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A Double-Sampling Pseudo-Two-Path BandpAs$ Modulator
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Abstract—A double-sampling pseudo-two-path bandpasAA X ALl

. ! Bl/. \NAL
modulator is proposed. This modulator has an output rate equal /Bl
to twice the clock rate, usest /2 operational amplifiers (op-amps) B1/. Cal 4
for an nth-order noise transfer function, and has reduced clock Cl/]—l \BL}
feedthrough in the signal path band. The required clocks can + + ci, Obl 3!
be simpler to implement than the conventional pseudo-two-path i )l e _ ';; \ci]
techniques. The measured signal-to-noise ratio and dynamic range 2\ s ! ]—l ol
of the fourth-order double-sampling pseudo-two-path bandpass & + Cel &
AY modulator in a 30-kHz bandwidth at a center frequency 27 N\ \
of 2.5 MHz (at a clock frequency of 5 MHz) are 62 and 68 dB, [N JI 2\ + -
respectively. Vin ¢ > Vout

c2
Index Terms—Bandpass AX modulator, double sampling, V. ){ Y. - +
pseudo-two-path. it 1:
c4 Cly/. Ce2
2/ i/ | pAL/. AR
I. INTRODUCTION i 2 81, oy ¥
N modern wireless communication systems, the increasing ) L. bg:_a.
progress in CMOS technology has made it possible for appli- A/ Caz +
cations not only for digital signal processing in the baseband but B/ NALJ
also for analog signal processing in the intermediate-frequency .~ P!
(IF) and radio-frequency bands. Bandpass modulators [1] Lt
provide a method for performing analog-to-digital conversion e lnln
of IF signals. There exist many methods to realize switched-ca-
pacitor bandpass such as the LDl and FE types [2], the two-delay 2 LU
type [3], the low-pass filter synthesis type [4], the high-pass filter S S I N
synthesis type [5] and the pseudo-two-path type [1], [6]. The Bl [
two-delaytype [3]usestwodelay cellsinanegative feedback loop ct L1

torealizez=2/(1+ 2~2).Since halfthe periodisidle,itcanbeused

for double sampling. However, the LDI and FE types as well &%. 1. The proposed double-sampling pseudo-two-path bandpass filter.
the two-delay type require four op-amps to realize a fourth-order

bandpasa modglatorQ. TheIow-anssflltersyntheas method[4gnaderiet al. [7] proposed a circulating-delay-type filter and a
uses alow-pass filter™/(1 — 277). It appropriately changes g am.type PNP filter, which are suitable for narrow-band band-
the input and output polarities to synthesize a bandpass filigsss fiters. Since there is a noise peak in the center of the pass-
—z77/(1 + z77). The required number of op-amps is reducefanq several improved versions were presented [8]-[10].

by hf_;llf, sincethe same op-ampis s_hared._The high-passfilter synrpe double-sampling technique [11]-[13] is an efficient way
thesis [5] uses a pair of high-pass filters withf /(1 + z~) a2nd to increase the oversampling ratio (OSR) by a factor of two in
utilizes thetime-multiplexedtechniquetorealiz€ /(1+272). 3 Ax: modulator without increasing the clock rate, the settiing
A new double-sampling, pseudo-two-path bandpa¥smod- ime and dc gain of op-amps, etc. The proposed double-sam-

ulator requiring a reduced number of op-amps is presentedpimqg bandpas&\3; modulator is described as follows:
Section Il. Circuitimplementations are given in Section Ill, and

the measuredresults are discussedin Section V. A. Double-Sampling Pseudo-Two-Path Bandpass Filter

Fig. 1 shows the proposed double-sampling pseudo-two-path
bandpass filter and its clock phases: clkl, clk2, clkAl, clkB1,

Since the pseudo?-path (PNP) filter has only one physicaland clkC1. Capacitor pairéC1,C2) and (C3,C4) are the
path, it can overcome the sensitivity due to path mismatctampling capacitors, which are sampled at clkl and clk2,
respectively. Capacitor pair§Cal, Ca2),(Cb1,CH2) and

cl, Cc2) are the storage capacitors. To analyze the proposed
Manuscript received January 7, 1999; revised October 4, 1999. This wo<r€ ] ) Y P y prop

was supported by the National Science Council, Taiwan, R.O.C., under Gr&'ﬁcwt, Fig. 1 has been divided into three equwalent circuits

NSC88-2215-E-002-030. according to the clock phases, clkAl, clkB1, and clkC1, as
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Isi@cc.ee.ntu.edu.tw). Assume that all the values of the capacitors are
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Il. CIRCUIT DESCRIPTION
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Fig. 2. (a) Clock phase clkC1. (b) Clock phase clkB1. (c) Clock phase clkAl of Fig. 1.

clk2 is low, and clkC1 is high. The input voltage,(n)  vout(n+5) = vin(n+4) — vou(n+3), attimen+5. (3)
is sampled to the capacitor pafiC'l,C2). The capacitor
pairs (C3,C4) and (Cbl,Cb2) perform charge transfer
to the capacitor pair(Ccl,Cc2). The output voltage Vout(n + k) =vinn+k—1) —vou(n+k—2) (4)
Vowt(n) = wvinn — 1) — vou(n — 2) appears at the ca- _ )

pacitor pair(Ccl, Cc2), wherevi,(n — 1) was sampled to where k_ is an integer .and gregter than two. Thgrefore_, the
(C3,04) at timen — 1 andwew(n — 2) was the voltage of #-domain transfer function of (4) 18_1/(14-2_2.). This circuit
(Cb1,Cb2) at timen — 2. At the same time, the charge in thaPerforms the double-sampling function gnd it needs only one
capacitor pair(Cbl, Cb2) is set to zero, which can be used®P-amp for a second-order system. Since the frequency of
for storing charge at time + 1. At time n + 1 (shown in clkAl, clkB1, and cIk(_:l is _tW(_)-thlrds that of clk1 and clk2, the
Fig. 2(b)), the voltag@ou: (n + 1) = vin(n) — vout(n — 1) clogkfeedthrough noise will lie afs/3, 2fs/3, andf;, where

is stored to(Cb1, Cb2). At time n + 2 (shown in Fig. 2(c)), fs is the sampling rate. Fortunately, noise peaks lie out of the
Vout (1 + 2) = vin(n + 1) — vou(n) is stored to{Cal, Ca2). modulator's band.

If the procedure is repeated, one can get the following expr
sions:

Vout (M+3) = vin(n+2) — vour(n+1), attimen+3 (1)

Itis a complete circle from time to timen+35 for performing

B Fourth-Order Double-Sampling Pseudo-Two-Path
BandpassAY: Modulator

_ In Fig. 3, the capacitor pais_s1, Cs2) and(Cs3, Cs4) are
Uout(n+4) = vin(n+3) — vour(n+2), attimen+4 (2) ysed for storing the output of the bandpass modulator at clk1 and
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Fig. 3. The proposed fourth-order double-sampling pseudo-two-path banfipassodulator.
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Fig. 4. The feedback DAC of Fig. 3.

clk2, respectively. Because of the double-sampling property, tr
outputs of the bandpass modulator are sampled both at clk1 and
clk2; otherwise, the value will miss at the next clock phase. THg. 5. The folded-cascode op-amp and the CMFB circuit.
practical implementation of the feedback digital-to-analog con-

verter (DAC) is shown in Fig. 4. The feedback DAC signal is TABLE |

directly connected to the input capacitor and performs addition. SIMULATION RESULTS OF THE
ConnectingVref+ or Vref— to the feedback DAC depends on Op-AmMP
whether the digital outpugn (or ¢im) is high or low. If gn is o
. . g . C gain 56 dB
high, V_ref— is Connected to REF1 in Fig. 4(b) at the phase of Phase margin___ |60
clk2. SinceVref— is lower thanVcm, there would be more Unity-gain freq. |107 MHz@CL=1pF
charge stored in the sampling capacitors and the addition is ac- Slew rate 35V/us @CL=1pF
; iR e eimi ; Settling time 15 ns @error<1%
complished. The operation is similar when is low. Output swing 10 3VI TV
VDD 33V
Ibias 75uA
lIl. CIRCUIT IMPLEMENTATION Power 2.5mW

The proposed fourth-order double-sampling pseudo-

two-path bandpasa: modulator is implemented in a 0.36n clock generator is used to generate the clocks, clkl and clk2.
double-poly, double-metal CMOS process. With a 3.3-V supphhe extra clocks, clkAl, clkB1, and clkC1 are generated by
voltage, the reference voltages are set at 1.3 and 2.0 V, c8Rlft registers, some logic gates, and the clocks, clkl and clk2.
tered at a common-mode level of 1.65 V. The folded cascode
amplifier with the switched-capacitor common-mode feedback
(CMFB) circuit [14], as shown in Fig. 5, is adapted in the
modulator. Its simulation results are shown in Table I. A folded The die photograph of the proposed bandpadsmodulator
cascode amplifier with a class AB output stage and two on-chigpshown in Fig. 6. In order to avoid noise coupling between
resistors are used to generate the analog common voltage, healog and digital blocks, separated analog and digital power
V, from the supply voltage. Regenerative feedback comparatarsd ground lines are used. Off-chip bead inductors and decou-
[15] with latches are used in this design. The nonoverlappimpding capacitors are also usedto reduce noise coupling. The

IV. EXPERIMENTAL RESULTS
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Fig. 8. The measured output SNR versus input amplitude of the proposed
fourth-order bandpass modulator.
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Output g L TABLE 1II
() PEAK SNRWITH DIFFERENTINPUT FREQUENCIES IN A30-kHz BANDWIDTH
T MHz | dB
fs | fin | SNR
8 [ 40 ] 33
7 135145
6 | 3.0 | 53
@ 5125 62
s - . . 4 20| 62
HEERERRE
‘ 25 [ 125 ] 65
Output : . hysteresis and delay of the comparator, and clock timing jitter.
(dB)~ ' The major SNR loss from the theoretical 90 dB calculated from

fs =10 MHz (2x 5 MHz), bandwidth= 30 kHz, and OSR=
167 is discussed as follows.

The nonidealities of the integrator are due to the large
nonconstant resistance of the switches, the finite slew rate
and nonlinear settling characteristics of op-amps, and the
sample-and-hold noises caused by switches and op-amps [16].

Nommals Based on HSPICE simulations, by using the switches with the
omalzed Frequancy ¢ . .
constant turn-on resistance (109 and the practical op-amps
(b) in Fig. 5, the peak 75-dB SNR for the proposed modulator can
Fig. 7 (a) The output spectrum of the proposed fourth-order bandpass achieved. To keep the turn-on resistance of the switches
modulator forfin = 2.5 MHz. (b) The output spectrum of the proposed . . .
fourth-order bandpass modulator fom = 2.49 MHz. constant, th(—_: clock boostmg tephnlques an_d the CMOS switches
can be applied. The nonidealities of the integrators must also

. . .be improved to achieve the theoretical SNR. Moreover, the
sampling frequency is set to be 5 MHz. Its power consumptio

is 5.5 mW. The absolute capacitance of all capacitors is set t8 set, finite 9‘?“”’ and bandwidth of op-amps and capacitor
BF except for the capacitor paif€'s1, C's2) and(C's3, C'sd) mismatches will also degrade the performan(_:e of the proposed
which are 0.2 pF. Fig. 7(a) shows a7typical output s’pectrl’Jm n}odulatqr [16]. Table Ii .I|sts. the peak SNR W'th respect to the
the proposed modulator with, — 2.5 MHz, and Fig. 7(b) 8|fferent input frequencies in a 30-kHz bandwidth. Moreover,

o - ~ .7 the 2% variation of the duty cycle (from 50% to 48%) will
shows the output spectrum wifly, = 2.49 MHz. Fig.7(b) indi- degrade the peak SNR to 57 dB in a 30-kHz bandwidth at
cates the suppression of the mirror signal is 43 dB. Fig. 8 sho

the measured signal-to-noise ratio (SNR) versus input ampli- Hz sampling rate for our modulator.

tude in 30-, 100-, and 200-kHz bandwidth at 5-MHz sampling

rate. Because of double sampling, the effective sampling fre- V. CONCLUSION

guency equals 10 MHz. The peak SNR’s are 62, 56, and 52 dBA fourth-order double-sampling pseudo-two-path bandpass

and the dynamic ranges are 68, 60, and 54 dB, respectively. A3 modulator has been proposed and shown. The experimental
The nonidealities that degrade the modulator performan@sults are given to demonstrate the feasibility of the proposed

may be contributed by the nonidealities of the integrator, thogrcuits.
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