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Abstract

Switched-capacitor analog memories are well-suited to a number of applications where a
continuous digitization of analog signals is not needed. In data acquisition systems based
on the use of an analog memory, theinput waveforms are sampled and stored at ahigh rate
for alimited period of time, and the analog samples are then retrieved at alower rate and
digitized with a slow ADC before new waveforms are acquired. The advantages of using
an analog memory are lower overall power dissipation and cost, higher density and reli-
ability, and potentially superior performance. The analog memory essentially exploits the
fact that the sampling and storage of samples in a bank of analog memory cells can be
accomplished at a higher rate and with a greater precision than direct digital conversion.

This dissertation examines the important components of an analog memory in detail
and investigates their use in a number of architectures. The research has led to the design
of an analog memory that can acquire analog waveforms at sampling rates of several hun-
dred MHz with a dynamic range and linearity of more than 12 bits, without the need for
elaborate calibration and correction procedures. This is accomplished by means of a new
memory architecture that results in memory cell pedestals and sampling times that are
independent of the signal level, as well as cdll gains that are insensitive to component
sizes. The write address control for this memory has been realized with an inverter delay
chain that provides substantialy higher performance with respect to sampling rate and
timing accuracy than other published approaches.

Based upon the concepts developed in this work, an experimental analog memory was
designed and integrated in a 2- mnm CM OS process. Extensive measurements of this proto-
type at sampling rates up to 700 MHz are presented and demonstrate a dynamic range, lin-
earity, offset, and gain accuracy corresponding to a precision of more than 12 bits after a



simple dc baseline subtraction. One 32-cdll channel in the experimental circuit dissipates
only 2 mW from asingle 5-V supply.
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Chapter 1

| ntroduction

1.1 Motivation

Many modern data acquisition systems require the recording of analog signals as a func-
tion of time over a wide dynamic range. Most commonly, the analog information is digi-
tized at the required acquisition rate using an anaog-to-digital converter (ADC).
However, in a number of applications analog waveforms need only be captured as snap
shots; continuous digitization is not necessary. Examples of such applications include
pulse echo phenomena (RADAR, LIDAR, ultrasonics, non-destructive material or medi-
cal testing), pulse shape recording (high energy physics experiments, accelerator diagnos-
tics), and laboratory instrumentation (oscilloscopes, transient digitizers). In such cases an
input waveform can be sampled at a high rate for alimited period of time, and the samples
stored in an analog memory. The analog samples are then retrieved at alower rate and dig-
itized with a dlow ADC before a new waveform is acquired. Advantages of using an ana-
log memory include low overall power dissipation and cost, high density, and potentially
superior dynamic range at high sampling rates.
Two main technologies are available for realization of an integrated analog memory:
charge-coupled devices (CCD'’s) and switched-capacitor circuits. Integrated circuits based
on switched capacitor techniques are inherently capable of higher accuracy and sampling
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Figure 1.1: Signal acquisition with an analog memory circuit.

rates than CCD devices. Furthermore, CCD'’s require elaborate clocking circuitry that gen-
erally dissipates considerable power.

The objective of this research is an in-depth investigation of using switched-capacitor
analog memories for analog waveform sampling at rates exceeding 100 MHz. Strong cost
and performance incentives especially encourage the use of analog memories in high
energy physics experiments. Fast analog waveform capture for tens of thousands of chan-
nels must be provided at low cost and with a minimum of power dissipation, prohibiting
the use of high performance real-time digitizers. Low power dissipation is a particularly
important prerequisite for collider detectors [1, 2], where the electronics is integrated in a
confined area and heat extraction is extremely difficult.

A block diagram of a typical waveform acquisition system is shown in Figure 1.1. The
electrical signal generated in the detector or sensor is amplified and shaped, and the condi-
tioned waveform is then sampled and stored at a high rate in the analog memory. The
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stored information is subsequently retrieved at a relatively low rate for conversion into
digital form. The use of an analog memory eases the speed required of the ADC consider-
ably and therefore significantly reduces cost and power dissipation. In addition, many sig-
nal channels can be multiplexed onto one A/D converter when readout speed and latency
are not crucial. As an additional benefit, large dynamic range signals can be recorded at
higher rates with an analog memory than can be achieved with monoalithic real-time con-
verters.

Specific applications for the memory proposed in this work appear in high energy
physics accelerators and colliders, where bunches of particles are transported at close to
the speed of light inside structures several kilometers long. For example, in the Stanford
Linear Collider (SLC) bunches of electrons and positrons are accelerated in a three-kilo-
meter long disk-loaded waveguide [3, 4]. In the proposed Next Linear Collider (NLC) par-
ticleswill be accelerated in two linear ten-kilometer long machines for head-on collisions
[5]. In order to control the operation of a particle beam with sufficient accuracy, its trans-
verse position must be measured at as many as a thousand locations with a precision of
better than 1 um across arange of 5 mm. The complexity and cost of such a measurement
system can be significantly reduced through use of high-speed, high-dynamic range ana-
log memories, while also improving performance.

In this thesis the basic characteristics of integrated transistor switches and capacitors
are reviewed and an architecture for waveform sampling at rates as high as several hun-
dred MHz is introduced. A circuit implementation of this architecture is investigated in
detail in respect to its theoretical dc and ac performance. In order to confirm the results of
this study, an experimental version of the circuit has been fabricated in a 2-um CMOS
technology and tested. Sampling rates up to 700 MHz have been achieved while sustain-
ing a dynamic range of more than 12 bits. The proposed analog memory is a viable alter-
native to real-time analog-to-digital converters in applications where continuous
acquisition is not required. The power dissipation of the device is orders of magnitude
below that typical of commercial monolithic converters, which are presently limited to a
dynamic range of 8 bits for rates exceeding 100 MHz.



Chapter 1: Introduction 4

1.2 Organization

The implementation of analog sampling and storage functions using switched capacitor
circuits is described in Chapter 2. Several analog memory architectures that have already
been implemented are examined and their operation is explained. The performance limita-
tions of these circuits are studied with particular attention given to the impact of variations
in component sizes on the memory cell transfer function. Calibration and correction pro-
ceduresthat can be used for high-precision data acquisition are reviewed. The chapter then
describes circuits employed for the write control in analog memories and closes with a
definition of terms commonly used to describe sampling systems.

In Chapter 3 the MOS transistor is explored with respect to its use as a voltage switch.
Impedance levels and error voltages are evaluated for several memory cell configurations
wherein the switch isinserted in the signal or signal-return paths. The limiting factors gov-
erning the matching of the signal responses among individual memory cells are identified.

Chapter 4 introduces a new analog memory architecture. The operation of this mem-
ory and its expected performance are discussed. The memory circuit’s transfer function is
derived, illustrating the effect of component mismatch within a memory channel on the
memory response. The memory is addressed by means of shift registers for sampling
speeds below 100 MHz. For higher speeds, a write control circuit comprising starved
inverters with feedback control is proposed.

The folded-cascode operational amplifier is the subject of Chapter 5. Performance
parameters such as gain, bandwidth, and noise are investigated, and simulation results are
compared to experimental data that was obtained from integrated prototypes.

The design of a two-channel analog memory with 32 cells in each channel is described
in Chapter 6. This circuit was integrated in @arB-CMOS technology with poly-to-poly
capacitors. The test setup used for the characterization of the memory is explained and
experimental results are presented. A dynamic range of more than 12 bits has been
achieved at sampling rates up to 700 MHz while dissipating only 2 mW of power in each
channel.

Chapter 7 summarizes the contributions of this research and identifies areas of future
study.



Chapter 2

Analog Memory Concepts

2.1 Overview

The design of analog memory circuits isinfluenced not only by the issuesinvolved in their
realization in a given technology, but also by the intended application. The choice of an
architecture depends strongly on whether the circuit serves as an analog storage and multi-
plexing device, as an analog waveform recorder, or as an analog delay line.

In this chapter the basic concepts underlying analog memory design are explained, and
architectures that have been realized in switched-capacitor technologies are reviewed. The
study focuses on waveform sampling architectures wherein one of the important perfor-
mance criteria is the matching of transfer characteristics of the individual memory cells.
The degree of matching needed and the desired overall performance determine the com-
plexity of the required calibration and correction procedures for such circuits. These pro-
cedures are formulated, and the requisite cell-to-cell matching is studied. The advantages
and limitations of existing memory structures are also addressed.

The individual cellsin a bank of analog memory cells are addressed on-chip by dedi-
cated write and read control circuits. Implementations of such addressing circuits are
reviewed and their operation described. The chapter closes with a definition of terms used
throughout the thesis.
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Figure2.1: Generalized representation of an analog sampling and multiplexing memory.

2.2 Analog Storage

Figure 2.1 illustrates the concept of an analog memory circuit comprising M signal
channelswith N generic storage cellsin each channel. The location of acell in achannel is
indicated by the column addressi (1<i<N), and the channel number by the row
addressj (1<j<M).Ananaoginput signal Vj(t) is connected to all N memory cellsin
channel j. Control signals @, through @, and @1 ; through @, \ are the memory write
and read address signals, respectively. Waveforms can be stored in the analog memory at
N timing instances by sequentially addressing the memory cells within achannel viawrite
control signals @, through @,n. The input voltages at time t; are stored in memory cells
Z; 1, attimetyincellsZ 5, and so forth until the input levels at timety are recorded in cells
Z; N After the write phase is finished, the readout commences by applying read address
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Figure 2.2: Block diagram of one signal channel of an analog waveform memory.

@11 Which connects the first memory cell of the first row to the output bus. After the
output has settled it can be digitized by an on or off-chip converter. Likewise the
remaining memory cells are serialy read out and digitized.

The maximum number of analog values that can be stored in an array such as that
depicted in Figure 2.1 is the number of rows, M, times the number of columns, N, and is
generaly bounded by the physical chip size. The intended application dictates the rela
tionship between M and N. In circuits dedicated for analog storage and multiplexing, for
instance, the number of channelsis large compared with the number of cells in one chan-
nel (M >> N). The primary purpose of such an architecture is the optimization of required
space, power dissipation, and cost for large data acquisition systems by reducing the num-
ber of interconnections and analog-to-digital converters[6, 7, 8]. In such applications, the
minimum time between the acquisition of two consecutive input waveforms must be long
enough so asto permit a sequential read out of the data.

The focus of this thesis is on analog waveform sampling applications, where the
number of cells in a channdl is large compared to the number of channels on one chip
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(N>> M). Figure 2.2 shows a single channel version (M = 1) of an analog memory with
the input connected to all N memory cells. During the write phase, the analog input
waveform is sequentialy stored in the N memory cells Z; through Zy. After the entire
waveform is acquired, the signals stored in the memory cells are sequentially read out and
digitized during the read phase.

The voltage read out from a given memory cell i during the read phase, V,;, corre-
sponds to the input voltage Vi4(t) sampled and stored at time t;. Generally, the time
between readout of two adjacent memory cells can be much larger than the time between
the acquisition of consecutive input samples during the write phase, t; - t;_;. This relaxes
the speed requirement on the following high-resolution ADC considerably. A single low-
cost, low-power converter is generally sufficient for digitization of the analog information
read out from many memory cells.

2.3 Memory Calibration and Correction Procedures

The challenge in analog memory design is to produce a uniform and linear response in a
large number of memory cells at a level of performance comparable to the inherent accu-
racy of the technology. Principal performance issues are cell-to-cell offset and gain varia
tions within a memory channel, which are governed by the circuit architecture and its
sengitivity to the matching properties of its constituent components. The voltage V,,; read
out from agiven memory cell i can be expressed as a function of the input voltage Vi,

Voi = HitVin) (2.1)

where H; is referred to as the transfer function of memory cell i. Ideally, the transfer func-
tions of all cells are identical and equal to one. In reality this will not be the case because
of gain, nonlinearity, and offset variations among cells. The origin of these variations can
be inaccuracies in the fabrication process or control signal feed-through while the circuit
is being operated.

In high-precision applications, the lowest achievable cell nonuniformities may not be
adequate and must therefore be cancelled by correcting the data. In large systems, it is
essential that the computational effort and the number of components required to store the
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. Number of Number of
E:rg'rlnite:lr g?ég:}b?g Calibration Constants per
Voltage Levels | Memory Cell
Offset Subtraction 1 1
Gain and Multiplication and 2 2
Offset Addition
Linearity Piece-Wise Linear | Number of Seg- | 2 x Number of

Approximation ments + 1 Segments

Table 2.1: Cadlibration and Correction Parameters.

correction constants be minimized. Calibration is commonly performed by applying
known sets of signals at the analog input and storing the resulting output values. The
transfer function H; is then calculated, and the inverse function of H; is used to correct the
acquired data. Cell-specific correction values are commonly expressed in the form of
calibration constants. The time needed to determine these constants during the calibration
procedure is generaly not crucial, whereas a premium is placed on the minimization of
processing effort needed for the real-time, on-line correction of the signal data. The goal,
therefore, is to minimize the number of calibration constants and the time required to
correct the signal data.

The performance of an analog memory and the desired overall accuracy determine the
complexity of the inverse function of H;, and therefore the number of calibration voltage
levels to be applied during calibration. Table 2.1 lists the operations that must be per-
formed to correct for offset, gain, and linearity errors, along with the number of reference
voltage levels and constants needed for these operations. The cancellation of memory cell
offset voltages, for instance, requires a subtraction procedure with one calibration constant
for each cell. These constants are obtained by applying a single reference voltage, Vg, to
the circuit during calibration. The corresponding output voltage of cell i, Vg, is

\%

oci = Vecal t

Vorri = Ki. (2.2)
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Figure 2.3: On-chip digital correction.

where Vg 1S the memory cell offset voltage and K; is the calibration constant to be stored
for cell i. During data acquisition, the difference between the input signal voltage Vg4 and
the reference calibration voltage V., can then be calculated by subtracting K; from the
output response V;,

Vag—Vea = Voi — K- (2.3)

g

The cell dependency isthus removed because the known reference voltage V. isidentical
for the entire acquisition system.

The subtraction procedure can be implemented with a digital circuit as illustrated in
Figure 2.3. During calibration the voltage V. is applied at the input, and the digitized out-
put voltage levels are transferred directly into the static digital memory. These stored cali-
bration constants are then subtracted from the data output during signal acquisition time,
thereby cancelling al cell specific, as well as common, offset voltages. Note that the can-
cellation of offset voltages does not require any circuitry to calculate calibration constants
since the constants are identical to the output levels digitized during calibration.
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Correction of both cell-to-cell gain and offset voltage errors requires the recording of
the circuit response to at |east two separate reference voltages

Vocit = AiVeair  Vossi (2.4)

ocil
and

Voo = AV

oci2 —

caiz ¥ Voisi » (2.5)

where A, is the voltage gain of cell i. V1 and Vo are the responses of the circuit to ref-
erence voltages Vg1 and Vgo, respectively. The two calibration constants, K4; and Ky,
for each cell are then computed as

1 V

Kli -1 _ cal2™ Vcall (2.6)
Voci2_ ocil

V,

call ™

KliVoci 1 (2.7)

During signal acquisition, the voltage level \j,; read out from cell i is corrected by means
of amultiplication and an addition,

Vgq = KyVyi + Ky (2.8)

An analog memory channel with N cellstherefore requires 2 x N constants, asindicated in
Table 2.1. The number of constants required can be reduced when the responses of the
individual memory cells within a channel are uniform enough to satisfy the accuracy spec-
ifications after a common correction. For example, when the gain matching among cellsis
satisfactory, (2.8) reducesto

Vsig = KlVoi + K2i ) (2-9)

and only (N + 1) constants need to be stored.

Asindicated in Table 2.1, nonlinearities in the circuit response can be corrected using
a piece-wise linear approximation to the memory cell transfer curve. The number of cali-
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bration voltage levelsis determined by the number of linear segments needed to obtain the
desired accuracy, as illustrated in Figure 2.4. In this figure a nonlinear transfer curve is
approximated by four linear segments. The five calibration voltages are Vg4 through
Va5, and the corresponding memory responses are V1 through V5. During data acqui-
sition, the input signal voltage, Vg4, can be approximated from the measured output volt-
age \j,; by alinear interpolation between the nearest calibration output values.

The procedures listed in Table 2.1 are sufficient to cancel cell offset, gain, and nonlin-
earity errorsfor dc input signals. The analog memory must be carefully designed and eval-
uated to maintain the needed performance across the desired input signal frequency range.
A variation in the sampling time interval from cell to cell manifests itself as an amplitude
error, asisillustrated in Figure 2.5. In this example, aramp input signal is sampled at four
distinct times, t; though t4, on the trailing edges of clocks @, through @,4 and stored in
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Figure 2.5: Effect of sample time error on the reconstructed waveform.

four consecutive analog memory cells. Thetime t,’ is the nominal sample time, and t, is
the actual time when the second sample is stored. A deviation At = t,—t', resultsin an
amplitude error

dVv

n

o~ Tt

AV At, (2.10)

where dV, ./ dt is the slope of the input voltage signal.

The correction of errors due to sampling interval variations is straight-forward, pro-
vided that the time deviations are stable and independent of the input signal level. The
sample time t; associated with a given memory cell location i is smply adjusted by a cor-
rection factor At; that is obtained from a single ac input waveform during calibration.



Chapter 2: Analog Memory Concepts 14

These correction factors can be determined from aramp or sine wave input signal and are
applicable to al input signal shapes and frequencies.

Input voltage level dependent sampling times, however, entail substantial measure-
ment errors for high frequency input signals, as is investigated in Chapter 3. Complex ac
calibration and data correction procedures may be required if the memory does not satisfy
the performance objectives.

2.4 Analog Memory Circuit Architectures

Details of the structure and operation of several analog waveform memory circuit archi-
tectures are reviewed in this section. The memory cells in these architectures are com-
posed of transistor voltage switches and capacitors for charge storage. The circuits can, in
principle, be classified into two categories: those with an amplifier or buffer dedicated to
each storage cell [9, 10] and those with a single amplifier common to an entire memory
channel [11]-[19].

Shown in Figure 2.6 is the architecture of an analog waveform storage circuit utilizing
atraditional sample-and-hold structure. Each sampling cell consists of a write (sampling)
switch, §,, amemory cell capacitor, C, areadout buffer, B, and aread switch, S . Acquisi-
tion of a signal typically proceeds as follows. While switches S,; through S, are con-
ducting, the voltages on the capacitors C, to Cy track the signal applied to the input bus.
As the switches §,; through S, are turned off sequentially, the input waveform is sam-
pled and held at N discrete times on the cell capacitors. The stored analog information can
then be read out onto the output bus by consecutively closing and opening switches S
through S The uniformity of the memory cell responses in this architecture is governed
by the matching of the write switches, the storage capacitors, and the gains, nonlinearities,
and offset voltages of the cell buffer amplifiers. The power dissipation scales with the
number of memory cells.

The architecture depicted in Figure 2.6 has been implemented as a circuit called the
AMU [9, 20]. The AMU chip contains 256 memory cells and has a maximum sampling
frequency of 150 MHz with a power dissipation of 200 mW. A simple MOS source
follower was used as a buffer in order to meet power and size requirements. The
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Figure 2.6: Analog memory architecture with an amplifier in each memory cell.

drawbacks of using such a ssimple buffer circuit are large cell-to-cell gain variations and a
nonlinear cell response. One of the applications for the AMU is a 10,000 channel high
energy physics detector system with 512 sampling cells (two chips) for each channel [1,
21, 22]. The calibration and correction procedure needed to eliminate variations of the cell
offsets, gains, and nonlinearities employed a piece-wise linear approximation with eight
segments for each memory cell.

A bus-oriented architecture with considerably less power dissipation than the
architecture of Figure 2.6, as well as improved memory cell response matching, is shown
in Figure 2.7. In this approach the input waveform is sampled and stored on capacitors that
are switched sequentially across a readout amplifier. Only one readout amplifier is needed
for each channel, which dramatically reduces the power dissipation of the memory. During
the write phase, switches S;, S,, and S5 are closed, while S3 and $4 are open. The input
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Figure 2.7: Bus-oriented architecture with one amplifier per channel. The voltage on the
sampling capacitors is sensed during readout by switching the capacitors
across the output amplifier.

waveform is then sampled and stored on the capacitors by sequentialy closing and
opening sampling switches S,; through S,. After the input waveform has been recorded,
switches S, and S, are opened and S; and S, are closed. Individual cells are then read out
by sequentially closing and opening S, through S, SO as to consecutively connect the
cell capacitors across the readout amplifier. In order to reduce charge sharing effects, the
reset switch S is closed and opened in between readout of individual memory cells.
Memory cell-to-cell gain and offset variations are dominated by sampling switch
mismatch and are a function of the input signal level. The exact time when the signal is
sampled is also dependent on the input level, which is a serious drawback for high-speed
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Figure 2.8: Bus-oriented architecture with one amplifier per channel. The charge stored
on the sampling capacitorsis transferred to capacitor C, during readout.

applications. As discussed in Chapter 3, these memory cell response errors are a function
of the input voltage because the cell sampling switches are inserted in the signal path,
which also introduces nonlinearities. A circuit based on this architecture has been
implemented, and a sampling rate of 50 MHz was achieved with a power dissipation of
10 mW [16, 17].

In the architecture depicted in Figure 2.7 the voltage across the sampling capacitors C;
Is sensed during readout by switching the sampling capacitors across the output amplifier.
In Figure 2.8 an alternative architecture is shown in which the charge stored on the sam-
pling capacitors C; is transferred during readout to a common capacitor, C,, that is con-
nected across the amplifier. In this architecture the analog input waveform is recorded by
sequentially closing and opening switches §,; through S,, while switches §;, S;, and S5
are closed and S, and S, are open. During readout, S; and S are opened and switches S,
and S, are closed. The waveform is then read out by sequentially closing and opening
switches §,; through S,. In between the readout of two memory cells, the charge on C,
isreset by closing switch S5 to avoid charge sharing. The cell-to-cell offset variations are
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dominated by switch parameter mismatch. Gain deviations are governed by mismatch
among the sampling capacitances since the output voltage of cell i, \;, is given by

Voi = g_i%‘/in(ti)“LVoffi : (2.11)

r
A circuit based on this concept has been realized, and a sampling frequency of 10 MHz
was achieved with a measured gain nonuniformity of 0.5%, limited by capacitor size mis-
match [18, 19].
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Figure 2.9: Dynamic two-phase shift register with timing diagram.

2.5 Analog Memory Write Control

The sampling rate at which an input signal can be recorded in an analog memory is, in
practice, often limited by the speed of the write control circuit. The write address function
for analog memory circuits is typically provided by an on-chip static or dynamic shift
register. Figure 2.9 illustrates one of the ssmplest shift register configurations, a two-phase
dynamic shift register [24], along with the timing diagram. In this figure, ¢, and @y are
the two nonoverlapping clocks controlling the shift register, and @, is the serial input to
the register. Signals @,,; through @, are the write address control signals for the analog
storage section, asintroduced in Figure 2.1.
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The shift register is initialized by raising both of the clocks, ¢ and @, and the serial
input @, high, as shown in Figure 2.9. This sets the write address signals @, through @,
to their low state. The write control proceeds as follows. The serial input @, is set low, and
with araising edge of clock ¢, the first write address @,,; becomes high. After clock ¢
is returned to low, a @y pulse advances the logic level of @, to the second inverter in the
register. The serial input @, isthen raised to the high state and, after another ¢, pulse, the
first address signal, @,,;, goes low, while the second address signal, @,,, goes high. Con-
secutive clock pairs, @; and @, advance the logic levels within the shift register until the
last write address control signal, @, rises and fals, as illustrated in Figure2.9. It is
important to note that the shortest period the nonoverlapping shift-register clocks must
stay high is determined by the time required to adequately charge or discharge the inverter
input gate capacitances through the pass transistors. The minimum time between two suc-
cessive write clocks is therefore simply two inverter delays plus the timing overhead
required to ensure that the shift-register clocks are nonoverlapping.

Shown in Figure 2.10 is one stage of atypical static shift register. In this register, the
serial input, @, is advanced through the shift register by nonoverlapping clocks ¢ and
@sp. Thecircuit is static because the state of the register is held via the feedback pass tran-
sistors across two successive inverter stages. For both dynamic and static shift registers,
acquisition speeds exceeding 150 MHz are difficult to realize in MOS technol ogy.

In order to circumvent the speed limitations of an on-chip shift register, a write control
circuit wherein the write address signals, ¢, through @, are driven by off-chip, high-
speed drivers has been used [20, 23]. However, such an approach requires elaborate auxil-
iary circuitry, and sampling rates greater than 200 MHz are not practical for CMOS logic
swings. To achieve waveform sampling rates of several hundred MHz, some aternative
on-chip approach for write control must be devised; such a circuit is described in
Chapter 4.

2.6 Comparison with Direct Digital Conversion

The nature of an analog waveform memory dictates its use in applications where a contin-
uous digitization is not mandatory and the analog information need only be recorded over
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alimited period of time. In essence, an analog waveform recorder exploits the fact that the
analog sampling and storage operations require much less time and power than rea-time
digitization.

Anaog-to-digital converters can be classified into two broad categories, namely,
multi-step and one-step. Multi-step architectures include two-step [25], sub-ranging [26],
pipelined [27], and successive approximation [28]. The one-step flash or “direct” con-
verter topology [29, 30] provides, in principal, the fastest multi-bit conversion. A block
diagram of arlN-bit flash converter is shown in Figure 2.11. The basic converter typically
consists of Y comparators connected in parallel, with reference voltages spaced at the
full-scale voltage divided by™2 The latched comparator outputs are combined by a prior-
ity encoder to form a parall&l-bit wide word. The entire conversion is carried out in one
sampling cycle and the maximum sampling frequency is simply the conversion rate of the
digitizer. The exponential dependence of the power, area, and input capacitance of a flash
converter on the number of bits limit its use to resolutions below 10 bits. To circumvent
some of the limitations, variants of the basic architecture have been proposed which
employ folding [31], interpolation [32], and averaging [33] techniques. Despite these
improvements, the recording of analog waveforms by means of analog memory circuits
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Figure 2.11: Flash analog-to-digital converter architecture.

provides higher resolution at higher sampling rates and orders of magnitude lower power
dissipation. In addition, the speed requirements imposed by flash converters on the subse-
guent digital memory bank for data storage are removed.

2.7 Performance Parameter Definitions

The performance of an analog memory is typically characterized by a combination of
parameters that are commonly used for sample-and-hold, amplifier, analog-to-digital con-
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verter, and digital memory circuits. In this section, relevant dc and ac parameters are

defined so as to avoid ambiguities.

Amplifier input offset voltage
The dc input voltage required to provide zero voltage at the output of an amplifier.

Pedestal voltage

The pedestal is the induced voltage step due to the switch charge injection onto the
sampling capacitor when the sampling switch is turned off. The charge injection is the
result of both capacitive coupling from the switch gate and charge trapped within the
sampling switch.

Pedestal variation

The pedestal variation is defined as the difference in the pedestal voltage of nominally
identical sampling cells. The pedestal variation is mainly due to nonuniform charge
injection onto the sampling capacitor from variations in sampling switch parameters.

Dc gain error
Deviation in the voltage gain from unity, or a nominal gain, over the full scale voltage
range.

Integral linearity error

The maximum deviation from a linear fit to the output voltage versus the input voltage
over the full-scale input voltage range, expressed as a percentage of the input voltage
range.

Write clock frequency
The write clock frequencys, or sampling rate, is/tl, wherety is the time between the
turn-off of the write address switches in two adjacent memory cells.

Acquisition time

The length of time that the write address switch must stay on in order to acquire a full
scale step at the input to a specified accuracy.
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* Record length
The record length for the acquired signal is the number of cells in a channel multiplied
by the time between the turn-off of adjacent write switches; e.g. a 256-cell channel
operated at a frequency of 200 MHz captures a record ofb.BShgth.

» Data acquisition cycle time
The data acquisition cycle time is the minimum time between two measurement cycles,
which is the sum of the write time (or record length) and the readout time for one entire
analog memory channel.

» Small-signal bandwidth
The small-signal bandwidth is the frequency at which the amplitude of the signal across
the sampling capacitor is 3 dB less than the amplitude of a small signal sine wave at the
input.

» Full power bandwidth
The full power bandwidth is the frequency at which the amplitude of the signal on the
sampling capacitor is 3 dB less than the amplitude of a 95% full-scale sine wave at the
input.

* Rms noise

The rms noise is defined as the square-root of the sum-of-squdhesresiduals, i.e.
differences from the averagérepeated measurements.

* Thermal noise
Thermal noise is generated in any conductor or resistor as a result of thermal agitation
of the electrons. A noise voltage is generated in the resistive comp@&naitany
impedance and has a value

Vip = JAKTRAT, (2.12)

where v, is the rms value of the noise voltageis the Boltzman’s constant
(1.38 x 132 Joules/K),T is the absolute temperature in Kelvin, &fds the bandwidth

over which the noise is measured. Since the noise is related to the bandwidth over
which the measurement is performed, the bandwidth must be specified.
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* Minimum detectable signal (MDS)
Smallest input signal that the circuit can effectively detect or amplify. The MDS
depends on the nature of the signal and the application. Without special filtering or cod-
ing techniques, the MDS considered here is equal to the input-referred rms noise volt-
age.

» Dynamic range
The ratio of a full-scale signal to the minimum detectable signal, usually expressed in
dB or as an equivalent number of bits.

» Effective precision
The ratio of the amplitude of the input signal to the rms deviation from the ideal output
value. For a given sampling rate the effective precision depends on the frequency of the
input signal.

» Signal-to-(noise+distortion) ratio
A logarithmic expression of the ratio of the rms value of the signal to the rms sum of all
other spectral components over the specified bandwidth, including distortion compo-
nents and timing errors, expressed in dB.

* Droop rate
The change in output voltage per unit of storage time as a result of leakage in the mem-
ory cells. The polarity depends on the source of leakage current within a given memory
cell structure and is mainly the result of drain-to-substrate, drain-to-well, and sub-
threshold drain-to-source leakage in MOS switches.

2.8 Summary

In this chapter the principle of analog waveform sampling through the use of analog mem-
ory circuits has been explained. Analog memories are suitable for applications where ana-
log waveforms need only be captured over a limited period of time and where continuous
digitization is not necessary. The waveform is sampled and stored at a high rate for a lim-
ited period of time, and subsequently retrieved at a lower rate and digitized. The memory
essentially exploits the fact that the sampling and storage operation into a bank of analog
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memory cells can be accomplished at a higher rate and with a higher resolution than a
direct digital conversion.

In general, analog memory circuits are especially suitable for use in acquisition sys-
tems with hundreds or thousands of channels for which

» the number of components and interconnections must be minimized for cost, space, or
reliability reasons, or

» low power dissipation is essential because of the location of the electronics in areas
where heat extraction is difficult or because energy storage is limited (e.g. in portable
electronic systems), or

» analog waveforms must be recorded at a very high rate with a large dynamic range.

This chapter has also reviewed several analog memory architectures. Implementations
in which the sampling switch is placed in the signal path exhibit an input level dependent
voltage error and may require individual cell offset, gain, and nonlinearity corrections. In
addition, a serious drawback of these implementations in high-speed applications is the
dependence of the sampling switch turn-off time on the signal level. In circuits based on
traditional charge redistribution switched-capacitor techniques, charge injection can be
made independent of the signal level, but the cell gain is a direct function of the size of the
sampling capacitor. Hence, the memory cell gain matching across a channel is, in such an
architecture, limited to the achievable capacitance matching.

A circuit architecture that allows for sampling at rates of several hundred MHz while
avoiding input signal dependent voltage inaccuracies and gain errors directly related to
component mismatch will be presented in Chapter 4. First, however, the main elements of
an analog memory, the integrated capacitor and the MOS transistor switch, and their char-
acteristics when configured as a sample-and-hold circuit are investigated in the following
chapter.



Chapter 3

Analog Memory Cell Technology

3.1 Overview

The implementation of the basic function of an analog memory cell, the sampling and
storage of analog information, calls for the availability of zero-offset, low-leakage
switches. The prime monolithic component satisfying this requisite is the MOS transistor,
which also provides a high impedance control terminal desirablefor charge storage. In this
chapter the operation of the MOS transistor is investigated with emphasis on its use in
sample-and-hold configurations.

One of the drawbacks of MOS switchesis that error voltages are introduced at turn-off
of the devices [34, 35, 36, 37]. These errors are expressed in Section 3.3 and Section 3.4
for MOS transistors and CM OS transmission gates as a function of the circuit parameters.
The storage of the sampled signal is accomplished by means of monolithic capacitors, and
in Section 3.5 several implementations of these components are reviewed. For many ana-
log memory applications the uniformity of the memory cell transfer characteristic within a
channel is of much greater concern than the absolute channel offset and gain. The parame-
ters limiting this uniformity are discussed in Section 3.6.

26



Chapter 3: Analog Memory Cell Technology 27

Polysilicon

well Gaie

Contact Drain Source Dral n Source

I T T
\E} G \_/ N

Oxide

p” substrate

Figure 3.1: Cross section of PMOS and NMOS transistor in an-well CM OS technology.

3.2 CMOS Technology

One of the significant advantages of MOS technologiesisthat they provide alow on-resis-
tance, high off-resistance, low leakage switch, the MOS transistor. Shown in Figure 3.1 is
a simple cross section of NMOS and PMOS transistors in an n-well technology. The
NMOS or n-channel transistor is formed with two heavily doped n* regions diffused in a
lighter doped p-substrate. The two n* terminals are interchangeable and are called source
and drain. The terminal at lower potential isidentified as the source. The channel between
the source and drain region is separated from the gate control terminal by a thin dielectric
layer. Aslong as the voltage applied to the gate is less than a threshold voltage, V1, above
the lowest voltage applied at the source or drain, the n* regions are separated by back-to-
back diodes and the transistor is off. When the bias applied at the gate exceeds Vq, an
inversion layer of minority carriers (electrons) is formed underneath the gate. A conduc-
tive path between the source and drain is established and the transistor is turned on.
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The PMOS or p-channel transistor is formed similarly to the NMOS switch by invert-
ing the doping polarities. The transistor is conducting as long as the gate bias is more than
athreshold voltage below the highest potential of the source/drain region. Essentially both
NMOS and PMOS transistors are four terminal devices. The p-substrate is common
throughout the integrated circuit and is connected to the most negative voltage, V-,
whereas many n-wells can be fabricated on one chip connected to different circuit nodes
depending on the application.

3.3 TheNMOSTransistor asa Voltage Switch

3.3.1 Switch Resistance and Voltage Error

In an analog memory cell, the MOS transistor acts as a voltage switch and can be inserted
inthe signal or in the signal-return path. In Figure 3.2 two simple sample-and-hold config-
urations utilizing an NMOS transistor and a storage capacitor are shown. As long as the
switches are conducting, the voltage across the storage capacitor Cq tracks the difference
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between the input voltage V;,, and the dc reference voltage V. The time constant, t, with
which the voltage across C follows a change in the input voltage depends on the on-resis-
tance, Rpg, of the sampling switch and the size of the capacitor,

T = RyeCe. (3.1)

For small drain-to-source voltages the transistor isin the linear region (Vgg—V1> Vo) ,
and the current through the deviceis given by

w Vb
Ips = HnCoxy %/GS_VT_TSS‘/DS ’ (32

where Vg is the gate-to-source voltage, |, is the electron mobility in the channel, and W
and L are the width and length of the channel. C, is the oxide capacitance per unit area.

The on-resistance of the channel can be approximated by

1 1

RDS = = .
dips W
HCo—(Vas— V1)
dVDs n~ox | GS T

(3.3)

The resistance of the channel isthusinversely proportional to theratio of the width W over
the length L of the channel. Furthermore, the resistance is nonlinear since it depends on
the gate-to-source voltage.

The NMOS transistor turns off when the gate voltage drops to less than the threshold
voltage above the source potential. Idedlly, the voltage across the sampling capacitor in
Figure 3.2 after turn-off isgiven by AV, = V,, — V. However, for fast sampling systems
the result is perturbed by two principle error sources. the switch gate-overlap capacitance,
Co\v and charge, Qq, in the transistor channel.

The magnitude of the induced error voltage differs for the two cell arrangements
depicted in Figure 3.2. In the configuration shown in Figure 3.2(a), the error voltage e,
due to the overlap capacitance takes the form

C
Cov = _Cov .C:.VCS(Vin +Vi=V|), (3.4)
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where V| is the low level gate voltage, and C,, is the parasitic capacitance between the
gate and the source or drain of the transistor.

Thetotal charge Qg, in the channel of the transistor before turn-off is given by
Qe = —Co, WL(Vy, =V, —V7) , (3.5

where Vy is the high level voltage of the gate control signal. At turn-off, afraction of this
charge is trapped in the channel,

Qtr = atchh' (3-6)

The value for the coefficient ay,, 0 < a,, < 1, depends on the fall time of the gate voltage,
t;, and the channel transit time, T, It reaches its maximum when t; is short compared to 1,
[34, 35, 36, 37]. The fraction of the trapped charge that is subsequently injected onto the
sampling capacitor depends on the impedances at the source and drain terminals of the
transistor and is one half for equal impedances. A mismatch of these impedances changes
the amount of injected charge

Qu
Qi = am% , (3.7)

where a,,, 0< a,,< 2, isthe impedance mismatch factor. As the impedance of the signal
source driving the circuit increases, less channel charge returnsto that end of the transistor
and Q;, becomes larger [34, 35, 36]. For equal source and drain impedances, o, equals
one.

In circuits where the fall time of the gate voltage is comparable to the channel transit
time and where the impedances are not matched, the calculation of charge injection is
impractical and often aworst case condition is assumed.

If it is assumed that the driving source impedances at nodes Vi, and V¢ in Figure 3.2
are identical, the coefficients a;, and o, are the same for both circuit configurations. For
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the circuit in Figure 3.2(a), the voltage error, ey, due to the injected channel charge

becomes
Qinj Qch
€p = — = 0=, (3.8
ch T C 2C,
wherea = a.,a,, . With (3.5) the voltage error becomes
aC,, WL
2C,

The voltage across the cell capacitor in Figure 3.2(a), AV, after turn-off of the sampling
switchis

AV = Vi =Ve + Ve, (3.10)
where the pedestal voltage
Voed = €t € (3.11)

The voltage errors e, and e, can be split into again error and an offset,

Voed = €Vin+ Vgt - (3.12)

The gain error in the circuit is

C aC, WL
€ =— ov + 0X y (313)
Cov+Cs 2Cs
while the offset voltageis

V= Cou V-V, O(C"XWLV V. 3.14
Of__Cov—“LCs( T L)_Z—CS( H=V1) - (3.14)

It is apparent from (3.10) through (3.13) that for the circuit configuration shown in
Figure 3.2(a) the error voltage impressed on the sampling capacitor during turn-off
depends on the input signal level.
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Figure 3.3: Pedestal voltage as a function of input voltage.

The circuit shown in Figure 3.2(b) can be analyzed in the same manner asthe circuit in
Figure 3.2(a), with the result that the voltage AVg following turn-off of the sampling
switch can be written as

AV, = V, =V + V,, (3.15)
where
B Cov aC,, WL
Vot = Co CS(VC V=V + Z—CS(VH —Vi-V¢) . (3.16)

As is evident from these equations, the input signal dependence that was present in the
Figure 3.2(a) switch configuration is avoided.

Shown in Figure 3.3 are the results of PSPICE [38] simulations demonstrating the dif-
ference between the two circuits when they are implemented in a typica 2-um CMOS
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technology. The absolute values of the simulated pedestal voltages,

Vped = AV—(Vi,—V() , are plotted as a function of the input voltage for the two cir-
cuit configurations. The width of the switch was 50 um, the channel length was 2 um, and
the size of the sampling capacitance was 0.5 pF. The circuit input was driven by an ideal
voltage source, and the gate control voltage fell from 5V to 0V in 0.3 ns. The pedestal
voltage varies by 200 mV across an input voltage range of 2 V with the switch inserted in
the signa path (Figure 3.2(a)), whereas it is constant for the aternative configuration
(Figure 3.2(b)).

3.3.2 Distortion and Timing Errors

In the preceding section, the responses of two sample-and-hold cells to dc input signals
were evaluated. For ac input signals, two additional error sources must be taken into
account: the potentia input voltage dependency of the sampling instant, and the signal
dependency of the switch resistance.

The finite dew rate of the sampling clock transition causes an input level dependence
in the sampling instant, and therefore sampling time errors, in the circuit shown in
Figure 3.2(a). This process isillustrated in Figure 3.4 for a pulse input with an amplitude
of Agand rise and fall times of t,,. Thefall time of the gate control signal ist; and its ampli-
tude A The input MOS transistor turns off when the gate control voltage falls below a
threshold voltage above the source/drain potential, which is equal to theinput signal level.
Hence, the input transistor turns off earlier for high level input signals as compared to low
level inputs. The time t' when the signdl is actually sampled is related to the ideal sam-
pling instant tg as follows:

i

C
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Figure 3.4: Input voltage level dependent sampling time.

The input signal dependent term in (3.17) causes the resulting signal slope dV./ dt to be
smaller for rising input signals and larger for faling signals, as indicated with dashed lines
in Figure 3.4. The dependence of dV/dt on dV,,/dt can be expressed as

dv At \V/
S _ %l— s f [Fj in (3.18)

T CAd

where A/t is positive for arising input signal and negative for afalling input signal.
For sinusoidal input signals, V;,, = A sin2tft, theinput level dependency of the sam-
pling time leads to harmonic distortion, and the output waveform Vg can be approximated
by
C As oo, (3.19)
VS = ASSIHZT[f% —A—IkthInZTl'ftD
C
The second effect leading to signal distortion for the switch configuration shown in
Figure 3.2(a) is the dependency of the switch resistance on the input signal level. The time
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Figure 3.5: Input voltage independent sampling time.

constant with which the voltage across the sampling capacitor follows the input signal is
T = RpsC,, where the switch resistance is a nonlinear function of the input voltage (3.3).
For ac waveforms the signal across the sampling capacitor is therefore distorted. The mag-
nitude of the error voltage depends on the amplitude and frequency of the ac input signal.
The sample-and-hold configuration wherein the switch is inserted in the signal path thus
introduces both input level dependent timing errors and signal distortion.

For the circuit of Figure 3.2(b), where the sampling switch is placed in the signal-
return path, the effective sampling instant is given by
t

ro— f
s = ts+(AC,k—VC—VT)A - (3.20)
C

Thus, there is a constant time delay for pulse inputs, as illustrated in Figure 3.5, and a
constant phase shift for input sine waves. As a conclusion, the circuit in Figure 3.2(b)

exhibits superior performance in respect to amplitude and timing errors, since both switch
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terminals remain at a constant potential for signal frequencies below the bandwidth of the
sampling cell.

It should be noted that an analog memory using a sample-and-hold cell as shown in
Figure 3.2(b) requires some means of disconnecting the signal input from the sampling
capacitor so that the voltage sampled and stored across the sampling capacitor can be
sensed during readout. In addition, the circuit must be designed to minimize the influence
of the parasitic plate capacitances of the sampling capacitor. An analog memory employ-
ing the sample-and-hold circuit in Figure 3.2(b) is described in Chapter 4.

3.4 TheCMOS Transmission Gate

The presence of PMOS transistors in a CMOS technology allows for a switch configura-
tion commonly called a CMOS transmission gate. An NMOS and a PMOS transistor are
connected in parallel to form a complementary switch. Such a switch requires the genera-
tion of complementary control signals, which is a drawback for the design of high speed
sampling circuits, as is discussed in Chapter 4. In the following sections the resistances
and error voltage terms for the complementary switch are described.

3.4.1 CMOS Switch Resistance

In Figure 3.6 two basic sample-and-hold configurations employing CMOS switches and
capacitors are shown. The resistance of the PMOS switchis

1 1
Rog, = ~ , (3.22)
S dip w
Sp —(=
dVps, HpCox [ (~Vasp * Vrp)

where L, is the hole mobility. The gate-to-source voltage Vg, and the threshold voltage
Vp are negative.
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Figure 3.6: CMOS switchin (a) signal and (b) signal-return path.

The conductance of the complementary CMOS switch is simply the sum of the indi-
vidual NMOS and PMOS conductances

1 _ W, Wp

rewritten as

1 W, W,
A =g, - BJ Cor C — OXL_S\/ (3.23)
where g, is aterm independent of the source voltage Vg,
W, W,
n p

For the circuit shown in Figure 3.6(a), Vsis equal to the input signal voltage, V;,, and the
conductance of the transmission gate therefore depends on the input signal level, as
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expressed in (3.23). However, the second term in this equation can be eliminated by
choosing the WL ratios of the transistors according to their carrier mobility ratio

Walp _ Hp

= : (3.25)
LaWo My

In practice, afraction of the input level dependence will remain since the ratio of the car-
rier mobilities cannot be accurately controlled in the fabrication process.

In Figure 3.6(b) the CMOS switch is placed in the return path of the signal, and the
source voltage, Vg, in (3.23) is equal to the dc reference voltage V. The switch conduc-
tance is then independent of the applied input signal level for al transistor sizes.

3.4.2 Error Voltage

If it is assumed that the two complementary switches in Figure 3.6 turn off smulta
neoudly, then the error voltages introduced by the NMOS and PMOS transistors can be
summed. For the circuit configuration in Figure 3.6(a), the voltage, AV,, sampled across
the storage capacitor becomes

AV = Vi =Ve + Vyey (3.26)
with
Vped = €wn + €chn + eovp + echp' (3'27)

The error voltages e, and e, at turn-off of a PMOS transistor can be derived in a simi-
lar fashion to those for the NMOS transistor with the following result:

COV
eovp = COV—'i'CS(VH _Vin — VTp) (328)

aC,, W, L
€chp = %’(vam_vg : (3.29)
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With the approximation that the magnitudes of the threshold voltages areidentical for both
transistor types, the pedestal voltage at turn-off can be written as follows.

Vped = evin + Vof J (3-30)

where the gain error is

2C

a COX ov
- 31
2C, C,+C, ' (331)

£ = (WL, +W,L,)

and the offset voltage component is

Vo= «(W.L.\V, +W.LV +WLV—WLV)GCOX+ Cou (V,+V,)
of p-p'L p=p*T n-n*H nnTZCS Cov+CsH L

(3.32)

If the logic high and low levels are symmetric about zero, and WL, = WL, for the
CMOS switch, then the expression for the pedestal voltage is reduced to

C.,..W_L 2C
:ﬁ] ox"''n—n ov%\/in

V —
ped R CS C:OV + CS

(3.33)

The pedestal introduced in the circuit shown in Figure 3.6(b) can be evaluated in a
similar fashion with the result that the pedestal voltage in (3.26) is independent of the
input signal level:

(3.34)

ov

aC
Voped = ~(WoLy(Ve =V = Va) + WL (Ve —Vy +VT))TO:—V
with

V., = —ﬂ(v -V, -V,) (3.35)
ov C +C0V C H L - -

S
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Under the conditionthat Vi, = =V and WL, = W, L, Ve for thiscircuit smplifiesto

n—n?’

_ MCLWL, 2C
Vv - _ ox''n—n OV%‘/C'

ped O C - C,,+C. (3.36)

S

Note that the pedestal voltages have opposite signs for the two switch configurations.

Asisthe case for asingle transistor switch, the circuit configuration with the switch in
the signal path has a pedestal voltage that is dependent on the input signal voltage (3.33),
whereas Vo is constant when the switch is inserted in the signal-return path (3.36).

In this section it was assumed that the two complementary switches turn off smulta-
neoudy and part of the injected channel charge thus cancels. In practice, thisis hard to
accomplish, and the error voltages may be larger than suggested by (3.33) and (3.36).

3.5 Capacitors

The performance of an analog memory depends on the quality of capacitor structures
available in the integrated circuit technology. Important issues are the matching of nomi-
nally identical capacitors and the absolute sizes and matching of associated parasitic
capacitances. Capacitors suitable for analog circuit design can be classified into two cate-
gories. Thefirst type employs the capacitance between ametal or polysilicon layer and the
single-crystal silicon substrate, separated by an SO, dielectric layer. In order to achieve a
low voltage coefficient, dC/dV, the single-crystal silicon must be heavily doped, which
generaly requires an extra implantation step in conventional self-aligned fabrication pro-
cesses. Typical values for the capacitor and its associated bottom plate parasitic capaci-
tance in a 1.2-um CMOS technology are 1.2 fF/um? and 0.5 fF/um?, respectively [39].
The voltage coefficient is on the order of 1.5 x 103 fFH/ umzv. The second type of capacitor
uses the capacitance between metal or polysilicon and polysilicon. The advantage of this
capacitor structure isits low voltage dependence. A typica value for the capacitance in a
2-um CMOS technology with explicit poly-to-poly capacitors is 0.5fF/um2, while the
associated bottom plate parasitic capacitance is 0.05 fl:/um2 [40].
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3.6 Matching of Sampling Cell Performance

In many analog memory applications, the uniformity of the memory cell response in one
channel is much more important than the absolute channel offset and gain. The uniformity
is affected by two principal sources of error: inaccuracies in the fabrication process [41]-
[43] and control signal feedthrough.

Although the memory cells are designed to be nominally identical, the degree of com-
ponent matching is limited by imperfections in the fabrication process. Capacitor match-
ing is determined by variations in the area of the capacitor plates and the thickness of the
dielectric. The matching of transistor characteristics on achip is determined by the match-
ing of threshold voltages, mohilities, oxide and gate-overlap capacitances, and the widths
and lengths of the transistor gates. The main contribution to cell response variations within
a memory channel is the mismatch in the charge injected during turn-off of the switch.
Under fast turn-off conditions the variation in channel charge dominates the charge injec-
tion mismatch [42] and can be modeled as part of the mismatch of two geometric parame-
ters, the channel width and length.

The difference in channel area, d(WL), of two mismatched transistorsis
O(WL) = (W+dW)(L+0dL)-WL , (3.37)

where W and OL are the variations in channel width and length. With the approximation
that dW = 3L =0P, it follows from (3.9) that the pedestal error voltage, 8V g, can be
approximated as

_aCu(W+L)3P
ped ™ 2C

3V (Vy—Ve=Vq) , (3.38)

S

where Vg = V,,, and Vg = V. for the circuit configurations shown in Figure 3.2(a) and
Figure 3.2(b), respectively. The voltage error due to nonuniform charge injection, 3Vpey, is
thus proportional to the channel width and length of the sampling transistor. Thisimplies
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that the size of the error voltage and the input time constant, given by (3.1), arerelated. If
itisassumed that W >> L, the time constant T can be approximated as

aLoP

(3.39)
Thus, switches with smaller WIL ratio yield smaller pedestal mismatches but limit the sig-
nal bandwidth of the sampling cell.

Often CMOS switches are employed to reduce the absolute pedestal voltage intro-
duced at turn-off of the sampling switch, as discussed in Section 3.4. However, the use of
CMOS switches does not improve the matching of the sampling cell performance, since
the pedestal error voltages 8V g 0f the PMOS and NM OS transistors are independent and
the resulting pedestal error is therefore not cancelled. Assuming that the mismatch of the
PMOS and NMOS devicesis uncorrelated, the situation actually worsens because the total
error voltage is then given by the square-root of the sum of the squares of the individual
error voltages. This situation also applies to the use of “dummy” switches for the cancela-
tion of the injected charge.

Another potential source of non-uniformity of the pedestal voltages resulting from
charge injection mismatch is the variation in sampling capacitance. The voltag&/ggror
from charge injection onto two mismatched capacitors can be written as

5V _ Qg1 1 g 9QurPCy
ec ™ T3 [, C,+oC0 2C, 0c, 0

(3.40)
S
wheredCg is the variation in the sampling capacitance @gglis defined in (3.5). Typi-

cally, this error is small compared to the error from the mismatch of the sampling switches
and can therefore be neglected.

The uniformity of the sampling cell transfer characteristics is also affected by
feedthrough of control signals via the substrate and parasitic inter-layer capacitances. In
analog memories, the input waveform is sampled sequentially onto a bank of memory
cells. The capacitive coupling from control signal lines to individual memory cell nodes
may not be uniform across the chip. The architecture and layout of the circuit must be
carefully designed so as to minimize coupling through parasitic inter-layer capacitances
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and through the substrate. In addition, perturbations (e.g. ringing) on common power,
ground, signal, or signa-return buses, induced by control signals, can be the cause of
memory cell performance mismatch, since the signal is captured at different times in the
memory cells of the channdl.

3.7 Summary

The MOS transistor is an important building block in analog memory circuits because of
its high off-resistance, low on-resistance, and zero offset when used as a switch. Together
with monolithic capacitors, MOS switches provide the basic sample-and-hold function
needed to acquire and store analog waveforms. A voltage switch can be realized by means
of asingle NMOS or PMOS transistor, or with a CMOS transmission gate. One of the lim-
itations of MOS switches is that error voltages are introduced during turn-off of the
devices. The CMOS transmission gate shows a lower absolute error voltage when com-
pared to asingle MOS transistor because of the cancellation of two opposite-signed switch
charges injected by the PMOS and NMOS transistors. However, transmission gates
require complementary control signals, which are especially a burden on high speed
designs. In addition, the uniformity of the individual memory cell responses in one chan-
nel is generally more important than the absolute error voltage. This uniformity does not
benefit, but rather actually worsens if CM OS transmission gates are used.

A voltage switch can be inserted in the signal or signal-return path of the sample-and-
hold cell. With the latter approach the error voltagesintroduced at turn-off are independent
on the input signal level and can therefore be cancelled by a simple subtraction procedure.
Furthermore, the turn-off timing instant is also independent of the input signal level,
which eliminates the sampling time error present when the switch is used in the signal
path.

The analysis of sample-and-hold configurations presented in this chapter provides a
basis for the design of an analog memory circuit for high speed applications, as proposed
in the following chapter.
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Analog Memory Circuit Design

4.1 Overview

A number of analog memory circuit architectures were presented and described in
Chapter 2. These circuits can be classified into two main categories: those where the
memory cell amplitude and timing errors are afunction of the input signal level, and those
where the memory cell gain uniformity within a signal channel is limited by the achiev-
able level of matching of its constituent capacitors. In this chapter, an architecture for an
analog memory is proposed that circumvents both of these limitations. A circuit imple-
mentation of the architecture and its theoretical performance are investigated in detail. A
high-speed write control circuit for the analog memory is presented in Section 4.3.

Shown in Figure 4.1 isablock diagram of an analog waveform recorder with M mem-
ory channels. The analog waveforms applied at the M inputs are sampled and stored in the
main analog memory core. The write and read addresses for the core are generated in the
write and read control blocks, respectively. The architecture and circuit implementations
of the analog memory core, the write control, and the read control are described in the fol-
lowing sections.
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Figure 4.1: Analog memory block diagram.
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Figure 4.2: Bus-oriented architecture with one amplifier per channel. The sampling
switches S,; are inserted in the signal return path.

4.2 Analog Memory Core

4.2.1 Architecture

The proposed architecture of one channel of the analog memory core is shown in
Figure 4.2. Voltages Vg and V¢ are dc references. During the write phase, switches S, and
S« areclosed, while S, ; and read switches §; through S, are open. The input waveform
is then sampled and stored on the capacitors by sequentially closing and opening write
switches S,; through S,,,. After the input waveform has been recorded, switch §,, is
opened and S, is closed. The stored analog waveform can then be read out by consecu-
tively closing and opening read switches § 1 through §..

The architecture of Figure 4.2 employs a bus-oriented voltage sensing scheme with a
single readout amplifier to minimize power dissipation, area, and cell-to-cell response
variations. Each memory cell incorporates separate write and read switches as opposed to
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the configuration shown in Figure 2.7, which has one generic address switch for each cell
and one common write and one common read switch per channel. The use of independent
write and read address switches for each cell simplifies the write control circuit consider-
ably, thereby enabling the design of circuits for very high-speed addressing. In order to
circumvent limitations due to input-level dependent cell pedestals and sampling times, the
write switches are inserted in the signal-return path in Figure4.2, as suggested in
Chapter 3. The input switch S, is required so that the sampling capacitors can be discon-
nected from the signal input for readout. The capacitors are switched across the amplifier
during readout in order to obtain a cell gain that is insensitive to the size of the sampling
capacitor. The operation and theoretical performance of a circuit implementation of the
architecture shown in Figure 4.2 are analyzed in the following sections.

4.2.2 Circuit Description and Operation

A smplified schematic of one channel of the proposed analog memory comprising N
memory cells is shown in Figure 4.3. Each memory cell consists of a large write (sam-
pling) transistor M,,;, @ minimum-size read transistor M,;, and a sampling capacitor C;.
The cells are addressed via write lines @, through @, and read lines ¢, through @
The top plates of the capacitors are interconnected and can be shorted to the channel input
or output by means of switches M;, and M. Voltage V¢ is adc reference common to the
sources of al write transistors, M,,;. Switch M, serves to configure the operational ampli-
fier as a voltage follower in order to force the nodes connected to the amplifier input and
output to the dc bias level Vg during reset.

The operation of the circuit can be described by dividing the data acquisition process
into write and read cycles. In the write phase, analog signals applied at the channel input,
Vi, are sampled and stored in the memory cells of the circuit a a high rate. The stored
analog information is subsequently read out serially at the channel output, \;, at a lower
Speed.

During the write phase, switch M;, is turned on, connecting the signa Vi, to the input
bus, while switch M; and the read switches M, through M,y are all off, isolating the
input bus from the read bus. Switch M, 4 is on to keep the read bus at a defined potential,
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Figure 4.3: Simplified schematic of one signal channel.

Vg, during the entire write phase. An analog signal applied at the circuit’s input is sampled
onto the cell capacitofS; by sequentially turning transistay,; throughM,,y on and off

as illustrated in Figure 4.4(a). Samples of the input waveforiN discrete times are
thereby stored in the memory channel.
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Figure 4.4: Timing diagram for (a) write and (b) read phase.
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The voltage AV across capacitor C; in memory cell i, 1<i<N,is

AVgy = V,,—V:-V (4.1)

pwi

where Vy,; is the pedestal voltage due to charge injection in switch My,; after turn-off. As
derived in Appendix A, with the source and drain terminals of the write transistor at refer-
ence voltage Vc at turn-off, the pedestal voltage V,,; can be written as

W,

C:ox Wi LWi

— +C..
B 2 wi mUC, O/ B 0
Vowi = C | o6 erf 2UCt(VH_VT_VC)D

Cui V. +Vo—V
_Cpi + C( C T L)
|

(4.2)

where C,,; is the write transistor gate overlap capacitance, C; is the sampling capacitance,
V7 is the threshold voltage, V| and Vy are the low and high levels of the write-transistor
gate voltage, C,, is the oxide capacitance per unit area, W,,; and L,,; are the width and the
length of the writetransistor, B = p,Cox Wi/l wis Uy is the electron mobility in the channel,
and U isthe dlew rate of the gate voltage. C,; is the parasitic capacitance associated with
the sampling capacitor terminal connected to the write switch M,,; and read switch My,

Cpi = Css + CWi + C:ri + C:wss + C:rss’ (4-3)

where Cg is the parasitic bottom plate capacitance of the sampling capacitor, C;; is the
gate overlap capacitance of the read transistor, and C,s and C, s are the source-to-sub-
strate capacitances of the write and read switches. The capacitance C; in (4.2) is

CoxW,,iL

. (4.4)

Ci = G+ Cy+ =2

It is apparent from (4.2) that the pedestal voltage V,; isindependent of the input voltage
Vin:
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Figure 4.5: Analog memory with relevant parasitic capacitances.

After the write phase has been completed and the input waveform is stored in the ana-
log memory, the read cycle is initiated. During readout, transfer gate M;, is turned off
while Mg and M, are turned on, forcing both the input bus and the read busto Vg. Tran-
sistor M, is then turned off and the voltage stored in the first cell is read out by turning
transistor M, on, as illustrated in Figure 4.4(b). After the output has settled, the signal
may be digitized with an external low-speed, low-power A/D converter. Following digiti-
zation, M, is again turned on and M, is turned off, which forces the input bus back to Vg
in preparation for the readout of the next cell. This cycle is repeated for al cdls. It is
essential that the input bus always be forced back to Vg before a new cell isread out; oth-
erwise, charge sharing and parasitic capacitances will seriously degrade the circuit’s per-
formance. By turning the cell read switches off after the reset switch is turned on, the
potential across the capacitors is initialized to a defined (nominally 0 V) state for the next
write phase. The minimum readout time is dependent on the number of cells to be read out
and the performance of the amplifier.
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4.2.3 DC Transfer Function

Once the write switch is turned off, the cell capacitor nodes connected to the cell transis-
tors are left in a high-impedance state for the remainder of the write phase and the entire
read phase. The charge at these nodes is thus conserved and, with the input and output
busses forced to Vg in between readout of adjacent memory cells, only three parasitic
capacitances influence the dc transfer function of a memory cell. One is the capacitance
Cpi associated with the sampling capacitor terminal connected to the write switch M,y;, as
illustrated in Figure 4.5 and described by (4.3). The second parasitic capacitance is the
gate overlap capacitance of the read switch, C,;, and the third parasitic capacitance to be
considered is the capacitance, C,, between the input bus and the read bus. C,,, consists of
the capacitance between the inverting input and the output of the amplifier, which is a
fraction of the gate-drain capacitance of the amplifier input transistor (as explained in
Chapter 5), together with capacitances associated with interconnections on the chip.

The transfer function of the memory can be derived using the schematics given in
Figure 4.6 and Figure 4.7, which show a memory cell together with the readout amplifier
before and after the cell is addressed for readout, respectively. In this analysis the only
capacitances considered are those for which the potential changes from the write to the
read phase. The total charge stored at memory cell node x in Figure 4.6 immediately after
thewrite transistor M,,; is turned off is

Qxi = (VC + pri _Vin)Ci + (VC +V )Cpi + (VC + pri _VL)Cri : (4.5)

pwi

The charge is conserved at this node until the memory cell is addressed for readout. The
charge Q,; stored at the inverting input node of the amplifier, y, before the memory cell is
addressed for readout is

Qi = (Vg=V)Cy (4.6)

because this node is reset to Vg before the cell isread out, as explained in Section 4.2.2.

After the read switch has been turned on by raising the gate signal ¢ from V| to V,
node x and node y are shorted, and the memory cell isread out asillustrated in Figure 4.7.
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Figure 4.6: Circuit configuration after the write switch is turned off and before the
memory cell is addressed for readout.

The common node formed by shorting x and y remains in a high impedance state and the
total charge onthisnodeis

Qxyi = Qxi + Qyi' (4-7)

Qi Can dternatively be expressed in terms of the output voltage Vi; by summing the
charges on capacitors G, Cj, Cpy, and on the gate capacitance, Cyqy, of the read transistor,

Qxyi = (Vopm _Voi)(ci + Cpp) + 2(Vopm _VH)Cri + Vopmcpi _Vroxcrox ’ (4.8)

where C,,, = C,,W,;L,;, and W;; and L,; are the channel width and length of the read
transistor. Vgm isthe voltage at the inverting input of the amplifier,

V. = Vg——2—2, (4.9)

and G isthe open loop gain of the amplifier. V,, is the voltage across the gate capacitance
of theread transistor
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1
VH _‘_“: M
S ¢
Cri I

~V;. (4.10)

By solving (4.5) to (4.8), the output of the amplifier when memory cell i is selected for
readout can be described as afunction of theinput voltage, Vi, in the form

Vi = AVp+ Vi - (4.11)
The gain factor A in (4.11) is
— 1 1
A = . Cpp+ %l c, +CppD . ﬁ) . (4.12)
C G 0 C,

The sampling capacitance C; can be made large compared to C,,, which, with careful cir-

pp’
cuit layout, will be dominated by the input-to-output capacitance of the amplifier. The
open loop gain G of the amplifier can be made greater than 60 dB in practical CMOS cir-

cuits, so that A; is close to one.

The offset voltage Vg in (4.11) is given by
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C
Votfi = Ve=AVc+ A p'(V =Ve) + AV + Ve - (4.13)

poi +
V¢ is an offset voltage term common to all cellsin one memory channel and includes both
the charge injected at the turn-off of reset switch M, 4 and the amplifier input offset volt-
age. The cell-specific parasitic offset voltage Vp; is

2C,, CoxW,L

Voo = = (Vi-Viy) - %(v ~Vg=Vy) =Vou, %1 + p'D . (414)
| |

Because both A; and Vg are independent of the input voltage, Vi, it follows that the out-

put voltage of the analog memory channel, \,, is alinear function of V.

4.2.4 Memory Cell Response Variations and Calibration

In order to simplify the calibration and correction procedure, the uniformity of the sam-
pling cell transfer characteristics must be considered. For applications where a high input
bandwidth is required, the write transistor must be made large because the cell bandwidth,
B, is determined by the size of the sampling capacitor and the resistance of the write tran-
sistor:

WWI
U ox |_ (V VC + VT)
BO c . (4.15)

In the circuit presented in Figure 4.3, memory cell response variations across a chan-
nel are governed by switch charge injection mismatch of the large write transistors. With
the reference voltage V¢ set to the bias voltage Vg, and W,,, much larger than W, (width of
the read switch), the output voltage expressed in (4.11) is approximately

C.
Voi = Vin_VpWi%I-+ ?plg (4.16)
i
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In fast turn-off conditions the variation in channel charge dominates the charge injection
mismatch, as explained in Section 3.6, and can be modeled as part of the mismatch of two
geometric parameters, the channel width and length. Smaller switches yield smaller ped-
estal mismatches but limit the signal bandwidth of the sampling cell. The size of the write
transistor is thus a trade-off between input bandwidth and pedestal mismatch for a given
sampling capacitor value, which in turn is chosen on the basis of thermal noise consider-
ations and the need to make relevant parasitics negligible.

A single NMOS transistor is used as a write switch to avoid the need for complemen-
tary control signals, which impose a burden on high speed designs. Complementary cell
switches would reduce the overall cell pedestal sizes, but would not improve and might
even worsen the cell pedestal uniformity across a channel, as described in Section 3.6.
Since the pedestals can be accurately determined and then subtracted from the output by
either analog or digital methods, their mean value is not of great concern. The pedestals
are measured by applying a dc reference level at the channel input, recording the
responses of the cells, and then subtracting the results during readout. In this context it is
important that the charge injected by transistors M,; through M,,, be independent of the
signal level, which in not the case in other published analog memory architectures ([6],
[9], [12] - [17]). Note that in the analyses presented in some of these references the error
voltages from the sampling switches are neglected, which is not a valid assumption for a
high input bandwidth analog memory.

During calibration, areference voltage V., is applied to the input and the output volt-
age Vg of cell i isrecorded,
Voci = AiVeal + Vorti - (4.17)
During data acquisition, the circuit response to the applied input signal Vg is
V, = AV + Vi - (4.18)

i Vsig

The input signal Vg4 can then be determined by subtracting Vi from V;

1
Vsig = K(Voi ~Voei) * Vear - (4.19)
i
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Memory cell specific offset, aswell as channel offsets, can thus be eliminated.

The influence of the size of the sampling cell capacitance on the memory cell gain A;
can be derived from (4.12), and the gain variation across a channel as a function of capac-
itor mismatch is

(4

C,+C,,0C

? ipp Eﬁi’ig . (4.20)
In order to estimate the order of magnitude of the gain variation expected from capacitor
size mismatch, the following practical values were assumed: C; = 500 fF, Cy, = 2 fF, and
3C;/C; = 0.5 %. The calculated gain variation is then 20x10°®, which translates into a
memory cell gain matching better than 15 bits. An essential feature of the circuit isthat the
gain is insensitive to the capacitance mismatch and thus uniform across a signal channel,
aslong as Cj is much larger than C,.

4.2.5 Signal Range

Since the cell capacitor nodes connected to the cell transistors remain floating after the
write switch is turned off, care must be taken to ensure that no significant leakage occurs
at those nodes, for al possible ac and dc input signals, during the entire write and read
phases. To avoid subthreshold leakage, the maximum input voltage swing, AV, in the
write phase is limited. The waveforms in Figure 4.8 can be used to illustrate this con-
straint. Figure4.8(a) is a triangular input waveform with a voltage swing of
AV, = Vi, —Vi,1- Shown in Figure 4.8(b) are the waveforms at node x in Figure 4.5
with the write switch turned off at times t; and t,, respectively. The cell transistors enter
the subthreshold region when the voltage V, falls below the low level of the gate voltage
V. In addition, V, must not fall below the switch substrate potential. To avoid subthresh-
old leakage, the maximum input voltage swing AV, in the write phase is thus

AV, <Ve-V, . (4.22)

n=—
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Figure 4.8: (a) Triangular input waveform (b) Waveforms at node x in Figure 4.5 with the
write switch turned off at timet, (solid line) and t, (dashed line).

It is apparent that the maximum voltage swing is limited by the value of the reference
input voltage V¢, which must be chosen so that the sampling switch resistances are small
enough to achieve the desired bandwidth, as given by (4.15). It should be noted that the
use of CMOS transmission gates as write switches would remove this bandwidth con-
straint on the maximum value of V¢, but the voltage swing would then be limited to
AV,,<0.5(Vy —V,) soasto keep both types of transistors from entering the subthresh-
old region. The use of NMOS switches thus provides the additional benefit that the volt-
age V, may exceed the high level control voltage V, (when AV, , >V, - V).

In the read phase, the maximum voltage swing, AV;, at the output of the amplifier
must be less than (Vg -V, ) so asto avoid subthreshold leakage. It follows from (4.11)
that the corresponding limit for the input voltage swing during the write phaseis
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AV, = —Z< . (4.22)

The bias level Vg istherefore set to avoid leakage during the read phase and to ensure that
V, does not exceed the amplifier output voltage range.

Finally, it should be noted that in the design presented herein, the turn-off time of the
sampling switches is independent of the signal level, thus eliminating a timing error that
would otherwise be present for high frequency input signals. The input switch M;, in the
proposed design is a CM OS transmission gate so as not to restrict the input voltage signal
range.

4.2.6 Noise

The output voltage of the analog memory circuit is contaminated by noise originating
from a variety of sources. The main sources of noise are thermal and flicker noise gener-
ated in the switches and in the operational amplifiers, and noise coupled directly or capac-
itively through the power, ground, and clock lines, and through the substrate. The circuit
must be carefully laid out so that coupling between the control and signal traces is mini-
mized. The power supply lines have to be bypassed to ground sufficiently to attenuate
potential noise sources. Noise injected from clock linesinto circuit nodes and into the sub-
strate may contribute to the pedestal voltage of amemory cell. However, this error voltage
can be cancelled by a ssimple subtraction correction procedure provided that the effect is
independent of the input signal voltage level.

Thermal noise introduced by the resistance of the sampling switch determines the min-
imum size of the sampling capacitor C;. The thermal noiseis given by [44]
2 _Kk
vV = c (4.23)

where k is the Boltzman constant (1.38x10"22 AVS/K) and T is the absolute temperature.
As an example, a500 fF capacitor yields an rms noise voltage of 0.1 mV at 300 K.
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Noise introduced by the amplifier consists of the thermal and the flicker (or 1/f) noise.
Generaly, the amplifier is designed so that the noise from the input transistor is dominant;
the input-referred noise power density can then be written as [48]

2
\% K
Sop() = -2 = akTE 20, 11

Af By, CoWL ()2 (4.24)

where g, = ,/2uC,, I ps(W/L) isthe transconductance of the input transistor. The pro-
cess dependent parameters Ks and a are the flicker noise coefficient and exponent, respec-
tively. A typical valuefor K;is 3x10%* V2F/Hz and a is close to unity [40].

The first term in (4.24) represents the thermal noise of the transistor due to the finite
resistance of the channel. As an example, the thermal noise voltage generated in a PMOS
transistor with W/L = 100 pm/8 pm and a gate oxide of 400 Angstroms is 10 nV/./Hz
when operated at a drain current of |pg= 20 pA. The second term in (4.24) represents the
contribution from flicker noise, which arises from the charging and discharging of energy
states at the SI/SIO, boundary in the channel. For the above transistor parameters the
flicker noise at 100 kHz is 6 nV/./Hz.

In order to illustrate the noise performance of the proposed analog memory, the simpli-
fied circuits shown in Figure 4.9, which correspond to the write and read configuration,
respectively, are considered. The capacitance Cyy, is the parasitic capacitance at the invert-
ing amplifier input and is dominated by the gate capacitance of the amplifier input transis-
tor. In the write phase the thermal noise voltage, KT/C;, is sampled onto the cell capacitor
when the write switch is turned off; at that time the reset switch across the amplifier is
closed. In the read phase the capacitor C; is switched across the amplifier, and the square
of the total noise voltage is given by

2 _ kT, (FitCoprtz
Vv, c + 0 Vop - (4.25)

To determine the input-referred noise vgp from the amplifier, the power density S(f) in
(4.24) must be multiplied by a noise transfer function and integrated over the unity-gain
bandwidth of the amplifier. The noise transfer function takes into account the effect of the
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Figure 4.9: Circuit during the (a) write and (b) read phase.

sampling process in the read phase. Since the reset switch, Mg, across the amplifier in
Figure 4.9(b) is closed and opened before the memory cell is addressed for readout, the
circuit forms a correlated double sampling (CDS) system [45, 46] that filters the amplifier
noise. The noise transfer function of aCDS system is given by [47]

T
H(f) = 2sin 5?755, (4.26)

where Tgis the interval between the time the reset switch is opened until the time the out-
put of the amplifier is sampled for digitization. The noise contributed from the amplifier in
Figure 4.9(b) isthen given by

u
Ve Isop(f)HZ(f)df . (4.27)
0

4.2.7 Small-Signal Acquisition Bandwidth

The small-signal bandwidth of the analog memory circuit is governed by the impedances
of the MOS switches, the size of the sampling capacitor, and by the size of associated par-
asitic capacitances. In Figure 4.10 the equivalent circuit of amemory cell is shown during
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Ve

Figure 4.10: Circuit model with capacitors and resistors.

signal acquisition. Resistances R, and R; represent the input and write transistors, respec-
tively. The capacitance C, is given by

Cy = Cin+Cip +NC; +(N=N)C;’, (4.28)

where N is the number of memory cellsin achannel, nisthe number of memory cells that
are simultaneously addressed, Cjj, is the drain capacitance of the input switch, Cyq, is the
capacitance between the input bus and the substrate, C; is the sampling capacitance, and
C,’ isthe parasitic series capacitance of amemory cell when the cell write switch is turned
off. C;" consists of the series combination of the sampling capacitance, C;, and the para-
stic capacitance Cy; as defined in (4.3).

Aslong as R, << R;, the frequency dependence of the voltage vg4 across the sampling
capacitor C; can be approximated by

- (4.29)

withp, = -1/R,C, and p; = -1/RC,.
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In general, the resistance of the input switch should be low enough so that the acquisi-
tion bandwidth of the analog memory is determined by the size of its cell components. The
—3 dB frequency for the circuit is then given by

p.
fags = - (4.30)

In the proposed design a CMOS transmission gate is used as an input switch. Therela-
tive sizes of its PMOS and NM OS transistors should be chosen so that a switch resistance
Is obtained that isindependent of the input voltage level Vi, in order to avoid signal distor-
tion.

4.2.8 Acquisition Time

The length of time that the sampling switches must remain in the sample mode is a func-
tion of the desired accuracy. The small-signal behavior of the analog memory can be
approximated by a single pole expression provided that [p,| is much larger than [p;| in
(4.29). The circuit response to avoltage step v;(s) = v,/s attheinputis

—yd__10
vg(s) = VaEis s—p0 (4.31)

The time response to a step input is therefore
pit
vg(t) = vy(1—-€e). (4.32)

The relationship between the time t,, that the write switch must remain in the sample mode
and the accuracy a in % istherefore

ty = —THn(1- %))E, (4.33)

where T = —1/p; isthe time constant of the memory cell.
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4.2.9 Record Length

The record length, t,, Of the acquired signal is defined to be the number of cells, N, in the
channel divided by the sampling rate f,,

12

(4.34)

rec

—h

n

As an example, asignal channel with 256 memory cells operated at a sampling frequency
of 200 MHz has arecord length of 1.28 ps. In low speed applications the number of cells
in each channel, and thus the record length, is only restricted by the chip size, whereas for
high-speed applications the maximum number of cells may be limited by the size of the
input transistor needed to meet the bandwidth requirement, as explained in Section 4.2.7.
For analog memories that require very long record lengths, as is the case for the input
stages of analog sampling oscilloscopes, the single large common input switch can be
replaced by smaller cell-specific input switches.

4.2.10 Leakage Current and Readout Speed

Leakage currentsin the source and drain junctions of the NMOS write and read transistors
are strong functions of temperature and double for every 8 °C rise in temperature [49]. A
typical valuefor I is15 fA/um2 at room temperature, which corresponds to aleakage cur-
rent of 3 pA for a50 um x 4 um source region. The rate of discharge for a 500 fF storage
capacitor is then 6 pV/us. It should be noted that the effect of a constant leakage current
manifests itself merely as a cell dependent offset voltage, which can be cancelled through
asubtraction procedure.
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Figure 4.11: Inverter delay chain write control.

4.3 High Speed Write Addressing Circuit

4.3.1 Circuit Description

Traditionally, shift registers have been used for write address control in analog memory
circuits. At sampling rates above 100 MHz this approach is difficult to implement, and in
the proposed design a starved inverter delay chain, illustrated in Figure4.11, is used
instead. Such inverter chains have been employed previoudy in digital applications [50].
Each delay element in the chain consists of five MOS transistors, as indicated by the
shaded box in Figure 4.11. A write pulse applied at input A, propagates through the delay
elements, thereby producing the write address signals @, through @, for the analog
memory core. The delay of the write pulse through the chain is set by control voltage Vg,
which determines the on-resistance of PMOS transistor M4. This resistance together with
the gate capacitance of the following inverter stage, M4 and Ms, provides an adjustable RC

time delay that governs the sampling frequency of the memory.
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Figure 4.12: Write signals generated from a (a) short and (b) long input pulse Ajp..

Shown in Figure 4.12 isatiming diagram for two different pulse widths applied to the
control input A;,. For the short pulses in Figure 4.12(a), only a single memory cell is
addressed at a time. The minimum width of the control pulse A, (minimum acquisition
time of the memory cell) is constrained by the accuracy with which the analog signal isto
be acquired and the input time constant of the sampling cell. The acquisition time can be
lengthened through an increase in the pulse width as shown in Figure 4.12(b), in which
case the memory cells are preaddressed. In this mode several memory cells are addressed
simultaneously and the additional capacitance at the input must be considered in the band-
width calculations, as indicated in (4.28)-(4.33). Note that only the timing of the falling
write clock edgesis controlled by the circuit shown in Figure 4.11.



Chapter 4: Analog Memory Circuit Design 67

Ain IR
Aref
GwN
¢
®
lin tref

Figure 4.13: Servo feedback circuit with timing diagram.

In order to ensure an inverter chain delay, and thus sampling frequency, that is inde-
pendent of variations in the fabrication process, the servo feedback circuit shown in
Figure 4.13 is used. The leading edge of a reference input signal A is compared to the
trailing edge of the last write sample clock @,N. When the delay is less than the intended
value, logic gate U, turns transistor M4 on, which in turn connects current source |4 to
capacitor Cy. The voltage across C isincreased, thereby slowing theinverter chain viathe
control voltage V,. Likewise, V, is reduced via current source |, should the inverter
chain delay increase above the ideal value. The time difference t,  —t;,, between signals
A and A4 thus determines the write sample frequency, f, = n/(t ,—t,) . This feed-
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back circuit eliminates the sensitivity of the delay chain to process parameters and com-
pensates for the effects of temperature and supply variations.

The speed with which V,, and thus the sampling frequency, can be adjusted, is gov-
erned by the magnitude of currents |, and |, and the size of capacitor Cy, which is selected
to avoid perturbations from the |eakage currents of switches S; and S, between two acqui-
sition cycles. The net leakage current is given by the sum of the currents flowing through
the four reverse-biased source/drain pn-junctionsof S; and S, in Figure 4.13. Switch S; is
included so that the voltage across Cy is modified only while the delays are being com-
pared during the write phase. Switch S; is added to ensure that V, remains constant dur-
ing the write phase. S, is turned on during the read phase in order to update V, in
preparation for the next write cycle. The start-up time of the circuit is determined by the
sizesof Iy, I, and Cy.

This dynamic servo feedback delay circuit can be used only for synchronous repetitive
signal acquisition. Otherwise, the discharge of Cy by leakage currents will introduce tim-
ing errors.

4.3.2 Timing Accuracy

The relative sampling time accuracy within a signal channel is affected mainly by delay
variations among nominally identical inverter delay stages. The deviations from the nomi-
nal delay arise from inaccuracies in the fabrication process and are thus constant over
time. The individual delay values can be determined experimentally by applying an ac
waveform to the input of the signal channel and fitting the output response to an ideal
curve with the element delays as variables.

The total delay of the inverter chain is regulated by the feedback control circuit. Inac-
curacies in this circuit manifest themselves as variations of the control voltage level Vi,
and thusin avariation in the delay of the entire inverter chain. As a consegquence, the sam-
pling frequency may vary from one measurement cycle to the next.

It should again be noted that in the proposed analog memory design the turn-off time
of the sampling switches is independent of the input signal level, eliminating a timing
error that would otherwise be present for high frequency input signals.
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4.4 Read Addressing Circuit

The readout of the analog memory is controlled by an on-chip two-phase shift register
together with the logic used to generate the read control signals ¢4 through @, asillus-
trated in Figure 4.14. The shift register isinitialized by raising both read clocks ¢y and @
high while serial input @, is low. The readout commences by setting @, high for one
clock period and shifting the voltage level at the serial input through the dynamic register
by non-overlapping clocks ¢y and @y. The enable signal @, is used to disable the read
addresses, @4 through @, While the analog memory is reset between readout of two suc-
cessive memory cells, as shown in Figure 4.4(b).

4.5 Summary

In this chapter an analog memory circuit for use in high speed data acquisition systems has
been introduced. Each channel in this memory consists of a bank of memory cellsfor stor-
ing samples of the input waveform and a single operational amplifier for reading out the
stored samples. Each memory cell comprises a storage capacitor, a write switch, and a
read switch.

The circuit’s dc transfer function was derived, and it was shown analytically that the
output voltage is a linear function of the input voltage with a gain term that is close to
unity. It was also shown that the memory cell gain isinsensitive to variations in cell com-
ponent sizes. In order to achieve ahigh input bandwidth the write trans stors must be made
large, which unavoidably leads to substantial cell-to-cell response discrepancies. How-
ever, in the proposed architecture the cell specific pedestal voltages can be cancelled by
means of a simple subtraction procedure since this pedestal voltage is not dependent on
theinput signal level, asisthe case in many other waveform recording circuits. The pedes-
tal voltage is governed by charge injection at turn-off of the large write switch and a theo-
retical expression for this voltage is derived in Appendix A. Thisanaysisisvalid even for
circuits wherein the gate oxide and parasitic capacitances are not negligible in comparison
with the sampling capacitance.



Chapter 4: Analog Memory Circuit Design

@1 G2 (OAN
(pen L I BN
(_psl <_Ps2 (_Psl <_Psz
. 1 ] 1 ] o
T 1 T 1
s Ps2 s Ps2
(H'In _l |
Pen [ I L. ] L
ST | I |
b2 ] l l
¢ | |
G2 [ L ...
@GN [ L

Figure 4.14: Read control circuit with timing diagram.
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The main analog memory core has been designed so that the sampling time of the
individual memory cells is independent of the input signal level. This removes the need
for extensive ac calibration and sampling time error correction procedures that are other-
wise required in high speed signal acquisition systems.

The high speed sampling clock required for the data sampling is typically derived
from external clocks by means of shift registers. At high speeds, extensive ac calibration
procedures are usually necessary to cancel cell-to-cell sampling period errors dueto varia
tions in gate delays between banks of interleaved shift registers or even within a shift reg-
ister. In the proposed design an inverter delay chain is included instead and an external
high-speed sampling clock is thus not needed. The performance of such an inverter delay
chainisintrinsically sensitive to fabrication process variations, the operating temperature,
and the power supply level. In the proposed circuit a dynamic servo feedback circuit has
thus been included in the write control so as to establish a sampling frequency that isinde-
pendent of these parameters. The sampling clock period is derived by a division of the
time delay between two external control signal edges by the number of sampling cells
within a channel.

In this chapter it was aso shown that analog sampling circuits based on switched
capacitor technology enable high speed sampling with awide dynamic range since the res-
olution and baseline circuit noiseislimited only by the KT/C noise of the sampling capaci-
tor and the noise generated in the output amplifier.
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Folded Cascode Amplifier

5.1 Introduction

Each channel of the analog memory architecture presented in the previous chapter
includes an on-chip operational amplifier that is used during the readout phase. The ampli-
fier must provide sufficient gain, speed, and noise performance for the intended analog
memory application. An open-loop gain of more than 60 dB and a readout settling time to
0.1% in severa micro-seconds are the principle requirements for the present application.
In addition, the noise contribution of the amplifier to the total circuit noise should be small
compared to the KT/C noise sampled in the analog memory. The folded-cascode architec-
turelendsitself to asimple realization of the stated goals and is attractive because the |oad
capacitor provides the frequency compensation. Since the amplifier must drive an off-chip
load of several picofarads, stable operation is assured. The folded-cascode topology is
capable of achieving a higher stable closed-loop bandwidth with a large capacitive load
than, for example, atwo stage design. Also, its output voltage range is a good match to the
limited input signal range of the analog memory, as alluded to in Section 4.2.5.

In Section 5.2 the folded-cascode architecture is examined with respect to gain, band-
width, and flicker and thermal noise. A specific circuit implementation was simulated,
fabricated, and tested. Measurement results characterizing its performance are presented

71
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Figure 5.1: Schematic of the folded-cascode amplifier with bias generator.

in Section 5.3. The performance results were obtained with the amplifier in both follower
and inverting amplifier configurations. The test setup is described in detail in Appendix B.

5.2 Output Amplifier Circuit

Figure 5.1 shows the schematic of afolded-cascode amplifier with ap-channel differential
input pair. The circuit comprises a cascade of a common-source and a common gate stage
and uses a current folding circuit technique to permit direct connection of the drains of the
p-channel differential pair to the sources of the cascode devices. Transistors M3 and M4
operate as current sources. The currents through M3 and M4 equal the sum of the currents
from the differentia pair, M, and M5, and from the cascode mirror formed by M~ through
M1o. The reference voltages required to bias the amplifier, Vg1, Viero, and Vg, are gen-
erated by the bias generator formed by transistors M, - Mg in Figure 5.1.
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The dc voltage gain G of the amplifier in Figure 5.1 isthe product of the transconduc-
tance of the input transistor, g,,,;, and the impedance at the output node, r .,

Im1
G = Ol out =
ml’ out
902+go4+ 9010

gm6r06 gm8r08

(5.1)

The dominant pole p; of the circuit is determined by the impedance at the output node
together with the output capacitance C,

1
P = E[(routcout) | (5-2)

where C,; consists of the load capacitance and the parasitic capacitance at the output
node.

The input-referred noise generated in the folded-cascode amplifier is the sum of the
statistically independent mean-square noise currents from the transistors M; through M4
and Mg and M 1. The noise generated in these devices is coupled to the amplifier output
through the low-to-high impedance transformation of common-gate transistors Mg, Mg,
M-, and Mg. The noise currents generated in Mg through Mg are injected into the output
node with a much smaller gain and hence can be neglected. With matched transistors in
each of thepairsM 1 - My, M3 - My, and Mg - Mg, the input-referred flicker noise spectral
density for the folded-cascode amplifier can be expressed as

i2 2 M
V_ — z f 2 p gml gm9 O+ K gm3 o . (5.3)
Af gmlAf Oxg 1 Ly W9|—9D 3La

With the transistors Mg and M1 biased at the same current as the input devices, the
currents through M3 and M4 are twice that current. If it is assumed that the gate oxide
capacitance per unit area is the same for p-channel and n-channel devices, the spectral
density of the flicker noiseisthen given by

2
V_f _ 2Kfp d-lDZ 2Kfn“nd‘lD2D (5 4)
Af T oWy, 10 L0 " Ky, 00 |
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The factor K;,1,, is approximately five times KipHp for atypical CMOS process [40] and
the common assumption that the total flicker noise can be approximated by the noise gen-
erated in the input devices is therefore only valid if L3 is much larger than L; when p-
channel input devices are used.

The density of the input-referred thermal noise power generated in the amplifier cir-
cuit can similarly be derived and is given by

2
v th +

th _ % no Ek-ri%_+ Im3 ¥ Imo gmg% _ (5.5)
Af g Af 3 Om Om1
If it is assumed that the gate oxide capacitance per unit areais the same for p-channel and

n-channel devices, one obtains

2

W/L W/L
\@ _ 1—6kT 1 E]“_«/zb( )3+/\/( )ol
A M, (W/L); 4/ (W/0);1

5.6

f 3 Om0 (59)

Note that the thermal noise contribution of transistor M 5 can only be neglected if (W/L), is
much larger than (W/L)s.

5.3 Experimental Results

In order to investigate the performance of the folded-cascode amplifier, the circuit was
simulated using PSPICE [38] and fabricated in the Stanford University 2-um BiCMOS
technology [51]. The drawn dimensions of the channel lengths and widths are listed in
Table 5.1. The biasing network establishes a nominal current of 40 pA in M, and the cor-
responding power dissipation of the amplifier and the biasing network from a+5V supply
IS 400 uW each. The simulation results for the currents and reference voltages match the
measured values, as illustrated in Table 5.2. The drains of transistors My and Mg through
M1, were bonded to separate package pins so that the currents through these transistors
could be measured individually.
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Reference WI/L
Mg 100/18
M, My 100/8
Mg, My 100/16
Ms, Mg 100/8
M,, Mg 100/8
Mg, Mg 100/16
M1q 100/18
My, 15/10
M3 10/22
M4 200/8
M5, M1g 100/16

Table 5.1: Drawn transistor dimensions of the circuit shown in Figure 5.1.

Variable Simulation M easurement
Viias 3.64V 351V
Vief1 1.05V 0.98V
Vief2 1.82V 1.84V
Imo 40 pA 46 pA
Imo 20 pA 23 HA
Im10 20 pA 23 pA
Power Dissipation 400 pW 460 pW

Table 5.2. Simulation and measurement results.
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Figure 5.2. Amplifier in the (a) voltage follower and (b) inverter configuration. The cir-
cuits are shown simplified; see Appendix B for a complete test circuit
description.

The amplifier was operated in two different configurations in order to measure perfor-
mance parameters such as input offset voltage, linearity, and dc and ac open-loop gain.
Simplified schematics of the amplifier connected as a voltage follower and as an inverter
are shown in Figure 5.2(a) and (b), respectively. Asindicated, the amplifier was evaluated
in closed-loop, as opposed to open-loop configurations. Closed-loop measurements are
much easier to accomplish because the closed-loop circuits are not sensitive to voltage
drifts at the amplifier input. The complete test setups are described in Appendix B.

The input offset voltage and the follower (unity-gain buffer) voltage range of the
amplifier were measured by recording the output voltage V,; as a function of input volt-
age Vj,, with the amplifier in the follower configuration. In Figure 5.3 the difference
between the output and the input voltages, AV, = V, —V;,, of the follower is plotted
for the follower as a function of the input voltage. The solid and the dashed curves repre-
sent the results obtained from measurements and simulations, respectively. The measured
offset voltage is 5 mV. For the smulations it was assumed that the input transistors are
identical (no mismatch), corresponding to a zero an offset voltage.
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Figure 5.3: Output voltage minus input voltage, AV, as a function of the input volt-
age (measurement and simulation).

The output voltage of the follower circuit is given by

Vv G

out — 1+ G(Vin + Voff) ) (5-7)

where G is the open-loop gain and Vg is the input offset voltage of the amplifier. This
equation can also be formulated as

MVop _y 010 1
Y o0 G

out

(5.8)

In Figure 5.4 the ratio AVyy/ Vit Is plotted as a function of 1/, for an input voltage range
from 1.2V to 3.2 V. From (5.8) follows that the input offset voltage and the dc open-loop
gain can be obtained from alinear fit to the data plotted in Figure 5.4. The slope of the fit
is equal to Vg, and the extrapolated zero crossing (1/V,,; = 0) determines the term 1/G.
The analytical fit to the measurement data yields an offset voltage of 4.8 mV and a dc
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Figure 5.4: Plot for offset and gain determination. The slope corresponds to the offset
voltage. The extrapolated zero crossing (1/V,; = 0) determinesthe term 1/G.

open-loop gain of 83 dB. This compares to a nominal offset voltage of zero and a gain of
82 dB from the fit to the simulation outpui.

The amplifier output voltage range, its linearity, and the frequency dependence of its
open-loop gain were measured with the amplifier in the inverter configuration, as depicted
in Figure 5.2(b). In Figure 5.5 the input voltage, Vi, is plotted as a function of the output
voltage V,, together with the deviations from a linear fit across a 2.5V output voltage
range. The non-inverting input of the amplifier wasset to Vg = 2.45 V. Asindicated by the
schematic of the test setup in Figure 5.2(b), the inverting input of the amplifier isforced to
thereference level, Vg, at the noninverting input by the feedback action of the test circuit.
The measured integral non-linearity is 0.03% over an output voltage range of 2.5 V.

In Figure 5.6 the open-loop gain and phase are plotted as a function of frequency. The
solid and dashed lines correspond to the measurement and simulation results, respectively.
For the simulations a 10 pF load capacitance was used, which approximately represents
the output load capacitance in the test setup. This capacitance accounts for the amplifier
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Figure 5.5: Upper: Input voltage V;, as a function of output voltage V. Lower:
Residuals from afit to a2.5 V output voltage range.

package and socket (68 pin PLCC), traces on the pc board, and the input capacitance of
the AD 843 amplifier (6 pF). The smulated and measured results are summarized in
Table 5.3. The measurements and simulations agree well.

5.4 Summary

In this chapter the folded-cascode amplifier architecture has been examined and its gain,
bandwidth, and noise performance have been characterized. One of the advantages of the
folded-cascode amplifier isthat its frequency response is dominated by the pole associated
with its load capacitance; no internal compensation is needed to ensure stability. The
amplifier iswell-suited for use in the analog memory architecture introduced in Chapter 4.
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Variable Simulation Measurement
Open-loop gain 82 dB 79dB
-3dB bandwidth 125 Hz 100 Hz

Unity-gain bandwidth 1.8 MHz 1.6 MHz

Table 5.3. Simulation and measurement results (C, = 10 pF).

It provides sufficient gain and bandwidth, and its output voltage range is a good match to
that of the analog memory.

An experimental circuit was designed, simulated, and fabricated in a 2-um BiCMOS
technology at Stanford University. This amplifier operates from asingle 5-V power supply
with a power dissipation of 400 uW. The bias circuitry that generates the reference volt-
ages for the amplifier was included on the chip. The amplifier characteristics were mea-
sured in both voltage follower and inverter configurations. The measurement setups are
described in detail in Appendix B. The measured results agree well with smulations. The
simulations predict an open-loop gain of 82 dB and a unity-gain bandwidth of 1.8 MHz
with a 10 pF load capacitance. The experimental implementation was measured to have an
open-loop gain of 79 dB and a unity-gain bandwidth of 1.6 MHz with a 10 pF equivalent
load capacitance. The measured input offset voltage was 5 mV and the integral linearity
was 0.03% for a 2.5 V output voltage range.



Chapter 6

A 2 x 32 Analog Memory Circuit

6.1 Introduction

An analog memory architecture for acquiring analog waveforms was proposed in
Chapter 4. To demonstrate the operation and performance of such a memory, a complete
two-channel experimental prototype with 32 memory cells in each channel has been
designed and fabricated in a 2-um CM OS technology with poly-poly capacitors [40]. Two
versions of the circuit were realized; a low-speed version that employs a shift register to
generate the write control signals and a high-speed circuit employing an inverter delay
chain for write control. The overall chip architecture and the circuits for the analog storage
and control blocks are described in Section 6.2. The test setup used to measure the perfor-
mance of the experimental circuitsis described in Appendix C, and the results from these
measurements are reported in Section 6.3.

The sampling rate for the low-speed analog memory circuit was set to 13 MHz, while
the high-speed circuit was operated at sampling rates as high as 700 MHz. The output
responses of the two versions to dc inputs proved to be essentially identical. Thus, the dc
results presented in this chapter for the high-speed memory are representative of both
memory versions. It will be shown in this chapter that the high-speed experimental mem-
ory achieves a significant improvement in acquisition speed and dynamic range when
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compared to other published waveform sampling circuits and to monolithic anal og-to-dig-
ital converters.

6.2 Chip Architecture

A block diagram of the experimental high-speed analog memory is shown in Figure 6.1
(the low-speed circuit differs only in the write control circuitry). Two channels with 32
memory cells each were integrated in the experimental circuit. The analog input signals
are V;,; and Vo, while the analog outputs are V; and V,,. The write address signals @,;
through @3, are generated in the write address block from the external control signals Ay,
A, @1, and @,, as described in Chapter 4.3. The read address signals ¢, through @5, are
generated in the read control block. The write and read address lines are common to both
memory channels.

Figure6.2 is a photograph of the analog memory chip. The die measures
22mmx 2.2 mm. The large input transistors are seen on the left, the banks of analog
memory cells arein the middle, and the fol ded-cascode amplifiers appear on theright. The
inverter delay chain write address circuitry is located above the analog memory channels,
and the read control is located below those channels. The feedback delay control circuit is
located in the upper right corner of the chip.

A schematic of one 32-cell analog memory channel is shown in Figure 6.3. The chan-
nel dimensions of the NMOS and PMOS transistors comprising the input switch are
W/L=1200 pm/2 um and W/L=2000 pm/2 pm, respectively. As suggested in Chapter 3,
the relative sizes of these devices were chosen so as to minimize the signal dependence of
the switch on-resistance. The drawn dimensions of the read transistors, M,;, are
W/L=3 pm/2 um (minimum size). The area of a single memory cell is 40 x 40 um2 andis
dominated by the 500 fF capacitor and the sampling switch (W/L=50 um/2 um). The out-
put amplifier is afolded-cascode design of the type described in the previous chapter.
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Figure 6.1: Block diagram of the two channel analog memory prototype.
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Figure 6.2: Die photo.
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Figure 6.3: Schematic of the analog memory channel (Vg =V =2.5V).

6.2.1 Write Control Circuit

The write control circuit for the low-speed analog memory is similar to the dynamic shift
register circuit shown in Figure2.9. The pass transistors in that figure are realized as
CMOS transmission gates with the PMOS and NMOS transistor dimensions of
W/L = 6 pm/2 um and 3 pm/2 um, respectively. The starved inverter delay chain circuit
used in the high-speed memory is that shown in Figure 4.11. The channel widths of the
transistors in this circuit are W1 = 50 pm, W5 =75 um, W3 = 100 pm, W4 = 75 pm, and
W5 = 100 pm, while the drawn channel lengths are all 2 um. The dimensions of the tran-
sistorsin the delay feedback circuit are indicated in Figure 6.4 in microns. The magnitudes
of the currents for the two mirrors, 1, and I, are set by external resistors so that the speed
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with which the control voltage V, adjusts can be varied. The magnitude of the currentis a
trade-off between the number of cycles needed to reach the nominal sampling frequency at
start-up and the delay jitter once the nominal frequency is established.

6.2.2 Read Control Circuit

A 32-stage dynamic two-phase shift register has been included on the chip to generate the
read address signals @1 to @3o. Thecircuit isshown in Figure 4.14; the NMOS and PMOS
transistor dimensions are W/L =3 um/2 um and W/L = 6 pm/2 um, respectively. The
two-phase clock is generated from an external single read clock, @y, using a pair of cross-
coupled NOR gates as depicted in the upper part of Figure 6.5. The nonoverlapping char-
acteristic of the resulting shift-register clocks, @ and @, is ensured by the delays of the
extrainverters.

6.3 Experimental Results

The experimental test setup used to evaluate the performance of the experimental analog
memory circuits is described in detail in Appendix C. The responses of the two different
analog memory versions to dc input signals were virtually identical. The dc results pre-
sented in this chapter for the high-speed circuit are thus representative for the performance
of both devices. The dc power dissipation for each 32-cell channel, when operated from a
single 5-V supply, was measured to be 2 mW and was dominated by dissipation of the out-
put amplifier, the bias generator, and the servo feedback circuit.

The response of one channel to a 2-V input voltage step with a 3-nsrise time is shown
in Figure 6.6(a) and illustrates the operation of the high-speed memory with Vg and V¢
set to 2.5 V. The output signal levels of the 32 memory cells are alternated with the ampli-
fier reset level, Vg, asillustrated in the timing diagram in Figure 4.4(b). The delay feed-
back control signal, A, Was adjusted to establish a sampling rate of 700 MHz (1.42 ns
between the turn-off of adjacent sampling transistors). The readout time for each cell was
set at 11 ps, which is the conversion time of the 16-bit ADC used to digitize the output
samples. In Figure 6.6(b) the output pulse is plotted as a function of input time, and the
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results agree with the input pulse, as monitored on an oscilloscope, with respect to rise and
fall times, pulse width, and signal undershoot. The input time constant of the memory,
defined as the product of the on-resistance of the cell write transistor and sampling capac-
itance C;, was designed to belessthan 0.5 nsfor Vo = 2.5 V.

6.3.1 Noise and Dynamic Range

The dynamic range of an analog waveform storage circuit is commonly defined as the
maximum recordable signal divided by the baseline noise, which governs the smallest
detectable signal. The baseline noise of this analog memory was determined by recording
the circuit response to repeated measurements with a constant input voltage level and cal-
culating the mean square rms voltage error

N/z (Voi _Vavg)2
Vrms = —% M1 ) (6.2)

where V,,4 isthe output voltage of memory cell i, averaged over M measurements. An rms

error voltage of 0.3 mV was obtained from sets of 100 repeated measurements, indepen-
dent of the input signal level. The dynamic range of the circuit is therefore better than
8,000/1, or 13 bits, for a2.5V input voltage range.

In order to compare the measured baseline noise with the theoretical noise value, the
contributions from the individual circuit blocks are estimated for the 2-um CMOS process
in which the memory was integrated [40]. The flicker noise coefficients provided by the
manufacturer, K, = 4x 10" and Kip = 2% 10", were used for the noise estimates.
The simulated open-loop gain of the amplifier used in the analog memory is 74 dB, and its
unity-gain frequency is 800kHz in the test board environment (C_ =3pF see
Appendix C). As explained in Section 4.2.6, the square of the total input-referred noise
voltage for the analog memory can be expressed as

2 _ kT (LitCopf 2
G =K c 202, (62)
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where Cy is the capacitance at the inverting input node of the amplifier during readout,
and v, isthe input-referred noise voltage of the amplifier. At atemperature of 300 K, the
noise sampled onto the 500fF sampling capacitor during the write phase is
JKT/C = 90uV. In Section 4.2.6 it was shown that in order to obtain the amplifier noise
voltage, Vo, the amplifier noise power density isintegrated over the unity-gain bandwidth
of 800 kHz, as expressed in (4.27). The time interval T in (4.26) was 2.5 ps. Tg was the
interval from the time the reset switch was turned-off until the time the cell was addressed
for readout, the amplifier output had settled, and the output voltage was sampled for digi-
tization. For the implemented amplifier circuit, the total noise could not be approximated
by the noise generated in its input transistors. In Table 6.1 the squares of the individual
thermal and flicker noise contributions of the individual transistors of the amplifier are
listed. The notation used in Table 6.1 corresponds to Figure 5.1.

Transistors | W/L [um/um] Thermal [uV?] Flicker [uV?]
M, 100/8 138 437
M, 100/8 138 437
Mg 100/16 194 512
My 100/16 194 512
Mg 100/16 95 73
M1 100/16 95 73

Table 6.1: Noise contribution from the individual amplifier transistors.

As analyzed in Chapter 5.2, the square of the total input-referred noise voltage of the
§p, is the sum of the squares of the individua input-referred transistor noise
voltages. With a value for Cy, that is approximately 2.5 times the sampling capacitance,

C;, the total circuit noisein the system, expressed by (6.2), is theoretically

amplifier, v

v, = /(8100uV2) + (3.5)%(2898uV2) = 200pV . (6.3)

This value compares to a measured noise of 300 pV.
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To investigate whether the measured noise is limited by the amplifier, various capaci-
tances were added to the output of the amplifier so as to change its closed-loop bandwidth.
As a result, the measured rms noise decreases with a factor of the square-root of the
increase in the observed amplifier output rise time. It is therefore concluded that the base-
line noise that was measured for the fabricated analog memory circuit is limited by the
noise in the amplifier. The theoretical KT/C sampling cell noise value could be achieved by
modifying the amplifier design, or reducing its bandwidth; a reduction in bandwidth will
increase the memory readout time.

6.3.2 Dc Transfer Characteristic

The nonlinearity of the experimental circuit was measured by applying 38 equally spaced
input voltages and fitting the output levels to a straight line using the least-squares
method. Figure 6.7(a) shows the output of atypical cell plotted as a function of input volt-
age over arange of 3V, and in Figure 6.7(b) the deviations are shown for the chosen input
voltage range of 2.5 V. The maximum deviation is 0.7 mV, or 0.03% of full scale.

The average small-signal gain of a memory channel at low frequencies was measured
to be 0.9967, with an rms gain variation across the channel of 0.0001, as indicated by
Figure 6.8. The attenuation of the input signal is due to the input-to-output capacitance,

Cpp» Of the folded-cascode amplifier

1
A C
C.

(6.4)

Cpp is governed by the gate-to-drain capacitance of the amplifier input transistor M,
divided by the voltage gain of the cascode transistor Mg in Figure 5.1,

Cep(M
- SooMa) (6.5)
PP Gain(Mg)
Cop isapproximately 40 fF for the input device in the fabrication process used; with acal-

culated voltage gain of 60 for the cascode device, avalue for Cp, of approximately 1 fFis
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Figure 6.8: Gain of all 32 cells in one channel.

obtained. The resulting gain, A, is 0.998, which approximately agrees with the measured
gain average of the analog memory.

The measured pedestal voltages for the 32 cellsin a channel are plotted in Figure 6.9
as afunction of the input voltage with the average response of the channel subtracted. The
cell-to-cell pedestal variations result in an rms deviation from the average of 1.8 mV
across a channel. This is expected for the design’s switch and capacitor sizes and the fabri-
cation process used.

In order to investigate whether the cell pedestals depend on the input signal, the
responses to various dc input levels were recorded, and the response to one dc reference
level, Vi, = 2V, was subtracted from these measurements. The differences for all 32 cells
are plotted in Figure 6.10 as a function of the input voltage. In order to plot the data on the
same scale, the average channel response has been subtracted. Each data point represents
the mean value from five measurements so that variations due to baseline noise (0.3 mV)



Chapter 6: A 2 x 32 Analog Memory Circuit 96

4 r
700 MHz Sampling Frequency
: i : ! : ° .
A~ 2 - L] L[] :
E (] . s . * ° .
=AY : : ' .
- R
E 5 : : : '
< i ! : H . s
E] L .
2z ° I
S © . . H
© = : : : ! . ! ¢
= ® ¢ .
QO [ ] . [} .
O ° ! L] : :
O _2 - . . .
_4 L L L '}
0 1 2 3 4

Input (V)

Figure 6.9: Cell pedestals as afunction of input voltage for the 32 memory cells.

are attenuated by a factor of two. The rms cell response variation after cell pedestal
subtraction across the whole input signal range is only 0.3 mV, demonstrating that the
sampling switch charge injection is independent of the dc input level and can be reduced
to the level of the baseline noise by a simple subtraction. Calibration and correction of the
channel response therefore requires only a smple cell pedestal subtraction in order to
achieve a precision of better than 12 bits for dc signals.

The last parameter obtained from the dc measurements was the parasitic capacitance
Cpi in Figure 4.5. This capacitance was experimentally determined by recording the mem-
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Figure 6.10: Cell pedestals after baseline subtraction.

ory output voltage as a function of the applied dc reference voltage Vg. From (4.13) and
(4.14), C,;i can be calculated from the change in the memory cell offset voltage AV as

V.~V
c = cflVor=Vely, . |,

pi T Yi[] AVB 0 OX riLri : (6.6)

From this equation, a value for Cy,; of 100 fF was obtained. For the experimental circuit,
capacitance Cyy;, as defined in (4.3), comprises the parasitic bottom plate capacitance Cg
of the sampling capacitor and the source-to-substrate capacitance C,,s and the gate-over-

lap capacitance C,; of the large write switch. From the fabrication process parameters
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these capacitances were estimated to have the following values: C, = 25 fF, C,; = 13 fF,

and Cg = 40 fF. The total parasitic capacitance, Cy;, isthus 78 fF, which agrees well with

pi’
the value obtained from the measurements. The bottom plate of the sampling capacitance
was intentionally placed at the terminal connected to the cell transistors so asto minimize
the parasitic capacitance of the input bus. This benefits the ac performance as discussed in
Section 4.2.7. The resulting increase in the cell pedestal voltage of approximately 10% is

not crucial, since these cell pedestals are cancelled in the subtraction procedure.

6.3.3 Ac Response of the High-Speed Memory

The ac performance of the circuit was quantitatively evaluated by applying free running
sine waves of various amplitudes and frequencies at the analog input. Since the phase of
the input signal was not synchronized to the sampling process, the results also provide a
measure of the ac uniformity of the cells across a channel. The pedestal-subtracted
responses for 20 separate sets of measurements were fitted to an ideal sine wave with a
common frequency, offset, and amplitude and a free phase for each set of measurements
[53], [54]. The signal-to-(noiset+distortion) ratio (SNDR) was then cal cul ated based on the
residuals from an ideal fit. The errors can be attributed to a variety of sources, including
errorsin sampling time and amplitude, variations in the ac response of different cells, non-
linearities, and el ectronic noise.

Figure 6.11 shows a 100-mV,, 21.4-MHz sine wave fitted to the data and plotted
modulo the phase along with the residuals. The fit yields rms residuals of 0.4 mV. The
amplitude and residuals remain stable for various dc input voltage levels, demonstrating
the good small-signal ac linearity across the signal range. Figure 6.12 depicts the memory
response and the deviations from an idea curve for a 2-V,, sine wave. The rms value of
the residuals is 3.4 mV. Shown in Figure 6.13 is a plot of the SNDR as a function of the
input amplitude, as measured for the 21.4 MHz input frequency. An input level of 0 dB
represents a full-scale peak-to-peak amplitude of 2.5 V. The circuit achieves a peak SNDR
of 60 dB and a dynamic range of 74 dB.

The performance of the analog memory degrades at large signal amplitudes principally
because of amplitude distortion and timing errors.
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Figure 6.11: Upper: Results of 20 measurement sets from a 100-mV ,, 21.4-MHz sine
wave sampled at 700 MHz and plotted on a time scale modulo the period of
the sine wave. Lower: Residuals from the fit to the ideal curve.
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Figure 6.12: Upper: Results of 20 measurement sets from a2-V y,, 21.4-MHz sine wave

sampled at 700 MHz and plotted on atime scale modulo the period of the
sine wave. Lower: Residuals from thefit.



Chapter 6: A 2 x 32 Analog Memory Circuit 101

60

50

40

30

SNDR (dB)

20

10

O ’ [ ’ [ ’ [ P
-80 -60 -40 -20 0

Input Level (dB)

Figure 6.13: Signal-to-(noisetdistortion) ratio as a function of input amplitude for a
21.4-MHz sine wave sampled at 700 MHz.

6.3.4 Timing Errorsand Distortion in the High-Speed Memory

Errors in the sampling time can be attributed primarily to two sections of the circuit, the
delay chain and the feedback control. The total delay of the inverter chain is regulated by
the feedback control circuit. The peak-to-peak timing jitter measured at the end of the
32 stage delay chain is less than 1 ns, which translates into 31 ps per sampling interval or
delay element. Thisjitter correspondsto a sampling frequency error of 2% at the 700 MHz
rate and will decrease linearly with an increase in the number of delay elements. An addi-
tional error is introduced by cell-to-cell sampling time, or delay, variations. These varia
tions have been estimated by fitting the measurements to a sine wave with the individual
delays of the elements as parameters (with the same element delays for each of the 20
measurements sets). The best fit yielded an rms value of 25 ps for the element delay varia
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tions across achannel. Thistiming error isindependent of the input signal level and can be
corrected for if required.

As explained in Appendix C, the input of the analog memory was driven from a
50 ohm source in the test setup. For applications where high-frequency input signals must
be sampled, a lower impedance driver must be added at the memory signal input so as to
avoid distortion that results from variations in the memories input capacitance during the
write phase.

6.3.5 Ac Response of the Low-Speed Memory

The ac performance of the analog memory version with the shift-register write control was
measured for a 2-M Hz input sine wave. The external write clock that controls the dynamic
two-phase write shift register was set to 13 MHz. In Figure 6.14 the output responses of
the memory cells are shown together with the deviations from an ideal sine wave. Therms
deviations are 0.3 mV for the 100-mV ,, sine wave. Shown in Figure 6.13 is a plot of the
SNDR as afunction of the input amplitude. A peak SNDR of 54 dB was achieved.

6.4 Summary

The implementation of a two-channel analog memory with 32 cells in each channel has
been described in this chapter. Two versions of the chip were fabricated; a low-speed
version that employs a dynamic shift register for write control and a high-speed circuit
that uses an inverter delay chain for write control. Measurement results at sampling rates
as high as 700 MHz were presented. The dc performance proved to be identical for the
two versions of the analog memory. The dc and ac results of the performance tests are
summarized in Table 6.2. The peak SNDR obtained for the low-speed memory is lower
than the result reported for the high-speed memory. This may be due to perturbations
caused by the external write clock generated on the test board, routed on board traces to
the chip package, and connected via bonding wires and on-chip traces to all stages of the
write shift register. Conversely, the clock signals in the high-speed memory are generated
locally on-chip and are thus confined to a small area on the chip.
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Figure 6.14: Upper: Results of 20 measurement sets from a 100-mV,,, 2-MHz sine

wave sampled at 13 MHz and plotted on a time scale modulo the period of
the sine wave. Lower: Residuals from the fit.
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Figure 6.15: Signal-to-(noisetdistortion) ratio as a function of input amplitude for a
2 MHz sine wave sampled at 13 MHz.

It was shown that the measured baseline noise for the fabricated circuitsis limited by
the amplifier and that this noise can be reduced by increasing the readout time. The maxi-
mum sampling rate for the high-speed memory was 700 MHz and could potentially be
increased through use of a more advanced process technol ogy.

In Figure 6.16 the dynamic range is shown as a function of the sampling rate for sev-
eral circuits that can be used for analog waveform acquisition, including analog-to-digital
converters. In Table 6.3 the components represented by data points A through R are listed.
Data points A through C are published analog memory devices and correspond to the
designs reported in [16], [18], and [20], respectively. Data points D through Q correspond
to commercial and recently published analog-to-digital converters as specified in
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Rms noise floor 0.3mV
Cell offset variation across full input range

uncorrected 1.8 mV
with reference level response subtracted 0.3mv
Nonlinearity (for 2.5V full scale) 0.03%
Céll gain nonuniformity (mean gain: 0.9967) 0.01%
Dynamic range 74 dB
Power dissipation of one channel (+5V) 2 mwW

L ow-speed version:

Peak SNDR (2 MHz input sine wave,

13 MHz sampling frequency) 54 dB
High-speed version:

Minimum sampling frequency 200 MHz
M aximum sampling frequency 700 MHz
Peak SNDR (21.4 MHz input sine wave,

700 MHz sampling frequency) 59 dB

Table 6.2. Analog memory performance summary.

105

Table 6.3. The data point R represents the performance of the high-speed memory pre-

sented in this work. Analog memory circuits not commercially available or not published
have not been included. It should also be noted that the power dissipation for the analog-
to-digital converterslisted are between 1 and 10 W, whereas the proposed circuit only dis-

Sipates 2 mW.
Data Point Component
A [16]
B [18]
C [20]

Table 6.3. Analog memories and commercial converters compared in Figure 6.16.
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Figure 6.16: Comparison to published analog memories and commercial converters.

Data Point Component

Anaog Devices AD9014

Analog Devices AD9032

Signal Processing Technology SPT 7922
Signal Processing Technology SPT 7824
Anaog Devices AD9060

Signal Processing Technology HADC77100

o IO m O

Table 6.3. Analog memories and commercial converters compared in Figure 6.16.
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Data Point Component
K [55]
L Tektronix TKAD20
M Tektronix TKAD10
N [56]
P Anaog Devices AD9016
Q [57]
R Thiswork

Table 6.3. Analog memories and commercial converters compared in Figure 6.16.
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Conclusions and Suggestions

7.1 Conclusons

A wide range of data acquisition applications require the recording of analog waveforms
at a high rate and with high resolution. In acquisition systems employed for the recording
of pulse echo phenomena (radar, lidar, ultrasonics, non-destructive material or medical
testing), for pulse shape recording (high-energy physics experiments, accelerator diagnos-
tics), and for laboratory instrumentation (oscilloscopes, transient digitizers), the analog
waveforms need only be captured for alimited period of time; a continuous digitization is
not required.

Primarily three approaches are used to record fast analog waveforms: high-speed ana-
log-to-digital converters, charge coupled devices, and switched-capacitor analog memo-
ries. Analog-to-digital converters are presently limited to a dynamic range of at most 8-
bits for sampling rates above 100 MHz. The power dissipation and cost of such fast ADCs
prohibit direct digitization solutions for most acquisition systems with a large number of
signal channels. High-speed charge coupled devices are expensive and typically require
elaborate clocking circuitry that generally dissipates considerable power. Furthermore, a
large dynamic range is hard to achieve at high sampling rates using CCDs. This research
has therefore concentrated on switched-capacitor analog memories. Published analog
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memory circuits with a dynamic range of more than 10 bits are presently limited to sam-
pling frequencies of 150 MHz.

The goal of this research was to investigate analog memories for waveform sampling
at several hundred MHz while maintaining a dynamic range of 12 bits. A great deal of
effort was devoted to optimizing the analog memory architecture and circuit implementa-
tion for uniformity of memory cell responses within a channel. This is especially impor-
tant in high-energy physics signal acquisition systems, where analog waveforms of
thousands of channels are recorded. In such applicationsit is especially important to mini-
mize the complexity of dc and ac calibration and correction procedures, as well as the
number of calibration constants needed to correct the data.

Following an examination of the characteristics of MOS switches and capacitors, this
work has analyzed their performance in a number of sample-and-hold configurations.
Expressions for the error voltages from switch charge injection were derived for circuits
wherein the sampling capacitance is not large compared to the parasitic capacitances asso-
ciated with the sampling switch. It was analytically shown that the sampling switch must
be inserted in the signal-return path so as to eliminate cell-specific gain and sampling time
errors that are dependent on the input signal level.

Current analog memories exhibit one of two drawbacks: input signal dependent pedes-
tal voltages and sampling times, or memory cell gains that are directly related to the sizes
of the sampling capacitances. Based on the results obtained from the investigation of the
sample-and-hold circuits, an analog memory architecture was proposed that eliminates
both drawbacks. The transfer function of this memory was derived and then verified by
measurement results obtained from experimental integrated circuit implementations. The
measured gain uniformity across a channel was better than 13 bits, which indicates that
the memory cell gain isinsensitive to the absolute size of the sampling capacitance. It was
also shown that the memory cell pedestal voltages are independent of the input signal volt-
age and that the cell specific pedesta voltages can be cancelled by a simple subtraction
procedure.

Each channel of the analog memory incorporates an on-chip amplifier for readout.
Results from simulation and experiment show that the folded-cascode amplifier circuit is
well-suited for usein this application. An open-loop gain in excess of 70 dB was obtained
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at a power dissipation of 400 uW. The output voltage range of such an amplifier is a good
match to the voltage range of the analog memory cells.

Commonly ashift register or, for high-speed operation, banks of inter-leaved shift reg-
isters are used for write addressing in an analog memory. At high sampling speeds, the
variations in cell-to-cell sampling times due to the sensitivity of on-chip delaysto the fab-
rication process, the temperature, and the power supply levels are considerable, and exten-
sive ac timing correction procedures are required. In addition, a high-speed sampling
clock must be provided to the circuit. This thesis proposed the use of an inverter delay
chain for write control, which avoids the need for a high-speed externa clock and opti-
mizes the uniformity of the cell-to-cell sample periods across a channel. Thiswrite control
circuit isinsensitive to variations in the fabrication process, temperature, and supply levels
because a servo feedback circuit is used to adjust the sampling rate. Furthermore, the high-
speed write signals are confined to a small area on the die, and perturbations from external
clocks that otherwise must be distributed across the entire chip are avoided.

A 2-channel x 32-cell analog memory for use in a beam position monitoring Ssystem
was fabricated in a 2-um CMOS technology with poly-poly capacitors, and operated at
sampling rates as high as 700 MHz. Its measured cell-to-cell sampling time variation is
20 ps. The measured nonlinearity is 0.03% for a 2.5V input range, and the cell-to-cell
gain matching is 0.01% rms. The uniformity of the individual memory cell responses
across the whole input voltage range exceeds 12 bits after a ssmple cell offset subtraction
procedure. The dynamic range of the circuit is 13 bits, and the peak signal-to-(noise+dis-
tortion) ratio for a full-scale 21.4 MHz sine wave sampled at 700 MHz is 60 dB. The
power dissipation for one channel operated from asingle +5V supply is2 mW. The mem-
ory has been optimized for high-energy physics applications where, in general, different
classes of signals covering a wide dynamic range must be processed in a channel, but
where each class of signals has a limited inherent accuracy. For each class of signalsit is
thus sufficient to have a peak SNDR that is lower than the dynamic range of the channel.

The proposed analog memory is a viable aternative to real-time analog-to-digital
converters in applications where continuous acquisition is not required. The power
dissipation of the circuit is orders of magnitude below typical of commercial monolithic
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converters, which are presently limited to a dynamic range of 8 bits for sampling rates
exceeding 100 MHz.

7.2 FutureWork

A number of ideas developed in the course of this research appear to merit further investi-

gation.

The integration of an analog-to-digital converter with the analog memory on a single
die would enable an implementation of an on-chip digital correction circuit, as
depicted in Figure 2.3. An analog-to-digital waveform converter with an accuracy and
a dynamic range of 12 bits at sampling rates of several hundred MHz could then be
realized on a single chip.

The maximum sampling rate of the analog memory is limited by the delays of the
inverters in the write control circuit, as explained in Section 4.3. The increase in
speeds achievable in more advanced CMOS technologies could be leveraged to
increase the sampling rate. It should be possible to attain sampling speeds of 2 GHz in
submicron technologies.

The input capacitance of the analog memory varies during the write phase. This
capacitance must therefore be driven by a low output-impedance buffer to avoid sig-
nal distortion at high input frequencies. The use of BICMOS technology might allow
the integration of such a unity-gain buffer with the analog memory.

The proposed analog memory architecture employs a common input switch and was
optimized for short record lengths. Some applications (e.g. oscilloscopes) call for a
large number of memory cells in a channel. A single-channel memory with up to sev-
eral thousand memory cells is feasible, limited by the physical chip size. However, to
achieve a high input bandwidth in such a channel, it may be necessary to replace the
common input switch with cell-specific input switches.

The analog memory introduced in this thesis is single ended. A differential architec-
ture may result in a circuit with superior dynamic range. However, the effects of a dif-
ferential implementation on the cell-to-cell response uniformity must be investigated.
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Switch Charge I njection

Commonly, the error voltage on a sampling cell capacitor that results from switch charge
injection (the pedestal voltage) is analyzed under the assumption that the sampling capac-
itance is large compared to the oxide capacitance of the sampling switch [36]. Since this
assumption is not valid for high-bandwidth switched-capacitor cells, an expression for the
pedestal voltagein such cellsis derived in this Appendix.

Shown in Figure A.1 is a switched-capacitor memory cell with sampling capacitance
Cg and transistor M. The transistor is inserted in the signal return path, as described in
Chapter 4. Also included in the figure are parasitic capacitances associated with the sam-
pling switch. C, is the gate oxide capacitance, C, is the parasitic capacitance to ground,
and C,, is the gate overlap capacitance. V;, and Vp are assumed to be constant potentials.
For this analysis a single-lump model [36] of the transistor is used. The transistor node
connected to Cgis defined as source since the voltage at this node is assumed to be equal
or less than Vp during the sampling process. The pedestal voltage can be analyzed in a
similar fashion for a circuit where the drain and source terminals are interchanged.

The transistor is turned off by changing the gate voltage, Vg, from the high voltage
level, Vy, to the low level, V|, . The gate voltage is assumed to be a ramp function with a
slope U,
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Vip o—| . |

Vb

Figure A.1: Schematic of the switched-capacitor cell.

Aslong as the transistor is in the strong inversion region (V3 V3 Vg+V;), itsdrain-
to-source current can be described as [49]

Y/
lps = ng/GS—VT—TSgVDS ’ (A-2)

where Vg = Vp - Vg is the transistor drain-to-source voltage, Vg = Vg — Vg is the
transistor gate-to-source voltage, Vy is the threshold voltage, b = m,C, ,W<tL, m, isthe
electron mobility in the channel, C_, is the oxide capacitance per unit area, and Wand L
arethe channel width and length of thetransistor , respectively. (A.2) can also bewritten as

Vpss

where V5 isthetransistor gate-to-drain voltage. For small drain-to-source voltages ( A.3)
can be approximated by

From the Kirchhoff’s Current Law at node Sin Figure A.1,
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where
Ceq = Cg+ COV+COCZ+CP. (A.6)

The solution for this differential equation can be derived with the general solution [ 58, 59,
60]

Vg—V, = € (A+Berf(x)) , (A.7)
where
X 2
erf(x) = =g du. (A.8)
pO

Differentiation of (A.7) yields

2 pdx

(vS Vp) = @x(Vs- VD)+B[p“dt (A.9)
If (A.2) and (A.9) areinserted into (A.5),
dx _
2x(Vs—Vp) + prgdt =&, + > ﬂu+b(vGD Vi)Vps - (A.10)
Thevariablexis now set to
V-V, -V
x= |2 _A__p_ 70 (A.11)

2C, U Z
Inserting X into (A.10) and with the boundary conditionthat Vg = Vyat t = Oyields
C

Cov+_0 UpC
B = 2 [ZPeq (A.12)
Ceq 2b

Inserting B into (A.7) with the above boundary condition yields
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_b

A = Berf®
e 2UCeq

(Vi =Vp—V7)8 . (A.13)

The transistor turns off when the gate voltage in (A.1) falls to a threshold voltage
above the source/drain potential. At that time, t; = (Vy-Vp-V;)tU, variable x in
(A.11) is zero. The voltage difference (Vg—Vp) in (A.7), defined as the voltage Vpy, is
then

Voa = A. (A.14)
Inserting (A.12) and (A.13) in (A.14) yields

C

Cot=
2 |puC b .
V., = Aerf® V, -V, —-V;)0 | A.15
PA Coq N 20 € 2uceq( Vo~ Vil (A15)

where Cy is defined in (A.6).
After the transistor turns off (Vs £ Vg+ V), only the gate overlap capacitance con-
tributes to the pedestal voltage, and with the approximation that Vg» Vp
C

o Vo +V=V,). A.16
CS+COV+Cp( p+tVr=Vi) (A.16)

VpB =

Thetotal pedestal voltage V,, after turn-off of the sampling switch is then

Vy = Vou+ Vig. (A.17)
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Amplifier Test Setup

This appendix describes the circuit configurations and the instruments used to characterize
the performance of the folded-cascode operational amplifier. A block diagram of the mea-
surement setup is shown in Figure B.1, and the instruments are identified in Table B.1.
The amplifier is mounted on a custom printed circuit board together with supporting cir-
cuitry such as commercial amplifiers, resistors, capacitors, and voltage regulators. Acqui-
sition of the measured data is controlled by a workstation viatwo SBUS interfaces, oneto
GPIB [61] and the other to M X1 [ 62]. Thefollowing two VX1 [ 63] modules are controlled
via the high-speed M XI bus: the digital-to-analog converter module provides the dc volt-
ages for the performance measurements, and the analog-to-digital module records the
responses from the amplifier. With these modules dc parameters as input and output volt-
age ranges, linearity, and the input offset voltage can be measured. The frequency
response of the device under test (DUT) is characterized by means of a network analyzer
viathe GPIB. The graphical LABVIEW [ 64] data acquisition software is used to control
the instruments and process the data.

The test board comprises circuitry to test the DUT in two basic amplifier configura-
tions, as avoltage follower and as a unity-gain inverter. Figure B.2 shows the follower cir-
cuit with acommercial high input-impedance (FET) operational amplifier in the feedback.
This amplifier serves to drive the cable and the resistive load of the test instrumentation.
Measurement errors from this amplifier can be neglected, since its performance with
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Figure B.1: Experimental setup.
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National Instruments SB/MXI Interface, VXI-SB2020
National Instruments GPIB-SPRC-B Interface
Hewlett-Packard 2440 500M &/S Digital Oscilloscope
Hewlett-Packard 4195A Network Analyzer
Hewlett-Packard E1328A 4-Channel D/A Converter
Hewlett-Packard E1430A A/D Converter

National Instruments MXI1/VXI Mainframe Extender
National Instruments VXI1-1000 Mainframe

Power Design TP340 Linear Triple Power Supply

TI@TMOOW»

TableB.1: Test setup equipment list.

® ® Vout

2 kw

Note: Power supply and bypassing not shown.
AD 645: Open-loop gain: 130 dB
Offset voltage: 0.1 mV

FigureB.2: Test circuit with DUT in follower configuration.

respect to open-loop gain, linearity, voltage range, and offset voltage is considerably bet-
ter than that of the folded-cascode CMOS amplifier. Thelinearity of the test setup without
the DUT was determined by digitizing the voltage V ; as a function of the input voltage
Vin applied directly to the noninverting input of the commercial amplifier, V g5, (see
Figure B.2). The measured integral nonlinearity was 0.01% over a3 V voltagerange. The
offset and gain of the test system were found to be 0.1 mV and unity, respectively.
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20 kw —

Test
Instrument

50 W

Note: Supply connections and bypassing not shown
All resistors 1%

AD 843: Open-loop gain: 100 dB
Unity-gain bandwidth: 34 MHz

Figure B.3: Test circuit with DUT ininverter configuration.

M easurements of the transfer curve for the follower circuit yield the values for input
offset voltage, dc open-loop gain, and unity-gain buffer voltage range presented in
Chapter 5.

Thecircuit used to measure the dc output voltage range and the ac signal transfer char-
acteristic is depicted in Figure B.3. The DUT is configured in the inverter configuration
with a commercial high input-impedance amplifier, U,, employed to drive the resistive
load and the cable to the test instrument. The amplifiers U 5 and U, are used to buffer and
amplify the voltage at the inverting input of the DUT, V,, which simplifies the signal
transmission to the 50-ohm input of the test instrument. 50-ohm resistors were added in
series with the outputs of amplifiers U, and U, to decrease the currents required from
these amplifiers. The measured voltages V, and Vy, must therefore be multiplied by afactor
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of two to obtain the values for V; and V,. Voltage V,¢ is used to adjust the dc output
voltage of the DUT. The output voltages of this circuit can be formulated as

Vor = 2(V,) = ~(Vip + Vyer — 3V)) (B.1)

and
Vo = 2(Vy) = —20(Vm—vp) : (B.2)

where V¢ and V,, are dc reference voltages. The offset voltages in the circuit have been
neglected.

The output voltage range of the circuit is limited by the DUT and can be measured by
recording Vy as afunction of V;j,. For a constant noninverting amplifier input voltage V,,

andwith V,; = V,,

Vor = 2(V,) = 2V, -V, (B.3)

In order to obtain the small-signal ac transfer characteristic of the DUT, the output
voltages V, and V, are recorded with the network analyzer sine-wave source signal con-
nected to V. The supply voltage for the DUT in thesetupis5V, V,is 2.5V, and the dc
output bias voltage of the network analyzer is O V. Dc reference voltage V¢ and resistor
Ry inFigure B.3 are used to adjust the dc output voltage of the DUT, Vg5, t102.5 V. With-
out Ry the output of the DUT would be driven out of the linear range. When V=2V,
oneobtains

(B.4)

The ac gain G(f) of the DUT was measured by applying the sine wave at the input ,
Vin = Agsin(2pft+f4), and recording the voltages V, and V, as functions of
frequency fs. The network analyzer then determines the magnitude and phase shift from
these two voltages,

Vor(f) _ 20V, (f)

0 =v.0 = Vo

(B.5)
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Alternatively, voltage V,,, can be measured directly with a high-impedance FET probe and
the gain determined as follows.

V() _ (22V,(H

SO=v.® = V.0

(B.6)

As previously mentioned, measurement errors from the commercial amplifiers can be
neglected because their open-loop gain and bandwidth are much higher than those of the
folded-cascode CMOS amplifier.

Most of the measurement results presented in Chapter 5 are compared to results
obtained from circuit simulations. In the simulations the commercial amplifiers were
replaced by ideal amplifiers. The transistor models used in the simulations were extracted
from devices manufactured in the same fabrication run as the amplifier. The transistor
transfer curves were measured, and the transistor models were obtained using the TOPEX
[65] extraction and optimization software.
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Analog Memory Test Setup

The test setup used to evaluate the performance of the analog memory is described in
detail in this appendix. Figure C.1 illustrates the configuration of the instruments for the
performance tests, while the instruments are identified in Table C.1. The analog memory
was mounted on a custom printed circuit board together with most of the functional blocks
needed to operate the circuit. Only low-speed digital input and output ports arerequired to
control the circuit and to read out the measured data. The board can thus be operated at
experiment sites without an elaborate high-speed data acquisition system.

For the performance tests reported in Chapter 6, the board was connected to optically
isolated digital input and output modules that were placed in a CAMAC [ 66] acquisition
system crate. The test board was mounted in a shielded aluminum box and the power and
control signals were transmitted on shielded coax and flat cables so as to minimize noise
pickup. The analog input waveforms were generated with a sine-wave signal source, a
pulse generator, and a CAMAC D/A converter module, as indicated in Figure C.1. The
output of the sine-wave generator was filtered with a passive band-pass filter to attenuate
input signal distortion. The unregulated supply voltages for the board, =15V and +8V,
were provided by atriple linear dc power supply, as specified in Table C.1. The measure-
ment system was controlled by a UNIX workstation via an SBUS-GPIB interface; the
software used for control and data processing was written in C. The sine-wave fitting pro-
gram was implemented in the MATLAB [67] matrix data processing environment.
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National Instruments GPIB-SPRC-B Interface
Hewlett-Packard 8656B 0.1-990 MHz Generator
TTE Passive Electrical Bandpass Filters (Los Angeles)
Stanford Research Systems DG535 Pulse Generator
Joerger 8 Channd CAMAC D/A Converter Module
BiRalDOM 48 Channd CAMAC Output Module
BiRalDIM 48 Channel CAMAC Input Module
Kinectic Systems Model 1525 CAMAC System
LeCroy 8901A CAMAC Controller

Stanford Research Systems DG535 Pulse Generator
Hewlett-Packard 2440 500M &/S Digital Oscilloscope
Power Design TP340 Linear Triple Power Supply

CTASTIOITIMOO®>

Table C.1: Test setup equipment list.

The schematic for the custom test board was entered on a workstation using VIEW-
LOGIC [68] schematic capture design software, and the board was laid out using the
PADS [69] layout editor. A GERBER [ 70] file representing the layout was then created,
and the board was fabricated by a commercial board manufacturing company. The four-
layer board measures 15 cm x 25 cm and consists of two signal layers, one power plane,
and one split layer for analog and digital ground.

A block diagram of the test board is shown in Figure C.2. Initially, the board is reset
and the dc reference and bias voltages on the board (reference voltage section) are set
from the workstation via the timing and control section. A waveform acquisition cycle
proceeds as follows. The timing and control section receives a START signal from the
workstation and generates al the logic signals required to control the signal channel and
digital memory sections during the analog memory write and read phases. In the signal
channd section, the waveforms applied at the analog input of the board are stored in the
analog memory and then readout from the memory and digitized. The output data is then
stored in the digital memory section. The entire digitized analog waveform is thus stored
in the on-board digital memory. The board is subsequently set into the data transmission
mode, and the data stored in the digital memory section are transferred, via the digital
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CAMAC input module, to the workstation for processing. The digital input and output
interface blocks contain connectors along with receiver and driver circuitry, respectively.

Shown in Figure C.3 is the simplified circuit schematic for the signal channel section.
Theanalog signal applied at the input of thetest board is ac coupled to the analog memory
and adcvoltage, V jn_gc, is superimposed viaa 10-kWresistor. Sincethis dc voltage can be
changed under workstation control, it can be used to generated the dc calibration voltage
levels during the calibration phase (see Section 6.3.2). The outputs of the two analog
memory channels of the device under test are buffered, sampled, and multiplexed onto the
input of asingle 16-bit analog-to-digital converter for digitization. Most of the control and
timing signals are generated in the control section of the test board. The reference input
signal, A, used to adjust the sampling rate of the deviceis generated by a precision pulse
delay generator. The magnitudes of thetwo currents, | 1 and I, in the servo delay feedback
circuit (Figure 6.4) are set with potentiometers. The equivalent load capacitance at the out-
put of the analog memory is 3 pF, which accounts for its package capacitance and the
input capacitance of the AD 645 amplifier (1 pF).

The digitized data read out from the analog memory is latched in two 8-bit registers
and transferred into a static RAM, as shown in Figure C.4. Two counter chips are
employed to generate the memory address, which is reset and incremented by the timing
and control section of the test board. After the analog information from the analog mem-
ory isdigitized and stored in the digital memory, the datais transferred to the work station
for processing via the digital CAMAC input module. The registers used to latch the con-
verter output bits must be tri-stated while the data is transferred, since the memory data
busis bidirectional.

Shown in Figure C.5 are the main components of the timing and control block, a pro-
grammable array logic device (PAL), a programmable micro sequencer, alatch, and a 32-
MHz clock generator. The latch is used to synchronize the START signal from the
CAMAC output module for the sequencer. After a START signal is received, the
sequencer steps through the programmed logic states and provides the timing and control
signals for the board. One of the sixteen control output signals of the sequencer is used to
trigger an external delay generator that provides the reference pulse A &, as shown in
Figure C.1. The PAL is employed to decode control signals from the output module used
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Note: +/- 12 V bypassed with 10 nF and 0.1 n¥ capacitors.

Figure C.6: Digital-to-analog conversion circuit.

to sdect and load the digital-to-analog converters in the dc reference section. The TTL
output levels of the sequencer and of the PAL are translated to CMOS logic levels by
means of 74ACT04 inverter components (not shown). The codes for the PAL and the pro-
grammable sequencer devices were written using ABEL [ 71] and ALTERA [72] design
software, and the components were programmed by means of a DATA 1/0O [ 73] program-
ming system.

The dc reference voltages for the analog memory circuit, the input reference voltage
V¢, theinput offset voltage Vi, ¢, and the amplifier common-mode voltage V g are gen-
erated by three on-board digital-to-analog converters. Figure C.6 illustrates the circuit that
generates voltage V . The digital 16-bit input data word, DO to D15, from the CAMAC
output module is connected to all the converters and is loaded by applying the appropriate
DAC load control signal (e.g. Ld_V ¢).

The supply voltages for the circuits on theboard, +12, +5V_analog, and +5 V_digital
areregulated with four commercial regulators. Thecircuit that regulatesthe +12 V voltage
from the externally supplied +15V is shown in Figure C.7. The input and output of the
regulator are filtered by means of an inductor and capacitors to reduce noise. The power
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for the analog and digital components are separate, as is the ground, to minimize feed-
through from the digital signals to the analog circuits. The grounds are tied together at the
analog-to-digital converter in the signal channel section.

The rms noise and linearity of the test setup was measured with the analog memory
circuit, shownin Figure C.3, removed. Theinput V j,,; was shorted to the output V 41, and
repeated measurements were performed with various input dc voltages V i, gc. Figure C.8
illustrates the linearity of the measurement setup. The integral nonlinearity is 0.01% and
the measured rms noiseis 70 nV/.



Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

R. Larsen, “ Overview of the Data Acquisition Electronics System Design for the
SLAC Linear Collider Detector (SLD),” IEEE Trans. Nucl. ci., NS-33, No. 1, pp.
65-72, Feb. 1986.

Solenoid Detector Collaboration, “ Technical Design Report of the SDC Detector,”
Superconducting Super Collider Technical Publication SSCL-SR-1215, Apr. 1992.

J. Pdlegrin, M. Ross, B. Scott, and D. Wilson, “ Beam Trgectory Acquisition Sys-
tem for the Arcs of the Stanford Linear Collider,” Proc. |IEEE Particle Accelerator
Conference, val. 2, pp. 673-675, May 1991.

M. Ross, “Beam Diagnostics and Control of SLC,” Proc. |EEE Particle Accelerator
Conference, val. 2, pp. 508-511, May 1991.

R. Ruth, “ Linear Colliders,” Stanford Linear Accelerator Center Technical Publica-
tion SLAC-PUB-5597, July 1993.

G. Haller, D. Freytag, J. Walker, and S. Chae, “Performance Report for Stan-
ford/SLAC Multi-Channel Sample and Hold Device,” IEEE Trans. Nucl. Sci., NS
33, No. 1, pp. 221-225, Feb. 1986.

G. Haller, D. Nelson, D. Freytag, “ The Analog Processing System for the Liquid
Argon Calorimeter for SLD at SLAC”, IEEE Trans. Nucl. Sci., NS-34, 170 (1987).

G. Haller, J. Fox, S. Smith, “ The Liquid Argon Calorimeter System for the SLC
Large Detector”, 1EEE Trans. Nucl. ci., NS-36, 675 (1989).

J. Walker, S. Chag, S. Shapiro, and R. Larsen, “ Microstore-The Stanford Analog
Memory Unit,” IEEE Trans. Nucl. Sci., NS-32, No. 1, pp. 616-621, Feb. 1985.

E. Franchi, M. Tartagni, R. Guerrieri, and G. Baccaranie, “ Random Access Analog
Memory for Early Vision,” |IEEE J. Solid Sate Circuits, vol. 27, pp. 1105-1109, July
1992.

131



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

132

K. Nagargj, “ Switched-Capacitor Delay Circuit that is Insensitive to Capacitor Mis-
match and Stray Capacitance.” Electron. Letters, vol. 20, pp. 663-664, Aug. 1984.

K.Matsui, T.Matsuura, S. Fukasawa, Y.lzawa, Y.Toba N.Miyake, and
K. Nagasawa, “ CMOS Video Filters Using Switched Capacitor 14-MHz Circuits,”
|[EEE J. Solid State Circuits, vol. SC-20, pp. 1096-1101, Dec. 1985.

D. Munday, €. a., “A 66 MHz, 32-channd Analog Memory Circuit with Data
Selection for Fast Silicon Detectors,” Nucl. Inst. and Meth. in Phys. Research, A-
326, pp. 100-111, 1993.

R. Horisberger and D. Pitzl, “A Novel Readout Chip for Silicon Strip Readout
Detectors with Analog Pipeline and Digitally Controlled Analog Signal Processing,”
Nucl. Inst. and Meth. in Phys. Research, A-326, pp. 92-99, 1993.

F. Anghinolfi, et al., “Study of Analogue Front-End Electronics for Super-Collider
Experiments,” Proc. of ECFA Large Collider Workshop, Aachen, Germany, Oct. 4-
9, 1990.

S. Kleinfelder, “ Development of a Switched Capacitor Based Multi-Channel Tran-
sient Waveform Recording Integrated Circuit,” |EEE Trans. Nucl. Sci., NS-35, pp.
151-154, Feb. 1988.

S. Kleinfelder, “ A 4096 Cdl Switched Capacitor Analog Waveform Storage Inte-
grated Circuit,” 1EEE Trans. Nucl. i., NS-37, pp. 1230-1236, June 1990.

J. Moeschen, A. Caldwdll, L. Hervas, B. Hosticka, U. Koetz, B. Sippach, “ High-
Speed Analog CMOS Pipeline System,” Nucl. Inst. and Meth. in Phys. Research, A-
288, pp. 180-186, 1990.

W. Sippach, A. Caldwell, H. Cunitz, U. Koetz, and J. Moeschen, “ Development of
the Front End Electronics for the ZEUS High Resolution Calorimeter,” 1EEE Trans.
Nucl. Sci., NS-36, pp. 465-470, Feb. 1989.

D. Freytag and J. Walker, “Performance Report for Stanford/SLAC Microstore Ana-
log Memory Unit,” 1EEE Trans. Nucl. i., NS-32, No. 1, pp. 622-625, Feb. 1985.

G. Haller, D. Freytag, J. Olsen, J. Fox, A. Yim, L. Paffrath, “ The Front-End Analog
and Digital Signal Processing Electronic System for the Drift Chamber of the Stan-
ford Large Detector”, 1EEE Trans. Nucl. Sci., NS-38, 363, 1991.

G. Haller, M. Freytag, G. Mazaheri, J. Olsen, L. Paffrath, “Physical Packaging and
Organization of the Drift Chamber Electronics System for the Stanford Large Detec-
tor”, IEEE Trans. Nucl. Sci., NS-38, 357, 1991.



[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

133

D. Freytag, G. Haller, and H. Kang, “ Waveform Sampler CAMAC Module,” IEEE
Trans. Nucl. ci., NS-33, No. 1, pp. 81-85, Feb. 1986.

C. Mead and L. Conway, Introduction to VLS Systems, Addison-Wesley, 1980.

R. van de Plassche and R. van de Grift, “ A High Speed 7-bit A/D Converter,” |EEE
J. Solid Sate Circuits, vol. SC-14, pp. 938-943, Dec. 1979.

A. Dingwall and V. Zazzu, “ An 8-MHz CMOS Subranging 8-bit A/D Converter,”
|IEEE J. Solid State Circuits, vol. SC-20, pp. 1138-1143, Dec. 1985.

S. Lewis and P. R. Gray, “ A Pipedined 5-Msamplée/s 9-bit Analog-to-Digital Con-
verter,” 1EEE J. Solid Sate Circuits, vol. SC-22, pp. 954-961, Dec. 1987.

K. Bacrania, “ A 12-bit Successive Approximation ADC with Digital Error Correc-
tion,” IEEE J. Solid State Circuits, vol. SC-21, pp. 1016-1025, Dec. 1986.

B. Gordon, “ Linear Electronic Analog/Digital Architectures, their Origins, Parame-
ters, Limitations, and Applications,” |IEEE Trans. Circuits and Syst., vol. CAS-25,
pp. 391-418, July 1978.

B. Peetz, B. Hamilton, and R. Kong, “ An 8-bit 250 M egasample/s Analog-to-Digital
Converter: Operation without a Sample-and-Hold,” 1EEE J. Solid Sate Circuits, val.
SC-21, pp. 997-1002, Dec. 1986.

R. van de Grift, et al.,“ An 8-bit Video ADC Incorporating Folding and Interpolation
Techniques,” IEEE J. Solid Sate Circuits, vol. SC-22, pp. 944-953, Dec. 1987.

R. van de Plassche and P. Baltus, “ An 8-bit 100-MHz Full Nyquist Analog-to-Digi-
tal Converter,” 1EEE J. Solid Sate Circuits, vol. SC-23, pp. 1334-1344, Dec. 1982.

K. Kattman and J. Barrow, “ A Technique for Reducing Differential Non-Linearity
Errorsin Flash A/D Converters,” 1SSCC Dig. Tech. Papers, pp. 170-171, Feb. 1991.

B. Sheu and C. Hu, “ Switch-Induced Error Voltage on a Switched Capacitor,” |EEE
J. Solid Sate Circuits, vol. SC-19, pp. 519-525, Aug. 1984

G. Wegeman, E. Vittoz, and F. Rahali, “Charge Injection in Analog MOS
Switches,” 1EEE J. Solid Sate Circuits, vol. SC-22, pp. 1091-1097, Dec. 1987.

J. Shieh, M. Patil, and B. Scheu, “ Measurement and Analysis of Charge Injectionin
MOS Analog Switches,” IEEE J. Solid Sate Circuits, vol. SC-22, pp. 277-281, Apr.
1987.

J. Kuo, R. Dutton, B. Wooley, “ MOS Pass Transistor Turn-Off Transient Analysis,”
|[EEE Trans. Elect. Dev., vol. ED-33, pp. 1545-1555, Oct. 1986.



[38]

[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

134

PSPICE, Analog Circuit Simulation and Analysis Software, MicroSim, Irvine, Ca,
USA.

Hewlett-Packard 1.2 mnm CMOS N-Well Process with Linear Capacitors.
Orbit Semiconductor 2.0 mm CMOS N-Well Process with Poly-Poly Capacitors.

M. Pelgrom, A. Duinmaijer, and A. Welbers, “ Matching Properties of MOS Transis-
tors,” |IEEE J. Solid Sate Circuits, vol. SC-24, pp. 1433-1439, Oct. 1989.

K. Lakshmikumar, R. Hadaway, and M. Copedand, “ Characterization and Modeling
of Mismatch in MOS Transistors for Precision Analog Design,” |EEE J. Solid Sate
Circuits, vol. SC-21, pp. 1057-1066, Dec. 1986.

J. McCreary, “ Matching Properties, and Voltage and Temperature Dependence of
MOS Capacitors,” IEEE J. Solid Sate Circuits, vol. SC-16, pp. 608-616, Dec. 1981.

R. Brodersen, P. Gray, and D. Hodges “ MOS Switched-Capacitor Filters,” Proc.
|EEE, vol. 67, pp. 61-75, Jan. 1979.

M. White, D. Lampe, F. Blaha, and |. Mack “ Characterization of Surface Channel
CCD Image Arrays at Low Light Levels,” IEEE J. Solid Sate Circuits, vol. SC-9,
pp. 1-13, Feb. 1974.

R. Gregorian and G. Temes “ Analog MOS Integrated Circuits for Signal Process-
ing,” John Wiley & Sons, 1986.

W. Buttler, B. Hosticka, and G. Lutz, “ Noise Filtering for Readout Electronics,”
Nucl. Inst. and Meth. in Phys. Research, A-288, pp. 187-190, 1990.

P. Gray and R. Meyer “ MOS Operational Amplifier Design-A Tutorial Overview,”
|EEE J. Solid Sate Circuits, vol. 17, pp. 969-982, Dec. 1982.

P. Gray, and R. Meyer “ Analysis and Design of Analog Integrated Circuits,” John
Wiley & Sons, 1984.

Y. Arai and T. Baba, “ A CMOS Time to Digital Converter VLSI for High-Energy
Physics,” 1992 Symposium on VLS Circuits Digest of Technical Papers, pp. 121-
122, June 1988.

The Sanford BICMOS Project Annual Report, Center for Integrated Systems, Stan-
ford University, 1990.

B. Peetz, A. Muto, and J. Nell, “ Measuring Waveform Recorder Performance,”
Hewlett Packard Journal, vol. 33, No. 11, pp. 21-29, Nov. 1982.



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]

[71]
[72]

135

B. Boser, K. Karman, H. Martin, and B. Wooley, “ Simulating and Testing Oversam-
pled Analog-to-Digital Converters,” IEEE J. Solid Sate Circuits, vol. SC-7, pp. 668-
673, June 1988.

“ Dynamic Performance testing of A to D converters,” Hewlett Packard Product
Note 5180A-2.

H. Kimura, A. Matsuzawa, T. Nakamura, and S. Sawada, “ A 10-b 300-MHz Interpo-
lated Parallel A/D Converter,” 1EEE J. Solid Sate Circuits, vol. SC-28, pp. 438-446,
April 1993.

Y. Gendal et al., “ An 8-bit 500 MHz ADC,” ISSCC Dig. Tech. Papers, pp. 172-173,
Feb. 1991.

J. van Valburg and R. van de Plassche, “ An 8-bit 650-MHz Folding ADC,” |EEE J.
Solid Sate Circuits, vol. SC-27, pp. 1662-1666, Dec. 1992.

W. Boyce and R. DiPrima, “ Elementary Differential Equations and Boundary Value
Problems’, John Wiley & Sons, New Y ork, 1986.

R. Rothe, “ Hoehere Mathematik fuer Mathematiker, Physiker, Ingenieure’, B.G.
Teubner Verlagsgesdlschaft, Stuttgart, 1953, p. 149.

R. Dorf, “The Electrical Engineering Handbook,” CRC Press, Boca Raton, 1993,
p. 2457.

GPIB, ANSI/IEEE 488 Codes, Formats and Protocols, |EEE, New Y ork.
MXI, Multisystem Extension Interface, National Instruments, Austin, Texas.
VX1, VXlbus Consortium, Vancouver, WA.

LABVIEW, National Instruments, Austin, Texas.

TOPEX, Technology Modeling Associates, Inc., Palo Alto, California.
CAMAC Instrumentation and Interface Standards, ANSI/IEEE Std 583-1982.
MATLAB, The Math Works, Inc., Natick, Massachusetts.

VIEWLOGIC, Viewlogic Systems, Marlboro, Massachusetts.

PADS-PCB, CAD Software, Inc., Littleton, Massachusetts.

GERBER, plot format for photo-plotters, CAD Software, Inc., Littleton, Massachu-
Setts.

ABEL Design Software, DATA 1/0O Corporation, Redmont, Washington.
ALTERA Corporation, Santa Clara, California.



136

[73] DATA 1/0O Corporation, Redmont, Washington.



	slac-r-531-zWholeThing.pdf
	Ch-02.pdf
	Chapter 2
	Analog Memory Concepts

	2.1 Overview
	Figure 2.1: Generalized representation of an analog sampling and multiplexing memory.

	2.2 Analog Storage
	Figure 2.2: Block diagram of one signal channel of an analog waveform memory.

	2.3 Memory Calibration and Correction Procedures
	, (2.1)
	Table 2.1: Calibration and Correction Parameters.

	, (2.2)
	. (2.3)
	Figure 2.3: On-chip digital correction.

	(2.4)
	, (2.5)
	(2.6)
	. (2.7)
	. (2.8)
	, (2.9)
	Figure 2.4: Calibration with linear approximation method.
	Figure 2.5: Effect of sample time error on the reconstructed waveform.

	, (2.10)

	2.4 Analog Memory Circuit Architectures
	Figure 2.6: Analog memory architecture with an amplifier in each memory cell.
	Figure 2.7: Bus-oriented architecture with one amplifier per channel. The voltage on the sampling...
	Figure 2.8: Bus-oriented architecture with one amplifier per channel. The charge stored on the sa...
	. (2.11)

	2.5 Analog Memory Write Control
	Figure 2.9: Dynamic two-phase shift register with timing diagram.
	Figure 2.10: One stage of a static shift register.

	2.6 Comparison with Direct Digital Conversion
	Figure 2.11: Flash analog-to-digital converter architecture.

	2.7 Performance Parameter Definitions
	• Amplifier input offset voltage
	• Pedestal voltage
	• Pedestal variation
	• Dc gain error
	• Integral linearity error
	• Write clock frequency
	• Acquisition time
	• Record length
	• Data acquisition cycle time
	• Small-signal bandwidth
	• Full power bandwidth
	• Rms noise
	• Thermal noise
	, (2.12)

	• Minimum detectable signal (MDS)
	• Dynamic range
	• Effective precision
	• Signal-to-(noise+distortion) ratio
	• Droop rate

	2.8 Summary
	• the number of components and interconnections must be minimized for cost, space, or reliability...
	• low power dissipation is essential because of the location of the electronics in areas where he...
	• analog waveforms must be recorded at a very high rate with a large dynamic range.


	ch-04.pdf
	Chapter 4
	Analog Memory Circuit Design

	4.1 Overview
	Figure 4.1: Analog memory block diagram.

	4.2 Analog Memory Core
	4.2.1 Architecture
	Figure 4.2: Bus-oriented architecture with one amplifier per channel. The sampling switches Swi a...

	4.2.2 Circuit Description and Operation
	Figure 4.3: Simplified schematic of one signal channel.
	Figure 4.4: Timing diagram for (a) write and (b) read phase.
	, (4.1)
	(4.2)
	, (4.3)
	. (4.4)
	Figure 4.5: Analog memory with relevant parasitic capacitances.


	4.2.3 DC Transfer Function
	Figure 4.6: Circuit configuration after the write switch is turned off and before the memory cell...
	. (4.5)
	, (4.6)
	. (4.7)
	, (4.8)
	, (4.9)
	. (4.10)
	. (4.11)
	. (4.12)
	Figure 4.7: Circuit configuration when the memory cell is addressed for readout.

	. (4.13)
	. (4.14)

	4.2.4 Memory Cell Response Variations and Calibration
	. (4.15)
	. (4.16)
	. (4.17)
	. (4.18)
	. (4.19)
	. (4.20)

	4.2.5 Signal Range
	Figure 4.8: (a) Triangular input waveform (b) Waveforms at node x in Figure�4.5 with the write sw...
	. (4.21)
	. (4.22)

	4.2.6 Noise
	, (4.23)
	, (4.24)
	Figure 4.9: Circuit during the (a) write and (b) read phase.

	. (4.25)
	, (4.26)
	. (4.27)

	4.2.7 Small-Signal Acquisition Bandwidth
	Figure 4.10: Circuit model with capacitors and resistors.
	, (4.28)
	(4.29)
	. (4.30)

	4.2.8 Acquisition Time
	. (4.31)
	. (4.32)
	, (4.33)

	4.2.9 Record Length
	. (4.34)

	4.2.10 Leakage Current and Readout Speed

	4.3 High Speed Write Addressing Circuit
	4.3.1 Circuit Description
	Figure 4.11: Inverter delay chain write control.
	Figure 4.12: Write signals generated from a (a) short and (b) long input pulse Ain.
	Figure 4.13: Servo feedback circuit with timing diagram.

	4.3.2 Timing Accuracy

	4.4 Read Addressing Circuit
	Figure 4.14: Read control circuit with timing diagram.

	4.5 Summary

	ch-05.pdf
	Chapter 5
	Folded Cascode Amplifier

	5.1 Introduction
	5.2 Output Amplifier Circuit
	Figure 5.1: Schematic of the folded-cascode amplifier with bias generator.
	. (5.1)
	, (5.2)
	. (5.3)
	. (5.4)
	. (5.5)
	. (5.6)

	5.3 Experimental Results
	Table 5.1: Drawn transistor dimensions of the circuit shown in Figure�5.1.
	Table 5.2. Simulation and measurement results.
	Figure 5.2: Amplifier in the (a) voltage follower and (b) inverter configuration. The circuits ar...
	Figure 5.3: Output voltage minus input voltage, DVop, as a function of the input voltage (measure...
	Figure 5.4: Plot for offset and gain determination. The slope corresponds to the offset voltage. ...
	, (5.7)
	. (5.8)
	Figure 5.5: Upper: Input voltage Vin as a function of output voltage Vout. Lower: Residuals from ...
	Figure 5.6: Amplitude (upper) and phase (lower) plotted as a function of frequency. (Starting fre...


	Table 5.3. Simulation and measurement results (CL = 10�pF).

	5.4 Summary

	ch-06.pdf
	Chapter 6
	A 2 x 32 Analog Memory Circuit

	6.1 Introduction
	6.2 Chip Architecture
	Figure 6.1: Block diagram of the two channel analog memory prototype.
	Figure 6.2: Die photo.
	Figure 6.3: Schematic of the analog memory channel (VB =VC�=�2.5�V).
	6.2.1 Write Control Circuit
	Figure 6.4: Delay feedback circuit.

	6.2.2 Read Control Circuit
	Figure 6.5: Two-phase clock generator with timing diagram.


	6.3 Experimental Results
	Figure 6.6: Pulse response plotted on a (a) read and (b) write time scale.
	6.3.1 Noise and Dynamic Range
	, (6.1)
	, (6.2)
	Table 6.1: Noise contribution from the individual amplifier transistors.

	. (6.3)
	Figure 6.7: (a) Output plotted as a function of input voltage. (b) Deviations from a linear fit f...


	6.3.2 Dc Transfer Characteristic
	Figure 6.8: Gain of all 32 cells in one channel.
	. (6.4)
	. (6.5)
	Figure 6.9: Cell pedestals as a function of input voltage for the 32 memory cells.
	Figure 6.10: Cell pedestals after baseline subtraction.

	. (6.6)

	6.3.3 Ac Response of the High-Speed Memory
	Figure 6.11: Upper: Results of 20 measurement sets from a 100-mVpp, 21.4-MHz sine wave sampled at...
	Figure 6.12: Upper: Results of 20 measurement sets from a 2-Vpp, 21.4-MHz sine wave sampled at 70...
	Figure 6.13: Signal-to-(noise+distortion) ratio as a function of input amplitude for a 21.4-MHz s...

	6.3.4 Timing Errors and Distortion in the High-Speed Memory
	Figure 6.14: Upper: Results of 20 measurement sets from a 100-mVpp, 2-MHz sine wave sampled at 13...

	6.3.5 Ac Response of the Low-Speed Memory
	Figure 6.15: Signal-to-(noise+distortion) ratio as a function of input amplitude for a 2�MHz sine...


	6.4 Summary
	Table 6.2. Analog memory performance summary.
	Figure 6.16: Comparison to published analog memories and commercial converters.

	Table 6.3. Analog memories and commercial converters compared in Figure�6.16.


	ch-07.pdf
	Chapter 7
	Conclusions and Suggestions

	7.1 Conclusions
	7.2 Future Work



