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CMOS High-Frequency Switched-Capacitor Filters
for Telecommunication Applications

Un-Ku Moon, Senior Member, IEEE

Abstract—A digitally programmable high-frequency switched- dB. Given the driving force of increasing integration (ultimately
capacitor filter for use in a switched digital video (SDV/VDSL) link  the Sing|e-chip 30|uti0n)' these ill-defined conditions of the

is described. The highest available clock frequency in the system is . . : :
51.84 MHZ (f, = 2 fu = 103.68 MHz for double sampling) external filters naturally call for a maximized integration of
these components.

while the three desired low-pass corner frequenciesf{) are 8, 12, . .
and 20 MHz. The double-sampling, bilinear, elliptic, fifth-order A prototype, digitally programmable, high-frequency
switched-capacitor filter meets the desired-40-dB attenuation at  switched-capacitor (SC) filter was designed with this future
1.3f, and-30 dB at 1.25f.. For the 12-MHz corner frequency set-  single-chip solution in mind. The initial thoughts are that this
ting, given the 2V;,,, differential input, the measured worst case g fijter would be used at the receiver end of the data link such
total harmonic distortion is —60 dB, with signal-to-noise ratio of . . ) .
54 dB. The analog power dissipation is 125 mW from a 5-V power Fhat the dlscr(_ete—tlme output qf t_he SC filter may be directly fed
supply. The test results indicate that the clock frequency can be INto the receiver analog-to-digital (A/D) converter. From the
increased to 73 MHz without any ill effects. More measurements existing system, where a very large amount of attenuati@f (
verify that an all-digital CMOS implementation, utilizing metal- to -80 dB) is required due to highly attenuated receive signal
sandwich capacitorsperforms as well as the special-layer analog and relatively large amount of transmit signal being coupled
capacitors implementation, with a small reduction in the absolute . . . ; .
back into the receiver, the integrated SC filter can drastically

corner frequencies. The prototype IC’s are fabricated in a 0.354m “ ]
5-V (0.48:m drawn) CMOS process. reduce the external filtering requirements.

Index Terms—Bilinear, CMOS, digitally programmable, double .In SeCtilon Il the S_yStem descriptiqn of th_e applicatiqn in mind
sampling scheme, elliptic, high-frequency, switched-capacitor Will be briefly explained in conjunction with the SC filter re-
filter, telecommunications. guirements. Presented in Section Il are the high-frequency SC
filter architecture and the implementation details of the circuit
design. The experimental results of prototype IC’s are given in

Section IV, followed by concluding comments in Section V.
S THE demand for video and high-speed data continues

to grow, a variety of system architectures using various
modulation schemes surfaced as efficient solutions. Many of _
these systems are similar and often have a set of unique featdred/ariable-Rate SDV/VDSL System

that claim to fulfill the future telecommunications needs, butthe gpe of the systems considered for switched digital video
two-fold emphasis that is common among all the architecture§DV), a subset of video digital subscriber loop (VDSL), is
seems to be the robustness and the economical implementaiGpyriable-rate system where downstredmhiome) data rate
of the system. Most likely this is why many efforts in this aréthay be as high as 51.84 Mbit/s and as low as 12.96 Mb/s.
have been in CMOS integration of a large digital system wit§pecifically, the initial consideration is given for a system
many of the traditionally external analog components on chiRyhich works in three modes: 51.84, 25.92, and 12.96 Mb/s.
Current systems available on the market and the trial sitfie motivation behind these multiple-rate systems is that the
are impressive and clearly demonstrgte_the rot_)ustness_ of dh8tem may be reconfigured to service a longer distance of
system, but undoubtedly they are multichip solutions (typicallynshielded twisted pair (UTP) while the data rate is reduced.
the separation of very large digital system and high-spegfle carrier frequency of the fixed-rate upstredmrt home)

analog interface circuits), and there are significantly larggyta will also be reduced accordingly, to accommodate for the
amount of external passive inductance—capacitaric€) ( extended length of UTP.

filtering. Just the cost associated with the use of external filtersghown in Fig. 1 are the three approximate data profiles for
is a problem in itself, but the physical parameters of extemgle variable-rate (and -length) system. As shown in the figure,
filters tend to limit the amount of achievable attenuation &§gnal bands of the downstream data is extended to various
higher frequencies. Practically achigvgble filte_r .attenuatiq;bper frequencies. The SC filter requirements derived from
is in the range of-40 to -60 dB, and it is very difficult and thjs conceptual system are three corner frequer{gies20, 12,
expensive to design a filter that can attenuate as muetB@s gng 8 MHz, and the required attenuation-@0 dB at 1.25,.
This prototype SC filter is designed with the carrier-less am-
Manuscript received June 10, 1999; revised October 7, 1999. plitude/phase (CAP) modulation downstream signal in mind,
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Engineering, Oregon State University, Corvallis, OR 97331-3211 USA. E."‘or a”. practical pqrposes, but the S(? filter |mpllemenFat|on In
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|I. INTRODUCTION

Il. SYSTEM DESCRIPTION
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Fig. 1. Spectrum profiles for variable-rate system.
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will be revealed in Section Il that the wide-band nature of the 4 g9
input signal is assumed in order to improve capacitor matching
while accepting suboptimal node-voltage scaling. -80.00 !
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pacitor filter is significant for this application. Self-tuned con- i
VA

tinuous-time filters were considered, but the unavoidable corner

frequency Val’iation typ|Ca”y in the I’ange ﬂﬁ5%—10% due to Fig. 2. ldealz-domain frequency responses.

process variation and matching was found unacceptable (and

factory trimming was to be avoided). This is due to the relative . .

tight frequency allocations of the signal bands for the down- Last, the programmability for the three desired frequency set-

stream and upstream pair tings is implemented by placing extra capacitors in parallel and
The intended front end of the receiver system is compos@{gitally swapping and/or adding capacitors. Careful design can

of a variable-gain amplifier (VGA), followed by this SC filter, establish many programmable frequencies without having to

the discrete-time output of which is fed directly into an A/dmplement separate filters or synthesizing variable frequencies.
Synthesizing multiple frequencies was not an option due to the

converter. ! X
problem of added phase jitter as already mentioned above, and
also due to the fixed-rate A/D converter that follows this SC
B. Double-Sampling and Programmable Filter filter.

Given the desired filter specifications, one of the key issues
to be resolved was the 20-MHz corner frequency filter. For such [ll. FILTER IMPLEMENTATION
high corner frequency, with respect to the sampling frequency
that was limited by the highest clock frequency available on
the system (51.84 MHz), it was found that the feedback factorActive LC ladder synthesis was chosen for this SC filter de-
around the op-amp was unreasonably small, and it was difficalgn. Even though the low pass-band sensitivity ofltGéadder
to optimize the circuit design for three programmable frequen€g], [3] was not an absolutely necessary requirement, this proto-
settings. The double-sampling SC filter seemed a logical optitype filter was designed with the desire to gauge the achievable
to consider. The issues regarding capacitor mismatch and unlaaicuracy of a CMOS implementation for high-frequency SC fil-
anced duty cycle for double-sampling scheme (DSS) also hadées.
be considered [1], but the possibility of using an additional clock Given that the desired corner frequencies are significantly
multiplier to generate 103.68-MHz clock was eliminated due tugh (20, 12, and 8 MHz) in comparison to the sampling fre-
the significant increase in high-frequency clock phase jitter thatilency of 103.68 MHz (twice the clock frequency), both the
the system needed to avoid. commonly usedesistor-equivalenapproachR.q ~ 1/f,C)

The most significant drawback of the DSS is the uncanceledd the well-known standard lossless discrete integrator (LDI)
aliased input signal that is the direct result of the unbalancddsign were found insufficient for this high-frequency SC filter
duty-cycle input sampling [1]. According to the frequency proapplication. This is because of tfrequency-dependent termi-
files for the application in mind, however, the expected aliasedtion that is inherent in the above approximations. Among a
input signal produced by the unbalanced double sampling of treriety of exactSC filter synthesis [4]-[10], Datar, Sedra, and
SCfilter is expected to be fully contained outside of the band-r&nelgrove outline a convenient set of rules for an exact imple-
jectfrequency (1.2k.), and thez-domain SC filtering will filter mentation using Bilinear transformation [9], [10]. This set of
out these unwanted aliased energy. Since the main purpose@dign guidelines are used for the prototype fifth-order elliptic
this SC filter is to take out the unwanted upstream signal th&C filter implementation.
is coupled into the received downstream signal, the input signalFor a clear distinction, a set of idealdomain simulation re-
does not contain wide-band noise of any significance beyoasdlts for the 20-MHz corner frequency is shown in Fig. 2. The
the SC filter’'skT/C noise. resistor-equivalent design (dashed line) displays obvious flaws

Exact SC Filter Synthesis Using Bilinear Transformation
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in the passband as well as the reject-band (even though the a A ’2

solute corner frequency error has been compensated), while tl T

standard LDI (dotted line) design displays an improved pass L

band behavior with a further degradation in the reject-band. Th o c T

exact Bilinear design yields the desired response over all freVin L -

quencies. ) oy .
The bilinear implementation will require adjustments in the &

capacitor values throughout the commonly known acti@

ladder SC filter structure, but one very important aspect of the

bilinear implementation is that the sampled input of the SC filter

needs to perform thel»—* operation before the signal is fur- 01 02

ther processed through th€ ladder. This is simply the net re- M

sult of necessary modifications required in order to compensat

for the frequency-dependent termination. An extra stage for de o c c

laying the input by one sample delay is used in this implemen % T

tation. Other techniques suggesting modified switching config-
urations [7], [8] still require that the input is a sampled data 05 o

(needing a sample-and-hold) for a high-frequency application

(highe[fc/fs ratio), and the techniques are not directly appIiEig- 3. Single-ended (double-sampling) version of sample delay cell.

cable to double-sampling scheme.

The input sample delay cell is shown in Fig. 3. The DSSis irind coupling capacitor values for 20-, 12-, and 8-MHz corner
corporated in the figure, but a single-ended version is illustratg@quencies. As an example, the implementation of the capaci-
for simplicity while the circuit realization is fully differential. It tancesCs; and’s, is shown in Fig. 5. In order to establish the
is a very straightforward implementation for a half-cycle delagesired values at all three programmable settidgsadds on
(one phase delay is equivalent to one sample delay in DS&)tra capacitors as the corner frequency is lowered from 20 to
capable of high-speed operation. This sample delay cell dogsto 8 MHz, buiC,, will switch in only one of the three capac-
not have an explicit stabilizing loop during the nonoverlappingors for each frequency setting.
clock phases, and no problem associated with this was observed
in the lab. However, placing an unswitched small integrating cg- Circuit Design

pacitor &5-10% of the sampling capacitor) can avoid the pos- . _— i i
sibility of op-amp output glitching out of range without signif-_. One of the important aspect of high-frequency SC filter de

icantly affecting the overall transfer functior{=~5% leads to - 9" ' the op-amp design. Most often, single-stage folded-cas-

~0.3-dB droop in the worst case corner frequency setting.) TﬁOde op-amps are used in a variety of SC applications. Because

output of this sample delay cell as well as the unsampled inpou?tthe purely capacitive loads in switched-capacitor circuits, the

is fed into the active ladder portion of the SC filter. The inp@ arnount of op amppompeqsaﬂon Is directly proportlpnal to the
. . . _amount of capacitive loading at the output. More important,

network of the ladder portion also works as the sampling circyit - : 2 . .
or high dynamic range applications requiring large signal-to-

for the unsampled input, noise ratio (SNR), a single-stage op-amp performs with the least

By foIIowmg_the de5|gn process outlined in [9] gnd [10]amount of sampled-noise resulting from the op-amp itself. This
and after applying a semi-optimum node-voltage scaling, the re- . . .
IS because all thermal noise generated in the op-amp is fre-

sulting switched-capacitor structure is shown in Fig. 4, and the . .
. ) uency shaped by the compensating load capacitor.
normalized component values for a 20-MHz filter are show ; o .
Despite these traditional advantages of single-stage folded-

in the first column of Table I. The semi-optimum node-voltage -
scaling was chosen to maintain integer multiple unit-size capact?-SCOde op-amps, there are drawbacks that become significant
n high-frequency SC filter design. One drawback is that, in

itor values for all fixed-size capacitors. The Fig. 4 represen L . : .

. . T . rder to maintain a high unity-gain frequency, g, of an

a single-ended, single-sampling implementation, but the prog 5-amnp has to be very large. resulting also in larae power dis-
type realization is fully differential, double sampling, and uti- p-amp y large, 9 gep

lizes early-phase sampling to minimize signal-dependent chaS'%atlon' This is especially a problem in a CMOS folded-cas-

I : .
injection. Double-sampling simply implies that there is a d c,_%de op-amp due to multiple branches of bias current used,

: ) . . " . . OPe other drawback is that the op-amp input capacitance also
plicate set of fixed-size capacitors (omitting the integrating and 1o b being larae due to the hiah transconductance required
coupling capacitor€’s,Cs,Co,C1 2,015, andCy —Csy) that will p g larg g q .

operate with the opposite phases (edg.,— ¢1.61 — b’ When a small unit-size capacitance is used for high-frequency
etc.) similar to the sample delay cell in 'I,:ig 31’ 1 27 performance, and relatively small integrating capacitors due to

The corner frequency programmability is implemented by afl]-lghfc/fs ratio, the feedback factor around an op-amp becomes

tering only the integrating and coupling capacitors. A set of pag_reatly reduced due to this high input capacitance.

. . T . ; Another common choice for op-amp used in SC circuits is the
allel capacitors for each capacitance is digitally switched m/OLﬂta'Iescopic op-amp. The telescopic op-amps have reduced power
The three columns of Table | lists the calculated integratinc% :

nsumption in comparison to folded-cascode op-amps because
1The author appreciates the feedback from an anonymous reviewer. of reduced number of current branches, but the drawback due
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Fig. 4. Single-ended single-sampling version of fifth-order filter.
TABLE | :_(_;;_: :_0_2_4_:
NORMALIZED CAPACITOR SIZES o [ - £2.
Name | 20-MHz | 12-MHz 8-MHz Ce2313 et 696
Cs 2313 4298 6.982 1 —
Cs 1.387 2.526 3.887 [ R NS
Co 7.495 10.917 15.753 C=1.985 C=2.031 X
C 3.008 5478 8.430 gy | e W N Wiy By
N N R . Y N
Cis 1.958 3.330 5.258 A con684 o271 AX
Ca 1.338 1.290 1.545 I
Ca 1.338 1.290 1.545 N R - T
Cu 2.543 3.046 4.079 B BX
Ca 1.656 2.031 2719 Fig. 5. Examples of programmable capacitor banks.
Cy 2.0
Cy 5.0 made to use only th&’-channel switches and operate the entire
Cy 1.0 SC circuit with a low common-mode voltage.
Cs 1.0 The above discussion is summarized in Fig. 6. The final
G 50 choice of the op-amp architecture, as also shown in the figure,
is a two-stage op-amp. Because the first stage is no longer
Cs 5.0 same same . . .
0 driving the output load, the power consumption in the tele-
Co 3 scopic portion is negligible to the second/buffer stage, and this
Cu 20 also produces a low input capacitance op-amp. The frequency
Cis 5.0 compensation is also contained within the first stage. The
Cire 3.0 second stage acts as a buffer to the higher capacitance output
Cload 20 loads and at the same time provides level shifting to yield a

lower output common-mode voltage. The bulk of the op-amp
power consumption is contained within this second/buffer
to large op-amp input capacitance is unchanged. Another drastage, and the main drawback of this two-stage op-amp is the
back, specific only to this prototype SC filter, is that the teleéncreased sampled noise due to tmshapedthermal noise
scopic op-amp will require complementary transmission gateming from the second stage.
switches due to higher common-mode voltage at the op-ampA more detailed schematic of the two-stage op-amp used in
output and lower common-mode voltage at the input. In orddre prototype filter is shown in Fig. 7. A complete bias cir-
to minimize increased routing complications regarding doubleuit (trivial portions are not shown) is an integral part of each
sampling scheme implementation, an initial design decision wag-amp in order to minimize coupling between the op-amps
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Fig. 6. Comparison of op-amp architectures.
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Fig. 7. Differential two-stage operational amplifier.

used throughout the filter. For a unit-size capacitor as small &g-stage op-amp is 54 dB, with a very small variation over
0.1 pF (chosen value for this prototype filter), the op-amp inpprocess and temperature.
capacitance affecting the loop-gain around each op-amp is minShown in the left portion of Fig. 7 is a floating version of
imal due to this two-stage architecture, where the output loaditige Sooch cascode biasing [14]. In order to attain replica bi-
is solely driven by the large buffer (second stage). A very smasing with respect to the op-amp’s differential input (same as
amount of capacitance was needed at the output of the first sttggcommon-mode voltage), which tracks process and tempera-
to frequency compensate the op-amp. Also, a sufficiently widiere variations, the Sooch cascode circuit is simply placed inside
bandwidth of 80 MHz is achieved for the common-mode feed-feedback loop. The net result is the maximized voltage swing
back loop (additional common-mode frequency compensatiahthe output of the telescopic stage.
not shown the figure). Among all of the op-amps used in the prototype SC filter,
The telescopic first stage is only able to yield a margin#éthe simulated worst case (slow process extreme, layout para-
op-amp dc gain. A small amount of variation in the filter's fresitics, high-temperature, 20-MHz corner frequency setting, etc.)
guency response (reduced dc gain, a small shift in corner fleep bandwidth and phase margin were found to be approxi-
guency, a small frequency drooping, etc.) due to the limited deately 180 MHz and 60 This is a bit short of the popular
gain was found acceptable for this high-frequency applicatiomle-of-thumb requiring loop bandwidth to be five times the
and no correction schemes, such as the precise op-amp gdiick frequency [12]. Some side-effects resulting from this lim-
(POG) technique [11] or gain-boosting techniques [12], [13iked loop bandwidth will be revealed in the lab measurements.
were attempted. The simulated nominal op-amp dc gain of tlier 12- and 8-MHz corner frequency settings, the loop band-
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Fig. 8. Die photograph of prototype IC. O U U S S
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widths comfortably exceed this rule-of-thumb requirement. Var- 3
ious other rules-of-thumb regarding high-frequency SC filter r ; : : :
design such as the maximuRC time constant of sampling R T T s m
switches and minimum slew-rate requirements were fully sat- 0 S 10 15 20 25
isfied with large design margins. MHz

Last, a combination of various sampled-noise simulation
techniques were employed in getting a good approximatigﬁ’
for the filter's SNR. Knowing that the thermal noise coming
from the second stage of the op-amp significantly degraded
the total SNR, it was important to ensure that the IC would
yield required 8-bit level SNR. A set of modified simulation
techniques for approximating total sampled noise (including
op-amp andT/C noise) proved to be very well correlated to
the measurement. The modified techniques outlined in [16]
and [17] allowed the use of a standard circuit simulator such as
SPICE, while correctly emulating-domain transfer functions
that were not contained in [18].

. 9. Measurement of multiple (nine) devices.

IV. MEASUREMENTRESULTS

The programmable bilinear fifth-order elliptic SC filter
was designed using metal-over-metal (special layer) analog MHz
capacitors. The die photograph of prototype IC fabricated in ‘ '
a 0.35um, 5-V (0.48 um drawn) CMOS process is shown in
Fig. 8. The area of the entire photograph is 2 fnand the ©
active die area of the filter core is less than 0.7 Tn# very
small unit-size capacitor of 0.1 pF is used in this implemen-
tation. There are many duplicate sets of capacitors due to the
double-sampling scheme used. MHz

The common-mode voltage of the filteris 1.5V, and the signal , _ ,
swing is 2-V peak-to-peak differential. The measurements drd: 10-  Measurement (solid) versus simulation (dashed).
taken with 4.5-V power supply and room temperature unless
noted otherwise. nite switch resistance. Considering the lack of detailed parasitics

Shown in Fig. 9 is the “Monte Carlo” measurement of ningxcorporated into the simulation and the nonideal testing envi-
devices, where a set of three devices each are from “fast,” “norenment, measurement results are in excellent agreement with
inal,” and “slow” split process variation (intentional). It can behe simulation results.
observed that the corner frequency variation is well within 1% In addition to Fig. 9, demonstrated in Fig. 11 is a tight control
for all three programmable corner frequencies, as intended afdhe frequency response for ambient temperature variations
necessary for the application in mind. from —40 to +85°C. These results reaffirm the required corner

Shown in Fig. 10 is the comparison of measured (solid linéequency accuracy obtained via switched-capacitor implemen-
and simulated (dashed line) frequency responses. The simuidion.
tion result is from the tool WATSNAP [19] where only the mod- Fig. 12 shows single-tone distortion measurements for three
eled finite-gain, two-pole op-amp is used in conjunction with fiprogrammable profiles. The input tones are=&t/3 of the
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MHz

Fig. 11. Ambient temperature variation frord0°C to+85°C.

Fig. 12. Single-tone distortion measurement.
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Fig. 13. Intermodulation distortion measurement.

was mentioned in Section Il that a semi-optimum node-voltage
scaling was used in order to maintain integer multiple ratios for
the double-sampling capacitors. In the SDV application, the
broad-band nature of the input signal will guarantee that the
internal nodes will never saturate.

Shown in Fig. 14 are the dynamic range (SNR) measurements
and simulation results obtained by incorporating techniques out-
linedin[16]and [17]. The lower plot is the integrated value (thus
SNR) of the noise floor shown in the upper plot. The measure-
ment results (solid lines) are well correlated to the simulation
results (dashed lines). This measurement as well as previous
distortion measurements include the noise/distortion from the
pseudodifferential output buffer (integrated next to output pads
only for the test/evaluation purposes) that can only degrade the
measurements. Simulation results indicate that the degradation
that may result from the test buffers is negligible.

Last, shown in Fig. 15 are the “Monte Carlo” measurements
similar to Fig. 9, except that these devices use only the purely
digital process—usingandwich capacitorsnade of poly and
all metal layers. The measurement results indicate a slightly
larger corner frequency variation due to higher random mis-
matches in the capacitors used, but more importantly shifted
(reduced) corner frequencies. This is due to somewhat crude
layout of noninteger size capacitors in these sandwich structures

corner frequency in order to capture the worst case situation {tie integrating and notch capacitors), and the large percentage
the dominant third harmonic. The measurements&8 °C are  of bottom-plate capacitance in comparison to the top-plate that
found to be about 2 dB worse. The multitone/intermodulatiomas not included in simulation. These factors can easily be taken
distortion shown in Fig. 13 displays further degraded perfointo account, and a set of accurate corner frequencies may be ob-
mance in comparison to the single-tone test. This is mainigined. The only significant drawback in the all-digital process
due to the fact that the peaks of the filter frequency responisgplementation is the increased capacitor area, approximately

at some of the internal nodes are greater than Q=B dB). It

by a factor of two.
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Fig. 14. Noise floor and SNR measurement (solid) versus simulation (dashed).
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Fig. 15. Measurement of purely digital process implementation.
[13]
V. CONCLUSIONS (14]
[15]
A programmable high-frequency, double-sampling,[16]

switched-capacitor filter implementation was described.
The bilinear fifth-order elliptic filter prototype demonstrates
accurate performance required by the multirate switched digitd}7]
video application in mind. For the given 51.84-MHz clock [18
(sampling rate of 103.68 MHz with double sampling), the
successful demonstration of digitally programmable corner
frequencies of 8, 12, and 20 MHz allows a compact andlg]
flexible use of this type of filter implementation for variety

219

of applications where programmability is needed, even for
a large corner frequency to sampling frequency ratio. Filter
architectural issues as well as op-amp design tradeoffs were
mentioned. Pros and cons of the final implementation as well
as the important aspects of double-sampling schemes were also
discussed.
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