number of unit cells that are on. Another useful fea-
every transconductance and conductance in the networkture is that the DC gain of the composite transconductor
is scaled by (wherea = 0 in this case), whileevery remains constant irrespective of the digital word.
capacitance remains the same. Also, the transconductor The filter consists of two second order filter sections,
M1-M2 does not contribute noise when it is turned off. of the type shown in Figure 6. All transconductors are
Now consider the parallel connection of two identical made equal-valued for matching reasons. Common-mode
unit transconductors as shown in Figure 4. The table in feedback circuits (see below) are used to set the common
the figure lists the various parameters of the compositemode voltage of every set of balanced nodes.2ovolts.
transconductor (denoted ly,,, C, etc.) as a function  The integrating capacitors are grounded MOS accumula-
of those of the individual transconductors. Again, note tion devices made ofi-poly-n-well structures biased at
thateverynode capacitance remains the same wéilery 1.2 V. These capacitors also serve as compensating ca-
transconductance/conductance scales appropriately. Th@acitors for the common-mode feedback loops. Since the
results can be extended to many unit transconductors conintegrating capacitors and the parasitic input capacitance
nected in parallel. of the transconductors are both formed from gate oxide,
3. Filter Architecture a good degree of matching of capacitor ratios can be ex-
For programmability, the composite transconductors Pected.
used in this work are binary-weighted arrays, each con-4, Common-Mode Feedback
sisting of 19 unit transconductors as shown in Figure 5.  Figure 7 shows the common-mode feedback circuit.
When the digital word corresponding t@b,b2b3 is set The differential pair, consisting of M1-M2 (operated at
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Figure 3. The small-signal equivalent circuit of the fgrj —  in. F .0p
transconductor of Figure 2 under differential excitation, /b/l K
for the cases (&) = 1 and (b)b = 0 (whereb denotes the %ﬁ o2
state of the corresponding switches in Figure 2) f‘?{“
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Figure 5. 4-bit programmable transconductor
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Figure 6. A second order section
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Figure 8. Passband detail for some frequency settings
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that the frequency axis is linear). Figure 10 shows the re-
sponse of twenty filter chips overlaid on the same plot,
with the external resistor set to the same value. There
are two reasons for measuring the response at the low-
end bandwdth. First, this corresponds to the worst case
because only the minimum number (4) of unit transcon-
ductance cells are turned on. Hence mismatches in re-
sponse will be most obvious. Second, at low bandwidths,
the mismatch in the test buffer paths can be expected to be
a large gate overdrive voltage), forms the common-modeVvery small and hopefully negligible. The mean bandwidth
detector. An advantage of this kind of detector is its capac-and standard deviation of the twenty chips measured was
itive input impedance. The detected common-mode volt- 59-97 MHz and 0.5 MHz respectively. These results at-
age is compared with a common-mode referenGe,{ test to the fact that the response is very repeatable over a
which goes through a PMOS source follower (to mimic nhumber of chips. The noise spectra of the filter and buffer
the common-mode detector). M3, M4, M11 and M12 paths froml0 MHz to 150 MHz is shown in Figures 11.
form the servo amplifier. M10 is a low output impedance The filter output noise spectrum is shown for two differ-
source follower. M9 is a p-channel device operating in €nt bandwidth settings - the top trace is for the case when
the triode region. Along with CB, it acts like a cross- the digital bandwidth setting code is 0000 (correspond-
over network between the servo amplifier and the sourceing to a filter bandwidth of 75MHz) while the bottom
follower. This arrangement allows a high DC loop gain trace is for a code 0010 (bandwidth 112MHz). As

at low frequencies while providing a feedforward path at predicted by frequency scaling theory, the output noise
high frequencies. CB is a large capacitor realised using anpower of the filter at very low frequencies reduces by
accumulation MOS structure. Ms1 and Ms2 are replicas 101og(112/75) ~ 1.75dB as the bandwidth is increased
of the corresponding devices used as the top switch in theby a factor of112/75. A summary of measured results is
transconductor of Figure 2. To keep the filter bandwidth given in Table 1.

invariant with temperature, the transconductance of everyg. Conclusions

differential pair in the filter is servoed to a precise external ~ An architecture for the realisation of very high fre-

M6 M7

Figure 7. Common-mode feedback circuit

resistor. quency CMOS continuous time filters has been presented.
5. Experimental Results Simple differential pairs and MOS accumulation capaci-
The filter was fabricated in .25 um n-well digital tors have been used to reduce area and noise, and to al-

CMOS technology. Fig. 12 shows the photograph of the low proper frequency scalability. These techniques were
filter test chip. The active area 515mm?2. A power demonstrated with a prototype fourth-order Butterworth
supply voltage 08.3 V was used. The test setup used was lowpass filter tunable from 60-350 MHz while consuming
similar to that used in [4]. Figure 8 shows the pass band 70 mW from a3.3 volt supply. A0.25 ym n-well digital
detail of the filter for various settings of the frequency con- CMOS technology was used.

trol word. As can be expected, the response scales cleanly, The authors gratefully acknowledge the encourage-
thanks to the constant-C technique described above. Fig-ment, discussions and support of T. R. Viswanathan. We
ure 9 shows the stopband performance of the filter for dif- thank our colleagues at CISL-Columbia University Inte-
ferent frequency settings (in interpreting these plots, note grated Systems Laboratory, especially Maurice Tarsia, for
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Figure 10. Response of 20 filters measured under identical
conditions (lowest bandwidth setting). Mean bandwidth

= 59.97 MHz, Standard Deviatiofi.5 MHz
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Figure 11. Filter noise spectrum
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Figure 12. Chip Microphotograph

useful discussions. We also wish to thank Jason Cancio,
Kris Kistner, Keith Green and Simon Willard for their sup-
Figure 9. Stopband response for some frequency settings port.

Table 1. Summary of measured characteristics (25°C)

Technology 0.25 um n—well CMOS
Filter Type 4t Order Butterworth
Supply voltage 3.3V
Cutoff Frequency Programmability 60-350 MHz
Chip area 0.15mn?
Power (All bandwidths) 70 mw
DC gain —0.8dB
Integrated Output noise 257 uV, rms
f—3qp variation forVy 3 — 3.6V +2%
Testtone aff _345/3:
V; pp.maz (THD < 40 dB) 380 mV
Dyn. range (THD< 40 dB) 54dB
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