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Abstract 
A novel “current-mode ” Jumpling architecture for sample-and- 
hold ( S b H )  ampli$ers results in a substantial reduction in error 
due to sampling clock jitter and aperture time. These reduced 
errors make possible a substantial reduction in power over a 
conventional “voltage-mode ” S b H  with the same sample rate. 
In order to demonstrate the pegormance of this architecture, a 
S&H with 4 subsampled parallel outputs has been designed 
using less than 2mm2 die area in a 1 . 2 ~  CMOS process. 
Operating at 100 MS/s the circuit dissipates only 25mW of 
power. Integral nonlinearity of the S&H circuit is less than 0.4%. 
Simulation results of the second generation S&H circuit with 
improved common-mode rejection will also be presented. 

Summary 
An architecture for implementing very-low-power high- 

speed sample-and-hold (S&H) circuits with 0.1 %-0.5% nonlin- 
earity has been developed. An additional feature of this architec- 
ture is that it naturally generates outputs on parallel channels at a 
lower sampling rate, potentially allowing system designers to em- 
ploy lower power circuits in subsequent operations such as A/D 
conversion. Even at 100MS/s, the total power required by proto- 
type S&H and clock generator circuitry is only 25mW. This is 
1 OX smaller than the power required by a comparable S&H cir- 
cuit presented at ISSCC in 1992 [I]. Further, because sampling is 
done in the current domain rather than the voltage domain, sensi- 
tivity to the slope of the input, jitter in the sampling clock, and 
slope of the sampling clock are all dramatically reduced. In this 
summary we will first describe the S&H architecture, then de- 
scribe the 100MS/s prototype that has been designed, and finally 
present an improved design that overcomes the common-mode 
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Fig. I : Sample-and-Hold Architecture 
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problems discovered in the first prototype and achieves 200MS/s 
operation while requiring only 25mW of power, 

Current-Mode Sample-and-Hold Architecture 
The basic idea of the S&H architecture is to first convert the 

voltage input signal into a current, and then to apply that current 
to a discharged capacitor for a fixed period (see Fig. 1). First the 
switches labeled R would be closed, allowing the capacitors to 
discharge. Then the switches labeled S would be closed for a fixed 
period of time, T,. This type of sampling is similar to the sam- 
pling phase of a dual-slope AID converter in that it integrates the 
signal over a window in time. The advantage of this architecture 
is primarily its relaxed requirements on the sampling clock jitter. 
In addition, there are circuit design advantages to switching cur- 
rents instead of voltages. 

For an impulsive S&H sampling a 5OMHz 1 V 0-peak ampli- 
tude sinewave, the worst case input slope is at the zero crossing 
and is 0.314V/ns. If we required a sampling error of less than +/- 
0.5% of full scale (in this case +/-IOmV), then the allowable jitter 
in the sampling clock is only +/-32ps. Now consider the case of 
the single-ended integrating S&H shown in Fig. 1 at the left. Con- 
sider the error resulting from jitter on the clock defining the end 
of the window. The greatest error occurs when the largest signal 
is being integrated - in our example this is a 1V signal. For the 
sake of this example, assume that the gain of the V/l converter and 
the value of the capacitor are selected so that a IV input results in 
a slope at the output of O.IV/ns. With a +/-1V full scale input 
range, the full scale output is (+/-TS/lOns) Volts and the allow- 
able error is (+/-TS/1000ns) Volts. The allowable jitter for a max- 
imum error of 0.5% of full scale is therefore +/-Ts/lOO. The larger 
we make TS the more relaxed the specification on jitter becomes. 
For example, if we integrate for the entire clock period of a 
lO0MHz sampling clock, then Ts=lOns and the jitter can be +/- 
loops. Note, jitter on the clock that defines the beginning of the 
sampling window also results in an equivalent error. Assuming 
that these two jitters are uncorrelated random disturbances, the 
clock jitter that can be tolerated on either edge is roughly 70ps - 
over twice that of allowed by the impulsive S&H. Note, the same 
result holds for the fully-differential version of the integrating 
S&H, Fig, 1 on the right. Although there is a large bias current, 
Ts, flowing in addition to the signal currents, jitter in the position 
of the window edges only results in a common-mode error. The 
differential error resulting from sampling clock jitter is the same 
as for the single-ended version analyzed above. 

One drawback to an integrating S&H circuit is that it alters 
the frequency characteristics of the signal being sampled. An in- 
tegrating S&H is equivalent to an ideal impulsive sampler operat- 

26.1 . I  

IEEE 1995 CUSTOM INTEGRATED CIRCUITS CONFEREiNCE 

543 

0-7803-2584-2/95 $3.00 01995 IEEE 



ing on the output of a filter whose impulse response is a “boxcar” 
in time of duration TS centered at the origin. The frequency re- 
sponse of this filter is 

The first zero of this transfer function occurs at frequency of 
I/Ts and at a frequency of 1 / 2 T ~  the signal gain is 0.637 (roughly 
-4dB). In general, TS would be less than or equal to the sampling 
period, which results in a worst-case attenuation of the signal of 
4dB. In applications where this gentle lowpass filter characteristic 
can be tolerated integrating for the full sampling period minimiz- 
es the bandwidth of the necessary clock signals. For example, 
many video applications oversample the input signal somewhat in 
order to decrease the demands on the anti-aliasing filter. Howev- 
er, when less attenuation at the Nyquist frequency is required, TS 
can be made a fraction of the sampling period. For example, if TS 
is half of the sampling period, the gain is 0.9 (roughly -1dB) at the 
Nyquist frequency. In the limit of TS approaching 0 the integrat- 
ing sampler reverts to an impulsive sampler and the gain at the 
Nyquist frequency becomes 1.0. This lowpass filtering of the in- 
put signal can be compensated for by either an analog prefilter or 
a digital (assuming an A/D conversion will follow sampling) 
postfilter. This slight amount of boost near the Nyquist frequency 
is a small penalty for the relaxed clock jitter tolerance of the inte- 
grating S&H architecture. Another by-product of the above trans- 
fer function is that it performs some anti-aliasing filtering which 
may simplify the design of the anti-aliasing filter that must pre- 
cede any S&H. 

In a Nyquist-rate sampling application, a new sample must be 
taken every clock period. However, the operation of the circuit 
described in Fig. 1 requires integration over a periodTS (frequent- 
ly as long as the clock period itself) plus time to read out the re- 
sults and time to discharge the capacitor so that i t  can begin inte- 
grating the next sample. The solution to this requirement is to 
have a number of parallel capacitors. Fig. 2 indicates how the 
above architecture can be naturally extended to create any number 
of parallel outputs each operating at a lower frequency. This not 
only allows TS to be as large as the full sampling clock period, but 
i t  allows extended time for reading out the sample values and for 
discharging the capacitor (possibly more than one clock cycle for 
each operation. 

Fig.  2: S-H architecture with interleaving 

100 MS/s S&H Design with 4 Output Channels 
In order to demonstrate the viability of the new S&H archi- 

tecture, a 100 MS/s sample-and-hold (S&H) circuit with 4 sub- 
sampled parallel outputs was designed in a 1 . 2 ~  CMOS process. 
Fig. 3 shows a die photo of the experimental chip. The active cir- 
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Figure 4 

cuit area was less than 0.8 mm2. Fig. 4 shows the basic V/I 
(transconductor) cell. Fully differential circuity is used in order to 
improve the linearity of the transconductor and in order to achieve 
good high frequency power supply noise rejection. Transistors 
M1 and M2 are operated deep in the linear region and transistors 
M3 and M4 are used to hold the drain voltages of MI and M 2  
roughly constant resulting in a differential output current that is 
linearly proportional to Vi,+ - Vin-. This is similar to the BiCMOS 
transconductor in [2] except that M3 and M4 were replaced by 
BJTs and a tail current source was used. Simulation indicates a - 
3dB bandwidth for this transconductor of over 1 GHz at a bias 
current of only 200pA. The common-mode output current de- 
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pends on both VB and the input common-mode voltage. The lin- 
earity of this transconductor cell is limited by the nonlinear vari- 
ations in the drain voltages of M1 and M2 as a function of their 
currents. Therefore, a feed-forward cross-coupled compensation 
scheme to keep the drains of M1 and M2 at a fixed potential, 
shown in Fig. 5 ,  was used to improve the overall linearity. 
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Figure 5 

Because the switches are actually steering current, an ECL- 
like circuit topology can be adopted. The clock drivers only need 
to swing a fraction of the power supply voltage. Half of one cell 
of the current steering switches is shown in Fig. 6. The high and 
low voltages of the inverter driving the switch gates is adjusted so 
that the selected switch transistor is in the saturated region and 
acts as a cascodc increasing the output impedance of the transcon- 
ductor and the other switch transistors are off. 
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Figure 6 Iin+ 
Finally, one of the 4 capacitor load cells is shown in Fig. 7 

with the necessary common-mode feedback circuit. Mismatch be- 
tween the integrating capacitors and mismatch between the reset 
switches in the 4 channels is the most significant source of fixed 
pattern error (channel mismatch error). However, because a full 
sampling clock period is available to discharge the cap,acitor, rel- 
atively small reset switches can be used which reduces the chan- 
nel offset mismatch errors from this source. In the prototype de- 

sign 2 2 8 p l 1 . 2 ~  PMOS transistors were used as reset switches and 
SpF capacitors were used for integration. Monte Carlo simulation 
experiments predict a standard deviation of about 0.02% of full 
scale for channel offset mismatch for the prototype design. There- 
fore, the dominant source of fixed pattern noise is mismatch be- 
tween the capacitors themselves, which results in a gain mismatch 
error with a standard deviation of roughly 0.05%. Note, the fixed 
pattern offset error can be further decreased by cancelling the off- 
set of each channel separately. This would only require inserting 
one additional output unit so that a full clock period is available 
to sample the offset after the reset phase and before the integration 
phase. 

Experimental Results 
Measured performance of the experimental prototype at vari- 

ous sample clock frequencies is shown in Table 1. Note that the 
power dissipated by the analog circuitry is relatively constant at 
about lOmW while the power required by the CMOS clock gen- 
erator circuit increases with clock frequency as expected. Even at 
lOOMS/s, the total power required by the S&H and clock genera- 
tor circuitry is only 2SmW. In addition, the input impedance is 
constant (just the transconductor gate capacitance), independent 
of clock phase. Fig. 8 illustrates typical differential output voltag- 
es from the S&H at different input voltages: (a) +10OmV, (b) 
+50mV, and (c) OmV. +/-1OOmV is the full scale for a clock peri- 
od of loons, the clock period for Fig. 8. Note, the full scale input 
increases to +/-1V for a clock period of lOns (the minimum al- 
lowed period). Clearly visible in Fig. 8 are l clock period of reset, 
1 of integration, and 2 in which the output value is held for read- 
out.The nonlinearity of the S&H circuit is dominated by the non- 
linearity of the input transconductor. Fig. 9 show the transfer 
function for the S&H circuit operated at 10Ms/s, SOMs/s, and 
1 OOMs/s. Below SOMS/s, the peak nonlinearity remains below 
0.2%. At 100MS/s it rises to 0.4%. 

CHOLD 
Input  range 
(fully differential) 

Output  range 
(fully differential) 
Input  Impedance 

DC offset  
Fixed pattern Offset  

Table 1 

5PF 
+1 v 

+IO0 mV 

0.26pF 
4 . l m V  

0 . 4 5 m V  std.  dev .  
(based on Monte Carlo 

simulation, not  measured)  
Non-linearity 0.2% (< 5OMS/s) 

0.4% (1 OOMS/s) 
Max imum Sampling z 100MS/s 
Frequency 
Power  dissipation 1 OmW 
(analog) 
Power  dissipation 1 5 m W  (at  100MS/s) 
(clock generation) 
Power  Supply Voltage Single  +5V Supp ly  
Act ive D i e  Area 0.8mm2 
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Fig. 9:voltage Transfer Curve 
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Design Improvements 
We discovered in testing the prototype S&H that the large 

common-mode signals across the capacitors, though they do not 
generate an error in the differential signal, greatly complicate the 
design of output circuitry. Therefore, a second generation inte- 
grating S&H circuit has been designed to remove common-mode 
variations. The common-mode feedback circuit shown in Fig. 7 
has been replaced with fixed current sources. This necessitates 
adding a pair of matched tail current sources to the transconduc- 
tor. In addition, when the cell is being read out and discharged. a 
pair of matching tail current sources, without a transconductor, 
must he connected to keep the upper bias current sources from 
charging the capacitors. The final difficulty that must be over- 
come is applying a fixed VDs to M I  and M2 in the transconduc- 
tor. Because the sources are not at ground, we cannot simply ap- 
ply a fixed voltage to their drains. Instead, the transconductor has 
been modified to form a fully differential 4-quadrant transconduc- 
tance multiplier as shown in Fig. 10. With a fixed difference of 
0.5V on the V, differential input, the circuit provides a fixed 
transconductance. Simulation results indicate that this modified 
circuit architecture achieves even faster operation (200MHz) at 
the same power and avoids large high speed common-mode ex- 
cursions. Detailed simulation and experimental results will be 
presented. 

Conclusions 
We have demonstrated a S&H circuit which can operate at 

100 MS/s while consuming only 25mW in a 1 . 2 ~  CMOS process. 
This represents an order of magnitude less power than a recent 
S&H circuit with similar performance in a 1.21.1 BiCMOS process. 
Further, the parallel outputs of this S&H architecture make it a 
natural choice in low power systems. 
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