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A Wide Input Bandwidth 7-bit 300-MSample/s Folding
and Current-Mode Interpolating ADC

Yunchu Li, Member, IEEEand Edgar Sanchez-Sinenckellow, IEEE

Abstract—A  7-bit Nyquist folding and interpolating M Tesh 102

analog-to-digital converter (ADC) that converts at 300 MSamples/s
is presented. Using current-mode signal processing techniques
for analog preprocessing and a front-end sample-and-hold, the
proposed 7-bit folding and interpolating ADC yields a wide input Analog Prepr
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bandwidth up to 60 MHz with six effective number of bits. The | Foudingeinterpolation _ 1~ ~=== N

ADC consumes 200 mW from a 3.3-V power supply. The chip
occupies 1.2 mm active area, fabricated in 0.35xm CMOS. Vi

Index Terms—Current comparator, current-mode interpola-
tion, folding and interpolating analog-to-digital converter (ADC),
OTA-based folder, time interleaving sample-and-hold.
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I. INTRODUCTION

Fli SR re cos

IGH-SPEED analog-to-digital converters (ADCSs) are key

elements in the read channel of optical and magnetic data @)
storage systems. The required resolution is low (67 bits), while |
the sampling rate and effective resolution bandwidth requir hFo R Rz Fs FafsFeFr
ments increase with each generation of storage system. For ™ O PRIRRN
ample, a 16 DVD system demands a 7-bit 432-MSamples/™"** 177777 """""
ADC [1]. Such an ADC should exhibit low latency and gooc
linearity. tmia Adofofodfo LY

Folding and interpolating (F&I) ADCs have been shown t
be an effective means of digitizing high-bandwidth signals :

low-to-medium resolution with high sample rate. Althougt™" M \M

CMOS technology is less suitable for this architecture b¢ '™

cause of lower transconductance and relatively modest dev 0 114 112 314 1
matching, F&l ADCs with sample rates as high as 400 MSan . Full Scale of the ADC »

ples/s (6 bit) have been reported [2]-[8], but unfortunately (b)

Some. Converte.rs bandwidths [3]_[6] are much smaller th%ri]g.l. Conventional implementation of 5-bit F&I ADC. (a) Simple schematic.
Nyquist bandwidth. (b) Folding waveforms to show how 32 zero crossing points are generated.

In this brief, we analyze the bandwidth in F&l ADCs andNp = 2,Fr = 4,F, = 4))

propose solutions to obtain larger bandwidth. Section Il de-

scribes the basic F&I ADC architecture and the nonidealiti@ — 1 comparators are required for afrbit converter. This is

that limit its performance. Section Il details the implementatiooften the largest part of such a chip in power, device count, and

of building blocks of the proposed F&l ADC, and Section IVarea. The analog folding architecture allows each comparator

presents the experimental results. Conclusions are presentewidetect more than one zero-crossing points; the number of

Section V. zero crossings is referred to as the folding factor, and it reduces
the number of comparators by nearly the same factor. A simple

Il. FOLDING PRINCIPLE block diagram of a 5-bit folding ADC and its folding waveforms
The main motivation for an F&l ADC in comparison with ais depicted in Fig. 1. In this case, each comparator can detect

flash ADC was the dramatic reduction of the number of Corr§our zero-crossing points. A 2-bit coarse quantizer is required

arators required in the desian. In a full-flash ADC architecturt6 determine two MSBs since the folding transfer characteris-
P q an. fits are periodic. In this example, the 5-bit F&I ADC uses 12
comparators whereas a full-flash 5-bit ADC would require 31
Manuscript received September 27, 2002; revised March 18, 2003. _comparators.
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Fig. 3. SNDR degradation versus input signal frequency on 7-bit F&l ADCs

Fig. 2. Frequency multiplication effect (upper trace is input signal, lower tra%th and without front-end S/H

is output of folder).

waveformsNp, folding factor Fr, and interpolation factof; ~ 'esistor mismatch. Care should be taken to ensure thathe

by constant formed by these resistors and the input capacitances of
comparators and parasitic capacitance does not limit the system

N =log,(Np - Fr - Fy) (1) sample rate. To drive the low impedance interpolating resistor

ladder, wide-band low output impedance buffers must be used

For a given resolution, the choice 8fp, Fr, and F7 usually between folders and interpolators. In many designs [5], source

involves tradeoffs among resolution, bandwidth, and cost. Fallowers are used to implement the buffer, which has very

the 7-bit F&l ADC, we choosé&Vp = 4, Fp = 4, andF; = 8 limited voltage swing with low power supply voltages, how-

based on behavioral simulation results. ever, a large voltage swing is essential to yield an acceptable
signal-to-noise ratio (SNR).
A. Frequency Multiplication Effect Current-mode interpolators [2], [9], in which signals are rep-

The frequency multiplication effect is inherent to folding®Sented by current swings, are more suitable for low-voltage
ADCs due to the “folding” transfer characteristic of foldersdesign. Strictly speaking, the current-mode interpolator in
As shown in Fig. 2, a # folder converts a 1-MHz full-swing [2] should be called “transconductance-mode” interpolation,
continuous-time sinusoid input to a higher frequency signdl®cause the input signal of the interpolator is a voltage signal.
Thus, the folder and interpolator must have much highdhus, it still has a voltage swing problem at the output of the
bandwidths or the ADC performance will suffer. The frequencyPltage-mode folder. .
multiplication effect is proportional to the folding factd?, ~ e propose a different approach to implement true cur-
and also depends on input signal amplitude. rent-mode analog preprocessing which combines an operational

We use a front-end sample-and-hold (S/H) block to alleviafi@nsconductance amplifier (OTA)-based folder with a cur-
this problem. For a discrete-time system with sample fate rént-mirror-based interpolator to alleviate voltage swing
the signal frequency cannot exceed Nyquist frequerfcy2). d|ff|Cl_JIt|es. As _shown in Fig. 4, thg signal processing of folding
Behavioral models are constructed to analyze the impact@td interpolation are both carried out in current mode. A
frequency multiplication on 7-bit 300-MSamples/s F&I ADCSYStem block diagram of our proposed grchltecture is illustrated
with/without front-end S/H. We fix the folder's bandwidth at Fig. 5. Here, four folders are used in our system to reduce
300 MHz and sweep the input frequency from dc to Nyquié'ﬂe interpolation error caused by nonlinear “pseudosinusoid
rate. The behavioral simulation results of four cases, with affjder ransfer characteristics. The aforementioned S/H block
without S/H, are compared in Fig. 3. The 3-dB bandwidthdecedes the F&I ADC to alleviate the frequency multiplication
of F&l ADCs with 4x and 8« folders without S/H are 42 €ffect and boost the dynamic performance. Current-mode
and 27 MHz, respectively. As shown in the two upper tracégnal processing is used in the fine quantizer path to reduce
in Fig. 3, the F& ADCs with S/H maintain much bettervoltage swings and achieve high speed.
performances even at Nyquist rate.

[ll. CIRCUIT DESCRIPTION

B. Voltage-Mode and Current-Mode Interpolation In this section, we describe the ADC architecture and intro-

Ideally, an interpolator should generate equidistant zeduce its building blocks. The actual ADC is fully differential
crossing points. Resistor interpolators are used in mdsit, for the sake of brevity, most blocks are illustrated in single-
conventional F&l ADCs. In a resistor-based voltage-modended form. The block diagram of the proposed F&l ADC is
interpolating system, the interpolation accuracy is limited bshown in Fig. 5.
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sume the Nyquist tone can be suppressed by digital equalization
circuitry following the F&l ADC [11]. Clock edge realignment
circuitry is used to suppress timing mismatches in the two inter-
leaving paths.

B. Folded Cascode OTA-Based Folder
Different implementations of producing folding signals have

Follder been proposed since F&l ADC was first introduced, but the

MM&J—i N - most popular method involves the use of differential pairs

A,'n“;[f’tg = = i -b__. To dighal [2]-[8]. In all above cases, the outputs of differential pairs
= M"j? are connected to the relatively high impedance loads, while

Q i L e Io-v | V-Comp in our design the loads are common-gate amplifiers with low

< = Current Comparator input impedance, as shown in Fig. 4. This is the difference

between voltage-mode and current- (or transconductance-)
mode circuits. Current-mode circuits are usually considered
Fig. 4. Simplified schematic of the current-mode analog preprocessing in theore suitable for low-supply-voltage design because signals
fine quantizer channel. are represented by current swings, and they usually have
very wide bandwidth, but accuracy is not as high as that of
closed-loop voltage-mode circuits.

Interpolator

CP1-4

Coarse Bit

Quantizer Synchronization = ) X . )
- T - S | outout Five differential pairs are used to constructa#lder. When
. le | | -mmmmeee o ________JC00_____ 2 i . . .
N R e L the input voltage is swept from the lower to upper limit of the
TH°'dT | p{FosngoTAB Current Current 5 ADC input full scale, the differential pairs DP1, DP3, DP5 will
4, ¢ | [LENGOTAC Interpolation | | COmParalors generate positive slopes and differential pairs DP2 and DP4 will
) Folding OTA D ' . . . .
: e ke L ok generate negative slopes. The combination of all five output cur-
[ Current-Mode Signal Processing . ' rents produces a pseudosinusoidal folding transfer character-
. lga) istic. APMOS common-gate amplifier is used as a current buffer
w H i
I e B o to reduce the loading effect at the current summation nodes.
e I A S By adjusting the value of the five reference voltages connected
CLKc \ T\ — . . . . . . .
3 i to these five differential pairs, we can obtain different folding

At

(b) transfer characteristic curves with different phase, such@as
and F'4 as illustrated in Fig. 1(b). Source degeneration is used
Fig. 5. Proposed current-mode F& ADC. (a) Block diagram. (b) ClockO increase the linearity of the aforementioned differential pairs.
waveforms. Q# is used to compensate the delay difference, which is caused For a given input, all except one of the differential pairs are
by analog preprocessing, between coarse and fine paths.) saturated. The one differential pair that is active produces the
shape of the fold around the reference voltage connected to one
The analog input signal is sampled by the S/H unit, whic its inputs. The zero-crossing points are controlled by refer-
feeds four OTA-based folders yielding four primary folding curance voltages, therefore, the offset of each differential pair af-
rents. Current-mirror-based interpolators generate 32 foldifghts the linearity of the ADC directly. Offsets of differential
currents, from which 128 (7-bit) zero-crossing points are dggairs can be predicted by Pelgrom’s law [10]. Transistor sizes
tected by 32 comparators. The 32-bit code produced by the caiyst be large enough to ensure that the offset voltage is much
parators is called a cyclic thermometer code, which can be easjla|ier than one LSB of the ADC.
encoded into a 5-bit binary code. The five LSBs are combined|n order to generate fully differential folding current signals,
with the two MSBs from the coarse quantizer to form the 7-bjke voltage difference\V,.; between two adjacent reference
output of the F&I ADC. voltages in a folding block should satisfy

A. Time-Interleaved Sample-and-Hold 20N

The requirement on the S/H in an F&I ADC is no different AVier = [Veer(i 4 1) = Vees (0)] > 2 g
when compared with a flash ADC. The only exception is that
the S/H used in an F& ADC must settle faster, because the S/HThe above expression means that the linear regions of two
must leave time for the analog preprocessing units to fully settRdjacent differential pairs should not overlap each other.
For this reason, we chose the time-interleaved structure similar
to the S/H in [11]. Each path of the time-interleaved structufer
has the same circuit structure as the one used in [12]. A potentiallhe current gain of a current mirror is controlled by the
problem with interleaving is the mismatch (timing, gain, offses§ize ratio of the transistors. Therefore, we use a current-mode
between the two channels. Any timing mismatch or gain migiterpolator based on current mirrors. Current mirrors have
match results in an intermodulation between the input frequenside bandwidth, thus, they are suitable building blocks for
and half the sampling frequency. Any offset mismatch resulisgh-speed circuits. The accuracy of such an interpolator is lim-
in a tone at half the sampling frequency (Nyquist tone). We aised by the mismatch of the transistors. The design parameter

)

Simple Current-Mode Interpolation Circuit
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Fig. 6. Coarse quantizer and bit synchronization block diagram and waveforms. (Bit-syna’&gr@mes from fine quantizer and is the compared result from
folding signal F0.)

TABLE |
ADC EXPERIMENTAL PERFORMANCE SUMMARY
Technology 2-poly, 4-metal, .35um CMOS
Supply Voltage 3.3V
i ; i Input Range 1.6V p-p
: Active Area 1.2mm’
i ot shry bl Resolution 7-bit
ks Latency 2 Clock Cycles
T —oigital Encoten Conversion Rate 300MSamples/s
‘ S e Power Dissipation 200mW (@300MHz, excluding S&H)
Differential Non-linearity <0.6LSB
Integral Non-linearity <1.0LSB
SNDR 38dB 33dB
Fin for SNDR measurement 60MHz 160MHz
SFDR 45dB 38dB
ADC input capacitance 2pF
Chip Package TQFP64

In our design, the input impedance is small enough (about
5012) to make the voltage swing at current-mirror outputs neg-
Fig. 7. F&I ADC die photo. ligible. In comparison with the current comparators used in [6]
and [9], our comparator has lower input impedance.

is the interpolation gain, which is determined by the size ratio

between transistors MN2(MN4) and MN1(MN3) in Fig. 4E. Bit Synchronization
From an accuracy point of view, the impact of the following
current comparators’ offsets can be ignored if the combination
gain of the folder and the interpolator is high enough. Howev:
note that current mirrors with high current gain have lowek

Die Size: 2.4mm x 2.4mm

Bit synchronization circuitry must be used in F& ADCs
cause coarse and fine bits are generated independently.
he schematic of the coarse quantizer and bit synchronizer is

bandwidth. presented in Fig. 6. The coarse quantizer uses four voltage com-
parators to generate four cycle point&®,—-CP,. Together
D. High-Speed Current Comparator with a bit-sync signalCyy coming from the fine quantizer,

. . these four cycle pointers are used to generate the MSB and
Comparators are used to detect zero-crossing points of glkp 1 \yaveforms are shown on the right-hand side of Fig. 6.

the folding currents from the interpolators. Because simpllﬁ general, cycle pointer€P, andCP, are used for overflow
current mirrors are used in the interpolation block, volta d under;‘low detectiorCP» andCPs are used to define the

swings must be kept small to minimize errors caused by Sh.R}igB. SET and RST are signals that indicate whether the input
channel effects. The current comparator we propose COMPrIgfihal falls into the ADC input range. This information can

a very low input impedance current-to-voltage interface and used to adjust the gain of the signal conditioning circuit
normal voltage comparator, which consists of a preamp"ﬁﬁf'eceding the ADC.

and a clocked latch. Transistors MN5 and MNG6 in Fig. 4 form a ote that the MSB and MSB-1 bits are not derived directly
feedbgck loop to redu_ce the ipputimpedance..'ll'ht-:f small-sig%l:ln the coarse quantizer; instead, they are determined by
input impedance of this transimpedance amplifier is the bit-sync signat’yy, which comes from the fine quantizer
(Fig. 1); thus, the offsets of the coarse quantizer comparators

_ 1 9o5
Ry =—- @) are not critical.

Im6  gms5 ’
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TABLE I
COMPARISON OFHIGH-SPEED LOW-RESOLUTION CMOS FOLDING AND/OR INTERPOLATING ADCS
Process Bits | CLK SAH | Input BW Power Area Figure | Publication
(MHz) (MHz) (mW) (mm?) | of Merit
0.5um BiCMOS 6 400 No 80 200@3.2V 0.6 25.6 JSSC1998 [2]
0.8um CMOS 8 70 No 6 110@3.3V 0.7 14 JSSC1995 [5]
lum CMOS 8 125 Yes 5 225@5V 4 6 JSSC1996 [3]
0.35um CMOS 8 200 No 10 210@3.0V 0.96 12.2 ISCAS2001 [6]
0.5um CMOS 8 100 Yes 4 165@5V 1.68 6.3 JSSC2001 [4]
0.5um CMOS 8 80 Yes 5 80@3.3V 0.3 16 ISSCC1996 [7]
0.18um CMOS 8 30 Yes 4 18@1.8V 0.96 57 VLSI2001 [8]
0.35um CMOS 6 50 No 2 201V 4.8 6.4 JSSC2000 [9]
0.35um CMOS 7 300 Yes 60 200@3.3V 1.2 38.4 This Work
Sine-wave Phase Locked Clock !
Generator Generator

11 11
Balun ! Balun | Spectrum
§§» SAH! ADC T£'> DAC .%% Analyzer

"o 20 40 60 80 100 120

High Speed  —N{ Computer.
Logic Analysizer ——/| (Post processing)

Fig. 8. Test setup.

IV. EXPERIMENTAL RESULTS

The ADC was fabricated in a four-level metal double-poly i
0.35um CMOS process; only one poly layer was used, anc  ° % © e 190 120
the minimum gate length was 04m, using standard MOS
field-effect transistors. We use only the components availalll
in a digital process technology. The active chip area of the F&I
ADC is 1.2 mn?. A photomicrograph of the chip is shown in |
Fig. 7. Measured performance is summarized in Table I. A
300 MSamples/s, the ADC dissipates 200 mW from a 3.3-\
power supply. A block diagram of the test setup is given in
Fig. 8. Two high-speed synthesizers running withacommonrei
erence were used to generate clock and input signals. S

The measured differential nonlinearity (DNL) and integral§
nonlinearity (INL) are shown in Fig. 9. INL and DNL were &%|
generated using a code density (histogram) test [13] with 2
low-frequency sinusoidal signal. The spurious-free dynami
range (SFDR) and signal-to-noise-plus-distortion ratio (SNDR  *
are measured by postprocessing the acquired data with
discrete Fourier transform (DFT). Fig. 10 shows the SFDF
versus analog input frequency at 300-MSamples/s operatio p po
The effective number of bits drops to six when the input signa oL S SR SR R R
frequency is around 60 MHz. Input Frecuenoy (MH2 v

The measured bandwidth of the F&lI ADC is lower than
Nyquist, the bandwidth is limited by the time-interleavind:ig- 10. Measured SNDR and SFDR versus input signal frequency.
S/H. Although simulations show that S/H distortions are below
—57 dBc when it acquires full-swing 160-MHz sine wave adrchitecture is not a good candidate for very high-frequency
300 MSamples/s, the actual performance heavily depends ®fi unless self-calibration is employed.
the matching between the two time-interleaving paths, whichTable Il lists performances of some F&| ADCs appeared in
also relies on the placement and layout of components. The ptée literature and this work, where the figure of merit is defined
formance degradation due to timing mismatch becomes magFM= ((2" - BW)/(Powep)(MHz/mW), where input reso-
serious at higher input frequencies, thus this time-interleavihgion bandwidthBW is defined as the input signal frequency

'@. 9. Measured DNL and INL.

0
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at which the effective number of bits drops by 0.5 bit below dc [2] M. Flynn and B. Sheahan, “A 400-Msample/s, 6-b CMOS folding

resolution. In comparison with reported results, the proposed
ADC achieves a resolution bandwidth of 60 MHz. The pro- 3
posed F&l ADC yields a wide input bandwidth with relatively

low power consumption and only requires conventional digital "

CMOS process technology.

V. CONCLUSION

Due to their unique folding analog preprocessing, F&l ADCs 6
inherently have more serious bandwidth limitation problems
than their full-flash counterparts. The positive impact of a
front-end S/H on the frequency multiplication effect is substan- [
tial. Implemented in current mode, the folders and interpolators

and interpolating ADC,”IEEE J. Solid-State Circuitsvol. 33, pp.
1932-1938, Dec. 1998.

M. Flynn and D. Allstot, “CMOS folding ADCs with current-mode in-
terpolation,”IEEE J. Solid-State Circuitol. 31, pp. 1248-1257, Sept.
1996.

] M. Choe, B. Song, and K. Bacrania, “An 8-b 100-Msample/s CMOS

pipelined folding ADC,” IEEE J. Solid-State Circuitsvol. 36, pp.
184-194, Feb. 2001.

B. Nauta and A. Venes, “A 70-Ms/s 110-mW 8-bit CMOS folding and
interpolating A/D converter,JEEE J. Solid-State Circuits/ol. 30, pp.
1302-1308, Dec. 1995.

S. Kim and M. Song, “An 8-b 200 MSPS CMOS A/D converter for
analog interface module of TFT-LCD driver,” IProc. |IEEE Int. Symp.
Circuits and System2001, pp. 528-531.

7] A. Venes and R. J. Plassche, “An 80-MHz 80-mW 8-b CMOS folding

A/D converter with distributed T/H preprocessindBEE Int. Solid-
State Circuits Conf. Dig. Tech. Papepp. 318-319, Feb. 1996.

can reach higher bandwidth, and be compatible with lower[8] T. Sigenobuet al, “A 8-b 30-MS/s 18-mW ADC with 1.8-V single

power supply voltages. A very low input impedance current
comparator is proposed to compare high-speed interpolated
currents. A bit-synchronization scheme is proposed to not
only correct errors caused by the delay difference between tHeO!
coarse and fine quantizer paths, but also to detect the overflow
and underflow. The result is a high-speed low-power F&I ADCI11]

with a wide input bandwidth.
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