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Time Interleaved Converter Arrays

WILLIAM C. BLACK, JR.,

Abstract—High-speed monolithic converters normally use a variation
of the flash technique, which uses 2" comparators in parallel to obtain
a fast n-bit conversion. Although this method allows for high con-
verter bandwidth, it is not very: area efficient, and results in large die
sizes for even modest resolution converters. In the technique presented
here, a.number of small but area efficient converters are operated in a
time-interleaved fashion to achieve the bandwidth of a flash ‘circuit,
but in a substantla]ly smaller area, This technique is analyzed with
tespect to noise and distortion resulting from nonideal array character-
istics, and is Qemonstrated by way of a four-way array test-chip. This
chip consists of four time-interleaved 7-bit wenghted-capacntor A/D
converters, fabricated in a.10 um metal-gate CMOS process. Full 7-bit
lineayity is mmntalned up to a 2.5 MHz conversion rate, with operation
at reduced linearity contmumg to approximately 4 MHz. The design
of this chip, and anticipated charactenstlcs if fabncated ina modern
4-5] y,m process are described. : :

I. INTRODUCTION

‘HE advantages of digital signal processing and storage

techniques could be brought to many new application
areas, such as commercial television receivers, if high-speed
monolithic analog-to-digital (A/D) converters were available
at ‘a sufficiently low cost.” As present-day monolithic con-
verters use techniques which require large die sizes and/or
fairly exotic . fabrication processes, these circuits have
remained too expensive for many applications. Furthermore,
these A/D techniques will be exceedingly difficult to integrate
along with a VLSI digital signal processor because of the large
A/D die-size and/or process bandwidth requirements.

In the method presented here, the die-size and/or process
requirements of a high-speed - converter are considerably
reduced, by employing the converter-array technique shown in
Figi 1. In this approach, a number of small converters with
interleaved sampling times are used as if they are effectively a
single converter operating at a much higher sampling rate.
Analysis has shown that this technique may be used to achieve
a 'considerable‘ reduction in die-size and power dissipation over
other circuits, without sacrificing bandwidth or signal to noise
ratio. This method is easily implemented in an MOS technol-
ogy, allowing on-chip compatibility with dense digital signal
processors. Furthermore, this technique may be used to
achieve faster sampling rates than are possible with any single
convetter. ‘
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Fig. 1. Converter array technique uses a number of converters with
interleaved sampling times to achieve a fast effective conversion rate.
An n-bit, m-way array is shown.

II. ComPARISON OF HIGH-SPEED CONVERTER METHODS

Most high-speed monolithic converters can be grouped into
one of three basic types: the one-step flash, two-step flash,
and successive approximation techniques. In the first method
[1], [2], 2" comparators are used in parallel to obtain a fast
n-bit -conversion. Although this technique allows for large
converter bandwidth, it results in large die sizes for n > 6, and
has not been practical for n > 8. In the second approach, two
sets of smaller flash arrays (typically of n/2 bits each) are used
in sequence to obtain a fairly fast conversion rate (~% of
straight flash), yet in a modest die area, This technique has
been used to realize a 7-bit video converter in a double-level
metal bipolar process [3], although very fast MOS converters
of this type would be difficult to implement due to the re-
duced converter throughput. In the last approach, a simple
successive approximation technique is used, but in a very
fast process [4]. This technique is perhaps the smallest in
area per converter, but is also the slowest in a given process.
It is doubtful whether this method by itself will soon be used
in any MOS converter circuit which achieves video bandwidths.

A summary of the relevant characteristics of these tech-
niques is presented in Table I. In this table, it has been
assumed that each method has been implemented in a similar
MOS process, and where relative values may vary by perhaps
30 percent depending upon specific assumptions. It has been
assumed for the successive approximation converters, that
binary-weighted capacitors [5], or their equivalent, are used
in the respective designs. '

A figure of merit which is rarely cited in converter literature,
is the relative throughput per unit chip area. This is listed for
each of the converter types in the last column of Table I. As
is evident, the converters which display the best area efficiency
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TABLE 1
SummMArY oF HiGH-SPEED MOS A/D CoNVERSION TECHNIQUES (7-B1T)
Method Relative Time Slots Throughput
Die Size | per Conversion | per Area
D T 0=7) 1/(DeThn=z
xi0
« |-Step Parallel 2" 2 4
(Flash)
. 2-Step Parallel | 322 3-4 79
(1/2-Flash) .
+ n-Step Sequentigi[ L3n n+1,(8) 12
(Suce. Approx)
o 4-Way Successive| 4(1.5n) (n+)/4,(2) 12
Approx. Array

are in fact those with the lowest throughput. Thus, although
the successive approximation technique is slower than either
of the flash circuits, it usually will use its area more efficiently.
It would be desirable if a technique could be developed which
would allow the throughput of flash circuits to be obtained,
yet with the area efficiency of the successive approximation
method. As is indicated in the last row of Table I, an array of
interleaved successive approximation converters may be used
to achieve this desired end. Note that for the 7-bit case,
" 4 parallel converters are needed to achieve a throughput equal
to that of the flash approach, but with only a third of the
required die-size. This area savings becomes even more pro-
nounced at higher resolution levels {6].

HI. ERROR ANALYSIS
A. Total Quantizing Error

This array technique may be used with nearly any type of
A/D converter. As will be shown, however, a variation of con-
verter quantizing characteristics within an array may introduce
-additional noise or distortion. This will tend to make some
converter types more suitable for use in arrays than others,
and may result in a slightly increased component matching
requirement for a specified performance level.

A commonly used measure of an A/D converter’s dynamic
performance is the single-frequency signal-to-noise (S/V) ratio.
In this test, a typically full-scale sinusoidal signal is fed into
the A/D to be measured, as shown in Fig. 2. The output of
the A/D is then reconstructed with a high-quality digital-to-
analog (D/A) converter, and bandlimited to the Nyquist rate
of the sampler or below. The ratio of the measured power at
the original signal frequency to all other measured power is the
single frequency signal to noise ratio.! The power at non-
fundamental frequencies, or the “error power,” is due to the
A/D converter displaying both finite resolution and limited
linearity. This situation is depicted in Fig. 3, where a small
section of an A/D converter’s transfer characteristic is shown.
From the figure the converter quantizing error is seen to be

e(x) =8(x) 1
where
8(x) =X - (ax +b) 2)

1 This test, as indicated, will not detect delay distortion terms at the
fundamental frequency. For these to be included, the notch filter of
Fig. 2 must be made phase as well as frequency selective.
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Fig. 2. Single-frequency signal-to-noise ratio test.
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Fig. 3. Quantization and nonlinearity error in a single A/D converter.
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Fig. 4.’ Quantization and nonlinéarity error in a converter array.
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in which X is the quantized level of x, and a and b are error
minimization terms corresponding to the best fit converter
gain and offset. This results in an average error power
(referred to 1 ©2) of simply

E,=(% 3)

where (62) indicates the mean or expectation value of 2, and
~ where a and b in (2) have been chosen to minimize £, for a
specified input distribution.?

If instead of a single converter, an array of interleaved con-
verters is employed, the error analysis becomes more involved.
This situation is depicted in Fig. 4, where the transfer func-
tions of two converters in an array are shown, each of which
exhibits different gain, offset, and nonlinearity. For this case,
the error in the 7th converter is given by

€;(x) =8;(x) + A;(x) @)
where

8:(x)=%; - (a;x +b;) )
and

A;() = (@~ @min) % + b; - bmin- 6)

2The best fit parameters ¢ and b are usually near the converter gain
and offset values as they are normally defined, however as shown in the
Appendix, ¢ and b are also dependent upon converter nonlinearities and
the probability distribution of the input signal.
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In these equations, §;(x) indicates the error that would exist if
the ith converter were used alone, while A;(x) indicates an
additional error which exists when the ith converter is used as
part of an array. The best fit gain and offset of the ith con-
verter is represented by a; and b;, while the best fit gain and

offset of the atray as a whole is given by @pm;, and bpy;,.> This
results in an average error power for an m-way array, of

1 m 2

=2 G Ay @

which, for an input signal that is asynchronous with the sam-
pling clock becomes

f (62 +(AM)]. ®)

1

-
This equation implies that converter gain and offset variations
within an array will result in increased error power. These
variations may be due to mismatches in gain or offset estab-
lishing components, or from differences in converter nonlin-
earities, which may result in a slightly different best fit gain
and offset for each converter. In converters where these varia-
tions are well conirolled, however, the array error power will
be approximately the average of the individual error powers
due to quantization and nonlinearity.

In both single and multiple converter applications, there is
one additional source of error power: phase skew or jitter of
converter sampling. Specifically, if the aperture timing of a
converters sample and hold (S/H) circuit exhibits any vatriance
in period, the overall error power will increase. Phase skew is
particularly troublesome in converter arrays, as it may result
from even a slight difference in timing line layout or loading
between converters.

The amount of error power resulting from gain mismatch,
offset mismatch, and sampling skew in a converter array is
analyzed in the Appendix and summarized in Table II. To
determine the overall signal to noise ratio of a converter array,
the error powers listed in the second column need only be
added together, along with the average error power due to
individual nonlinearities, and compared with the original signal
power (V3_,/8). The relative sensitivies of the error power to
different nonidealities are shown in the third column. In this
comparison, the indicated variance of each of the three param-
eters, is that which produces a degradation of S/NV ratio to
40 dB when all other noise sources are zero. Note that the
overall error power is least sensitive to gain variance and most
sensitive to phase skew and jitter. As a point of reference,
however, the gain matching requirement is actually twice as
severe as the most significant bit component matching require-
ment of a single converter, for a nonlinearity limited S/ ratio
of 40 dB. This implies that arrays of converters which have a
specific gain determining element, such as R-2R ladders, will
have a more severe component matching requirement when
used in an array then when used individually, for a specified
S/N ratio. Similarly, multiple flash circuits [2] may suffer

3As shown in the Appendix, the minimizing values of the array
parameters are simply amyin = @; and byin = ;.
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TABLE 11
MAGNITUDE AND SENSITIVITY OF ERROR POWER TO MISMATCH IN A
CONVERTER ARRAY FOR AN INPUT SINUSOID CENTERED ABOUT ZERO

Requirement
Noise Sinusoid for Sinusord
Source Error Power S/N = 40 dB
Gain (a} Vpe,p %2 % .o
Mismatch - — 1%
8 a
Offset (b) 2
I3 =%
Mismatch b Vp-p
Phusske {1 @ 2(,'2 wTy . 169
ew 8 i 27
— 2
= Xa-

from a reduced S/N ratio, as “bow” errors will modify the
effective converter gains and offsets. In converters employing
binary-weighted capacitors (or the equivalent), this increase in
the component matching requirement is usually small, al-
though different nonlinearities will still result in slightly mis-
matched best-fit converter parameters. This weighted-
capacitor technique is particularly attractive for use in
converter arrays, in that, not only are there no specific gain
setting components (which could potentially mismatch), but
intrinsic comparator offsets (which could also mismatch) are
easily cancelled [5].

B. Spectral Distribution of Noise and Distortion

Of equal importance to the error power magnitude is the
noise and distortion spectral distribution. Analysis of the
power spectrum resulting from a gain mismatched array, is
similar to that performed by Messerschmitt for the case of
induced gain errors by “bit robbing” in digital channel banks
[7]1. For an m-way array with gain mismatch, an input signal
of power spectrum S, (w) will result in a reconstructed out-
put power spectrum (assuming impulse sampling) given by

Si(w) = |H(w) f]* |G |? Sx(w - Kfy/m) O]

k=—o0

where H(w) is the transfer function of the reconstruction
filter, f; is the sampling frequency, and Gy is the discrete
Fourier transform of gain in the array.

1 m s .
G =, @ e PmEnIm. (10)

The £=0 case in (9) corresponds to the original signal com-
ponent, while the remaining terms are a form of aliasing dis-
tortion. This distortion is demonstrated for the case of a sinu-
soidal input signal and a four-way array in Fig. 5(b), as
compared with the ideal case in Fig. 5(a). As is evident from
the figure, sidebands develop about fractions of the sampling
rate, which are identical in spectral content to the original
input signal. The relative magnitude of each sideband, which
except for the k = m/2 case exist in pairs, is determined by the
appropriate order of discrete transform as defined above. Note
that for nonzero dc levels, gain errors will produce noise at
exact multiples of fi/m.
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Fig. 5. Spectrum of a reconstructed sinusoid for a four-way converter
array and bandlimited to fy/2).

Unlike the gain variations discussed above, a mismatch of
converter offsets will produce a constant noise, which is inde-
pendent of the input frequency spectrum. More specifically
(81 .

Ny(w) = [H(@) £, ki |Bi|? 8 (e - kfyfm) an

where By, is the discrete Fourier transform of best fit offsets in
the array. This noise spectrum is illustrated in Fig. 5(c) for a
four-way array, along with the original signal spectrum. Asis
evident from the figure, the offset related noise appears at
multiples of f,/m, just as gain errors do for nonzero dc input
levels.

The noise due to phase skew in a converter array is similar
in spectral content to that of gain error. The noise resulting
from an input sinewave of amplitude 4 and frequency ¢ may
be shown to be {8]

Ni() ~H@ A 5 | m EE
fo=—o0

where @, is the discrete Fourier transform of phase skew in
the array, and II may be defined in terms of the impulse
function 6 by

O(x)=18(x+ 1)+ 18(x - 1).

(12)

(13)

The noise term corresponding to ¥ = 0 in the above is a delayed
signal component at the fundamental frequency, which is zero
if the average phase skew is defined to be zero. Note that the
phase skew (¢) of a converter at a given frequency may be
expressed in terms of its sampling time skew (67) by simply
¢ = wot.

The previous spectral analysis has not specifically included
the effects of quantization and nonlinearity. In converters
with asynchronous sources, these effects usually appear as
broad-band noise and simple or aliased harmonic distortion.
This is also the situation with converter arrays if the converter
nonlinearities are similar, If the nonlinearities are different,
however, a given input level may be encoded differently by
different converters, resulting in a “dithered” output signal.
This is ultimately equivalent to a gain and offset mismatch, as
the different nonlinearities will result in different best fit con-
verter parameters. In real converter arrays, which do not
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otherwise exhibit a gain or offset mismatch, this may result in
an overall S/N degradation of perhaps a few decibels in the
reconstruction of a full scale input signal (see experimental
results). This noise may be objectionable in some systems,
particularly during low-level oriidle input conditions. In video
systems it is often desirable, however, as it reduces the appear-
ance of sharp quantization boundaries in picture areas where
the luminance changes slowly [9]. If necessary, the dithering
at a given voltage may be eliminated by altering the effective
converter offsets (by either analog or digital means) so as to
place a given voltage within a common quantization level.

Of final note in the overall error analysis is the effect of the
previously considered noise and distortion sources on the S/N
ratio of a band-limited input signal. As significant portions of
the noise and distortion products are clustered at, or near the
Nyquist rate, the actual in-band S/N ratio of an array, may be
larger than what the power figures of Table II may indicate.
More specifically, for a system whose signal bandwidth is lim-
ited to f;/k (k = 2), up to k/2 badly matched converters can
be used in an array with no degradation of in-band S/N ratio.

IV. IMPLEMENTATION

To demonstrate the characteristics of this array technique, a
four-channel CMOS test-chip has been fabricated in a 10 um
metal-gate CMOS process. This chip consists of four time-
interleaved 7-bit weighted-capacitor A/D converters, asso-
ciated timing and control logic and an implanted MOS voltage
reference.  Also included on this chip, is a four-way input
multiplexor, which allows some, or all, of the individual A/D
converters to be connected with a specific input line. This
enables each of the converters to be operated as part of an array
(common inputs), or independently. A block diagram of this
test-chip is shown in Fig. 6. In this figure, the converters are
seen to exist as a matrix of bit cells, where each row cor-
responds to a separate A/D converter, and where each column
represents the bit-cells which are active in a given time-state.
For example, during the first time-state, the first A/D con-
verter is sampling, the second A/D converter is determining

" bit 6 of its conversion sequence, and so on. A total of eight

time-states are required for a complete 7-bit conversion, which,
because there are four converters per chip, results in an effec-
tive throughput of one conversion every two clock cycles.
Note that this throughput may be doubled by interleaving two
chips for a total of an eight-way converter array.

This entire chip is defined in terms of general purpose cells,
which were placed and interconnected via an automated lay-
out program. Although this approach resulted in a consider-
able increase in die size, it greatly simplified the required lay-
out effort and provided a library cell-base from which other
converter configurations can be designed. In theory, other
converters may be realized by simply modifying the cell inter-
connect list, and rerunning the layout program. A layout of
the complete chip, in cellular form, is shown in Fig. 7(a). A
metal-gate CMOS process ‘was chosen for this circuit, for
reasons of simplicity and ease of fabrication at Sandia Labora-
tories. A more advanced process would have been desirable
from the standpoint of performance, but was unnecessary for
the demonstration of the concept, and not immediately avail-
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Fig. 6. Converter array chip block diagram.

(b)
Fig. 7. (a) Computer plot of array chip showing cellular layout tech-

nique. Each of the four cell rows along the middle of the ch1p isa
separate 7-bit A/D converter. (b) Die photograph.

able. The fairly large die-size of this chip (208 X 278 mils) is
principally a result of the cellular automated layout technique
and the fully guard-banded CMOS process, which required
that diffused n* or p* guard-bands (which were not self-
aligned) be placed around each transistor. As only 1250
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Fig. 8. Schematic of SAR bit cell. Die size in cell form is about
400 mil?. TG indicates CMOS transmission gate.

Fig. 9. Voltage comparator schematic.

mostly minimum sized devices are employed in this circuit,
extensions of this design using more area efficient tech-
niques would indeed have a small total area. A die photograph
of the complete chip is shown in Fig. 7(b).

An example of one of the cells used in this chip, a dynamic
bit slice of a successive approximation register is shown
schematically in Fig. 8. This cell, or one quite similar to it, is
used in each of the 28 bit cells present in the converter array.
The state of this cell is established by the voltage present upon
the floating node “Q.” This node is either pulled high or low
at the appropriate bit time by the complementary devices
shown on the right of the cell. In turn, this node allows the
associated precision capacitor to be charged to the appropriate
value by way of a pair of CMOS transmission gates. The
state of the cell is read during the associated converters final
bit time, by passing its value onto a tri-state data line which
is common to all of the cells in a given time-state.

Another commonly used cell, the voltage comparator, is
shown in Fig. 9. This circuit is single-ended and is used with
its input node tied directly to the top plate of a capacitor
array. During a given converter’s “sample” interval, the asso-
ciated comparator cell is offset cancelled, by shorting the
input inverter’s output and input together. During subsequent
bit times, the input inverter is used as a linear amplifier, where
the output reflects the value of the input voltage with respect
to its offset point. The output of this inverter is then regen-
erated and buffered, by the flip-flop which follows it. Note
that, although this comparator is small and fairly fast, a much
more sophisticated comparator could be used, without sub-
stantially impacting the overall die size. Modifications of the
design to improve resolution or power-supply rejection, for
instance, would be much easier to incorporate in this array
method than with a flash technique, as the number of required
comparators is so much smaller.

The precision capacitors used in this chip are defined by thin-
oxide cuts over n* diffusion regions and consist of about
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(a) —— R /(b),

Fig. 10. Original (top) and reconstructed (bottom) waveforms after
sampling with converter array chip (§ V/div. on vertical scale, bottom
traces are inverted). (a) Single converter within an array at a 625 kHz

conversion rate. (b) Four-way array at 3.5 MHz conversion rate

(points shown correspond)
!

10 pF of total capacitance for each of the four converters.
Although the converters in this chip employ binary-weighted
capacitors, higher resolution converters could be realized with
little or no increase in array capacitance, by using a “split
array” [10] technique. The on-chip voltage reference circuit
uses a closed-loop CMOS amphfier which has an implant-
induced offset voltage [11] of approximately 0.8 V. To
improve transient settling response, and to allow an increase in
reference voltage, this circuit is used with an external 10 nF
capacitor and trimpot. ' ’

V. EXPERIMENTAL RESULTS

Reconstructed ramp and sinewave input signals, which were
digitized by this array chip, are shown in Fig. 10. Low fre-
quency linearity is maintained to approximately a 2.5 MHz
conversion rate, with operation at reduced linearity (5-6 bits)
continning to 4 MHz. The low-frequency linearity is dictated
by binary-weighted capacitor' matching, which in this case
appears to have been limited by consistent pattern-generator
and mask run-out errors. These effects are usually pronounced
in high-speed circuits, which by necessity, must employ small
capacitors. The capacitor errors are quite consistent from
wafer to wafer, however, implying that a simple mask adjust-
ment (or e-beam generated masks) should allow consistently
good linearity in even higher resolution applications. High-
frequency conversion linearity appears to be dominated by
signal-related power line noise affecting the single- -ended com-
parator operation. This effect could be substantially reduced
by using differential comparators, which as mentioned pre-
viously, could be more easily employed in this technique than
with the flash method, as only a few comparators are used.

A spectrograph of a reconstructed 100 kHz sinewave after
sampling at a 2 MHz rate is shown in Fig. 11. Although the
D/A used to reconstruct the converters output is not dé-
glitched, power readings from this test indicate an A/D S/N
ratio of at least 39 dB. This contrasts to a 40.5-41 dB S/NV
ratio when the -converters within an array are measured indi-
vidually. This difference is principally due to independent
nonlinearities affecting the best fit converter gains and offsets,
and a slight variance in feedthrough from the comparator reset
switch.  Channel isolation between converters is sufficiently
high that no component of a full scale 100 kHz input signal to
one converter is observable on the reconstructed quiet channel
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Fig.11. Spectrum of reconstructed 100 kHz sinewave after sampling
at 2 MHz with array chip.

TABLE I

SUMMARY OF CONVERTER ARRAY CHIP CHARACTERISTICS
NUMBER OF MOS DEVICES 1250
_TOTAL POWER CONSUMPTION 250 mwW
MAXIMUM SAMPLING RATE -PER CHIP 4 MHz
DIE SIZE ‘ 208x278 MILS
RESOLUTION (2.5 MHz SAMPLE RATE) 7 BITS
LINEARITY " 172 LSB
S/N RATIO, FULL SCALE INPUT " 39 db
PHASE SKEW AND JITTER < 4 nsec
REFERENCE VOLTAGE DRIFT, 0-70° C <%

-20
dB
-40

-60

mHz

(®)

Fig. 12. Noise and distortion due to induced converter mismatch.
Spikes shown are caused by mismatch indicated. (a) Gain variation
(aa/—) of approximately 1 percent. (b) Offset variation (op) of ap-
prox1mately 0.5 percent of full scale range.

output of any other. A summary of the characteristics of this
test converter-array chip is given in Table 1.

Spectral plots of reconstmcted sinewaves after artificially
inducing gain and offset variance within an array, are shown in
Fig. 12. Note that the noise spikes are at the frequencies indi-
cated in Fig. 5, while the magnitude of the error (after com-
pensating for nonhneanty effects) is approximately that indi-
cated by Table II ~
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VI. EXTRAPOLATION OF RESULTS

If this basic design, which used a 10 um fuily guard-banded
CMOS process and program interconnected cells, were to be
implemented in a modern 4-5 um silicon-gate process using
more area efficient techniques, a substantial improvement in
die-size and performance would result. The die size would be
reduced by a factor of four by simply scaling the major litho-
graphic dimensions to half of their present size (shrinking
10 um gates to 5 um for instance). Further reductions in die
size would occur if the field isolation regions were implanted
or self-aligned, rather than consisting of diffused guard bands,
and the computer generated cell-based layout was replaced
with one drawn by hand. In fact, an overall reduction in die
size by a factor of 6 appears to be conservative if the above
improvements were incorporated into a new design.

As the maximum conversion rate is directly related to the
capacitance which must be driven by internal nodes, the reduc-
tions in die size considered above, would all result in higher
speed. Further improvements in conversion rate could be
obtained by using optimized device sizes in all of the internal
logic, rather than a standard cell approach, and by incorporat-
ing a lower resistivity interconnect than the P+ diffusions
which were available here. These various improvements would
allow an improvement in conversion rate by at least a factor
of four. This would imply that an 8-bit video bandwidth
(10-15 MHz) converter could be fabricated in a die size of less
than 10 000 mil®.

VII. CONCLUSION

This array method has been shown to offer a number of
advantages over more conventional A/D techniques in high-
speed applications, and to be realizable in a monolithic form.
Although this method will, in some cases, result in increased
noise or distortion, these effects are both predictable and con-
sistent, and may be minimized in the design of an array. This
technique should be useful in reducing the cost of both high-
speed monolithic converter circuits and single- or few-chip
digital signal processors which must operate on high-frequency
analog input signals.

APPENDIX
ErRrOR PowER DUE TO GAIN AND OFFSET MISMATCH
The quantized output value of the ith converter within a

converter array, may be represented by

X;(x) = a;x + b; + 8;(x) (A1)

where ¢; and b; are the best fit gain and offset and §;(x) is the
quantizing and nonlinearity error. The error minimizing
parameters a; and b; are given by

@ =()’c\ix)- Gy (x)
! ()~ (o)
and

bi = (ﬁ) - a,-(x)

(A2)

(A3)
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in which

(fENE f () P(x) dx (A4)
for an input probability function P(x).

As previously shown, the error power which results when
this converter is used alone, is

E, =82

If a number of such converters are used as an array, the error
power becomes

(A5)

(J?i - (aminx + bmin))2) (A6)

[V]s

1
Ep:Z

ll
-

where @iy and by, are best fit parameters for the array as a
whole, and  is the number of converters in the array. Substi-
tuting (A1) into the above results in

Ep = ;11' iZ: {(@; - apin) x +b; = by + g;l,(x))z) (A7)
or
= n—1'1 E—m: (Ai(x) + 8,-(x))2> (AS)

as referred to in the text. The above may be expanded to give

1 m
r—n_ Z [(@; ~ amin)® X2+ (b; - bmin)®

+ <612> + 2(ai - amin) (bi = Dmin) ()
+2(2; = @min) {8;%) + 2(b; - bpin) {6)]. (A9)

For input signals which are asynchronous with the sampling
clock, the last two terms are near zero, even for badly matched
arrays. This results in the approximation given by (8), or

1 m

; Z [(63 +<AaD)]. (A10)
The minimizing values of ap;, and by, are obtained by dif-
ferentiating (A9) with respect to both variables and solving for

the zero of each derivative. This occurs at simply @p;, = @;
and b, = by, resulting in an error power of

E, =026 +a} +67) (A11)
in signals for which ¢x) >~ 0, where
0% = () (). (A12)

ErRROR POWER DUE TO SAMPLING TiME SKEW
FOR A SINUSOIDAL INPUT SIGNAL

The average error power for an m-way array of interleaved
samplers may be given by

f (G- x)» (A13)

-1
m |
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where X; is the sampled value of x. For a sinusoidal input
waveform, and for distortionless samplers which exhibit a tim-
ing skew,

x=4 si:o (wt) (A14)

and

=A sin (w(+ ;- tmin)) (A15)

where X; is the value sampled near time ¢, ¢; is the absolute
delay in the ith sampler, and #;,;, is a minimizing sa mpling
delay of the array as a whole. For these values of x and X;, the
error power may be shown to be

f: - cos (o:(t,- -

i=1

tmin))) (A16)

A

m
in which #p,;, is defined to be the value which minimizes £,.
The value of #y;, may be obtained by differentiating the
above and equatiﬁg to zero, giving an error minimizing delay
of simply #in =%. The expressxon for £}, , May now be ex-
panded, resultmg in

A [aﬂ -8 ot B
m&~ L 2 41

Ep

N [

which for small values of time skew may be approfdmated by

A% 0?02
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