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Analog-to-Digital Converter Survey and Analysis

Robert H. WaldenMember, IEEE

Abstract—Analog-to-digital converters (ADC's) are ubiquitous, also important for ADC’'s to be used in receivers. Fig. 1
critical components of software radio and other signal processing shows ADC resolution, as stated by the manufacturer versus
systems. This paper surveys the state-of-the-art of ADC'’s, includ- sampling ratef,...,,. Over 150 converters (listed in Appendix

ing experimental converters and commercially available parts. . . : . .
The distribution of resolution versus sampling rate provides 1), including experimental systems and commercially available

insight into ADC performance limitations. At sampling rates Parts, are represented in the graph. Strictly speaking, this data
below 2 million samples per second (Ms/s), resolution appears does not represent measured performance. It does, however,
to be limited by thermal noise. At sampling rates ranging from show two important features. First, approximately one bit of
~2 Ms/s to~4 giga samples per second (Gs/s), resolution falls off (o56|ytion is lost for every doubling of the sampling rate.

by ~1 bit for every doubling of the sampling rate. This behavior L .
may be attributed to uncertainty in the sampling instant due 1S iS indicated by the state-of-the-art line on the graph.

to aperture jitter. For ADC's operating at multi-Gs/s rates, the ~Second, the highest Nyquist sampling rate attained is 8 giga
speed of the device technology is also a limiting factor due to samples per second (Gs/s) [5]. An analysis of SNR shows that

comparator ambiguity. Many ADC architectures and integrated the 1-bit per octave slope is related to the sample-to-sample
circuit technologies have been proposed and implemented to push, 4 iation of the instant in time at which sampling occurs. This

back these limits. The recent trend toward single-chip ADC's iation i led " it ¢ taink
brings lower power dissipation. However, technological progress variation IS called aperture jitter or aperture uncertamiy.

as measured by the product of the ADC resolution (bits) times addition, the speed of sampling is limited by the ability of
the sampling rate is slow. Average improvement is only1.5 bits the comparator(s) to make an unambiguous decision regarding

for any given sampling frequency over the last six—eight years.  the relative amplitude of the input voltage due to comparator
Index Terms—Analog-to-digital converters, aperture jitter, ~ambiguity. This is related to the speed of the device technology
comparator ambiguity, input-referred noise, signal-to-noise ratio, used to fabricate the ADC. Device speed is measured as the
spurious-free dynamic range. frequency fr, at which there is unity current gain.
Section Il of this paper discusses how ADC'’s are evaluated,
then Section Ill deals with the performancae limitations in

more detail. ADC architectures that are presently under in-

DU,R.lNG_ the past two decades, the rapid evolution Qfegtigation are presented in Sections IV and V. Performance
digital integrated circuit technologies has led to eV&fends are discussed in Section VI.

more sophisticated signal processing systems. These systems
operate on a wide variety of continuous-time signals including
speech, medical imaging, sonar, radar, electronic warfare, in-
strumentation, consumer electronics, and telecommunicationd here are a number of ways to measure and compare ADC
(terrestrial and satellite). One of the keys to the succe@erformance. This paper focuses on determining the resolution
of these systems has been the advance in analog-to-digitabits for a given sampling rate. In an increasing number of
converters (ADC’s) which convert the continuous-time signag&pplications, the power consumption is also important. Reso-
to discrete-time, binary-coded form. As an example, in tHetion can be determined both quasistatically and dynamically.
telecommunications arena, advances in software radio dev@Hasi-static measures include differential nonlinearity (DNL)
opment [1]-[3] have provided impetus for ADC performancand integral nonlinearity (INL). Dynamic measures include
improvements, especially for sampling rates of approximateBNR, SFDR, and noise power ratio (NPR). These quantities are
100 million samples per second (Ms/s). More generally, tietermined from spectral analysis, usually in the form of a fast
large number of signal types to be digitized has led to Fourier transform (FFT) of a sequence of ADC output samples.
diverse selection of data converters in terms of architecturd§lis study focuses on SNR and SFDR because dynamic
resolution, and sampling rates. performance is most important for high-speed applications and
Despite the variety in ADC'’s, their performances can b8NR and SFDR provide a more accurate measure of ADC
summarized by a relatively small number of parameter@_el‘formance than the stated-number-of-bits. In addition, SNR
stated resolution (number of bits per sample), signal-to-noiggd SFDR are universally accepted performance measures.
ratio (SNR), spurious-free dynamic range (SFDR), and powerSNR is the ratio of the root-mean-square (rms) signal
dissipation P, [4]. Two-tone intermodulation distortion is amplitude to the square-root of the integral of the noise power

lin this paper, the terms aperture jitter and aperture uncertainty are
Manuscript received November 17, 1997; revised June 3, 1998 and Augsghonymous. Another term, aperture time, relates to the fact that sampling
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Fig. 1. Survey of ADC's.
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Fig. 2. Example of quantization errovy s is the full-scale voltage range, Fig. 3. Random approximation for quantization error. All errors within the
and @ is the size of the LSB. range=+()/2 are equally likely. The resulting SNR is linear in the number
of bits of resolutionV.

rum over the fr n nd of interest. For a Nyqui . : : .
spectrum over the frequency band of interest. For a Nyqu Stntent due to the simultaneity of complicated signals and

converter the frequency band of interest ranges from 0 0. N o . .
fsamp/2 Hz. The noise spectrum contains contributions from°'S€- In this situation, thg quantlzatlon erroris ap_proxmately
all tlhe error mechanisms present. These include quantir%[]dom' The common white noise approximation is to assume

: t the probabilities of quantization errors are equal. This

tion noise, circuit noise, aperture uncertainty, and comparato ) ) R . .
ambiguity P y P random error process is described in Fig. 3 with the equations

The only error mechanism present in an ideal ADC i(s)f SNR due solely to qugntlzanon no]s@”, the sampling
mtirval, equaldl/ fsamp- IV is the resolution of the converter

guantization. This error arises because the analog input S|grP]a its. The SNR (in dB) of an ideal ADC is shown in the

may assume any value within the input range of the ADC while . . -
the output data is a sequence of finite precision samples Jver portion of th? flgure{.SNR = 6.02N + 1.76). It can be
proved only by increasingv.

The example of Fig. 2 compares a sinusoidal waveform and its . . . .
2 : . : In physical ADC devices, additional error mechanisms are
(reconstructed) digitized representation. The difference is the .
o . : .__.._present. Some of these other errors may also be characterized
guantization errorQ is the size of the elementary quantizatio . . ) . L
as white noise with the same expression for SNR as in Fig. 3,

step, which is the least significant bit (LSB) of a binary cept thatV representsV.,, an effective number of bits. The

representation of that value. In this case, the quantization error. " . o
waveform and the analog waveform are strongly correlater?]‘.)tatlon SNR-bits refers tVsr. SNR-bits is given by

In a more typical case, the analog input contains frequency SNR bits = (SNR(dB) — 1.76)/6.02. @
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4 of Fig. 4(a). There are many reasons for such a wide variation.
« o average difference = 1.43 bits The design emphasis may render SNR more important in
3| . o some cases and SFDR more important in others. Other factors
2. - include how well the design overcomes noise, aperture jitter,
2t e % o . comparator ambiguity, and the nonlinearity of the transistors.
. A A complete characterization of an ADC includes the values
°* . ”.‘.:. of SNR and SFDR as a function of frequenty,, with foamp
* S T e oo as a parameter. For low values fif,, the SNR is constant. It
0 bl LI L decreases ag.;, increases. The value of;, at which the
T SNR decreases to 3 dB below the low-frequency value is

the effective resolution bandwidth (ERBW). This important
ideal characteristic implies the range of frequencies over which the
2t converter may be used. BRBW > f..mp/2, then the ADC is
a Nyquist converter, which is the design goal of many ADC's.
3L The characterization of an ADC includes the highest value of
fsamp fOr which Nyquist operation is sustained.
A b e e Not all widely published reports on ADC's include the
1E+4 1E+6 1E+8 1E+10 conditions for Nyquist conversion. However, some still
Sample Rate (Samples/s) gchieve noteworthy _sa_mpling _spee_d, SNR or SFDR. To
@ include these, the criterion for inclusion in this study is that
ERBW > ~ foamp/4. Furthermore, the low-frequency values
4 of SNR and SFDR are used.
P, a universal measure of ADC performance, is the prod-
3L . uct of the effective number of quantization levelg.s =
. 2SNRbits times the sample rate

P= 2SNRbitsfsamp . (3)

Stated Bits - SNR Bits

i ® e e F, a figure of merit that includes power dissipation [4], is
o hd B 2SNRbitsfsamp

- : .

o . F =

:- . Pdiss
.

*‘ This figure of merit emphasizes efficiency with respect to
| . dissipated powerPy;- SNR, SFDR, P, and I’ are used
o o, . ‘\ subsequently to quantify ADC performance.
‘i Two-tone intermodulation distortion (IMD) of ADC's is
. e | particularly relevant to receiver applications. One excites an
average difference = -0.35 bits ADC with two sinusoids of equal amplitude but with different
A frequencies,f; and f,, observing spurious tones in the FFT
1E+4 1E+6 1E+8 1E+10 spectrum of the ADC output. The strongest such tone is
Sample Rate (Samples/s) usually either second+f; + f») or third-order(+/, + 2/5
) or +2f1 i fQ?..Unfortunate'ly, IMD dqta reported in the
literature is minimal. In addition, there is no standard set of
Fig. 4. Comparisons of stated bits (number of output leads) with (gonditions for IMD evaluation, making comparisons between
SNR-bits and with (b) SFDR-bits. ADC’s more difficult. Hence, IMD’s must be evaluated by the
prospective user for the intended application.
The difference between stated resolution and SNR bits for
a given ADC indicates the degradation in SNR due to all IIl. PERFORMANCE ANALYSIS
other error sources. Fig. 4(a) exhibits this difference with a

degradation of approximately 1.5 bits for a given sampling FOr @ better understanding of ADC performance limits, it
rate. with scatter in the data. iS helpful to plot the effective resolution as determined from

The effective number of bits associated with SFDR is SFDR and SNR. Fig. 5 shows the reported SFDR (where
_ available). Comparing Figs. 1 and 5 indicates that the effective
SFDR bits = SFDR(dBc)/6.02. (2)  resolution expressed as SFDR-bits is roughly the same as the

SFDR is the ratio of the single-tone signal amplitude to th%atecj resolution for the population is taken as a whole.

largest nonsignal component within the spectrum of interest, | NiS IS somewhat misleading because the difference Stated-
Fig. 4(b) shows the difference between stated resolution aigF Minus SFDR-bits [see ?g' 4(b)], for a given converter is
SFDR-bits. Although the average difference is less than 75+ 3 Pits, a wide variation.

LSB, there is more scatter in this plot than for the SNR data?The terms stated bits and stated resolution are synonymous.

(4)

]
-h
T
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*
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Fig. 5. Spur-free dynamic range expressed as effective number of bits according to SFEBRSRBR(dBc)/6.02.
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Fig. 6. Signal-to-noise ratio expressed as effective number of bits according to SNR-HBNR(dB) — 1.76)/6.02. The two values af bracket
the current state of the art.

A similar graph of SNR-bits versus sample rate is showmaximum achievable resolutions, in SNR-bits, are
in Fig. 6. Comparing with Fig. 1 shows that the distribution
of ADC'’s in the SNR-bits plane is approximately 1.5 to 2

bits lower than the distribution of stated resolutions. This thermal noise (referred to the inpt:

conclusion is consistent with Fig. 4(a). From the figure, the B ~ log VZs 1z _q 5
state-of-the-art corresponds to the rardge 10'* < P < 4 x thermal = 1082 \ ‘1R o foomp ®)
10t aperture uncertainty:
The data of Fig. 6 reveal global performance factors for 9
the ADC population. Many factors and loss mechanisms Baperture = 10gs <7> -1 (6)
\/37{' fsamp Ta

affect ADC performance. Aside from quantization noise, three
mechanisms limit achieved SNR: input-referred circuit noise
(equivalent thermal noise), aperture uncertainty, and com- Bambiguity = mfr 1.1, 7)
parator ambiguity. The equations that calculate the associated 6.93 fsamp

comparator ambiguity:
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Fig. 7. Signal-to-noise ratio according to SNR-B#S(SNR(dB)— 1.76)/6.02. Three sets of curves show performance limiters due to thermal noise, aperture
uncertainty, and comparator ambiguity. The Heisenberg limit is also displayed.

The derivations of these three equations are given in Ap
pendix Il. To summarizeBjermal 8NAd Baperture Were derived
by developing expressions for the noise voltages associate
with thermal noise and aperture jitter, respectively and the
equating each with the equivalent quantization ngya/12. " T2
The equivalent thermal noise resistance is denotedas
The rms aperture jitter is denoted as. The expression
for Bambiguity reflects the probability that the comparator fum =7

{

Vis/2

: ; o . 2" fomn < =344-10"
will make an ambiguous decision [7], treating the result gg_y o+ samp = 2R
as additive noise to the otherwise ideal quantization noisey_- v e.g.,12 bits @ 840 GSPS
The ambiguity probability is related to the regeneration timeg _ spn ’ |
constantt,., of the comparator. This is related to the unity- 7z _726.10" Topy =———=093fs
current-gain frequency of the transistors employed in the 72" K omp
circuit. An analysis of the flash ADC in [5] indicated thatFig. 8. Applying the Heisenberg uncertainty principle to ADC performance
treg ~ 2.5/ fr [8]. indicates that the ultimate limit in the resolution—sampling rate product is

From these expressions SNR curves are calculated f@proximately four orders of magnitude beyond the current state of the art.
values of input-referred thermal noise, aperture jitter, #nd

\\//Vhl;h_mfoa:)sire;s ctcr)]m[::ﬁratorlamplgwty. ASSZmest - }tt tainty and/or technologies witlfir > 50 GHz. Experimental
! I_ lated f or N et (:rma n?|se c_:urves._per ure %' ®UBT and HEMT IC technologies have been reported that have
IS calculate or_ qu_s samp I_ng, Lefsig = fsamp/2- . devices withfr and f,,,x ranging from~150 GHz to~260
Comparator ambiguity is determined from the regeneratiof;, [9]-[11]. Hence, one can envision an eventual increase in

time const'ant of thg IC technology. These are inpluded . mpling rates of a factor of two to about four beyond today’s
Fig. 7, which contains the same SNR data as Fig. 6. Thegg/g

current state-of-the-art is limited by the equivalent of thermal +o Litimate limit to the ADC resolution-sampling rate
noise associated with a2 ki resistor for sampling rates n.oqyctP, may be estimated using the Heisenberg uncertainty
under 2 Ms/s. Aperture jitter, in the range 0.5 ps t0 2 Pgyinciple. Let AEAt > h/2r, where AE is the energy of
limits SNR for the sampling frequency range ®2 Ms/s t0 the smallest resolvable signal, equivalent to .5 LS8, is
4 Gs/s. Comparator ambiguity is limited via the regeneratiog sampling period77/2), and h = 6.62617 x 10~3* J-s is
time constant corresponding to a value faf ~ 50 GHz for  planck’s constant. The analysis is summarized in Fig. 8. For
ADC’s at the highest sampling rates. The 3-bit, 8 Gs/s Nyquisp 2 impedance and a 1 V peak-to-peak input signal, that limit
ADC [5] was fabricated with aryr ~ 80 GHz InP process. is approximately four orders of magnitude beyond the state-of-
The aperture uncertainty results in thé bit/octave slope; this the-art, which is aperture jitter limited (see the curve labeled
is the dominant factor because the range of affegted,, Heisenbergin Fig. 7). There are probably other limiting factors
values is so large. between aperture jitter and the uncertainty principle. Although
To continue to advance the state-of-the-art requires lothese are worthy of study, it is more urgent to develop a
noise designs that achieve less than 0.5 ps of aperture untieorough understanding of aperture jitter.
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Fig. 9. Histogram of the figure of merif. The most power-efficient ADC’s have been reported within the past six years.

IV. HIGH-PERFORMANCE ADC ARCHITECTURES a rate which is many times the Nyquist output rate. Integration

The ADC's of the preceding figures include architecture®d feedback suppress the quantization noise in the lower
ranging from flash, a parallel technique, which is the faste ,rt|ons of the spectrum relative to the delta—sigma clock

through integrating which is probably the most accurate bliEdUENCY- This technique requires few analog components.

which also is the slowest. Most of the converters have be nThe challenge is that a high speed IC technology is needed

: R~ ) : . . for RF applications. Recently, near ideal performance was
fabnc_ated in silicon, wh|le_ a few have_been realized in galliu Woported with an InP HBT second-ordeys; modulator with
arsenide (GaAs) and indium phosphide (InP).

The flash architecture used — 1 comparators, wherd is a sampling rate of 3.2 Gs/s and an over-sampling ratio of 32

the stated resolution. Flash converters often include one or t{q% a Nyquist rate of 100 Ms/s [19]. This converter technology
dditi | i ¢ f| di A”asz = 70 GHz and f,,,.x = 90 GHz.
acdditional comparalors o measure overtiow conditions. Delta—sigma modulators may be designed with a bandpass

comparato_rs sample the analog input voltage S'muIt"’meou%ﬁaracteristic [20]-{22]. This is useful when a relatively nar-
This A[,)C is thus |nherently fast. The fastest ADC reported Fdw band of intermediate frequencies contains the signal to be
the 3-bit, 8 Gs/s Nyquist flash converter [5] cited above. Thiggitized. Furthermore, the center frequency of the converter
ADC had a maximum sampling rate of 14 Gs/s. is tunable. Finally, in receiver applications, down conversion
The parallelism of the flash architecture has drawbackg,jes are eliminated. Recently two bandpass delta—sigma
for high-resolution applications. The number of comparatoggoqylators were reported with a 60 MHz center frequency [21]
grows exponentially with/V. In addition, the separation of 3nq an 800 MHz center frequency [22]. Both of these sample
adjacent reference voltages grows smaller exponentially. Ci-4 GHz. These are the fastest bandpass modulators

sequently, this architecture requires very large IC's. It hggt built. Further discussion of bandpass sampling for RF
high power dissipation. It is difficult to match componentgpplications can be found in [2].

in the parallel comparator channels. Finally, increasingly large

input capacitance reduces analog input bandwidth. Most flash

converters available today hage8-bit resolution. In order to V. Low-PowerR ADC ARCHITECTURES

overcome these problems, variations on the flash architecture\nqather facet of ADC performance is power dissipation

have been developed which use relatively few comparatgss.  Generally the highest performing converters also dissi-

yet retain good speed. Examples capable of Gs/s rates F&fe the most power. A convenient way to incluBg.. in

the folded-flash [12]-[14]; and pipelined [15], [16] architeCthe performance comparison is to use the figure of méit,

tures. defined above. Fig. 9 shows a histogramioffor the ADC
Another approach to high-speed conversion is to timgopulation under study. Most of the ADC’s have values of

interleave two or more converters [17]. The reported AD@ < 7.9 x 10'° (the mean).

achieves<1 ps aperture jitter, but requires two hybrids, each Two fictitious examples of converter specifications that

with five LSI chips. The totaly;s is 40 W, roughly an order would correspond approximately to this value Bfare: 1)

of magnitude larger than single-chip converters. 13 SNR-bits, 10 Ms/s, 1.1 W, and 2) 7 SNR-bits, 1 Gs/s, 1.75
An architecture that trades speed for resolution combingg These two examples would represent present-day state-of-

delta—sigmd AX) modulation with digital decimation filtering the-art performance and correspond to an aperture jitter2of

[18]. Delta—sigma converters sample the analog input signalpst (see Fig. 7).
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Fig. 10. Trend in SNR bits over time.

There are a few ADC’s with¥" values significantly above derived from each value aP using the relation
7.9 x 10'° and some of these are pointed out in the figure. 1
These power-efficient converters utilize four architectures: Ta = —F=—=-
flash (low resolution only) [23], [24], folded-flash [12], [25], /3P
pipelined [26]-[29], andAY modulation [30]-[33]. These Using this relation a graph of, as a function of time
particular AX modulators, in contrast to the GHz circuityyear) can be generated and is shown in Fig. 11. In this figure
mentioned above, were designed in CMOS using switcheohly the best result§r, < 6 ps) are shown and the very
capacitors and are oriented toward lower frequency applidaest aperture jitter values achieved in each year are connected
tions. In addition, the accompanying digital decimation filtedsy a line. The scatter in the data emphasizes the sporadic
for these modulators have not been included in the powaature of improvement inP, however, a least squares fit
dissipation, so the actual complete ADC's will have somewhtitrough the logs of the very best yearly data values indicates
lower values forF. The highest value of is 6.6 x 10'*, and a gradual improvement over time. It can be conjectured that
corresponds to a superconducting (denoted by S.C. in Fig.thgre may be an aperture uncertainty barrier~e0.5 ps.
ADC [34]. The refrigeration overhead was not included in thBome other reasons for the stagnation in ADC performance
determination off” for this circuit. Most of these very efficientimprovement may be: 1) that much of the recent research
converters have been reported within the last six years. has been aimed at monolithic, and therefore, power-efficient
ADC'’s (c.f. Fig. 9); 2) a recent and general de-emphasis on
research and development; and 3) few application drivers

that push the state-of-the-art. Although software radio$00

It is revealing to examine the trends in ADC performancq\ﬁsls) and satellite communicatiorts-1 Gs/s) may provide
during recent years. As an example, the data in Fig. 9 Sh?he incentives for a breakthrough.

that excellent progress has been made recently in developing
power-efficient designs. However, the same is not true for
the advancement of the resolution-speed prodtcto show
this, the SNR data in Fig. 6 were sorted according to the yearThe state-of-the-art for ADC’s has been reviewed and ana-
in which the ADC’s were reported. The results are given ilyzed. Data for SNR and SFDR as functionsfgf.., has been

Fig. 10, and it is evident that relatively little improvementliscussed. The SNR data show that converter performance
has been made over the last six—eight years or so. From thdimited by input-referred noise, aperture uncertainty and
scatter in the data it is also evident that the improvementdsmparator ambiguity. The best results have been achieved
quite sporadic. A similar lack of advancement for SFDR-bit®r flash, folded-flash, pipelined, and time-interleaved archi-
also holds. tectures.

If it is assumed that aperture uncertainty is the performancelt is clear from the data presented above, that in order to
limiter for the best converters and if it is further assumed thahprove upon the present state-of-the-art in ADC performance,
all of the ADC'’s represented in Fig. 10 are Nyquist convertessgnificant technical challenges must be met. Specifically 1) a
(optimistic) then, for each converter a value qf can be reduction in aperture uncertainty to well below 1 ps, 2) an

VI. ADC PERFORMANCE OVERTIME

VIl. SUMMARY
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Fig. 11. Derived aperture jitter for the best ADC performances as a function of the year of introduction. Converter performances are gradugity, improv
although actual progress is sporadic.

increase in the maximum sampling frequency to beyondtBermal noise, shot nois¢/ f noise, and input-referred noise.

Gsls, and 3) accomplishing both 1) and 2) while maintainirithe thermal and shot components are white while /¢

low power consumption, e.gs. 5 W. and input-referred components are frequency dependent. The
With respect to aperture uncertainty, only about 1.5 bits e&sulting input-referred noise voltage is obtained by integrating

overall improvement has been achieved over the last six—eighése spectra over the full-Nyquist barfig,.,/2 and can be

years in SNR (and only one bit in SFDR). The best effort waskpressed as

the time-interleaved ADC which achieved < 1 ps [17]. In

addition, while significant progress has been made in achieving 2\ _ Az

power-efficient ADC designs (higlt’), none of these efforts () = ARL Rert framp 2

has gone below~0.5-2 ps of aperture jitter. where k is Boltzmann’s constant= 1.380658 x 10~23 J/K,

T = temperature in K (assumed 300 K in Fig. 7), andR.gi

APPENDIX | is an effective thermal resistance which lumps together the
See Table I. effects of all noises. The equivalent quantization noise voltage
is given by
APPENDIX I
. . . L . QQ V2 _2-2Biermal
This appendix contains the derivation of the three equations (%) =15 = FST

which calculate the maximum ADC resolutions in SNR-bits
for mput—referreq thermal noise, aperture'uncertamty, .anvq/(pereBthermal is the maximum resolution in SNR-bits (for
comparator ambiguity. The first two equations are obtained . . .
. . ) agiven value ofR.g). Equating these two expressions leads
by developing expressions for the noise voltage due to eag .
. : : . irectly to the desired result

mechanism and then equating to an equivalent quantization
noise. The.ambiguity equatig_n is developed. by genergt@ng ) 1/2
an expression for the probability that an ambiguous decision By L= log < Vis ) _1
will be made by a particular comparator, then summing the e > \ 6kT Regt framp
probabilities for all comparators, then adding the resulting
noise to an otherwise ideal quantization noise voltage. All threeAperture Uncertainty Derivation:This effect comes about
equations are developed as if each error (thermal, apertdrecause an ADC does not sample the input signal at precisely
ambiguity) is acting alone. equal time-intervalsT = 1/famp. Instead the sampling

Thermal Noise Derivation:The spectral noise density seemprocess can be characterized by a mean and a standard

at the ADC input consists of various contributions such afeviation with regard to the location in time of when sampling
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TABLE |
Institution Author/Part No. Year |[Tsamp(Hz) |Stated Bits | SNRbits | SFDRDbits |Pdiss(W) |P(LSBs-Hz) |[F(LSBs-HzW) [Derived a |Vinput(V) [BWinput(Hz)
Crystal CS5506 1990 2.00E+01 20
|Analog Devices AD1175 2 00E+01 221 218 222 7 31E+07 2.52E-09)
Crystal CS5324 1.00E+03 20
UC Berkeley Lee, etal. 1984] 1.20E+04 15 15.0 0.02]
Harris ICL7115 2 50E+04] 14
[Analogic ADC 20048 3 00E+04] 18
T1 & Waterloo Chen & Leung 1997] 4.00E+04] 14 125 145 0.00023] 231E+08 101E+12] 7 94E-10 20
van der Zwan Philips Research 1997| 4 41E+04] 16 157 160] 00023 2276+09 9 89E+11] 8.08E-11 20E+04
T1 & Vitesse Fattaruso, et al. 1993] 4 80E+04] 15 123 147 0.1] 248E+08 2.48E+09] 7.42E-10 2 4E+04|
{Stantord Rabbii & Wooley 1997| 5.00E+04) 16 155 165 00025 230DE+09 919E+11] 8.00E-11 32
Fujitsu MB&7020 5.00E+04) 16 3.68E-06|
Stanford Williams & Wooley 1994] 5.00E+04 17 160 173 0047 3.25E+09) 691E+10] 566E-11 25E+04
[Analog Devices AD1879 5 DOE+04| 18 16.0) 172 09| 325E+09 3.61E+09] 566E-11 6.0 2 2E+04]
Analog Devices Adams 1989| 5.00E+04 18
Hitachi Matsumoto, etal. 1988] 5 0DE+04| 18
Analogic ADC5120 5 00E+04| 20 16.8] 17.3 238 5.77E+09 243E+09] 3.18E-11 10.0 1.4E+05)
Bell Northern R Longo, etal. 1988| 8.00E+04| 13 11.8] 142 002] 2.92E+08] 1.46E+10] 6.29E-10]
GE + Yokog Ribner, et al. 1991] 8.00E+04 15 148 16.7 2.32E+09] 792E-11
Leung, eta), Crystal Semic. 1997| 9.60E+04] 20 176 18.7) 076] 1.87E+10] 259E+10] 9.32E-12] 4.0 2.2E+04
Analog Devices Fernandes, etal. 1988 1.00E+05] 14 131 15.0 0.48] 8.96E+08| 187E+09] 2.05E-10 10.0 6.0E+05
Motorola DSP56ADC 16 1992| 1.D0E+05 16] 147 147 03] 258E+09]  8.62E+08] 7.11E-11 35 5.0E+04]
Micro Networks MN6500 1992| 1.00E+05] 16 143 160 0685 2 05E+09 3.00E+09] 895E-11 10.0 5 0E+04]
Analog Devices AD 1876 1.00E+05 16 147 165 0235 2 58E+09 TA0E+10| 7 11E-11 10.0 10E+06
Crystal CS5126 1.00E+05 16
Atmel AT76 1.00E+05 18 147 1| 2.58E+09) 258E+09] 711E-11 10
AT&T Bell L Norsworthy, et al. 1988 160E+05] 13 13.0 16.7 0075 1.31E+09) 1.74E+10] 1.41E-10
Motorola Rebeschini, etal. 1990/ 1.60E+05 16 148 16.2 0.076]  4.64E+09| 6.11E+10{ 3.96E-11 8.DE+04
Swiss Federal Institute | Hammerschmied, Huang1997| 2.00E+05 10 9.1 132 0.012] 1.09E+08] 9.10E+08] 1.68E-09)
Analogk ADC4357 2 00E+05| 16 147 15.0] 22| 517E+09 2 35E+09] 3.65E-11 10.0
Burr-Brown PCM78 2.00E+05| 16 143 4 11E+09 4.48€E-11 60
{Burr-Brown PCM1750 1992| 2.00E+05 18 147 15.0 021] 5.17E+09] 246E+10] 3 55E-11 55 5 0E+05
UC Berkeley Sutarja, et al. 1988] 2 50E+05) 13 1.7 133 0.015] 8.13E+08] 5.42E+10] 2 26E-10,
Micro Nebworks MN5420 1991] 3.20E+05] 12 a7 20.0] 65/ 261E+08 4.02E+07] 7.03E-10]
Sipex SP9478 5.00E+05] 14
Alcatel Mietec (ISSCC) 5 00E+05| 14
Analog Devices AD 1382 5 DDE+05, 16 1438 1472 28] 145E+10 5.18E+08| 127E-11 10.0 2 0E+05]
Datel ADS 930 5 00E+05| 16 130 143 34| 4.09E+09 1.20E+09] 4.50E-11 10.0 2.0E+06
Analog Devices AD7886 8 D0E+05) 12 10.8| 12.8| 0.25] 1.46E+09| 5.85E+09] 1.26E-10 50 1.0E+06
Harris ICL 7135 9 00E+05| 14
Datet ADS 112 1.00E+06 12 11.3] 12.5 13] 258E+09] 199E+09] 7.11E-11 10.0 1.0E+07
Univ. of lllinois Song, etal. 1988! 1.00E+06 12 13.2] 04
Analog Devices AD7586 1.00E+06 12 02 40
Datel ADS941 1.00E+06 14 123 145 28] 5.16E+09] 1.84E+09] 3.56E-11 10.0 6.0E+06
MIT & Hamis Karanicolas, et al. 1993| 1.00E+06 15 15.0 18
Analogic ADC 4344 1.00E+06 16 133 152 34{ 1.03E+10) 3.03E+09] 1.79E-11 50 4.0E+06|
Edge Technology ET1661 1992| 1.00E+06| 16 147 55/ 258E+10 4 70E+09] 7 11E-12 10.0
Sipex SP9490 1.00E+06 16
Analog Devices Mercer 1991] 1.25E+06| 12 125 0.6 50 8. 5E+06)
Katholieke Univ. Leuven|Yin & Sansen 1994] 1.50E+08| 16 15.0 16.0 0.18] 4.88E+1D 271E+11] 376E-12] 07| ~75E+05]
Signetics Kolluri 1989 2.00E+06| 12 122 0.65 10.0
Analogic ADC3110 2 00E+06| 14 137 127 41| 258E+10] 6.32E+09] 7 09E-12] 10.0 2.0E+07
Datel ADS842 2. 0DE+06| 14 123 133 28] 1.03E+10] 356E+08| 1.78E-11 10.0 60 E+0§’
Datel ADS932 1996| 2.00E+06] 16 132 14.0 185 183E+10| 9.91E+09] 1.00E-11 55 4.0E+06
Edge Technology ET1662 1992) 2.00E+06] 16 14.7] 55| 517E+10 9.40E+09| 3 55E-12, 10.0
Analog Devices AD1388 1992[ 2.DDE+06| 16 133 65| 2.06E+10] 3.17E+09] 8.93E-12 10.0 9.0E+06
Stanford Brandt, et al. 1991] 2 10E+06| 12 112 14.2 0.041] 4.84E+09 1.18E+11] 3.80E-11 1.0E+06
{Analog Devices Brooks, et al. 1997| 2 50E+06| 16 145 16.2 055 5.76E+10) 1.056+11] 3.19E-12
{Analog Devices AD9260 1997| 2.50E+06 16 146 16.7 06| 610E+10 102E+11] 3.01E-12 1.3E+06|
Edge Technology ET1463 1992| 3 DOE+06| 14 12.7 217 1.95E+10] 8.98E+09| 9.44E-12 20
Edge Technology ET1663 1992] 3.00E+06 16 14.7 55| 7.75E+10 1.41E+10] 2.37E-12] 10.0 ]
Raytheon was Hughes 1978] 4.00E+06 12
Datel ADS 118 | 5.00E+06 12 10.7 108 19) 8.15E+09 429E+09] 2.25E-11 20 6 5E+07|
UC Berkeley Cline & Gray 1996| 5 00E+06) 13 115 12.2 0.166] 1.40E+10 8.44E+10] 1.31E-11 66 5.0E+07
Burr-Brown ADC614 1994] 5 00E+06| 14 127 147 61| 3.25E+10 5.32E+09] 566E-12 25 3.0E+07
Datel ’ ADS944 7354] 5.00E+06| 14 115 337  145E+10] 430E+09] 127E-11 25
Edge Technology ET1465 1992| 5.00E+06| 14 12.7] 2.17] 325E+10 150E+10] 5.66E-12 20
Univ of ltlinols, Harris |Kwak etal. 1997] 5 00E+06 15 138 155 0.06] 7.18E+10 120E+12] 256E-12]
[Raytheon Boyko, GSG 1990] 6.00E+06 15 122 150 22| 2.76E+10 1.25E+09] 6.66E-12
Raytheon was Hughes 1984] 1.00E+07] 8 78 102 0.4] 2.30E+09) 5.76E+08] 7.98E11
TRW THC 1202 1.00E+07} 12 108 11.2 45| 1.83E+10| 4.07E+09] 1.00E-11 20 7.0E+07

@

occurs. The mean is the average position of the sampling tieeor will occur when attempting to sample the sinusoid at its
and the standard deviation is a measure of the variation zgfro-crossing, and is given by the product of the maximum
the sampling point and is defined as the rms aperture jittéfppe of the wave and the aperture uncertainty

T~ ASsuming thatr, is known, an expression for the voltage

error due tor7, can be derived. The worst case situation Vrms = T foamp VFSTa [ 2-
corresponds to sampling a sinusoidal waveform with the
highest frequency in the Nyquist band, whichfig..;,/2, i.e., Equating this to the square root of the expression(f@r}

v(t) = (Vrs/2) sin(n feampt). The maximum rms voltage given above (her@nermal is replaced byBaperture ), l€ads to
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TABLE | (Continued.)

institution Author/Part No. Year [fsamp(Hz) [Stated Bits [SNRbits [SFORDits [Pdiss(W) |[P(LSBs-Hz) |F(LSBs-HzW) [Derived ta |Vinput(V) [BWinput(Hz)
Datel AD5130 1.00E+07 12 10.5 11.2 3.85 1.45E+10 3.77E+09I 1.26E-11 25 6.5E+07|
Burr Brown ADCE03 1992] 1 00E+07| 12 105 12.0] 61| 145E+10 238E+09] 126E-11 25 4.0E+07
Analog Devices AD9220 1996] 1.00E+07| 12 113] 129 0.28] 258E+10) §23E+10] 7.11E-12 3.5E+07|
Analog Devices ADS220 1997| 1.00E+07] 12 115 147 025[ 290E+1D| 116E+11| 6.34E-12 6.0E+07]
T1+ Army Ramlett, etal. 1990 1.00E+07 12 16
Univ. of lilinois Shu etal. 1995 1.00E+07 13 11.0] 0.36] 2.05E+10] 570E+10] 8.95E-12
Datet ADS945 1994 1.00E+07| 14 12.0 132 42] 4.10E+10 975E+09| 4.49E-12 25 5.0E+07
Analog Devices ADS014 1992 1.00E+07 14 122 14.7] 12.8]  4.60E+10) 359E+09] 4.00E-12 20 6.0E+07|
Analog Devices ADS240 1897[ 1.00E+07 14 126 150 0285 613E+10 215E+11] 3.00E-12 7.0E+07
Edge Technology ET1471 1992] 1.00E+07 14] 127 57| 649E+10 114E+10] 283E-12 20
Harris CA 3318C 1.50E+07| 8
IMatsushita Kusumoto, etal 1993] 1.50E+07| 10 88 0.03] 6 89E+09] 2.30E+11] 267E-11 3.0E+06
|Raytheon was Hughes 1986] 1.50E+07 11 142 S0
Comfinear CLC9358 1994] 1.50E+07 12 10.6 137 475 233E+10 4.92E+09] 7.87E-12] 20 8.0E+D7
Analog Devices AD773 1.80E+07 10 85 112 12| 657E+09 547E+08] 280E-1% 10 1.0E+08
[Raytheon was Hughes 1686 2.00E+07| 7 6.7 064] 2.10E+09] 329E+08] 8.73E-11
Rarmis HI 5700 2 00E+07| 8 75 3 66E+09) 502E-11 9 0E+06
Datet ADC208 2 DOE+07 8
Analog Devices ADS200 1997| 2.00E+07 10 S0 103 008 1.03E+10] 1.296+11] 178E-11 20 9.0E+07
Analog Devices Real, etal. 1991] 2.00E+07| 10 87 103 1| 8.19E+09| 8.19E+08] 2.24E-11 15E+08
Univ. of Cal. Berk. Cho & Gray 1995| 2.00E+07 1D, 95 0.035] 1.47E+10] 421E+11] 125611 20 i
Sig Proc Tech SPT7912 1991 2.00E+07] 12 93 117 18] 1.30E+10| 721E+08] 1.42E-11 20 1.2E+08|
HP Jewett, etal 1992| 2 00E+07, 12 105 120 35| 291E+10] 830E+09] 6.32E-12 §5E+07
Comlinear CLCS36C 1994] 2 00E+07| 12 105 12.6 528 291E+10] 550E+09] 6.32E-12 20 9.0E+07
Raytheon was Hughes 1982] 2.00E+07 12
Analog Devices CAV1220 2.00E+07| 12 20
TRW TAC1025 2 50E+07| 10 78 88 78] 6.76E+09 7.38E+08] 3.19E-11 10 6.0E+07
Analog Devices ADS032 1992] 2 50E+07 12 107 120 5| 4.08E+10 8.15E+09] 4 51E-12 20 10E+07
Analog Devices ADS225 1997| 2 50E+07| 120 113 14.3] 03] 6.46E+10] 2.156+11| 2 84E-12] 2.0E+08
Raytheon was Hughes 1991| 2.50E+07 14 11.8 14.0 30| 9.13E+10 3.04E+09] 2.01E-12
Comiinear CLCS37B 1994] 2 56E+07 12 105 12.2] 735 3.64E+10] 495E+09] 506E-12, 20 1.0E+08|
Comlinear CLCS50 1994| 2 56E+07] 12 1038 125 2| 4.68E+10 2.34E+10] 3.92E-12| 20 1.8E+08]
Comlinear CcLC938C" 1994; 3.07E+07 12| 104 12.0] 657 4 26E+10 6.49E+09 4.31E-12 20 1.0E+08|
Anaiog Devices AD9026 1994] 3 10E+07| 12 105 146 ~ 4 50E+10) 309E+10] 4.08E-12| 20
Sony CXD1179@ 3 50E+07] 8 0.1 18 ]
Sig Proc Tech SPT7824 1991] 4.00E+07, 10 80 117 18] 1.03E+10] 5.74E+09] 1.78E-11 18 1.2E+08
Analog Devices ADS042 1996] 4.10E+07| 12 1.2 133 0.595{ 9.44E+10 159E+11] 195E-12 1.4E+09]
Broadcom Corp., UCLA |Bult, et al. 1997] 4.80E+07, 10 87 024] 1.97E+10, 819E+10] 9.35E-12| 20 3.2E+07]
{Raytheon was Hughes 1989 §.00E+07 7 05
Philips Research Labs [Van de Plaasche 1979| 5.00E+07 7
TRW TDC 1025 5.00E+07| 8 75 9 15E+09 2.061E-11 20 1.3E+07
Datel ADC9060 5 00E+07| 10 o
Philips Comp . ER| Ve p, R 1997] 5 00E+07 12 10.3] 11.8 03] 6.48E+10] 2.16E+11] 2 BAE-12 2 6E+05
Analog Devices Murden & Gosser 1995 5 00E+07 12 11.0 133 0575 1.03E+11 1.78E+11] 1.79E-12 1.0 zoEW'
|Raytheon was Hughes 1978] 6 00E+07] 13 10.0] 11.7] 25| 6.17E+10| 2.4TE+09] 2 98E-12 3 0E+07|
Analog Devices AD6640 1997| 6.50E+07 12 113 133 0695 168E+11 242E+11] 1.09€-12 2 5E+07|
Sony CXA1386P 7 50E+07, 8 70 058 9.71E+09 167E+10[ 189E-11 1.5E+08
UCLA Colileran & Abidi 1993| 7 50E+07] 10 95 12.8 08| 546E+10| 683E+10{ 3.36E-12 5.0E+07
Analog Devices ADS060 7 50E+07 10 77 28] 154E+10] 550E+09] 1.196-11 40 13@]
Analog Devices AD9057-80 1997 8.00E+07 8 73 92 0.175] 1.30E+10 7.456+10[ 181E-11 25 12E+08|
TRW TDC 1028 1.00E+08 6 52 3 65E+09 5.04E-11 10 5.0E+07
Philips Research Labs |Van de Plaasche 1988[ 1.00E+08) 8 08 } 10 4.0E+07|
NEC Sone, etal. 1993| 1.00E+08 10 ‘92 10.2 0.95] 5.78E+10] 6.0SE+10] 3.18E-12 T5E+07
Analog Devices ADS070 1997 1.00E+08| 10 92 07| 578E+10| 8.26E+10{ 3.18E-12| 2.3E+08
Raytheon was Hughes 1994( 1.00E+08 10| 18
RRL Labs Jensen, etal. 1995 1.00E+08| 12 88 118 1] "458E+10] 459E+10] 4.00E-12 B
Hewilett Packard Jewelf, etal. 1997] 1.28E+08] 12 99 11.7] 57| 124E+11 218E+10] 148E-12 05 2.5E+08
Sig Proc Tech HADC77100 1.50E+08] 3 6.0 26| 8.73E+09 3.74E+09] 1.89E-11 2.0 1.8E+08,
Analog Devices AD9054-200 1997| 2.00E+08| 8 78 05/ 4.61E+10) 9.21E+10] 3.99E-12 3.8E+08|
Analog Devices Mangelsdorf 1990} 2.00E+08] 8 75 2] 366E+10 1.83E+10[ 5.02E-12 4 OE+08
Raytheon was Hughes 1982 2.50E+08| 5 22
Sony CXA1176K 2.50E+08] 8 62 14] 182E+10| 1.30E+10] 1.01E-11 2 5E+08
NTT LSi Lab Akazawa, etal. 1987] 3 00E+08] 8
Analog Devices AD9028 3.00E+08] 8 57 22| 155E+10 703E+09] 119E-11 20 25E+08

ita 1992| 3 00E+08| 10 4
Sony CXA1276K 4.00E+08| 8 64 31| 327E+10 1.05E+10] 562E-12) 2.5E+08)

(b)
the desired relation foB,perture is given by [7]
2 p = Vs e s
=
Baperture = 108‘2 -1 AOQ

\/37{' fsampTa
wheret = .5 clock period= (2 fsamp) *, Treg = regeneration

Comparator Ambiguity Derivation:This effect is due to the time constant= 2.5/ fr [8], Ao = comparator gain, and)

finite speed with which the transistors in the comparators the effective LSB voltage= Vg2~ Pamvisuiey . Making the

are able to respond to a (small) voltage differerfee5 implied substitutions yields

LSB). The probability that theth comparator will produce an

ambiguous decision as to whether the input signal is above or . )

below the reference voltage associated with said comparator YT Ag2 Bamviguity

e—ﬂ'fT/i')fsamp
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TABLE | (Continued.)

institution Author/Part No. Year [fsamp(Hz) |Stated Bits {SNRbits |SFDRDbits |Pdiss{W) |P(LSBs-Hz) [F(LSBs-Hz/W) |Derived ta |Vinput(V) |BWinput(Hz)
[TRW L Tran etal. 1993 5 00E+08 1 1 2.5E+o§|
Analog Devices ADS006 5.00E+08| 6 45 2| 115E+10 576E+09| 1.60E-11 20 5 5E+08|
Micro Networks MNE900 1991] 5.00E+08]_ 8 77 10.3 75 1.03E+11 1.37E+10[ 1.79E-12] 05 1.2E+08]
Raytheon was Hughes 1988| 5 00E+08] 8 64 11] 4 08E+10) 371E+08] 4 50E-12 2 5E+08
Raytheon was Hughes 1984; 5.20E+08| 6 4.1
Raytheon was Hughes 1986] 6.00E+08| 4 1.8
Philips, Netherl van Valburg,etal. 1992| 6 50E+08| 8 78 85 081 146E+11 181E+11] 1.26E-12] 20 15E+08
Raytheon was Hughes 1986 8.00E+08) 6 79 3.5E+08|
HRL Labs W. & Schmitz, HRL 1988| 1.00E+08 4 32 5.0 0.1 916E+0S G 16E+10] 201E-11 14 10E+07
Inst. fur Electr., Ruhr UniiDaniel et al. 1988[ 1.00E+09 4 39 6.0 24, 145E+10]  6.05E+08] 1.27E-11 13 8.0E+08
TRW & Honeywell Kleks etal. 1987| 1.00E+09 4 1.0E+09
TRW Oki etal. 1987| 1.00E+08 4 225 5.0E+08
Rockwell Wang et al 1987| 1.00E+09, 4 06
Fraunhofer & TriQuint |Hagelauer et al. 1992| 1.00E+D9 5 48 56 34| 280E+10 8 24E+09| 6 56E-12 18] 50€%08|
Raytheon was Hughes 1986| 1.00E+09] 6 55 62 26| 4538E+10] 1.77E+10[ 4 60E-12 5.0E+08
NTT LSl Lab Wakimoto, et al. 1988] 1.00E+09] 6 58 83 2| 558E+10 279E+10] 3 20E-12 20 1.7E+09
Signal Processing Tech [SPT7760A 1995] 1.00E+09, 8 67 738 55| 1.03E+11 187E+10] 179€-12 20 9.0E+08
HYPRES Stebbins & Bradiey 1993 1.00E+09 8 6.0 8.0 0.001 656E+10 656E+13] 2 80E-12 03
Raytheon was Hughes 1989 1.20E+09| 5 3
TRW B. Wong, etal 1996] 1.756+08] 8] 85 87 1 60E+11 1.15E-12] 3.0E+09
[Rockwell Nary etal. 1895/ 2.00E+09 8 66 80 53] 192E+11 362E+10] 9.57E-13 06 3.0E+09)
Lab d'Electr & de Phys ADuCourant, etal. 1989] 2.20E+09)] 5 45 105 4.89E+10| 4.66E+10] 3.76E-12 4.0E+08]
Lab d'Electr & de Phys ADuCourant, et a!. 1986( 3.00E+09 4 0.15
HP & Rockwell Poulton({HP)Wang(R). | 1994 4 DOE+09| 6 52 56 57| 14BEXT1 259E+10] 1.24E-12] 18E+09
Hewlett Packard Schiller & Byme 1991] 4.00E+09 B 6.6 39 388E+11 9.96E+09] 4.73E-13]
HRL Labs Baringer, etal 1996] 8 00E+09) 3 27 45 35| 6531E+10 152E+10] 3.46E-12| 06 12E+10
(©
An equation for the quantization noise plus the contribu- REFERENCES

tions from all comparators due to the ambiguity probabilitie
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