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TOWARD A 62.5 MHz ANALOG VIRTUAL PIPELINE
INTEGRATED DATA ACQUISITION SYSTEM

Stuart A. KLEINFELDER, Michael LEVI, Oren MILGROME

University of California, Lawrence Berkeley Laboratory, Berkeley, CA, 94720, USA

Requirements of analog pipeline memories at the SSC are reviewed and the concept of virtual pipelines is introduced.
Design details and test results of several new custom analog and digital integrated circuits implementing sections of -
the virtual multiple pipeline (VMP) scheme are provided. These include serial, random access and simultaneous read
and write random access analog storage and retrieval circuits, a2 100 MHz systolic variable depth digital pipeline, and a

prototype 32us, 12 bit serial analog to digital converter.

1. Introduction

Detectors at the Superconducting Super Collider will
face many difficult instrumentation issues. The large
number of data channels (107) and high data rate (6 x 107
words per second per channel) require the use of data
reducing electronics, perhaps located within the detec-
tor. Several levels of trigger decisions; with long delays
relative to the time between interactions, are needed to
facilitate data reduction. This necessitates the use of
deeply pipelined storage systems. The first level (level
one) trigger decision is expected to take 1 to 2 microsec-
onds, leading to a first level data buffer on every channel

that is 64 to 128 elements deep. The second level trigger

takes much longer. Additional levels of data pipelining
are needed to buffer the readout of closely spaced events.
The research reported on here is aimed at providing the
compact, fast, low power, high dynamic range multi-level
buffering needed by several detector sub-systems.

A conceptually simple architecture that satisfies these
requirements uses several physically distinct data mem-
ories implemented as fixed and variable depth clocked
delay lines. The first level data buffer is of fixed depth
corresponding to the level one trigger delay. A level one
accept signal from the first level trigger stimulates the
transfer of data from the first level data buffer to a vari-
able depth level two buffer {otherwise, data is discarded).
A subsequent level two trigger decision would cause dis-
carding of data from the level two buffer, or transfer to a
variable depth readout buffer. Finally, the readout sys-
tem would take data from the last byffer. In this sce-
nario, data may be analog or digital. If the storage is

analog, the problem of maintaining data integrity during
transfers between the level one and two buffers within the
allowed 16 ns is acute. In addition, the need for variable
delay between load and readout is problematic. These
problems are reduced if the data is digital, but digital

buffering pushes the analog to digital conversion toward

the front of the system where rates are highest. The cost,
power and space required by a highly digital system are
probably impermissible if high dynamic range is needed.

~ Early work [1] demonstrated that a clocked analog de-
lay line of 128 to 256 depth with 12 bit dynamic range
at 62 MHz with 10 mW per channel can be achieved.
Present efforts are aimed at increasing flexibility so that
SSC triggering and digitization throughput requirements
are conveniently satisfied. The concept of virtual pipelin-
ing is being developed to evade the problem of high
speed analog signal transfers between physically distinct
buffers. Much like a computer can use one physically con-
tiguous memory to store several logically disjoint sets of
information, the virtual multiple pipeline (VMP) scheme
simulates physically distinct variable length pipelines
within a single physical analog memory. Stored signals
are never moved at all unti} the final readout takes place,
encouraging the highest possible signal integrity. Because
readout rates at the SSC are modest (approx. 1 KHz),
digitization during readout is undemanding, and dense,
bigh resolution, low power integrated digitization is fea-
sible.

Toward this goal, several prototype integrated circuits
have been fabricated. The first, for which much expe-
rience has been gained (over 30,000 channels have been
fabricated), is the “SCA™ Switched Capacitor Array se-



rial access analog memory. This device was produced in
quantity for the EOS TPC [2] at LBL, and is not con-
figured for the SSC, but it does yield early baseline per-
formance figures. Two newer prototypes have been pro-
duced that are aimed at the SSC. These are both random
access versions, one with multiplexed read and write and
one allowing simultaneous read and write. Simultaneous
read and write allows readout to occur without the need
to stop data acquisition — a deadtimeless system can be
made. Several additional integrated circuits are being
produced, from improved operational amplifiers for read-
out, a fast asynchronous digital FIFO, to a low power,
high dynamic range, analog to digital converter.

2. The Switched Capacitor Array I.C.

The original SCA includes 4096 sample and hold cells
organized as 16 channels each with 256 sample storage
cells. Signal acquisition and readout are sequential and
non-simultaneous. The maximum acquisition sample
rate tested was 100 MHz. Readout is analog, with on
chip multiplexing and buffering. Dynamic range, uncor-
rected for cell to cell baseline differences, is about 10 bits
(1024:1). With corrections, it reaches 13 bits (8096:1).
For unipolar signals and operating with a baseline offset,
linearity is 1% over the quoted dynamic range. Two ver-
sions have been fabricated differing only in analog input
bandwidth. One version has a 10 MHz bandwidth, and
one approximately a 50 MHz bandwidth. The input ca-
pacitance of the former is 7.5 pF, and the latter about 20
pF. Power consumption is 10 mW per channel at 7 volts,
and is almost insensitive to operating speed.

Improvements sought for the SSC version include si-
multaneous read and write, random access for both read
and write, high analog bandwidth, improved baseline uni-
formity, better linearity and readout speed, and on—chip
analog to digital conversion. Simultaneous read and write
can permit deadtimeless acquisition by eliminating the
need to multiplex access to the storage array. Random
access to array elements is one of the cornerstones of
the virtual pipeline implementation. With random ac-
cess capability, samples can be saved in random loca-
tions, skipped over during subsequent acquisition, and
then read out directly. No motion within or between
storage arrays is- necessary. Higher analog bandwidth
was sought primarily to achieve fast settling to 12 bits
within 8 ns (worst case sampling window) regardless of
the previous contents of the sample cell array. Improved
baseline uniformity is sought to maximize dynamic range
without the need to correct for cell to cell differences.
A higher performance readout amplifier was included to
improve linearity and settling time. On chip analog to
digital conversion is being incorporated to reduce exter-

Figure 1: SCA Output in response to a brief 6V pulse-10
samples out of 128 are shown. Note correct operation to

the (6V) rails is achieved. :

nal component count, speed readout, and eliminate the
need to rapidly transmit analog signals externally with
high dynamic range.

The first SSC prototype circuit included the random
access feature in a non-simultaneous read/write architec-
ture. The main goals were to evaluate the performance of
the randomi access decoder circuit, increase analog band-
width, and to attempt to eliminate all systematic cell to
cell baseline differences. The circuit is shown in Fig. 2.

The random access decoder circuit uses fairly conven-
tional dynamic NOR logic. The circuit starts with a
seven bit address and two clock lines, yielding a non-
overlapping one of 128 selection. An access cycle con-
sists of three stages: precharging all 128 output rows,
evaluation of the selected output row, and actual clock
presentation on the decoded row to engage the appropri-
ate sample cell. An important point to this circuit is that
all address—dependent circuit behavior has subsided be-
fore actually presenting the decoded result to the analog
section of the circuit. Fixed pattern noise is therefore re-
duced or eliminated. Two externally controllable clocks
were used to differentiate the three phases. This allowed
measurements of the minimum duration of the precharge
and evaluation phases to maximize the duration of the
sample window width. Future circuits will have a self
timed clock generation circuit on—chip to remove the need
to control two clocks externally. Measured performance
of the decoder was quite high considering the modest per-
formance 2um CMOS technology used. Both precharge
and evaluation windows require only 2 ns each. There-
fore, out of 16 ns available during a write cycle, a 12 ns
wide sample storage window was achieved.
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L Table 1: SSC-SCA Rev.l Summary
Number of channels per chip 16
Number of storage cells per channel 128
Total storage cells per chip 2048
Die size 6.8 x 4.6 mm

Power consumption per channel at 6V { < 10 mW
Non-uniformity in baseline (62.5 MHz) | < 0.5 mV rms
Sample and hold time constant <1 ns

Output noise, 62.5 MHz sample freq. <0.5mV
Dynamic range (signal to noise) >8000:1
Maximum sample rate > 100 MHz

The sample and hold charging time constant was re-
duced (from early SCA chips) to-approximately 1 ns.
This allows charging to 12 bits accuracy in about 8 ns—
considered to be our worst case charging window width.
This increase in analog bandwidth is important in that it
eliminates the need to erase old stored values from cells
before they are written into again.

To maximize the potential dynamic range of the sys-
tem, a rail-to-rail CMOS operational amplifier has been
fabricated and tested as an individual circuit, and incor-
porated into our simultaneous read and write version of
the SCA. This amplifier was based on the topology in
reference [3], with adjustments for the capacitive loads
presented by the storage array and comparator input.
When configured as a rail-to-rail follower, linearity is de-
pendent on hte loop gain, input transistor offset voltages,
and output transistor saturation voltages. Measured lin-
earity was better than 0.0% to within 100mV of each rail.
Conveniently, the amplifier is capable of running on a sin-
gle 5 Volt supply. Op-amp performance is summarized
in Table 2.

| Table 2: SCA Op-Amp Performance Summary |

Power consumption 2 mW
Open loop gain > 400, 000
Unity gain freq. > 2 MHz

Settling time to 12 bits | < 4us
Voltage Noise at 1 KHz | < 140 nV/Hz!/?
Input offset voltage 400pm?

No fixed pattern address or clock coupling noise was
found due to acquisition.- A very small coupling was
found during readout, apparently due to the proximity
of two of the seven address lines to all op-amp negative
inputs (eliminated in subsequent designs) During nor-
mal operation, the magnitude of this systematic effect
is less than or equal to the average random cell to cell
variability. Peak to peak variability in cell baselines was

measured to be about 1 mV. The best rms variability
measured was less than 0.3 mV and is typically 0.4 mV.
Fig. 1 shows a sample SCA output trace, showing about
10 samples out of 128. Recorded at 50 MHz while on a
6V supply, the response to a 6 volt pulse of about 80 ns
duration is shown. Notice that the output responds to
nearly the rails, and that settling time is less than 2us.

3. The Address List Processor Circuit

The VMP scheme simulates the existence of any num-
ber of sequentially connected variable depth pipelines
using one intelligently managed random access memory.
The intelligence behind the addressing of the SCA is em-
bodied in the Address List Processor (ALP) integrated
circuit now under development. In essence, the ALP cir-
cuit substitutes movement of analog data (the stored sig-
nal) with digital data (the location of the stored signal).
The ALP circuit manages a list of all possible SCA stor-
age location addresses, tagging them as empty, pending
level one trigger decision, pending level two, or pend-
ing readout. There is a conceptually simple way that
an arbitrary number of levels can be added. In addi-
tion, the circuit can be constructed such that the length
of each pipeline is uncommitted (other than some fixed
maximum). Furthermore, the length of each pipeline can
be adjusted dynamically-changing as trigger conditions
change-without special programming.

Examining the Address List Processor block diagram
shown in Fig. 3, we see four digital first-in-first-out
memories. These are asynchronous, systolic memories,
though counter based RAM schemes are interchangeable.
The four digital FIFO’s contain addresses of SCA stor-
age locations. The presence of a given address in a given
FIFO indicates the state of the corresponding storage
location. In this diagram, the four possible states are
free (empty), pending level one trigger decision, pending
level two trigger decision, or pending readout. With each
beam crossing, a data word moves from the free list to
the pending level one trigger list. From there, data may
move back on to the free list (on a level one reject signal)
or onto the pending level two trigger list (on a level one
accept). From that list, the data may also move back
onto the free list (on a level two reject) or onto the pend-
ing readout list (on a level two accept). The pending
readout list buffers readout requests during the readout
of prior events. The movement of data among varying
lists happens more or less simultaneously. If each list is
of maximal size (the maximum number of SCA storage
locations), then each list can expand or contract arbi-
trarily with no risk of overflow. Thus, the depth, or time
delay of a given level is adjustable on the fly. Note that
underflow-running out of data in a list is normal and not
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an error except for underflows of the free list. If the list
of free storage locations ever becomes empty, it means
that the SCA is full, and an error occurs. It is expected
that the trigger system, or some auxilliary device, will
monitor the number of free locations and prevent this
occurrence.

The ALP circuit, according to the block diagram, re-
quires the use of full handshakes between trigger pro-
cessor and ALP chips. This is actually impractical (at
least in the case of the level one trigger) given speed
of light limitations. That is, a handshake signal cannot
get from the trigger processor to ALP chips and back
within 16 ns. Therefore, one additional FIFO is shown
that can stack first level trigger decisions with a uni-
form, predictable, response time. Then, as long as the
trigger signal conforms to minimal timing specs, the re-
turning acknowledge signal can be ignored. The second
level trigger and readout circuits can use full handshaking
(as their frequency is much lower), or the same buffering
scheme could be used. A reset signal (not shown) clears
all FIFO’s except for the free list, which is primed with
all available addresses. This is performed using an inte-
grated read only memory to paralle]l load all addresses
for very fast response.

4. Systolic Digital First-In~First—Out Memory.

The Address List Processor circuit uses an- asyn-
chronous; systolic, digital processing discipline. Fast dig-
ital FIFO pipelines play an important role in the ALP
circuit. Proving correct operation and performance of
the FIFO early in the design process is critical. There-
fore, a 128 word deep by 8 bit wide FIFO circuit has
been designed and fabricated. We chose to use the four
cycle handshake discipline in our FIFO test circuit. The
chip contains over 7,000 transistors and is about 2 mm
by 2 mm in a two micron scalable technology. The circuit
artwork is completely compatible, without any redesign,
with an easily available 1.2 micron technology. This will
yield an improvement in speed by about a factor of two
while decreasing power and die area consumption.

Table 3: Digital FIFO Performance Summary

Maximum Read/Write Speed | 100 MHz
Fall Through Speed 300 MHz
Die area 2000 pum?
Power at 100 MHz clock | 20 mW

One of the most important factors that will dictate

" the performance of the Address List Processor is the
fall-through time of the FIFQ’s. This is the time it
takes for a newly added data word to propagate down
the pipeline and become available at the bottom. The

fall though speed for our test device was measured to be
300 MHz or 3.3 nS per word, for a total worst case fall
through time of 420 ns. Of course, many data words can
propagate down at any time. The maximum I/O hand-
shake speed was measured to be 100 MHz, or 10 ns per
word. This is slower than the fall through speed (which
also includes a complete handshake) largely because of
the extra delays (about 6 ns) in the round trip through
the multi-stage input and output pin drivers. These ex-
tra delays will not be present in the critical path of the
ALP chip. Power consumption at 100 MHz operation
was measured to be 4 mA at 5 V. Since one ALP chip
can operate many channels of SCA’s, the incremental
power consumed per channel is very modest. The worst
case 100 MHz input/output speed and 300 MHz internal
propagation speed is adequate for the VMP circuit, but
an advanced technology will be used to increase margins
and reduce power consumption.

6. Integrated Analog to Digital Converter.

A compact, high dynamic range analog to digital con-
verter circuit is being developed as part of the data ac-
quisition system. The ADC is required to exceed 12 bits
of dynamic range, achieve 9 bit linearity, digitize at over
10 KHz, and be highly compact. Flash and half-flash
analog to digital converters use a great deal of power,
are very large, and cannot attain the required dynamic
range. Pipelined and algorithmic ADCs are adequately
fast, smaller than FADC’s but still large, and are dif-
ficult to produce with greater than 10 bit range. Suc-
cessive approximation converters can attain 13 bit accu-
racy, but are still large enough that one converter must be
shared among all channels on a chip, raising the complex-
ity of operation. Serial (single and dual slope) converters
are very compact and simple to operate, have adequate
range, but are much slower than other techniques.

Serial conversion, using a modified single slope tech-
nique, has been chosen as having the best compromise
of performance features. The virtual multiple pipeline
scheme allows conversion rate to match the level two ac-
cept rate (in the tens of KHz range), slow enough to per-
mit the use of a-serial ADC. Since there would be no need
for multiplexing all channels through a single ADC, the
speed of the converter per channel approach is effectively
increased by a factor of 16 for a 16 channel] chip. These
converters are compact enough to allow a converter per
channel to share space on the analog pipeline die with lit-
tle overhead. In our modified serial ADC technique, the
components needed per channel are limited to a compara-
tor, a digital multiplexer and a latch-indeed compact. A
high speed, rail to rail, fully differential comparator has
been designed for this application and is presently being
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fabricated. The periphery of the chip would contain a
high speed counter and a voltage ramp generator. A rail
to rail ramp generator has been designed and is presently
in fabrication. The over-all effect is to achieve adequate

'speed, high dynamic range, low power, efficient silicon

area overhead, and the simplest architecture and opera-
tion.

7. High Speed Gray Code Counter.

A high speed synchronous gray code counter is an im-
portant sub~component of the ADC system. The speed
of the counter directly impacts the digitization time. The
fastest conveniently available clock signal is the 62.5 MHz
beam crossing clock. If the counter can operate at this
rate then a 12 bit digitization will take 66 microseconds.
The implemented gray code counter circuit includes a re-
finement that allows the final count rate to be double the
clock rate-in this case, 125 MHz. This higher rate allows
a 12 bit conversion to complete in 32 microseconds. Re-
member that all channels convert in parallel, so this time
does not increase with the number of channels. The syn-
chronous gray code used allows asynchronous data latch-

* ing without errors. A gray to binary converter will be
located in the periphery of the chip as a convenience to

the user.

Gray Code Counter Performance Summary
Maximum Clock Speed 125 MHz
Maximum Counting Speed | 256 MHz

Die area 750 um?
Power at 125 MHz clock |5 mW

To achieve the high count rate, several speed enhancing
design techniques were used. The circuit uses a stream-
lined dynamic logic discipline for lowest speed robbing
parasitics. The carry propagation is pipelined, keeping
the worst case propagation delay path to a handful of
gates. Finally, the first bit is interleaved with respect to

the others, allowing the count rate to be twice the clock .

rate. A compromise was struck between silicon area con-
sumption and speed by choosing to pipeline every four
bits. An oscilloscope photograph (Fig. 4) shows the clock
(lowest trace) and the first five counter outputs counting
at 250 MHz in gray code.

8. High Speed ECL Level Receivers

In order to reduce coupling between digital clocks and
analog inputs, it has been proposed that low level dif-
ferential clocks be used. Therefore, a very high speed
ECL level receiver has been designed using conventional
CMOS technology running on a standard 5 volt power

MWWV

Figure 4: Bottom trace is 125 MHz clock input, top 5
traces are gray code output counting at 250 MHz.

supply. The receivers are DC coupled, removing all con-
cern about rate and duty cycle dependencies. The circuit
has been fabricated and proven to operate at above 200
MHz using standard ECL levels. Used as clock receivers,
the very high speed, fast edges will allow the random
access Switched Capacitor Array to latch and decode ad-
dresses at 62.5 MHz with no performance penalty over
conventional CMOS level receivers.

ECL Receiver Performance Summary
Speed > 200 MHz

Die area 200 um?

Power at 200 MHz | 5 mW

9. Conclusions.

This paper described work in progress on a 62.5 MHz
virtual analog pipeline integrated circuit (SCA) and a
trigger address list processor (ALP) circuit. Presently
fabricated and proven components include serial access,
random access, simultaneous read and write analog mem-
ory versions, a fast systolic digital FIFO, ADC subcom-
ponents, and an improved rail to rail operational ampli-
fier. A fully operational system is expected to be com-
pleted within one year.

References

{1] 8. Kleinfelder, IEEE Trans. Nucl. Sci NS-37
(1990) 56.

(2] G. Rai et al., IEEE Trans. Nucl. Sci NS-37
(1990) 1230.

{3] J. Babanezhad, IEEE J.S.5.C. Vol. 23 No. 6
(1988) 1414.



Y i

LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
INFORMATION RESOURCES DEPARTMENT
BERKELEY, CALIFORNIA 94720

Vs

i

LBL Libraries

]





